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BI-LAYER AND HYBRID SINGLE CRYSTAL MATERIALS 

FOR RADIATION DETECTION APPLICATIONS 

Lidia Cyntia El Bouanani, PhD 

The University of Texas at Dallas, 2021 

ABSTRACT 

Supervising Professor:  Dr. Manuel Quevedo-Lopez 

There is a growing need for radiation sensors, particularly in the fields of national security, nuclear 

medicine imaging, and monitoring of environmental radioactivity. These applications require 

sensors that are small, portable, inexpensive, large-area compatible, and consume less power. 

However, current radiation detection systems can be highly expensive, bulky, require high 

operating voltages and high temperature processing, and require materials that are in limited 

supply and are highly toxic. This drives the need for emerging semiconductor materials and device 

structures to help achieve these challenging goals. Emerging semiconductors in the past decade 

include transition metal dichalcogenides (TMDs) and perovskite structured semiconductors due to 

their unique electronic and optical properties. In this dissertation, TMDs and perovskites are 

demonstrated in photo-detecting and radiation detecting devices. Large-area deposition of the 

MoSe2 TMD material by pulsed laser deposition is demonstrated with physical and electrical 

characterization. A proof-of-concept MoSe2 based heterojunction diode is fabricated and 

characterized using I-V, C-V, and optoelectronic analysis for photo-sensing applications. 

Perovskite based heterojunction diodes are designed, fabricated, electrically characterized, and 
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tested for alpha, gamma, and neutron detection. The perovskite device performance is optimized 

by varying the materials coupled with the perovskite, reducing the perovskite thickness to optimize 

radiation collection, and introducing a guard ring to limit the device leakage current, demonstrating 

the first reported perovskite based single-crystal neutron detector. This dissertation demonstrates 

the impact emerging semiconductors, such as TMDs and perovskites, have in the field of radiation 

detecting devices. 
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

There is a constant growing need for alternative radiation sensors, particularly in the fields 

of national security, nuclear medicine imaging, and monitoring of environmental radioactivity. 

These various applications need sensors that are small, portable, inexpensive, large-area 

compatible, and consume less power. Figure 1.1 illustrates some examples where various radiation 

sensors can be applied. Handheld portable detectors are needed to inspect specific areas whereas 

large area radiation detectors can be applied to systems used to detect radiation from incoming 

vehicles or traffic. For example, a tunnel system where vehicles drive through. However, current 

radiation detection systems can be highly expensive, bulky, require high operating voltages and 

high temperature processing, and require materials that are in limited supply and are highly toxic. 

This growing need drives the need for emerging semiconductor materials and device structures to 

help achieve these challenging goals.  

Emerging semiconductors in the past decade include two-dimensional transition metal 

dichalcogenides (2D TMDs) and perovskite structured semiconductors due to their unique 

electronic and optical properties. 

The 2D TMDs, for instance, offer unique properties such as bandgap tuning, weak 

interlayer Van der Waals interactions, and the opportunity to manipulate its crystalline structure 

and composition.[1]–[3] This unique bandgap tunability makes these materials excellent 

candidates for optoelectronic applications such as wavelength selective photodetectors.[4] Among 
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the large family of TMDs, the MX2 (M = Mo, W; X = S, Se) compounds are particularly interesting 

because of their band gap range of ~1.1–2 eV.[2], [5] Such band gaps overlap well with the solar 

spectrum and therefore position these MX2 TMDs as attractive candidates for applications in 

wavelength-specific optoelectronics.[6]  The high carrier lifetime and large bandgap of MoSe2 in 

particular make it a promising candidate for highly-sensitive photodetectors[7]–[9] that can be 

integrated in scintillation based radiation detectors. 

Perovskite structured semiconductors offer an excellent opportunity to integrate them in 

solid-state radiation sensors due to their outstanding and unique tunable properties for 

optoelectronic and radiation sensing applications. Their high carrier mobility, long electron-hole 

diffusion length, and high carrier lifetime,[10] make them excellent candidates for diode 

integration in solid-state radiation detectors. 

Both 2D TMDs and perovskites are studied and reported here for their potential application 

as radiation sensors. 

 

 

Figure 1.1. Illustration of one of the driving factors for the need of radiation detectors with nuclear 

sites all over the United States, and how radiation detectors both handheld and large area can be 

applied.[11], [12] 
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1.2 Objective 

Demonstrate the potential of emerging semiconductor materials such as 2D TMD and 

perovskite structured semiconductors for radiation sensors. 

1.3 Dissertation Structure 

 Chapter 2 

This chapter provides a literature review for current radiation detection technologies and 

introduces how new materials, such as TMDs and perovskites, can be used in radiation 

detectors. Finally, a literature review is presented, overviewing the TMD and perovskite 

material properties and their integration in optoelectronic and radiation sensing devices. 

 Chapter 3 

This chapter demonstrates the deposition optimization process of MoSe2 by PLD using 

physical and electrical characterization. Integration of MoSe2 in a MoSe2/Si heterojunction 

photodiode is demonstrated and characterized through device electrical and optoelectronic 

characterization. 

 Chapter 4 

This chapter discusses a low-temperature fabrication process of MAPbBr3/Ga2O3 

heterojunction diodes, the device optimization studies to improve diode electrical and 

radiation detection performance, and demonstrates alpha, gamma, and neutron detection 

using the optimized MAPbBr3/Ga2O3 heterojunction diodes. 
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 Chapter 5 

This chapter shows the conclusions obtained from developing a large-area deposition 

process for MoSe2 and integrating it in a proof-of-concept photodiode. Future work is 

discussed on how the photodiode architecture can be improved to improve diode 

performance and photo-detection capabilities and how the device can be used to replace 

PMTs. The conclusions obtained from the MAPbBr3
 single-crystal based device studies are 

also discussed along with future plans for creating a more stable and high-performing 

perovskite based neutron detector by replacing the perovskite material with a more stable 

perovskite material and but detecting neutron directly instead of indirectly by 

doping/alloying the perovskite materials with neutron sensitive materials like 10B, for 

example. 

 Appendix A 

This appendix discusses the various single-crystal MAPbBr3 perovskite device structures 

studied and discusses the methodology used for a detailed device optimization and thermal 

neutron detection demonstration.  

 Appendix B 

This appendix discusses other potential perovskite materials, such as CsPbBr3, for future 

work and the preliminary material characterization done during the material development 

phase of the work. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Current Technology 

2.1.1 Current Radiation Detectors 

There are several radiation detection systems available, including gas-based detectors, 

scintillator detectors, and solid-state detectors.[13] Figure 2.1 shows some examples of each of 

these detectors. For example, a 3He gas based radiation detector has a high gamma-ray 

discrimination, while showing large neutron capture cross-section area. However, they can be 

expensive, bulky, and require high voltages. There are various types of gas-filled detectors, but 

there is a limited supply and some use highly toxic materials. The 3He gas based detector uses the 

3He gas as the neutron sensitive material by producing 1H and 3H ions when struck with a neutron 

that are then detected.[14] Another type of detector are scintillator based radiation detectors, which 

use LiCaAlF6 or NaI:Tl as the scintillator, for example. They can be scaled up to large areas, are 

inexpensive, and have a high precision and counting rate. However, these materials have 

hygroscopicity issues, poor response to low energy gammas, and are highly expensive. 

Commercial solid-state detectors, including Si, GaAs, or Ge, for example, can be scaled to make 

them portable. However, these materials are expensive, require high temperature processing, and 

can have high gamma-ray detection which leads to poor gamma discrimination when other forms 

of radiation need to be detected and identified.  
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Figure 2.1. Various examples of current radiation technologies ranging from gas detectors, 

scintillator detectors, and solid-state detectors.[15]–[17]  

 

2.1.2 Detection via Scintillation 

Scintillation based detectors can detect a wide range of radiation and the type of radiation 

detected depends on the scintillator material used. Figure 2.2 depicts how the device interacts with 

incoming radiation. The incoming radiation, weather x-rays, gamma-rays, or neutrons, strikes the 

scintillator material. When the scintillator is struck with the radiation, it emits photons that are 

detected by another device, typically a photomultiplier tube (PMT). However, PMTs are bulky, 

and to create a smaller more portable device, a smaller scaled photon detecting device needs to 

replace the typical PMT. This device will need to have excellent photon detection that can match 

or beat the PMT detection efficiency. 

This is where new emerging semiconductor materials can play a key role. 2D TMDs, for 

example, have been gaining a lot of interest not only in the academic research community, but also 

in the semiconductor industry due to their excellent and unique electrical properties. These 

materials when deposited with the right deposition technique can be applied to large areas, are 

relatively inexpensive, and require minimal processing, making them excellent candidates for 

photon detectors. 



 

7 

 

Figure 2.2. An illustration of a scintillation based radiation detector where a scintillation material 

is coupled with a photomultiplier tube. Radiation Detection, Chapter 6 (2018) 

 

2.1.3 Detection via Neutron Conversion 

Detection of thermal neutrons using a neutron conversion material uses a material that 

interacts with an incoming thermal neutron and a device that detects the product of the thermal 

neutron interaction. Figure 2.3 shows an example of how a special nuclear material (SNM) is 

detected using a neutron conversion layer and a solid-state device and Equation (2.1) shows the 

reaction.  

B10 + 𝑛 →  {
94%7𝐿𝑖(0.840 𝑀𝑒𝑉)  +  𝛼(1.470 𝑀𝑒𝑉)  +  𝛾(0.48 𝑀𝑒𝑉)

6%7𝐿𝑖(1.02 𝑀𝑒𝑉)  +  𝛼(1.77 𝑀𝑒𝑉)
}  (2.1) 

The SNM emits a fast neutron that is converted into a thermal neutron when passed through 

a moderator. The thermal neutron (n) then strikes a neutron conversion layer, such as 10B, resulting 

in 11B atom in an excited state that then splits into a 7Li and an alpha particle (4He, α), with energies 

of 0.84 MeV and 1.47 MeV, respectively.[18] The alpha particle then strikes a solid-state device, 

such as a diode, and electron-hole pairs are generated. These alpha particle generated carriers are 

collected and then the signal is amplified and digitized, resulting in the detection of the SNM. 
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While current solid-state detectors used to detect the alpha particles can be scaled and made 

portable, they are expensive and require high temperature processing. This is where new emerging 

materials, such as perovskite structured semiconductors, can make a huge impact. Recently, 

perovskite materials have been heavily studied in the solar cell research communities due to their 

amazing electrical properties that are needed for the extraction of photon and/or radiation 

generated carriers. They can also be applied to large areas, are relatively inexpensive, and require 

low-temperature processing. 

 

Figure 2.3. Illustration of how a thermal neutron is detected from a SNM. The SNM releases a 

fast neutron than passes through a moderator to become a thermal neutron. The thermal neutron 

then strike a 10B neutron conversion layer releasing an alpha particle and 7Li. The alpha particle 

then strikes the solid-state diode, generating carriers that are extracted. [19] 

 

2.2 Transition Metal Dichalcogenides (TMDs) 

The chemical formula for TMDs follow the MX2 structure (M = transition metal; X = 

chalcogen (S, Se, Te)). The TMDs include a single layer of transition metal atoms in between two 

layers of chalcogen atoms. This layer is then layered upon identical layers that are held together 

by weak interlayer Van der Waals interactions and form the bulk crystal. These crystals range in 

various crystalline structures including a 2H (hexagonal) structure that is semiconducting and a 1T 
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(tetragonal) structure that is metallic, as shown in Figure 2.4. The semiconducting TMDs in 

particular offer the unique property of bandgap tuning.[1]–[3] Monolayer TMDs such as MoSe2 

have a direct bandgap, and as the number of layers increase, the bandgap decreases and changes 

from direct to indirect due to quantum mechanical confinement.[20] This unique bandgap 

tunability makes these materials excellent candidates for optoelectronic applications such as 

wavelength selective photodetectors.[4] Among the large family of TMDs, the MX2 (M = Mo, 

W; X = S, Se) compounds are particularly interesting because of their band gap range of ~1.1–2 

eV.[2], [5] Such band gaps overlap well with the solar spectrum and therefore position 

these MX2 TMDs as attractive candidates for applications in wavelength-specific 

optoelectronics.[6] 

 

 

Figure 2.4. Two TMD structures are illustrated: a metallic 1T structure and a semiconducting 2H 

structure. The chalcogen atoms are yellow and the transition metal atoms are red.[21] 

 

Few-layer and single-layer MoS2, for example, have been extensively studied for diverse 

applications including transistors,[22]–[24] optoelectronics,[25]–[27] energy harvesting,[28] and 

catalysis.[29], [30] However, few-layer MoSe2 has not been studied as extensively as MoS2, but 
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is attracting increasing attention due to the higher electrical conductivity, narrower bandgap, and 

stronger light absorption in the solar spectrum compared to MoS2, making MoSe2 an attractive 

candidate for many electrical and photochemical applications.[6], [31]–[33] These attractive 

properties of MoSe2 make it an excellent candidate for a photon detecting device that can replace 

the current PMTs used in scintillation based radiation sensors. Current literature has already 

demonstrated excellent photon detection using TMDs integrated in various device structures such 

as photoconductors and field-effect transistors. Figure 2.5 illustrates some of these various 

different device structures. 

 

Figure 2.5. Device schematics shows three different 2D TMD photo-detecting device structures in 

literature: a photoconductor (or photoresistor) structure, a back gated phototransistor structure, and 

a top gated phototransistor structure.[34]–[36] 

 

 However, for a photo detecting device to be used in a scintillation based radiation detector, 

the photon detection capabilities need to be improved. In this work, the coupling of 2D TMDs with 

silicon is studied in a diode structure with the goal of integrating the same TMD and silicon 

interface in a phototransistor for future work. Preliminary work done collaborators are shown in 

Figure 2.6. Here a phototransistor structure with a silicon and TMD heterojunction have 

demonstrated promising responsivity results showing this structure is an excellent candidate for 

replacing PMTs. The excellent photon detection is due to the coupling of the TMD and silicon. 

Negative bias is applied to the gate which easily extracts holes from the Si to the 2D TMD and 
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recombines with the electrons. Due to the carrier lifetime differences between the Si and 2D TMD, 

a difference in the electron and hole generation provides a driving force to supply holes to the 2D 

TMD and an effective current flow is generated. However, in order to easily fabricate reproducible 

devices, a large area deposition process needs to be developed for the 2D TMD. For this study, a 

deposition optimization process of the TMD MoSe2 is reported. 

 

Figure 2.6. Previous work done by collaborators demonstrate photo-detection capabilities by 

coupling Si and 2D TMDs in a phototransistor structure. This phototransistor can later be coupled 

with a scintillator material to detect radiation. 

 

Similarly, as other layered TMDs, exfoliation of bulk material can produce single- and 

few-layer MoSe2. However, the commonly used mechanical [37] and chemical [38]–[41] 

exfoliation routes produce small amounts of samples and do not provide proper control over 

thickness distribution as well as lateral dimensions and uniformity. Large-area and high-quality 

MoSe2 nanostructures with desired thicknesses and stacking orientations have been mainly 

produced using chemical vapor transport (CVT),[42] chemical vapor deposition (CVD),[43], 

[44] and molecular beam epitaxy (MBE).[45], [46] Such processes result in substrate-confined 

nanostructures, which limit both yield and transfer capabilities, and require the use of harmful-

precursors.[47] Solution chemical approaches offer the ability to produce high-yield, tunable, and 

substrate-free nanostructures. However, MoSe2 nanostructures synthesized using these approaches 
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such as solvothermal [48]–[50] and colloidal[51]–[56] methods do not typically produce well-

crystallized few-layer morphologies. 

 

Figure 2.7. Pulsed laser deposition schematic and tool images illustrate the deposition process in 

three steps: laser ablation, creation of plasma, and material deposition. 
 

Pulsed laser deposition (PLD), a physical vapor deposition (PVD) technique, is an alternate 

method that is gaining more interest in recent years.[57] Tuning PLD parameters such as substrate 

temperature, laser energy density, chamber pressure, gas environment, and target rotation speed 

can result in high-quality 2D TMDs.[58], [59] Figure 2.7 illustrates the deposition steps and shows 

imaged of the PLD tool used for this study. PLD is a fast deposition process in which a high-power 

laser is used to ablate the desired target and deposit the material on a selected substrate while 

maintaining the same stoichiometry from target to substrate under optical deposition parameters 

due to absorption of the laser on a localized area of the target. This ablation results in a plasma 

directed at the target surface where the material deposits.[60] Furthermore, the thin film thickness 

in this process is controlled by adjusting the number of laser pulses, and the growth rate can be 
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adjusted by increasing or decreasing the laser pulse frequency. Another advantage of PLD 

compared with processes such as CVD and MBE is that the process requires non-harmful and 

cheap precursors. 

 

 Chapter 3 in this dissertation demonstrates the deposition of high quality MoSe2 by PLD 

over large areas and integrated TMD material in a heterojunction photodiode with silicon. The 

PLD process provides a simply, fast, and low-cost deposition process to implement 2D TMDs in 

various electronic devices without the use of harmful precursors. 

2.3 Perovskite Structured Semiconductors 

Recently, newly emerging halide perovskites with a typical formula of ABX3 (A = CH3NH3 

or Cs; B = Pb; X = Cl, Br, or I) have attracted a lot of interest due to their remarkable properties, 

including tunable direct band gap and emission wavelengths, large absorption coefficient, high 

electron and hole mobilities, long carrier lifetime and diffusion lengths, simple processing 

techniques, and ease of integration with both organic and inorganic semiconductor materials.[10], 

[61], [62] These excellent features make these perovskite materials promising candidates for 

device applications such as photovoltaic cells, [63] optical gain media for lasing,[64], [65] light 

emitting diodes,[66]–[69] photodetectors,[70]–[76] and radiation detectors.[77]–[85] An 

illustration of the perovskite unit cell where ABX3 can be seen in Figure 2.8 where A represents 

the cations at the corners (CH3NH3
+ or Cs+), B represents the cation in the center (Pb2+), and X 

represents the halide ions on the face (Cl-- or Br- or I-). The wide range of band-gap tunability from 

1.2 eV to 3.0 eV by varying the perovskite chemistry can be seen from literature examples in 

Figure 2.9.[79][86] 
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Figure 2.8. An illustration of a perovskite unit cell classified as ABX3, where A represents the 

cations at the corners (CH3NH3
+ or Cs+), B represents the cation in the center (Pb2+), and X 

represents the halide ions on the face (Cl-- or Br- or I-). 

 

 

 

Figure 2.9. Perovskite band-gap tenability reported in literature ranging from 1.2 eV to 3.0 

eV.[79][86] 
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The methylammonium lead halide perovskite single-crystals (MAPbX3: MA = CH3NH3
+, 

X = I-, Br-, or Cl-) in particular have gained interest due to their due to their tunable band gap and 

low-cost growth processes. Compared to polycrystalline films, perovskite single-crystals show 

even better intrinsic properties. Hence, there has been an every-increasing effect to focus on single-

crystalline perovskite materials in solar cells and photon and radiation sensing devices. Stability 

is another major concern for commercializing perovskite materials. In particular, the 

polycrystalline thin film perovskites are full of voids, grain boundary inclusions and other traps, 

resulting in fast degradation in ambient conditions.[87] This issue has become the biggest obstacle 

for perovskite materials. In comparison, the single-crystalline perovskite materials become 

advantageous with a lower carrier concentration, higher carrier mobility, longer carrier diffusion 

length, low trap density, and better stability. These improved properties are essential for 

application that require low dark current and high current on/off ratio such as radiation 

sensors.[10], [78], [88]–[90] Among the single-crystal perovskite, MAPbBr3 is particularly 

interesting due to the extensive research done on its material development. Although it is a hybrid 

organic-inorganic material, the extensive synthesis studies makes it a great candidate for initial 

proof of concept radiation sensors that can later be replaced with a more developed stable fully 

inorganic perovskite single-crystal such as CsPbBr3. 

Several reports exist citing radiation detection capabilities of perovskite based devices 

ranging from a photoconductor structure to various photodiode structures. Figure 2.10 shows three 

examples from the literature of radiation sensors using single-crystals. Several reports of 

perovskite single-crystal based devices show alpha (α), x-ray, and gamma-ray (γ-ray) detection, 

but thermal neutron detection with a perovskite single-crystal has yet to be shown. H. Wei et al. 
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shows γ-ray detection using a MAPbBr3-xClx single-crystal based PN diode[77] and x-ray detection 

using a MAPbBr3 single-crystal based PN diode.[78] J. T. Tisdale et al. shows alpha detection 

using a MAPbBr3 single-crystal based PN diode,[80] and X. Liu et al. shows alpha particle 

detection using a MAPbBr3 single-crystal based Schottky diode.[82]  Preliminary studies in our 

research team by L. Fernandez-Izquierdo et al. show the very first thermal neutron detection in a 

poly-crystalline Cesium lead bromide (CsPbBr3) perovskite thin film based diode.[91] However, 

detection of thermal neutrons using a perovskite single-crystal based device has yet to be reported. 

 

Figure 2.10 Cross-section schematics of various MAPbBr3 single-crystal perovskite based 

radiation detectors in literatures: an x-ray detector using a PN diode,[78] an alpha particle 

detector using a PN diode,[92] and a gamma-ray detector using a Schottky diode.[81]  

 

 

Appendix A demonstrates MAPbBr3 single-crystals integrated in various device structures 

and studied to determine the optimal device structure for thermal neutron detection. In Chapter 4, 

the optimal device is then in detail to determine how to further improve the radiation detection 

performance. 
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CHAPTER 3 

LARGE-AREA PULSED LASER DEPOSTIED MOLYBDENUM DISELENIDE 

HETEROJUNCTION PHOTODIODES1 

3.1 Preface 

Chapter 3 discusses the process developed to obtain a layer-by-layer controlled 

deposition of MoSe2 by pulsed laser deposition. The optimized deposition parameters are then 

used to integrate the MoSe2 in a heterojunction photodiode and the photodiode characteristics are 

studied. The material deposition quality is optimized by varying the laser energy density, target 

and substrate rotation speed, chamber pressure, and substrate temperature. 

3.2 Abstract 

Two-dimensional (2D) semiconductors, such as transition-metal dichalcogenides (TMDs), 

have attracted immense interest due to their excellent electronic and optical properties. The 

combination of single and multilayered 2D TMDs coupled with either Si or II-VI semiconductors 

can result in robust and reliable photodetectors. In this paper, we report the deposition process of 

MoSe2 layered films using pulsed laser deposition (PLD) over areas of 20 cm2 with a tunable 

bandgap. Raman and X-ray diffraction indicates crystalline and highly oriented layered MoSe2. X-

1 Chapter 3 is reprinted (adapted) with permission from “Large-Area Pulsed Laser Deposited Molybdenum Diselenide 

Heterojunction Photodiodes,” ACS Appl. Mater. Interfaces, vol. 12, no. 46, pp. 51645–51653, Nov. 2020. Copyright (2020) 

American Chemical Society.[159] The authors are Lidia El Bouanani, Martha I. Serna, Syed M. N. Hasan, Bayron L. Murillo, 

Seungjin Nam, Hyunjoo Choi, Husam N. Alshareef, and Manuel A. Quevedo-Lopez. The manuscript has been modified to fit 

the narrative of the dissertation. 
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ray photoelectron spectroscopy shows Mo and Se present in the first few layers of the film. 

Rutherford backscattering demonstrates the effect of O and C on the surface and film/substrate 

interface of the deposited films. Ultraviolet-visible spectroscopy, Kelvin probe, photoelectron 

spectroscopy, and electrical measurements are used to investigate the band diagram and electrical 

property dependence as a function of MoSe2 layers/thickness. As the MoSe2 thickness increases 

from 3.5 nm to 11.4 nm, the bandgap decreases from 1.98 eV to 1.75 eV, the work function 

increases from 4.52 eV to 4.72 eV, the ionization energy increases from 5.71 eV to 5.77 eV, the 

sheet resistance decreases from 541 kΩ to 56.0 kΩ, the contact resistance decreases from 187 

Ω·cm2 to 54.6 Ω·cm2, and the transfer length increases from 2.27 nm to 61.9 nm. Transmission 

electron microscopy (TEM) cross-section images demonstrate the layered structure of the MoSe2
 

with an average interlayer spacing of 0.68 nm. The fabricated MoSe2-Si photodiodes demonstrate 

a current on/off ratio of ~2x104 orders of magnification and photocurrent generation with 22.5 ns 

rise time and 190.8 ns decay time, respectively. 

3.3 Introduction 

The continuous decrease in electronic device dimensions with improved performance 

demands development of new materials. In this regard, two-dimensional (2D) semiconductors, 

such as graphene and transition-metal dichalcogenides (TMD), have attracted a growing interest. 

In particular, TMDs offer unique properties such as bandgap tuning, weak interlayer Van der 

Waals interactions, and the opportunity to manipulate its crystalline structure and composition.[1]–

[3] Monolayer TMDs such as MoSe2 have a direct bandgap, and as the number of layers increase, 

the bandgap decreases and changes from direct to indirect due to quantum mechanical 



 

19 

confinement.[20] This unique bandgap tunability makes these materials excellent candidates for 

optoelectronic applications such as wavelength selective photodetectors.[4] Among the large 

family of TMDs, the MX2 (M = Mo, W; X = S, Se) compounds are particularly interesting because 

of their band gap range of ~1.1–2 eV.[2], [5] Such band gaps overlap well with the solar spectrum 

and therefore position these MX2 TMDs as attractive candidates for applications in wavelength-

specific optoelectronics.[6] Few-layer and single-layer MoS2, for example, have been extensively 

studied for diverse applications including transistors,[22]–[24] optoelectronics,[25]–[27] energy 

harvesting,[28] and catalysis.[29], [30] However, few-layer MoSe2 has not been studied as 

extensively as MoS2, but is attracting increasing attention due to the higher electrical conductivity, 

narrower bandgap, and stronger light absorption in the solar spectrum compared to MoS2, making 

MoSe2 an attractive candidate for many electrical and photochemical applications.[6], [31]–[33] 

Similarly, as other layered TMDs, exfoliation of bulk material can produce single- and 

few-layer MoSe2. However, the commonly used mechanical [37] and chemical [38]–[41] 

exfoliation routes produce small amounts of samples and do not provide proper control over 

thickness distribution as well as lateral dimensions and uniformity. Large-area and high-quality 

MoSe2 nanostructures with desired thicknesses and stacking orientations have been mainly 

produced using chemical vapor transport (CVT),[42] chemical vapor deposition (CVD),[43], 

[44] and molecular beam epitaxy (MBE).[45], [46] Such processes result in substrate-confined 

nanostructures, which limit both yield and transfer capabilities, and require the use of harmful-

precursors.[47] Solution chemical approaches offer the ability to produce high-yield, tunable, and 

substrate-free nanostructures. However, MoSe2 nanostructures synthesized using these approaches 

such as solvothermal [48]–[50] and colloidal[51]–[56] methods do not typically produce well-
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crystallized few-layer morphologies. Pulsed laser deposition (PLD), a physical vapor deposition 

(PVD) technique, is an alternate method that is gaining more interest in recent years.[57] Tuning 

PLD parameters such as substrate temperature, laser energy density, chamber pressure, gas 

environment, and target rotation speed can result in high-quality 2D TMDs.[58], [59] PLD is a fast 

deposition process in which a high-power laser is used to ablate the desired target and deposit the 

material on a selected substrate while maintaining the same stoichiometry from target to substrate 

under optical deposition parameters due to absorption of the laser on a localized area of the target. 

This ablation results in a plasma directed at the target surface where the material deposits.[60] 

Furthermore, the thin film thickness in this process is controlled by adjusting the number of laser 

pulses, and the growth rate can be adjusted by increasing or decreasing the laser pulse frequency. 

Another advantage of PLD compared with processes such as CVD and MBE is that the process 

requires non-harmful and cheap precursors.  

In previous PLD studies of MoSe2, Fominski et al. developed the first studies for pulsed 

laser deposited MoSe2 coatings by evaluating the effects of deposition pressure from a high 

vacuum up to 75 mTorr in Argon.[93] The chemical composition of the coatings were found to be 

sensitive to the inert gas pressure. When the gas pressure increases from 0.75 mTorr to 75 mTorr, 

the ratio of the atomic concentrations of Se and Mo increases from 1.5 to 2.4. The ideal deposition 

pressure that yields stoichiometric MoSe2 is identified as 15 mTorr; however, these thick films 

also show an amorphous interlayer at the interface. Ullah et al. synthesized monolayer MoSe2 

indirectly by the selenization of a pulsed laser deposited MoO3.[94] However, the direct synthesis 

of continuous layered MoSe2 by PLD without the use of additional treatments has not been 

demonstrated. 
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In recent years, photodetectors based on 2D TMDs have been extensively studied.[9], [95]–

[97] The high carrier lifetime and large bandgap of MoSe2 make it a promising candidate for 

highly-sensitive photodetectors.[7]–[9] However, most of the MoSe2 based photodetectors 

demonstrated are metal-semiconductor-metal (MSM) or phototransistors with outstanding 

sensitivity, but limited response speeds as fast as 15 ms, which are too slow for practical 

applications.[42], [98], [99] Recent work coupling TMDs with Silicon (Si) as a heterojunction 

based diode shows the enhancement of photo response speed due to the strong built-in electric 

field at the junction interface and shorter carrier transit time.[100]–[102] Mao et al. reported a 

vertically oriented MoSe2-Si heterojunction photodetector with a rise time of 270 ns and a decay 

time of 350 ns. The pn structure composed of a p-type Si substrate with 200 nm of vertically 

standing n-type MoSe2 deposited by magnetron sputtering.[103] To the best of our knowledge, this 

is the fastest reported rise and decay time so far for a MoSe2-Si based photodetector. 

We report a MoSe2-Si heterojunction photodetector based on a layer-by-layer controlled 

growth of MoSe2 over a large 20 cm2 area using PLD with tunable bandgap effects by varying the 

number of TMD layers. Raman and X-ray diffraction indicates highly oriented crystalline MoSe2. 

X-ray photoelectron spectroscopy shows Mo, Se, with minimal surface O in the film. Rutherford 

backscattering demonstrates the effect of O and C on the surface and substrate interface of the 

deposited films. Ultraviolet-visible spectroscopy, Kelvin probe, photoelectron spectroscopy, and 

electrical measurements show the MoSe2 band diagram and electrical property dependence on film 

thickness. Transmission electron microscopy (TEM) cross-section images demonstrate the layered 

structure of the MoSe2 with an average interlayer spacing of 0.68 nm. The fabricated MoSe2-Si 
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photodiodes demonstrate a current on/off ratio of ~2x104, a rise time of 22.5 ns, and a decay time 

of 190.8 ns. 

3.4 Experimental Details 

3.4.1 Deposition of MoSe2 on Al2O3 and Si 

The MoSe2 films are grown on Al2O3 C-plane (0001) double – sided polished (sapphire), 

p-type boron doped Si (100) with a carrier concentration of 1015 cm-3, and p-type boron highly 

doped Si (100) with a carrier concentration of 1017 cm-3. The sapphire substrates are cleaned by 

sonication in acetone for 2 minutes, isopropanol for 2 minutes, and then deionized water (DIW) 

for 2 minutes followed by a 10 second dip in 1:100 HCl and rinse in DIW. The Si substrates are 

cleaned using the standard RCA acid process. The MoSe2 target is acquired from Testbourne 

(99.999%). A KrF pulsed laser (λ=248 nm) is used for the deposition with an energy of 30 mJ and 

a laser frequency of 20 Hz. Before film deposition, the PLD chamber is evacuated to a pressure of 

<10-6 Torr and the chamber pressure adjusted to the desired value and stabilized for 3 minutes. 

The optimized depositions are carried out at a pressure of 15 mTorr in Ar gas, target and substrate 

raster velocities at 3.3 rpm, and a substrate temperature at 600 oC that is cooled down to room 

temperature at a rate of 2 ºC/min before sample removal. 

3.4.2 Circular Transmission Line Method Fabrication. 

The MoSe2 is deposited using the optimized deposition process on sapphire substrates 

using 1500, 3000, and 5000 laser pulses. After the various thicknesses of MoSe2 are deposited on 

the sapphire substrates, the metal contacts are patterned and deposited using the Lift-Off process 



 

23 

with S1813 resist. The electrodes are deposited using a Temescal Electron-Beam evaporator with 

10nm or Cr and 150 nm of Au at a pressure of 10-6 Torr. 

3.4.3 Si-MoSe2 Photodiodes Fabrication 

The photodiodes are fabricated using a p-type Si (100) boron doped substrate with a 

resistivity of 5-10 Ω-cm, corresponding to a carrier concentration of 1x1015 cm-3. The Si wafer is 

cleaned using BOE 7:1 until hydrophobic, resulting in a pure Si surface with no SiO2. Then, 50 

nm of SiO2 is grown by Low Pressure Chemical Vapor Deposition. Afterwards, the SiO2 is 

patterned and wet etched with nLOF2020 resist and BOE 7:1 to open the diode active area to the 

Si. Afterwards, the wafer is cleaned using the standard four tank RCA process to remove particles 

and contaminants such as organic materials and residue. First, the wafer is dipped in Piranha for 5 

minutes, then a mixture of NH4OH, H2O2, and H2O for 5 minutes, followed by a mixture of HCl, 

H2O2, and H2O for 5 minutes, and finally a HF dip for 1 minute leaving H-terminated bonds on the 

surface of the Si active area. The samples are then loaded into the PLD chamber. The optimized 

deposition parameters are used to deposit the MoSe2. As the substrate is heated, the H-terminated 

bonds from the HF dip evaporate off, leaving a clean Si surface for MoSe2 to deposit on. After the 

MoSe2 is deposited, the top metal contacts are patterned and deposited using the Lift-Off process 

with nLOF2020 resist. The electrodes are deposited with a Temescal Electron-Beam evaporator, 

where 10 nm of Cr and then 250 nm of Au are deposited at a pressure of 10-6 Torr. Afterwards, 30 

nm of Al2O3 is deposited by Atomic Layer deposition and then patterned and etched along with 

the MoSe2 outside the diode active area in order to isolate each diode from each other. This is done 

using S1813 resist and etching Al2O3 and MoSe2 using a dry plasma etch process with Chlorine 

chemistry. Following the resist strip, an O2 plasma descum treatment is done to remove any 
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remaining photoresist residue. Next, the Al2O3 is wet etched from the top of the electrodes using 

BOE 7:1 and opening the contact pads for electrical contact. Finally, the Au back contact is 

deposited. The back of the Si wafer is swabbed with BOE 7:1 to remove any native oxide, followed 

by the deposition of 300 nm of Au at a pressure of 10-6 Torr using the same electron beam 

deposition tool as the top contacts. 

3.4.4 Chemical, Structural, and Electrical Analysis Tools 

The MoSe2 thin films are characterized by Raman spectroscopy (Thermo Scientific™ 

DXRTM Raman microscope) with a 532 nm excitation source and 50X objective at a 0.5 mW 

laser power. X-ray diffraction (XRD) measurements are performed using a Rigaku Ultima III X-

ray diffractometer. The X-ray photoelectron spectroscopy (XPS) measurements are performed 

using a PHI 5000 Versa Probe II. All the analyses are taken at a 45o take-off angle with respect to 

the sample surface. A monochromatic Al Kα radiation source (hν = 1486.6 eV) with a 0.1 eV step 

size and a pass energy of 23.50 eV is used. The base pressure in the analysis chamber is 1.6x10-8 

Torr. All binding energies reported in this work are relative to the C 1s peak at a binding energy 

of 284.8 eV. The crystalline structures, thicknesses, and layers of the MoSe2 are examined using 

high resolution transmission electron microscopy (HR-TEM, Tecnai F20 G2, FEI, USA) and High-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM, JEM-

ARM200F, JEOL, USA). The TEM samples are prepared using a focused ion-beam system (FIB) 

system (Nova nanolab 600, FEI Ltd., USA). Ultraviolet-visible spectroscopy measurements are 

performed to calculate the bandgap of the films. The MoSe2 work function is measured using the 

Scanning Kelvin Probe (SKP 5050, KP Technology) technique with 5.15eV as the Au reference 

work function. The ionization energy is measured by photoelectron spectroscopy in air (PESA) 
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using a Riken Keiki AC-2 photoelectron spectrometer with 100nW deuterium lamp power with a 

step of 0.05eV. Electrical measurements are performed with a Hall system (Lake Shore 8400 

Series) that can be used in both DC and AC field modes. The system includes fully integrated 

instrumentation, a magnet, and power supply. The composition depth profile is obtained using 

High Resolution Rutherford Backscattering Spectroscopy (HR-RBS) with 400 keV He+ ions with 

a beam size of 1 mm. The experimental data is fitted using Analysis IB RBS software 2007 

Kobelco. 

3.5 Results and Discussion 

3.5.1 Physical, Chemical and Electrical Characterization of MoSe2 Deposited by Pulsed 

Laser Deposition 

For the layer by layer deposition control of MoSe2, the optimal deposition parameters such 

as laser energy density, target rotation speed, substrate temperature, and chamber pressure were 

first developed. The initial depositions in this work were carried out at 15 mTorr in Argon gas,[93] 

substrate temperature of 200 °C, laser frequency of 20 Hz, and target rotation speed of 5.00 rpm. 

The laser energy density, target rotation speed, substrate temperature, deposition pressure, and 

thickness via the number of pulses are investigated. All the MoSe2 deposition parameter studies 

are done with 5000 laser pulses. 
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Figure 3.1. Raman spectra show vibration modes A1g and E1
2g of MoSe2 deposited with (a) various 

laser energy densities and (b) various substrate temperatures. X-ray diffraction of MoSe2 films 

deposited at (c) various substrate temperatures and (d) various chamber pressures. HR-TEM cross-

section images of MoSe2 deposited on crystalline Al2O3 substrates with (e) 5000 laser pulses, (f) 

3000 laser pulses, and (g) 1500 laser pulses show how the number of layers deposited is controlled 

by varying the number of laser pulses. (h) Analysis of the HR-TEM images shows an interlayer 

spacing of about 0.68 nm. 

 

First, three different laser energy densities are used to deposit the MoSe2 films: 565, 1220, 

and 1730 mJ/cm2 and Raman spectroscopy is used to study the quality of the layered MoSe2. For 

MoSe2 films, the in-plane E1
2g and out of plane A1g vibration modes are 240.5 - 242.5 cm−1 and 

270 cm-1, respectively.[31], [104], [105] In Figure 3.1a, these vibration modes are observed for the 

films deposited at 1220 and 1730 mJ/cm2, but not for the films deposited at 565 mJ/cm2. The 

deposition using 1730 mJ/cm2 shows the strongest vibration modes and is used as the optimal 
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energy density. This high energy density is adopted for the remaining experiments. However, the 

MoSe2 film has many particles, as seen in the optical images in Figure 3.2a-c. A study by Serna et 

al. shows that changing the target rotation speed during the pulsed laser deposition can reduce the 

density of particles on the film surface.[59] In order to reduce the number of particles, a study 

reducing the target rotation speed from 5 rpm to 3.33 rpm as well as 1.67 rpm was carried out and 

shown in Figure 3.3a and Figure 3.2d-f, respectively. The critical Raman vibration modes show 

the strongest peaks at a rotation speed of 3.33 rpm as well as the fewest number of particles, 

determining that 3.33 rpm is the optimal target rotation speed. 

Next, using with a laser energy density of 1730 mJ/cm2 and target rotation of 3.33 rpm, 

various substrate temperatures of 200 °C, 400 °C, 600 °C, 700 °C, and 800 °C are studied to 

evaluate the effect temperature on film crystallinity. Figure 3.1b shows that, regardless of the 

temperature, all films show typical Raman vibration modes corresponding to MoSe2, except for 

the film deposited at 800 °C. This is likely due to partial re-evaporation or decomposition of the 

MoSe2 when a substrate temperature of 800 °C is used.[106]  

X-ray diffraction (XRD) is used to investigate the effect of the temperature on the quality 

of the thin film (Figure 3.1c). The characteristic peak for hexagonal MoSe2 (002) (JCPDS 

#290914) is observed for all the films except for 800 °C, as expected from the Raman results. The 

films deposited at 800 °C show only a peak marked with an asterisk (*) corresponding to either 

MoSe2 (006) (JCPDS #290914), MoO2 (210) (JCPDS #320671), or Se (110) (JCPDS #060361). 



 

28 

 

Figure 3.2. Optical images of MoSe2 films deposited with various deposition parameters. Various 

laser energy densities: (a) 565 mJ/cm2, (b) 1220 mJ/cm2, and (c) 1730 mJ/cm2. Various target 

rotation speeds: (d) 5.00 rpm, (e) 3.33 rpm, and (f) 1.67 rpm. Various substrate temperatures: (g) 

200 °C, (h) 400 °C, (i) 600 °C, (j) 700 °C, and (k) 800 °C. 

 

This further demonstrates that when deposited at high temperatures the material composition and 

crystalline structure is impacted. In addition, the films deposited at 700 °C show a free Selenium 

peak (102) (JCPDS #060361 and #270601), revealing the start of material decomposition at 700 

°C. The film deposited at 600 °C shows a high intensity diffraction peak (002); no other peaks 

from free Mo are observed. This indicates that the material is highly oriented when deposited at 
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this temperature, promoting a larger grain size than the other films deposited at substrate 

temperatures different than 600 °C. X-ray photoelectron spectroscopy (XPS) analyses of MoSe2 

deposited with various substrate temperatures shown in Figure 3.4a-b and Figure 3.5 indicate that 

the substrate temperature of 600 °C also show minimal oxidation. Therefore, 600 °C is selected as 

the optimal substrate deposition temperature due to the highly preferred crystalline orientation in 

the plane (002) shown by XRD and minimal oxidation shown by XPS. 

 
Figure 3.3. Raman spectra show vibrational modes A1g and E1

2g of MoSe2 deposited with (a) 

various target rotation speeds and (b) various chamber pressures. 

 

Next, a deposition pressure study is conducted to verify if the 15 mTorr suggested by 

Fominski et al.[93] would deliver a film with the optimal stoichiometry and preferred crystalline 

orientation. For this study, MoSe2 is deposited at different pressures: under vacuum (~ 10-6 Torr), 

and in Argon environments at 15, 30, and 45 mTorr, with a substrate temperature of 600 °C, an 
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energy density of 1730 mJ/cm2, and a substrate rotation speed of 3.33rpm. Regardless of the 

pressure, all the Raman vibration modes are observed with the highest intensities at 30 and 45 

mTorr (Figure 3.3b). The main differences in the different pressures is evident in the XRD results 

(Figure 3.1d). When the deposition pressure is increased from 10-6 Torr to 45 mTorr, the diffraction 

peak plane (002) intensity increases, reaching its maximum at 15 mTorr, and then decreases to its 

minimum at 45mTorr. This suggests that the ideal deposition pressure is 15 mTorr since the 

material has the highest preferred crystalline orientation in the plane (002). In agreement with the 

XRD showing 15 mTorr as the optimal pressure, XPS results show the sharpest and most defined 

Mo 3d and Se 3d peaks in Figure 3.4c-d, respectively. Further deconvolutions of the XPS data in 

Figure 3.6 show the lowest presence of oxygen contamination when the MoSe2 is deposited in a 

15 mTorr Argon environment concluding that the optimal deposition pressure is 15 mTorr. The 

presence of oxygen can be attributed to Selenium vacancies. The lower Se/Mo ratio for films 

deposited at vacuum, 30 mTorr, and 45 mTorr result in higher oxidation due to the Oxygen 

diffusing into the Se vacancies from the sapphire substrate and the atmosphere when the deposition 

chamber is vented to retrieve the sample. 

X-ray photoelectron spectroscopy (XPS) is used to investigate the effect of substrate 

temperature on the chemical composition (Figure 3.4a-b). XPS deconvolutions in Figure 3.5 for  
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Figure 3.4. XPS of Mo3d and Se3d spectra of MoSe2 film deposited at various substrate 

temperatures and pressures. (a) Mo3d region of MoSe2 deposited at various substrate temperatures. 

(b) Se3d region of MoSe2 deposited at various substrate temperatures. (c) Mo3d region of MoSe2 

deposited at various pressures. (d) Se3d region of MoSe2 deposited at various pressures. 

 

Mo3d show typical binding energy at 229.22 eV and 54.70eV for Mo 3d5/2 and Se3d 5/2, 

respectively. The MoSe2 film has the typical Mo 3d and Se 3d peaks as well as low-intensity peaks 

of MoOx shown in orange bands. The Mo 3d and Se 3d peaks for the films deposited at 400 °C, 

700 °C, and 800 °C are also broader than the peaks for the film deposited at 600 °C as a result of 

damage in the stoichiometry of the material that is shown with the MoSexOy and MoOx peaks 

shown in red and orange bands, respectively. At higher temperatures such as 700 °C and 800 °C, 
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the film does not grow accordingly with the stoichiometry; there is high oxidation and release of 

free Se and MoSexOy compounds shown in green and red bands, respectively. 

 

Figure 3.5. Deconvolutions of x-ray photoelectron spectroscopy is used identify how the 

molybdenum and selenium bonds change as the substrate temperature is varied from 200 °C to 800 

°C.  
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Figure 3.6. Deconvolutions of x-ray photoelectron spectroscopy is used identify how the 

molybdenum and selenium bonds change as the deposition environment pressure is varied. 
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The presence of oxygen can be attributed to Selenium vacancies. As the Se/Mo ratio decreases, 

film oxidation increases due to the Oxygen diffusing into the Se vacancies from the sapphire 

substrate and the atmosphere when the deposition chamber is vented to retrieve the sample. 

 

Figure 3.7. X-ray photoelectron spectroscopy of the optimized MoSe2 film of the (a) Mo3d region 

and (b) Se3d region show the corresponding peaks to Mo bonded to Se in the form of MoSe2. 

High-resolution Rutherford backscattering (HR-RBS) is used to identify how the stoichiometry of 

the MoSe2 changes throughout the film by (c) fitting a simulation to the measured spectrum of 

number of backscattered He+ and (d) calculating the change in the Se/Mo atomic ratio throughout 

the film from the fitted simulation. The average stoichiometric ratio is 1.59 for the center region 

of the film marked in blue and 1.38 for the entire deposited film including the left red, center blue, 

and right yellow regions corresponding to the surface of the film, center of the film, and interface 

of the film with the Al2O3 substrate, respectively.  
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Stoichiometric calculations were carried out using XPS and High-Resolution Rutherford 

Back Scattering (HR-RBS) analysis. Binding energies of Mo 3d 5/2 and Mo 3d 3/2 at 229.3 eV and 

232.4 eV corresponding to MoSe2 were identified.[107] Also peaks of Se 3d5/2 and Se 3d3/2 at 54.9 

and 55.7 eV corresponding to selenium in MoSe2 were detected; however, peaks in red 

representing free superficial selenium indicate a typical deviation from the ideal stoichiometry or 

Se/Mo in the thin films outer layers.[107] XPS based stoichiometric calculations using the area of 

the Mo 3d and Se 3d peaks in Figure 3.7a-b indicate a Se/Mo atomic ratio of 1.49. The RBS results 

(Figure 3.7c) and depth profile calculations (Figure 3.7d) from the RBS profiles show an average 

Se/Mo ratio of 1.59 throughout the middle region (blue area, ~5 nm to 12 nm) of the MoSe2, and 

an average ratio of 1.38 from the MoSe2 surface (red area) to the MoSe2 substrate interface (yellow 

area). The approximate thickness, as discussed later, of the MoSe2 film deposited with 5000 laser 

pulses is 11.4 nm, as measured by TEM, and agrees with the surface (red region) and bulk (blue 

region) in the RBS Mo/Se ratio plot. The layer by layer structure observed by TEM corresponds 

to the red and blue RBS regions, and the yellow region corresponds to an interfacial layer between 

the highly oriented MoSe2 film and the substrate. The Se/Mo ratio shows there is a lack of Se in 

the film. The further lack of Se on the surface on the film is possibly due to surface oxidation due 

to exposure to the environment, which is shown with the MoOx peaks by XPS. 

Circular transmission line method (CTLM) is used to compare the MoSe2 electrical 

properties as a function of the MoSe2 thickness, as determined by high resolution transmission 

electron microscopy (HR-TEM). The MoSe2 films are deposited using the optimized deposition 

parameters from the previous discussion. 
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The MoSe2 is deposited using 1500 pulses, 3000 pulses, and 5000 pulses, resulting in 5 

layer 3.5 nm, 9 layer 6.8 nm, and 15 layer 11.4 nm thick films as shown in the cross-sectional HR-

TEM images in Figure 3.1e-g. The HR-TEM images show MoSe2 layer-by-layer structure and the 

thickness and number of layers positively correlates with the number of laser pulses. This shows 

thickness control can be achieved by manipulating the number of laser pulses. Figure 3.1f shows 

an interlayer spacing of about 0.68 nm, obtained from the HR-TEM images. This interlayer spacing 

is expected for layered MoSe2.[108], [109] CTLM is used to determine the influence thickness has 

on sheet resistance (Rsh kΩ), contact resistance (Rc Ω·cm2), and transfer length (Lt µm). As the 

MoSe2 TEM-determined thickness increases from 3.5 nm to 6.8 nm to 11.4 nm, Rsh decreases from 

541 kΩ to 73.9 kΩ to 56.0 kΩ, Rc decreases from 187 Ω·cm2 to 72.5 Ω·cm2 to 54.6 Ω·cm2, and Lt 

increases from 2.27 nm to 47.2 nm to 61.9 nm, respectively. From these results, it can be concluded 

that there is a thickness influence on electrical properties. As the number of MoSe2 layers increases 

the sheet resistance and contact resistance decreases while the transfer length increases. 

In addition, the bandgap, work function, and ionization energy of MoSe2 for these various 

thicknesses is calculated using Ultraviolet-Visible Spectroscopy, Scanning Kelvin Probe method 

and a PESA system. The MoSe2 is deposited on transparent double sided polished Al2O3 C-plane 

(0001) substrates (sapphire) to measure the bandgap and ionization energy and on heavily boron 

doped p-type Si (100) to measure the work function. As the thickness of the MoSe2 increases from 

3.5 nm to 6.8 nm to 11.4 nm, the bandgap decreases from 1.98 eV to 1.88 eV to 1.75 eV, the work 

function increases from 4.52 eV to 4.67 eV to 4.72 eV, and the ionization energy increases from 

5.71 eV to 5.76 eV to 5.77 eV, respectively. As the number of MoSe2 layers increase, the bandgap 
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decreases, the work function increases, and the ionization energy increases. All the thickness 

dependent electrical properties and band diagram values can be found in Table 3.1. 

 

Table 3.1. Effects on the number of laser pulses on MoSe2 thickness, number of layers, band 

structure, and electrical properties. 

  

3.5.2 MoSe2-Si Heterojunction Photodiode Electrical Response 

The resulting multilayered n-type MoSe2 films were evaluated in a PN junction photodiode 

configuration using p-type Si (100). A schematic of the final device is shown in Figure 3.12a. 

Figure 3.12b illustrates the energy band alignment of the MoSe2-Si staggered gap heterojunction 

that demonstrates facile separation and transport of photogenerated carriers by the built-in electric 

field. This is further enabled by the high carrier concentration and thin film nature of the MoSe2 

thin films. Figure 3.9shows HAADF-STEM images of the MoSe2-Si heterojunction photodiode. 

The MoSe2-Si heterojunction photodiode includes ~11.2 nm of MoSe2 deposited on Si with the 

optimized parameters determined in the previous sections. Device cross-section schematics of the 

fabrication flow are shown in Figure 3.10. During the device fabrication, SiO2 openings are made 

on the substrate to contact between the MoSe2 and Si and electrically insulate the individual diodes 

throughout the die. An Ohmic contact using Cr capped with Au is deposited on the MoSe2 on the 

side of the diode to allow photons to reach the diode stack. An Ohmic contact with Au is used on 

the backside of the p-type Si. A transparent Al2O3 layer is deposited on the entire wafer to protect 

the active MoSe2 area. Finally, the Al2O3 is etched from the contact pads and surrounding diode 
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active area, and the MoSe2 is etched from the surrounding diode active area to electrically insulate 

each diode. Further details on the fabrication process are described in the experimental section. 

 

 

Figure 3.8. Interlayer spacing analysis of MoSe2 HR-TEM images used to calculate an average 

interlayer spacing of 0.68nm. 

 

 

 

 

Figure 3.9. TEM images of MoSe2 deposited on Si (100) with various number to laser pulses. (a) 

5k laser pulses. (b) 3k laser pulses. (c) 1.5k laser pulses. 
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Figure 3.10. Fabrication flow of the MoSe2-Si heterojunction photodiodes. Details on the diode 

fabrication process can be found in the experimental section. 
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Figure 3.11. Optical images of the MoSe2-Si heterojunction diode wafer throughout the fabrication 

process: (a) patterned and etched SiO2 on Si, (b) deposited MoSe2 by PLD, (c) patterned Cr/Au by 

lift-off, (d) deposited Al2O3 by ALD, and (e) patterned and etched MoSe2 and Al2O3. 
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Figure 3.12. (a) MoSe2-Si heterojunction photodiode cross-section diagram. (b) MoSe2-Si 

heterojunction photodiode band diagram. (c) MoSe2-Si diode active area top view optical image. 

(d) JV of MoSe2-Si diode in dark and under illumination at various wavelengths of light. (e) 

Spectral response of diode with a peak responsivity of 0.54 A/W at 641 nm. (f) Normalized photo 

response of diode with a rise time of 22.5 ns and a decay time of 190.8 ns. 

 

The current versus voltage (I-V) characteristics of the resulting diode with an active area 

diameter of 500 µm in the dark and under illumination at 400 nm, 500 nm, 600 nm, and 700 nm 

are shown in Figure 3.12d. The device shows dark current density of 11.7 nA/mm2 at reverse bias 

(-3 V) and 191 µA/mm2 at forward bias (+3 V) and a rectification ratio of ~2x104. The reverse 

current density (-3 V) increases to ~ 50 nA/mm2 for any wavelength used during the study while 

the current density at forward bias (+3 V) under all wavelengths remains at 191 µA/mm2, the same 

current density in the dark. The similar current response in reverse bias under various wavelengths 

of light can be attributed to the strong light absorption of MoSe2 and Si combined. The open circuit 

voltage (Voc) under all wavelengths evaluated is 100 mV with an ideality factor (n) of 1.05. The 
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ideality factor was calculated from the I-V curve at the forward bias (Figure 3.13e) using the 

following equation[103] 

𝑛 =  
𝑞

𝑘𝐵𝑇

𝑑𝑉

𝑑ln𝐼
 

where q is the unit charge, kB is the Boltzmann’s constant, and T is the absolute temperature. Figure 

3.13a-d shows the I-V and capacitance versus voltage (C-V) characteristics along with an 

explanation on how to further improve diode performance. 

The comparison of the current (Figure 3.13a) and current density (Figure 3.13c) reveal the 

current supply is limited due to series resistance. As the diode active area changes, it is expected 

that the current density remains unaffected. However, Figure 3.13b shows that as the diode active 

area decreases, the forward and reverse current density increases. This is potentially due to the side 

contact pad geometry rather than the contact directly on top of the diode active area. A potential 

solution to fix the voltage supply would be to deposit a fully transparent contact over the entire 

device active area or to create a grid like top metal contact structure directly over the MoSe2 active 

area, allowing a proper supply of current while maintaining regions of the MoSe2 exposed to 

incoming light. Figure 3.13b and Figure 3.13d shows that as the C-V behavior represents an MOS 

capacitor rather than a PN diode. This shows that the side contact pad for the MoSe2 is creating an 

MOS capacitor structure with the dielectric, semiconductor, and metal stack below. A p-type MOS 

capacitor of highly conductive MoSe2, SiO2 dielectric, and p-type Si is influencing the C-V 

measurements. A potential solution to reduce the contact pad influence on the measured 

capacitance is to introduce a thicker layer of SiO2 between the Si and MoSe2 as well as reducing 

the contact pad size. Increasing the SiO2 thickness and reducing the contact pad area will lower 

the capacitance between the side MoSe2 contact and backside Si contact and therefore have a 
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reduced effect on the overall measured capacitance. In Figure 3.13f, the photo response rippling is 

a result of laser characteristics where the same rippling is seen due to power fluctuations in the 

Thorlabs NPL41B laser. 

 

Figure 3.13. MoSe2-Si heterojunction (a) current – voltage , (b) capacitance - voltage, (c) current 

density – voltage, and (d) capacitance density -voltage behavior of diodes with various active areas. 

(e) Current density – voltage forward bias magnification of 500 µm diameter diode in the dark plot 

used to extract ideality factor. (f) Photo response behavior of 500 µm diameter diode when exposed 

to a 405 nm nanosecond pulsed laser. 



 

44 

Table 3.2. Performance comparison of our MoSe2-Si based photodetector with other 

photodetectors in literature and commercial use. 

 

Devices Rise / Decay Time 

(ns) 

Responsivity 

(A/W) 

Ref. 

Highly Oriented Horizontal MoSe2 / Si Heterojunction 22.5 / 190.8 0.54 (at 0V) This Work 

Gr / Vertically Oriented MoSe2 / Si Heterojunction 270 / 350 0.27 (at -5V) [103] 

Multi-Oriented MoSe2 / Si Heterojunction 1.8 x 104 / 1.0 x 104 0.52 (at 0V) [110] 

Monolayer MoSe2 Phototransistor 2.5 x 107 / 2.5 x 107 - [42] 

MoSe2 Nanosheets Photoconductor 2.9 x 109 / 4.6 x 109 - [98] 

Monolayer MoSe2 Photoconductor 6.0 x 107 / 6.0 x 107 0.013 (at 10V) [99] 

MoSe2 Nanostructure Photoconductor 7.9 x 109 / 9.8 x 109 - [48] 

Vertically Oriented MoS2 / Si Heterojunction 56 / 825 0.91 (at -2V) [111] 

Commercial Si Photodiode 1 / 1 0.44 (at 0V) FDS010 

Thorlabs 

 

To further evaluate the performance of the MoSe2-Si heterojunction, the spectral response 

from 400 nm to 700 nm as well as rise and decay times at 405 nm were evaluated. The responsivity 

(R) was calculated using the following equation[103] 

𝑅 =
𝐼𝑝ℎ

𝑃𝑖𝑛
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where Iph and Pin represent the photocurrent and incident power, respectively. Figure 3.12e shows 

the responsivity of the MoSe2-Si heterojunction diode at zero bias from 400 nm to 700 nm with an 

excellent peak responsivity of 0.54 A/W. Figure 3.12f shows the fast diode photo response to a 

405 nm nanosecond pulsed laser NPL41B (Thorlabs) with a rise time of 22.5 ns and a decay time 

of 190.8 ns. The excellent rise and decay times and responsivity of the MoSe2-Si photodiode can 

be attributed to the junction formed by the Si and the highly oriented, homogenous, large area 

deposited MoSe2 by PLD. To the best of our knowledge, the fastest reported MoSe2-Si diode photo 

response rise time is 270 ns and 350 ns for the decay time.[103]  

Table 3.2 compares the diodes reported here to other 2D TMD based devices reported in 

literature and commercial Si photodiodes. The MoSe2-Si photodiode reported shows peak 

responsivity of 0.54 A/W at 641 nm and rise time of 22.5 ns which is comparable to the commercial 

Si photodiode responsivity (0.44 A/W) and rise time of 1 ns. It should be noted that the responsivity 

and rise and decay times were measured under an illumination spot size slightly larger than the 

diode active area, resulting in the surrounding Si potentially generating carriers as well. The spot 

size can contribute to the longer rise and decay time caused by a carrier diffusion delay. Reducing 

the spot size might result in shorter rise and decay times that are more comparable to commercial 

Si. In comparison to other MoSe2-Si heterojunctions in literature, we report an increase in 

responsivity from 0.27 A/W to 0.54 A/W, an increase in rise time from 270 ns to 22.5 ns, and an 

increase in decay time from 350 ns to 190.8 ns. In comparison to current commercial Si 

photodiodes, this MoSe2-Si heterojunction uses lower processing temperatures and a simple device 

architecture resulting in a fast and low-cost fabrication process. 
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3.6 Conclusions 

A large area compatible PLD process for highly crystalline and oriented MoSe2 films with 

precise deposition thickness control has been demonstrated. Deposition parameter effects are 

presented showing increasing the laser energy density and temperature promotes high crystalline 

orientation of the film. Lowering the target rotation speeds reduces the density of particles on the 

film promoting a homogenous deposition, and varying the deposition chamber pressure and 

environment effects the stoichiometry and purity of the film. The method reported here enables 

the deposition of films with as little as five TMD layers and up to fifteen layers. Electrical 

characterization show that the resulting MoSe2 is n-type with a carrier concentration of 1019 cm-3. 

Optimized films were used to fabricate heterojunction photodiodes with an on/off ratio of around 

104. Optoelectronic characterization shows the diode response to 400 nm to 700 nm wavelength 

with a peak responsivity of 0.54 A/W at 641 nm and a rise time of 22.5 ns and a decay time of 

190.8 ns at 405 nm. 
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CHAPTER 4 

SOLID STATE NEUTRON DETECTION BASED ON METHYLAMMONIUM 

LEAD BROMIDE PEROVSKITE SINGLE-CRYSTALS 2 

4.1 Preface 

Chapter 4 discusses a low-temperature fabrication process of MAPbBr3/Ga2O3 

heterojunction diodes, the device optimization studies to improve diode electrical and radiation 

detection performance, and demonstrates alpha, gamma, and neutron detection using the optimized 

MAPbBr3/Ga2O3 heterojunction diodes. 

4.2 Abstract 

Perovskite based semiconductors, such as methylammonium and cesium lead halides (MPbX3: 

M = CH3NH3
+ or Cs+; X = I-, Br-, or Cl-), have attracted immense attention for several applications, 

including radiation detection, due to their excellent electronic and optical properties.[77], [78], 

[80], [82], [112], [113] In addition, the combination of perovskites with other materials enable 

unique device structures. For example, robust and reliable diodes result when combined with metal 

oxide semiconductors. This device can be used for detection of non-ionizing and ionizing 

radiation. In this paper, we report a unique perovskite single-crystal based neutron detector using 

2 Chapter 4 is reprinted (adapted) with permission from “Solid-State Neutron Detection Based on Methylammonium Lead 

Bromide Perovskite Single-Crystals,” ACS Appl. Mater. Interfaces, 2021. Copyright (2021) American Chemical Society. The 

authors are Lidia El Bouanani, Sheila Keating, Carlos Avila-Avendano, Martin Gregorio Reyes-Banda, Maria Isabel Pintor-

Monroy, Vidushi Singh, Bayron L. Murillo, Marissa Higgins, and Manuel A. Quevedo-Lopez. The manuscript has been 

modified to fit the narrative of the dissertation. 
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a heterojunction diode based on single-crystal MAPbBr3 and gallium oxide (Ga2O3) thin-film. The 

MAPbBr3/Ga2O3 diodes demonstrate a leakage current of ~7x10-10 A/mm2, on/off ratio of ~102, 

ideality factor of 1.41, and minimal hysteresis that enables alpha particle, gamma-ray, and neutron 

detection at a bias as low as (-5 V). Gamma discrimination is further improved by 85% by 

optimizing the thickness of the perovskite single-crystal. The MAPbBr3/Ga2O3 diodes also 

demonstrate a neutron detection efficiency of ~2.12% when combined with a 10B neutron 

conversion layer. 

4.3 Introduction 

Hybrid organic-inorganic lead perovskite materials have attracted a growing interest in recent 

years due to their outstanding and tunable optoelectronic properties. The high carrier mobility, 

long electron-hole diffusion length, and high carrier lifetime[10] enable using perovskites in 

applications such as solar cells,[63] light-emitting diodes,[66]–[69] lasers,[64], [65] field-effect 

transistors,[114] photosensors,[70]–[75] phototransistors,[76] and as promising radiation detection 

materials.[77], [78], [80], [82] In particular, methylammonium lead halide perovskite single-

crystals (MAPbX3: MA = CH3NH3
+, X = I-, Br-, or Cl-) have gained interest due to their tunable 

band-gap and inexpensive and simple growth processes. 

Compared to polycrystalline films, perovskite single-crystals normally have better intrinsic 

properties, due to the lower defect concentrations,[78], [115], [116] therefore, for photon and 

radiation sensing devices most research has been focused on single-crystalline perovskite 

materials. Besides performance, stability and reliability are major concerns for perovskite-based 

devices. In this regard, defects such as voids, grain boundary inclusions, and other defects result 
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in fast degradation in regular ambient conditions.[87] This issue has become the biggest obstacle 

to implement perovskite thin-films in most applications. Single-crystalline perovskite materials, 

due to its lower defectivity, have lower intrinsic carrier concentration, higher carrier mobility, 

longer carrier diffusion length, low trap density, and better material stability.[78], [115], [116] 

These properties are essential for applications such as radiation sensors that require low dark 

reverse current and a high current on/off ratio.[10], [78], [88]–[90] Among the single-crystal 

perovskites candidates, MAPbBr3 is particularly interesting due to its excellent electrical 

performance and simple processing. Z. Fan et al. compared MAPbBr3 and CsPbBr3 single-crystal 

X-ray detectors and reported the MAPbBr3 devices showed better charge-transport capabilities 

under X-ray radiation and higher responsivity and detectivity under 520 nm illumination.[117] 

Other reports demonstrate radiation detection capabilities of perovskite-based devices from 

photoconductors and various photodiode structures.[77], [78], [80], [82] In particular, reports of 

perovskite single-crystal based devices show alpha (α), X-ray, and gamma-ray detection. H. Wei 

et al. showed gamma-ray detection using a MAPbBr3-xClx single-crystal based PN diode[77] and 

X-ray detection using a MAPbBr3 single-crystal based PN diode.[78] J. T. Tisdale et al. 

demonstrated alpha detection using a MAPbBr3 single-crystal based PN diode.[80] X. Liu et al. 

also demonstrated alpha particle detection using a MAPbBr3 single-crystal based Schottky 

diode.[82]  Preliminary studies by L. Fernandez-Izquierdo et al. show the very first thermal neutron 

detection in a polycrystalline CsPbBr3 perovskite thin-film based diode with a detection efficiency 

of ~2.5%.[91] Detection of thermal neutrons using a perovskite single-crystal based device has yet 

to be reported. Using a perovskite single-crystal, as opposed to thin-films, is likely to improve 
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radiation detection performance due to the expected impact materials properties as consequence 

of the low defectivity. [78], [115], [116] 

In this article, we report a single-crystal MAPbBr3 and Ga2O3 heterojunction diode as a single-

crystal based neutron detector. The heterojunction diode exhibits electrical performance with 

minimal hysteresis, a low leakage current of ~7x10-10 A/mm2, an on/off ratio of ~102, and an 

ideality factor of 1.41. The diodes also demonstrates alpha particle, gamma-ray, and neutron 

detection capabilities at a very low reverse bias of -5 V. The device performance demonstrated is 

superior to any other MAPbBr3 single-crystal based diode reported. This is due to the low leakage 

current and high on/off ratio, as seen in Table 4.1,[77], [78], [80] achieved in the devices 

demonstrated here. Alpha detection efficiency of 59.3%, gamma discrimination of 85%, and a 

2.12% neutron efficiency is demonstrated. 

4.4 Experimental Section 

4.4.1 Crystalline Growth of MAPbBr3 

The MAPbBr3 single-crystals are grown using the ITC method. To grow an approximate 5 mm 

by 5 mm by 2 mm crystal, an equimolar 1M solution is prepared by mixing MABr and PbBr2 in 

DMF. This solution is ultrasonicated for 30 minutes at room temperature under nitrogen 

atmosphere. MABr was used as purchased from Luminescence Technology Corporation and PbBr2 

(99%) and N,N-dimethylformamide (DMF, 99.9%) was used as purchased from Sigma-Aldrich. 

After mixing, the solution is filtered with a 0.45 µm pore size syringe polytetrafluoroethylene 

(PTFE) filter. Then, following the ITC process from Liu at al.[118] and Wang et al.,[119] the 

precursor solution is heated in a silicone oil bath from 60 °C to 80 °C at a rate of 0.1 °C/minute 
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and remains at 80 °C for up to 12 hours. For harvesting, the crystal is promptly removed and gently 

dried of the solution with a wipe. The crystal is then stored under N2 until ready for further 

processing. Note that a freshly mixed precursor solution is used for every growth cycle. The grown 

MAPbBr3 single-crystals used to fabricate the diodes in this study were previously optimized and 

characterized in J. Wang et al. to verify the crystal properties.[120] 

4.4.2 Chemical, Structural, Electrical, and Radiation Characterization 

X-ray diffraction (XRD) measurements are performed using a Rigaku Ultima III X-ray 

diffractometer. Ultraviolet-visible spectroscopy measurements are executed to calculate the band-

gap of the crystals and films. The Atomic Force Microscope (AFM) measurements are done using 

a DM01 Veeco Dimension 5000. Electrical measurements are taken with a Hall system (Lake 

Shore 8400 Series) that can be used in both DC and AC field modes. The system includes fully 

integrated instrumentation, a magnet, and a power supply. The J-V and C-V measurements were 

performed using a probe station (Cascade Summit 11741B-HT), Keithley 4200, and HP 4280A. 

The C-V measurements were carried out at a frequency of 100 kHz.  

For the radiation detection experiments, an aluminum box is used to accommodate a PCB where 

the detector is mounted. The PCB allows the detector to be centered with the source to ensure 

reproducibility. The diode is connected to the ORTEC 142 preamplifier, which connects to the 

shaping amplifier (ORTEC Model 572), and its output is acquired by an ORTEC EASY_MCA_2k 

multichannel analyzer. An illustration of the same equipment setup can be found in S. S. 

Nandagopala Krishnan et al.[121] For neutron detection, a commercial 10B conversion film 

(DOSIRAD) (~3 µm thick) is placed in contact with the top electrode (In/Ag contact). The 210Po, 
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137Cs, and 252Cf radiation sources were used for the alpha, gamma, and neutron measurements, 

respectively. 

 

 

Figure 4.1. (a) MAPbBr3 crystal growth over time using the ITC method. (b) MAPbBr3 powder 

XRD from a crushed MAPbBr3 single crystal shows a perovskite crystalline structure is achieved. 

(c) MAPbBr3 single crystal XRD shows a single-crystalline perovskite is achieved. 
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4.5 Results and Discussion 

4.5.1 MAPbBr3/Ga2O3 Heterojunction Diode  

The diode is based on MAPbBr3 crystals as the p-type and Ga2O3 thin-films as the n-type 

semiconductor. This system was selected because previous results demonstrated that coupling of 

perovskite materials with metal oxides could drastically improve device performance of 

perovskite-based diodes.[122] For example, a relatively conductive Ga2O3[91] thin-film when 

coupled with the low intrinsic carrier concentration and excellent carrier extraction capabilities of 

perovskites results in fully depleted diodes with excellent charge collection. Figure 4.2a shows the 

MAPbBr3/Ga2O3 heterojunction diode band diagram and illustrates the band alignment of the 

device studied in this paper, where MAPbBr3 is p-type with a band-gap of 2.18 eV and Ga2O3 is 

n-type with a band-gap of 4.60 eV. Ohmic contact is made with Au on MAPbBr3 and In on Ga2O3. 

Figure 4.2b shows a schematic cross-section of the MAPbBr3/Ga2O3 heterojunction diode and the 

carriers extracted under a negative bias. Finally, Figure 4.2c shows the MAPbBr3/Ga2O3 

heterojunction diode setup used for testing under several radiation sources. The optimized diodes 

also include an unbiased guard ring around the n-type Ga2O3 contact pad and a perovskite single-

crystal thickness of ~100 µm. The guard ring reduces hysteresis and improves diode performance 

by reducing crystal surface edge leakage current, resulting in reduced dark current.[77] The 

reduced perovskite thickness has several advantages, for example, the relatively high carrier 

concentration of the n-type Ga2O3 (~1015 cm-3) and low carrier concentration of p-type MAPbBr3 

(~109 cm-3) allows the unbiased stack to form a full depletion region around the thinner perovskite 

resulting in an electrical field wall around the device active area that improves the electrical field 
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distribution.[77] In addition, limiting the perovskite thickness reduces the total number of potential 

defects and traps in the bulk of the crystal.  

 

Figure 4.2. MAPbBr3/Ga2O3 heterojunction (a) band diagram and (b) cross-section diagram. (c) 

Set-up of MAPbBr3/Ga2O3 heterojunction device under radiation exposure. 

 

4.5.2 MAPbBr3/Ga2O3 Heterojunction Diode Fabrication Process 

The MAPbBr3 single-crystal used in the MAPbBr3/Ga2O3 heterojunction PN diodes were 

fabricated using the ITC (inverse temperature crystallization) method. This results in p-type 
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MAPbBr3 single-crystals. The n-type Ga2O3 films were deposited by sputtering.[123] Figure 4.3 

shows the fabrication process starting from the perovskite single-crystal growth to the final metal 

contact deposition. First, the MAPbBr3 single-crystal is grown using the ITC method, as described 

in the Experimental Section 4.4.1. The as-grown crystals have a roughness > 10 µm. This 

roughness was reduced before device fabrication. To reduce the roughness, a polishing process 

was developed and shown in Figure 4.3b. For the roughness reduction, the crystal is polished with 

a 1200 fine grit Silicon carbide polishing pad from Allied High Tech Products, Inc. Next, the 

crystal is polished with a silk cloth with N,N-dimethylformamide (DMF) followed by a final 

polishing step using a solvent-free silk cloth. This process reduces the perovskite surface 

roughness to ~40 nm, as demonstrated by the atomic force microscope (AFM) image shown in 

Figure 4.4. Once the p-type perovskite is polished the anode, consisting of 300 nm thick Au, is 

deposited by electron-beam evaporation at a deposition pressure of 10-6 Torr.  As shown in Figure 

4.3c, the Au contact is defined by a shadow mask placed in direct contact with the perovskite 

single-crystal. After the anode deposition is complete, the perovskite single-crystal is polished 

down to the desired thickness and surface roughness. To prevent the crystal from cracking during 

the polishing process the crystal is mounted on a glass substrate using epoxy (Figure 4.3e). The 

epoxy is then cured for 24 hours at room temperature. The crystal is then polished using the method 

described before to the desired thickness (Figure 4.3f). Once the desired perovskite thickness and 

surface roughness is achieved, the n-type Ga2O3 and cathode (In capped with Ag) are deposited. 

A 120nm of Ga2O3 is deposited by magnetron sputtering followed by 200 nm of In capped with 

100 nm of Ag deposited by electron-beam evaporation. The Ga2O3 deposition parameters and 
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electrical properties have been reported by our group before.[123] As shown in Figure 4.3g, the 

Ga2O3, In, and Ag layers are defined by shadow mask. 

 

Figure 4.3. (a) Crystal growth using ITC method. (b) Crystal polish to reduce roughness. (c) Au 

anode contact deposited by e-beam evaporation and patterned by the shadow mask. (d) Electrical 

connection to Au contact on device backside. (e) Crystal epoxy mount with device backside down 

on glass substrate. (f) Grind and polish crystal front side to reduce thickness and roughness. (g) N-

type Ga2O3 and In/Ag cathode contact and guard ring deposited by sputtering and e-beam 

evaporation, respectively, and patterned by the shadow mask. 
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Figure 4.4. AFM measurement of a MAPbBr3 single crystal after it has gone through processing 

shows a surface roughness of 40.82 nm. 

4.5.3 MAPbBr3/Ga2O3 Heterojunction Diode Performance 

The resulting diode was tested using current density versus voltage (J-V) and capacitance versus 

voltage (C-V) measurements. The J-V performance is critical to determine diode rectification and 

leakage current. These are especially critical for any charge sensing device, like the one reported 

here. Low leakage current is key to limit the noise when the diode is used as a radiation detector. 

High leakage current will limit the detection of the incoming radiation. Diode capacitance is also 

very important to define the performance of a radiation detection systems. High capacitance limits 

bandwidth, ultimately limiting the efficiency of the device.[19], [124] The electrical performance 

of the diode is shown in Figure 4.5. Figure 4.5a shows a schematic of the diode structure. The 

diode shows minimal hysteresis, low leakage current (~7x10-10 A/mm2 at -1 V bias), and on/off 
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ratio of ~102. These are excellent characteristics for radiation detection capabilities (Figure 4.5b). 

The 1.41 ideality factor (n) shown in Figure 4.5c was calculated from the J-V curve using Equation 

(4.1):[103] 

𝑛 =  
𝑞

𝑘𝐵𝑇

𝑑𝑉

𝑑ln𝐼
     (4.1) 

where q is the unit charge, kB is the Boltzmann’s constant, T is the absolute temperature, V is the 

voltage, and I is the current. The high ideality factor is attributed to potential defects and traps, 

commonly in hybrid organic-inorganic lead perovskites.  

 

Figure 4.5. MAPbBr3/Ga2O3 heterojunction electrical behavior. (a) Diagram of diode structure. 

(b) J-V hysteresis measurement. (c) Ideality factor. (d) C-V measurement. 
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Table 4.1. MAPbBr3/Ga2O3 based radiation sensor compared to other perovskite single-crystal 

based radiation sensors. 

 

Devices Radiation 

Detected 

Leakage Current Current 

On/Off Ratio 

Ref. 

MAPbBr3 Single-Crystal / Ga2O3 Heterojunction Alphas, 

Gammas, 

Neutrons 

7x10-10 (A/mm2) 

at -1 V 
102 This 

Work 

MAPbBr3-xClx Single-Crystal / C60 / BCP Heterojunction Gammas 3x10-6 (A/mm2) 

at -1 V 

< 101 [77] 

Au / MAPbBr3 Single-Crystal / Au Photoconductor Alphas 6x10-8 (A) 

at 100 V 

N/A [82] 

Ga / CsPbBr3 Single-Crystal / Au Schottky Diode Gammas 8x10-10 (A/mm2) 

at -200 V 

N/A [125] 

 

 

Figure 4.6. Guard ring effect on J-V hysteresis and alpha detection. (a) MAPbBr3-Ga2O3 

heterojunction diagram with no guard ring. (b) J-V hysteresis of diode with no guard ring. (c) 

Alpha detection of diode with no guard ring. (d) MAPbBr3-Ga2O3 heterojunction diagram with 

guard ring. (e) J-V hysteresis of diode with guard ring. (f) Alpha detection of diode with guard 

ring. 
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Figure 4.7. MAPbBr3 crystal thickness effect on J-V hysteresis. (a) Diode with 800 µm thick 

MAPbBr3 and no guard ring. (b) Diode with 500 µm thick MAPbBr3 and no guard ring. (c) Diode 

with 100 µm thick MAPbBr3 and no guard ring. (d) Diode with 800 µm thick MAPbBr3 and guard 

ring. (e) Diode with 500 µm thick MAPbBr3 and guard ring. (f) Diode with 100 µm thick MAPbBr3 

and guard ring.  

 

Figure 4.5d shows the C-V characteristics of the diode, with a maximum reverse-bias capacitance 

of 14.5 pF. This capacitance is lower than the typical 100 pF capacitance required for most 

radiation detection amplifiers.[19], [124] A comparison of the electrical performance of the diode 

reported here with other single-crystal perovskite-based radiation sensors is shown in Table 4.1. 

The MAPbBr3/Ga2O3 diode in our work has the lowest leakage current and highest current on/off 

ratio reported amongst other MAPbBr3 single-crystal based diodes for radiation sensor 

applications. This is attributed to the PN diode configuration of MAPbBr3/Ga2O3 with a strong 

built-in electric field, as opposed to the photoconductor and Schottky diode configurations 

reported.[77], [82], [84] The excellent diode behavior reported here is also attributed to the low 
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carrier concentration of the MAPbBr3 single crystal and the added guard ring which lower the 

diode leakage current and hysteresis behavior.  

4.5.4 MAPbBr3/Ga2O3 Heterojunction Diode Radiation Detection 

The diodes were evaluated as charged particle detectors for thermal neutron sensing using a 10B 

conversion layer. Thermal neutrons do not have charge and its probability of interaction with most 

elements is very low and the probability decreases more as the energy of the neutrons increases. 

Therefore, a conversion layer is commonly used in thermal neutron detectors. When 10B is used, 

the neutron reaction produces two ionizing particles that create electron-hole pairs in the 

MAPbBr3/Ga2O3 diode, as shown in the cross-section schematic in Figure 4.10a. The reaction is 

shown in Equation (4.2) and depicts a thermal neutron striking a 10B, resulting in a 11B atom in an 

excited state that then splits into a 7Li and an alpha particle (4He, α), with energies of 0.84 MeV 

and 1.47 MeV, respectively.[18] 

B10 + 𝑛 →  {
94%7𝐿𝑖(0.840 𝑀𝑒𝑉) +  𝛼(1.470 𝑀𝑒𝑉)  +  𝛾(0.48 𝑀𝑒𝑉)

6%7𝐿𝑖(1.02 𝑀𝑒𝑉)  +  𝛼(1.77 𝑀𝑒𝑉)
} (4.2) 

The setup for the radiation test of the MAPbBr3/Ga2O3 heterojunction diode included mounting 

the device on a printed circuit board (PCB) with an ORTEC 142 pre-amplifier connected to an 

ORTEC 572 shaping amplifier. In this configuration, the output signal of the shaping amplifier is 

sent to an ORTEC EASY-MCA-2k multi-channel analyzer. Initially, the diode was tested under 

alphas (5.4 MeV) using  a 210Po source placed 1 mm above the diode biased at -5 V, as shown in 

Figure 4.2c. The voltage pulse height generated by the charge collection is analyzed in a MCA. 

Each channel number corresponds to a specific pulse height generated from the extracted charge. 

In other words, each channel is correlated to a specific incoming energy. The optimization of this 
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radiation setup is shown in Figure 4.8. The optimization tests demonstrated a shaping amplifier 

time constant of 10 µs and a gain of 1000 as the best conditions. Figure 4.10b shows the alpha 

210Po detection results as function of exposure time. As the exposure time increases, the peak 

corresponding to 5.4 MeV alphas increases. The active diode area (4 mm2) shows a detection rate 

of about 52.5 counts per second, corresponding to an excellent alpha detection efficiency of 59.3%. 

The details for the detection efficiency calculations can be found in Table 4.2. 

 

Figure 4.8. Radiation detection measurement setup optimization of shaping time and gain under a 
210Po alpha particle emitting source. (a) Shaping time of 3 µs and a gain of 750 over time. (b) 

Shaping time of 10 µs and a gain of 750 over time. (c) Shaping time of 10 µs and gains of 750 and 

1000 over 10 minutes. 

 

Once alpha detection was demonstrated the device was evaluated for neutron detection using 

10B as the conversion layer, as discussed before. The 252Cf source used for the neutron tests also 

emits gammas of various energies;[126] therefore, the MAPbBr3/Ga2O3 heterojunction diode was 

tested with and without 252Cf and with and without 10B. This helps discriminate effects from 

gammas generated from the 252Cf source. This is important because perovskite single-crystals are 

well known to also detect gammas and might result in false neutron positives.[77], [81] An increase 

in the counts for a device without 10B to a device with 10B when exposed to the 252Cf neutron 

source will indicate detection of 1.4 MeV alphas from the 10B. If the increase in counts only occurs 
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from no source to 252Cf source exposure and not due to the 10B, then this indicated only gamma 

detection and no neutron detection. Gamma discrimination is demonstrated here by comparing the 

device with and without the 10B layer. 

 

Figure 4.9. (a) Gamma detection of diode with 800 µm thick MAPbBr3. (b) Gamma detection of 

diode with 100 µm thick MAPbBr3. (c) SRIM simulations of the stropping range of 1.4 MeV alphas 

in MAPbBr3. 

 

Figure 4.10c shows the MAPbBr3/Ga2O3 heterojunction diode measured with and without the 

10B layer and with and without the 252Cf source. Diodes under no 252Cf source with and without 

the 10B conversion layer show the same counts and are used as the diode background noise. When 

exposed to the 252Cf source the counts in these devices increase, indicating that the 
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MAPbBr3/Ga2O3 heterojunction diode is detecting radiation from the 252Cf  and particles produced 

from the interaction of thermal neutrons with 10B. To discriminate gamma detection from neutron 

detection, Figure 4.10d shows the results with and without 10B both in the presence of 252Cf. The 

higher counts observed when the 10B layer is added to the diode demonstrates neutron detection. 

The MAPbBr3/Ga2O3 heterojunction diode detects 1.4 MeV alpha particles resulting from the 

reaction of 10B with thermal neutrons. The steady, but consistent increase in counts for devices 

with 10B shown in Figure 4.10e further supports neutron detection. For effective thermal neutron 

detection, the device needs to have excellent gamma discrimination. This is separating the signal 

from alphas produced from the 10B and the gammas from the 252Cf. Previous studies have shown 

perovskite single-crystals (2-3 mm) detecting gammas.[77], [81] Our simulation calculated the 

penetration depth of 1.4 MeV alphas in MAPbBr3 to be 7 µm. Then, the perovskite thickness 

needed to absorb 100% of alphas from the 10B reaction can be as thin as 7 µm.[127] The advantage 

of the reduced perovskite thickness is that fewer gammas will be detected without compromising 

neutron detection. Figure 4.9 shows that if the perovskite thickness is reduced from 800 µm to 100 

µm, the total number of counts from a 137Cs gamma source decreases from ~2x105 to ~3x104, 

almost one order of magnitude. This is a gamma detection reduction of 85%. Reducing gamma 

detection improves gamma discrimination, resulting in a higher neutron detection efficiency. To 

further evaluate the MAPbBr3/Ga2O3 heterojunction diode neutron detection efficiency, the diode 

detection rate was compared to a commercial Si diode. The results are shown in Table 4.2. The 

data shows a neutron detection rate of 30 counts/hour for the reported MAPbBr3/Ga2O3 diode and 

34 counts/hour for the commercial Si diode. This corresponds to a neutron detection efficiency of 

2.12% for the MAPbBr3/Ga2O3 heterojunction diode. This not only indicates a very good 
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efficiency, but also first reports thermal neutron detection using a single-crystal MAPbBr3 based 

device. 

Table 4.2. Radiation detection rates of our MAPbBr3-Ga2O3 based radiation sensors compared to 

commercial Si detectors. 

 

Devices Radiation 

Source 

Total 

Counts 

Past Noise 

Total 

Measurement 

Time 

Detection Rate 

(cps, counts per 

second) 

Detection Rate 

Normalized to 

Device Active 

Area 

MAPbBr3 (800 µm thick) 

– Ga2O3 

137Cs Gammas 231,285 10 minutes 385.5 cps 96.4 cps/mm2 

MAPbBr3 (100 µm thick) 

– Ga2O3 

137Cs Gammas 34,009 10 minutes 56.7 cps 14.2 cps/mm2 

MAPbBr3 (100 µm thick) 

– Ga2O3 

210Po Alphas 47,211 15 minutes 52.5 cps 13.1 cps/mm2 

Commercial Si Detector 

(Amtek Model: CU-018-

300-300) 

210Po Alphas 34,402 15 minutes 38.2 cps 22.1 cps/mm2 

Commercial Si Detector 

(OPF480) 

210Po Alphas 18,180 15 minutes 20.2 cps 209.2 cps/mm2 

MAPbBr3 (100 µm thick) 

– Ga2O3 

252Cf Neutrons 30 60 minutes 30 cph 7.5 cph/mm2 

Commercial Si Detector 

(OPF480) 

252Cf Neutrons 34 60 minutes 34 cph 353 cph/mm2 
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Figure 4.10. (a) Cross-section diagram of neutron interaction and charge separation in MAPbBr3-

Ga2O3 heterojunction device with 10B conversion layer. (b) Alpha response over time. (c) Neutron 

response with 10 minutes with and without 252Cf source and with and without 10B conversion layer. 

(d) Neutron response over 90 minutes with and without 10B conversion layer with 252Cf source. (e) 

Neutron response over time. 

4.6 Conclusions 

A thermal neutron detector using optimized MAPbBr3/Ga2O3 heterojunction diodes is 

demonstrated and implemented using single-crystalline MAPbBr3. The diode fabrication process 

does not require temperatures higher than 80 °C and results in devices with excellent performance. 

The low carrier concentration of p-type MAPbBr3, coupled with the large band-gap and relatively 

highly conductive electrical properties of n-type Ga2O3 enable low leakage current (~7x10-10 

A/mm2), on/off ratio of ~102, and excellent radiation detection performance at a very low reverse 

bias (-5 V). This is superior to any other MAPbBr3 single-crystal based diodes reported and enable 

detection of low energy alphas and thermal neutrons.[77], [78], [80] Alpha efficiency of 59.3% is 

achieved with a gamma discrimination of 85% by reducing the perovskite thickness is from 800 
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µm to 100 µm. Finally, our results show that a device with an active areas of 4 mm2 can achieve a 

thermal neutron efficiency of 2.12%. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Conclusions 

This dissertation demonstrates the growing potential of TMD and perovskite materials in 

radiation detection applications. These results are highly encouraging and highlight the importance 

of TMD and perovskite single-crystalline properties and the role they play in diode performance 

and photon and neutron detection. 

A large area compatible PLD process for highly crystalline and oriented MoSe2 films was 

demonstrated and used to fabricate MoSe2-Si heterojunction diodes. Deposition parameter effects 

are presented showing increasing the laser energy density and temperature promotes high 

crystalline orientation of the film. Lowering the target rotation speeds reduces the density of 

particles on the film promoting a homogenous deposition, and varying the deposition chamber 

pressure and environment effects the stoichiometry and purity of the film. The method reported 

here enables the deposition of films with as little as five TMD layers and up to fifteen layers. 

Electrical characterization show that the resulting MoSe2 is n-type with a carrier concentration of 

1019 cm-3. Optimized films were used to fabricate heterojunction photodiodes with an on/off ratio 

of around 104. Optoelectronic characterization shows the diode response to 400 nm to 700 nm 

wavelength with a peak responsivity of 0.54 A/W at 641 nm and a rise time of 22.5 ns and a decay 

time of 190.8 ns at 405 nm. 

A thermal neutron detector using MAPbBr3/Ga2O3 heterojunction diodes is demonstrated 

and implemented using single-crystalline MAPbBr3. The diode fabrication process does not 
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require temperatures higher than 80 °C. The low carrier concentration of p-type MAPbBr3, coupled 

with the large band-gap and relatively highly conductive electrical properties of n-type Ga2O3, 

results in diodes with a low leakage current of ~7x10-10 A/mm2, a current on/off ratio of ~102, and 

excellent radiation detection performance at a low reverse bias of -5 V. This is superior to any 

other MAPbBr3 single-crystal based diodes reported and enable detection of low energy alphas 

and thermal neutrons.[77], [78], [80] Alpha efficiency of 59.3% is achieved, with gamma 

discrimination of 85% by reducing the perovskite thickness is from 800 µm to 100 µm. Finally, 

our results show that a device with an active areas of 4 mm2 can achieve a thermal neutron 

efficiency of 2.12%. 

5.2 Future Work 

5.2.1 TMDs 

The demonstrated large area compatible PLD process for highly crystalline and oriented 

MoSe2 films and excellent optoelectronic performance due to the TMD and Si coupling in 

MoSe2-Si heterojunction diodes can be implemented in a phototransistor structure. Appling a 

negative gate bias will easily extracts holes from the Si to the TMD and recombines with the 

electrons. Due to the carrier lifetime differences between the Si and TMD, a difference in the 

electron and hole generation provides a driving force to supply holes to the 2D TMD and an 

effective current flow is generated. This phototransistor structure can replaced the bulky PMT in 

a scintillator radiation detector to create a smaller more portable radiation detector. 
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5.2.2 Perovskites 

Neutron detection using a MAPbBr3 perovskite single-crystal based device is demonstrated 

showing great promise for the applications of perovskite materials as radiation sensors. However, 

it is well-known that when organic-inorganic hybrid perovskites, such as MAPbBr3, are exposed 

to ambient air or high temperatures, they suffer rapid deterioration, inhibiting their future 

applications.[128]–[132] At high temperature, the perovskites are easily dissociated into organic-

halides and Pb-halides.[130]–[132] Therefore, all-inorganic perovskites without any organic 

cations are considered as a possible route to address the drawbacks of the aforementioned 

issues.[129] Cesium (Cs) is believed to be the most feasible substitute of organic cations due to 

similar direct bandgaps of CsPbX3 (X = I, Br, Cl) perovskites compared with the organic–

inorganic hybrid perovskites.[133]–[135] Inorganic CsPbX3 (X=Cl, Br, I) perovskites show 

remarkable stability and many reports have argued that CsPbrX3 has a high thermal stability until 

it melts at ~500 °C.[85] Thus, as the alternatives, inorganic perovskites are beginning to draw 

much scientific attention[136]–[141] and are excellent candidates for a more stable and reliable 

radiation detector. 
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APPENDIX A  

SCREENING OF PEROVSKITE BASED DEVICES 

A.1     Perovskite Single-Crystal Based Radiation Sensors in Literature 

Various different perovskite device structures have been reported in the literature for solar 

cells, photodetectors, and radiation sensors.[63], [70], [80], [82], [71]–[78] The perovskite 

materials used in these devices range from polycrystalline thin-films to bulk single-crystals and 

include hybrid mixed organic-inorganic perovskites and a fully inorganic perovskites. In 

particular, methylammonium lead halide perovskite single-crystals (MAPbX3: MA = CH3NH3
+, X 

= I-, Br-, or Cl-) have gained interest due to their tunable band-gap and low-cost growth processes. 

Compared to polycrystalline films, perovskite single-crystals show enhanced intrinsic 

properties.[78], [115], [116] Hence, there has been an ever-increasing effort to focus on single-

crystalline perovskite materials in solar cells and photon and radiation sensing devices. A list of 

perovskite single crystals used as radiation sensors is shown in Table A.1. The reported perovskite 

single-crystal devices range from photoresistor, Schottky diode, and PN diode structures.  

Previously reported work shows that perovskite single-crystal based devices can detect x-

rays, gamma-rays, and alpha particles; however, no work has been reported on their potential for 

neutron detection applications. In this report, various perovskite device structures are initially 

studied to determine the most promising device structures for alpha and neutron detection. Chapter 

4 shows a detailed analysis and devices optimization of the structure identified here and the first 

ever neutron detection using a single-crystalline perovskite based device. 
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Table A.1. A comparison of various perovskite single-crystal based device structures in literature 

used as either alpha, gamma, or x-ray radiation sensors. 

 

Devices Device Structure Radiation Detected Ref. 

MAPbBr3-xClx Single-Crystal / C60 / BCP  PN Diode Gammas [77] 

MAPbBr3 Single-Crystal / C60 / BCP  PN Diode X-rays [78] 

MAPbBr3 Single-Crystal / C60 / BCP  PN Diode Alpha [80] 

Au / MAPbBr3 Single-Crystal / Au  Photoresistor Alphas [82] 

Ga / CsPbBr3 Single-Crystal / Au  Schottky Diode Alphas, Gammas [142] 

Ga / CsPbBr3 Single-Crystal / Au  Schottky Diode Gammas [125] 

In / CsPbBr3 Single-Crystal / Au Schottky Diode Alphas [83] 

 

A.2     MAPbBr3 Single-Crystal Device Structures Studied 

Various devices were fabricated and characterized to determine the optimal device 

structure for radiation detection applications. The device structures studied include photoresistors, 

Schottky diodes, PN diodes and PIN diodes. Figure A.1 illustrates cross-sections of the various 

device structures studied. The influence on device behavior was studied when the MAPbBr3 

perovskite was coupled with various metals and semiconductors. Reports of perovskite based 

device commonly use C60, BCP, and metal oxides as semiconductors to couple with perovskite 

materials. In this report, C60, BCP, and the metal oxides NiO, ZnO, and Ga2O3 were selected to 
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study their effect on device performance when coupled with the perovskite material. All of the 

materials were deposited at room-temperature which is critical due to the instability concerns of 

the MAPbBr3 perovskite at higher temperatures. The NiO, ZnO, Ga2O3, C60, and BCP are studied 

as the p-type and n-type material layers in the various perovskite based device structures shown in 

Figure A.1. 

 

Figure A.1. Various MAPbBr3 single-crystal device structures, including photoresistors, Schottky 

diodes, PIN diodes, and PN diodes. 

A.2.1 Photoresistors 

The first device structure studied was a simple photoresistor structure to determine. This 

was used to identify if a MAPbBr3 single-crystal can detect photons in the ultra-violet to visible 

range. The demonstration of photo-response of the MAPbBr3 single crystal is critical to determine 

if the perovskite can also detect alphas for indirect neutron detection. Figure A.2 shows the 

photoresistor structure studied, the resulting I-V curve showing resistor behavior, and the photo-

response at various wavelengths. The photoresistor consists of the MAPbBr3 crystal with Cr/Au 

electrodes. The I-V curve shows a leakage current of ~3x10-9 A at -1 V bias which is excellent for 
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minimizing the background noise during optoelectronic and radiation measurements. Spectral 

response measurements show the device is capable of generating and extracting carriers while 

under light illumination with a peak responsivity under 574 nm light, correlating to the MAPbBr3 

band-gap of 2.15 eV. 

 

Figure A.2. The device photoresistor Au/Cr/MAPbBr3/Cr/Au structure, electrical performance, 

and spectral response. (a) Device cross-section diagram. (b) Device I-V electrical performance. (c) 

Device spectral response to 300 nm to 700 nm wavelength. 

 

To promote the extraction of carriers, the influence of a metal oxide passivation layer 

between the electrodes and perovskite material was studied. For this, a photoresistor structure was 

fabricated with a NiO passivation layer between the MAPbBr3 crystal Ni/Au electrodes. Figure 

A.3 shows SEM images from focused ion beam (FIB) prepared cross-sections showing good 

adhesion when a NiO passivation layer is added. Proper adhesion is critical for the extraction of 

generated carriers and to reduce the background noise during optoelectronic and radiation 

measurements. However, the gap between the perovskite and the Cr/Au can also be due to the FIB 

preparation process damaging the perovskite material and not actual adhesion issues. This is 

something that can be further studied in future work with the optimized device structures. Figure 

A.4 shows the I-V behavior of the Au/Ni/NiO/MAPbBr3/NiO/Ni/Au photoresistor and alpha 
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detection results. The I-V curve shows a leakage current of ~2x10-9 A at -1 V bias which is slightly 

lower than the photoresistor structure without the NiO passivation layer which will result in a 

lower background noise for radiation measurements. Preliminary radiation measurements show a 

large increase in counts when exposed to a 210Po alpha source. However, a clear distinct peak is 

not seen. To improve the device so a clear distinct alpha peak can be seen, a diode structure can 

be implemented to assist with the extraction of carriers and to reduce the background noise even 

further. 

 

Figure A.3. SEM cross-section images comparing the perovskite interface with (a) Cr/Au 

electrodes and (b) a NiO passivation layer. 
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Figure A.4. The device photoresistor Au/Ni/NiO/MAPbBr3/NiO/Ni/Au structure, electrical 

performance, and radiation detection results. (a) Device cross-section diagram. (b) Device I-V 

electrical performance. (c) Device alpha detection for 30 minutes. 

 

A.2.2 Schottky Diode 

The next device structure explored was a Schottky diode. For this, a diode structure of 

Au/perovskite/In/Ag was fabricated. Figure A.5. shows the diode structure and I-V electrical 

performance. Diode performance is demonstrated with a leakage current of ~4x10-10 A/mm2 and 

an on/off ratio ~102; however, when tested under radiation, minimal counts were detected. 

However, this was likely due to the perovskite crystal being too thick to extract the generated 

carriers and not an issue of the device structure. In future work, if a simpler structure is of interest, 

this device structure can be revisited. 

A.2.3 PN and PIN Diodes 

The next device structures of interest were PN and PIN diodes. Previous work by Marissa 

et al. showed the most popular PN diode structure for perovskite based devices, 

Au/Ni/MAPbBr3/C60/BCP/Ag.[143] This device showed preliminary alpha particle detection 
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similar to the results obtained with the photoresistor structure in Figure A.4; however neutron 

detection is yet to be shown with this structure. A more in depth study of the 

Au/Ni/MAPbBr3/C60/BCP/Ag PN diode’s electrical properties would provide a better 

understanding on its capabilities as a radiation detector. In order to improve the collection of alpha 

particle generated electron-hole pairs, a PIN diode structure was then studied. This structure took 

the existing photoresistor structure with NiO, and replaced one side with ZnO. This resulted in an 

Au/Ni/NiO/MAPbBr3/ZnO/Al PIN diode structure as seen in Figure A.6. The PIN diode showed 

slight diode behavior on only a few samples, all of which showed lower orders of rectification and 

higher leakage currents compared to the Au/MAPbBr3/In/Ag Schottky diode. The poor and non-

reproducible diode behavior in the Au/Ni/NiO/MAPbBr3/ZnO/Al PIN diodes was also 

demonstrated in perovskite thin-film studies. Due to this, other metal oxide materials, such as 

Ga2O3, were studied to demonstrate their influence on diode behavior. 

 

Figure A.5. The device Schottky diode Au/MAPbBr3/In/Ag structure and electrical performance. 

(a) Device cross-section diagram. (b) Device I-V electrical performance. 
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Figure A.6. The device PIN diode Au/Ni/NiO/MAPbBr3/ZnO/Al structure and electrical 

performance. (a) Device cross-section diagram. (b) I-V electrical performance of three separate 

devices with the same Au/Ni/NiO/MAPbBr3/ZnO/Al PIN diode structure. 

 

 

Another room-temperature deposited metal oxide developed by the oxide team in our group 

is Ga2O3. Preliminary tests where the perovskite thin-films and the Ga2O3 are coupled together as 

a PN diode showed the best results yet.[91] This structure is further studied with the perovskite 

single crystals. Figure A.7 shows the PN diode structure, electrical performance, and alpha, 

gamma, and neutron detection results. These diodes show the best electrical behavior seen so far 

from the demonstrated various structures. When tested under alphas, a distinct alpha peak can be 

seen showing excellent promise for neutron detection capabilities. However, when tested under 

neutrons the device detects a lot of gammas as well to the point that it cannot discriminate enough 

to detect any neutrons. The 252Cf source not only emits neutrons, but also emits gammas. When 

the device is tested with and without the 10B conversion layer, the counts look the same and the 

neutrons cannot be discriminated from the huge number of gammas being detected.  
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Figure A.7. The device PN diode Au/MAPbBr3/Ga2O3/In/Ag structure, electrical performance, and 

radiation detection. (a) Device cross-section diagram. (b) Device I-V electrical performance. (c) 

Device alpha response. (d) Device neutron response. (e) Device gamma response. 

 

To improve the gamma discrimination, the gamma detection needs to be reduced and the 

alpha detection needs to improve. This optimization process is discussed further in Chapter 4. 
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APPENDIX B  

FULLY INORGANIC PEROVSKITES FOR FUTURE WORK 

B.1     CsPbBr3 Perovskites for Stability Improvements 

It is well-known that when organic-inorganic hybrid perovskites are exposed to ambient 

air or high temperatures, they suffer rapid deterioration, inhibiting their future applications.[128]–

[132] At high temperature, the perovskites are easily dissociated into organic-halides and Pb-

halides.[130]–[132] Therefore, all-inorganic perovskites without any organic cations are 

considered as a possible route to address the drawbacks of the aforementioned issues.[129] Cesium 

(Cs) is believed to be the most feasible substitute of organic cations due to similar direct bandgaps 

of CsPbX3 (X = I, Br, Cl) perovskites compared with the organic–inorganic hybrid 

perovskites.[133]–[135] Inorganic CsPbX3 (X=Cl, Br, I) perovskites show remarkable stability 

and many reports have argued that CsPbrX3 has a high thermal stability until it melts at ~500 

°C.[85] Thus, as the alternatives, inorganic perovskites are beginning to draw much scientific 

attention.[136]–[141] 

This expansion into inorganic cesium lead halide perovskites has prompted a lot of work 

in the development for various growth and deposition techniques to obtain pristine perovskite films 

and single-crystals for the various device applications. With this work, there is a need for proper 

characterization to determine if a pure perovskite has been achieved. X-ray photo-electron 

spectroscopy (XPS) of cesium lead halide perovskites determines the elemental presence and 

further analysis shows if the various elements are in the perovskite stoichiometric structure or in 

the unreacted precursor/reactant. Several works use XPS to show the presence of the expected 

elements in the perovskite; however, there is a lack of work done on proving that these elements 
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are indeed bonded to each other forming a perovskite rather than remaining in the 

precursor/reactant form.[61], [129], [152]–[154], [144]–[151] XPS can be used to determine if a 

sample is a pristine perovskite or if it is not fully reacted by comparing the binding energy and 

peak full width half maximums (FWHMs) of the perovskite and the reactants. Chemical state 

identification using XPS has become routine for most elements in the periodic table. Binding 

energy databases, such as the NIST Database[155] or the Phi Handbook[156], generally provide 

sufficient data for the chemical state determination for uncomplicated (i.e. single peak) spectra. 

However, information regarding the binding energies and FWHMs of CsPbBr3 is limited. 

This work outlines some recent spectral curve fitting showing how the binding energies 

and FWHMs change from the CsBr and PbBr2 reactants to the fully reacted CsPbBr3 perovskite. 

The Cs 3d, Br 3d, and Pb 4f regions are studied, showing how the peaks shift to different binding 

energies and how the FWHMs change depending on if the Cs, Pb, and Br are bonded to the 

CsPbBr3 perovskite or the CsBr or PbBr2 reactants. Through this comparison, it can be determined 

if a pristine/fully reacted perovskite has been achieved. The perovskite film studied in this work is 

used for radiation detection applications; therefore, a thick enough film of about 5 µm is needed 

to fully absorb the incoming radiation. For this reason, the thick homogeneous films are deposited 

by Closed Space Sublimation (CSS) from a powder of crushed CsPbBr3 crystals grown by Anti-

Solvent Vapor Crystallization (AVC). The crystal growth and film deposition are discussed in the 

experimental section.  

B.1.1 Film Deposition 

All precursor materials and solvents were purchased from Sigma-Aldrich, except for lead 

bromide, which was purchased from Alfa Aesar. These materials were used as-received without 
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further purification for crystal growth and XRD and XPS analysis. CsPbBr3 crystals were grown 

by the Anti-Solvent Vapor Crystallization (AVC) growth process used by Hongjian Zhang et 

al.[157] The crystals were grown using a concentration of 6 mM of CsBr and 9 mM PbBr2 in 

DMSO. The crystals were grown at 25°C for 72 hours using 50% MeOH.   Following crystal 

growth, the crystals were crushed into a fine powder using a mortar and pestle. The powder was 

then sublimed onto glass substrates with the Close-Spaced Sublimation (CSS) method. The CSS 

deposition technique allows the deposition of thicker films which is needed for radiation detector 

applications. The glass substrates were cleaned by sequential sonication of acetone, isopropanol, 

and deionized water for 5 minutes in each bath and dried with N2. The deposition was carried on 

in a vacuum ambient (70mT) with a crucible temperature of 500°C and a substrate temperature of 

250°C.  A 5µm thick film was obtained in 30 minutes. 

B.1.2 Material Characterization 

The X-ray diffraction (XRD) measurements were performed using a GIXRD (Rigaku 

Ultima III X-ray diffractometer at grazing incident angles 0.5°. All samples were measured 

between 10 and 60 degrees. A monochromatic source of Cu Kα1 radiation (λ= 1.5405) with a step 

size of 0.04 degrees and a speed of 4 degrees per minute was used. 

The X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI 

5000 Versa Probe II. All the analyses were taken at a 90o take-off angle with respect to the sample 

surface. A monochromatic Al Kα radiation source (hν= 1486.6 eV) with a 0.1 eV step size and a 

pass energy of 23.50 eV was used. The base pressure in the analysis chamber was 1.6x10-8 Torr. 

All binding energies reported in this work are relative to the C 1s peak at a binding energy of 284.8 

eV. 
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B.1.3 Results and Discussion 

In order to determine if the CsPbBr3, PbBr2, and CsBr samples used in this XPS study have 

the proper structure, XRD analysis was done on the CsPbBr3 crushed AVC grown crystals, 

CsPbBr3 CSS grown thin-films, PbBr2 precursor powder, and CsBr precursor powder, as shown in 

Figure B.1. The XRD pattern of crushed CsPbBr3 crystals and CsPbBr3 films are compared to 

reference ICSD #97851 and show all the corresponding XRD peaks for an expected perovskite 

crystalline structure in the orthorhombic phase.[158] The XRD patterns of PbBr2 and CsBr films 

are compared to references ICSD #36170 and #53834, respectively, and both show the expected 

XRD peak patterns. These materials are then taken as the reference to study the XPS binding 

energies and peak deconvolutions. 

 

 

Figure B.1. XRD analysis showing (a) CsPbBr3 perovskite crushed crystal powder and thin-film 

compared to the reference, (b) PbBr2 film and reference, and (c) CsBr film and reference. 

 

After the crystalline structure was verified by XRD, XPS measurements were performed 

of the Cs 3d, Pb 4f, and Br 3d core levels for crushed CsPbBr3 crystals and CsPbBr3 films and are 

compared. Figure B.2 shows the binding energies all remain the same between the CsPbBr3 
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crushed crystals and films. The binding energies of Cs 3d5/2, Cs 3d3/2, Pb 4f7/2, Pb 4f5/2, Br 3d5/2, 

and Br 3d3/2 remain at 724.23 eV, 738.17 eV, 137.91 eV, 142.77 eV, 67.87 eV, and 68.92 eV, 

respectively. These identical binding energies shown by XPS and diffraction peaks shown by XRD 

between the crushed crystals and the deposited films show that there is no difference in the 

perovskite structural and stoichiometric integrity during the CSS deposition process. 

 

 

 

Figure B.2. Normalized XPS data of Cs 3d, Pb 4f, and Br 3d binding energy regions for CsPbBr3 

film vs. crushed crystals. 

 

To further analyze the perovskite film data, deconvolutions were performed. But first, an 

in depth literature review was performed to determine what potential bonds Cs, Pb, and Br can 

make and determine how the XPS results will show a pure perovskite. The closest study comparing 

the perovskite to the reactants is from Yun Hu et al.[129] This study showed an overlay of the Cs 

3d, Pb 4f, and Br 3d peaks of a CsPbBr3 film deposited by co-evaporation of CsBr and PbBr2 and 

the CsBr and PbBr2 precursors. However, deconvolutions showing the changes in binding 

energies, FWHMs, and peak separations between various elemental binding energies were not 
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specified. J. Endres et al. showed XPS results from CsPbBr3; however, the deconvolution data 

used to claim a pristine perovskite has been formed was not supported.[149] Due to the minimal 

deconvolution reports on CsPbBr3, a study had to be performed comparing the XPS peaks of 

CsPbBr3 and the precursors PbBr2 and CsBr. 

 

Figure B.3. XPS data overlay of the Cs 3d, Pb 4f, and Br 3d binding energy regions for CsPbBr3, 

PbBr2, and CsBr films. 

 

In Figure B.3, the same trend in binding energy shifts between the CsPbBr3, PbBr2, and 

CsBr can be seen as in literature.[129] The Cs 3d region shows a 0.14 eV shift to lower binding 

energies from CsBr to CsPbBr3, the Pb 4f region shows a 0.99 eV shift to lower binding energies 

from PbBr2 to CsPbBr3, and the Br 3d region shows shifts to lower binding energies of 0.48 eV 

from PbBr2 to CsBr, 0.67 eV from PbBr2 to CsPbBr3, and 0.19 eV from CsBr to CsBrPb3. The 

weaker bond strength of Cs to Pb in CsPbBr3 compared to Cs to Br in CsBr explains the 0.14 eV 

decrease in Cs 3d binding energies from CsBr to CsPbBr3. The weaker bond strength of Pb to Cs 

and Br in CsPbBr3 compared to Pb to Br in PbBr2 explains the 0.99 eV decrease in Pb 4f binding 

energies from PbBr2 to CsPbBr3.  
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Figure B.4. XPS deconvolutions of the Cs 3d, Pb 4f, and Br 3d binding energy regions for CsPbBr3, 

PbBr2, and CsBr. 

 

The decrease in Br 3d binding energies from PbBr2 to CsBr to CsPbBr3 is due to Br having 

a stronger bond to Pb in PbBr2 than to Cs in CsBr, and Br having a stronger bond to Cs in CsBr 

than to Pb in CsPbBr3. The Pb 4f region for PbBr2 also shows peaks at lower binding energies. 

These peaks are also present in the PbBr2 powder directly from the Alfa Aesar container and are 

not a product for the CSS deposition process. These Pb 4f5/2
 and Pb 4f7/2 peaks at 141.69 eV and 

136.83 eV correspond to free metallic lead.[149] 
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Table B.1. Deconvolution values corresponding to the binding energies, FWHMs, and peak 

separation of the Cs 3d, Pb 4f, and Br 3d for CsPbBr3, PbBr2, and CsBr.  

 

Sample 

Element/ 

Transition 

Binding 

Energy 

(eV) 

FWHM 

(eV) 

Peak to 

Peak 

Separation 

Elemental Peak 

Separation 

Elemental 

Peak 

Separation 

Value 

CsBr 

Thin Film Cs 3d3/2 738.31 1.61 13.94 

Cs 3d5/2 to Br 

3d5/2 656.31 

  Cs 3d5/2 724.37 1.61       

  Br 3d3/2 69.11 1.16 1.05     

  Br 3d5/2 68.06 1.16       

PbBr2 

Thin Film Pb 4f5/2 143.76 0.97 4.86 

Pb 4f7/2 to Br 

3d5/2 70.36 

  Pb 4f5/2 141.69 0.78 4.86     

  Pb 4f7/2 138.9 0.97       

  Pb 4f7/2 136.83 0.78       

  Br 3d3/2 69.59 0.97 1.05     

  Br 3d5/2 68.54 0.97       

CsPbBr3 

Thin Film Cs 3d3/2 738.17 1.46 13.94 

Cs 3d5/2 to Br 

3d5/2 656.36 

  Cs 3d5/2 724.23 1.46   

Pb 4f7/2 to Br 

3d5/2 70.04 

  Pb 4f5/2 142.77 1.01 4.86 

Cs 3d5/2 to Pb 

4f7/2 586.32 

  Pb 4f7/2 137.91 1.01       

  Br 3d3/2 68.92 0.99 1.05     

  Br 3d5/2 67.87 0.99       

 

Figure B.4 shows the deconvolutions of the XPS deconvolutions of the Cs 3d, Pb 4f, Br 3d 

for CsPbBr3, PbBr2, and CsBr. Table B.1 shows all the binding energies, FWHMs, and peak 

separation values corresponding to the deconvoluted peaks. The FWHMs of the Cs 3d peaks 

decreases from 1.61 eV for CrBr to 1.46 eV for CsPbBr3. The FWHMs of the Pb 4f peaks increase 

from 0.97 eV for PbBr2 to 1.01 eV for CsPbBr3. The FWHMs of the Br 3d peaks increase from 

0.97 eV for PbBr2 to 0.99 for CsPbBr3 to 1.16 eV for CsBr. The peak separations between the 
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various elements is also compared. The separation between Cs 3d5/2 and Br 3d5/2 increase from 

565.31 eV for CsBr to 565.36 eV for CsPbBr3. The separation between Pb 4f7/2 and Br 3d5/2 

decrease from 70.36 eV for PbBr2 to 70.04 eV for CsPbBr3. For CsPbBr3 the separation between 

Cs 3d5/2 and Pb 4f7/2 is 596.32 eV. These peak separations can serve as an alternative and 

reproducible way to determine if the Cs, Pb, and Br are fully reacted in the perovskite, CsPbBr3, 

form or still in the unreacted precursors CsBr and PbBr2.  

6.6. Conclusions 

Using XPS, the core levels of Cs 3d, Pb 4f, and Br 3d peaks in CsPbBr3 perovskite powder 

and films, CsBr films, and PbBr2 films were investigated. XRD showed that a CsPbBr3 perovskite 

crystalline structure was achieved for both crushed crystals and films deposited from the crushed 

crystals. From there the analyzed XPS results showed how the Cs 3d, Pb 4f, and Br 3d core levels 

change depending on if Cs, Pb, and Br are bonded in a perovskite structure or remain in the 

unreacted precursors. These deconvolutions can serve as a reference to future studies to use XPS 

to prove if a pristine perovskite has been achieved. 
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