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ABSTRACT 

 
 
 Supervising Professor:  Chadwin D. Young 
 
 
 
 
Junction Field Effect Transistors (JFETs) based on II-VI polycrystalline materials are expected to 

be faster than metal-insulator-semiconductor field-effect transistors (MISFETs) that use the same 

materials. JFET operation is not based on MIS capacitor theory of operation where generated traps 

at the oxide-polycrystalline material interface are known to adversely affect the performance of 

MIS transistors. Pulsed Laser Deposition (PLD) is a physical deposition technique that can transfer 

precise chemical stoichiometry of the targets onto the substrates. PLD has been demonstrated as 

an appropriate deposition method for JFET fabrication based on ZnO films. The control of the 

doping concentration and low leakage currents in the PN junction are prerequisites for JFET 

fabrication. In this dissertation, CdTe/CdS diodes demonstrated low leakage current devices - on 

the order of nA. Also, CdTe and ZnTe have been doped with Cu, decreasing the resistivity. 

However, only Cu doped ZnTe deposited by a co-deposition method using PLD modulated the 

resistivity from 106 to 102 Ω·cm. Simulation results showed that the leakage current values and 

the doping concentration achieved by PLD are suitable values for JFET fabrication. Masks were 

designed to fabricate JFETs using a photolithographic process flow. JFETs were fabricated using 

a Cu:ZnTe(p+)/CdTe(p)/CdS(n+) structure. However, the fabricated JFETs did not show proper 

behavior because the channel resistivity was not modulated by the gate voltage. Some experiments 

are proposed as possible solutions to fabricate a fully functioning thin-film JFET with 

Cu:ZnTe(p+)/CdTe(p)/CdS(n+) structure deposited by PLD. 

 



 
 
 

vii 

TABLE OF CONTENTS 
 
 
ACKNOWLEDGMENTS ...............................................................................................................v 

LIST OF FIGURES ....................................................................................................................... xi 

LIST OF TABLES .......................................................................................................................xxv 

CHAPTER 1 INTRODUCTION ...................................................................................................1 

1.1 MOTIVATION ........................................................................................................1 

1.2 OBJECTIVE ............................................................................................................2 

1.2.1 SPECIFIC OBJECTIVES ............................................................................2 

1.3 Dissertation structure ...............................................................................................3 

CHAPTER 2 LITERATURE REVIEW ........................................................................................5 

2.1 Transistors ................................................................................................................5 

2.2 Diodes ......................................................................................................................6 

2.3 Field Effect transistors .............................................................................................6 

2.3.1 MISFET ........................................................................................................6 

2.3.2 JFET and MESFET ......................................................................................7 

2.4 Types of semiconductors .........................................................................................8 

2.4.1 By atomic structure ......................................................................................8 

2.4.2 By group elements ........................................................................................9 

2.5 Deposition methods .................................................................................................9 

2.5.1 Sputtering .....................................................................................................9 

2.5.2 MBE ...........................................................................................................10 

2.5.3 PLD ............................................................................................................10 

2.6 Doping control .......................................................................................................12 

2.6.1 CdTe doping ...............................................................................................13 

2.6.2 ZnTe doping ...............................................................................................15 

CHAPTER 3 EXPERIMENTAL DETAILS AND ANALYSIS DESCRIPTION ......................16 

3.1 Substrates ...............................................................................................................16 

3.2 Tools ......................................................................................................................16 



 

viii 

3.3 Co-deposition method by PLD ..............................................................................17 

3.4 Electrical characterization ......................................................................................20 

3.4.1 Diodes analysis ...........................................................................................20 

3.4.2 Resistivity by TLM and CTLM .................................................................23 

3.4.3 Van der Pauw .............................................................................................28 

3.4.3.1 Resistivity ......................................................................................28 

3.4.3.2 Hall effect.......................................................................................30 

3.4.4 Spin dependent recombination ...................................................................33 

CHAPTER 4 THIN FILM DEVELOPMENT AND EVALUATION (SINGLE LAYER) ........35 

4.1 CdS .........................................................................................................................35 

4.1.1 Electrical conductivity control ...................................................................35 

4.1.1.1 Carrier concentration control by deposition pressure ....................35 

4.1.1.2 Impact of the thickness on CdS films ............................................37 

4.1.1.3 Impact of deposition temperature and annealing ...........................38 

4.2 CdTe .......................................................................................................................41 

4.2.1 Grain Size Control ......................................................................................41 

4.2.1.1 Study of the deposition pressure ....................................................41 

4.2.1.2 Effect of the deposition temperature and annealing ......................46 

4.2.1.3 The Impact of CdS films on CdTe grain size ................................51 

4.2.2 Electrical Characterization .........................................................................55 

4.2.2.1 Resistivity control by deposition pressure .....................................56 

4.2.2.2 Impact of Cu interlayer in contacts ................................................57 

4.3 CdZnTe: Band gap modulation by co-deposition of CdTe and ZnTe ...................59 

CHAPTER 5 PN JUNCTIONS ....................................................................................................64 

5.1 Optimizing in-situ PLD CdS/CdTe junctions ........................................................64 

5.1.1 CdS deposition pressure analysis ...............................................................64 

5.1.2 The effect of the substrate temperature and annealing ...............................71 

5.2 Temperature dependence study of CdS/CdTe junctions ........................................81 

5.3 Spin Dependent Recombination in CdTe/CdS PN heterojunctions .......................87 



 

ix 

CHAPTER 6 DEVICE MODELING AND MATERIALS INTEGRATION EVALUATION 
FOR JFET DEVICE OPERATION ...............................................................................................90 

6.1 Simulations ............................................................................................................90 

6.1.1 CdS on CdTe structure ...............................................................................90 

6.1.1.1 Effects of carrier concentration ......................................................91 

6.1.1.2 Defects and defect-free film comparison .......................................92 

6.1.2 CdTe on CdS structure ...............................................................................93 

6.1.2.1 Increasing ID/IG ratio by structure dimensions ...............................94 

6.1.2.2 Non-conformal PLD deposition (1:10 ratio) study ........................96 

6.1.3 P+/P/N structure .........................................................................................97 

6.1.3.1 Effect of thickness and carrier concentration .................................97 

6.2 Increasing carrier concentration of the p-doped layer ...........................................99 

6.2.1 Intrinsic doping ..........................................................................................99 

6.2.1.1 CdTe with Te excess ......................................................................99 

6.2.2 Extrinsic doping: Cu doped CdTe ............................................................102 

6.2.2.1 Cu doping by solution ..................................................................102 

6.2.2.2 Cu doping by metallic layer .........................................................107 

6.2.2.3 Cu doping by CdTe-Cu2Te co-deposition by PLD ......................109 

6.2.3 Cu doped ZnTe by co-deposition by PLD ...............................................111 

6.2.3.1 Effect of the number of shots of Cu2Te .......................................111 

6.2.3.2 Effect of the annealing temperature .............................................113 

6.2.3.3 Effect of the annealing time in Cu doped ZnTe ...........................115 

6.3 Materials Integration and Evaluation for JFET Device Operation ......................117 

6.3.1 Mask designs ............................................................................................117 

6.3.1.1 Top gate-top contact structure, designed for SiO2 substrate ........117 

6.3.1.2 Top gate-top contact structure, designed for ITO substrate .........119 

6.3.2 Fabricated devices ....................................................................................122 

6.3.2.1 CdS on P/P+ devices based on top gate – top contact structure ..122 

6.3.2.2 P/P+ on CdS devices based on bottom gate – top contact structure

..................................................................................................................126 



 

x 

CHAPTER 7 CONCLUSIONS AND FUTURE WORK ..........................................................145 

REFERENCES ............................................................................................................................150 

BIOGRAPHICAL SKETCH .......................................................................................................158 

CURRICULUM VITAE 

 

 



 
 
 

xi 

LIST OF FIGURES 
 
 
Figure 2-1. Diagram of npn bipolar junction transistor ...................................................................5 

 
Figure 2-2. Diagram of n-channel top-contact top-gate MISFET. ..................................................6 

 
Figure 2-3. Structure of n-channel top-contact top-gate; a) JFET, and b) MESFET. ......................7 

 
Figure 2-4. PLD schematics. ..........................................................................................................11 

 
Figure 2-5. Resistivity, hole density and efficiency for solar cells vs copper dopant atoms from 

Gretener, C., et al [39]. Reproduced with permission of reference 39. Copyright © 2014 
IEEE. ..................................................................................................................................11 

 
Figure 3-1. Diagram of the co-deposition process by PLD. The first step is depositing a thin layer 

of CdTe on a substrate. The second step is changing the target, without venting the 
chamber. After that, a thin layer of Cu2Te is deposited on top of a CdTe layer. Steps 1 and 
2 are repeated successively multiple times to deposit a multi-layered film. A similar process 
is followed where ZnTe is used instead of CdTe. ..............................................................18 

 
Figure 3-2. Diagram of material deposition on the substrate surface for 9 shots. Nine shots are 

necessary to cover the full substrate surface. For that reason, the number of shots for doping 
material is deposited in multiples of nine. .........................................................................19 

 
 
Figure 3-3. Process for Cu diffusion in CdTe or ZnTe layers after the co-deposition process. 

Deposited samples are similar to a multi-layer stack and the layers are not mixed. After an 
annealing step, the materials are mixed and copper is incorporated into CdTe or ZnTe. .20 

 
Figure 3-4. Band diagram for CdTe/CdS PN heterojunction diodes and the thermionic emission 

effect. (a) At room temperature, some electrons possess the kinetic energy necessary to 
surmount the potential barrier formed in the interface between CdTe and CdS; however, 
when temperature is increased b), the electrons’ kinetic energy increases, and as a result, 
more electrons possess enough energy to surmount the potential barrier formed in the 
interface between CdTe and CdS; therefore, more electrons contribute to increasing the 
diode current. (Submitted to APL, under revision)............................................................21 

 
Figure 3-5. Ideal resistor diagram. The total resistance is the sum of two contact resistances and 

the semiconductor resistance. ............................................................................................24 

 
Figure 3-6. TLM structure to calculate resistivity in thin films. Contacts are deposited and 

patterned as bars with known distance between each other. The I-V curves are measured 
using different L values to calculate the resistivity. ..........................................................25 



 

xii 

Figure 3-7. CTLM structure used to calculate resistivity in thin films. Contacts are deposited and 
patterned as a bar with embedded circles. The gap between the circles, d, is varied for each 
circle. The Rin is constant for all circles to fix the area device. The I-V curves are measured 
from each circle to the bar to calculate the resistivity. ......................................................26 

 
Figure 3-8. a) I-V curves obtained experimentally from CTLM structure. As expected, when d 

distance increases the resistivity increases and current decreases proportionally. The 
corrected RT/C values extracted from every I-V curve in a) are plotted versus d distance in 
b). The linear fitting of this curve is used to calculate resistivity, sheet resistivity, contact 
resistance and specific contact resistivity. .........................................................................27 

 
Figure 3-9. Van der Pauw structure used for Hall effect measurement and resistivity measurements. 

The contacts must satisfy four conditions to enable Van der Pauw measurements: 1. The 
thickness over all the sample is homogenous; 2. No isolated holes in the sample; 3. Contacts 
are on the edge of the sample, and, 4. Contacts area is small (at least one order of magnitude 
smaller than the entire sample area)...................................................................................29 

 
Figure 3-10. Diagram for the Hall effect. Electrons and holes flowing from one metal contact to 

the other are deflected due to the Lorentz’s force produced by a magnetic field. The 
electrons and holes accumulate on the edge of the sample resulting in an electrical potential. 
This potential is called the Hall voltage. ............................................................................30 

 
Figure 3-11. Example of gaussian distribution obtained from the average and standard deviation 

of multiple VH measurements by the Hall effect system. If VH is positive, the film is p-type. 
However, if some region of the gaussian curve is in the region where VH is negative, there 
would be a probability that the sample is n-type. The percentage of the gaussian region 
which remains in positive region is called “limit of the measurement”. ...........................33 

 
Figure 3-12. Block diagram of the spectrometer for EDMR measurements [94]. Reproduced with 

permission of reference 94. Copyright © 2016 IEEE. .......................................................34 

 
Figure 4-1. Carrier concentration vs. Deposition pressure for CdS films deposited by PLD. The 

CdS carrier concentration was modulated from 1019 cm-3 to 1014 cm-3 when varying the 
deposition pressure from 2 to 10 Pa [33]. Reproduced with permission of reference 33. 
Copyright © 2014 Elsevier. ...............................................................................................35 

 
Figure 4-2. The effect of the deposition pressure by PLD on the CdS carrier concentration. 

Experimental values reported by Hernandez-Como, et al [33] were included for reference. 
The area defined by dashed lines indicates the CdS carrier concentration suitable for JFET 
fabrication. The carrier concentration remained close to the area defined by dashed lines 
when CdS films were deposited at pressure <50 mTorr. ...................................................36 

 
 



 

xiii 

Figure 4-3. The effect of the CdS thickness on the carrier concentration of CdS deposited by PLD. 
CdS was deposited using a 20 mTorr deposition pressure (highest carrier concentration). 
The CdS carrier concentration remains around 1019 cm-3; however, for CdS thickness <20 
nm, the carrier concentration drops abruptly to almost 1015 cm-3. The inset shows the 
atomic concentration of CdTe/ CdS on a SiO2 substrate calculated by RBS. The oxygen 
from the substrate diffused close to 20 nm in the CdS layer. Oxygen in the CdS can 
compensate S vacancies and reduce the carrier concentration of CdS. .............................37 

 
Figure 4-4. The effect of the annealing time at 220°C in a N2 atmosphere on the CdS resistivity. 

The resistivity decreases slightly after a 1 hour annealing and it remains at the same value 
for longer annealing times. The annealing temperature of 220°C was too low to produce a 
strong effect on the CdS films. ..........................................................................................40 

 
Figure 4-5. Diagram of the effect of Ar pressure on the mean free path of the species traveling 

from the target to the substrate. The mean free path (blue arrows) is longer when the Ar 
pressure is a) low compared to b) with higher Ar pressure. ..............................................42 

 
Figure 4-6. The effect of the deposition pressure on morphology of CdTe films. CdTe films were 

deposited at: a) 1 mTorr, b) 10 mTorr, c) 20 mTorr, d) 50 mTorr and e) 100 mTorr. Sample 
deposited at a) 1 mTorr shows small grain size. At b) 10 mTorr deposition pressure, some 
grains are seen on the surface. For deposition pressure >20 mTorr, samples showed better 
uniformity in grain size. However, samples deposited at 50 mTorr and 100 mTorr showed 
cracks at the surface  [95]. Reproduced with permission of reference 95. Copyright © 2016 
Elsevier. .............................................................................................................................42 

 
Figure 4-7. a) The effect of the PLD deposition pressure on the CdTe crystalline structure deposited 

at room temperature. Samples deposited at deposition pressures >10 mTorr showed highly 
oriented cubic structure (111). The diffractogram in b) shows a mixture of phases. Samples 
deposited at 1 mTorr show poor crystallinity compared with samples deposited at higher 
pressures. However, the most intense peaks were found for sample deposited at 10 mTorr 
[95]. Reproduced with permission of reference 95. Copyright © 2016 Elsevier. .............44 

 
Figure 4-8. The effect of the annealing time and temperature on the CdTe films deposited at room 

temperature by PLD. a) shows sample before annealing. Samples were annealed for 15 
minutes in a N2 atmosphere at b) 400°C, c) 420°C, d) 440°C and e) 500°C. Also, samples 
were annealed for 30 minutes in a N2 atmosphere at f) 400°C, g) 420°C, h) 440°C and h) 
500°C. The grain size increases after any annealing. Samples annealed for 15 minutes or 
30 minutes showed similar morphology. Samples annealed at 500°C showed holes. ......47 

 
 
 
 
 



 

xiv 

Figure 4-9. The effect of the annealing time and temperature on the CdTe films deposited at 400°C 
by PLD. a) shows sample before annealing. Samples were annealed for 15 minutes in a N2 
atmosphere at b) 400°C, c) 420°C, d) 440°C and e) 500°C. Also, samples were annealed 
for 30 minutes in a N2 atmosphere at f) 400°C, g) 420°C, h) 440°C and h) 500°C. The grain 
size for samples before the annealing is larger compared with the sample deposited at room 
temperature before annealing. Samples annealed at 400°C show a similar grain size 
compared with samples before annealing. Grain sizes were observed for samples annealed 
at 420°C for 30 minutes, which increased slightly compared with samples before annealing. 
Larger grain sizes were seen for samples annealed at 440°C for 30 minutes compared with 
samples before the annealing. At the end, the sample annealed at 500°C showed holes. .48 

 
Figure 4-10. a) The effect of annealing temperature on the CdTe crystalline structure deposited by 

PLD at room temperature. All films showed a highly oriented cubic structure (111). The 
diffractogram in b) shows a mixture of phases, but the annealed samples show an increase 
in the peak corresponding to cubic structure (220). The peak intensity increases when the 
grain size increases (measured by SEM). This is related to a lateral growth instead of a 
change in the crystalline structure......................................................................................49 

 
Figure 4-11. a) The effect of the annealing temperature on the CdTe crystalline structure deposited 

by PLD at 400°C. All films showed a highly oriented cubic structure (111). The 
diffractograms in b) show a mixture of phases, where the intensity varies slightly. This is 
consistent with the SEM results, due to the grain size increasing slightly. .......................50 

 
Figure 4-12. a) The effect of annealing time on the CdTe crystalline structure deposited by PLD 

at room temperature and at 400°C. All films showed a highly oriented cubic structure (111). 
The diffractograms in b) show a mixture of phases. Samples annealed for 15 minutes and 
30 minutes show a similar behavior for both depositions..................................................50 

 
Figure 4-13. Effect of substrate roughness on the CdTe and CdS roughness deposited on ITO or 

SiO2 by PLD. The roughness of the samples was measured on a) ITO and d) SiO2 substrate. 
The roughness was also measured on a CdS layer deposited on b) ITO and e) SiO2. And 
finally, CdTe deposited on c) CdS on ITO and f) CdS on SiO2. The roughness of substrates, 
ITO (2.24 nm) and SiO2 (0.84 nm), was transferred to CdS layer. The roughness of CdTe 
was similar regardless of the substrate, 2.77 nm and 2.34 nm, for ITO and SiO2 substrates, 
respectively. For all case, the roughness showed low values. ...........................................52 

 
Figure 4-14. The effect of the annealing time and temperature on the CdTe films deposited in situ 

on CdS at room temperature by PLD. a) shows the sample before annealing. Samples were 
annealed for 15 minutes in a N2 atmosphere at b) 400°C, c) 420°C and d) 440°C. Also, the 
samples were annealed for 30 minutes in a N2 atmosphere at e) 400°C, f) 420°C and g) 
440°C. The grain size increase slightly after any annealing compared with samples 
deposited directly on SiO2. Samples annealed for 15 minutes or 30 minutes showed similar 
morphologies......................................................................................................................53 



 

xv 

Figure 4-15. The effect of the annealing time and temperature on CdTe films deposited in situ on 
CdS at 400°C by PLD. a) shows the sample before annealing. Samples were annealed for 
15 minutes in a N2 atmosphere at b) 400°C, c) 420°C and d) 440°C. Also, samples were 
annealed for 30 minutes in a N2 atmosphere at e) 400°C, f) 420°C and g) 440°C. The grain 
size looks similar for all samples, for any annealing temperature and time. .....................54 

 
Figure 4-16. a) The effect of the annealing time on CdTe crystalline structure deposited in situ on 

CdS by PLD at room temperature and at 400°C. All films show a highly oriented cubic 
structure (111). The diffractograms in b) show a mixture of phases. The CdS layer limited 
the CdTe grain growth. As a result, the peak corresponding to cubic (220) did not increase 
after the annealing. .............................................................................................................55 

 
Figure 4-17. Cross section of the structure for the CdTe resistivity characterization by CTLM. 

CdTe films were deposited on thermally grown SiO2 on a Si mechanical wafer. CdTe layers 
were deposited at room temperature, varying the deposition pressure from 1 mTorr to 100 
mTorr. ................................................................................................................................56 

 
Figure 4-18. The effect of the annealing temperature on the ohmic behavior of the I-V curves for 

CdTe films deposited by PLD. The annealing for gold/copper contacts on CdTe slightly 
improved the linear behavior of the I-V curves. The annealing step diffuses the copper into 
the surface of the CdTe. This diffusion creates a Cu doped CdTe which improves ohmic 
behavior of the contact. ......................................................................................................58 

 
Figure 4-19. Effect of the Zn concentration on the morphology of CdTe:ZnTe films deposited from 

a single target by PLD. Films were deposited from single targets fabricated by mixing CdTe 
and ZnTe powders. The Zn concentration was varied from 0% (only CdTe), 3%, 6% and 
100% (only ZnTe). Targets were fabricated using the hot-press method. Targets were 
annealed or not annealed after the hot-press fabrication. The grain size of the CdTe was 
similar regardless of the Zn concentration. Only in the ZnTe films, was the grain size 
slightly smaller [97]. Reproduced with permission of reference 97. Copyright © 2016 
Elsevier. .............................................................................................................................60 

 
Figure 4-20. The effect of the Zn concentration on the crystal structure of the targets fabricated by 

hot pressing. Targets were a) not annealed and b) annealed after the hot pressing. Also, 
ZnCdTe films were deposited from each target fabricated by c) only hot-pressing and d) 
hot-pressing plus annealing. The target with only hot-pressing showed a small shift for 
CdTe and ZnTe peaks due to the fact that the powders did not make a ternary compound. 
However, for the annealed target, the peaks showed a shift corresponding to a mixture of 
CdTe and ZnTe phases. However, the films deposited from both targets showed similar 
behavior due to the high temperature produced due to the laser ablation mixing the CdTe 
and ZnTe phases [97]. Reproduced with permission of reference 97. Copyright © 2016 
Elsevier. .............................................................................................................................61 

 



 

xvi 

Figure 4-21. The effect of the Zn concentration on the lattice parameters of films and targets 
calculated from the XRD diffractograms. Also, the effect of the Zn concentration on the 
band gap of deposited films calculated from the UV-Vis measurement. Both target 
fabrication processes were analyzed, a) only hot-pressed target and b) hot pressed and 
annealed target. As expected from the XRD diffractogram, the target that was only hot-
pressed did not show a good fitting to Vegard’s law behavior due to the CdTe and ZnTe 
being separate compounds. On the other hand, when ZnTe-CdTe target and films undergo 
a high temperature step, like annealing the target or during laser ablation, the target and 
films showed a proper behavior of ternary ZnCdTe compound in relation to the Zn 
concentration [97]. Reproduced with permission of reference 97. Copyright © 2016 
Elsevier. .............................................................................................................................63 

 
Figure 5-1. CdTe/CdS PN heterojunction structure. CdTe/CdS were deposited in-situ using PLD 

on commercial ITO-glass. Au/Cu contact were deposited by e-beam evaporation using 
shadow mask [95]. Reproduced with permission of reference 95. Copyright © 2016 
Elsevier. .............................................................................................................................64 

 
Figure 5-2. Effect of the CdS deposition pressure ((a) 20mTorr, (b) 40mT, (c) 60mT and (d) 70mT) 

on the CdTe morphology as deposited. Also, morphology was also studied after annealing 
at 400°C in N2 atmosphere for 30 minutes ((e) to (h)). As-deposited films showed similar 
grain size; however, grain size for samples deposited at lower pressure (<60 mTorr) was 
slightly larger. For annealed samples, those deposited at a pressure <60 mTorr showed 
larger grain size compared to those deposited at higher pressure. .....................................66 

 
Figure 5-3. (a) Effect of the CdS deposition pressure on the crystalline structure of CdTe films. 

Samples were deposited at 220°C and then annealed at 400°C for 30 minutes in N2 after 
deposition. (b) shows detailed analyses of the XRD patterns. Samples as-deposited showed 
a highly oriented cubic (111) structure; however, after annealing, cubic (220) and cubic 
(311) phases are found due to the lateral growth of grains in CdTe. .................................67 

 
Figure 5-4. SEM cross section for sample using 70 mTorr for CdS deposition pressure b) before 

and a) after annealing at 400°C for 30 minutes in N2. The grain size after annealing 
increased in the bulk but it did not increase on the surface. ..............................................67 

 
Figure 5-5. Effect of deposition pressure of CdS on the electrical properties of CdTe/CdS diodes. 

Only electrical characterization for diodes annealed at 400°C for 30 minutes in N2 is shown 
in this Figure. (a) I-V raw data shows that the sample deposited at 40 mTorr as the 
deposition pressure for CdS shows the lowest leakage current. Similarly, (b) the 
rectification factor at 1 V and 0.5 V bias show that the highest value was found for samples 
deposited at 40 mTorr a CdS deposition pressure. ............................................................68 

 
 
 



 

xvii 

Figure 5-6. Effect of deposition pressure of CdS on the electrical properties of CdTe/CdS diodes. 
Only electrical characterization for diodes annealed at 400°C for 30 minutes in N2 is shown 
in this Figure. Sample deposited at 40 mTorr as deposition pressure for CdS shows the a) 
ideality factor closes to 1 and the lowest a) saturation current; however, the b) series 
resistance was slightly higher for sample deposited at 40 mTorr. .....................................69 

 
Figure 5-7. Effect of deposition pressure of CdS on the CdTe carrier concentration calculated from 

C-V measurement. Only CdTe carrier concentration was calculated for diodes annealed at 
400°C for 30 minutes in N2. All samples show similar values for CdTe carrier 
concentration, close to 1015 cm-3. However, the carrier concentration slightly decreases 
when CdS deposition pressure increases. ..........................................................................70 

 
Figure 5-8. Effect of the deposition temperature ((a) 150°C, (b) 220°C, (c) 300°C and (d) 400°C) 

on the CdTe morphology before annealing. Also, morphology was studied after annealing 
at 400°C in N2 atmosphere for 30 minutes ((e) to (h)). As expected, grain size increased 
when deposition temperature increased for as-deposited films. However, for annealed 
samples, films deposited at 150°C show cracks; samples deposited at 220°C show 
increased grain size and samples deposited at 300°C and 400°C show a slight effect on 
grain size after annealing [95]. Reproduced with permission of reference 95. Copyright © 
2016 Elsevier. ....................................................................................................................72 

 
Figure 5-9. Effect of deposition temperature on the crystalline structure of CdTe/CdS films. As 

deposited film diffractograms are shown in a) and b), and annealed films are shown in c) 
and d). As deposited samples showed a highly preferential orientation on the cubic (111) 
peak. For annealed samples, only samples deposited at 150°C and 220°C increase intensity 
of peaks corresponding to the cubic orientation (220); which is consistent with SEM results 
as only these samples showed a grain size increase [95]. Reproduced with permission of 
reference 95. Copyright © 2016 Elsevier. .........................................................................73 

 
Figure 5-10. Effect of deposition temperature on the electrical properties of CdTe/CdS diodes. Un-

annealed diodes showed poor rectification behavior where only one I-V curve is plotted 
for reference. Samples deposited at 400°C were a short circuit. (a) I-V raw data show that 
samples deposited at 150°C showed high reverse bias current due to cracks found after 
annealing by SEM. (b) Ideality factor and reverse saturation current demonstrated slightly 
lower values for samples deposited at 220°C compared to samples deposited at 300°C [95]. 
Reproduced with permission of reference 95. Copyright © 2016 Elsevier. ......................74 

 
Figure 5-11. Effect of deposition temperature on the electrical properties of CdTe/CdS diodes. 

Only annealed diode parameters are shown. Samples deposited at 400°C were a short 
circuit. (a) Rectification factor at 1 V and 0.5 V bias show that the highest value was found 
for the sample deposited at 220°C. Similarly, (b) series resistance was slightly lower for 
the sample deposited at 220°C. ..........................................................................................75 

 



 

xviii 

Figure 5-12. Effect of deposition temperature on the CdTe carrier concentration calculated from 
C-V measurements. The CdTe carrier concentration was only calculated for the annealed 
samples. The CdTe carrier concentration was close to 1015 cm-3 for all samples. The carrier 
concentration was slightly lower for sample deposited at 220°C . [95] Reproduced with 
permission of reference 95. Copyright © 2016 Elsevier. ..................................................76 

 
Figure 5-13. Effect of annealing temperature ((a) as-deposited, (b) 360°C, (c) 400°C and (d) 

440°C) on the CdTe morphology. The annealing process was executed at 400°C in a N2 
atmosphere for 30 minutes. Grain size increases for all the annealed samples. Samples 
annealed at 400°C and 440°C showed larger grain size compared to samples annealed at 
360°C [95]. Reproduced with permission of reference 95. Copyright © 2016 Elsevier. ..77 

 
Figure 5-14. Effect of annealing temperature on the crystalline structure of CdTe/CdS films 

annealed in N2 after deposition. (b) shows detailed analyses of the XRD patterns. As-
deposited samples showed a highly oriented cubic (111) structure. After annealing, lateral 
growth of CdTe grains increase intensity of peaks corresponding to cubic (220) and cubic 
(311) phases [95]. Reproduced with permission of reference 95. Copyright © 2016 
Elsevier. .............................................................................................................................78 

 
Figure 5-15. Effect of annealing temperature on the electrical properties of CdTe/CdS diodes. Un-

annealed diodes showed poor rectification behavior (not shown). (a) I-V raw data show 
similar behavior for all samples; however, for extracted parameters such as (b) Ideality 
factor and reverse saturation current, diodes annealed at 400°C showed slightly lower 
values for these parameters [95]. Reproduced with permission of reference 95. Copyright 
© 2016 Elsevier. ................................................................................................................79 

 
Figure 5-16. Effect of annealing temperature on the electrical properties of CdTe/CdS diodes. Only 

annealed diode parameters are shown. a) Rectification factor was similar for all samples at 
1 V and 0.5 V bias. (b) Series resistance decreases slightly when annealing temperature 
increases. ............................................................................................................................80 

 
Figure 5-17. Effect of annealing temperature on the CdTe carrier concentration calculated from C-

V measurements. Only CdTe carrier concentration was calculated for annealed samples. 
No effect on CdTe carrier concentration was found. Every sample shows the CdTe carrier 
concentration was close to 1015 cm-3 [95]. Reproduced with permission of reference 95. 
Copyright © 2016 Elsevier. ...............................................................................................80 

 
Figure 5-18. I-V curves measured at different temperatures for CdTe/CdS diodes. Diodes were 

measured from RT to 150°C. When temperature increases, the energy of free carriers 
increases, allowing more carriers to cross the junction and contribute to current flow. Due 
to this, the current density increases for reverse and forward bias. (Submitted to APL, under 
revision). ............................................................................................................................82 

 



 

xix 

Figure 5-19. Rectification factor with respect to applied voltage for different measurement 
temperatures. For low applied voltage <0.3 V (dash line), the rectification factor is mostly 
constant regardless of measurement temperature. When bias voltage increases, temperature 
decreases the rectification factor due to traps in the bulk and interface of the heterojunction. 
(Inset: The effect of the measurement temperature on the ideality factor calculated from I-
V curves. As expected, the ideality factor slightly decreases with increasing temperature 
due to the contribution of the diffusion current along the interface caused by the thermionic 
effect). (Submitted to APL, under revision). .....................................................................83 

 
Figure 5-20. Effect of the measurement temperature on series resistance. The thermionic effect 

increases the number of free charges crossing the CdTe-metal interface, thereby decreasing 
the contact resistance. This thermionic effect shows linear behavior on the log scale of 
series resistance with respect to 1000/T. (Submitted to APL, under revision). .................85 

 
Figure 5-21. a) Effect of measurement  temperature on saturation current calculated from I-V data. 

The thermionic effect is demonstrated to be the main carrier transport mechanism in the 
PN junction due to the linear behavior of the saturation current with respect to the 
measurement temperature. b) The effect of frequency and temperature analysis on the Vbi 
calculated from C-V curves. Parasitic effects produce a shift in Vbi from 0 V to 1 V. Higher 
measurement temperature decreases the calculated Vbi due to more energetic carriers 
crossing the effective potential barrier. As a reference, the dash line indicates the Vbi 
calculated from I-V curves. (Inset: Illustrates the effect of the frequency on the C-V 
measurement. The linear fitting was used for Vbi extraction from C-V measurements). 
(Submitted to APL, under revision). ..................................................................................86 

 
Figure 5-22. EDMR study results, a) zero field current response vs. magnetic field for a specific 

applied voltage. The same measurement was repeated varying the applied voltage to find 
different peak to peak distances close to the zero field region. The peak to peak distance 
close to zero field in curves similar to a) for different applied voltages are summarized in 
plot b) in CdTe/CdS devices. The current spin dependent recombination current reaches a 
maximum value when the applied voltage is close to Vb [94]. Reproduced with permission 
of reference 94. Copyright © 2016 IEEE. .........................................................................88 

 
Figure 6-1. JFET structure for simulation for devices based on SiO2 substrates. .........................90 

 
Figure 6-2. Effect of the CdS carrier concentration on the ID-VG curves. The CdS carrier 

concentration was varied between a) 1018 m-3, and b) 1019 cm-3. The CdTe carrier 
concentration was fixed between 2x1017 cm-3 and 4x1017 cm-3 regardless of the CdS carrier 
concentration. When the CdTe carrier concentration equals 1x1017 cm-3, the channel is 
pinched off at 0 V, and when the CdTe carrier concentration equals 8x1017 cm-3, the 
channel is not pinched off up to 5 V. .................................................................................91 

 
 



 

xx 

Figure 6-3. Effect of defects in CdTe and CdS films on ID-VG curves. Device using a) defect-free 
films demonstrated higher ID compared to devices for films b) with defects. This is due to 
the fact that  the electrons are trapped on the defects rather than contributing to the current 
of the device. ......................................................................................................................93 

 
Figure 6-4. First structure for simulation of devices fabricated on commercial ITO-glass substrates.

............................................................................................................................................94 

 
Figure 6-5. Dimensional and thickness simulation studies of the JFET structure:  1. Source-drain 

contact distance; 2. CdS overlap; 3. ITO contact width; 4. CdTe thickness; and 5. CdS 
thickness. ............................................................................................................................94 

 
Figure 6-6. Simulated ID-VG curves for JFETs. The effect of the source-drain contact distance is 

show in a); when the distance decreases, the ID current increases, without affecting IG. For 
b), the effect of CdS overlap shows that only IG increases when the overlap increases. ...95 

 
Figure 6-7. Simulated ID-VG curves for JFETs. The effect of a) the ITO contact width and the effect 

of b) the CdTe thickness were studied. The ITO contact width increases the IG current due 
to increased diode area. In b), the CdTe thickness affects the pinch off voltage and the ID, 
while the IG was affected slightly, as well. ........................................................................95 

 
Figure 6-8. Simulated JFET structure. The red arrow shows the area where the non-conformal 

deposition can reduce the thickness of the films. For that reason, the thickness was reduced 
to 10% of the original thickness for simulation. ................................................................96 

 
Figure 6-9. Simulated ID-VG curves for JFETs. The operation region for the JFET was not affected 

by reducing the CdS thickness on the ITO sidewalls caused by non-conformal deposition.
............................................................................................................................................97 

 
Figure 6-10. JFET structure for simulation including a higher p-doped layer (p+ layer). The p+ 

region should increase the ID current in JFETs. .................................................................98 

 
Figure 6-11. The effect of the carrier concentration of p and p+ layer on ID-VG curves. ID increased 

close to two orders of magnitude when a higher p-doped layer was included in the structure. 
Also, IG was slightly affected for all cases.........................................................................98 

 
Figure 6-12. The effect of the Te concentration on CdTe target diffractograms. b) shows close-up 

of a) plot for the analysis of the low intensity peaks. As expected, the peaks corresponding 
to the Te orientation increased when the Te concentration increased. ............................100 

 
Figure 6-13. a) The effect of Te concentration on Te-doped CdTe film diffractograms. b) shows 

close-up of a) plot for the analysis of the low intensity peaks.  Metallic Te phases were not 
found in the diffractograms. This should be due to Te atom incorporation into the CdTe 
lattice during the CdTe deposition and annealing process...............................................101 



 

xxi 

Figure 6-14. The effect of the Te concentration on I vs. V curves using CTLM structures. Samples 
did not show a ohmic behavior, so it was not possible to calculate the resistivity for all the 
samples. Te-doped CdTe is expected to decrease the resistivity of CdTe; however, the 
current values decreased when the Te concentration increased.......................................102 

 
Figure 6-15. CdTe diffractograms demonstrating the effect of the Cu concentration after 

immersion in a Cu solution for doping. Different deposition conditions for CdTe were used 
for this experiment. Films showed only CdTe peaks and no metallic Cu peaks were found 
because the Cu should be incorporated into the CdTe lattice. .........................................104 

 
Figure 6-16. Effect of deposition conditions and Cu solution on CdTe morphology. a), b) and c) 

represent films using different deposition conditions that were annealed without immersion 
in the Cu solution. d), e) and f) represent films immersed in the Cu solution followed by an 
annealing process. As expected, samples deposited at a higher temperature show larger 
grain size; however, similar morphology was found between samples with and without 
copper. Also, samples deposited at 220°C and annealed with copper showed some holes 
that could increase leakage current in diodes. .................................................................105 

 
Figure 6-17. Effect of copper doping on C-V plots using MIS structures. Samples with no copper 

showed the expected MIS behavior where the accumulation and depletion regions are 
observed. However, samples with copper do not behave like MIS capacitors because the 
copper diffusion at high temperature could create a conductive path on CdTe grain 
boundaries. This conductive path creates a connection between the gold contact and the 
SiO2 layer, avoiding the interaction of the Cu doped CdTe layer. ..................................106 

 
Figure 6-18. The effect of the Cu doping on carrier concentration of CdTe. These carrier 

concentration values were calculated from C-V result; for this reason, only the carrier 
concentration for samples with no copper was calculated. The carrier concentration was 
close to 1017 cm-3 regardless of the deposition method. ..................................................107 

 
Figure 6-19. Effect of the Cu2Te concentration in the CdTe crystalline structure. Cu2Te peaks were 

not found due to the possible incorporation of Cu2Te into the CdTe lattice. ..................109 

 
Figure 6-20. Effect of Cu2Te concentration on ZnTe resistivity. The resistivity was exponentially 

modulated using different numbers of shots of Cu2Te during co-deposition by PLD. The 
resistivity decreases from 106 Ω·cm for only ZnTe to 102 Ω·cm with 27 shots of Cu2Te.
..........................................................................................................................................112 

 
Figure 6-21. Effect of Cu2Te concentration and annealing temperature on ZnTe resistivity. As-

deposited samples showed similar resistivity values (102 Ω·cm) regardless of Cu2Te 
concentration due to the fact that the film structure is comprised of ZnTe and Cu2Te layers 
with no intermixing. However, when samples are annealed at temperature >200°C, films 
demonstrate a reduction in resistivity as a function of increasing Cu2Te concentration 
increase due to intermixing. .............................................................................................114 



 

xxii 

Figure 6-22. Effect of Cu2Te concentration and annealing time on a) ZnTe resistivity and b) ZnTe 
carrier concentration. As expected, samples without anneal showed similar electrical 
behavior regardless of Cu2Te concentration. After only 1 minute of annealing at 300°C, 
the films showed resistivity and carrier concentration modulation with respect to Cu2Te 
concentration. ...................................................................................................................116 

 
Figure 6-23. JFET fabrication steps designed for top gate - top contact structure. a) The structure 

starts with precleaned substrate of SiO2. b) ZnTe:Cu is deposited and patterned using a lift-
off process. c) CdTe is deposited without patterning. d) the CdS layer is deposited and 
patterned by wet etching. e) finally, gold contacts are patterned by lift-off. ...................118 

 
Figure 6-24. JFET structure for photolithography process designed for a SiO2 substrate. .........119 

 
Figure 6-25. a) Diode structure for the photolithography process designed for the SiO2 substrate. 

b) Unit cell including JFET’s, diodes and CTLM structures. ..........................................119 

 
Figure 6-26. JFET fabrication steps designed for bottom gate - top contact structure. a) The 

structure starts with precleaned commercial ITO glass. b) ITO is patterned by dry etching. 
b) CdS layer is deposited and patterned by wet etching. c) CdTe is deposited without 
patterning. e) ZnTe:Cu doped is deposited and patterned by lift-off process. f) finally, 
gold/nickel contacts are patterned by lift-off. ..................................................................120 

 
Figure 6-27. JFET structure for a photolithography process designed for an ITO-glass substrate.

..........................................................................................................................................121 

 
Figure 6-28. a) Diode structure for the photolithography process designed for an ITO-glass 

substrate. b) Unit cell including JFET’s, diodes and CTLM structures. Structure is designed 
for 1x1 square inch in size. ITO contacts are connected to the edge of sample. .............121 

 
Figure 6-29. Structures of CdS on Cu-doped CdTe heterojunctions. The Cu doped layer was 

produced a) by co-deposition method of Cu2Te and CdTe, and b) by Cu layer on top of 
CdTe. Samples were annealed at 400°C. .........................................................................123 

 
Figure 6-30. I-V curves for CdS on Cu doped CdTe. CdS on the pure CdTe structure was included 

for reference. Cu doping for CdTe was carried out using co-deposition method of Cu2Te 
and CdTe by PLD and Cu metallic layer deposition. Devices exhibited high leakage current 
and poor rectification behavior for all samples. ...............................................................124 

 
Figure 6-31. a) Structure for JFETs fabricated by photolithography using a top gate – top contact 

structure. b) I-V curves for diodes fabricated by the photolithography process demonstrated 
poor rectification behavior with a ION/IOFF ratio close to 1. .............................................125 

 



 

xxiii 

Figure 6-32. Structures for Cu-doped CdTe on CdS heterojunctions. The Cu-doped layer was 
produced by a) co-deposition of Cu2Te and CdTe or b) Cu layer on top of CdTe. Samples 
were annealed at high temperature (400°C) in the presence of Cu in the structure. .......127 

 
Figure 6-33. Illustration of the Cu-doped CdTe on CdS heterojunction structure. CdTe was doped 

with copper by deposition of a Cu layer on top of CdTe after the sample was annealed at 
400°C. A second annealing step at low temperature (150°C) was carried out for the Cu 
diffusion. ..........................................................................................................................128 

 
Figure 6-34. I-V curves for diodes with different thickness of Cu layer. The reverse bias current 

increased consistently when copper layer thickness increased. .......................................128 

 
Figure 6-35. The effect of the annealing time and copper layer thickness on CdTe/CdS diodes. The 

copper layer thicknesses were a) 0 nm (No copper), b) 0.5 nm, c) 1 nm and d) 2 nm. The 
reverse bias current increased as the copper thickness increased. Similarly, the reverse bias 
current increased when annealing time increased, except for sample without copper. ...130 

 
Figure 6-36. CdTe carrier concentration vs. depletion width calculated from C-V curves for diodes 

with varying copper layer thickness. The carrier concentration increased slightly for thicker 
copper layers. The depletion width decreased for thicker copper layers due to Cu 
penetration into the CdTe layer. .......................................................................................131 

 
Figure 6-37. I-V curves for diodes with thicker Cu layer for CdTe doping. The copper layer 

thickness varied from 0 nm (No Cu) to 16 nm where the reverse bias current increased 
consistently as the Cu layer thickness increased. .............................................................132 

 
Figure 6-38. CdTe carrier concentration and depletion width calculated from C-V curves for diodes 

with varying copper layer thickness from 0 nm (No Cu) to 16 nm. The effect on carrier 
concentration vs. depletion width was consistent with the previous results where the carrier 
concentration increased for thicker copper layers. Meanwhile, the depletion width 
decreased for thicker copper layers due to to Cu penetration into the CdTe layer. .........132 

 
Figure 6-39. Structure of heterojunctions using Cu-doped ZnTe as a p+ layer for the channel 

region. ZnTe was doped with copper by the co-deposition method of Cu2Te and ZnTe by 
PLD. Cu-doped ZnTe layer was deposited on a) CdS layer or on b) CdTe/CdS structure. 
The sample was annealed at high temperature (300°C) in the presence of Cu in the structure 
for Cu2Te and ZnTe mixing. ............................................................................................133 

 
Figure 6-40. Structure for JFETs fabricated by a photolithography process using the bottom gate 

– top contact structure. .....................................................................................................134 

 
Figure 6-41. SEM images of a fabricated JFET. The source – drain contact distance is close to 2.5 

µm instead of 2 µm. .........................................................................................................135 



 

xxiv 

Figure 6-42. SEM cross section of the ITO sidewall region. The edge of the ITO contact did not 
show a vertical wall; therefore, the thickness of CdS and CdTe on that region was not 
affected by the non – conformal deposition of the PLD method. Thicknesses for layers are 
slightly different than expected. .......................................................................................136 

 
Figure 6-43. a) I-V curves for diodes fabricated using a photolithography process. The Cu 

thickness varied from 0 nm (No Cu) to 2 nm. The reverse bias current was not affected by 
Cu thickness. b) Carrier concentration vs. depletion width calculated from C-V curves. The 
carrier concentration was slightly higher for the sample without copper; however, the 
depletion width was slightly thinner for samples with Cu. ..............................................137 

 
Figure 6-44. The ID – IG vs. VG curves for fabricated JFETs using a photolithographic process. The 

ID values are close to the leakage current value (IG). Due to this, the current is flowing to 
the gate, and the channel is not pinched-off. ...................................................................138 

 
Figure 6-45. Structure for bottom gate – top contact JFET structure fabricated using a 

photolithography process that included the patterning of a p+ layer. ..............................139 

 
Figure 6-46. a) I-V curves for diodes fabricated by a photolithography process that patterns a Cu-

doped ZnTe layer on CdTe/CdS. The Cu-doped ZnTe thickness varied from 30 nm to 60 
nm. The reverse bias current was more consistent for samples with 9 shots of Cu2Te. b) 
Carrier concentration vs. depletion width calculated from C-V curves. The carrier 
concentration for Cu-doped ZnTe was expected to be between 1016 cm-3 and 1018 cm-3. The 
carrier concentration was slightly higher for samples with more shots of Cu2Te Similarly, 
the depletion width was slightly thinner for the sample with more shots of Cu2Te. .......140 

 
Figure 6-47. I-V curves for diodes on JFET structures. The inset shows both diodes in cross section 

for the JFET structure. The first diode is formed between Drain – Gate contacts and the 
second diode is formed between Source – Gate contacts. Due to the symmetry of the JFET 
structure, the electrical behavior for both diodes is expected to be similar for each JFET 
structure............................................................................................................................141 

 
Figure 6-48. The ID – IG vs. VG curves for fabricated JFETs using a photolithography process that 

patterned the p+ region (Cu-doped ZnTe). The dashed lines show the expected value for ID 
calculated experimentally from CTLM structures on the samples. The ID values increased 
when increasing the number of shots of Cu2Te, and when increasing the Cu-doped ZnTe 
layer thickness. This is due to the effect of these parameters on the resistance value for the 
channel region. However, the channel is not modulated by VG, which is possibly due to the 
channel being pinched-off – even without biasing VG. ...................................................142 

 



 
 
 

 xxv 

LIST OF TABLES 
 
 
Table 4-1. The effect of substrate temperature on CdS resistivity. The resistivity increased one 

order of magnitude when the deposition temperature increased. Increasing the temperature 
should increase the crystallinity of films, which should reduce defects and therefore, 
increase the resistivity. CdS films were deposited at 220°C; however, the resistivity value 
was too high to be calculated by CTLM. ...........................................................................39 

 
Table 4-2. The effect of the full annealing process for the CdTe fabrication on the CdS resistivity. 

The CdS resistivity increases two orders of magnitude at the end of the annealing process. 
This is due to the recrystallization of the CdS film. The CdS resistivity value after the full 
annealing process should align with the needs of the JFET devices. ................................40 

 
Table 4-3. The effect of the deposition pressure on the CdTe thickness. The deposition rate is 

expected to decrease slightly for higher deposition pressures. This is due to the reduction 
of the mean free path because of the larger number of Ar atoms between the target and 
substrate. ............................................................................................................................43 

 
Table 4-4. The effect of the deposition pressure on the crystallite size measured from XRD 

diffractograms. The crystallite size for samples deposited at 1 mTorr was small compared 
to samples deposited at higher pressures. For deposition pressures >10 mTorr, the 
crystallite size changed slightly from 16 nm to 20.6 nm; however, the deposition pressure 
did not show a trend for crystallite size. ............................................................................45 

 
Table 4-5. Summary of roughness for samples shown in Figure 4-13. .........................................53 

 
Table 4-6. The effect of the deposition pressure on the CdTe resistivity calculated from the CTLM 

structure. CdTe films were deposited by PLD at room temperature. The CdTe deposited at 
10 mTorr peeled-off during the lift-off process and the resistivity was not calculated. The 
resistivity remained around 108 Ω·cm, regardless of the deposition pressure in all other 
samples. ..............................................................................................................................57 

 
Table 4-7. The effect of the annealing time after the contact deposition on the CdTe resistivity. 

Gold on copper films were deposited by e-beam evaporation. The copper layer was either 
5 nm or 10 nm thick. The annealing time was varied between 0 minutes (no anneal) up to 
15 minutes at 100°C in a N2 atmosphere. The resistivity for samples with no annealing was 
slightly lower than for the annealed samples. The resistivity values for all samples were 
around 107 Ω·cm. ...............................................................................................................58 

 
Table 5-1. Summary of parameters for the PN heterojunction diode fabrication. Four samples were 

deposited varying the deposition pressure from 20 mTorr to 70 mTorr. ...........................65 

 



 

xxvi 

Table 5-2. Summary of parameters for the PN heterojunction diodes fabrication. 40 mTorr was 
chosen as deposition pressure for CdS based on results from previous experiments. .......71 

 
Table 5-3. Summary of parameters for the PN heterojunction diodes fabrication. 40 mTorr was 

chosen as deposition pressure for CdS and 220°C was chosen as substrate temperature 
based on results from previous experiments. .....................................................................77 

 
Table 6-1. Effect of the copper immersion in CdTe resistivity. For samples without copper, the 

resistivity showed similar values in the order of 107 Ω·cm. Similarly, all samples doped 
with copper showed similar values in the order of 105 Ω·cm. .........................................105 

 
Table 6-2. Effect of the copper layer thickness and annealing time on CdTe resistivity. Similar to 

previous results, all samples with copper showed values in the order of 105 Ω·cm regardless 
of the copper layer thickness and annealing time. Also, for the non-doped CdTe, the 
resistivity was calculated on the order of 107 Ω·cm. .......................................................108 

 
Table 6-3. Effect of the Cu2Te concentration and annealing time on CdTe resistivity. CdTe-only 

films were measured as a reference and, as expected, the resistivity was in the order of 107 
Ω·cm. On the other hand, all Cu doped CdTe films showed values on the order of 105 
Ω·cm, regardless of annealing time and Cu2Te concentration. .......................................110 

 
Table 6-4. Effect of Cu2Te concentration on ZnTe carrier concentration calculated by the Hall 

effect system. Only samples annealed at 300°C gave reliable results from the Hall effect 
measurement system. For this annealing temperature, the carrier concentration was 
modulated 103 by varying the number of shots of Cu2Te from 9 shots to 27 shots between 
158 shots of ZnTe. ...........................................................................................................115 

 
 
 

 



 
 
 

1 

CHAPTER 1 

INTRODUCTION 

 
 
1.1 MOTIVATION 

Over the years, electronic devices passed from being a tool to being a necessity. These electronic 

devices are used in almost every aspect of our lives, and the market of electronics is always trying 

to find new devices or new features to be added to the large list of electronic devices currently 

available. We usually assume that the natural order is that science and technology are the tools that 

we use to satisfy needs that people have. However, in some instances with electronics, the science 

and technology are used to create needs that we did not previously have. For instance, the flexible 

electronics field creates those needs because flexible electronics is also attracting attention for its 

potential use in the field of medicine, screens, cellphones, solar cells, among others. 

The development of new electronic devices is usually attached to the same requirements: lower 

cost, faster and smaller size. For the case of flexible electronics, low temperature processing should 

also be included. However, flexible substrates require relatively low temperature processing which 

impacts the limit at which temperatures device fabrication of flexible electronics can occur. 

Unfortunately, the low temperature requirement eliminates single crystal materials and therefore, 

sacrifices the device speed. Polycrystalline and amorphous semiconductors are good alternatives 

for use in the flexible electronics field. However, the mobility for these materials is low compared 

to single crystal mobility where the mobility is related to device speed. Therefore, lower mobility 

can strongly impact the performance of transistors, which could adversely affect flexible 

electronics performance. 

The Metal-Oxide-Semiconductor Field Effect Transistor (MOSFET) is the most recurring device 

in the FET (Field Effect Transistor) family. The MOSFET performance can be measured by the 

speed of the device governed by the MOS (Metal-oxide-semiconductor) capacitor theory of 

operation. The charge and discharge times of the MOS capacitor limit the switching time for a 

MOSFET. Furthermore, there can be a high trap density in the oxide-semiconductor interface 

which negatively influences performance and therefore deteriorates the switching speed of the 

transistor even more. 
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Junction Field Effect Transistors (JFETs) are FETs which can fulfill the requirements for high-

speed behavior. The JFET modulates the resistivity of the channel using the depletion width of a 

PN junction, and therefore, the issues with the capacitance and the oxide-semiconductor interface 

are avoided. 

The polycrystalline II-VI materials are very affordable for JFET fabrication. Moreover, II-VI 

materials can be found in both n- and p- type, allowing the PN junction in the JFET. Also, the II-

VI materials can be doped to achieve different carrier concentrations. The deposition techniques 

of these materials are compatible for large area and low temperature depositions in addition to 

being compatible with low cost technologies. 

Pulsed Laser Deposition (PLD) is an ideal technique for the deposition of II-VI materials. PLD 

shares some characteristics with molecular beam epitaxy (MBE), since both methods are suitable 

for epitaxial growth. However, the PLD technique can be substantially lower in cost than MBE. 

The main advantage of PLD is the transfer of the stoichiometry target to the substrate. This 

stoichiometric transfer is maintained even for complex compounds. PLD produces high-quality 

films at low temperature compared to sputtering. This is due to the high kinetic energy of the 

species due to the laser ablation which allows a better ordering of the species even at low substrate 

temperature. 

Summarizing, the PLD technique is chosen for polycrystalline JFET fabrication using II-VI 

materials. Fabricated JFETs are expected to be suitable with low cost, large area technology, 

flexible substrates, and higher-speed compared to similar polycrystalline MOSFETs. 

1.2 OBJECTIVE 

JFET fabrication based on polycrystalline thin films using II-VI materials deposited by PLD 

1.2.1  SPECIFIC OBJECTIVES 

• Characterization of single layers of CdS and CdTe 

• Doping control on ZnTe and CdTe layers using copper 

• Optimizing CdTe/CdS diodes deposited by PLD studying the effect of the deposition 

parameters, such as pressure and temperature, as well as annealing conditions 
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• Electrical characterization of diodes fabricated by shadow mask using Cu doped layers as 

p+ material 

• Demonstration of JFET using the software ATLAS from SILVACO for simulation 

• Study of the effect of the structural dimensions on JFET performance through simulations 

• Mask fabrication using the software EXPERT from SILVACO for design 

• JFETs and diodes fabrication by photolithography process 

1.3 Dissertation structure 

• Chapter 2: This chapter provides a literature review about the classification of Field Effect 

Transistors, the type of semiconductors, deposition methods, and the doping of II-VI 

materials used in this research project. 

• Chapter 3: The Chapter 3 provides the recurrent experimental details used thoroughly 

during this research project; like substrates, deposition parameters by PLD and 

characterization tools. This chapter also contains the mathematical models used for the 

analysis of deposited films and fabricated devices.  

• Chapter 4: This chapter discusses the morphological, crystalline and electrical 

characterization of single layers deposited by PLD and reports the effect of deposition 

pressure, thickness and temperature on the electrical properties of CdS. Also, the effect of 

the temperature and deposition pressure on the CdTe grain size and electrical properties 

was studied. Finally, the band-gap modulation of ZnCdTe films using CdTe and ZnTe 

powders as a target for PLD deposition was investigated.  

• Chapter 5: CdTe/CdS PN heterojunctions diodes were comprehensively studied in this 

chapter. The effect of the CdS deposition pressure, deposition and annealing temperature 

on diode behavior was evaluated. Also, a study of temperature dependence was executed 

to find important diode parameters on CdTe/CdS heterojunctions, such as built-in potential, 

in addition to understanding the current transport mechanism in this PN heterojunction. 

Finally, CdTe/CdS diodes were tested with a Electrically Detected Magnetic Resonance 

(EDMR) technique to find the near-zero spin dependent recombination current. 



 

4 

• Chapter 6: In this chapter, the simulations results demonstrated the JFET behavior using 

the thin film parameters extracted from the previous chapter. In addition, the simulations 

showed the best structures compatible with thin-films deposition and fabrication methods 

used in this research. Furthermore, the doping for p-type layers was demonstrated. The p+ 

layer was necessary on the JFET structure, based on simulation results. Finally, diode and 

JFET structures were fabricated by shadow mask and photolithography. The fabricated 

diodes exhibited proper behavior for potential JFET implementation; however, the JFETs 

did not demonstrate the proper behavior. 

• Chapter 7: The conclusions obtained from this work are reported in this chapter. In 

addition, some recommendations for fixing the issues found on JFET devices are 

recommended, based on the experimental results.   
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CHAPTER 2 

LITERATURE REVIEW 

 
 
Nowadays, electronic devices play a very important role in our life.  Electronic devices are useful 

in our jobs, houses, schools, cars – literally everywhere. However, electronic devices cannot be 

developed without a fundamental component called a transistor. The first transistor was invented 

in 1948 at Bell Telephone Laboratories [1-4]. After the invention, transistors have revolutionized 

the electronic world. 

2.1 Transistors 

 

Figure 2-1. Diagram of npn bipolar junction transistor 
 

The transistor can be a three-terminal device where one terminal is used to control the current 

between the other two terminals. Transistors are divided in two families, Bipolar Junction 

Transistors (BJT) or Field-Effect Transistors (FET) [5]. Those families are divided by the principle 

of operation. BJTs are transistors based on two PN junctions back to back. The current between 

the two terminals, called emitter and collector, is controlled by the current applied to the third 

terminal, called the base. Figure 2-1 shows the structure of a NPN BJT. On the other hand, FETs 

are transistors in which the current between two terminals, called drain and source, is controlled 

by the voltage applied to the third terminal, called the gate. Another significant difference between 

a BJT and a FET is that the BJT operates with both minority and majority carriers, which is why 

it is called a bipolar transistor. On the other hand, a II-VI based FET device operates only with 

majority carriers, and it is called a unipolar transistor [5-9]. 
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2.2 Diodes 

BJTs and some FETs are based on PN junction structures. However, PN junctions are a single 

electronic device by itself – known as a diode. The diode operation consists of a non-linear I-V 

behavior where the forward bias current for the diode is higher compared to the reverse bias 

current. The PN junctions have multiple applications like rectifiers, laser diodes, solar cells, LED, 

and detectors, among others. As mentioned previously, these are the fundamental building blocks 

of the BJT and a FET called the Junction Field Effect Transistor (JFET), which will be described 

below [5-7, 10]. 

2.3 Field Effect transistors 

FET transistors can be divided by the mechanism used to modulate the current in the channel. 

However, one of the main advantages of a FET compared to a BJT is that the fabrication of the 

FET is simpler. The mechanism of transport in a II-VI FET is the movement of majority carriers, 

therefore, the external factor has less influence compared to the BJT. Also, the power consumption 

of a FET is lower than a BJT. The most popular FETs are MISFETs, JFETs, and MESFETs [5-9]. 

 

Figure 2-2. Diagram of n-channel top-contact top-gate MISFET. 

2.3.1 MISFET 

The MISFET modulates the conductivity of the channel using a MIS capacitor. The voltage on the 

gate can populate or depopulate a thin, charged carrier layer between the source and drain. Figure 

2-2 shows the structure of a MISFET. There are different operation modes depending on the initial 

condition for zero bias. The MISFET is normally-OFF if the resistivity of the channel is very high 

for zero bias and a voltage on the gate is necessary to populate the channel with carriers and 
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decrease that resistivity; this mode is also called the enhancement mode. On the other hand, the 

MISFET is normally-ON if the carrier concentration is high when no bias is applied in the gate 

and therefore, the current is flowing from drain to source. In this case, a voltage on the gate is 

necessary to depopulate the channel and increase the resistivity, avoiding the current flow from 

drain to source. This mode is also called the depletion mode. The MISFET is the most important 

device for high-density integrated circuit fabrication. These transistors are the main component in 

the fabrication of microprocessors and memories, among other devices which require high speed 

[5, 6, 10]. 

2.3.2 JFET and MESFET 

The JFET and MESFET modulate the resistivity in the channel using the depletion width of a PN 

junction and a Schottky diode, respectively. Figure 2-3 shows the structure of a JFET and 

MESFET. Both transistors work in the normally-ON mode. For zero bias on the gate, the channel 

resistivity is low and the current can flow from the source to the drain. The depletion width has to 

be increased by applying a voltage to the gate in a reverse bias mode. The channel is pinched-off 

when the depletion width is increased. Then, the resistivity in the channel increases, reducing the 

current between the source and drain. As previously mentioned, the principle of operation of the 

MESFET and JFET is a diode; therefore, one of the limitations of these transistors is the range of 

operation. If the diode is biased close to the flat band voltage, the current to the gate will increase; 

producing a leakage current. 

 

Figure 2-3. Structure of n-channel top-contact top-gate; a) JFET, and b) MESFET. 
 

The advantage of these transistors compared to the MOSFET is related to the oxide -semiconductor 

interface. The oxide-semiconductor interface can have interface traps which deteriorate the 
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switching time of transistors. However, in current technologies with thermally grown SiO2 on 

single crystal silicon, the interface quality is very good in this technology compared to other 

polycrystalline systems. Because of this better interface quality, the interface trap density can be 

significantly reduced compared to other systems based on polycrystalline semiconductors. 

However, the MOSFET operation is based on a capacitor where it is well known that capacitors 

take time to charge and discharge. Therefore, the response time may be slower than transistors not 

based on capacitors, such as the JFET and MESFET. 

The advantage of the JFET compared to the MESFET is that a PN junction can be more robust 

than the Shottky junction. The PN junction has a higher breakdown voltage and can drive higher 

power than the Schottky junction. The PN junction usually shows lower reverse bias current, or 

leakage current, for the same conditions. This is due to a usually higher built-in voltage for PN 

diodes than Schottky barriers in Schottky diodes. Also, it is usually more difficult to find a metal-

semiconductor combination to achieve high Schottky barriers. JFETs are widely used in 

applications which require a high speed transistor, such as low noise amplifiers, A/D and D/A 

converters, among others [5, 7, 10]. 

2.4 Types of semiconductors 

2.4.1 By atomic structure 

Semiconductor materials can be divided in three types depending on the atomic structure: 

crystalline, polycrystalline and amorphous. In a crystalline structure, the atoms are perfectly 

arranged in a lattice. Crystalline materials can be grown as single crystal bulk or as thin films. 

MBE, CVD, MOCVD, PLD, among others, are tools used for epitaxial thin film growth. In 

crystalline materials, the mobility values are high and are ideal for high speed devices, such as 

microprocessor and semiconductor memories. However, this technology uses high temperatures, 

and the cost of production is also high compared with other large-area/flexible technologies, like 

RF sputtering and CBD, among others [9]. 

Polycrystalline materials are usually grown as thin films. These films are formed by multiple 

crystal grains in a compact structure. The crystal size can be varied from nanometers to microns. 

This can affect the nature of grain boundary formation, which is very important in the 
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determination of the electronic properties of the material. Polycrystalline materials are more 

compatible with low temperature, low cost and large area fabrication, which are necessary for 

flexible electronics when compared with crystalline Si, for instance. There are several methods for 

polycrystalline semiconductor deposition such as PLD, sputtering, chemical bath deposition 

(CBD), closed-space sublimation (CSS), among others. While the mobility for polycrystalline 

materials is not as high as crystalline devices, polycrystalline films enable affordable, large-

area/flex compatible manufacturing for functions which do not require very high speed. 

Finally, amorphous thin-film materials have an atomic structure that is randomly disordered. For 

that reason, the mobility is substantially lower. While they are still affordable, they can only be for 

low speed device designs. Caputo et al. [11] showed an amorphous Silicon JFET, but as expected, 

the performance is poor. 

2.4.2 By group elements 

The semiconductor film can be divided by the group of elements of which they are made. The 

elemental semiconductors and the III-V semiconductors are processed at high temperature 

compared to those from the group of II-VI materials and oxides [9]. 

The advantage of II-VI materials compared to semiconducting oxides is that II-VI materials are 

available in both semiconductor types, while oxides are mostly n-type materials. Also, the doping 

control is more suitable in II-VI materials. 

CdTe and CdS are II-VI materials which have been widely studied for solar cells [12-16]. 

However, the quality of the CdTe/CdS interface produces a low reverse bias current in diodes. The 

low reverse bias current makes the CdTe/CdS heterojunction a promising PN junction for the JFET 

structure. 

2.5 Deposition methods 

2.5.1 Sputtering 

The sputtering process consists of the ablation of a target by a plasma which generates charged 

particles. Those charged particles are usually ionized molecules or atoms of a gas introduced 

intentionally in the chamber to carry out the ablation process. This gas is usually Ar+, N2
+ or O2

+. 
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The plasma generated can be reactive or inert, depending on the purpose of the deposition. The 

charged gas particles are accelerated toward a target electrically or magnetically. The charged 

particles then impact the target with high kinetic energy and dislodge the atoms on the surface, 

generating a plasma. The ejected plasma can be formed of atoms, ions, electrons, photons, 

neutrons, molecules or molecular ions from the target. 

The plasma generated from the target is directed to the substrate electrically or magnetically. The 

constant flow of a gas plasma impacting the target generates a constant flux of target species to 

the substrate. After some time, a film is deposited on the substrate. The thickness of the film 

depends on the deposition time, pressure and power of the plasma [17]. 

2.5.2 MBE 

Molecular beam epitaxy is a method used to grow single crystal thin films. The epitaxial growth 

is carried out at a very low pressure, on the order of 10-9 to 10-11 Torr to avoid contamination in 

the films. The MBE process consists of controlling molecular or atomic beams using shutters and 

different target temperatures. The beams are directed to the substrate, which must be properly 

prepared to present a clean and single crystal surface before the epitaxial growth of the film. The 

single crystal surface must be chosen to match with the lattice constant of the material which is 

being grown. The deposition rate is low, compared to other deposition techniques in order to 

achieve perfect epitaxial growth. However, MBE is time consuming and not an affordable 

technique due to its high cost [17]. 

2.5.3 PLD 

PLD is a physical vapor deposition process used for the growth of thin films, and it has been used 

to grow epitaxial films. This method consists of the ablation of a target using a short pulse of a 

high-energy laser beam. The ablation of the target produces a plasma plume which includes atomic, 

diatomic and other low mass species of the target material. This plume is directed to the substrate 

where the material will be deposited. Each pulse of the laser deposits a layer with a thickness on 

the order of a single layer of atoms, however this thickness can vary depending on deposition 

parameters. A successive number of pulse “shots” to the target increases the thickness of the 

deposited film. The thickness of the samples can be controlled accurately by the low deposition 
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rate. The plasma plume created is highly forward directed, and for that reason, the substrate must 

be rotated during deposition to obtain a uniform film. Figure 2-4 shows a PLD schematic [18]. 
Figure 2-4 PLD Schematics 

 

Figure 2-4. PLD schematics. 
 

The main advantage of the PLD is that the stoichiometry of the target is transferred to the substrate. 

However, a set of variables can be used to change the properties of the deposited film. For instance, 

the substrate temperature, the deposition pressure, the target-substrate distance, laser energy 

density, among others can be varied. PLD deposition can be carried out under a gas atmosphere 

which can be reactive or not reactive [19-23].  

The key to an adequate deposition by PLD is the wavelength and energy density of the laser. The 

wavelength must be chosen depending on the target material; the target should have a high 

absorption coefficient for the laser wavelength. A wavelength in the UV is usually necessary for 

the deposition of II-VI materials. If the energy density is low or the laser is not absorbed close to 

the surface of the target, the laser pulse will only heat the target producing an evaporation process. 

In this case, the components of the plume will depend on the vapor pressure of the target material. 
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The vapor pressure is different for different components of the target; therefore, the plume will not 

be stoichiometric with respect to the target. The energy density must be high enough and be 

absorbed in a small volume of the target to produce the plasma plume; which will not depend on 

the vapor pressure. 

PLD deposition can produce some particles in the films. Micron-sized particles are deposited in 

films by PLD when the laser energy is absorbed too deep in the target. This can be fixed by using 

a mechanical mesh between the target and the substrate. On the other hand, nano-size particles can 

be embedded in the films when the deposition pressure is too high. In this case, the travel time of 

the plasma from the target to the substrate is too long, and there is nucleation of the species in the 

plasma. This is fixed when the deposition pressure is decreased [18]. 

PLD was chosen as the deposition tool for JFET fabrication due to its simplicity and 

implementation. PLD is a lower cost tool compared to MBE and the quality of the films could be 

comparable. PLD can produce higher quality films at lower temperature compared to sputtering; 

this is due to the higher kinetic energy of the species in the PLD plasma plume. A higher kinetic 

energy produces species that have better mobility when they reach the substrate. This effect is 

comparable to the effect of the substrate temperature which increases the crystallinity of films. 

JFET fabrication by PLD has been demonstrated using ZnO by Klupfel, et al.; Karsthof et al.; and 

Schein et al. [24-26]. JFET fabrication has demonstrated inverters and ring oscillators as well [27, 

28]. However, the ZnO was deposited at high temperature, above 650°C, and it was claimed to be 

a single crystal material. In this case, PLD has demonstrated good quality heterojunctions using 

CdS and CdTe. However, the structures deposited by PLD are mainly tested as solar cells [19, 21, 

22, 29-31]. 

2.6 Doping control 

The doping concentration must be controllable for JFET fabrication because controlling the doping 

control ultimately helps define the depletion width. The depletion width is the mechanism for 

channel modulation, and for that reason, the doping control in the channel material is a crucial step 

in this research. CdTe and ZnTe were proposed for the channel region in the JFET, so because of 

this, the doping control in these materials was investigated. The PLD method has been 

demonstrated to be a suitable method for doping materials. Hernandez-Como et al. demonstrated 
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the doping control in CdS using a co-deposition method and by controlling the deposition pressure 

[32, 33]. 

2.6.1 CdTe doping 

CdTe is a II-VI material widely studied due to its application for photovoltaics devices. This is due 

to its direct band gap (~1.45 eV), as well as a high absorption coefficient (105 cm-1). Those 

properties make CdTe a good candidate as a p-type absorption layer in the structure of 

photovoltaics devices. However, some authors reported different applications for this material, for 

instance: detectors and sensors, among others [19, 21, 34]. 

CdTe is reported to be grown by several techniques: solution methods [35-38], high vacuum 

evaporation [39], thermal evaporation or sublimation [40-43], metal-organic chemical vapor 

deposition (MOCVD) [44], close-spaced sublimation (CSS) [45-49], RF magnetron sputtering, 

pulsed laser deposition (PLD) [21, 23, 34], and molecular beam epitaxy (MBE) [50-52]. Also, it 

had been reported that CdTe may be deposited using roll to roll manufacturing [53], which is a 

technique for large area fabrication. In the same way, some authors reported single crystal growth 

of CdTe using a vertical Bridgman technique, traveling heater method, temperature gradient 

solution and vertical gradient freeze [54-61] . 

For the case of CdTe doping, several authors report different elements, most of the papers reported 

Ag [35, 39, 55, 57], Bi [58-60, 62-64], In [41, 52, 65-68] and Cu [39, 46, 54, 69, 70] doping for 

CdTe. Copper is widely used as dopant for CdTe in order to improve the contact resistance in the 

solar cell applications. 

Gretener et al. [39] deposited a CdTe layer using a high vacuum evaporation method followed by 

a layer of Ag or Cu by evaporation and then an annealing step to facilitate metal diffusion. The 

resistivity and hole concentration are shown in Figure 2-5. At low doping concentrations, the 

carrier concentration increased several orders of magnitude, but when more dopant atoms are 

incorporated, the carrier concentration remains around the same value. This effect is due to the 

self-compensation effect, which means that dopant atoms produce defects in the lattice which 

counteract the doping effect. The resistivity for CdTe decreased from 5x106 Ω∙cm for pure CdTe 

to 7x103 Ω∙cm or to 103 Ω∙cm for Ag and Cu doping, respectively. 
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Figure 2-5. Resistivity, hole density and efficiency for solar cells vs copper dopant atoms from 
Gretener, C., et al [39]. Reproduced with permission of reference 39. Copyright © 2014 IEEE. 
 

Evani et al. [69] deposited CdTe by CSS then a Cu layer by RF sputtering, followed by an 

annealing process. The resistivity of CdTe decreased from 107 Ω∙cm to 3x103 Ω∙cm for the best 

conditions. Takahashi et al. [38] reported a conductive Cu doped CdTe deposited by cathodic 

electrodeposition. For the copper doping, CuSO4 was incorporated into the solution. The resistivity 

decreased from 7x10-1 Ω∙cm to 3x10-3 Ω∙cm, from low Cu concentration to high Cu concentration, 

respectively. Similarly, the carrier concentration increased from 2x1017 cm-3 to 1020 cm-3 for the 

same copper concentration. 
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2.6.2 ZnTe doping 

ZnTe is a direct wide band gap (2.27 eV at 300K) II-VI semiconductor with a zincblende crystal 

structure which is utilized in optoelectronic applications including green light emitting diodes and 

solar cells [71-73]. ZnTe thin films were prepared by several techniques including pulsed laser 

deposition [74-76], RF magnetron sputtering [77-79], molecular beam epitaxy [80-82] and CSS 

[71, 83]. 

Most authors reported ZnTe doping using Ag [71, 83-85], Cu [74, 77, 78, 86] or N [76, 79, 82, 

87]. Aqili et al., reported ZnTe deposited by co-evaporation of Zn and Te targets [84, 88]. In 

addition samples were immersed in a AgNO3 [84] solution and Cu(NO3)2 [88] solution for Ag and 

Cu doping, respectively. The samples were annealed to enhance the diffusion of Ag and Cu. The 

pure ZnTe sample showed a resistivity between 6x106 Ω∙cm to 107 Ω∙cm and after the Ag doping 

the resistivity decreased to 6x102 Ω∙cm. Similarly, Cu doping decreases the resistivity to 10 Ω∙cm. 

Aqili repeated the procedure of Ag doped ZnTe deposited by CSS [71]. After the doping, the 

resistivity decreased from 5x106 Ω∙cm to 3 Ω∙cm. 

Mahmood et al. [83] repeated the same study for ZnTe samples deposited by CSS. Samples were 

immersed in a AgNO3 solution and Cu solution, followed by an annealing step. The resistivity 

decreased from 1x106 Ω∙cm to 4x104 Ω∙cm and 1x106 Ω∙cm to 70 Ω∙cm, for Ag doping and Cu 

doping, respectively. Lastra et al., [74] modulated the resistivity in ZnTe samples deposited by 

PLD, then immersed the films in a Cu(NO3)2 solution, varying the Cu concentration in the solution. 

Samples were annealed after the immersion for copper diffusion. The resistivity varied from 2x105 

Ω∙cm to 0.4 Ω∙cm, from pure ZnTe to higher copper concentrations. The carrier concentration for 

Lastra’s samples was varied from 2x1017 cm-3 to 4x1018 cm-3, for samples with resistivity <50 

Ω∙cm. 

Rakhshani et al. [79] deposited N doped ZnTe by RF magnetron sputtering. The N2/Ar ratio was 

increased for different deposited films to increase the N concentration in the ZnTe. The resistivity 

for these samples varied from 104 Ω∙cm to 2 Ω∙cm and the carrier concentration increased from 

3x1013 cm-3 to 2x1018 cm-3, from pure ZnTe to higher N doping level for both cases. 
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CHAPTER 3 

EXPERIMENTAL DETAILS AND ANALYSIS DESCRIPTION 

 
 
3.1 Substrates 

Throughout this research project, three different substrates were used depending on the device 

fabrication process. For studies on the morphological, crystalline and electrical characterization of 

single layers, the substrate was 300 nm of thermally grow SiO2 on a mechanical silicon wafer. 

Similarly, the same substrate was used to electrically isolate devices from the substrate. For Metal 

– Insulator – Semiconductor (MIS) capacitors, the substrate was 50 nm of thermally grown SiO2 

on highly p++ doped silicon wafers. Alternatively, CdTe/CdS PN heterojunction diodes were 

usually deposited on 150 nm of commercial ITO-glass. All substrates were always precleaned 

before any deposition. The precleaning consisted of 5 minutes of acetone, isopropyl alcohol (IPA), 

and water consecutively in ultrasonic bath, followed by drying in nitrogen. 

3.2 Tools 

The II-VI materials used in this research project were deposited using a commercially available 

Pulsed Laser Deposition (PLD) Pioneer 180 from Neocera Inc. The PLD tool includes a 248 nm 

KrF excimer laser for ablating targets. An optical arrangement was used to adjust the energy 

density between 0.75 to 1 J/cm2. The laser frequency for all samples was maintained at 6 Hz for 

co-deposition routines and 10 Hz for single layer films deposition. The number of shots varied 

depending on the required thickness. The background pressure was maintained at 1x10-6 Torr for 

every deposition. The PLD tool included a heater to control the substrate temperature from room 

temperature up to 400°C in our experiments. These parameters will be reiterated in the appropriate 

chapters and sections of the document for the particular research experiment taking place. Finally, 

the chamber pressure during deposition can be controlled varying Ar glass flow using a mass flow 

controller (MFC).   

The analysis of the deposited films and devices were accomplished using different instruments. 

They were systematically used for the evaluation of the crystalline, morphological, and electrical 

properties of the materials and devices under investigation. The morphology and crystalline 
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structure of the films were studied using a scanning electron microscope (SEM, Zeiss supra-40) 

and a Rigaku Ultima III X-ray Diffractometer (XRD) equipped with a CuKα radiation (λ= 0.15406 

nm), respectively. For electrical characterization, current vs. voltage (I-V) and capacitance vs. 

voltage (C-V) characterization of single layers, as well as, fabricated devices, a Keithley 4200-

SCS tool and a HP 4284A precision LCR meter were used, respectively. Finally, a commercially 

available Lakeshore 8404 Hall effect system, with a magnetic field strength of 1.76 T, was used 

for the extraction of resistivity, carrier concentration, carrier type and mobility of single layers 

using a Van der Pauw test structure. 

In specific studies, some tools were used for analyzing the CdTe/CdS PN heterojunctions. First, 

the CdTe/CdS composition and interfaces atomic mixing were studied using Rutherford 

backscattering spectrometry (RBS). A Kobelco RBS with 45° as a solid angle and 107.5° as 

scattering angle was used. Also, the composition of the CdZnTe films deposited for bandgap 

engineering were examined using X-ray photoelectron spectroscopy (XPS; PHI 5800, ULVAC-

PHI) with an Al radiation source E�� =1.49 keV. Those CdZnTe films were also analyzed by UV-

Vis spectroscopy to find the band gap modulation. This test was carried out in an ultraviolet–

visible spectrometer Agilent 845 with absorption and transmittance spectra measured in the 

wavelength range of 199–995 nm. Finally, the novel technique of Zero-Field Spin Dependent 

Recombination (ZFSDR) was used to find the spin dependent recombination current of the 

CdTe/CdS heterojunction diodes. The test was carried out in Dr. Lenahan’s laboratory at 

Pennsylvania State University by Dr. Lenahan’s research group. 

3.3 Co-deposition method by PLD 

The co-deposition method by PLD was used for doping materials during this research project. The 

PLD tool used in this project allows for the introduction of up to six targets in the chamber for 

deposition without opening the chamber, eliminating sample exposure to the air. The PLD system 

can enable co-deposition of targets to dope CdTe and ZnTe with copper. Figure 3-1 shows a 

diagram with the co-deposition steps followed in this research. 
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Figure 3-1. Diagram of the co-deposition process by PLD. The first step is depositing a thin layer 
of CdTe on a substrate. The second step is changing the target, without venting the chamber. After 
that, a thin layer of Cu2Te is deposited on top of a CdTe layer. Steps 1 and 2 are repeated 
successively multiple times to deposit a multi-layered film. A similar process is followed where 
ZnTe is used instead of CdTe. 
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First, a thin layer of CdTe or ZnTe was deposited on the substrate. Then, the stage with the targets 

rotates, and the Cu2Te target is positioned in the laser spot. A thin layer of Cu2Te is deposited on 

top of the first layer. Then, a new thin layer of CdTe or ZnTe is deposited on top of the Cu2Te 

layer. This process is repeated until the number of shots corresponding to the expected thickness 

of the layer is achieved. During the co-deposition process, the substrate rotation speed is always 

adjusted to 240 deg/sec. Also, the laser frequency was always fixed at 6 Hz for co-deposition 

processes. The minimum number of shots to cover all the substrate surface with the substrate 

rotation condition and laser frequency is nine. Since each shot is executed after a displacement of 

40 deg with respect to the substrate, nine shots are necessary to cover all the surface as shown in 

Figure 3-2. In this research, the Cu2Te layers were deposited in multiples of nine (0 shots, 9 shots, 

18 shots, 27 shots and 36 shots) between each of the CdTe or ZnTe layers. 

 

 

Figure 3-2. Diagram of material deposition on the substrate surface for 9 shots. Nine shots are 
necessary to cover the full substrate surface. For that reason, the number of shots for doping 
material is deposited in multiples of nine. 
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After the PLD deposition, the films’ composition should be similar to a multilayer film, as 

illustrated in Figure 3-3. Therefore, an annealing process is necessary to intermix the layers in the 

film. The annealing condition (e.g., time and temperature) should be studied for each particular 

case. In this work, Cu-doped CdTe and Cu-doped ZnTe were deposited using this method. 

 

Figure 3-3. Process for Cu diffusion in CdTe or ZnTe layers after the co-deposition process. 
Deposited samples are similar to a multi-layer stack and the layers are not mixed. After an 
annealing step, the materials are mixed and copper is incorporated into CdTe or ZnTe. 

3.4 Electrical characterization 

The main characterization approach for CdTe/CdS PN heterojunctions was electrical 

characterization. The purpose for measuring the electrical properties and electrical behavior of 

those PN heterojunctions was to fundamentally understand if the calculated parameters will lay 

the foundation for the implementation of a JFET. Initially, electrical characterization was done on 

single layers followed by PN heterojunction devices to enable a systematic investigation of the 

materials and fabrication processes. 

3.4.1 Diodes analysis 

The CdTe/CdS PN heterojunctions were analyzed using the thermionic emission model for diodes. 

Two of the main mechanisms related to carrier transport in a PN junction are the thermionic 

emission current and the tunneling current. However, the probability to have electron band-to-

band tunneling is related to the applied bias where the electron can tunnel from the valence band 

of CdTe to the conduction band of CdS. In this work, the applied bias for CdTe/CdS devices – 
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whether forward or reverse bias – is not expected to bend the bands enough to enable tunneling to 

occur. Therefore, the tunneling current should be negligible. However, due to the expected 

potential barrier width and height for the conduction band offset, the main mechanism of transport 

for these diodes is the thermionic emission current.  

 

Figure 3-4. Band diagram for CdTe/CdS PN heterojunction diodes and the thermionic emission 
effect. (a) At room temperature, some electrons possess the kinetic energy necessary to surmount 
the potential barrier formed in the interface between CdTe and CdS; however, when temperature 
is increased b), the electrons’ kinetic energy increases, and as a result, more electrons possess 
enough energy to surmount the potential barrier formed in the interface between CdTe and CdS; 
therefore, more electrons contribute to increasing the diode current. (Submitted to APL, under 
revision). 
 

The thermionic emission effect for a heterojunction diode is described in the band diagrams in 

Figure 3-4. The temperature increases the kinetic energy and the number of electrons in the 

conduction band. In Figure 3-4 a), at room temperature, some electrons have enough kinetic energy 

to cross the potential barrier formed in the interface of CdTe and CdS. These electrons contribute 
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to thermionic emission current. Furthermore, when the temperature is increased, as shown in 

Figure 3-4 b), more electrons have enough energy to cross the same potential barrier, compared to 

the room temperature case. Thus, when the temperature in the diodes is increased, the current 

across the interface should increase due to the thermionic emission effect. 

Thermionic emission theory can model the behavior of the forward bias current in a PN 

heterojunction. This mathematical model can be applied to experimental results to calculate some 

diode parameters such as the ideality factor, series resistance, saturation current, and the built-in 

potential, Vbi. The Vbi is the height of the band offset the conduction bands form at the interface 

of the CdTe and CdS. This is an important parameter since it is related to the operating voltage in 

JFETs. 

C-V measurements were executed on diodes and the measured data were used to calculate the 

carrier concentration. In addition, the Vbi was calculated by extrapolating the linear fitting of 1/C2 

vs. V plots. The temperature dependence of I-V and C-V data was used to find the Vbi of PN 

heterojunctions, where both extraction methodologies were compared for robustness. 

As previously established, thermionic emission is expected to be a dominant conduction 

mechanism.  Therefore, an investigation using a thermionic emission model was implemented to 

verify the forward bias current behavior using the formula[89],[90],[91] 

� = �� �exp � �
���� − 1� (1) 

where I0 is the saturation current, q is the electron charge, V is the applied voltage across the 

junction, n is the ideality factor, k is the Boltzmann constant and T is the temperature. 

The ideality factor can be calculated for different temperatures using[89],[91] 

� = �
ℓ�������� = �

�.����  (2) 

where 

� = �  !" #
�  (3) 

Similarly, from equation (1), I0 corresponds to the saturation current and is expressed 

as[89],[90],[91] 

�� = $$∗&� exp �− �'(
�� � (4) 
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where A is the device area, A* is the Richardson constant, and ϕb is the potential barrier. Equation 

(4) can be used to extract the potential barrier for the CdTe/CdS junction. 

Another important parameter is the series resistance (Rs). When the applied voltage V is much 

larger than Vbi, the depletion width becomes negligible, and as a result, the current value is limited 

only by the series resistance of the diode. Therefore, in the region corresponding to V>>Vbi, the 

equation used to calculate the series resistance is:[91] 
�

)* = ���
� + �,-  (5) 

where the diode conductance is gd and is defined as: 

.� = �#
� (6) 

In addition, the carrier concentration (p(W)) was calculated using the C-V results. In this case, the 

equation used to calculate the carrier concentration is:[89, 91] 

/�0� = − 12
��34567*8

*9
= �

��34567*�: 87; �
*9

 (7) 

where Ks is the dielectric constant and ε0 is the permittivity of free space. The d(1/C2)/dV value 

was found experimentally from the 1/C2 vs. V plot. Using the same plot, the Vbi potential was 

found experimentally using the equation:[89],[90],[91] 

<=� = 2 ?�(@==AB
C �

�67�345DE F (8) 

where NA is the doping density. 

The analysis described in this section was used during this research project. However, most of the 

fabricated diodes were analyzed at room temperature only and parameters, such as the ideality 

factor, series resistance and carrier concentration, were the parameters normally extracted from 

the CdTe/CdS PN heterojunction diodes. 

3.4.2 Resistivity by TLM and CTLM 

When evaluating a conducting or semiconducting material, the resistivity is one of the most 

important electrical parameters. For a semiconductor, the resistivity is defined as an intrinsic 

property of a material to oppose the flow of the electrons (or holes). The symbol ρ is used to define 

this resistivity. The ideal case of a resistor is shown in Figure 3-5. 
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Figure 3-5. Ideal resistor diagram. The total resistance is the sum of two contact resistances and 
the semiconductor resistance. 
 

In this case, the resistance is a function of the resistivity of the material and the dimensions of the 

device. Thus, the resistance of the semiconductor element Rsem can be calculated as [5, 91]: 

,-G� = 	I J
6 (9) 

However, the total resistance RT should be calculated including the contact resistance, RC, which 

is the resistance created at the interface of the metal contact to the semiconductor. Therefore, the 

total resistance is formed by two contact resistances and the resistance of the semiconductor in 

series: 

,� =	,-G� + 2,1  (10) 

Substituting equation (9) in equation (10), the total resistance in the semiconductor element is 

given by: 

,� = I J
6 + 2,1 (11) 

Measuring the I-V data is the first step to calculate the resistivity of a semiconducting layer. 

Ideally, the I-V plot should show a linear behavior following Ohm’s law which is given by:  

� = �
KB ∗ L (12) 

where the slope is a function of 1/RT: 

� = �
KB (13) 
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For the case of thin films, the ideal structure illustrated in Figure 3-5 is not possible. Therefore, an 

electrical characterization method known as the Transmission Line Method (TLM), is used. This 

method requires the deposition of bar contacts with different separation between the bars. The 

TLM structure is shown in Figure 3-6. In this case, several RT values can be obtained from different 

I-V measurements as a function of L. A linear behavior is expected when RT vs. L is plotted and 

the behavior should correspond to equation (11) [91]. 

 

Figure 3-6. TLM structure to calculate resistivity in thin films. Contacts are deposited and 
patterned as bars with known distance between each other. The I-V curves are measured using 
different L values to calculate the resistivity. 
 

For TLM structures, the transverse area of the resistor is defined by: 

$ = M ∗ N (14) 

where t is the thickness of the film. 

However, equation (11) assumes that the current flows a distance equal to L from bar to bar; but 

the current can use a different path to L. This path is called the transfer length, LT. The transfer 

length is the average distance that electrons (or holes) travel under the contact area before they 

reach the semiconductor-only region. For that reason, the LT depends on the specific contact 

resistance ρc and the sheet resistance Rsh of the film [91]. 

O� = PI1 ,-Q;  (15) 
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The sheet resistance is the resistivity of a square with an infinitesimal thickness of the 

semiconductor, and it is defined by: 

,-Q = R
S  (16) 

The TLM method has the disadvantage that the resistivity value is obtained assuming that all the 

electrons cross by the area indicated as “device area” in Figure 3-6. However, there are some 

electrons crossing outside that area which also contribute to current in the resistor. As a result, the 

calculated resistivity may not be accurate. The problem can be fixed using circular test structures, 

which are shown in Figure 3-7. This method is called the Circular Transmission Line Method 

(CTLM). In this case, electrons (or holes) traveling from contact to contact are restricted to travel 

across the area between the contacts. 

 

Figure 3-7. CTLM structure used to calculate resistivity in thin films. Contacts are deposited and 
patterned as a bar with embedded circles. The gap between the circles, d, is varied for each circle. 
The Rin is constant for all circles to fix the area device. The I-V curves are measured from each 
circle to the bar to calculate the resistivity. 
 

For the CTLM method, RT can be calculated using the formula [91]: 

,� =	 K3T
�UK@V �W + 2O��< (17) 

where C is a correction factor due to the Z, or the contact width is different for the circular contact 

and for the bar. This correction factor is given by [91]: 

< = 	 K@V
� ln �1 + �

K@V� (18) 
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RT values are extracted from I-V curves using different d distances. An example of I-V curves 

obtained from a fabricated sample is shown in Figure 3-8 a). Next, RT vs. d and RT/C vs. d are 

plotted and shown in Figure 3-8 b). As expected, the correction factor improves the linear behavior 

and that plot is used for the linear fitting and parameter extraction. 

 

Figure 3-8. a) I-V curves obtained experimentally from CTLM structure. As expected, when d 
distance increases the resistivity increases and current decreases proportionally. The corrected 
RT/C values extracted from every I-V curve in a) are plotted versus d distance in b). The linear 
fitting of this curve is used to calculate resistivity, sheet resistivity, contact resistance and specific 
contact resistivity. 
 

The linear fitting of RT/C vs d and using equation (17) can be compared with the equation for a 

straight line: 

Z = �[ + \ (19) 

 Comparing terms, the slope is given by: 

� = K3T
�UK@V (20) 

Then, Rsh can be calculated with: 

,-Q = 2],^�� (21) 

Using equation (16), ρ is equal to: 

I = ,-Q ∗ N_`ab�cdd (22) 

Similarly, Rc can be found using the y intercept which is given by: 
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\ = Ke
�  (23) 

Finally, using the equation (15) and equation (17), the specific contact resistance ρc is given by 

[91]: 

If = � g
���� ∗ ,-Q (24) 

In this particular case, the CTLM design includes ten circles in a single bar. Six total bars were 

designed varying the Rin between 50 µm to 300 µm in steps of 50 µm. Also, the gap distance d 

was varied between 5 µm to 50 µm in steps of 5 µm. Using this method, the resistivity, specific 

contact resistance and contact resistance were calculated multiple times for different films. 

3.4.3 Van der Pauw 

The Van der Pauw method is an electrical characterization technique widely used to measure 

resistivity and the Hall effect coefficient in a thin film. The advantage of this technique is that 

those parameters can be calculated regardless of the shape of the sample. There are four conditions 

that a sample must satisfy to be suitable for using this technique [91, 92]: 

1. The thickness in all the sample is homogenous 

2. No physical holes on film surface (surface of film is singly connected) 

3. Contacts are on the edge of the sample 

4. Contact areas are small (at least one order of magnitude smaller relative to the entire sample 

area) 

In this case, the structure used for Van der Pauw measurements is shown in Figure 3-9. Contacts 

are deposited by e-beam evaporation using a shadow mask, and the metal is chosen to produce an 

ohmic contact with the semiconductor. 

3.4.3.1 Resistivity 

The Van der Pauw method offers another way to find the resistivity of films besides the TLM and 

CTLM described previously. In this case, this technique starts when the sample is properly 

prepared. Samples should be deposited on square substrates with dimensions of 1 cm x 1 cm. Next, 



 

29 

contacts should be deposited by e-beam deposition using a shadow mask to define triangles at the 

corners, as shown in Figure 3-9. 

 

Figure 3-9. Van der Pauw structure used for Hall effect measurement and resistivity measurements. 
The contacts must satisfy four conditions to enable Van der Pauw measurements: 1. The thickness 
over all the sample is homogenous; 2. No isolated holes in the sample; 3. Contacts are on the edge 
of the sample, and, 4. Contacts area is small (at least one order of magnitude smaller than the entire 
sample area) 
 

The resistivity is determined by the Van der Pauw technique by applying current between any two 

adjacent contacts in the sample. Then, the voltage produced in the other two contacts is measured. 

For instance, current can be applied between contacts 1 and 2 and the voltage should be measured 

between contacts 3 and 4. The same measurement is repeated using another combination of 

contacts. A resistance value can be obtained using Ohm’s law (equation 12) dividing the voltage 

measured over the applied current. The formula for both cases is given by [91, 92]: 

,��,i� = j2
#:7 ; 	,��,�i = :j

#72  (25) 

A resistance ratio Rr is calculated by dividing: 

,l = K:7,j2
K72,:j 	mn	,l = K72,:j

K:7,j2 (26) 

There are two possible Rrs; however, only the largest value will be used for the next calculation. 

The next step is calculating the correction factor, known as the F value. This value must satisfy 

the formula given by [91, 92]:  

Ko=�
Kop� = q

 r��� cosh=� wGxy�7�z
� { (27) 
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If the sample is properly prepared and the Van der Pauw conditions are satisfied, the F value for 

the prepared samples should be 1. If the F value is lower than 0.95, the results obtained from this 

test may not be accurate. 

Finally, with the F value calculated, the resistivity of the film is given by [91, 92]: 

I = US
 r���

K:7,2jpK72,j:
� | (28) 

where t is the thickness of the sample. For a more accurate resistive value, the resistivity 

measurement is executed for all combinations of contacts and changing the direction for current 

in each of the 2 chosen contacts where the average of all the extracted values is reported as the 

resistivity value. 

3.4.3.2 Hall effect 

 

Figure 3-10. Diagram for the Hall effect. Electrons and holes flowing from one metal contact to 
the other are deflected due to the Lorentz’s force produced by a magnetic field. The electrons and 
holes accumulate on the edge of the sample resulting in an electrical potential. This potential is 
called the Hall voltage. 
 

The Hall effect method is very useful for semiconductor characterization due to this technique’s 

ability to calculate parameters such as the carrier mobility, carrier concentration, and carrier type. 

The Hall effect is produced by the effect of the magnetic field on electrons or holes flowing through 

a material. Figure 3-10 shows the ideal case for the Hall effect. When a current source, with 

magnitude I, is connected to the metals contacts, electrons and holes flows from contact to contact 

through the material. When a magnetic field with magnitude B is applied, electrons and holes are 

deflected in a perpendicular direction to the plane formed by the current and magnetic field vectors. 

The deflection of electrons and holes is due to the Lorentz force. Electrons and holes are deflected 

in opposite directions due to their opposite charges. Electrons and holes are accumulated on the 
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edge of sample and produce an electric field due to positive and negative charges accumulated on 

each side of the sample. The potential generated is called the Hall voltage, VH. Assuming only one 

type of charge, for instance, an n type material, VH is given by [5, 10, 91]: 

L} = #~
S�G (29) 

where t is the thickness, n is the electron carrier concentration and e is the electron charge. Also, 

there is another important parameter related to the ratio between the produced VH and the product 

of the applied current and magnetic field, I and B, respectively. This parameter is the Hall 

Coefficient RH, and includes all the parameters related to the experimental measurement. RH is 

given by: 

,} = S�
#~   (30) 

Combining equation (29) and (30) we can find for a n-type material: 

,} = − �
�� (31) 

Similarly, for a p-type material, RH is given by: 

,} = �
�� (32) 

Therefore, when the RH value is calculated, it is possible to determine the carrier concentration 

and carrier mobility for a material. The carrier concentration would be given by: 

� = − �
K�� (33) 

for n-type material; and by: 

/ = �
K�� (34) 

for p-type material. 

Furthermore, the resistivity is defined as a function of the carrier mobility, carrier concentration 

and electron charge. The equation to define the resistivity is given by: 

I = �
����p���� (35) 

where µe and µp are the mobilities of electrons and holes, respectively. Equation (35) can be 

simplified for n-type or p-type materials. For n-type materials the ρ is given by: 

I = �
���� (36) 



 

32 

while for p-type materials, the ρ is given by: 

I = �
���� (37) 

Combining equations (31) and (36), µe can be calculated as a function of RH and ρ. µ e would be 

given by: 

�G = |K�|
R  (38) 

Similarly, combining equations (32) and (37), µp can be calculated as a function of RH and ρ. µp 

would be given by: 

�� = |K�|
R  (39) 

In this case, the Van der Pauw structure was used for measuring the Hall effect in thin films and 

for calculating the RH value. The structure is the same as that shown in Figure 3-9. The magnetic 

field is applied perpendicularly to the surface of the films. The equation used to calculate RH when 

current is applied across contacts 3 and 1 and VH is measured between contacts 4 and 2 is given 

by [91, 92]: 

,} = S
~

2:,j7� �p~�=2:,j7� �p~�p2:,j7� �=~�=2:,j7� �=~�
#2:� �p~�=#2:� �p~�p#2:� �=~�=#2:� �=~�  (40) 

The + and – symbols are similar to the resistivity measurement. The Hall effect voltage is 

calculated by inverting the direction of the current and the direction of the magnetic field in order 

to obtain a more accurate value. Also, an equation similar to equation (40) is used when current is 

applied between contacts 4 and 2 and VH is measured between contact 3 and 1. Ultimately, an 

average value of all these extracted values is reported. 

Also, VH can be measured multiple times from the same contacts’ combination. The system 

calculates the standard deviation and average for VH, and reproduces a gaussian distribution as 

shown in Figure 3 11. The carrier type is related to the sign of the VH. The film is considered p-

type if VH > 0 and n-type if VH < 0. Therefore, if the standard deviation is large compared to the 

VH average, some of the gaussian area could cross the line for VH=0. As result, there is some 

uncertainty about the carrier type of the film. The area of the gaussian which remains in the same 

region as the VH average is the probability that the carrier type does correspond to the calculated 

one. This percentage is calculated by the Hall effect tool, and is known as the “limit of detection”. 
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Figure 3-11. Example of gaussian distribution obtained from the average and standard deviation 
of multiple VH measurements by the Hall effect system. If VH is positive, the film is p-type. 
However, if some region of the gaussian curve is in the region where VH is negative, there would 
be a probability that the sample is n-type. The percentage of the gaussian region which remains in 
positive region is called “limit of the measurement”. 

3.4.4 Spin dependent recombination 

Another test was used to investigate the electron spin dependent recombination as a function of 

the applied voltage in CdTe/CdS PN heterojunctions. The spin dependent recombination current 

extraction was used to calculate the built-in potential for these PN heterojunctions.  

In this work, the electrically detected magnetic resonance (EDMR) is a technique which uses the 

effect of the electron paramagnetic resonance to study the mechanism of transport and defects at 

the atomic scale in semiconductors. In this case, the CdTe/CdS structure was analyzed using an 

EDMR technique called the spin dependent recombination (SDR). The SDR technique is simpler 

compared to a novel and more specific technique, known as the near-zero SDR or zero-field SDR 

(ZF SDR). This technique analyzes the effect in the diode current during the change of polarity of 

the magnetic field, when the magnetic field magnitude crosses zero [93]. 

The measurement of the ZF SDR was conducted in collaboration with Professor Lenahan’s group 

at Pennsylvania State University. This technique was developed in a custom-built spectrometer 

composed of a quintuple Helmholtz electromagnet, a Gaussmeter and a power supply controlled 

by a digital PI controller. Figure 3-12 shows the diagram of the custom tool used for this 

experiment [94]. 
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Figure 3-12. Block diagram of the spectrometer for EDMR measurements [94]. Reproduced with 
permission of reference 94. Copyright © 2016 IEEE. 
 

The advantage of the ZF SDR technique is the reduction of the magnetic field necessary to execute 

this measurement. EDMR techniques usually use magnetic fields in the order of kGauss, while for 

ZF SDR technique the magnetic field is reduced to less than 200 Gauss (G). In this particular case, 

the magnetic field used on the CdTe/CdS diodes was varied from -160 G to 160 G. 

The ZF SDR for diodes is carried out by biasing the diodes in the forward bias voltage region. 

With the applied voltage fixed, the magnetic field is swept from -160 G to 160 G. The current is 

measured during the magnetic field sweep, and the variation of the current vs. magnetic field is 

plotted. The region close to 0 G is analyzed, and the distance (peak-to-peak) for current values is 

extracted. The same test is repeated several times varying the applied voltage. Then, the distance 

peak-to-peak for current vs. applied voltage is plotted. In that plot, the peak-to-peak current will 

change with respect to applied voltage for the diode. The maximum peak-to-peak current will be 

reached when the applied voltage is close to the Vbi. Therefore, from the peak-to-peak current vs. 

applied voltage plot the maximum current value can be used to find the Vbi for that PN 

heterojunction. In this case, the Vbi is an important parameter for CdTe/CdS because as mentioned, 

it is related to the operating voltage in JFETs. 
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CHAPTER 4  

THIN FILM DEVELOPMENT AND EVALUATION (SINGLE LAYER) 

 
 
4.1 CdS 

4.1.1 Electrical conductivity control 

4.1.1.1 Carrier concentration control by deposition pressure 

For JFET device functionality, it is important that the depletion width is formed in the channel 

material. For instance, if the channel material is the p-type material of the PN junction, the n-type 

material requires a significantly higher carrier concentration than the p-type material. In this case, 

the channel will be formed in the p-type CdTe, and the CdS layer will be n-type with a highly 

doped region. The CdS carrier concentration should be fixed on the order of 1018 cm-3 or higher. 

 

Figure 4-1. Carrier concentration vs. Deposition pressure for CdS films deposited by PLD. The 
CdS carrier concentration was modulated from 1019 cm-3 to 1014 cm-3 when varying the deposition 
pressure from 2 to 10 Pa [33]. Reproduced with permission of reference 33. Copyright © 2014 
Elsevier. 
 

First, the effect of the deposition pressure on PLD was studied due to a previous report by 

Hernandez-Como, et al [33]. Figure 4-1 shows how the carrier concentration is modulated from 

~1019 cm-3 to ~1014 cm-3 varying the pressure from 2 Pa to 10 Pa, approximately. The n-type 
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behavior for CdS films is related to sulfur vacancies where the carrier concentration increases 

when the sulfur vacancies increase. Hernandez-Como reported Cd/S ratio decreases when 

deposition pressure increases. 

In this case, the deposition was studied to evaluate the reproducibility of the carrier concentration 

varying the deposition pressure to produce CdS films with a carrier concentration on the order of 

1018 cm-3 to 1019 cm-3. For this study, CdS films were deposited several times on thermally grown 

300 nm SiO2. The deposition pressure was varied from 20 mTorr to 60 mTorr. After deposition, 

Al contacts were deposited by e-beam evaporation using a shadow mask to pattern contacts for 

Hall effect measurements using Van de Pauw test structures. The carrier concentration was 

determined using the Hall effect system. 

Figure 4-2 shows the variation of the carrier concentration when the pressure is varied. Also, the 

values reported by Hernandez-Como were included for comparison. The plot showed some 

variation of carrier concentration with respect to different deposition times, however, for samples 

deposited at a deposition pressure <30 mTorr, the carrier concentration remained between 1018 cm-

3 to 1019 cm-3. 

 

Figure 4-2. The effect of the deposition pressure by PLD on the CdS carrier concentration. 
Experimental values reported by Hernandez-Como, et al [33] were included for reference. The 
area defined by dashed lines indicates the CdS carrier concentration suitable for JFET fabrication. 
The carrier concentration remained close to the area defined by dashed lines when CdS films were 
deposited at pressure <50 mTorr. 
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4.1.1.2 Impact of the thickness on CdS films 

The effect of CdS film thickness on carrier concentration was already studied. The thickness of 

PLD deposited films is varied by adjusting the number of shots during PLD deposition. Different 

films were deposited by varying the number of shots to produce film thickness values between 10 

nm to 60 nm. The carrier concentrations of these films were determined using the Hall effect tool. 

In the ideal case, the carrier concentration should not vary for different thicknesses. However, in 

Figure 4-3 for samples <20 nm, the carrier concentration drops abruptly from ~1019 cm-3 to <1015 

cm-3. If the CdS carrier concentration is too low compared to the CdTe carrier concentration, the 

depletion width will not be in the CdTe bulk. As a result, CdTe could not be used as the channel 

region material in JFET devices. 

 

Figure 4-3. The effect of the CdS thickness on the carrier concentration of CdS deposited by PLD. 
CdS was deposited using a 20 mTorr deposition pressure (highest carrier concentration). The CdS 
carrier concentration remains around 1019 cm-3; however, for CdS thickness <20 nm, the carrier 
concentration drops abruptly to almost 1015 cm-3. The inset shows the atomic concentration of 
CdTe/ CdS on a SiO2 substrate calculated by RBS. The oxygen from the substrate diffused close 
to 20 nm in the CdS layer. Oxygen in the CdS can compensate S vacancies and reduce the carrier 
concentration of CdS. 
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The behavior of this change in carrier concentration for thin CdS films (<20 nm) can be explained 

from the RBS results on CdTe/CdS films deposited on thermally grown SiO2. The inset in Figure 

4-3 shows the RBS results for atomic concentration of these samples. In the plot, the first 10 nm 

are assumed to be part of the substrate due to the presence of Si. After the first 10nm, the Si 

concentration drops abruptly. Also, in the first 10 nm, the oxygen concentration is close to 50% 

and oxygen is slightly decreased for the next 20 nm. The CdS layer is expected to be from 10 nm 

to 30 nm. Results show the oxygen concentration coming from the substrate in the CdS layer is 

too high. As mentioned previously, the carrier concentration of CdS depends directly on the sulfur 

vacancies. Furthermore, the oxygen atoms have the same valence electrons as sulfur. As a result, 

oxygen atoms could reside in these sulfur vacancies and decrease the CdS carrier concentration. 

4.1.1.3 Impact of deposition temperature and annealing 

The effect of deposition temperature and the annealing process was studied to understand the 

impact on CdS. It is assumed that the CdS layer will be incorporated into a heterojunction structure 

with CdTe. CdS films will undergo an additional temperature processes during the CdTe 

deposition and the CdTe post-deposition annealing step. Annealing or deposition at high 

temperatures produce recrystallization of the thin films. The carrier concentration of thin films is 

associated with vacancies in the material, producing defects in the atomic structure. For this reason, 

if samples undergo a recrystallization process during a subsequent process step with temperature, 

the electrical resistivity properties are expected to change. The resistivity is expected to decrease, 

if the carrier concentration drops. 

In the first part of this study, CdS films were deposited at different deposition temperatures on 

thermally grown 300 nm SiO2. The films were deposited at RT, 120°C, and 220°C. Also, films 

were deposited using 20 mTorr as the deposition pressure to obtain a CdS conductive layer, based 

on the previous results. The number of shots was adjusted in order to obtain a film thickness of 

~100 nm. To calculate the resistivity, the CTLM structure was defined by a lift-off process using 

Al deposited by e-beam evaporation. 

I-V curves from CTLM structure were measured using different circles diameters, 100 µm and 

150 µm. The resistivity was calculated and summarized in Table 4-1. For samples deposited at 

room temperature and 120°C, the resistivity was 0.5 Ω∙cm and ~5.3 Ω∙cm, respectively. The 
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increase in resistivity of 10x can be related to the recrystallization process mentioned before. 

However, the resistivity of the sample deposited at 220°C could not be measured since they 

demonstrated too high of a resistivity, such that the current level was too low during I-V 

measurement for resistivity extraction. 

 
Table 4-1. The effect of substrate temperature on CdS resistivity. The resistivity increased one 
order of magnitude when the deposition temperature increased. Increasing the temperature should 
increase the crystallinity of films, which should reduce defects and therefore, increase the 
resistivity. CdS films were deposited at 220°C; however, the resistivity value was too high to be 
calculated by CTLM. 

 

Also, during the fabrication of a PN junction diode or a JFET, the CdS film could be deposited 

prior to CdTe deposition. Those CdS films could undergo a temperature step during the process of 

CdTe deposition as well as an annealing step for the CdTe layer. The CdTe deposition maintains 

the substrate temperature at 220°C for at least 30 minutes, and up to more than 3 hours, depending 

on the thickness of CdTe. Also, the annealing step for CdTe is carried out at 400°C for 30 minutes. 

The same CdS films described at the beginning of this section were deposited at room temperature 

and subjected to an annealing process to evaluate if the resistivity increases during the device 

fabrication to mimic the process to complete a CdTe/CdS structure. First, samples were annealed 

at 220°C in a N2 atmosphere for up to 10 hours. Figure 4-4 shows the resistivity of samples as 

deposited, and after anneals of 1 hour, 5 hours and 10 hours. Resistivity is on the same order of 

magnitude, for all samples, except for the slightly higher value for the as deposited film. As a 

result, the CdS layer resistivity should not change during the CdTe deposition step at the 200°C 

condition. 

Similarly, CdTe layers should be annealed at 400°C for 30 minutes in a N2 atmosphere. Since the 

CdS layer experiences the same thermal processing steps as the CdTe, the CdS samples need to be 
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annealed at 400°C for 30 minutes in a N2 atmosphere. The resistivity was calculated and shown in 

Table 4-2. The resistivity increased two orders of magnitude after the annealing at 400°C. 

However, the resistivity for these annealed samples did not show a high resistivity behavior like 

the CdS layer deposited at 200°C. As a result, the CdS layer resistivity should not have a major 

impact on the process of CdTe/CdS device fabrication. This is due to the fact that the diode 

behavior will be limited by the most resistive material, in this case, CdTe, since the resistivity will 

be >>101 Ω·cm. 

 

Figure 4-4. The effect of the annealing time at 220°C in a N2 atmosphere on the CdS resistivity. 
The resistivity decreases slightly after a 1 hour annealing and it remains at the same value for 
longer annealing times. The annealing temperature of 220°C was too low to produce a strong effect 
on the CdS films. 
 

Table 4-2. The effect of the full annealing process for the CdTe fabrication on the CdS resistivity. 
The CdS resistivity increases two orders of magnitude at the end of the annealing process. This is 
due to the recrystallization of the CdS film. The CdS resistivity value after the full annealing 
process should align with the needs of the JFET devices. 
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4.2 CdTe 

4.2.1 Grain Size Control 

For some devices, such as solar cells and sensors, larger grains are preferred since this improves 

efficiency by reducing grain boundaries thereby increasing the carrier mean free path and charge 

collection at the electrodes. For that reason, it is important to optimize the grain size for CdTe 

layers by varying parameters during and after deposition, like deposition pressure, substrate 

temperature, annealing, among others. 

4.2.1.1 Study of the deposition pressure 

The first experiment consisted of studying the effect of the pressure during the PLD deposition. 

Argon was incorporated in the chamber during CdTe deposition. A mass flow controller (MFC) 

was used to control the pressure varying from 1 mTorr to 100 mTorr. CdTe films were deposited 

on thermally grown SiO2 using silicon wafers. The energy density was chosen at 0.75 J/cm2 and 

20,000 shots were used for all films deposited to achieve ~200 nm for film thickness. Also, this 

experiment was done using room temperature for the substrate during deposition. For the films 

deposited, morphology and crystallinity were studied using SEM and XRD, respectively. 

The chamber pressure is related to the number of argon atoms in the chamber. Figure 4-5 shows a 

diagram comparing low Ar pressure in Figure 4-5 a) and high Ar pressure in Figure 4-5 b). In the 

case of low pressure, the number of argon atoms is small; therefore, the number of collisions of 

ejected CdTe species traveling from target to substrate with those argon atoms is also small. As a 

result, the mean free path, which is defined as the distance that a species travels without collisions 

is large. The mean free path is illustrated with the blue arrows in Figure 4-5. On the other hand, 

when the Ar pressure is high, the number of argon atoms in the volume increases. As result, the 

number of collisions between CdTe species and argon atoms increases as well. Therefore, the mean 

free path for high Ar pressures is small. The mean free path variation can change the stoichiometry 

of the deposited films, as well as the grain size, due to the variation of the kinetic energy of the 

species when they reach the substrate. 
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Figure 4-5. Diagram of the effect of Ar pressure on the mean free path of the species traveling 
from the target to the substrate. The mean free path (blue arrows) is longer when the Ar pressure 
is a) low compared to b) with higher Ar pressure. 
 

 

Figure 4-6. The effect of the deposition pressure on morphology of CdTe films. CdTe films were 
deposited at: a) 1 mTorr, b) 10 mTorr, c) 20 mTorr, d) 50 mTorr and e) 100 mTorr. Sample 
deposited at a) 1 mTorr shows small grain size. At b) 10 mTorr deposition pressure, some grains 
are seen on the surface. For deposition pressure >20 mTorr, samples showed better uniformity in 
grain size. However, samples deposited at 50 mTorr and 100 mTorr showed cracks at the surface  
[95]. Reproduced with permission of reference 95. Copyright © 2016 Elsevier. 
 

Figure 4-6 shows top-view SEM results taken at the beginning of the analysis of the deposition 

pressures.  For low pressure deposition, 1 mTorr (Figure 4-6 a)), the CdTe film seems to be mostly 

composed of small CdTe grains. This kind of morphology can be related to the effect of the large 
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mean free path for species traveling from the target to the substrate. This is due to the low amount 

of Ar atoms in the path decreasing the number of collisions of the species before they impact the 

substrate. CdTe species reaching the substrate with higher kinetic energy can ablate the material 

already deposited on the substrate. This reduces the formation of large grains and produces the 

morphology found for 1 mTorr deposited films. 

 

Table 4-3. The effect of the deposition pressure on the CdTe thickness. The deposition rate is 
expected to decrease slightly for higher deposition pressures. This is due to the reduction of the 
mean free path because of the larger number of Ar atoms between the target and substrate.   

 

The effect of the ablation of the deposited film for the lowest deposition pressure decreased when 

CdTe films were deposited at 10 mTorr (Figure 4-6 b)). For this deposition pressure, it was found 

that films showed an increase in grain size. However, the bigger grains are mixed with some 

smaller grains similar to those found for the 1 mTorr deposited films. When films were deposited 

at pressures >20 mTorr (Figure 4-6 c)), the grain size is larger with better uniformity. However, 

when the deposition pressure was increased, some cracks emerged for films deposited at 50 mTorr 

(Figure 4-6 d)) and 100 mTorr (Figure 4-6 e)). Residual stress from the process induced the cracks 

observed in the CdTe films. These cracks can increase leakage current or produce a short circuit 

for devices such as diodes or JFETs. Finally, the thickness of the samples was determined from 

cross-sectional SEM images (Table 4-3) where the thickness results ranged from 190 nm to 230 

nm. However, the thickness should be inversely proportional to deposition pressure. For lower 

deposition pressures, thicker films were expected. Since a longer mean free path was assumed, 

then more CdTe species should reach the substrate, increasing the deposition rate per shot. 

However, this behavior was achieved only between 10 mTorr to 50 mTorr. For 1 mTorr deposition 



 

44 

pressure, CdTe species reaching the substrate with high kinetic energy can produce a sputtering 

process, removing material already deposited and reducing the thickness of CdTe.  

 

 

Figure 4-7. a) The effect of the PLD deposition pressure on the CdTe crystalline structure deposited 
at room temperature. Samples deposited at deposition pressures >10 mTorr showed highly oriented 
cubic structure (111). The diffractogram in b) shows a mixture of phases. Samples deposited at 1 
mTorr show poor crystallinity compared with samples deposited at higher pressures. However, the 
most intense peaks were found for sample deposited at 10 mTorr [95]. Reproduced with permission 
of reference 95. Copyright © 2016 Elsevier. 
 

After SEM analysis, the impact of deposition pressure in the CdTe microstructure was evaluated 

using XRD measurements. Figure 4-7 a) shows the XRD diffractogram for the CdTe films as 

function of deposition pressure. All of the films demonstrated a preferential (111) CdTe cubic 

phase. For the sample deposited at 1 mTorr, the intensity of the main diffraction peak decreased, 

which could correspond to a lower crystallinity of the film. Meanwhile, the broadness of this peak 

was increased, which corresponds to a smaller crystallite size. As discussed previously, both 

results are consistent with the SEM pictures. The main peaks for the rest of the samples 

demonstrated a lower intensity when the deposition pressure was increased. However, the 

crystallite size was found to be very similar for all those films, which were calculated from the 
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FWHM (full width at half maximum) of the main peak. This result was consistent with the grain 

size determined by SEM for samples deposited at pressures greater than 10 mTorr; since for all 

samples, the observed grains are approximately the same size. Films deposited at pressures >20mT 

showed a shift in the (111) peak position, which indicated residual stress in the films that produced 

the cracks observed in Figure 4-6. 

For the XRD analysis, Figure 4-7 b) shows additional smaller peaks in the region from 25° to 50°. 

These peaks correspond to a mixture of phases between both cubic and hexagonal CdTe phases. 

However, hexagonal CdTe is claimed to be metastable [20] [23]. CdTe films deposited at pressures 

>50 mTorr showed a stronger hexagonal (101) peak. Furthermore, the grain size was calculated 

from XRD results using the peak for cubic (111).  

Table 4-4 shows a summary of the grain sizes for different deposition pressures. Only the 1 mTorr 

sample showed a smaller crystallite size, which was consistent with the SEM results. However, 

for samples deposited at pressures greater than 1 mTorr, the crystallite size varies from 16 nm to 

20.6 nm. 

 
Table 4-4. The effect of the deposition pressure on the crystallite size measured from XRD 
diffractograms. The crystallite size for samples deposited at 1 mTorr was small compared to 
samples deposited at higher pressures. For deposition pressures >10 mTorr, the crystallite size 
changed slightly from 16 nm to 20.6 nm; however, the deposition pressure did not show a trend 
for crystallite size. 

 

In summary, the 20 mTorr deposition condition was selected for next set of experiments. SEM 

results demonstrate that these films showed very uniform grain size without cracks. Also, this 

pressure achieves CdTe films that were stress-free and mostly cubic, according to the XRD 

diffractogram results. Finally, from a crystallite size perspective, the 10 mTorr deposition pressure 

showed slightly better crystallinity compared to the films deposited at 20 mTorr. However, films 
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deposited at 10 mTorr did not show good adherence to the substrate since these films were lifted 

off during photolithography, which is problematic for future device fabrication. 

4.2.1.2 Effect of the deposition temperature and annealing 

After the deposition pressure investigation, another study of the annealing and deposition 

temperature for single CdTe layers deposited by PLD was done. Several authors have reported on 

the annealing process for CdTe-based solar cells – usually around 400°C for approximately 30 

minutes. Even though this annealing process is mostly reported for CdS-CdTe structures with 

CdCl2, the main effect is related to improving the CdTe layer, due to an activation process for 

CdTe. Other properties are attributed to this anneal treatment, such as reducing and passivating 

grain boundaries, and increasing the grain size in CdTe, which has been shown to improve the 

electrical performance for CdTe-based devices as an increase in solar cell efficiency [15, 20, 22, 

96]. 

In this experiment, CdTe was deposited using the same parameters from the last experiments; 

except temperature was used as a variable parameter in the CdTe film deposition. In this case, 

room temperature as well as 400°C were used as substrate temperatures during CdTe deposition. 

After deposition, samples were annealed from 400°C to 500°C for 15 minutes or 30 minutes in N2 

atmosphere to evaluate the substrate temperature as well as the annealing temperature. SEM and 

XRD tools were used to study the effect of temperature in morphology and crystalline structure of 

the CdTe films. 

Figure 4-8 shows the top-view SEM images for samples deposited at room temperature and 

annealed at different temperatures for 15 or 30 minutes. Figure 4-8 a) shows small grain size for 

the as-deposited CdTe film. However, when samples are annealed for 15 minutes, the grain size 

increased, as shown in Figure 4-8 b) for the 400°C annealing condition. However, a mixture of 

small and large grain sizes can still be observed. To investigate this further, Figure 4-8 c) and 

Figure 4-8 d) show samples annealed at 420°C and 440°C where the grain size was larger 

compared to the sample annealed at 400°C. Furthermore, the quantity of small grains was mostly 

reduced. Figure 4-8 e) illustrates a sample annealed at 500°C where some holes are seen in the 

sample. Unfortunately, in this case, similar to the cracks shown in the previous experiment, these 

holes could represent higher leakage current or even a short circuit in future devices. Finally, 
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Figure 4-8 f), Figure 4-8 g), Figure 4-8 h) and Figure 4-8 i) showed the same samples annealed for 

30 minutes. The morphology was similar to samples that were annealed for only 15 minutes. 

 

Figure 4-8. The effect of the annealing time and temperature on the CdTe films deposited at room 
temperature by PLD. a) shows sample before annealing. Samples were annealed for 15 minutes in 
a N2 atmosphere at b) 400°C, c) 420°C, d) 440°C and e) 500°C. Also, samples were annealed for 
30 minutes in a N2 atmosphere at f) 400°C, g) 420°C, h) 440°C and h) 500°C. The grain size 
increases after any annealing. Samples annealed for 15 minutes or 30 minutes showed similar 
morphology. Samples annealed at 500°C showed holes. 
 

In addition to the room temperature deposition, Figure 4-9 shows the SEM top view images for 

samples deposited at 400°C. In this case, Figure 4-9 a) shows the CdTe film as deposited. This 

sample showed larger grain size as compared to the sample deposited at room temperature. 

However, the grain size was much smaller as  compared to samples deposited at room temperature, 

followed by the annealing process. Also, Figure 4-9 b) and Figure 4-9 f) show samples annealed 

at 400°C for 15 and 30 minutes, respectively, where a similar grain size to the as-deposited sample 

was observed. Figure 4-9 c) shows a sample annealed at 420°C for 15 minutes where the 

subsequent grain size is slightly larger compared to the as-deposited sample. However, when the 

annealing time was increased from 15 to 30 minutes for this sample (Figure 4-9 g)), the SEM 

showed some larger grains mixed with small grains. For the next temperature increment in 

annealing (440°C), SEM images are shown in Figure 4-9 d). In this sample, some small grains 

merged to produce larger grains after 15 minutes of annealing.  Extending the annealing to 30 
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minutes at the same temperature resulted in larger grains (Figure 4-9 h)). However, these grains 

are still smaller as compared to CdTe deposited at room temperature with subsequent annealing at 

the 440°C condition. Figure 4-9 e) and Figure 4-9 i) show samples annealed at 500°C and 

compared with the sample deposited at room temperature with a 500°C anneal. In either case, holes 

in the films were produced, which would create problems when devices are fabricated. 

 

Figure 4-9. The effect of the annealing time and temperature on the CdTe films deposited at 400°C 
by PLD. a) shows sample before annealing. Samples were annealed for 15 minutes in a N2 
atmosphere at b) 400°C, c) 420°C, d) 440°C and e) 500°C. Also, samples were annealed for 30 
minutes in a N2 atmosphere at f) 400°C, g) 420°C, h) 440°C and h) 500°C. The grain size for 
samples before the annealing is larger compared with the sample deposited at room temperature 
before annealing. Samples annealed at 400°C show a similar grain size compared with samples 
before annealing. Grain sizes were observed for samples annealed at 420°C for 30 minutes, which 
increased slightly compared with samples before annealing. Larger grain sizes were seen for 
samples annealed at 440°C for 30 minutes compared with samples before the annealing. At the 
end, the sample annealed at 500°C showed holes. 
 

The crystalline structure was analyzed for these samples using XRD. Figure 4-10 shows the XRD 

diffractograms for all samples deposited at room temperature and annealed for 30 minutes. The 

diffractogram for the sample before annealing was included in Figure 4-10. Figure 4-10 a), the as-

deposited CdTe was reported in the previous experiment and demonstrated a highly oriented cubic 

structure (111) and the intensity for this peak decreased for the annealed samples. In Figure 4-10 

b), the as-deposited CdTe also showed a mixture of cubic and hexagonal phases. However, when 
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samples were annealed, the peak for the phase (220) increased substantially. This increase could 

be due to the lateral grain growth instead of a phase change. Even though the peak for the (111) 

orientation decreased drastically for all annealing temperatures, the peak was still present for all 

samples along with the mixture of cubic and hexagonal phases shown in Figure 4-10 b). 

 

Figure 4-10. a) The effect of annealing temperature on the CdTe crystalline structure deposited by 
PLD at room temperature. All films showed a highly oriented cubic structure (111). The 
diffractogram in b) shows a mixture of phases, but the annealed samples show an increase in the 
peak corresponding to cubic structure (220). The peak intensity increases when the grain size 
increases (measured by SEM). This is related to a lateral growth instead of a change in the 
crystalline structure. 
 

Similarly, Figure 4-11 shows the XRD diffractogram for samples deposited at 400°C and the effect 

of the annealing temperature on the crystalline structure. In this case, Figure 4-11 a) showed that 

the samples showed a highly preferential orientation for the cubic (111) structure – even after the 

annealing process. This result is consistent with SEM results, which did not show a substantial 

grain size increase, except after 30 minutes of annealing at 440°C. However, unlike the sample 

deposited at room temperature, the increase in grain size was not related to an increase of the cubic 

(220) orientation. Figure 4-11 b) illustrates a slight increase in other cubic or hexagonal phases. 
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Figure 4-11. a) The effect of the annealing temperature on the CdTe crystalline structure deposited 
by PLD at 400°C. All films showed a highly oriented cubic structure (111). The diffractograms in 
b) show a mixture of phases, where the intensity varies slightly. This is consistent with the SEM 
results, due to the grain size increasing slightly. 
 

 

Figure 4-12. a) The effect of annealing time on the CdTe crystalline structure deposited by PLD 
at room temperature and at 400°C. All films showed a highly oriented cubic structure (111). The 
diffractograms in b) show a mixture of phases. Samples annealed for 15 minutes and 30 minutes 
show a similar behavior for both depositions. 
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From this experimental data, it was possible to compare the effect of crystalline structure for 

samples annealed for 15 or 30 minutes. SEM results already demonstrated a similar morphology 

for different annealing times. Figure 4-12 shows XRD plots for samples deposited at room 

temperature as well as 400°C, along with annealing at 400°C for different times. In both cases, the 

diffractograms showed similar data between samples annealed for 15 or 30 minutes. In Figure 

4-12, as-deposited sample diffractograms were included, but the analysis was described above. 

Finally, the crystallite sizes for all samples were calculated from the XRD diffractograms. For as-

deposited samples, the crystallite sizes were 17.7 and 20.1 nm, for samples deposited at room 

temperature and 400°C, respectively. Those values are calculated from the peak FWHM for the 

cubic (111) structure. After annealing, the crystallite size for samples deposited at room 

temperature increased slightly for all annealing temperatures. As previously discussed, those 

samples demonstrated two major crystalline orientations – cubic (111) and (220). Using those 

peaks, the average crystallite size was found to be 20.7±1.9 nm for all annealing temperatures and 

times, which exhibited a very constant crystallite size.  This suggests that, even though SEM 

images appear to show a large increase for grain size, the crystallites did not increase the size after 

the annealing process. Similarly, for samples deposited at 400°C, the crystallite size also showed 

a smaller increase after annealing. As-deposited samples had a crystallite size of 20.1 nm, and after 

annealing, the average for the crystallite size for all annealing temperatures and times was 

increased to 20.7±0.4 nm. These calculations were developed using the single peak for the cubic 

(111) orientation. The small standard deviation in crystallite size between the different annealing 

temperatures and times is consistent with the SEM results, which did not show a substantial change 

in morphology. 

4.2.1.3 The Impact of CdS films on CdTe grain size 

The morphology of a layer can vary depending on the substrate and this variation could affect the 

electrical properties of those layers. In this case, most of the CdTe layers will be deposited on top 

of a CdS layer, so it is important to understand the effect of the underlying CdS layer on CdTe 

morphology and crystalline structure. 

First, the effect of the substrate on CdTe surface roughness was studied. 100 nm of CdS was 

deposited by PLD on 500 nm of thermally growth SiO2 and on 150 nm of commercial ITO on 
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glass. After CdS deposition, 100 nm of CdTe was deposited in situ. Both CdS and CdTe layers 

were deposited at room temperature. The CdS and CdTe were deposited at pressures of 80 mTorr 

and 20 mTorr, respectively. AFM was used to analyze the roughness of substrate, CdS and CdTe 

layers. 

Figure 4-13 shows AFM results for different substrates and layers. Also, Table 4-5 compares the 

roughness of samples shown in Figure 4-13. The ITO has a higher roughness compared to the SiO2 

substrate, 2.24 nm compared to less than 1 nm for SiO2. The roughness of the substrate was 

transferred to the CdS. For CdTe, the roughness was similar for both substrates – 2.77 nm and 2.34 

nm for ITO and SiO2, respectively. As a result, the roughness of CdTe is related to the substrate 

and not to the CdS layer. 

 

Figure 4-13. Effect of substrate roughness on the CdTe and CdS roughness deposited on ITO or 
SiO2 by PLD. The roughness of the samples was measured on a) ITO and d) SiO2 substrate. The 
roughness was also measured on a CdS layer deposited on b) ITO and e) SiO2. And finally, CdTe 
deposited on c) CdS on ITO and f) CdS on SiO2. The roughness of substrates, ITO (2.24 nm) and 
SiO2 (0.84 nm), was transferred to CdS layer. The roughness of CdTe was similar regardless of 
the substrate, 2.77 nm and 2.34 nm, for ITO and SiO2 substrates, respectively. For all case, the 
roughness showed low values. 
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Table 4-5. Summary of roughness for samples shown in Figure 4-13.  

 

For comparison, the CdTe layer will be annealed during the fabrication process, similar to what 

was done in Section 4.2.1.2. The effect of deposition temperature, and annealing temperature was 

studied on CdTe films deposited on CdS layers. For this experiment, the CdS layer was deposited 

on 500 nm of thermally grown SiO2. The number of shots was adjusted to produce a film with 50 

nm thickness, and the deposition pressure was maintained at 80 mTorr. After CdS deposition, ~200 

nm of CdTe was deposited in situ using 20 mTorr as the deposition pressure. Both layers were 

deposited at room temperature or at 400°C. After deposition, samples were annealed at 400°C, 

420°C and 440°C for 15 minutes or 30 minutes in an N2 atmosphere. SEM and XRD was used to 

analyze the morphology and crystalline structure, respectively. 

 

Figure 4-14. The effect of the annealing time and temperature on the CdTe films deposited in situ 
on CdS at room temperature by PLD. a) shows the sample before annealing. Samples were 
annealed for 15 minutes in a N2 atmosphere at b) 400°C, c) 420°C and d) 440°C. Also, the samples 
were annealed for 30 minutes in a N2 atmosphere at e) 400°C, f) 420°C and g) 440°C. The grain 
size increase slightly after any annealing compared with samples deposited directly on SiO2. 
Samples annealed for 15 minutes or 30 minutes showed similar morphologies. 
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Figure 4-14 shows the SEM results for samples deposited at room temperature and annealed for 

15 minutes or 30 minutes. Different annealing times did not significantly impact the films’ 

morphology. Also, the CdS films limited the grain size growth for CdTe, since the CdTe grain size 

only increased slightly when compared with films deposited on an SiO2 substrate. 

Figure 4-15 shows the morphology for samples deposited at 400°C. For the as-deposited samples, 

the grain size is larger than those samples deposited at RT. However, as expected, the grain size 

increased slightly after annealing. These results are consistent with CdTe deposited on the SiO2 

substrate only. Minimum impact is expected for an annealing process done at the same temperature 

as the deposition step. 

 

 

Figure 4-15. The effect of the annealing time and temperature on CdTe films deposited in situ on 
CdS at 400°C by PLD. a) shows the sample before annealing. Samples were annealed for 15 
minutes in a N2 atmosphere at b) 400°C, c) 420°C and d) 440°C. Also, samples were annealed for 
30 minutes in a N2 atmosphere at e) 400°C, f) 420°C and g) 440°C. The grain size looks similar 
for all samples, for any annealing temperature and time. 
 

Figure 4-16 shows XRD diffractograms for samples deposited at RT and at 400°C with annealing 

at 400°C for 15 minutes or 30 minutes. The measured films presented a highly preferential 

orientation for the CdTe cubic (111) structure. The peak intensity increases slightly for different 

annealing times and deposition temperatures. This is consistent with the SEM results, since the 

grain size did not show considerable change. 
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For samples annealed at higher temperatures, the results were comparable. The samples 

demonstrated a highly preferential orientation for the cubic (111) phase regardless of substrate 

temperature, annealing time, or annealing temperature. The increase in intensity for the peak 

corresponding to cubic (220) was a result of lateral growth, similar to the results shown in the 

previous section rather than an increase in grain size after annealing. In this case, no samples had 

an increased grain size and therefore, no samples showed increased peak intensity corresponding 

to the cubic (220) phase. The grain size was calculated to be ~ 20 nm for all films. 

 

Figure 4-16. a) The effect of the annealing time on CdTe crystalline structure deposited in situ on 
CdS by PLD at room temperature and at 400°C. All films show a highly oriented cubic structure 
(111). The diffractograms in b) show a mixture of phases. The CdS layer limited the CdTe grain 
growth. As a result, the peak corresponding to cubic (220) did not increase after the annealing. 
 

In summary, the growth of CdTe grain size was limited by the CdS layer. Samples deposited at 

room temperature on thermally growth SiO2 exhibited grain size growth after an annealing step. 

However, in this case, CdTe films deposited on CdS demonstrated a slight increase in grain size 

after annealing up to 440°C. 

4.2.2 Electrical Characterization 

The goal of this research work is the fabrication and characterization of electrical devices. For that 

reason, one of the most important parameters to investigate is the resistivity. Previous results have 
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shown that the deposition pressure modulates the resistivity of the CdS deposited by PLD. Thus, 

the first approach for modulating the resistivity of the CdTe layer was varying the deposition 

pressure during PLD. 

At the end of this section, an experiment to study contacts was carried out. The role of contacts in 

electrical devices is extremely important because a poor contact-semiconductor interface results 

in unreliable electrical characterization. For the CdTe case, one of the main limitations for CdTe 

based devices are the difficulties to obtain ohmic contact to this material. As previously discussed, 

an interlayer of copper between gold and CdTe is widely reported to improve the ohmic contact 

behavior for CdTe, since copper diffusion near the CdTe surface produce a highly doped CdTe 

layer in contact with gold [96]. 

4.2.2.1 Resistivity control by deposition pressure 

 

Figure 4-17. Cross section of the structure for the CdTe resistivity characterization by CTLM. 
CdTe films were deposited on thermally grown SiO2 on a Si mechanical wafer. CdTe layers were 
deposited at room temperature, varying the deposition pressure from 1 mTorr to 100 mTorr. 
 

Electrical characterization of the CdTe films was done to find the effect of the deposition pressure 

on resistivity of the CdTe. The same set of samples used at the beginning of Section 4.2.1.1 was 

used to calculate the resistivity of the CdTe. The deposition pressure was varied from 1 mTorr to 

100 mTorr on samples deposited by PLD. After depositing CdTe layers, CTLM structures were 

defined by a 100 nm of gold lift-off process that patterned contacts on the CdTe film (Figure 4-17). 

However, CdTe films deposited at 10 mTorr were pulled off during the lift-off process. This 

procedure was attempted again with a similar result. For this reason, resistivity was not calculated 

for this deposition pressure. The resistivity calculated from CTLM structures is shown in Table 
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4-6. The contact resistances for all samples were low compared to resistance values. Resistivity 

values were found to be very constant for those films deposited from 1 mTorr to 50 mTorr, while 

the resistivity slightly increased for the sample deposited at 100 mTorr. This result was completely 

different to that shown for the CdS deposition, where CdS resistivity ranged several orders of 

magnitude for the different deposition pressures.  

 

Table 4-6. The effect of the deposition pressure on the CdTe resistivity calculated from the CTLM 
structure. CdTe films were deposited by PLD at room temperature. The CdTe deposited at 10 
mTorr peeled-off during the lift-off process and the resistivity was not calculated. The resistivity 
remained around 108 Ω·cm, regardless of the deposition pressure in all other samples. 

 

 

4.2.2.2 Impact of Cu interlayer in contacts 

For this experiment, the CdTe layer was deposited based on results from the previous experiments 

with subsequent CTLM structure fabrication described in 3.2.2.1 (Figure 4-17). A deposition 

pressure of 20 mTorr at room temperature and 20000 shots at 10 Hz were the parameters used for 

the CdTe deposition. After deposition, the CdTe was annealed at 400°C for 15 minutes in an N2 

atmosphere, based on the previous results. CTLM structures were patterned using a lift off process. 

The contacts were 100 nm of gold deposited in situ on 5 or 10 nm of copper. Resistivity was 

calculated from I-V curves after contact deposition. Later, an annealing step of 1 minute at 100°C 

in N2 atmosphere was done, and the resistivity was calculated before another annealing step. This 

procedure was repeated, where resistivity was calculated for samples annealed for 0 minutes (no 

annealed), 1 minute, 5 minutes and 15 minutes after contact deposition. 
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Table 4-7. The effect of the annealing time after the contact deposition on the CdTe resistivity. 
Gold on copper films were deposited by e-beam evaporation. The copper layer was either 5 nm or 
10 nm thick. The annealing time was varied between 0 minutes (no anneal) up to 15 minutes at 
100°C in a N2 atmosphere. The resistivity for samples with no annealing was slightly lower than 
for the annealed samples. The resistivity values for all samples were around 107 Ω·cm. 

 

 

Figure 4-18. The effect of the annealing temperature on the ohmic behavior of the I-V curves for 
CdTe films deposited by PLD. The annealing for gold/copper contacts on CdTe slightly improved 
the linear behavior of the I-V curves. The annealing step diffuses the copper into the surface of the 
CdTe. This diffusion creates a Cu doped CdTe which improves ohmic behavior of the contact. 
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The results for resistivity are shown in Table 4-7. As expected, the resistivity values are very 

consistent for different copper thicknesses and annealing times, since the value of the resistivity 

depends more on the CdTe bulk, and therefore, should be independent of contact resistance. 

However, Figure 4-18 shows an example of some I-V curves measured for samples with 5 nm of 

copper as an interlayer. These I-V curves were measured for samples with no annealing step after 

contact deposition and after 15 minutes of annealing. In Figure 4-18, the red line represents the 

linear fitting for these curves. The linear fitting for these curves is related to better ohmic behavior. 

Even though the curves for the sample after the 15 minute anneal are noisier, the linear behavior 

is slightly better compared to those samples which had not undergone an annealing step for copper 

diffusion. 

4.3 CdZnTe: Band gap modulation by co-deposition of CdTe and ZnTe 

In this section, the CdTe thin films were studied due to its potential as a neutron detector. In this 

case, the bandgap modulation was studied to try to increase the bandgap of CdTe. A bandgap 

increase could reduce leakage current on devices, which enables a lower limit of detection for 

these sensors. 

The incorporation of ZnTe with CdTe is expected to increase the bandgap. The ZnTe bandgap is 

reported as 2.3 eV [71, 74, 97] and different concentrations of ZnTe in CdTe films are expected to 

modulate the bandgap between 1.4 eV [38, 42, 98] (CdTe bandgap) to 2.3 eV. 

The PLD method allows ZnTe and CdTe deposition from different targets. However, for this study, 

single targets were fabricated by the hot-pressing method using CdTe powder mixed with different 

concentrations of ZnTe powder. ZnTe atomic concentration was varied with respect to CdTe from 

3%, 6%, 10% and 20%. Also, films deposited from only CdTe and ZnTe targets were fabricated 

for reference. 

The target fabrication consisted of mixing CdTe and ZnTe powder in a SPEX mill (8000D Dual 

Mixer/Mill, SPEX Sample Prep, Inc.) for 1 hour followed by hot pressing the mixture for 3 hours 

at 600°C under a pressure of ~ 350 MPa. Additionally, targets were annealed at 600°C for 15 hours 

in an Ar atmosphere to improve the uniformity of the composition on the targets. Targets that were 

only hot-pressed or hot-pressed and annealed were compared in this experiment. 
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Films were deposited by PLD on 300 nm of thermally grown SiO2 or on glass substrates. All films 

were deposited at room temperature using 20 mTorr as the deposition pressure and a laser energy 

density of 0.75 J/cm2. To achieve a thickness of 200 nm, 20000 shots were deposited. After 

deposition, targets and films were analyzed by SEM and XRD. An additional UV-Vis 

measurement was used only for films deposited on the glass substrate. 

 

Figure 4-19. Effect of the Zn concentration on the morphology of CdTe:ZnTe films deposited from 
a single target by PLD. Films were deposited from single targets fabricated by mixing CdTe and 
ZnTe powders. The Zn concentration was varied from 0% (only CdTe), 3%, 6% and 100% (only 
ZnTe). Targets were fabricated using the hot-press method. Targets were annealed or not annealed 
after the hot-press fabrication. The grain size of the CdTe was similar regardless of the Zn 
concentration. Only in the ZnTe films, was the grain size slightly smaller [97]. Reproduced with 
permission of reference 97. Copyright © 2016 Elsevier. 
 

Figure 4-19 illustrates SEM results for thin films deposited from single targets of CdTe and ZnTe, 

a) and b) respectively. Also, for samples deposited with targets containing 3% of Zn using hot-

pressed only target c) or hot-pressed plus annealed target d). Similarly, e) and f) show films 

deposited using hot-pressed target and hot-pressed plus annealed target, respectively for a Zn 
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concentration of 6%. All samples with CdTe showed similar microstructure to CdTe-only film. 

ZnTe films exhibited a similar microstructure, but with a slightly smaller grain size. Also, the cross 

section measured by SEM demonstrated that samples were between 200 nm and 220 nm thick. 

Figure 4-20 shows the XRD diffractograms for targets and films deposited using different Zn 

concentrations. Diffractograms for hot-pressed targets and hot-pressed plus annealed targets are 

shown in Figure 4-20 a) and Figure 4-20 b), respectively. Figure 4-20 c) and Figure 4-20 d) show 

the diffractograms for films deposited from the hot-pressed and hot-pressed plus annealed targets, 

respectively. 

 

Figure 4-20. The effect of the Zn concentration on the crystal structure of the targets fabricated by 
hot pressing. Targets were a) not annealed and b) annealed after the hot pressing. Also, ZnCdTe 
films were deposited from each target fabricated by c) only hot-pressing and d) hot-pressing plus 
annealing. The target with only hot-pressing showed a small shift for CdTe and ZnTe peaks due 
to the fact that the powders did not make a ternary compound. However, for the annealed target, 
the peaks showed a shift corresponding to a mixture of CdTe and ZnTe phases. However, the films 
deposited from both targets showed similar behavior due to the high temperature produced due to 
the laser ablation mixing the CdTe and ZnTe phases [97]. Reproduced with permission of reference 
97. Copyright © 2016 Elsevier. 
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Targets showed a preferential orientation in (111), (220) and (311) for all cases. However, the hot-

pressed target plus annealing showed a consistent shifting of the peaks with respect to the ZnTe 

concentration. This is because the position of the peak is shifted to higher angle when the lattice 

parameter decreases. In this case, the Zn atomic radius is smaller than Cd atomic radius. As a 

result, if Zn is incorporated in the CdTe lattice, the lattice parameter is expected to decrease. For 

the no annealed target, a mixture of ZnTe and CdTe powder is expected; however, for the annealed 

target, the mixture of powders is expected to form a ternary compound where the Zn atoms are 

incorporated into the CdTe lattice. 

Films deposited from different targets showed highly preferential orientation in the (111) peak for 

CdTe and ZnTe. The PLD deposition produced the ternary compound in the deposited films. The 

main peak (111) demonstrated a consistent shifting of the peak to higher angle as a function of the 

Zn concentration – regardless of annealing of the target. This is because the laser ablates the target, 

producing a high temperature spot, and the ZnTe and CdTe are properly mixed in the plasma 

generated by the laser. For this reason, it is not necessary to anneal the target to produce the ternary 

compounds in thin films. 

Finally, Figure 4-21 shows the lattice parameters and the bandgaps for hot-pressed targets and the 

samples deposited with them in a), as well as hot-pressed plus annealed targets and the samples 

deposited with them in b). The lattice parameter was calculated using the XRD diffractograms, 

and the band gap was calculated using UV-Vis measurement for the thin films. The lattice 

parameter and the bandgap were compared with Vegard’s law [8] (shown as the dashed line in 

Figure 4-21). The lattice parameter for CdTe and ZnTe single targets were calculated to be 6.51 

and 6.09, respectively. In the case of the films, the lattice parameters were 6.49 and 6.09 for CdTe 

and ZnTe, respectively, which were very close to the lattice parameters from the targets. For the 

bandgaps of the CdTe and ZnTe deposited films, they were calculated as 1.48 eV and 2.22 eV, 

respectively. These are close to theoretical values of 1.51 eV and 2.25 eV [38, 42, 71, 74, 97, 98]. 

The results show that the hot-pressed target did not fit to Vegard’s law behavior with respect to 

the Zn composition; however, the hot-pressed plus annealed target demonstrated a better behavior 

with respect to Vegard’s law line. This is related to the better distributed composition due to the 

annealing step. For the case of deposited films, samples deposited from different targets showed a 
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behavior consistent with Vegard’s law which is consistent with the XRD results. The Vegard’s 

law behavior showed that Zn is being incorporated to the CdTe lattice. 

 

Figure 4-21. The effect of the Zn concentration on the lattice parameters of films and targets 
calculated from the XRD diffractograms. Also, the effect of the Zn concentration on the band gap 
of deposited films calculated from the UV-Vis measurement. Both target fabrication processes 
were analyzed, a) only hot-pressed target and b) hot pressed and annealed target. As expected from 
the XRD diffractogram, the target that was only hot-pressed did not show a good fitting to 
Vegard’s law behavior due to the CdTe and ZnTe being separate compounds. On the other hand, 
when ZnTe-CdTe target and films undergo a high temperature step, like annealing the target or 
during laser ablation, the target and films showed a proper behavior of ternary ZnCdTe compound 
in relation to the Zn concentration [97]. Reproduced with permission of reference 97. Copyright 
© 2016 Elsevier. 
 

In summary, the CdTe bandgap was properly modulated using ZnTe powder in a single target 

mixed with CdTe. The annealed target offered better behavior than the target with no annealing 

based on the XRD and UV-vis results. However, thin films deposited from different targets did 

show a proper behavior with respect to Zn concentration and Vegard’s law approximation. The 

PLD ablation process produces the effect of mixing CdTe and ZnTe during deposition regardless 

of target annealing or not. As a result, ZnTe can be used for doping CdTe to produce samples with 

the desired bandgap for different applications. 
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CHAPTER 5 

PN JUNCTIONS 

 
 
5.1 Optimizing in-situ PLD CdS/CdTe junctions 

Because the JFET is based on a PN junction structure, the study of CdTe/CdS PN junctions and 

the impact of different processing parameters on the electrical behavior is essential. Therefore, 

CdS deposition pressure and temperature, along with the annealing temperature were studied. 

5.1.1 CdS deposition pressure analysis 

The effect of the deposition pressure on the morphology of the CdS film, crystalline structure, and 

electrical behavior of the PN junction was studied. In a Section 4.2.1.3, the CdS layer limited the 

crystal growth of the CdTe grains when samples were deposited on SiO2 and annealed. However, 

in this section, the CdTe/CdS layers were deposited on 150 nm of commercial ITO-glass and 

morphological and crystalline analyses were investigated. The electrical behavior was studied 

using diode structures.  

 

Figure 5-1. CdTe/CdS PN heterojunction structure. CdTe/CdS were deposited in-situ using PLD 
on commercial ITO-glass. Au/Cu contact were deposited by e-beam evaporation using shadow 
mask [95]. Reproduced with permission of reference 95. Copyright © 2016 Elsevier. 
 

The deposition of a thin layer of CdS and CdTe allowed the fabrication of PN junction devices. 

For CdS, the deposition pressure was varied between 20 mTorr and 70 mTorr. The number of shots 
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was calculated in order to obtain a 50 nm thick layer. For the CdTe layer, 200,000 shots were 

deposited to achieve a thickness around 1 µm. The energy density was adjusted to be 0.75 J/cm2 

with a frequency of 10 Hz during deposition of both layers. These CdS and CdTe layers were 

deposited at a substrate temperature of 220°C as the initial condition. The deposition temperature 

was also varied to assess the effects of temperature. 

After the depositions, the p-n junction was annealed at 400 °C in a N2 atmosphere for 30 minutes. 

This annealing step is widely reported by several authors [12-16, 23] where different properties 

are attributed to this anneal treatment, such as an activation process for CdTe. This increases the 

grain size in the CdTe while reducing and passivating grain boundaries. However, this annealing 

process is usually reported with the addition of CdCl2 [15, 20, 22, 96] for thicker layers deposited 

by CSS. The diode structure for the electrical characterization was completed by e-beam 

evaporating contacts of 200 nm of gold on 3 nm of copper [30], and annealing at 150 °C in a N2 

atmosphere for 30 minutes, following the contact deposition. The Au/Cu contacts were patterned 

using a shadow mask during the evaporation; the full structure is shown in Figure 5-1. 

 

Table 5-1. Summary of parameters for the PN heterojunction diode fabrication. Four samples were 
deposited varying the deposition pressure from 20 mTorr to 70 mTorr. 

 

The morphology and crystal structure were analyzed by SEM and XRD, respectively.  Also, the I-

V and C-V data were obtained from the diode structures. All tests described previously were 

carried out on samples as deposited and after the anneal. Some parameters, such as saturation 

current, series resistance, ideality factor, carrier concentration, etc. were calculated from the 

electrical characterization results. A summary of the deposition parameters is shown in Table 5-1. 

Figure 5-2 shows the SEM images for all samples. From the previous results, it was observed that 

the CdTe films deposited on CdS at 80 mTorr, using a SiO2 substrate, did not increase the grain 

size after the annealing process. However, under the same conditions, CdTe films deposited 



 

66 

directly on SiO2 showed an increase in grain size after the same annealing process. In this case, 

as-deposited CdTe showed a similar morphology at every CdS deposition pressure. In contrast, 

the CdTe samples deposited on CdS deposited at a deposition pressure less than 60 mTorr 

demonstrated an increase in the grain size after the annealing process, while samples deposited at 

higher pressures did not. 

 

 

Figure 5-2. Effect of the CdS deposition pressure ((a) 20mTorr, (b) 40mT, (c) 60mT and (d) 70mT) 
on the CdTe morphology as deposited. Also, morphology was also studied after annealing at 400°C 
in N2 atmosphere for 30 minutes ((e) to (h)). As-deposited films showed similar grain size; 
however, grain size for samples deposited at lower pressure (<60 mTorr) was slightly larger. For 
annealed samples, those deposited at a pressure <60 mTorr showed larger grain size compared to 
those deposited at higher pressure. 
 

Figure 5-3 shows the XRD results for the samples described above. XRD diffractograms show 

similar peaks for all samples deposited at different deposition pressures for the CdS films. From 

previous results, only the samples which show an increase in grain size possess an increase in 

cubic orientation (220); this was assumed to be related to a lateral growth instead of a change in 

crystal orientation. In this case, all samples, even those which did not show an increase in grain 

size by SEM, showed an increase in the peak corresponding to the cubic orientation (220). The 

crystallite size was also calculated from the XRD diffractograms. For annealed samples, the 

crystallite size was calculated for cubic peaks (111) and (220); however, all crystallite sizes were 

close to 21 nm. 
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Figure 5-3. (a) Effect of the CdS deposition pressure on the crystalline structure of CdTe films. 
Samples were deposited at 220°C and then annealed at 400°C for 30 minutes in N2 after deposition. 
(b) shows detailed analyses of the XRD patterns. Samples as-deposited showed a highly oriented 
cubic (111) structure; however, after annealing, cubic (220) and cubic (311) phases are found due 
to the lateral growth of grains in CdTe. 
 

 

Figure 5-4. SEM cross section for sample using 70 mTorr for CdS deposition pressure b) before 
and a) after annealing at 400°C for 30 minutes in N2. The grain size after annealing increased in 
the bulk but it did not increase on the surface. 
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Comparing the SEM and XRD results, it can be concluded that the morphology and crystal 

structure for CdTe films are mostly independent of the deposition pressure of the CdS layer. In 

this case, the increase in the grain size is found to be consistent with the increase in the cubic (220) 

structure. Figure 5-4 shows a cross section for samples deposited at 70 mTorr:  a) as deposited and 

b) annealed. The grain size increased after the annealing process, and only the grains at the surface 

did not show this effect. For this set of samples, the increase in grain size of the CdTe on CdS 

films can be related to the fact that the CdTe is thicker than in the previous experiment. The first 

CdTe grains could be attached to the CdS grains, which could limit the growth during the 

annealing; however, when more grains are deposited in thicker films, the grain size could be 

independent of the substrate. 

 

Figure 5-5. Effect of deposition pressure of CdS on the electrical properties of CdTe/CdS diodes. 
Only electrical characterization for diodes annealed at 400°C for 30 minutes in N2 is shown in this 
Figure. (a) I-V raw data shows that the sample deposited at 40 mTorr as the deposition pressure 
for CdS shows the lowest leakage current. Similarly, (b) the rectification factor at 1 V and 0.5 V 
bias show that the highest value was found for samples deposited at 40 mTorr a CdS deposition 
pressure. 
 

Electrical characterization was done on the same CdTe/CdS samples. Figure 5-5 a) shows the I-V 

curves for annealed diodes. I-V plot shows a similar behavior for the forward bias current. 



 

69 

However, the samples deposited at 40 mTorr showed the lowest leakage current. Higher reverse 

bias current in diodes would be related to higher gate current, IG, in future JFET devices. The as-

deposited diodes demonstrated poor rectification behavior – only one order of magnitude for the 

Ion/Ioff ratio. 

From the I-V curves, the rectification factor was found for 0.5 and 1 V bias and shown in Figure 

5-5 b). In this case, the samples deposited at 40 mTorr demonstrate a slightly higher rectification 

factor for both cases. 

 

Figure 5-6. Effect of deposition pressure of CdS on the electrical properties of CdTe/CdS diodes. 
Only electrical characterization for diodes annealed at 400°C for 30 minutes in N2 is shown in this 
Figure. Sample deposited at 40 mTorr as deposition pressure for CdS shows the a) ideality factor 
closes to 1 and the lowest a) saturation current; however, the b) series resistance was slightly higher 
for sample deposited at 40 mTorr. 
 

In Figure 5-6, the ideality factor, as well as the saturation current. are shown in a). For a device 

with a pure thermionic emission mechanism, the ideality factor should be equal to unity. 

Additional transport mechanism(s), such as non-ideal contact behavior, defects at the interfaces or 

in the bulk, can increase the ideality factor value [89, 99, 100]. However, the ideality factor needs 

to be as close to 1 as possible. In Figure 5-6 a), samples deposited at 40 mTorr show the ideality 

factor closest to 1 and the lowest saturation current. Another parameter of interest, the series 
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resistance, is shown in Figure 5-6 b). The samples deposited at 60 mTorr show the lowest series 

resistance, which is relevant for the forward bias condition. The series resistance limits the current 

for the forward bias condition, and for that reason, the series resistance should be as low as possible 

for rectification diodes. In this case, a low forward bias current should not affect the performance 

of JFETs. 

 

Figure 5-7. Effect of deposition pressure of CdS on the CdTe carrier concentration calculated from 
C-V measurement. Only CdTe carrier concentration was calculated for diodes annealed at 400°C 
for 30 minutes in N2. All samples show similar values for CdTe carrier concentration, close to 1015 
cm-3. However, the carrier concentration slightly decreases when CdS deposition pressure 
increases.  
 

From C-V measurements, the carrier concentration was calculated. The carrier concentrations for 

different measurement frequencies are shown in Figure 5-7. All values for the carrier concentration 

are close to 1015 cm-3. 

The conclusion from this experiment is that a CdS deposition pressure of 40 mTorr exhibited the 

best results for diodes, based on different parameters calculated mainly from the I-V data. 

However, the electrical behavior for all samples varied slightly. This could be related to the fact 

that the CdTe layer is more dominant in the structure, since it is thicker, and has a low carrier 

concentration, which means that the depletion width is mostly localized in the CdTe layer. 
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5.1.2 The effect of the substrate temperature and annealing 

The effect of the substrate temperature on the CdTe/CdS structures was investigated. The substrate 

temperature in the PLD increases the kinetic energy of the species when they reach the surface of 

the substrate which could improve the formation of grains, since the species can travel longer 

distances on the surface and find another species producing larger grains. 

 

Table 5-2. Summary of parameters for the PN heterojunction diodes fabrication. 40 mTorr was 
chosen as deposition pressure for CdS based on results from previous experiments.  

 

For this study, CdTe/CdS were deposited in situ by PLD using 150 nm of commercial ITO on glass 

as the substrate. A thin layer of 50 nm of CdS was deposited at 40 mTorr using the same process 

parameters as the previous experiments for the laser energy density, frequency, number of shots, 

and the deposition pressure (Section 5.1.1). All parameters are summarized in Table 5-2. As 

previously demonstrated, a similar analysis including XRD, SEM and electrical characterization 

was executed on these films. 

Figure 5-8 shows the SEM results for the CdTe/CdS films deposited at substrate temperatures 

ranging from 150 °C to 400 °C. Figure 5-8 a) to d) show the as-deposited films. For higher 

deposition temperatures, the films showed larger grain sizes. As mentioned previously, higher 

substrate temperatures produce higher kinetic energy at the surface of the substrate. Consequently, 

when species arrive at the substrate, they have more kinetic energy to travel on the surface, 

increasing the probability to find additional species and create a center of nucleation, producing 

larger grains. Similarly, Figure 5-8 e) to f) show the same samples after an annealing process at 

400 °C in N2 for 30 minutes. First, Figure 5-8 e) shows some cracks in the surface, which could 

produce an increase in the leakage current for devices, compromising the electrical behavior. 

Figure 5-8 f) to g) are consistent with the previous results, when CdTe is deposited at higher 
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temperatures, no increase in grain size was found after the annealing process. Films deposited at 

300 °C and 400 °C have the largest grains while the films deposited at 220 °C show the highest 

impact on the grain size after annealing. 

 

Figure 5-8. Effect of the deposition temperature ((a) 150°C, (b) 220°C, (c) 300°C and (d) 400°C) 
on the CdTe morphology before annealing. Also, morphology was studied after annealing at 400°C 
in N2 atmosphere for 30 minutes ((e) to (h)). As expected, grain size increased when deposition 
temperature increased for as-deposited films. However, for annealed samples, films deposited at 
150°C show cracks; samples deposited at 220°C show increased grain size and samples deposited 
at 300°C and 400°C show a slight effect on grain size after annealing [95]. Reproduced with 
permission of reference 95. Copyright © 2016 Elsevier. 
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Figure 5-9. Effect of deposition temperature on the crystalline structure of CdTe/CdS films. As 
deposited film diffractograms are shown in a) and b), and annealed films are shown in c) and d). 
As deposited samples showed a highly preferential orientation on the cubic (111) peak. For 
annealed samples, only samples deposited at 150°C and 220°C increase intensity of peaks 
corresponding to the cubic orientation (220); which is consistent with SEM results as only these 
samples showed a grain size increase [95]. Reproduced with permission of reference 95. Copyright 
© 2016 Elsevier. 
 

Figure 5-9 shows the XRD diffractograms for the same set of samples described above. Figure 5-9 

a) and b) show the XRD results for the as-deposited films and Figure 5-9 c) and d) show the XRD 

results for the annealed films. All as-deposited films are highly oriented in the cubic plane (111). 

Also, as previously shown, the annealed samples deposited at 150°C or 220°C increase the grain 
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size laterally, producing an increase in the cubic planes (220) and (311). Samples deposited at 

300°C or 400°C did not show an increase in the grain size in the SEM images. From the SEM and 

XRD results, the best characteristics are observed for films deposited at 220°C, since these films 

show larger grains and no visible cracks. The crystallite size was calculated from these XRD 

results, and similar to the previous experiment, all values were close to 21 nm for samples with 

and without annealing. 

 

Figure 5-10. Effect of deposition temperature on the electrical properties of CdTe/CdS diodes. Un-
annealed diodes showed poor rectification behavior where only one I-V curve is plotted for 
reference. Samples deposited at 400°C were a short circuit. (a) I-V raw data show that samples 
deposited at 150°C showed high reverse bias current due to cracks found after annealing by SEM. 
(b) Ideality factor and reverse saturation current demonstrated slightly lower values for samples 
deposited at 220°C compared to samples deposited at 300°C [95]. Reproduced with permission of 
reference 95. Copyright © 2016 Elsevier. 
 

The I-V curves from the electrical characterization of in situ CdTe/CdS diodes fabricated with 

CdTe grown at 150°C, 220°C and 300°C and annealed at 400°C in N2 for 30 minutes are shown 

in Figure 5-10 a). Samples deposited at 400°C and annealed at 400°C in N2 for 30 minutes 

exhibited short-circuit behavior and are not shown in this plot. Similarly, as reported in the 

previous experiment, as-deposited samples showed a poor rectification behavior, so only one I-V 

curve is reported. For as-deposited devices, the reverse bias current is very high compared to the 
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annealed devices. As mentioned before, this effect could be due to the excess of grain boundaries 

in the samples with no annealing. The small grain size shown by SEM images produces more grain 

boundaries, and these grain boundaries can produce high conductivity along the CdTe layer if they 

are not passivated by an annealing process. In the same way, diodes deposited at 150 °C showed 

some cracks by SEM. These cracks produce higher reverse leakage current and this was proven by 

the I-V curves. Samples deposited at 220°C and 300°C exhibited similar I-V curves. 

Figure 5-10 b) shows the ideality factor and the saturation current calculated from the I-V data. As 

expected, the P-N junction deposited at 150°C showed the highest ideality factor, higher than 2, 

and the highest saturation current. This result confirms the effect of the cracks in the CdTe films, 

which reduces the performance of the diodes. Also, in the same figure, samples deposited at 220°C 

show the lowest ideality factor and saturation current. These results could be related to the increase 

of the grain size shown by SEM and XRD. For samples deposited at higher temperatures, the grain 

size is only slightly increased due to the fact that atoms are ordered better during the deposition 

process. This could produce a less effective annealing process. 

 

Figure 5-11. Effect of deposition temperature on the electrical properties of CdTe/CdS diodes. 
Only annealed diode parameters are shown. Samples deposited at 400°C were a short circuit. (a) 
Rectification factor at 1 V and 0.5 V bias show that the highest value was found for the sample 
deposited at 220°C. Similarly, (b) series resistance was slightly lower for the sample deposited at 
220°C. 



 

76 

Figure 5-11 shows the comparison of a) rectification factor, and b) series resistance for different 

deposition temperatures using I-V analysis. In this case, the samples deposited at 220°C showed 

the highest rectification factor, >105 for a 1 V bias. Similarly, the series resistance is slightly lower 

for the sample deposited at 220°C. At this point, it is clear that a deposition temperature of 220°C 

produces well-behaved diodes, due to a compact structure and lower density of physical holes, 

leading to the chosen deposition temperature for the next set of experiments. 

Figure 5-12 shows the carrier concentration for all samples deposited at different deposition 

temperatures. Similar to previous experiments, the carrier concentration is mostly independent of 

the deposition temperature, since the variation in carrier concentration is less than 10x between all 

samples. 

Finally, the last process parameter analyzed was the annealing temperature. Previously discussed 

in Section 4.2.1.2, the annealing process for CdTe improves the crystallinity, passivates the grain 

boundaries, and increases the grain size. However, this work demonstrated that for a high 

annealing temperature, cracks could appear in samples and produce high leakage current paths. 

 

Figure 5-12. Effect of deposition temperature on the CdTe carrier concentration calculated from 
C-V measurements. The CdTe carrier concentration was only calculated for the annealed samples. 
The CdTe carrier concentration was close to 1015 cm-3 for all samples. The carrier concentration 
was slightly lower for sample deposited at 220°C . [95] Reproduced with permission of reference 
95. Copyright © 2016 Elsevier. 
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From the last experimental setup, CdS was chosen to be deposited at 40 mTorr as the deposition 

pressure. For the same reason, the deposition temperature was maintained at 220°C. All other 

deposition parameters, as well as substrate, was the same with respect to the last experiment. All 

parameters are summarized in Table 5-3. Similarly, a morphological, crystalline, and electrical 

characterization study was conducted. 

 

Table 5-3. Summary of parameters for the PN heterojunction diodes fabrication. 40 mTorr was 
chosen as deposition pressure for CdS and 220°C was chosen as substrate temperature based on 
results from previous experiments. 

 

 

Figure 5-13. Effect of annealing temperature ((a) as-deposited, (b) 360°C, (c) 400°C and (d) 
440°C) on the CdTe morphology. The annealing process was executed at 400°C in a N2 
atmosphere for 30 minutes. Grain size increases for all the annealed samples. Samples annealed at 
400°C and 440°C showed larger grain size compared to samples annealed at 360°C [95]. 
Reproduced with permission of reference 95. Copyright © 2016 Elsevier. 
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Figure 5-13 shows the SEM images for different annealing temperatures. As expected, a higher 

temperature improves the crystallinity and produces larger grain sizes. However, between the 

400°C and 440°C annealing temperatures, the grain size looks similar. 

 

 

Figure 5-14. Effect of annealing temperature on the crystalline structure of CdTe/CdS films 
annealed in N2 after deposition. (b) shows detailed analyses of the XRD patterns. As-deposited 
samples showed a highly oriented cubic (111) structure. After annealing, lateral growth of CdTe 
grains increase intensity of peaks corresponding to cubic (220) and cubic (311) phases [95]. 
Reproduced with permission of reference 95. Copyright © 2016 Elsevier. 
 

Figure 5-14 shows XRD diffractograms where the results are consistent with previous 

experiments. For samples deposited at low temperatures, such as 220°C, the CdTe films are highly 

oriented in the cubic plane (111). However, after the annealing process, the grain size increased 

and produced an increase in a peak corresponding to cubic planes (220) and (311). At the same 

time, the intensity for the main peak, the cubic (111) plane decreases when the peak for (220) and 

(311) increases. The diffractograms were analyzed to find the crystallite size, which was a constant 

value of around 21 nm for all cases.  

Gold and copper contacts were used to define the top contacts by shadow mask, and an annealing 

step was carried out. I-V and C-V measurement were also performed. Figure 5-15 a) shows the I-
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V curves for the different annealing temperature. As mentioned before, samples with no annealing 

produce bad diodes and are not plotted in this figure. Based on the figure, the IV curves are 

independent of the annealing temperature. Only a slight difference in reverse leakage current was 

observed for different annealing temperatures. 

 

Figure 5-15. Effect of annealing temperature on the electrical properties of CdTe/CdS diodes. Un-
annealed diodes showed poor rectification behavior (not shown). (a) I-V raw data show similar 
behavior for all samples; however, for extracted parameters such as (b) Ideality factor and reverse 
saturation current, diodes annealed at 400°C showed slightly lower values for these parameters 
[95]. Reproduced with permission of reference 95. Copyright © 2016 Elsevier. 
 

Figure 5-15 b) illustrates the results for the calculated ideality factor, as well as saturation current. 

These findings are consistent with the I-V curves, where all annealing temperatures produce well 

behaving diodes. All annealing temperatures showed an ideality factor lower than 2; although, the 

400°C sample exhibited a slightly lower ideality factor and saturation current compared to those 

annealed at 360°C and 440°C. 

Similarly, Figure 5-16 a) shows the rectification factor for different annealing temperatures. At a 

1 V bias, the rectification factor was around 105 for all samples. In this case, a 400°C annealing 

temperature demonstrated a slightly higher rectification factor value. Also, the series resistance 
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was found to be relatively constant (Figure 5-16 b) at around 104 Ω, for all anneal temperature. 

However, the best behavior corresponds to the 440°C annealed sample. 

 

Figure 5-16. Effect of annealing temperature on the electrical properties of CdTe/CdS diodes. Only 
annealed diode parameters are shown. a) Rectification factor was similar for all samples at 1 V 
and 0.5 V bias. (b) Series resistance decreases slightly when annealing temperature increases. 
 

 

Figure 5-17. Effect of annealing temperature on the CdTe carrier concentration calculated from C-
V measurements. Only CdTe carrier concentration was calculated for annealed samples. No effect 
on CdTe carrier concentration was found. Every sample shows the CdTe carrier concentration was 
close to 1015 cm-3 [95]. Reproduced with permission of reference 95. Copyright © 2016 Elsevier. 
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Figure 5-17 shows the carrier concentration calculated from C-V measurements. The carrier 

concentration was slightly lower than 1015 cm-3 for all cases. Therefore, the carrier concentration 

appears to be independent of the annealing temperature for CdTe. 

In summary, the study of the impact of different parameters for CdTe/CdS PN junction, namely – 

CdTe and CdS deposition pressure, substrate temperature, and annealing temperature was used to 

find the optimum parameters for the diode fabrication. First, the best deposition pressure for CdTe 

was 20 mTorr, since this pressure produces CdTe films with an optimum morphology and no stress 

in the films. For the best diode behavior, the CdS deposition pressure is 40 mTorr with 220°C as 

the substrate temperature, and 400°C for the annealing temperature. The best diode performance 

was calculated using I-V and C-V curves. From these results, the best diodes were those with a 

rectification factor of ~ 105, an ideality factor less than 2, and a reverse saturation current ~10-8 A. 

From the C-V measurements, the carrier concentration could not be modulated with the parameters 

studied in this section and was fixed at ~1015 cm-3. Also, from the XRD results it was found that 

the CdTe films have a preferential orientation in the (111) plane and this is substrate independent. 

Furthermore, the SEM results illustrated that these process conditions were optimal for creating a 

film with no holes, which could contribute to poor JFET devices. 

5.2 Temperature dependence study of CdS/CdTe junctions  

For this investigation, CdTe/CdS heterojunctions were evaluated to find a new application for 

these devices. These applications could be rectifier diodes or JFETs. For this reason, the CdTe/CdS 

PN junction needs to be properly understood. The evaluation of I-V and C-V measurements at 

different temperatures allow for the evaluation of important parameters related to JFET 

implementation. For instance, a temperature analysis is reported to be used to find the Vbi potential 

in diodes, which is critical for determining the voltage operation of JFETs [5]. Also, the reverse 

bias current in diodes is related to the leakage current in JFETs. Finally, the temperature analysis 

assists in understanding the transport mechanism in diodes. 

Prior to studying the temperature dependence of the I-V and C-V data, PN heterojunction diodes 

were fabricated on 150 nm of commercial ITO-glass substrates by PLD. First, 50 nm of CdS was 

deposited using 60 mTorr as the deposition pressure. After the CdS deposition, 200 nm of CdTe 

was deposited in-situ using 20 mTorr as the deposition pressure. The background pressure was 
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1x10-6 Torr. The laser shot frequency was 10 Hz and the energy density was adjusted optically to 

1 J/cm2. Both layers were deposited at 220°C as the substrate temperature. After the PLD 

deposition, the PN heterojunction was annealed at 360°C for 30 minutes in a N2 atmosphere. Later, 

Gold (Au)/Copper (Cu) circular contacts were deposited by e-beam evaporation using shadow 

masks. Finally, the diodes were completed by annealing the samples at 150°C for 30 minutes in a 

N2 atmosphere. Annealing temperatures and times were studied in the previous section. 

I-V and C-V curves were measured at room temperature. Then, the temperature was increased in 

10°C increments up to 150°C where one I-V curve was measured at each step. For C-V plots, the 

measurements were executed at 50°C, 100°C and 150°C. Devices with 100 µm and 200 µm 

diameters were measured for this experiment. Data were analyzed using the thermionic emission 

model since the thermionic emission model is one of the most common theories for extraction 

parameters for diodes [5]. In this PN heterojunction, the tunneling current should be negligible due 

to the potential barrier height and width of the depletion region. For this reason, the thermionic 

emission current is expected to be the most dominant charge transport mechanism in these devices. 

Thermionic emission theory was explained in Section 3.4.1. 

 

Figure 5-18. I-V curves measured at different temperatures for CdTe/CdS diodes. Diodes were 
measured from RT to 150°C. When temperature increases, the energy of free carriers increases, 
allowing more carriers to cross the junction and contribute to current flow. Due to this, the current 
density increases for reverse and forward bias. (Submitted to APL, under revision). 
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Figure 5-18 shows the characteristic I-V curves for diodes at different temperatures for devices 

with a 200 µm diameter. As expected, the forward bias current increases when the temperature is 

higher due to the thermionic effect. Similarly, for the reverse bias voltage, the main current is from 

the charge generation in the depletion width. These charges are thermally generated, and for that 

reason, when temperature increases, the generation current increases as well. The 100 µm diameter 

devices exhibited a similar behavior. 

 

 

Figure 5-19. Rectification factor with respect to applied voltage for different measurement 
temperatures. For low applied voltage <0.3 V (dash line), the rectification factor is mostly constant 
regardless of measurement temperature. When bias voltage increases, temperature decreases the 
rectification factor due to traps in the bulk and interface of the heterojunction. (Inset: The effect of 
the measurement temperature on the ideality factor calculated from I-V curves. As expected, the 
ideality factor slightly decreases with increasing temperature due to the contribution of the 
diffusion current along the interface caused by the thermionic effect). (Submitted to APL, under 
revision). 
 

Figure 5-19 shows the rectification factor at different applied voltages for diodes measured at 

different temperatures. In the plot, there are two regions with different behaviors depending on the 

applied voltage (VA). For VA < 0.3V, the rectification factor is independent of the temperature. As 

mentioned before, in this voltage range, the main charge transport mechanism is the thermionic 

effect current and the generation current for the forward bias and reverse bias current, respectively. 
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Both mechanisms are affected proportionally by temperature, and the rectification factor is not 

affected with respect to temperature. For higher voltages, a similar charge transport mechanism is 

expected for the reverse bias and generation current. However, the forward bias current is being 

dominated by the series resistance, since the depletion width is expected to decrease. In this case, 

the series resistance is altered more by temperature resulting in the reduction of the rectification 

factor when temperature increases. 

The inset in Figure 5-19 shows the ideality factor for devices with different areas. The ideality 

factor should depend on the transport mechanism in the PN junction. In the thermionic effect 

model, when the ideality factor is closer to 1, the model suggests that the diffusion current is 

dominating. On the other hand, if the ideality factor is closer to 2, the recombination current 

dominates. In this case, both mechanisms contribute to current transport. Also, for higher 

temperatures, the diffusion current increases due to the thermionic effect. Therefore, it is expected 

that the ideality factor will decrease slightly. 

Figure 5-20 shows the log series resistance dependence extracted from I-V curves with respect to 

1000/T in the region where VA>>Vbi. The series resistance for CdTe-based devices depends mainly 

on the CdTe bulk resistance and on the CdTe-metal contact resistance. The CdTe bulk resistance 

decreases at higher temperatures due to the increase of trapping and bond breaking events. Both 

processes increase the number of free carriers on the CdTe bulk, decreasing the resistivity. 

However, the contact between CdTe and a metal is usually reported as a non-ohmic contact. The 

non-ohmic behavior corresponds to a potential barrier that forms at the interface between the metal 

and CdTe. The thermionic effect is expected to be influenced by the behavior of this interface. As 

a result, at higher temperatures, the thermionic effect increases the number of charges crossing the 

interface between CdTe and the metal. This causes the resistance to decrease. In summary, both 

parameters associated with series resistance on diodes should be affected by temperature. Both 

properties are expected to decrease the series resistance when temperature increases, which is 

consistent with Figure 5-20. Also, the thermionic effect is impacted by the series resistance, since 

there is a linear behavior for log Rs vs. 1000/T. The series resistance drops from 6 kΩ to ~ 200 Ω 

and from ~ 1.5 kΩ to ~ 100 Ω, for 200 µm diameter and 100 µm diameter samples, respectively. 
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Larger area devices have a higher probability of finding leakage paths through the films, thereby 

reducing the series resistance of diodes. 

 

Figure 5-20. Effect of the measurement temperature on series resistance. The thermionic effect 
increases the number of free charges crossing the CdTe-metal interface, thereby decreasing the 
contact resistance. This thermionic effect shows linear behavior on the log scale of series resistance 
with respect to 1000/T. (Submitted to APL, under revision). 
 

In Figure 5-21 a), the linear behavior of log scale J0 vs. 1000/T demonstrates the thermionic effect 

as the main transport mechanism for these heterojunctions diodes. Also, using the method 

previously explained in Section 3.4.1, the linear fitting for this plot was used to calculate the Vbi 

potential which was found to be 0.66 V and 0.7 V for 100 µm diameter devices and 200 µm 

diameter devices, respectively. The calculated Vbi using this method was very close to the expected 

value (~0.7 V). 

The Vbi potential was also calculated using C-V analysis. The inset in Figure 5-21 b) shows the 

extrapolation of 1/C2 vs. V plot which was used to find the Vbi. The inset plot shows a frequency 

dependence on extracted Vbi by this method. Non-ideal interfaces and traps on polycrystalline 

materials can produce this Vbi shifting. C-V extrapolation results in an inaccurate method to find 

the Vbi for these structures. 
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Figure 5-21. a) Effect of measurement  temperature on saturation current calculated from I-V data. 
The thermionic effect is demonstrated to be the main carrier transport mechanism in the PN 
junction due to the linear behavior of the saturation current with respect to the measurement 
temperature. b) The effect of frequency and temperature analysis on the Vbi calculated from C-V 
curves. Parasitic effects produce a shift in Vbi from 0 V to 1 V. Higher measurement temperature 
decreases the calculated Vbi due to more energetic carriers crossing the effective potential barrier. 
As a reference, the dash line indicates the Vbi calculated from I-V curves. (Inset: Illustrates the 
effect of the frequency on the C-V measurement. The linear fitting was used for Vbi extraction 
from C-V measurements). (Submitted to APL, under revision). 
 

Figure 5-21 b) shows the Vbi for different frequencies and temperatures calculated from the C-V 

analysis. Traps in the interface can contribute to an increase in carrier transport in the diode. First, 
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the traps can contribute more to the diode current at low frequencies, since the process of capture 

and emission on traps is more effective at lower frequencies. As a result, larger Vbi shifting is 

produced for lower frequencies, as demonstrated in Figure 5-21 b). For the temperature analysis, 

traps are more effective at higher temperatures, since more charges have more kinetic energy to 

occupy and unoccupy those traps levels. The process of trapping and detrapping increases at higher 

temperatures where, for increasing temperatures, a higher Vbi shifting is expected, as shown in 

Figure 5-21 b). In addition, C-V measurements were used to calculate the CdTe carrier 

concentration with methods that were explained in Section 3.4.1. For all frequencies and all 

temperatures, except 150°C, the CdTe carrier concentration was found to be ~ 1016 cm-3. The C-V 

plots could not be measured at 150°C, since the leakage current was too high. 

In summary, the CdTe/CdS heterojunction diodes are demonstrated to be a good option for rectifier 

diode and JFET applications. The low reverse bias current (on the order of 10-8 A) and a Vbi ~ 0.7 

V are parameters that can be used for JFET devices. The temperature analysis for I-V showed to 

be an effective method to find the Vbi in these structures. However, the polycrystallinity of these 

materials introduces a large number of traps that produce a frequency dependence on the Vbi 

calculation. This method is not recommended to calculate this parameter.  

5.3 Spin Dependent Recombination in CdTe/CdS PN heterojunctions 

Similar to the previous section, understanding the transport mechanism for CdTe/CdS PN 

heterojunctions can be used to propose a new application for these devices. A new method was 

used to find the spin dependent recombination [93] and it was used to find the Vbi potential, which 

is a fundamental parameter in JFET voltage operation. The EDMR technique was previously 

explained in Section 3.4.4; particularly, the zero-field spin dependent recombination. 

For this experiment, new CdTe/CdS diodes were fabricated by PLD. 150 nm of commercial ITO-

glass was used as the substrate. First, CdS was deposited using 60 mTorr as the deposition pressure. 

The number of shots was adjusted to reach a thickness of 100 nm using 10 Hz as the laser 

frequency. Then, the CdTe was deposited in-situ using 20 mTorr as the deposition pressure. For 

the CdTe layer, the number of shots was adjusted to reach a thickness of 150 nm where10 Hz was 

used as the laser frequency. The background pressure was 1x10-6 Torr, and the laser energy density 

was adjusted optically to 1 J/cm2. The substrate temperature was 220°C for both layers. After the 
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PLD deposition, the PN heterojunction was annealed at 400°C for 30 minutes in a N2 atmosphere. 

Shadow masks were used to define Gold (Au)/Copper (Cu) contacts by e-beam deposition. The 

last step was an annealing process at 150°C for 30 minutes in N2 atmosphere. 

 

Figure 5-22. EDMR study results, a) zero field current response vs. magnetic field for a specific 
applied voltage. The same measurement was repeated varying the applied voltage to find different 
peak to peak distances close to the zero field region. The peak to peak distance close to zero field 
in curves similar to a) for different applied voltages are summarized in plot b) in CdTe/CdS 
devices. The current spin dependent recombination current reaches a maximum value when the 
applied voltage is close to Vb [94]. Reproduced with permission of reference 94. Copyright © 2016 
IEEE. 
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PN heterojunction diodes were analyzed using a magnetic field sweep from -160 to 160 Gauss 

fixing the applied voltage for the diode. Figure 5-22 a) shows the magnetic field sweep for a 

VA=0.65 V. The peak to peak distance between the negative and positive current, around the 0 

Gauss region, is analyzed to find the Vbi and spin dependent recombination current. 

Figure 5-22 b) shows the summary of the spin dependent recombination current as a function of 

applied voltage. In this case, the SDR current should be at its maximum when the applied voltage 

is close to Vbi. As a result, using this method, the Vbi is calculated to be ~0.65 V. This method 

proves to be effective in finding the Vbi, since the calculated value is close to the theoretical one 

(0.7 V). 
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CHAPTER 6 

DEVICE MODELING AND MATERIALS INTEGRATION EVALUATION FOR JFET  

DEVICE OPERATION 

 
 
6.1 Simulations 

The first step was to evaluate the CdTe/CdS structure for use in JFET devices by using the software 

Expert, from SILVACO, to simulate the PN heterojunctions in a JFET structure. Some measured 

and/or extracted parameters of CdTe and CdS were incorporated into the layers in the simulations 

and different structures were simulated for JFET implementation. Structures with substrates of 300 

nm of thermally grown SiO2 or commercial ITO-glass were tested using this simulation software. 

Simulations allow for the testing of different dimensions in order to find the optimal structure and 

sizes for JFET implementation. 

6.1.1 CdS on CdTe structure 

 

Figure 6-1. JFET structure for simulation for devices based on SiO2 substrates. 
 

For the first simulation, the structure based on LaRosa’s Master’s thesis [101] was used as a 

starting point. The structure used for these simulations is shown in Figure 6-1, where thermally 

grown SiO2 was used as the substrate. This simulation was used to evaluate the effect of the carrier 

concentration and defects in the CdTe and CdS layers on the device performance. 
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6.1.1.1 Effects of carrier concentration 

The effect of the CdTe and CdS carrier concentrations was evaluated in this experiment. In the 

proposed design, the CdS carrier concentration must be higher than that of the CdTe in order to 

produce a depletion width that is mainly inside the CdTe layer. For this reason, the CdS carrier 

concentration was varied between 1018 cm-3 and 1019 cm-3. The CdTe carrier concentration was 

varied from 1x1017 cm-3 to 8x1017 cm-3. The thickness was fixed to 100 nm and 50 nm for CdTe 

and CdS layers, respectively. Also, the contacts were set as ohmic contacts. 

 

Figure 6-2. Effect of the CdS carrier concentration on the ID-VG curves. The CdS carrier 
concentration was varied between a) 1018 m-3, and b) 1019 cm-3. The CdTe carrier concentration 
was fixed between 2x1017 cm-3 and 4x1017 cm-3 regardless of the CdS carrier concentration. When 
the CdTe carrier concentration equals 1x1017 cm-3, the channel is pinched off at 0 V, and when the 
CdTe carrier concentration equals 8x1017 cm-3, the channel is not pinched off up to 5 V. 
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Figure 6-2 shows the ID-VG and the IG-VG for CdS carrier concentration of a) 1018 cm-3 and b) 1019 

cm-3, respectively. In both plots, when the CdTe carrier concentration is set to 1x1017 cm-3, the 

JFETs turned off at about 0 V. However, when the CdTe carrier concentration is 8x1017 cm-3, the 

channel cannot be turned off. These results demonstrate the importance of controlling the carrier 

concentration in the CdTe layer. The variation of <10x in this parameter changes the working 

device parameters completely.  

For a CdTe carrier concentration between 2x1017 cm-3 and 4x1017 cm-3, the JFET simulation results 

exhibited a proper behavior. As expected, the operation voltage for the CdS carrier concentration 

of 1018 cm-3 was slightly higher for the JFET compared to a CdS carrier concentration of 1019 cm-

3. This is because the higher CdS carrier concentration results in more of the depletion width 

extending into the CdTe layer. 

6.1.1.2 Defects and defect-free film comparison 

The next simulation was based on the same structure and was executed with defect levels in the 

CdTe and CdS layers. Defect levels were included with a Gaussian distribution for CdS and CdTe. 

Also, the simulation included defect levels with tail distributions at conduction band for CdS and 

at the valence band for CdTe. Defects in those layers should produce current results that more 

closely mimic the expected values. The CdTe and CdS carrier concentrations were fixed to 2x1017 

cm-3 and to 1019 cm-3, respectively.   

Figure 6-3 a) shows the ID-VG and IG-VG graphs for films with no defects in the CdTe or CdS 

layers (crystalline materials), while Figure 6-3 b) shows the same graphs for device when defects 

are included in the simulation. As a result of these defects, the current values dropped significantly. 

Defects can trap the mobile carriers which reduce the current in the layers. Also, these 

polycrystalline materials possess some grain boundaries which reduce the mobility of the films. 

This mobility reduction increases the resistivity of the films which produces a decrease in current. 

Ultimately, the current level of the samples with defects was reduced by 106 compared to the 

structure with no defects. Although defects were introduced in the simulation, the JFET structure 

still functions as a device; however, the ID is only 100x higher than IG. 
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Figure 6-3. Effect of defects in CdTe and CdS films on ID-VG curves. Device using a) defect-free 
films demonstrated higher ID compared to devices for films b) with defects. This is due to the fact 
that  the electrons are trapped on the defects rather than contributing to the current of the device. 

6.1.2 CdTe on CdS structure 

For the next set of simulations, a structure based on the fabricated diodes discussed in Chapter 3 

was evaluated. This structure was based on JFETs deposited on a commercial ITO-glass substrate. 

Figure 6-4 shows the structure for these simulations. For this structure, the ITO and CdS layers 

must be patterned during the JFET fabrication. The effect of changing dimensions of the JFET 

structures were studied in this section. 
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Figure 6-4. First structure for simulation of devices fabricated on commercial ITO-glass substrates. 
 

6.1.2.1 Increasing ID/IG ratio by structure dimensions 

In this experiment, several dimensional parameters were analyzed using the simulation software. 

Figure 6-5 shows the structure with the different parameters that were analyzed in this section. 

First, the drain-source distance was varied from 2 µm to 9 µm, consistent with the possible 

fabrication process. Next, the overlap of the CdS layer was studied, this overlap was varied from 

1 µm to 4 µm. Third, the ITO gate contact width was varied from 2 µm to 10 µm. Additionally, 

the CdTe layer thickness was varied from 100 nm to 200 nm. At the end of this section, the CdS 

thickness was varied from 50 nm to 100 nm.  

 

Figure 6-5. Dimensional and thickness simulation studies of the JFET structure:  1. Source-drain 
contact distance; 2. CdS overlap; 3. ITO contact width; 4. CdTe thickness; and 5. CdS thickness. 
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Figure 6-6. Simulated ID-VG curves for JFETs. The effect of the source-drain contact distance is 
show in a); when the distance decreases, the ID current increases, without affecting IG. For b), the 
effect of CdS overlap shows that only IG increases when the overlap increases. 
 

 

Figure 6-7. Simulated ID-VG curves for JFETs. The effect of a) the ITO contact width and the effect 
of b) the CdTe thickness were studied. The ITO contact width increases the IG current due to 
increased diode area. In b), the CdTe thickness affects the pinch off voltage and the ID, while the 
IG was affected slightly, as well. 
 

Figure 6-6 a) shows the results for the study with the variation of drain-source contact distance. 

As expected, the drain current increased slightly when the distance between drain and source 

contact decreases. The behavior of this contact should depend on the resistance of the device, 

therefore, when the distance between contacts is decreased, the resistance of the device decreases 

and the current increases. On the other hand, Figure 6-6 b) shows the effect of the overlap of the 
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CdS layer on the JFET’s current. In this case, as the interface between the CdS and CdTe increases, 

the diode area increases. For this reason, only the diode current (IG) increases slightly, but the ID 

did not increase. 

Figure 6-7 a) shows the effect on the JFET’s current when the ITO contact width varies. Similarly, 

when the CdS overlap was varied, the diode area increases, and the diode current (IG) increases 

slightly. However, the drain current was not affected by ITO contact width variations. Figure 6-7 

b) shows the effect of the CdTe thickness on the JFET behavior. As expected, for a thicker CdTe 

film, the JFET operation voltage will be higher since more voltage is necessary to pinch off a 

thicker layer. For 100 nm of CdTe, less than 1 V was used to pinch off the channel, but for 150 

nm of CdTe, the VG must be close to 2 V. Meanwhile, for 200 nm of CdTe, the channel was not 

able to be pinched off. From these findings, the CdTe thickness slightly affects the drain current, 

but strongly increased the pinch off voltage for the JFET. Finally, the CdS thickness did not affect 

the JFET behavior for the drain nor gate current (not shown). 

6.1.2.2 Non-conformal PLD deposition (1:10 ratio) study 

 

Figure 6-8. Simulated JFET structure. The red arrow shows the area where the non-conformal 
deposition can reduce the thickness of the films. For that reason, the thickness was reduced to 10% 
of the original thickness for simulation. 
 

In this section, the effect of non-conformal deposition of CdS was studied. The PLD depositions 

are non-conformal, for this reason, a thinner CdS layer could be expected along the sidewall (the 

region indicated by the red arrow in Figure 6-8). This thinner section of CdS could increase the 
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leakage current in the JFET, so for this reason, the effect of a thinner layer of CdS in this region 

was investigated. The CdS in this region was simulated as a 10 nm thick layer compared to the 

original 100 nm on top of the ITO layer (10%). 

Figure 6-9 shows the effect of the non-conformal layer of CdS compared to the conformal layer. 

The gate and drain current increase for the negative voltage; however, both currents were not 

affected by the JFET operating voltage. As a result, the JFET’s behavior remained the same 

regardless of the CdS thickness.  

 

 

Figure 6-9. Simulated ID-VG curves for JFETs. The operation region for the JFET was not affected 
by reducing the CdS thickness on the ITO sidewalls caused by non-conformal deposition. 

6.1.3 P+/P/N structure 

6.1.3.1 Effect of thickness and carrier concentration 

From the previous simulation results, all of the experiments demonstrated low drain current values. 

For this reason, a new p-type layer with a higher carrier concentration was incorporated into the 

structure on top of the previous p-type layer. For simplicity, this new layer will be called the p+ 

layer throughout the rest of this document, although the carrier concentration will be lower than 

1018 cm-3 (the minimum carrier concentration for defining p+ silicon). This p+ layer in the JFET 

structure should increase the drain current value. Figure 6-10 shows the new structure simulated 
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in this section. In the figure, the p+ layer is on top of the full CdTe layer along the entire structure. 

The carrier concentration of the CdTe was 1017 cm-3 for all cases and the carrier concentration of 

the p+ layer was 5x1017 cm-3. The effect of the thickness variation was studied for both layers. The 

p-type CdTe layer was varied from 25 nm to 150 nm and the p+ CdTe layer was varied from 0 nm 

to 50 nm.  

 

Figure 6-10. JFET structure for simulation including a higher p-doped layer (p+ layer). The p+ 
region should increase the ID current in JFETs. 

 

 

Figure 6-11. The effect of the carrier concentration of p and p+ layer on ID-VG curves. ID increased 
close to two orders of magnitude when a higher p-doped layer was included in the structure. Also, 
IG was slightly affected for all cases. 
 

Figure 6-11 shows the ID and IG vs. VG curves for different thicknesses of p and additional p+ 

CdTe layers. These JFET curves are compared with CdTe resistors (no CdS or ITO layer in the 
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structure). These layers were compared with the best result from the previous experiment – a layer 

of 150 nm of p-type CdTe. In this plot, the leakage current (diode current) did not change with the 

incorporation of the p+ layer. On the other hand, as expected, the drain current increased 

approximately two orders of magnitude using the 50 nm of the additional p-doping. However, the 

p-type CdTe layer must be decreased, since the device channel was not able to pinch off before 5 

V when using the 100 nm of p-type CdTe plus 50 nm of p+ CdTe. As a summary, the incorporation 

of a p+ layer on top of the p-type CdTe layer increases the ID/IG ratio two orders of magnitude, 

producing a total ratio of 104. The JFET operating regime was from 0 V to 4 V. 

6.2 Increasing carrier concentration of the p-doped layer 

For JFET fabrication, controlling the doping concentration of the material in the channel region is 

required. Thus, CdTe has been chosen to play this role in the JFETs. For this reason, a set of 

experiments were executed to dope the CdTe layers. 

As previously discussed, the CdTe is a p-type material due to the Cd vacancies and excess Te. For 

this reason, an experiment to increase the carrier concentration by doping the CdTe with an excess 

of Te was proposed. In addition, copper doping is also a widely-reported technique for CdTe films. 

Cu atoms replace the Cd atoms, which increases the number of holes and increases the carrier 

concentration. For this reason, Cu doping of CdTe was attempted by different methods; Cu doping 

by immersion of CdTe in a Cu based solution, a layer of metallic Cu deposited by e-beam with an 

annealing step for copper diffusion, and co-deposition of CdTe and Cu2Te by PLD. 

6.2.1 Intrinsic doping 

6.2.1.1 CdTe with Te excess 

For this experiment, CdTe powder was mixed with different amounts of Te powder using atomic 

percentages of 0%, 5%, 10% and 15%. Later, these mixtures were pressed at room temperature to 

fabricate single targets of CdTe:Te as a function of Te atomic percentage. These targets were 

analyzed by XRD, and then used to deposit CdTe:Te films by PLD. 

Figure 6-12 a) shows the main peaks for all targets. As expected, the main peaks are related to the 

CdTe peaks, which correspond to cubic (111), (220), (311) and (400) orientations. These 
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diffractograms show a preferential orientation for (220), like the preferential orientation in 

annealed CdTe films. However, the as-deposited CdTe films were found to show a highly oriented 

cubic (111) structure. Figure 6-12 b) shows a close up of the diffractograms, where it can be seen 

that there are smaller peaks which correspond to the Te structure (101), (111) and (021). As 

expected, those Te peaks show a slight increase for samples with a higher Te concentration. 

 

Figure 6-12. The effect of the Te concentration on CdTe target diffractograms. b) shows close-up 
of a) plot for the analysis of the low intensity peaks. As expected, the peaks corresponding to the 
Te orientation increased when the Te concentration increased.  
 

After the target fabrication and XRD analysis, the CdTe films were deposited by PLD on 300 nm 

of thermally grown SiO2. Like in the previous experiments, the samples were deposited at a 20 

mTorr deposition pressure and 220°C substrate temperature. The energy density was adjusted to 1 

J/cm2 and 20,000 shots and a frequency of 10 Hz was used. After the deposition, all samples were 
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annealed at 400°C for 30 minutes in a N2 atmosphere and analyzed by XRD. Contacts of 150 nm 

of gold on 3 nm of copper were deposited and the CTLM structure was defined using a lift-off 

process [30]. I-V curves were measured from all samples to obtain the resistivity. 

 

Figure 6-13. a) The effect of Te concentration on Te-doped CdTe film diffractograms. b) shows 
close-up of a) plot for the analysis of the low intensity peaks.  Metallic Te phases were not found 
in the diffractograms. This should be due to Te atom incorporation into the CdTe lattice during the 
CdTe deposition and annealing process. 
 

Figure 6-13 a) shows the XRD results for samples deposited using the different Te doping 

concentrations in the CdTe targets. The diffractograms show results similar to those samples 

without the presence of excess Te in the targets. This means the sample without annealing showed 

a structure that is highly oriented as cubic (111), but after the annealing process, the samples 

showed an increase for the cubic (220) structure. Also, Figure 6-13 b) shows a close-up of the 
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diffractogram in order to analyze the smaller peaks; however, these plots did not show peaks for 

the metallic phases of Te. 

 

Figure 6-14. The effect of the Te concentration on I vs. V curves using CTLM structures. Samples 
did not show a ohmic behavior, so it was not possible to calculate the resistivity for all the samples. 
Te-doped CdTe is expected to decrease the resistivity of CdTe; however, the current values 
decreased when the Te concentration increased.  
 

Finally, a calculation of the resistivity from I-V measurements of CdTe-Te films was attempted 

using CTLM structures. However, the I-V curves did not show a linear behavior. While the 

determination of the resistivity from these films was not possible, Figure 6-14 shows some I-V 

curves for different Te concentrations, which show that the current decreased slightly when the Te 

concentration was increased. The behavior of the current with respect to the doping is the opposite 

of the expected results. CdTe with higher Te concentrations should increase the carrier 

concentration, which in turn should decrease the resistivity, and result in the current increasing in 

I-V data for CTLM structures. After these experimental results, it was necessary to change to a 

different doping method. 

6.2.2 Extrinsic doping: Cu doped CdTe 

6.2.2.1 Cu doping by solution 

Another experiment was done to achieve a Cu-doped CdTe layer through immersion of CdTe films 

in a Cu solution with an anneal step to facilitate the copper diffusion. As discussed, this method 
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has been reported by different authors [38, 42, 45, 102], and has been used successfully for Cu-

doped ZnTe by Lastra, et al [74, 103, 104]. 

For this experiment, 300 nm of thermally grown SiO2 on a mechanical wafer, and 50 nm of 

thermally grown SiO2 on highly doped p++ Si wafer, were used as the substrates. Similar to the 

previous deposition (Section 6.2.1), the CdTe layers were deposited at a deposition pressure of 20 

mTorr, and the energy density was maintained at 1 J/cm2 for all depositions. 20,000 shots were 

used in the deposition of all samples. In addition, the substrate temperature and frequency were 

varied for the CdTe deposition. First, as a baseline, CdTe films were deposited at 220°C with a 

frequency at 10 Hz. Then, the CdTe was deposited with a 400°C substrate temperature and using 

a laser frequency of 10 Hz and 6 Hz. The 6 Hz laser frequency was used to compare the CdTe 

films with those CdTe films deposited using co-deposition process by PLD. The laser frequency 

was always 6 Hz for co-deposition processes by PLD. 

 

After the CdTe films were deposited, the morphology and crystal structure were analyzed by SEM 

and XRD, respectively. Meanwhile, a Cu solution was prepared by mixing 60 mg of 

Cu(NO3)2•3H2O in 150 mL of DI water. Then, half of each sample was immersed into the Cu 

solution at 60°C for 1 minute and rinsed with DI water to remove any solution residue. CdTe films 

with and without copper were annealed at 400°C for 30 minutes in a N2 atmosphere. For a complete 

morphologic and crystalline study, XRD and SEM were used to analyze these samples. 

In order to complete the electrical characterization, contacts of 150 nm of gold on 3 nm of copper 

were patterned using the CTLM structure by a lift-off process, for structures made on the silicon 

mechanical substrate. In the same way, a similar metal structure was used to define circular 

contacts using a shadow mask on samples deposited on a highly-doped silicon wafer.  For the 

fabrication of the MIS structure, 150 nm of aluminum was deposited on these samples as the back 

contact. Finally, I-V and C-V measurements were made on these samples. 

Figure 6-15 shows the XRD diffractograms for all samples. All as-deposited films exhibited a high 

preferential orientation for the cubic (111) direction. As previously reported, after an anneal, the 

sample deposited at 220°C showed an increase in intensity in the cubic (220) direction. However, 



 

104 

the samples with and without copper showed similar peaks; this means that there was no effect of 

copper on the crystal structure. Annealed samples showed gold peaks resulting from the contacts. 

Figure 6-16 shows the SEM images of annealed samples with and without copper. These results 

were consistent with XRD results where the samples that were annealed after an immersion in the 

copper solution showed similar morphology to those without the copper immersion process. Also, 

the samples deposited at 400°C had larger grain sizes compared to those deposited at 220°C. In 

addition, the sample deposited at 220°C exhibited a high density of holes on the surface in the 

sample with the copper doping. This type of morphology could negatively affect the electrical 

performance for future devices due to the creation of spurious leakage current paths. Finally, the 

thickness of this samples was found by SEM cross sectional images where the thickness ranged 

from 130 nm to 140 nm. 

  

Figure 6-15. CdTe diffractograms demonstrating the effect of the Cu concentration after 
immersion in a Cu solution for doping. Different deposition conditions for CdTe were used for 
this experiment. Films showed only CdTe peaks and no metallic Cu peaks were found because the 
Cu should be incorporated into the CdTe lattice. 
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Figure 6-16. Effect of deposition conditions and Cu solution on CdTe morphology. a), b) and c) 
represent films using different deposition conditions that were annealed without immersion in the 
Cu solution. d), e) and f) represent films immersed in the Cu solution followed by an annealing 
process. As expected, samples deposited at a higher temperature show larger grain size; however, 
similar morphology was found between samples with and without copper. Also, samples deposited 
at 220°C and annealed with copper showed some holes that could increase leakage current in 
diodes. 
 

Table 6-1. Effect of the copper immersion in CdTe resistivity. For samples without copper, the 
resistivity showed similar values in the order of 107 Ω·cm. Similarly, all samples doped with 
copper showed similar values in the order of 105 Ω·cm. 

 

The electrical characterization was carried out on CTLM structures for these samples and 

demonstrated a resistivity decrease by 100x in the samples with copper compared to those without 

copper doping. The resistivity value for samples without the copper doping was ~4x107 Ω·cm for 

different deposition conditions, which was consistent with the previous experiments discussed 

above. After the copper doping, the resistivity values were ~3x105 Ω·cm. Also, the ohmic behavior 
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of the I-V measurement was improved after the copper doping. Table 6-1 summarizes the 

calculated resistivity for the different samples. 

 

Figure 6-17. Effect of copper doping on C-V plots using MIS structures. Samples with no copper 
showed the expected MIS behavior where the accumulation and depletion regions are observed. 
However, samples with copper do not behave like MIS capacitors because the copper diffusion at 
high temperature could create a conductive path on CdTe grain boundaries. This conductive path 
creates a connection between the gold contact and the SiO2 layer, avoiding the interaction of the 
Cu doped CdTe layer. 
 

Capacitance measurements were carried out on all samples using a MIS structure, where the 

semiconductor was the CdTe or Cu doped CdTe layer deposited with the same parameters 

previously described. The insulator layer in the MIS structure was 50 nm of thermally grown SiO2. 

The SiO2 layer was grown on a highly doped Si wafer, which acts as metallic layer in the MIS 

structure. Figure 6-17 shows the C-V plots for all of the annealed samples. Results for the samples 

without copper showed the expected p-type C-V behavior. Under negative voltage, accumulation 

is achieved and subsequently goes through depletion as one would expect an MIS capacitor. There 

are several reasons why these devices did not reach the theoretical capacitance value noted on the 

plot for 50 nm of SiO2. Material interactions at the interface with CdTe could increase the effective 

oxide thickness which would lower the accumulation capacitance, among others.  

For samples with copper, the plot does not exhibit the typical high frequency C-V characteristics 

of a MIS capacitor (i.e., accumulation, depletion, etc.) and begins to approach a more MIM-like 
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behavior (i.e., no depletion) because the copper atoms can diffuse along the CdTe grain boundaries 

due to the high temperature annealing. This copper diffusion produces conductive paths from top 

metal to the insulator layer (50 nm of SiO2). As a result, the interaction of the CdTe layer with the 

rest of the MIS structure is reduced. The holes which are expected to produce an accumulation 

effect on CdTe layer leak along the conductive copper paths on the CdTe grain boundaries and no 

accumulation region is produced on the MIS C-V measurement. 

 

Figure 6-18. The effect of the Cu doping on carrier concentration of CdTe. These carrier 
concentration values were calculated from C-V result; for this reason, only the carrier 
concentration for samples with no copper was calculated. The carrier concentration was close to 
1017 cm-3 regardless of the deposition method. 
 

Figure 6-18 shows the depletion width W versus NA calculated from the previous C-V data. 

Samples without copper showed a carrier concentration around 1017 cm-3; and a depletion width 

around 100 nm, which was slightly thinner compared to the CdTe layer thickness found by SEM 

images. Finally, samples with copper showed a very thin depletion width, which would be 

consistent with a highly doped CdTe film. 

6.2.2.2 Cu doping by metallic layer 

As another method for synthesizing copper doped CdTe, a thin layer of Cu deposited by e-beam 

evaporation on top of the CdTe along with an anneal to diffuse the copper was done, and the 
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subsequent layer was studied. The CdTe was deposited by PLD, using the same conditions as the 

previous experiment. The CdTe was deposited on 300 nm of thermally grown SiO2 for the 

fabrication of the CTLM structure and XRD analysis. The substrate temperature was fixed at 

400°C, where 20,000 shots at 10 Hz were deposited and the energy density was maintained at 1 

J/cm2. After the CdTe deposition, a uniform Cu layer was deposited on the CdTe surface (not only 

in contact region). Layer thickness values of 0.5 nm and 1.3 nm were deposited for a 2% and 5% 

of Cu:Cd atomic ratio, respectively. The Cu layer was deposited at deposition rate between 0.1 

Å/sec and 0.2 Å/sec for a uniform Cu layer. 

Samples described above were annealed at 400°C for 30 minutes in a N2 atmosphere, and XRD 

measurements were conducted on these samples. For electrical characterization, 150 nm of gold 

on 3 nm of copper were patterned by lift off for the CTLM structures. Finally, an annealing step 

was carried out at 150°C for 30 minutes in a N2 atmosphere to improve the contact resistance. 

 
Table 6-2. Effect of the copper layer thickness and annealing time on CdTe resistivity. Similar to 
previous results, all samples with copper showed values in the order of 105 Ω·cm regardless of the 
copper layer thickness and annealing time. Also, for the non-doped CdTe, the resistivity was 
calculated on the order of 107 Ω·cm. 

 

For electrical characterization, I-V curves were measured from the CTLM structures. The 

resistivity was calculated and there was no dependence on the different copper concentrations. The 

control sample without copper showed a resistivity of 2.5x107 Ω·cm, while the samples with 

copper had similar values, regardless of the copper concentration. The resistivity calculated for all 

samples ranged between 5.2x105 Ω·cm to 6.8x105 Ω·cm, which demonstrates a very constant 

resistivity value. The resistivity values for different copper concentration and anneal times are 

shown in Table 6-2.   
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6.2.2.3 Cu doping by CdTe-Cu2Te co-deposition by PLD 

In the next experiment, CdTe was doped with copper using a co-deposition method by PLD. For 

this method, multiple thin layers of CdTe and Cu2Te were deposited consecutively by PLD. After 

the CdTe:Cu2Te deposition, the films were annealed in order to cause inter-diffusion between both 

materials. 

 

Figure 6-19. Effect of the Cu2Te concentration in the CdTe crystalline structure. Cu2Te peaks were 
not found due to the possible incorporation of Cu2Te into the CdTe lattice. 
 

While the co-deposition process with successive and alternate layers of CdTe and Cu2Te were 

deposited, the deposition pressure was fixed at 20 mTorr for all samples. The total number of shots 

was close to 20,000, and the number of shots per material was calculated to obtain an atomic ratio 

Cu:Cd of 1%, 2%, 5% and 10%. The deposition temperature was set at 400°C and the energy 

density was 1 J/cm2. For the co-deposition process, the frequency was always set at 6 Hz. 

The samples described above were annealed at 400°C for 30 minutes and 120 minutes in a N2 

atmosphere, and XRD measurements were made on these samples. For electrical characterization, 

150 nm of gold on 3 nm of copper was patterned by lift off to complete the CTLM structures. 

Finally, an annealing step was done at 150°C for 30 minutes in a N2 atmosphere to improve the 

contact resistance. 



 

110 

Figure 6-19 shows the XRD results where there are no peaks corresponding to Cu or Cu2Te found 

in these diffractograms. Samples were highly oriented in the cubic (111) direction but a mixture 

of cubic and hexagonal phases were found. 

 

Table 6-3. Effect of the Cu2Te concentration and annealing time on CdTe resistivity. CdTe-only 
films were measured as a reference and, as expected, the resistivity was in the order of 107 Ω·cm. 
On the other hand, all Cu doped CdTe films showed values on the order of 105 Ω·cm, regardless 
of annealing time and Cu2Te concentration.  

 

CTLM structures were used to calculate the resistivity values for the previous samples. Table 6-3 

shows the calculated resistivity for the samples described above. These results are comparable with 

those from the other Cu doping methods. The pure CdTe resistivity was calculated in the previous 

experiments and was consistently reported to be 2.5x107 Ω·cm. On the other hand, for the samples 

with copper, the resistivity decreased 100x, regardless of the copper concentration. For all samples 

with copper, the resistivity varied from 2.7x105 to 6.6x105, regardless of the copper concentration. 

In summary, all Cu doped CdTe films showed a resistivity value on the order of 105 Ω·cm, 

regardless of the copper concentration and doping method. This result could be because the copper 

reached a concentration saturation level irrespective of the Cu doping amount or methodology. 

The gold/copper contact was substituted for only a gold contact, this change was proposed since 

the copper in the first contact was required to improve the contact resistance between the copper 

and CdTe. However, these doped CdTe films already possess copper. In the same way, the 

annealing following the contact deposition at 150°C was avoided. The I-V curves were measured 

and the resistivity values were calculated showing similar values to those with a gold/copper 

contact (not shown).  
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6.2.3 Cu doped ZnTe by co-deposition by PLD 

From the simulation results, the carrier concentration of the p and p+ layer must be controllable. 

However, the previous section showed that the resistivity of CdTe could not be modulated with 

the copper doping strategies attempted. For this reason, a new material, ZnTe, was tested as a 

prospective layer as the p+ film for the JFET structure. Lastra, et al. demonstrated that copper 

doping from solution produces a resistivity decrease of several orders of magnitude [74, 103, 104]. 

However, a more controllable copper doped ZnTe is expected using the co-deposition method by 

PLD. 

For this experiment, ZnTe and Cu doped ZnTe layers were deposited on 300 nm of thermally 

grown SiO2. The deposition pressure for all films was set at 20 mTorr and the substrate temperature 

was controlled at 90°C. The number of shots of Cu2Te was studied to modulate the copper 

concentration of ZnTe films. The energy density of the laser was fixed optically at 1 J/cm2, and 

for all co-deposition processes, the laser frequency was fixed to 6 Hz. Also, the effect of the 

annealing temperature and time were studied in this section. For the electrical characterization, 

gold/nickel contacts were deposited using an e-beam evaporator to form the CTLM structure or 

Hall effect contacts. 

6.2.3.1 Effect of the number of shots of Cu2Te 

The first experiment was the co-deposition of the ZnTe and Cu2Te layers. For a first approximation 

of resistivity and carrier concentration, the film was evaluated using the Hall effect tool. First, a 

layer of 158 shots of ZnTe mixed with layers of Cu2Te were deposited on 300 nm of thermally 

grown SiO2. The number of shots of the Cu2Te was varied between 0 shots, 18 shots and 36 shots. 

The rest of parameters were the same as previously described. 

After the Cu doped deposition, the samples were annealed at 300°C in a N2 atmosphere for 20 

minutes. This annealing process was carried out using Lastra’s [74, 103, 104] results for the 

purpose of intermixing the ZnTe and Cu2Te layers. After the annealing step, gold on nickel 

contacts were deposited by e-beam evaporation, using a shadow mask for the patterning of the Van 

der Pauw structures. The three samples were measured using the Hall effect tool to find the carrier 

concentration and the resistivity of those layers. 
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Samples with only ZnTe (0 shots of Cu2Te) were too resistive and they could not be measured by 

the Hall system. Due to the limits of the tool, the resistivity of pure ZnTe films is most likely >105 

Ω·cm. On the other hand, the samples with interlayers of 18 shots and 36 shots of Cu2Te showed 

resistivity values of 66 Ω·cm and 1.9 Ω·cm, respectively. Also, the carrier concentration for 

samples with 18 shots of Cu2Te was calculated to be 2x1017 cm-3. Similarly, for sample with 36 

shots of Cu2Te, the carrier concentration was 3x1019 cm-3. 

In addition, the resistivity and carrier concentration extracted by the Van der Pauw method and the 

Hall effect measurements (described in Section 3.4.3) demonstrated that resistivity and carrier 

concentration can be modulated by the co-deposition method by PLD. However, the carrier 

concentration of samples with 36 shots of Cu2Te was too high (3x1019 cm-3) for JFET 

implementation, which must be <1018 cm-3 based on the simulation results described in section 

6.1. 

After the results from this experiment, the effect of the number of shots of Cu2Te was studied more 

in-depth. Similar samples described previously were deposited for this experiment except the 

number of shots for Cu2Te were 0 shots, 9 shots, 18 shots and 27 shots with 158 shots of ZnTe. 

The same annealing process was carried out for these samples. For this experiment, the CTLM 

structures were defined by a lift-off process using similar gold/nickel contacts. The I-V data were 

collected from the CTLM structures, and the resistivity was calculated for these samples. 

 

Figure 6-20. Effect of Cu2Te concentration on ZnTe resistivity. The resistivity was exponentially 
modulated using different numbers of shots of Cu2Te during co-deposition by PLD. The resistivity 
decreases from 106 Ω·cm for only ZnTe to 102 Ω·cm with 27 shots of Cu2Te. 
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Figure 6-20 shows the resistivity results for the different number of shots of Cu2Te during the co-

deposition process. The higher the number of shots should increase the copper concentration on 

Cu-ZnTe films. As a result, lower resistivity values are expected with increasing shots of Cu2Te. 

The plot illustrates the resistivity values decreasing logarithmically when the copper concentration 

increases in the ZnTe films. The resistivity values were modulated proportionally to the number 

of shots of Cu2Te, where the resistivity reduced by 104. This result is consistent with the previous 

experiment and demonstrated that the ZnTe resistivity can be modulated using co-deposition of 

ZnTe with Cu2Te. 

6.2.3.2 Effect of the annealing temperature 

The copper in samples with CdTe and CdS has been reported to be able to diffuse along the full 

structure and degrade the device behavior. In this case, the annealing temperature and time on the 

CdTe-CdS structure, copper could diffuse and degrade the diode behavior by increasing the reverse 

bias current. The reverse bias current in diodes is directly related to the leakage current in a JFET. 

For that reason, the reverse current needs to maintain a value on the order of a nA. Therefore, the 

effect of the annealing temperature was studied to determine the resistivity changes of Cu-doped 

ZnTe with the reduction of the annealing temperature with the goal of avoiding copper diffusion 

in the CdTe and CdS layers. 

Similar samples described in the previous section were deposited by PLD. For this experiment, the 

number of Cu2Te shots remained as 0 shots, 9 shots, 18 shots and 27 shots between each layer of 

158 shots of ZnTe. Gold/Nickel contacts were deposited by shadow mask to define Van der Pauw 

structures. The Hall effect tool was used to measure the resistivity and carrier concentration prior 

to any annealing steps. After the measurements, the samples were annealed at 150°C in a N2 

atmosphere for 20 minutes followed by resistivity and Hall effect measurements again. The same 

steps were repeated and the samples were annealed at 200°C, 250°C and 300°C with resistivity 

and Hall effect measurements in between. 

Figure 6-21 shows the results for the resistivity calculation using the Van der Pauw method for all 

samples with copper. Similar to the previous experiment, only the ZnTe film was too resistive to 

be measured by the Hall effect tool. For samples with no annealing, the resistivity for all films 

showed similar values because the samples are deposited as a multilayer stack before the annealing 
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step. This results in ZnTe and Cu2Te layers not interacting to have Cu atoms in the ZnTe layer, 

thereby having similar resistivity without any modulation. The samples annealed at 150°C show a 

small modulation with respect to the samples with the lowest amount of copper. However, samples 

with 18 shots and 27 shots of copper showed similar resistivity values. For samples annealed at 

temperatures >200°C, the resistivity exhibited modulation with respect to the copper 

concentration, where the resistivity decreases when the temperature increases. This can be caused 

by the increasing temperature enabling better intermixing of layers to incorporate more copper into 

the ZnTe films. 

 

Figure 6-21. Effect of Cu2Te concentration and annealing temperature on ZnTe resistivity. As-
deposited samples showed similar resistivity values (102 Ω·cm) regardless of Cu2Te concentration 
due to the fact that the film structure is comprised of ZnTe and Cu2Te layers with no intermixing. 
However, when samples are annealed at temperature >200°C, films demonstrate a reduction in 
resistivity as a function of increasing Cu2Te concentration increase due to intermixing. 
 

For the carrier concentration calculations, the Hall effect tool only showed consistent values for 

samples annealed at 300°C. Hall effect measurements are very sensitive to the uniformity of the 

films. For that reason, the tool calculated a factor called the “limit of measurement” for carrier 

type, as explained in Section 3.4.3.2. This factor is related to the uniformity of the films. For films 

annealed at temperature <250°C, the limit was too low and the carrier concentration was calculated 
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as p and n type in the same samples. For that reason, the carrier concentration calculated for these 

films are not trusted, and therefore, not reported. Only samples annealed at 300°C showed 

consistency with the carrier type. The carrier concentration values are reported in  

Table 6-4. The carrier concentration calculated for samples annealed at 300°C exhibited a 

consistent behavior with respect to the amount of copper in the ZnTe films.  

 
Table 6-4. Effect of Cu2Te concentration on ZnTe carrier concentration calculated by the Hall 
effect system. Only samples annealed at 300°C gave reliable results from the Hall effect 
measurement system. For this annealing temperature, the carrier concentration was modulated 103 
by varying the number of shots of Cu2Te from 9 shots to 27 shots between 158 shots of ZnTe. 

 

In summary, the resistivity calculated for samples with no annealing step showed similar values 

due to the structure of these films being closer to a multilayer stack than a Cu doped ZnTe layer. 

An annealing step of at least 200°C was necessary to produce resistivity modulation with respect 

to the copper concentration in Cu:ZnTe films. Finally, only the annealing at 300°C produces 

consistent values in the Hall effect measurement system. This annealing temperature should be 

chosen for next set of experiments, since this effect could be related to better uniformity of the Cu 

intermixing in the ZnTe. 

6.2.3.3 Effect of the annealing time in Cu doped ZnTe 

The previous experiment was designed to reduce the annealing temperature that incorporates the 

Cu into the ZnTe, and avoid the diffusion of Cu into the CdTe and CdS layers. The Hall effect 

results demonstrated the need to have an annealing temperature of 300°C to produce uniform 

ZnTe:Cu films. Since the annealing temperature has been determined, the annealing time is studied 

in this section. A proper annealing time could produce the mixing of the Cu atoms while avoiding 

the diffusion of Cu into the full structure. 
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For this experiment, the samples from the previous experiment were repeated using the same 

parameters. Also, gold/nickel contacts were deposited by e-beam evaporation to define the Van 

der Pauw pattern. The samples were measured by the Hall effect system to find the resistivity and 

carrier concentration prior to being exposed to an annealing process. Then, samples were annealed 

at 300°C in a N2 atmosphere for 1 minute; followed by the same electrical characterization on the 

Hall effect tool. Later, the same samples were annealed for 4 minutes in order to obtain a total 

annealing time of 5 minutes. After the Hall effect measurements, samples were annealed again for 

15 minutes for a total annealing time of 20 minutes followed by the same electrical characterization 

to complete the anneal – measure cycle. 

 

Figure 6-22. Effect of Cu2Te concentration and annealing time on a) ZnTe resistivity and b) ZnTe 
carrier concentration. As expected, samples without anneal showed similar electrical behavior 
regardless of Cu2Te concentration. After only 1 minute of annealing at 300°C, the films showed 
resistivity and carrier concentration modulation with respect to Cu2Te concentration. 
 

Figure 6-22 a) shows the calculated resistivity for the different annealing times. Again, samples 

with no copper were too resistive and could not be analyzed using the Hall tool. On the other hand, 

for samples with copper but with no annealing, the resistivity was very close in all samples as 

explained in the previous experiment. Samples annealed for only 1 minute revealed a resistivity 

modulation depending on the copper concentration. For longer annealing time (> 1 minute), the 

resistivity of samples decreased less than 10x compared with samples annealed for 1 minute. The 
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resistivity at this temperature with varying anneal times was modulated by approximately 100x 

when using these varying amounts of Cu in the ZnTe films. The carrier concentration for the same 

samples are shown in Figure 6-22 b). The carrier concentrations is consistent with the resistivity 

measurement. For samples that were not annealed, the carrier concentration is on the order of 1015 

cm-3.  However, after one minute of annealing, the carrier concentration varied from 1015 cm-3 to 

1018 cm-3, consistent with the copper concentration in the films. 

In summary, the annealing time can be reduced to 1 minute in order to produce a reduction in the 

resistivity and increase in the carrier concentration for Cu-doped ZnTe films. The annealing time 

is very short compared to the 20 minutes that was used in the first part of this section. At this point, 

the anneal time has not been studied enough to determine if the copper has diffused into the CdTe 

and CdS layers, and thereby, degrade the diode behavior. This effect will be analyzed in the 

following sections. 

6.3 Materials Integration and Evaluation for JFET Device Operation 

6.3.1 Mask designs 

Photolithography processes were designed to fabricate the simulated JFET structures. These 

photolithography processes were designed to fabricate JFETs using the structure on a SiO2 

substrate, as well as on ITO-glass. Also, the photolithography-based devices are used to reduce 

the diode area which would decrease the reverse bias current of the diodes. 

6.3.1.1 Top gate-top contact structure, designed for SiO2 substrate 

First, a set of three masks was designed for the top gate structure. The cross section and the top 

view of the photolithography process is described below in Figure 6-23. 

The structure starts with precleaned and thermally grown SiO2 on a Si wafer. Later, Cu doped 

ZnTe, the p+ layer, is deposited by PLD and patterned by a lift-off process. Next, a uniform CdTe 

layer is deposited by PLD; this p-type layer is not patterned, and no mask is needed. The second 

mask is used for patterning the n CdS layer, which is deposited by PLD. Finally, the last mask is 

used for patterning the contacts by a lift-off process. 
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Figure 6-23. JFET fabrication steps designed for top gate - top contact structure. a) The structure 
starts with precleaned substrate of SiO2. b) ZnTe:Cu is deposited and patterned using a lift-off 
process. c) CdTe is deposited without patterning. d) the CdS layer is deposited and patterned by 
wet etching. e) finally, gold contacts are patterned by lift-off. 
 

The final structure of the JFETs is shown in Figure 6-24. 
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Figure 6-24. JFET structure for photolithography process designed for a SiO2 substrate. 
 

 

Figure 6-25. a) Diode structure for the photolithography process designed for the SiO2 substrate. 
b) Unit cell including JFET’s, diodes and CTLM structures. 
 

In the previous mask design, the diode and CTLM structures were incorporated in order to analyze 

only the diode behavior and to measure the resistivity of the channel material, respectively. Figure 

6-25 a) shows the incorporated diode structure. Figure 6-25 b) shows the full unit cell of the 

fabricated masks. 

6.3.1.2 Top gate-top contact structure, designed for ITO substrate 

In the simulation process, a structure comparable to the diodes fabricated by the shadow mask 

process in Chapter 4 was studied. For this reason, a photolithography process was designed using 

this structure for JFETs. This set of 4 masks is based on the JFET fabrication using commercial 

ITO-glass as the substrate. The cross section and the top view of the full photolithography process 

is described below in Figure 6-26: 



 

120 

 

Figure 6-26. JFET fabrication steps designed for bottom gate - top contact structure. a) The 
structure starts with precleaned commercial ITO glass. b) ITO is patterned by dry etching. b) CdS 
layer is deposited and patterned by wet etching. c) CdTe is deposited without patterning. e) 
ZnTe:Cu doped is deposited and patterned by lift-off process. f) finally, gold/nickel contacts are 
patterned by lift-off. 
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First, the photolithography process starts with a precleaned commercial ITO-glass substrate. The 

first mask is used to pattern the ITO layer by a photolithography process. The second mask is used 

to pattern the n CdS layer deposited by PLD. After the CdS patterning, a uniform layer of p-type 

CdTe is deposited by PLD and no patterning is required. Following the CdTe deposition, p+ 

ZnTe:Cu layer is deposited by PLD and patterned by a lift-of process using the third mask. Finally, 

the last mask is used for patterning the source and drain contacts using a lift-off process.  

The final JFET structure is shown in Figure 6-27. The ITO is connected to the edge of each sample. 

 

Figure 6-27. JFET structure for a photolithography process designed for an ITO-glass substrate. 
 

 

Figure 6-28. a) Diode structure for the photolithography process designed for an ITO-glass 
substrate. b) Unit cell including JFET’s, diodes and CTLM structures. Structure is designed for 
1x1 square inch in size. ITO contacts are connected to the edge of sample. 
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Similar to the previous design, the diode structure and CTLM structures were incorporated into 

the full photolithography process. The diode structure is shown in Figure 6-28 a). Finally, the full 

unit cell for this photolithography process is illustrated in Figure 6-28 b). 

6.3.2 Fabricated devices 

Multiple diode and JFET devices were fabricated using the results from the experiments in the 

previous sections, as well as the simulation results. Two different structures were attempted. The 

first structure contains the p or p+ layer on the substrate or metal, followed by the CdS deposition. 

The other structure tested had the CdS layer on top of a conductive layer, followed by the 

deposition of a p or p+ layer. In all cases, CdS was used as the n+ layer which should extend the 

depletion region primarily into the p or p+ channel region. Finally, different materials were 

evaluated as the p and p+ layers such as: CdTe, Cu doped CdTe, ZnTe and Cu doped ZnTe. 

6.3.2.1 CdS on P/P+ devices based on top gate – top contact structure 

In this section, the diodes and JFETs were fabricated using a shadow mask for the photolithography 

process described in Section 6.3.1.1. The n region was CdS in all devices. For the p-type channel 

region, Cu doped CdTe and Cu doped ZnTe were tested in different experiments. 

Fabrication and characterization of diodes using a shadow mask process on SiO2 substrate 

For the first experiment, diodes were fabricated using a shadow mask to define the active area and 

pattern the top contact. The structure is similar to the one shown in Figure 4.1. In this case, 300 

nm of gold were deposited on 10 nm of chromium on top of 300 nm of thermally grown SiO2 by 

e-beam evaporation. The metal layer was not patterned. Then, 150 nm of Cu doped CdTe was 

deposited on top of the metal layer. The films were annealed at 400°C for 30 minutes and 120 

minutes in a N2 atmosphere. After the anneal, 50 nm of CdS was deposited on top of Cu-doped 

CdTe followed by an Al top contact defined by a shadow mask. These Al contacts were deposited 

using e-beam evaporation. 

The doping of the CdTe layer using copper was attempted by two methods. Both methods are 

described in Figure 6-29. The first method consisted of the co-deposition of CdTe and Cu2Te using 

different targets by PLD and illustrated in Figure 6-29 a). This method is described in Section 
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6.2.2.3. The number of shots of Cu2Te was adjusted to incorporate a 5% atomic ratio of Cu to 

CdTe film. The substrate temperature was 220°C or 400°C and the deposition pressure was 20 

mTorr. The number of shots was adjusted in order to obtain a thickness of 100 nm. The laser 

energy density was adjusted optically to 1 J/cm2, and the laser frequency was set at 6 Hz. 

 

Figure 6-29. Structures of CdS on Cu-doped CdTe heterojunctions. The Cu doped layer was 
produced a) by co-deposition method of Cu2Te and CdTe, and b) by Cu layer on top of CdTe. 
Samples were annealed at 400°C. 
 

The second method consisted of depositing a pure CdTe layer by PLD followed by the deposition 

of a thin Cu layer by e-beam evaporation. This method is shown in Figure 6-29 b). By adjusting 

the number of shots, 150 nm thick layer was obtained. The CdTe layer was deposited at substrate 

temperatures of 220°C or 400°C while the deposition pressure was maintained at 20 mTorr. Similar 

to the previous method, the laser energy density was fixed at 1 J/cm2, but the frequency used was 

10 Hz. Following the PLD deposition, a 13 Å thick Cu layer was deposited by e-beam evaporation. 

The thickness was calculated to obtain a 5% atomic ratio of Cu in the CdTe films. 

After the Cu-doped CdTe deposition, both films were annealed in a N2 atmosphere at 400°C for 

30 minutes or 120 minutes to incorporate the Cu into the CdTe film. Then, 50 nm of CdS was 

deposited by PLD at room temperature. The deposition pressure was set at 50 mTorr. After the 

CdS deposition, Al contacts were deposited using a shadow mask to define the active area of the 

diodes. Finally, I-V and C-V data were collected from the diodes that experienced different 

methods for doping the CdTe films with Cu. 
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Figure 6-30 shows the I-V curves for diodes using different methods for doping the CdTe with Cu.  

Included in the plot are samples annealed for 30 minutes or 120 minutes. Only the diodes with 

CdTe deposited at 220°C are shown in the plot since the diodes deposited at 400°C were short 

circuited. Also, the diodes with a non-doped CdTe layer were included as a reference for 

comparison. The main finding is that the reverse bias current is too high. The reverse bias current 

is related to leakage current (IG) in JFETs, and for that reason, these diodes did not show the diode 

behavior required for a JFET structure. Furthermore, these diodes showed a poor rectification 

behavior where the ION/IOFF ratio was only 10x in most cases. Due to this high reverse bias current, 

the C-V data were invalid, so no parameters were able to be extracted. 

 

Figure 6-30. I-V curves for CdS on Cu doped CdTe. CdS on the pure CdTe structure was included 
for reference. Cu doping for CdTe was carried out using co-deposition method of Cu2Te and CdTe 
by PLD and Cu metallic layer deposition. Devices exhibited high leakage current and poor 
rectification behavior for all samples.  
 

The diodes with ZnTe and ZnTe doped with Cu, were analyzed in this section. The structure and 

fabrication process were similar to the process described previously. However, some stains on Cu 

doped ZnTe showed up after the annealing. Also, all diodes exhibited a short circuit behavior and 

are not reported in this work.  
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Fabrication and characterization of diodes and JFETs using photolithography process on 

SiO2 substrate 

 

Figure 6-31. a) Structure for JFETs fabricated by photolithography using a top gate – top contact 
structure. b) I-V curves for diodes fabricated by the photolithography process demonstrated poor 
rectification behavior with a ION/IOFF ratio close to 1. 
 

A photolithography process was designed to fabricate the diodes and JFETs. The full process is 

explained in Section 6.3.1.1. In this case, the same deposition conditions for CdTe doped with Cu 

and CdS were followed to fabricate these devices by shadow mask. The process was described in 

Section 6.3.1.1, and the structure of the JFET is shown in Figure 6-31 a). However, after 

completing the I-V and C-V measurements, the results were similar to those in the previous section 
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where both diodes, using the different doping methods, still demonstrated poor rectification 

behavior. The I-V curves are shown in Figure 6-31 b). The rectification factor is close to 1. Due to 

this, the C-V measurements were not consistent, so no parameters were extracted. For the Cu-

doped ZnTe method, the layers peeled off during the CdS etching process. 

In summary, no good diodes were obtained from samples using SiO2 as the substrate. Devices 

fabricated by a shadow mask or photolithography process showed a low ION/IOFF ratio, similar to 

a resistor instead of a diode. In conclusion, diodes based on the CdS on CdTe structure showed 

poor electrical behavior compared to the diodes with the structure of CdTe on CdS shown in the 

previous chapter. In addition, when ZnTe replaced the CdTe, several problems were found during 

fabrication. The ZnTe-CdS structure showed poor stability and did not yield working devices 

during the fabrication process, and thus, were not electrically characterized. 

6.3.2.2 P/P+ on CdS devices based on bottom gate – top contact structure 

In this section, new diodes and JFETs were fabricated using the shadow mask or photolithography 

processes described in Section 6.3.1.2. This structure was designed to be used on a commercial 

ITO-glass substrate. The first layer deposited was n-CdS for all fabricated devices. Then, CdTe, 

Cu-doped CdTe, ZnTe, or Cu-doped ZnTe layers were deposited as p or p+ layers in different 

experiments. 

Fabrication and characterization of diodes using a shadow mask process on ITO-glass 

substrate 

In these experiments, commercial ITO-glass was used as the substrate and different p and p+ layers 

were tested. Similar to prior studies, Cu-doped CdTe using a metallic Cu layer, co-deposition of 

Cu2Te – CdTe, co-deposition of Cu2Te – ZnTe, and a bilayer of CdTe and Cu doped ZnTe were 

studied. The structure for these devices is similar to the structure shown in Figure 4.1. 

In the first experiment, a CdS layer was deposited on pre-cleaned commercial ITO-glass. The 

number of shots of the CdS was adjusted to obtain a 50 nm thick layer. The deposition pressure 

was maintained at 20 mTorr, and the films were deposited at room temperature. The laser’s energy 

density was fixed optically at 1 J/cm2 and the shot frequency was set to 10 Hz. After the CdS 

deposition, 100 nm of Cu-doped CdTe was deposited using a metallic layer of Cu or using the co-
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deposition technique of Cu2Te – CdTe by PLD. The parameters for these layers were described in 

Sections 6.2.2.2 and 6.2.2.3. The thickness of the metallic Cu layer and the number of shots of the 

Cu2Te target was adjusted in order to obtain 5% atomic ratio of Cu in CdTe. Then, samples were 

annealed at 400°C for 30 minutes in a N2 atmosphere to diffuse the copper into the CdTe layer. 

Finally, Au/Cu contacts were deposited by e-beam evaporation using a shadow mask to define the 

diode active area, followed by an annealing step at 150°C for 30 minutes in a N2 atmosphere. The 

process followed during this experiment is shown in Figure 6-32 a) and Figure 6-32 b), for CdTe 

doped using the co-deposition method and by Cu metallic layer, respectively. 

 

Figure 6-32. Structures for Cu-doped CdTe on CdS heterojunctions. The Cu-doped layer was 
produced by a) co-deposition of Cu2Te and CdTe or b) Cu layer on top of CdTe. Samples were 
annealed at high temperature (400°C) in the presence of Cu in the structure. 
 

The I-V and C-V curves were measured for the diodes. These samples were not consistent, and 

had poor rectification performance and high leakage current. The reason for this behavior could 

be related to the Cu diffusion inside the full structure. Samples with a metallic Cu layer annealed 

at 400°C could have copper reach the CdTe/CdS interface, producing a short circuit or poor 

interface. After this result, samples with copper were not annealed at high temperatures (400°C). 

Furthermore, the C-V curves were inconsistent due to the poor rectification behavior in these 

samples. 

The next experiment was designed using Cu-doped CdTe, and the sample was annealed at 400°C 

before incorporating Cu into the structure. Based on the previous results, the Cu-doped CdTe film 

using co-deposition by PLD was discarded. Only samples using a metallic Cu layer as the doping 
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method of CdTe was used. The new process for this experiment is shown in Figure 6-33. The 

deposition conditions for the CdS and CdTe were similar to the ones described for the last 

experiment. 

 

Figure 6-33. Illustration of the Cu-doped CdTe on CdS heterojunction structure. CdTe was doped 
with copper by deposition of a Cu layer on top of CdTe after the sample was annealed at 400°C. 
A second annealing step at low temperature (150°C) was carried out for the Cu diffusion. 
 

 

Figure 6-34. I-V curves for diodes with different thickness of Cu layer. The reverse bias current 
increased consistently when copper layer thickness increased. 
 

For this experiment, 50 nm of CdS and 150 nm of CdTe were deposited in situ by PLD, followed 

by the annealing process at 400°C for 30 minutes in a N2 atmosphere. Then, a metallic Cu layer 

was deposited using an e-beam evaporator. The Cu layer thickness was varied between 0 nm (no 
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Cu), 0.5 nm, 1 nm and 2 nm. After the Cu deposition, Au contacts were deposited using e-beam 

evaporation and the contacts were patterned by shadow mask. At the end, samples were annealed 

at 150°C for 60 minutes in a N2 atmosphere. Then, I-V and C-V data were measured for this diode 

structure. 

Figure 6-34 shows the I-V curves for diodes with different thicknesses of the Cu layer. The forward 

bias current is slightly affected by the Cu layer thickness. Only samples with no copper showed a 

lower forward bias current in the region corresponding to series resistance. This could be due to 

copper reducing the contact resistance for CdTe. For the reverse bias current, the leakage current 

increased when the Cu concentration was increased. From the C-V curves, the CdTe carrier 

concentration was extracted. All values remained between 1016 cm-3 and 1017 cm-3. 

After studying the effect of the Cu thickness on the diode behavior, the annealing time at 150°C 

was studied in order to find the optimal conditions for copper diffusion. A similar structure 

described in the previous experiment was used. For these devices, 300 nm of CdTe was deposited 

in situ on 50 nm of CdS. An annealing step at 400°C was executed. Then, e-beam evaporated 

copper was deposited at thicknesses of 0 nm, 0.5 nm, 1 nm or 2 nm. Next, Au contacts were 

deposited by e-beam using shadow masks. Finally, an annealing step was carried out at 150°C in 

a N2 atmosphere for 0 min (not annealed), 30 minutes, 60 minutes and 120 minutes. I-V and C-V 

measurements were made for these diodes. 

Figure 6-35 shows the I-V curves for diodes with different copper thicknesses (from a to d) and 

different anneal times at 150°C. In Figure 6-35 a), samples with no copper showed a similar 

behavior for the different annealing times, where the reverse and forward bias current had little 

change, as expected since no Cu was present. On the other hand, thicker Cu layers consistently 

increased the reverse bias current when compared to the same annealing times. This is consistent 

with results from the previous experiments. 

The effect of the Cu concentration on the CdTe carrier concentration and depletion width was 

studied from the C-V results. Figure 6-36 shows the CdTe carrier concentration vs. the depletion 

width. As expected, the carrier concentration increased slightly when the copper thickness was 

increased. Also, the depletion width decreased when the copper thickness increased. This could be 

due to the highly doped Cu layer close to the surface of the CdTe, which should not deplete as 
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much as a lower Cu concentration layer would. When the Cu layer thickness increases, this highly 

doped layer can diffuse deeper into the CdTe layer. The CdTe carrier concentration remained 

between 1016 cm-3 and 1017 cm-3 for all samples. 

 

Figure 6-35. The effect of the annealing time and copper layer thickness on CdTe/CdS diodes. The 
copper layer thicknesses were a) 0 nm (No copper), b) 0.5 nm, c) 1 nm and d) 2 nm. The reverse 
bias current increased as the copper thickness increased. Similarly, the reverse bias current 
increased when annealing time increased, except for sample without copper.  
 

The last experiment to test Cu-doped CdTe was increasing the copper layer thickness deposited by 

e-beam evaporation in shadow mask devices. In this case, 200 nm of CdTe was deposited in situ 

on 50 nm of CdS. Then, the regular 400°C annealing was carried out. Next, different copper layers 

were deposited by e-beam evaporation. The copper layer thicknesses were 0 nm (no Cu, as a 
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reference), 4 nm, 8 nm and 16 nm. After the copper deposition, the samples were annealed at 

150°C in a N2 atmosphere for 30 minutes. The annealing time was selected from the previous 

experiment to avoid increasing the leakage current due to the copper diffusion. Finally, Au contacts 

were deposited by e-beam evaporation using shadow masks. The I-V and C-V curves were 

measured for these diodes. 

 

Figure 6-36. CdTe carrier concentration vs. depletion width calculated from C-V curves for diodes 
with varying copper layer thickness. The carrier concentration increased slightly for thicker copper 
layers. The depletion width decreased for thicker copper layers due to Cu penetration into the CdTe 
layer. 
 

Figure 6-37 shows the I-V curves for the diodes with different copper thicknesses. As expected, 

the leakage current increases as the copper thickness increased. The forward bias current changes 

slightly for different copper thickness. However, this effect could mainly be related to CdTe 

contact resistance. Finally, the CdTe carrier concentration and the depletion width was calculated 

from the C-V measurement and these results are shown in Figure 6-38. Similar to previous 

experiments, the CdTe carrier concentration increased almost 10x when the Cu layer thickness 

was 16 nm, compared to the sample with no copper. Also, the depletion width decreased when the 

Cu layer thickness increased. This effect was reported in the previous experiment. 
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Figure 6-37. I-V curves for diodes with thicker Cu layer for CdTe doping. The copper layer 
thickness varied from 0 nm (No Cu) to 16 nm where the reverse bias current increased consistently 
as the Cu layer thickness increased. 
 

 

Figure 6-38. CdTe carrier concentration and depletion width calculated from C-V curves for diodes 
with varying copper layer thickness from 0 nm (No Cu) to 16 nm. The effect on carrier 
concentration vs. depletion width was consistent with the previous results where the carrier 
concentration increased for thicker copper layers. Meanwhile, the depletion width decreased for 
thicker copper layers due to to Cu penetration into the CdTe layer. 
 

Also, some devices were fabricated using Cu-doped ZnTe by co-deposition by PLD. First, the 

CdTe layer was replaced by ZnTe or Cu-doped ZnTe using the deposition parameters shown in 
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Section 6.2.3. The structure and process is shown in Figure 6-39 a). Similar to results shown 

previously when the CdS and ZnTe were deposited back to back, the films showed instability 

during the fabrication. All diodes exhibited a short circuit during the I-V measurements. 

Finally, a structure using Cu-doped ZnTe on top of CdTe was tested using a shadow mask. The 

structure and process is shown in Figure 6-39 b). The parameters were similar to those reported in 

the previous Section 6.2.3. The samples were annealed for 20 minutes at 300°C in a N2 atmosphere. 

The annealing at a high temperature over that long of a time with Cu in the structure reproduced 

the poor diode behavior reported for samples with Cu-doped CdTe. For that reason, the I-V curves 

for these devices showed a high leakage current and a poor rectification factor. 

 

Figure 6-39. Structure of heterojunctions using Cu-doped ZnTe as a p+ layer for the channel 
region. ZnTe was doped with copper by the co-deposition method of Cu2Te and ZnTe by PLD. 
Cu-doped ZnTe layer was deposited on a) CdS layer or on b) CdTe/CdS structure. The sample was 
annealed at high temperature (300°C) in the presence of Cu in the structure for Cu2Te and ZnTe 
mixing. 
 

The results shown in this section were consistent with Cu-doping for single layer analysis. The Cu 

doping of CdTe showed a poor modulation of the CdTe parameters. However, the carrier 

concentration remained an appropriate value that can be used for JFET fabrication. On the other 

hand, avoiding the annealing when Cu is in the structure will help to maintain the reverse bias 

leakage current at a level which will enable JFET operation. Finally, in this section, the CdS-ZnTe 

interface demonstrated issues during fabrication. For this reason, a CdTe layer should be deposited 

between the CdS and ZnTe materials to fabricate devices. 
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Fabrication and characterization of diodes and JFETs using a photolithography process on 

ITO-glass substrate 

For this section, results from the previous experiments were used. The first experiments were 

designed using CdTe:Cu which was doped by depositing a Cu layer by e-beam evaporation, 

followed by an annealing step to facilitate Cu diffusion. Later, in this section, Cu-doped ZnTe was 

used as the p+ layer. A Cu-doped ZnTe layer was deposited on top of a CdTe/CdS layers. A CdTe 

layer was used as an interlayer between the CdS and ZnTe:Cu due to the problems experienced in 

the sample fabrication using ZnTe on CdS. 

In the first experiment, the photolithography steps defined in Section 6.3.1.2 were followed. First, 

commercial ITO-glass was patterned by chlorine plasma etching. Then, 50 nm of CdS was 

deposited using a 20 mTorr deposition pressure at room temperature. This CdS layer was patterned 

by wet etching using a HCl solution. After CdS deposition and patterning, 100 nm of CdTe was 

deposited by PLD, using a 20 mTorr deposition pressure and 220°C substrate temperature. Then, 

the sample was annealed at 400°C for 30 minutes in a N2 atmosphere. Both the CdS and CdTe 

layers were deposited using the same parameters described in the previous section. 

 

Figure 6-40. Structure for JFETs fabricated by a photolithography process using the bottom gate 
– top contact structure. 
 

The Cu doping of CdTe was carried out by depositing Cu layers with 0 nm, 1 nm or 2 nm thickness 

by e-beam evaporation. Then, the samples were annealed at 150°C for 30 minutes in a N2 

atmosphere to allow for copper diffusion. Finally, top gold contacts for drain and source were 



 

135 

patterned using a lift-off process. The final structure of the JFETs using this process is shown in 

Figure 6-40. 

The first study executed on these samples was related to the fabrication process. The PLD 

deposition is non-conformal, for that reason, the deposition of CdS on ITO side walls could be thin 

and contribute to some leakage current. Therefore, the samples were analyzed by SEM. Figure 

6-41 shows a top view of the sample where the area of interest is shown. Also, the distance between 

drain and source contact is expected to be 2 µm, and it was determined to be slightly wider at 2.5 

µm. 

 

Figure 6-41. SEM images of a fabricated JFET. The source – drain contact distance is close to 2.5 
µm instead of 2 µm. 
 

Figure 6-42 shows the cross-section of the walls in the ITO layer. In this case, the ITO did not 

show an abrupt wall, and due to this, the CdS thickness is not affected by the non-conformal 

deposition of PLD. Also, the thickness of the CdS was slightly thinner at 41 nm rather than the 

expected 50 nm. The CdTe thickness was found to be 106 nm instead on 100 nm, and the metal 
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contact was found to be 90 nm. Those thickness values are not expected to affect the JFET behavior 

for these samples. 

 

Figure 6-42. SEM cross section of the ITO sidewall region. The edge of the ITO contact did not 
show a vertical wall; therefore, the thickness of CdS and CdTe on that region was not affected by 
the non – conformal deposition of the PLD method. Thicknesses for layers are slightly different 
than expected. 
 

After SEM analysis, the diode structures were tested by measuring the I-V and C-V curves. First, 

Figure 6-43 a) shows the I-V curves for different Cu thicknesses. As expected, the reverse bias 

current increased slightly after the Cu incorporation. However, this slight increase in reverse bias 

current should not affect the JFET behavior. For the forward bias, the Cu at the interface between 

gold and CdTe reduces the contact resistance, increasing the forward bias current. Figure 6-43 b) 

shows the CdTe carrier concentration and the depletion width calculated from the C-V analysis. 

The CdTe carrier concentration for the sample with no copper was slightly higher compared to 

samples with copper. This result could be related to an inaccurate C-V measurement on the diode 

without copper due to the high contact resistance. The high contact resistance dominates the 

forward bias region including the region for applied voltage <Vbi, where the carrier concentration 

is calculated. As result, the carrier concentration calculated from this device might not be accurate. 

However, all values of the CdTe carrier concentration are close to 1017 cm-3, which was previously 

reported. For the depletion width analysis, it is expected that the Cu doping should create a higher 

doped region, decreasing the depletion width. In both cases, using the Cu doping, the depletion 

width was reduced approximately to 20 nm. 
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Figure 6-43. a) I-V curves for diodes fabricated using a photolithography process. The Cu 
thickness varied from 0 nm (No Cu) to 2 nm. The reverse bias current was not affected by Cu 
thickness. b) Carrier concentration vs. depletion width calculated from C-V curves. The carrier 
concentration was slightly higher for the sample without copper; however, the depletion width was 
slightly thinner for samples with Cu. 
 

After device fabrication, the JFET structures were measured, and the results are shown in Figure 

6-44. The ID – IG vs. VG curves show that both the ID and IG are low. The channel could be too 

resistive because the Cu doped CdTe was not modulated by the copper concentration. For that 

reason, the ID value is close to the IG value. Therefore, the resistance of the reverse bias diode, 

formed between the drain and gate contact is lower than the resistance of the channel Therefor, ID 
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is flowing to the gate contact (the lowest resistance path), instead of flowing to the source contact. 

On the other hand, as expected, the Cu doped CdTe showed higher current compared to the current 

for samples with only CdTe. Following this result, the resistivity of the Cu-doped CdTe does not 

decrease to a value that would be suitable for the JFET devices. 

 

Figure 6-44. The ID – IG vs. VG curves for fabricated JFETs using a photolithographic process. The 
ID values are close to the leakage current value (IG). Due to this, the current is flowing to the gate, 
and the channel is not pinched-off. 
 

The next experiment consisted of using Cu-doped ZnTe instead of Cu-doped CdTe. However, as 

previously shown, the samples had some fabrication issues. The samples were peeling off during 

fabrication, so they could not be measured. The CdS deposited on ZnTe or ZnTe deposited on CdS 

usually showed fabrication problems due to the instability at the interface. Fabricated devices using 

this bilayer (ZnTe/CdS) were not measured due to these fabrication problems. 

For the last structure evaluated in this section, an appropriate modulation of resistivity and carrier 

concentration of the Cu-doped ZnTe was needed to create a p+ channel layer. However, previous 

experiments showed that CdS and ZnTe layers produced defective structures. For that reason, a 

thin layer of CdTe was deposited between the CdS and ZnTe to create stable structures for the 

fabrication of JFETs. 
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Figure 6-45. Structure for bottom gate – top contact JFET structure fabricated using a 
photolithography process that included the patterning of a p+ layer. 
 

For this experiment, CdTe on CdS was deposited using the same fabrication process reported 

previously in this section. The full structure is shown in Figure 6-45. For this experiment, the CdTe 

thickness was studied by depositing 15 nm or 30 nm of CdTe on top of 50 nm of CdS. The result 

was that 15 nm of CdTe produced short circuited devices and 30 nm of CdTe produced devices 

with a proper rectification behavior. As a result, 30 nm of CdTe was chosen to study the effect of 

the ZnTe carrier concentration and ZnTe thickness. 

For the next experiment, 50 nm of CdS was deposited on top of a patterned ITO layer. CdS was 

patterned by etching this layer with a HCl solution. Then, 30 nm of CdTe was deposited by PLD, 

followed by an annealing step of 400°C for 30 minutes in a N2 atmosphere. Later, the Cu-doped 

ZnTe layer was deposited by a co-deposition process using PLD. The Cu-doped ZnTe thickness 

was varied between 20 nm and 60 nm. Also, the Cu concentration in ZnTe was varied using 9 

shots or 18 shots of Cu2Te, which was previously reported to produce carrier concentrations 

between 1016 cm-3 to 1018 cm-3. Samples were annealed at 300°C for 1 minute in a N2 atmosphere 

to modulate the ZnTe carrier concentration and resistivity. This temperature and time are based on 

results from Section 6.2.3. At the end, Au/Cr drain and source contacts were patterned by a lift-off 

process. 

First, I-V and C-V curves were measured from the diode structures included in the design. The I-

V curves are shown for all samples in Figure 6-46 a). Samples with 9 shots of Cu2Te showed good 

reproducibility of the reverse bias current. For these samples, the reverse bias current changed 

slightly for different ZnTe layer thicknesses. All reverse bias current values are low enough using 

this fabrication process for eventual JFET operation. On the other hand, the samples with 18 shots 
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of Cu2Te in ZnTe showed reproducibility in only the thinnest sample, 20 nm. For samples with 40 

nm and 60 nm thickness, the leakage current increased as well as the dispersion in the I-V data. 

This could be related to the diffusion of copper into the CdTe and CdS layers during the annealing 

process. 

  
Figure 6-46. a) I-V curves for diodes fabricated by a photolithography process that patterns a Cu-
doped ZnTe layer on CdTe/CdS. The Cu-doped ZnTe thickness varied from 30 nm to 60 nm. The 
reverse bias current was more consistent for samples with 9 shots of Cu2Te. b) Carrier 
concentration vs. depletion width calculated from C-V curves. The carrier concentration for Cu-
doped ZnTe was expected to be between 1016 cm-3 and 1018 cm-3. The carrier concentration was 
slightly higher for samples with more shots of Cu2Te Similarly, the depletion width was slightly 
thinner for the sample with more shots of Cu2Te. 
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In Figure 6-46 b), the CdTe carrier concentration and depletion width was extracted from the C-V 

measurements. The carrier concentration is only slightly higher for samples with 18 shots of 

Cu2Te; although the carrier concentration remained almost fixed close to 1017 cm-3. The depletion 

width for samples with a higher copper concentration was slightly thinner, probably because a 

higher copper concentration increases the ZnTe carrier concentration.  

Before the electrical characterization of the JFETs, the diode structures formed in the JFET 

structure were measured to ensure proper diode behavior. Those diodes are shown in the inset in 

Figure 6-47. The first diode is formed from the drain to gate contacts and the second diode from 

source to gate contacts. The I-V curves were measured from the drain contact to the gate contact 

for different lengths in the JFET structure. Later, the same measurement was carried out from the 

source contact to the gate contact. Figure 6-47 shows the results for these I-V curves. As expected, 

the diode current increased for longer JFET structures, due to the size of the active area increasing. 

Also, diodes from the drain or source contacts have shown good reproducibility; this is because of 

the symmetry of the JFET structure. 

 

Figure 6-47. I-V curves for diodes on JFET structures. The inset shows both diodes in cross section 
for the JFET structure. The first diode is formed between Drain – Gate contacts and the second 
diode is formed between Source – Gate contacts. Due to the symmetry of the JFET structure, the 
electrical behavior for both diodes is expected to be similar for each JFET structure.  
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Figure 6-48. The ID – IG vs. VG curves for fabricated JFETs using a photolithography process that 
patterned the p+ region (Cu-doped ZnTe). The dashed lines show the expected value for ID 
calculated experimentally from CTLM structures on the samples. The ID values increased when 
increasing the number of shots of Cu2Te, and when increasing the Cu-doped ZnTe layer thickness. 
This is due to the effect of these parameters on the resistance value for the channel region. 
However, the channel is not modulated by VG, which is possibly due to the channel being pinched-
off – even without biasing VG. 
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Finally, the JFET structure was measured for all devices and the results are shown in Figure 6-48. 

In this figure, the ID – IG curves are plotted vs. VG. Also, the expected experimental currents 

between the drain and source contacts are plotted using dashed lines. These expected values were 

calculated using the CTLM structure in each sample. The CTLM structure is defined in a region 

of the sample where the Cu-doped ZnTe - CdTe bilayer is deposited on glass. The ITO and CdS 

layers were etched in the CTLM region. 

The samples with a higher concentration of copper in ZnTe (18 shots of Cu2Te) demonstrated 

higher ID values compared to those where the copper concentration was lower (9 shots of Cu2Te). 

Also, the ID values increase for samples with thicker Cu-doped ZnTe layers. Both cases are related 

to the resistivity of the Cu-doped ZnTe layers. The IG behavior in all samples was very consistent, 

except for the sample with 30 nm of Cu-doped ZnTe that had 18 shots of Cu2Te. 

The ID values were higher than the IG values in the region corresponding to the JFET’s linear 

behavior for all samples. However, the ID was not modulated for any sample. Also, the ID values 

are lower than expected when calculated from the CTLM structure. This could be related to the 

channel region being fully depleted for any VG value and therefore, it is not possible to modulate 

the resistivity of the channel region. 

Finally, the samples did not show proper JFET behavior. The channel current was not modulated 

for any of the samples. The resistivity of the Cu-doped ZnTe – CdTe is higher in the channel region 

than in the region outside of the JFET structure for all cases. This can be related to the channel 

region being depleted with any bias on VG. Therefore, the solution could be increasing the channel 

region carrier concentration, increasing the thickness of Cu-doped ZnTe region, or decreasing the 

CdS carrier concentration. 

In summary, the fabricated diodes with a top gate – top contact structure that was designed for 

fabrication on an SiO2 substrate exhibited poor rectifying behavior and high reverse bias current. 

Therefore, the JFETs demonstrated non-ideal performance. On the other hand, at the beginning, 

the fabricated diodes with bottom gate – top contact structure, designed for ITO-glass substrate 

showed a high reverse bias current when doped layers were incorporated into the structure. 

However, after different studies, the reverse bias current for diodes with a p+ layer on top of CdTe 

was reduced 1000x lower than the ID current on JFETs. As a result, the drain current is effectively 
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flowing from source to drain instead of leaking to the gate contact. This was achieved by avoiding 

a long time anneal of samples when copper was added to the structure. Therefore, the copper is 

expected to remain close to the surface, and the CdTe/CdS interface is not affected with optimized 

anneal times. However, the channel resistivity was not modulated by VG. This could be due to the 

channel being fully depleted based on results shown in Figure 6-48, because the ID value is lower 

than the expected current value for the p+/p layer without the CdS/ITO layers. This could be fixed 

by adjusting the thickness of the p+/p layers, increasing the carrier concentration of the p+ layer 

or decreasing the carrier concentration of n+ CdS layer. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 
 
At the onset of this research project, the main objective was the fabrication of a thin film JFET. 

Thin film JFET fabrication requires the understanding of n-type and p-type thin film layers, the 

doping control of those layers, and the interaction of those layers in a PN junction devices. For 

that reason, the electrical and physical properties were analyzed for single layers, followed by the 

electrical behavior of PN heterojunctions. Later, the research project was supported by simulation 

and masks design for the fabrication of JFET devices. Before devices fabrication, the extrinsic 

doping for p-type layers was studied based on simulation results. Finally, the analysis of the 

previous results provided an approach for the fabrication of diodes and JFET structures that were 

fabricated and tested. The main conclusions for each stage of the full process for thin film JFET 

fabrication is described below. 

In Chapter 4, individual layers deposited by PLD were studied. These studies were focused on the 

morphology, crystalline and electrical properties of CdS, CdTe and ZnCdTe. First, the CdS carrier 

concentration was modulated by deposition pressure (as previously reported by Norberto, et al.); 

however, in this case, the study was focused on a low deposition pressure (20 mTorr to 50 mTorr), 

which corresponds to a region for low resistivity CdS. CdS deposited at 20 mTorr showed values 

around 1019 cm-3, and this carrier concentration decreased slightly up to 1018 cm-3 when the 

pressure increased to 50mTorr. The CdS thickness was also investigated, which lead to the CdS 

layer needing to be thicker than 20 nm. This is due to the CdS carrier concentration decreasing 

abruptly for thinner samples; due to the intermixing of CdS atoms with substrate atoms which 

compensate sulfur vacancies. Finally, CdS films underwent a temperature process, but the 

deposition temperature greatly increased the CdS resistivity compared to the annealing 

temperature. For that reason, the CdS layer was deposited at room temperature. 

The CdTe study was focused on the grain size control and the resistivity characterization. First, 

the CdTe deposition pressure was chosen at 20 mTorr due to this value producing the most compact 

and uniform grain size morphology. Also, the CdTe grain size enlarged with increasing deposition 

temperature and annealing temperature on samples deposited on SiO2. However, the CdTe grain 



 

146 

size only slightly increased when samples were deposited on a CdS layer. Finally, the CdTe 

resistivity was not modulated by deposition pressure and all samples showed a value around 108 

Ω·cm. Finally, the CdZnTe band-gap was modulated by target engineering. ZnCdTe samples were 

deposited using targets made by mixing ZnTe and CdTe powders varying the ZnTe concentration. 

The deposited films produced a ZnCdTe films with band-gap properly modulated between pure 

CdTe and ZnTe band-gap following the Vergard’s law. 

In Chapter 5, the first CdTe/CdS structures were studied. First, a comprehensive study varying the 

CdS deposition pressure, deposition temperature and annealing temperature was executed. The 

ideality factor, reverse bias current, rectification factor, CdTe carrier concentration, among other 

properties were extracted from this PN heterojunctions. From this study, the best conditions were 

selected for the following experiments. For the best diode behavior, the CdS deposition pressure 

is 40 mTorr with 220°C as the substrate temperature, and 400°C for the annealing temperature. In 

addition, a new study was executed on CdTe/CdS structures by I-V measurements at different 

temperatures. The thermionic effect was found as the main carrier transport mechanism for PN 

heterojunctions. This result was based on the analysis of temperature dependence. Also, further 

analysis of the temperature dependence was used to calculate the built-in potential at the CdTe/CdS 

interface (Vbi ~ 0.7 V). This parameter is important due to the relationship to the JFET operating 

voltage. On the other hand, the temperature dependent C-V results exhibited a frequency 

dependence on Vbi calculation, which was related to the large number of traps in the polycrystalline 

materials. This produced parasitic capacitance, and this method was not recommended to find the 

Vbi for CdTe/CdS heterojunctions. Finally, the Vbi was corroborated on CdTe/CdS PN 

heterojunctions using a novel EDMR technique – particularly the zero-field spin dependent 

recombination. This method was used to calculate the spin dependent recombination current for 

different applied voltages on diode. The spin dependent recombination current is expected to reach 

the maximum value when the applied voltage is close to Vbi. As a result, applying this method to 

the CdTe/CdS diodes under study, the calculated Vbi was ~0.65 V which is close to the value 

calculated from temperature dependence study. 

In the first section of Chapter 6, SILVACO Atlas software was used to simulate JFET devices. 

The JFET behavior was investigated in structures which were compatible with available thin-film 
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fabrication processes. The p CdTe/n+ CdS structures and dimensions were analyzed before mask 

fabrication. In the first structures, the ID values were close to the IG values. The source – drain 

contact distance was a useful method to increase the ID value slightly. Also, decreasing the diode 

area was another valid method to decrease the IG value slightly. Therefore, based on simulations, 

the best method for increasing the ID value was incorporating a p+ layer as the channel layer. This 

p+ layer increased the ID value by 2 orders of magnitude. As result, the total ID/IG ratio was 104, 

compared to 102 for structure without the p+ layer. 

The second part of Chapter 6 was developed to produce the p+ layer required on structure based 

on simulation results. The CdTe layer was doped by Cu using copper solution immersion, metallic 

copper layer deposition, and co-deposition of Cu2Te – CdTe by PLD. The resistivity decreased 

when doping with copper occurred, but it was not modulated. Cu-doped CdTe showed a resistivity 

of 105 Ω·cm, regardless of the copper concentration and doping method. This was 2 orders of 

magnitude lower than pure CdTe resistivity (107 Ω·cm). Cu-doped CdTe layers were tried later on 

the JFET and diode structure. On the other hand, ZnTe was doped with copper to produce the 

required p+ layer. Co-deposition method of Cu2Te – ZnTe by PLD was used to deposit Cu-doped 

ZnTe. The resistivity of Cu-doped ZnTe was properly modulated by Cu concentration on ZnTe 

films. The resistivity values varied proportionally up to 4 orders of magnitude using different shots 

for Cu2Te. An annealing step was introduced for proper intermixing of Cu2Te – ZnTe films where 

a long annealing process produced Cu diffusion into CdTe/CdS interface, increasing the reverse 

bias current on diodes (leakage current on JFET structure). For that reason, the annealing time and 

temperature were studied for Cu-doped ZnTe layers. The results demonstrated that an annealing 

temperature of 300°C for only 1 minute produced the proper intermixing of Cu2Te – ZnTe. The 

Cu-doped ZnTe layer was used as p+ layer on CdTe/CdS for JFET structures. 

The last part of Chapter 6 captures the fabrication and subsequent electrical characterization of 

diodes and JFETs using the p+ layer described above. In this case, the annealing was necessary in 

some steps of the fabrication process. However, it was demonstrated that the annealing process at 

high temperature (>400°C) for long times (>20 minutes) produced the copper diffusion through 

the CdTe layer and into the CdS thereby deteriorating the diode behavior. As a result, the reverse 

bias current on diodes increased and as consequence, in JFET structure, the IG increased, too. 
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Because of this, when copper was introduced into structure, the annealing temperature was reduced 

at 150°C for the Cu-doped CdTe case, or the annealing time was reduced to 1 minute in the Cu-

doped ZnTe case. 

The reverse bias current for diodes using CdS on CdTe structure (using on SiO2 substrate) 

demonstrated poor diode rectification behavior and high leakage current. On the other hand, the 

structure based on an ITO-glass substrate using a Cu-doped CdTe layer established a proper diode 

behavior, and the leakage current remained relatively low for potential JFET fabrication. However, 

due to the high resistivity of the channel, the JFET behavior was not optimal, because the ID value 

was similar to the IG value. For the structures using Cu-doped ZnTe as p+ layer, the diodes 

exhibited a low leakage current, and the resistivity of the channel layer was lower than the Cu-

doped CdTe. For that reason, the ID value of the JFET structure was around 3 orders of magnitude 

higher than the IG value. However, the channel current was not modulated by VG. To understand 

this effect, the ID values were compared with the expected values obtained from the resistivity for 

Cu-doped ZnTe on top of CdTe. The current value of the channel layer in JFET structure was 

lower than the current value of the channel layer on pure glass. For that reason, the channel region 

is expected to be fully depleted without any bias on VG. This could be the main reason for no 

modulating behavior of the JFET channel by VG. 

Based on the previous JFET electrical characterization, the fully functional JFET devices are 

expected avoiding the being fully depleted under a no bias condition. The depletion width in a PN 

heterojunction depends mainly on the carrier concentration of the low-doped material, however, 

in this case, the expected carrier concentration for Cu-doped ZnTe and CdS are similar. Therefore, 

the depletion width should be affected by the carrier concentration of both materials. Also, if the 

channel region is fully depleted, the channel layer could be deposited thicker than the depletion 

width. As a result, there are three recommended studies to improve JFET behavior: 

• Increasing thickness of the p+/p layers 

• Increasing the carrier concentration of the p+ layer 

• Decreasing the carrier concentration of n+ CdS layer 

Finally, the JFET fabrication process which uses thin-film layers is possible; however, there are 

multiple variables due to incorporation of 3 different semiconductors on the structure. Also, the 
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JFET behavior is very sensitive to the variation of the carrier concentration and thickness of these 

three layers where each variable should be investigated further. 
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