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The dependence of the “self cleaning” effect of the substrate oxides on substrate temperature 

during atomic layer deposition (ALD) of HfO2 on various chemically treated and native oxide InP 

(100) substrates is investigated using in situ X-ray photoelectron spectroscopy. The removal of 

In-oxide is found to be more efficient at higher ALD temperatures. The P oxidation states on native 

oxide and acid etched samples are seen to change, with the total P-oxide concentration remaining 

constant, after 10 cycles of ALD HfO2 at different temperatures. An (NH4)2 S treatment is seen to 

effectively remove native oxides and passivate the InP surfaces independent of substrate 

temperature studied (200 oC, 250 oC and 300 oC) before and after the ALD process. Density 

functional theory modeling provides insight into the mechanism of the changes in the P-oxide 

chemical states. V 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4825218]C 

INTRODUCTION

Metal oxide semiconductor field effect transistors 

(MOSFETs) based on III-V channel materials are strong con-

tenders to replace the Si channel beyond the 20 nm node.1 

Buried channel In0.53Ga0.47As MOSETs using InP as a bar-

rier layer between the high mobility channel and a high-k 

dielectric have shown improved electrical performance over 

surface channel devices by effectively moving the channel 

away from the oxide interface, which can minimize interfa-

cial defects due to the oxidation of the channel.2,3 However, 

the quality of the interface between the high-k dielectric and 

the InP barrier layer can still strongly impact the electrical 

performance of these devices, for example, by increasing the 

subthreshold swing.4 It is well known that the density of 

interface states (Dit) of III-V semiconductors are strongly 

correlated to the native oxides,5 and In-P-oxides have been 

correlated to Dit for high-k/InP system.6 Therefore, it is de-

sirable to decrease the native oxide concentration on the InP 

surface in order to improve electrical performance.7 

One of the advantages of high-k dielectrics grown by 

atomic layer deposition (ALD) on III-V substrates is the 

“self cleaning” effect,7 in which the native oxides are con-

verted by the first pulse of metal precursor during ALD.8,9 

Suri et al. have shown, using tetrakis(dimethylamido)haf-

nium (TDMA-Hf) and H2O precursors, that the “self 

cleaning” effect on GaAs is temperature dependent, with the 

removal of oxides being more pronounced at 300 oC than at 

the 250 oC or 200 oC.10 However, quite different trends for 

the “self cleaning” effect have been reported on GaAs in 

comparison to those for acid etched and S-passivated 

InP.9,11,12 A less efficient “self cleaning” effect has been 

observed during thin film deposition (2 nm) of ALD HfO2, 

while the “self cleaning” effect has been reported to be 

a)Electronic mail: rmwallace@utdallas.edu 

enhanced significantly following thick (8 nm) ALD using tet-

rakis(ethylmethylamino)hafnium (TEMA-Hf) and water as 

precursors at a substrate temperature of 300 oC.7 Recently, 

An et al.13 reported the impact of ALD temperature on HfO2 

deposition on S-passivated InP substrates using TEMA-Hf 

and water, with a significant “self cleaning” effect occurring 

at 200 oC and 250 oC but substantial InP substrate oxidation 

occurring at 300 oC.13 

This apparent variation during ALD HfO2 on different 

III-V substrate materials therefore warrants further study. In 

addition, most previous studies on InP have been carried out 

using ex situ ALD, and spurious reactions may occur due to 

atmospheric exposure. In particular, interfacial oxide 

regrowth during air exposure could potentially lead to errors 

in interpreting reaction mechanisms.14 Actually, recent in
situ “half cycle” studies of ALD HfO2 and Al2O3 on native 

oxide and chemically treated InP (100) have shown that no 

“self cleaning” effect takes place on P-oxides during the ini-

tial ALD process.9,15 In this study, the in situ evolution of a 

high-k/native oxide and wet chemically treated InP (100) 

interface during ALD at temperatures of 200 oC, 250 oC, and 

300 oC is reported, and the role of ALD temperature in the 

removal of InP (100) interfacial oxides during the initial 

stages using TDMA-Hf and water is investigated. 

EXPERIMENTAL

Three sets of n-type S-doped InP (100) samples with a 

doping concentration of 1 x 1018/cm3 were used in this 

work. All of the samples were degreased with acetone, meth-

anol, and isopropanol for 1 min each at room temperature 

before further wet chemical treatment. Each of the three sets 

consisted of one sample degreased only (native oxide); one 

sample degreased and cleaned using a two step piranha 

(acid etch), H2SO4:H2O2:H2O ¼ 4:1:100 for 2 min, then 

H2SO4:H2O ¼ 1:1 for 30 sec, where the initial concentrations 
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of H2SO4 and H2O2 were 96% and 30%, respectively,16 and 

a final sample was degreased and treated with 10% aqueous 

(NH4)2 S solution for 20 mins (S-pass).17 Each sample set 

was mounted onto a separate titanium plate to allow ALD to 

be carried out on all three samples within a given set simulta-

neously. Wet chemical treatments were coordinated so that 

sample exposure time to atmosphere was minimized for all 

samples prior to loading in ultrahigh vacuum (UHV) (less 

than 6 min). 

The experiment was performed in a UHV cluster tool, 

described in detail elsewhere,18 consisting of a Picosun ALD 

reactor and an X-ray photoelectron spectroscopy (XPS). 

analysis chamber, connected by a UHV transfer tube main-

tained at a pressure of less than mbar, which2 x 10-10 

allowed samples to be transferred between the deposition 

and analysis chambers without exposure to atmosphere. Ten 

cycles of ALD HfO2 were grown in the ALD chamber using 

TDMA-Hf and water as precursors with a 0.1 s/20 s/0.1 s/20 s 

sequence of TDMA-Hf/purge/water/purge. High purity N2 

gas was used as both the carrier and purge gas. The only 

variation in the ALD conditions was the substrate tempera-

ture which was set to 200 oC, 250 oC, or 300 oC for the three 

different sample plates. The pressure in the ALD chamber 

during the deposition was about 10 mbar.8 XPS was carried 

out using a monochromatic Al Ka (hv¼ 1486.7 eV) X-ray 

source. XPS scans were taken at 45o with respect to the 

sample surface normal, with an electron pass energy of 

15 eV and a seven channel hemispherical analyzer. In 3d5/2, 

P 2p, O 1s, C 1s, S 2p, Hf 4d, Hf 4f, and In 4d core level 

spectra were analyzed to study the interfacial oxide after 10 

cycles of ALD HfO2. To compensate for charging effects or 

band bending induced binding energy shifts, all fitted spectra 

for each set of samples were referenced to the P 2p bulk 

peak at 129 eV.19 

First principles calculations based on density functional 

theory (DFT) with projector augmented wave pseudopoten-

tials implemented in the Vienna Ab-initio Simulation 

Package20 were used in order to better understand the atomic 

structures of the native oxides present on the InP surface. 

The electronic wave functions were represented by plane 

wave basis sets with a cutoff energy of 450 eV. The 

exchange correlation interactions were incorporated as a 

functional of generalized gradient approximation (GGA).21 

The atomic positions were allowed to relax while the cell 

sizes were kept fixed. A Monkhorst pack of 4 x 4 x 4 k-point 

mesh was used in the structure relaxation and self-consistent 

calculations (SCF). The unit cells of InPO4 and In(PO3)3 ox-

ide states were relaxed and optimized with tolerances of 

10-4 eV and 0.01 eV/Å , the energy and force convergence, 

respectively. 

RESULTS AND DISCUSSION

Figure 1 shows In 3d5/2 XPS spectra for (a) native oxide, 

(b) acid etched, and (c) S-passivated samples before ALD 

and after 10 cycles of HfO2 ALD at substrate temperatures 

of 200 oC, 250 oC and 300 oC. The “No ALD” spectra are 

representative of the spectra acquired from each sample on 

the three sample plates prior to HfO2 deposition. The peaks 

FIG. 1. In 3d5/2 core level spectra before ALD and after 10 cycles of ALD 

HfO2 at 200 oC, 250 oC and 300 oC, for the (a) native oxide, (b) acid etched 

and (c) S-passivated by (NH4)2S treatment InP (100) samples. (d) Total 

In-oxide peak to InP bulk peak area ratios for all samples at all ALD 

temperatures. 

with binding energy separations of þ0.54 eV, þ1.1 eV, and 

þ1.7 eV relative to the In-P bulk peak are assigned to an 

In-O (In-S/O for the S-passivated sample) and are possibly 

related to In2O,22 a component made up of InPO4 and 

In(PO3)3 states (which is difficult to resolve due to the small 

variation in binding energy between these two states), and 

InPOx. 9,23 Figure 1(d) shows In-oxides to InP bulk peak 

ratios from the native oxide, acid etch and S-passivated sam-

ples with no ALD, and ALD at 200 oC, 250 oC and 300 oC. 

For the native oxide and acid etched samples, the In-oxide 

concentrations are seen to decrease minimally after 10 cycles 

of HfO2 growth at 200 oC, significantly at 250 oC, and nearly 

completely at 300 oC. This suggests that TDMA-Hf is more 

reactive at a higher ALD temperature, such that the “self 

cleaning” is more effective at decreasing the In-oxide con-

centration. For the S-passivated sample, the In-S/O concen-

tration is very small and does not change significantly after 

ALD at different temperatures. 

Figure 2 shows the P 2p spectra from the (a) native ox-

ide, (b) acid etched, (c) S-passivated samples, before ALD, 

and after 10 cycles of HfO2 ALD at 200 oC, 250 oC and 

300 oC. The peak with a binding energy separation of 

þ4.0 eV to the InP bulk peak is assigned to P-OH bonding;24 

the peak with a binding energy separation of þ4.5 eV to 

the InP bulk peak is assigned to InPO4, and the peak with a 

binding energy separation of þ5.1 eV is assigned to 
19,23In(PO3)3. Figure 2(d) shows the ratio of the total P-oxide 

peak area to that of the InP bulk peak of each respective sur-

face. The P-oxide concentration is the same for each individ-

ual treatment, within the experimental error, after 10 cycles 

of ALD at all temperatures (the “no ALD” spectra for each 

individual sample is not shown here). This indicates that 

there is no “self cleaning” of P-oxides during HfO2 deposi-

tion regardless of the ALD temperature and surface treat-

ment. For the native oxide sample, where most P-oxides are 

present, the chemical compositions of the P-oxides are seen 
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FIG. 2. P 2p core level spectra before ALD and after 10 cycles of HfO2 

ALD at 200 oC, 250 oC and 300 oC, for the (a) native oxide, (b) acid etched 

and (c) S-passivated by (NH4)2S treatment InP (100) samples. (d) Total 

P-oxides peak to InP bulk peak area ratio for all samples at all ALD 

temperatures. 

to change to higher binding energy and more phosphorous 

rich states with higher ALD temperatures. Specifically, the 

P-OH bonding concentration is seen to decrease significantly 

at all temperature, with InPO4 being the predominant state 

after 10 cycles of ALD at 200 oC. After 10 cycles of ALD at 

250 oC, the InPO4 state is present at a lower concentration 

relative to that after ALD at 200 oC, and the In(PO3)3 state 

emerges. After 10 cycles of ALD at 300 oC, the In(PO3)3 

state is the only oxide state detected. The concentrations of 

P-oxide on the acid etched and S-passivated samples are 

both low, and the minimum P-oxide concentration is found 

for the S-passivated samples, close to the limit of XPS detec-

tion, independent of the ALD temperature. 

The larger decrease of In-oxide concentration and the 

lack of a decrease in P-oxide concentration at higher sub-

strate temperatures during the initial stages of HfO2 ALD on 

InP are contradictory to previously reported ex situ analysis 

of thin HfO2 film (2 nm).11,13 However, another in situ XPS 

report of ALD HfO2 “half cycle” at a substrate temperature 

of 250 oC has shown consistent results with this study, where 

the In-oxide concentration is seen to decrease and the 

P-oxide concentration remains constant during the initial 

ALD stages.15 This contradiction between ex situ and in situ
results from the thin oxide films (less than 2 nm) is possibly 

due to the interfacial oxide regrowth, and this oxidation is 

seen to be enhanced by increased substrate temperature upon 

removal from the ALD reactor.14 With thicker oxide films 

(greater than 2 nm), this effect should be reduced, as the 

increased oxide thickness should be sufficient to prevent the 

diffusion of oxygen to the interface. 

Figures 3(a) and 3(b) show the full width at half maxi-

mum (FWHM) of the In 3d5/2 and P 2p of InP bulk peak from 

the native oxide, acid etched, and S-passivated samples before 

and after ALD at the different temperatures studied. The 

FWHM of both the In 3d5/2 and P 2p from the native oxide 

and acid etched samples are not seen to change significantly 

FIG. 3. InP bulk peak FWHM derived from In 3d5/2 and P 2p spectra with 

no ALD, and with ALD at 200 oC, 250 oC, and 300 oC. 

after ALD at 200 oC. However, an increase is evident after 

deposition at 250 oC and 300 oC, which is consistent with the 

ALD half cycle study of HfO2 on InP at 250 oC.15 This 

increase in FWHM suggests that there is an increase in the 

number of bonding environments for these two samples, pos-

sibly due to increased surface disorder introduced during 

interaction with the TDMA-Hf precursor. However, the 

FWHM of the S-passivated InP samples are not seen to vary 

significantly with higher ALD temperature, suggesting that a 

more stable In-bonding environment is obtained by (NH4)2S 

treatment. Figure 3(b) shows the P 2p spectra FWHM of all 

samples before and after 10 cycles of ALD at the different 

temperatures. For the native oxide and acid etched samples, 

the FWHM is seen to increase minimally after ALD at 

200 oC, and significantly increase after ALD at 250 oC, and 

300 oC. The increases in FWHM again suggest that there is an 

increase in the number of bonding environments on the native 

oxide and acid etched samples after ALD due to interaction 

between the TDMA-Hf and In and P-oxides. The lack of 

increase in the FWHM of the bulk peaks suggests a more sta-

ble interface obtained from the S-passivated samples com-

pared with those of the native oxide and acid etched samples. 

Figure 4 shows the Hf 4d spectra on all samples after 10 

cycles of ALD at different temperatures studied. The total 

amount of HfO2 growth is initially surface dependent. For 

the native oxide samples, much less HfO2 is grown at 200o 

than at 250 oC, and slightly less is grown at 250 oC than that 

FIG. 4. Hf 4d core level spectra before ALD and after 10 cycles of ALD 

HfO2 at 200 oC, 250 oC, and 300 oC for (a) the native oxide, (b) acid etched, 

and (c) S-passivated InP samples. 
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at 300 oC. This is possibly because the TDMA-Hf precursor 

interacts with the In/P-oxide and forms HfO2 more readily 

on the native oxide at increased ALD temperatures. For the 

S-passivated and acid etched samples, much less HfO2 is de-

posited at 200 oC than at 250 oC and 300 oC, and the amount 

of HfO2 deposited at 250 oC is similar to that at 300 oC. No 

S-Hf bond formation is observed upon ALD suggests that S 

does not play a role in affecting HfO2 deposition on the 

S-passivated samples from the Hf 4d and S 2p spectra (not 

shown). 

Figure 5 shows the O 1s spectra of the “no ALD” and af-

ter 10 cycles of ALD at different temperatures on the native 

oxide, acid etched, and S-passivated InP samples. The O 

chemical states of the native oxide sample are converted 

from a non-bridging O (P-O· · ·In) rich state to a bridging O 

rich (P-O-P) state with higher ALD temperatures.19 Much 

less P-oxide is observed for the S-passivated sample com-

pared to the native oxide sample prior to ALD, which is con-

sistent with the P 2p spectra. 

Figure 6 shows the crystal structure of InPO4 and 

In(PO3)3 calculated by DFT and the simplified schematic of 

the PO4 and PO3 oxide units; the structures are the same as 

those reported by Sferco et al.25 In each “PO4” unit, all four 

P and O bonds are non-bridging (P-O· · ·In). There are two 

non-bridging bonds (P-O· · ·In) and one bridging bond 

(P-O-P) on average per “PO3 ” unit, where each bridging O 

bond links two tetrahedral PO4 units. Therefore, the O 1s
spectra results suggest that InPO4 is converted to In(PO3)3 

after ALD at higher temperature, which is likely facilitated 

by the loss of oxygen from a PO4 unit to form a PO3 unit and 

a Hf-O bond. Relative to In, In(PO3)3 is more P-rich com-

pared with InPO4, so more P-rich oxides formation is 

observed with higher ALD temperature in this study. This 

behavior is also consistent with that of the P 2p spectra. A 

possible reaction is as follows: 

6InPO4 þ 3Hf ½NðCH3Þ ] ¼ 4In½NðCH3Þ ] " 2 4 2 3 

þ 3HfO2 þ 2InðPO3Þ :3 

FIG. 5. O 1s core level spectra before ALD and after 10 cycles of ALD 

HfO2 at 200 oC, 250 oC, and 300 oC from the (a) native oxide, (b) acid 

etched, and (c) S-passivated InP samples. 

FIG. 6. Schematic of the structure of InPO4 and In(PO3)3. All O in InPO4 

are non-bridging, and each In(PO3)3 unit has two non-bridging O and two 

bridging O, which link two tetragonal PO4 unit. Each PO3 unit has an aver-

age of one bridging O. 

ALD at a higher temperature may lower the energy bar-

rier of this reaction, resulting in more significant decrease in 

concentration of In-oxides. Because the Hf is in direct con-

tact with the P-oxides, formation of Hf-O-P bonding is also 

possible. 

Previously, an electrical study presented evidence of the 

presence of P-rich oxides correlating with higher Dit by a 

comparison of Al2O3/InP and HfO2/InP stacks based on post 

deposition anneal treatments.26 Therefore, from the results in 

this study, a higher Dit is expected due to more P-rich oxide 

formation at higher ALD temperatures. This is consistent 

with a recent report by An et al., 27 that a significant degrada-

tion of electrical performance for HfO2/InP stack after ALD 

at 300 oC, compared with that for ALD at 200 and 250 oC. In 

addition, a recent DFT calculation has also suggested that 

the oxidation of In and P atoms at the (2 x 4) InP recon-

structed surface induces the band gap states.28 Considering 

the low growth rate of ALD at 200 oC, and the high Dit

expected from ALD at 300 oC, ALD of HfO2 at 250 oC likely 

the optimum temperature to deposition HfO2. The persist-

ence of P-oxides at the interface suggests that an optimized 

surface cleaning and passivation process prior to the ALD 

process is critical to obtain a high quality InP/HfO2 interface 

suitable for device performance. 

CONCLUSIONS

In summary, the role of ALD HfO2 temperature on the 

“self cleaning” effect of native oxide, acid etched and 

S-passivated InP (100) samples is studied by in situ XPS. For 

the native oxide and acid etched samples, a greater reduction 

in In-oxides by the “self cleaning” effect of the TDMA-Hf 

precursor is seen with the higher ALD temperature studied. 

However, the total concentration of P-oxide remains the same 

regardless of the ALD temperatures studied here. Instead, the 

chemical states of the P-oxides are seen to change with 

increasing ALD temperature. An increase in the number of 

bonding environments at the interface is detected after 10 

cycles of HfO2 growth at 250 oC and 300 oC on the native 
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oxide and acid etched samples, evidenced by an increase in 

the FWHM of both In 3d5/2 and P 2p core level spectra in the 

InP bulk peaks. Therefore, it is not possible to rely on the 

ALD “self cleaning” effect to remove the native oxide for de-

vice fabrication at any of the ALD temperatures studied. 

250 oC is likely the optimum ALD of HfO2 temperature for 

the temperatures studied in this work, in terms of the initial 

growth rate and the chemical states of the resulting P-oxides 

correlating with Dit, For the S-passivated sample, very low 

oxide concentration is observed before and after 10 cycles of 

ALD, independent of the deposition temperature, suggesting 

(NH4)2S treatment prior to ALD is beneficial to improve the 

high-k/InP interface. 
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