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ABSTRACT 

CdTe has emerged as the leading commercial thin film photovoltaic technology. Recent 

advancements in photoconversion efficiency were achieved through the introduction of alloyed 

CdSeyTe1-y (CST) absorber, as well as replacement of conventional CdS window layer with more 

transparent alternatives such as MgxZn1-xO (MZO). These II-VI ternary alloys offer a wide range 

flexibility of adjusting several important parameters of the CdTe-based solar cells, such as band 

gap and conduction band alignment. The focus of this thesis can be divided into two parts: 

development of Cd1-xZnxTe (CZT) absorbers and combinatorial discovery of MZO emitters. 

CZT alloys form at the back of the device stack during back contact activation by 

interdiffusion between CdTe and ZnTe. ZnTe doped with Cu is commonly used as a buffer layer 

at the back of the device stack to facilitate creation of an ohmic contact with CdTe absorber. In 

addition, Cu diffuses into CdTe and provides p-type doping for the absorber. The role of Cu 

during back contact activation was studied in this thesis. By depositing bilayers of CdTe and 

ZnTe:Cu with varying Cu loadings and subjecting them to short annealing steps it was shown 

that Cu is a critical flux agent that induces interdiffusion, recrystallization, and grain growth in a 

matter of minutes at studied temperatures of 320 oC and above. Cu was also shown to scavenge 

excess Te in ZnTe to form CuxTe clusters.  

CZT alloys are also of interest as absorber due to the full miscibility of CdTe and ZnTe 

that enables a tunable band gap from 1.5 to 2.26 eV. In particular, CZT alloys with a band gap of 

~1.7 eV can potentially be used as a top cell in a tandem device. However, conventional device 

processing, specifically the CdCl2 activation step, results in the loss of Zn and the formation of 

stacking faults. We explored the use of molecular Cl2 to improve stability of CZT alloys during 
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device processing. In comparison to conventional CdCl2, the use of molecular Cl2 offers an 

advantage of independent control of temperature and Cl2 concentration. Cl2 concentration of 15 

ppm was identified to eliminate Zn loss at temperatures equivalent to conventional CdCl2 

treatment, i.e. 400-450 oC, however, photoluminescence measurements revealed minimal 

increase in the signal, suggesting incomplete activation of the absorber material. Cross-sectional 

transmission electron microscopy revealed accumulation of chlorine on top of the absorber but 

no chlorine was seen inside the bulk of the absorber or at the grain boundaries, which is most 

likely the reason for the poor activation of the absorber. 

MZO emitters are significantly better than conventional CdS due to their transparency 

and tunable conduction band alignment with CdTe or CST absorber. MZO is most commonly 

deposited by sputtering using pre-formed ceramic targets of fixed composition in an Ar ambient.  

This limits one to discrete compositions and is expensive. In addition, the stability of MZO has 

been a concern. The MZO stability issue has been attributed to the presence of oxygen in the 

CdTe device processing ambient, leading to double-diode behavior (S-kink) in the current 

density-voltage curves. Reactive co-sputtering technique from elemental Zn and Mg targets in 

Ar:O2 ambient developed in this work offers an alternative to conventionally prepared MZO. 

Reactive co-sputtering produced high quality, robust MZO films with promising stability and 

resilience to processing conditions.  This stability of reactively co-sputtered MZO is attributed to 

be due to low concentrations of oxygen vacancies in the films, which was confirmed by electrical 

and Kelvin probe measurements. The “ideal” MZO composition depends on the specific 

architecture and processing employed. The combinatorial approach enabled rapid identification 

of optimal composition, as evidenced by achievement of high performing devices (~16%) across 

multiple research facilities both with and without oxygen in device processing ambients.  
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CHAPTER 1 

INTRODUCTION 

 
1.1 Photovoltaics 

Electricity is an essential part of life in the developed world. Interestingly, the controlled 

use of electricity and its generation was discovered by Michael Faraday relatively recently, in the 

1831 [1]. Faraday’s discovery of electromagnetic induction laid the foundation for a modern-day 

electricity market. The use of electricity was one of the foundational aspects that allowed for 

rapid technological advancements during the Second Industrial Revolution of the late 19th - early 

20th century. Many advances in engineering, transportation, medical, computational, and pretty 

much any other area since then have been possible due to the use of electricity.  

Figure 1.1 illustrates the total energy consumption by sector in the US in 2018. 

Surprisingly, electricity comprises about 38% of the total energy consumption, with only a little 

over 17% reaching the “end user” due to energy losses by the power consumption of the electric 

power sector [2]. Over 80% of the total energy generation in the US is through carbon-based fuel 

sources, such as petroleum, natural gas, and coal.  From the numbers in the figure it is evident 

that in order to move toward more carbon-neutral energy generation it is important to not only 

replace carbon-based sources with renewables but to provide ways of further “electrification” of 

transportation and industrial sectors.  

Photovoltaics are a type of electricity generation technology that converts energy of the 

light into electrical power by the use of photovoltaic materials. There are numerous different 

types of photovoltaic technologies currently available for different applications. Figure 1.2 

illustrates efficiencies of many different photovoltaic technologies on a laboratory scale. 
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Figure 1.1 U.S. energy consumption by source and sector as of 2018. Adapted from [2]. 
 

The sun provides an abundant and renewable source of energy that is well-distributed 

throughout our planet. The amount of energy that is available is enormous, with estimates 

suggesting the amount of solar energy reaching the surface of the earth in one hour is equivalent 

to the total annual world energy use [3]. In the last decade the global installed photovoltaic 

power generation capacity has increased at an average annual rate of ~50% [4]. This tremendous 

growth has brought total electricity production from solar in the US to 2.3% in the Q1 of 2019 

[5]. Silicon and CdTe-based technologies control the majority of the market for terrestrial 

applications. CdTe offers several advantages from both material and processing perspectives, 

which would be discussed in more detail in the next section.  

Figure 1.3 below shows solar irradiance spectra at different conditions. There are 

different notations that describe the amount of solar irradiation at specific locations. The figure 
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presents three examples, namely AM 0, AM 1.5G, and AM 1.5D. The abbreviation AM refers to 

the “air mass” or the amount of atmosphere through which the light travels.  

 

Figure 1.2 Graph of record efficiencies of different photovoltaics technologies on a lab scale. 
Adapted from [6]. 

 

 
Figure 1.3 Solar irradiance spectra for AM 0, AM 1.5G, and AM 1.5D based on data from 

ASTM G173-03 [7]. 
 

The amount of solar irradiation that is available outside Earth’s atmosphere is described 

by AM 0 (black curve). Since light travels through vacuum as it reaches the Earth, there is 
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essentially 0 atmosphere it has to travel through. As the light passes through the Earth’s 

atmosphere, portion of it gets absorber, for example by carbon dioxide gas or water vapor, and 

scattered. The amount of light that reaches the surface of the earth is described by the green 

curve (AM 1.5G), representing the total global irradiation that assumes 37o tilted surface which 

is chosen by taking the average latitude of the 48 contiguous states in the US [8]. The orange 

curve, AM 1.5D, represents the direct or normal component of the AM 1.5G spectrum. The 

amount of spectrum that can be absorbed by a photovoltaic material and used for electricity 

generation is limited by the band gap of the material.  

1.2  Current State-of-the-art in CdTe-based Technology 

CdTe-based solar cells belong to thin film photovoltaics. CdTe has several properties that 

allowed it to become the leading commercial thin film technology with over 25 GW installed 

capacity [9]. Firstly, CdTe is a direct band gap semiconductor with a band gap of 1.5 eV. Figure 

1.4 below illustrates a chart of the Shockley-Queisser theoretical efficiency limit at different 

band gaps, which takes into account thermal relaxation and radiative recombination losses. As 

can be seen from the chart, CdTe is positioned at the top of the chart, making it an ideal choice 

from a band gap perspective. Secondly, CdTe has a high absorption coefficient of 104 cm-2, 

meaning it can absorb 99% of the light in about a micron of material. Finally, CdTe is a material 

that sublimates congruently and can be deposited in a fast manner using vapor transport 

deposition (VTD). All of these properties make it an attractive thin film solar technology. 

Figure 1.5 below illustrates the structure of a state-of-the-art CdTe solar cell. CdTe cells 

are typically prepared in a “superstrate” configuration, meaning the light enters the cells through 

the glass that acts as a substrate for the other layers of the stack. Transparent conducting oxide 

(TCO), which is typically fluorine-doped tin oxide (FTO), is deposited on top of the glass 
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substrate. FTO is deposited using chemical vapor deposition. Then a transparent front buffer is 

deposited on top of TCO. This buffer layer could consist of some transparent oxide, such as tin 

oxide, magnesium zinc oxide (MZO), or other materials. Graded CdSeyTe1-y (CST)/CdTe 

absorber is deposited on top of the buffer layer by vapor transport deposition (VTD). Finally, 

back contact consisting of Cu-doped ZnTe and a metal contact is deposited on top of the 

absorber by sputtering.  

 

 
 

Figure 1.4 A chart of the Schockley-Quisser limit for photovoltaics at different band gaps. 
Adapted from [10]. 

 

First Solar holds records for both the highest cell and module efficiencies at 22.1% and 

18.6%, respectively [6, 11, 12]. As can be seen from Figure 1.2, significant improvements in 

efficiency of CdTe-based solar cells (from ~16% to over 22%) was achieved by First Solar from 

2012 to 2016. There are two main ways First Solar was able to realize such high conversion 

efficiencies – band gap grading and improvements in the window/front buffer layer. 
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Figure 1.5 Illustration of the state-of-the-art device structure of CdTe-based photovoltaics. 
 

The band gap grading of the CdTe absorber through alloying with Se to make CST at the 

front of the device stack allows for more absorption in the infrared region above 860 nm, as 

addition of Se results in band gap decrease due to bowing [13]. According to First Solar, 

introduction of selenium at the front of the device also enhanced the carrier lifetime 2-5 times 

compared to the intrinsic CdTe [12]. Improvements in the window layer allow an increased 

transmission of blue light compared to the conventional CdS layer, which has a low band gap of 

2.4 eV, leading to parasitic absorption. Though not disclosed, II-VI ternary alloys are potential 

candidates for window layer. For example, Sites et al. [14] demonstrated 18.3% efficient devices 

employing a high band gap MgxZn1-xO (MZO) alloy as a window layer. Employing MZO alloy 

for the window layer allows for better transmission of light in the blue region and may create a 

better heterojunction through improved band alignment [15]. Moreover, elimination of CdS also 

allows for greater process latitude for CdCl2 treatment. Going to temperatures above ~400 oC 

during the CdCl2 treatment of the standard CdS/CdTe architecture usually results in delamination 

at the front contact of the device leading to poor performance [16].  

Glass substrate

TCO
Front buffer

Graded CdSeyTe1-y/CdTe absorber

ZnTe

Back contact
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Both First Solar’s and CSU’s cells provide novel ways of improving the efficiencies of 

CdTe-based solar cells, however, the issue of low carrier concentration in the absorber still 

persists. Cu is commonly used as a p-type dopant in CdTe [17-20]. However, due to 

compensation effects, the carrier concentration in the absorber is limited to mid-1014 cm-3 with 

copper as a dopant [20]. Device performance simulations show that in order to reach 25% 

efficiency, carrier concentration in the absorber needs to be at ~1016 cm-3, which is 2 orders of 

magnitude higher than in Cu-doped devices [21, 22]. Group V elements, such as As, P, and Sb, 

could be used as p-type dopants in CdTe. In a recent paper, researchers at NREL were able to 

overcome low carrier concentration issue and achieved an open-circuit voltage (Voc) of over 1 V 

using single crystal CdTe [23]. This was accomplished by using cadmium phosphide (Cd3P2) to 

dope CdTe p-type with P, which increased carrier concentration and lifetime by several orders of 

magnitude compared to Cu-doped case. Similarly, the group at ASU also broke the 1 V mark 

using molecular beam epitaxy (MBE) [24]. These important findings demonstrated that there are 

no intrinsic limitations of CdTe. However, single crystal and MBE are impractical manufacturing 

strategies. The single crystal doping research mentioned above resulted in a renewed focus of 

several research institutions on group V doping of polycrystalline CdTe [25-28]. Recently, 

conversion efficiency of 20.8% was achieved using arsenic-doped CST absorbers and Cu-free 

ZnTe back buffer layers [26]. Although CdTe is the leading commercially available technology 

and First Solar has expanded its manufacturing capacity at a rapid rate in the recent years [29], 

the milestone of 25% efficiency needs to be reached in the near future for CdTe to remain 

competitive with Si-based photovoltaics.  
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1.3  Ternary Alloys 

II-VI ternary alloys offer a wide range flexibility of adjusting several important 

parameters of the CdTe-based solar cells. Due to high temperature steps in the CdTe 

manufacturing process, some ternary alloys, such as CdSyTe1-y (when using conventional CdS 

window layer) and Cd1-xZnxTe (CZT), are formed by interdiffusion during device processing 

[30-32]. Formation of those alloys relieves the strain and activates the junctions between the 

binary layers of CdS and CdTe, and CdTe and ZnTe. It is expected that controlled incorporation 

of ternary alloys into the absorber layer will offer the flexibility of adjusting the band gap while 

also facilitating p-type doping of CdTe layer. Anion substitution into CdTe, such as sulfur or 

selenium, results in an initial reduction of the band gap through bowing, while cation 

substitution, such as zinc, monotonically increases the band gap of the alloy [13, 33, 34].  

CZT alloys gained increased attention among researchers for use in many types of 

detectors (x-ray, gamma-ray, etc.) as well as in solar applications in recent years [35, 36]. The 

popularity of these alloys is attributed to the ability to easily tune the band gap from 1.5 eV to 

2.3 eV by increasing the amount of Zn in the alloy according to Equation 1.1. Figure 1.6 

illustrates the band gap of CZT alloys vs. Zn concentration. In particular, CZT with a band gap 

of around 1.7 eV has been investigated as a possible absorber layer for the tandem cells [31, 35, 

37, 38]. Wide range of deposition techniques such as co-evaporation, MBE, close-space 

sublimation, and RF magnetron sputtering, etc. have been used to deposit CZT [31, 37, 39-42].  

                             𝐸g = 1.5143 + 0.6432𝑥 + 0.1𝑥2                                                     (1.1) 

There are several challenges that arise with the use of CZT. One issue is its 

incompatibility with the critical CdCl2 treatment [37, 43]. During this process Zn loss has been 
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observed through two mechanisms: reaction of Zn with CdCl2 to form ZnCl2, and diffusion of Zn 

into CdS layer [37, 43, 44]. Secondly, CdCl2 treatment is carried out in an oxygen containing 

environment and Zn can oxidize to ZnO, which is detrimental to the device efficiency [44]. 

Shimpi et al. [37] studying the effect of the CdCl2 treatment on RF sputtered CZT films 

explained poor performance of devices by the lack of chlorine at the grain boundaries, high 

density of stacking faults and incomplete recrystallization in the absorber layer.  

 

Figure 1.6 Band gap of CZT alloys. Adapted from [13]. 
 

Another II-VI ternary alloy that is of interest is MZO. MZO has been demonstrated to be 

a better window layer compared to the conventional CdS [15, 45]. MZO offer tunable band gap 

in excess of 3.3 eV by increasing Mg content. In addition, Mg incorporation into ZnO also 

results in the shift of the conduction band position. This allows for improved alignment with 

CdTe absorber, reducing interface recombination. Flat or slightly positive conduction band offset 

has been reported as optimal [15, 22, 45]. MZO has also been shown to passivate CdTe when 

prepared in double heterostructure configuration. This passivation of CdTe leads to higher carrier 

lifetime [46].  However, MZO stability has been a concern, especially as it relates to the presence 
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of oxygen during subsequent device processing steps [47, 48] . Oxygen presence has been 

attributed to a double diode signature (“S-kink”) in the current density-voltage (J-V) curves. 

Conventional MZO deposition for CdTe devices involves sputtering from ceramic targets [48, 

49]. This limits composition of the deposited film to a discrete value, and the optimal Mg content 

is likely to be a function of specific device processing steps.   

1.4  Outline of Thesis Goals 

This thesis work is focused on understanding and development of ternary alloys for 

CdTe-based solar cells. As discussed earlier, gains in efficiency have been recently made 

through application of ternary alloys such as CST and MZO in the absorber and emitter layers, 

respectively. Some ternary alloys, such as CZT form during device processing and could 

potentially be used as both absorbers and back contact buffer layers if precise control of their 

composition and properties can be achieved.  

It is well known that ZnTe can be easily doped p-type using group V elements [50]. Its 

valence band alignment with CdTe and wider band gap makes it an ideal back contact buffer 

layer for CdTe solar cells to create an ohmic contact between CdTe and metal layers [51]. First 

Solar has attributed improvements in both efficiency and reliability to the integration of ZnTe 

buffer layer in their device stack [52]. As mentioned earlier, the common dopant that is used in 

the buffer layer is copper [30]. However, incorporation of Cu poses a stability concern as Cu can 

diffuse into the bulk and to the front contact interface, creating recombination centers. Therefore, 

developing Cu-free back contacts is one of the grand challenges for CdTe solar cells. However, 

role of Cu at the back of the device needs to be better understood. The work of my colleague, Dr. 

Jiaojiao Li, on the development of the rapid thermal processing (RTP) of ZnTe:Cu buffer layer 

revealed presence of significant interdiffusion between CdTe and ZnTe layers upon annealing. 
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Therefore, the first goal of this thesis was to understand the formation of CdTe/ZnTe 

interdiffusion region at the back contact when ZnTe:Cu buffer layers are used on top of CdTe 

absorbers. Bi-layers of CdTe and ZnTe:Cu with varying Cu loadings were subjected to short 

annealing inside the RTP chamber at temperatures that are typically used for back contact 

activation. Film stacks were analyzed with X-ray diffraction (XRD) and transmission electron 

microscopy (TEM) to study the effect of Cu on the CdTe/ZnTe interface. 

The second goal was to study stability of CZT thin films during CdCl2 and Cl2 

treatments. There are several reasons for use of CZT inside the absorber. First, a CZT absorber 

with a band gap of ~1.7 eV can be used in a top cell of a tandem device. CdTe and ZnTe are 

fully miscible and CZT alloy composition can be controlled during deposition to produce ~1.7 

eV film. Secondly, since ZnTe can be degenerately doped, its incorporation into CdTe is 

hypothesized to improve absorber (CZT) doping. However, as discussed earlier, CZT was shown 

to be unstable during essential CdCl2 treatment. CdCl2 treatment of binary CdTe results in grain 

growth, recrystallization, grain boundary passivation, and it facilitates interdiffusion at the 

CdS/CdTe interface [53, 54]. Another alternative to CdCl2 treatment is the use of chlorine gas. It 

was demonstrated by Trevithick et al. [55] that Cl2 can be used as an alternative to CdCl2, 

resulting in photoconversion efficiencies of around 12% for CdTe devices. Chlorine gas offers 

certain advantages over conventional CdCl2 treatment, one of which is independent and precise 

control of temperature and partial pressure of Cl2. In addition, oxygen presence is not required 

for Cl2 treatment and can eliminate the issue of ZnO formation. Therefore, CZT alloys deposited 

by thermal evaporation and close-space sublimation were subjected to Cl2 treatment at 

temperatures of up to 450 oC. As-deposited and annealed films were analyzed by XRD, ultra-
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violet-visible spectroscopy (UV-Vis) and cross-sectional TEM to determine optimal Cl2 

concentration, temperature and time to achieve Zn retention in the CZT alloys.  

During the course of this thesis work, significant progress has been made on group V 

doping of CdTe and CST absorbers. As mentioned in previous section, efficiency of such devices 

reached 20.8% [26]. However, despite the expected increase in the Voc due to increased carrier 

concentration inside the absorber, the Voc remained below 900 mV. Device modeling suggests 

that as carrier concentration and carrier lifetime in the absorber increase, recombination at the 

front (emitter/absorber) interface becomes a limiting factor for Voc improvement [21]. MZO 

emitters are significantly better than conventional CdS due to their transparency and tunable 

conduction band alignment with CdTe or CST absorber. As discussed in the previous section, the 

use of ceramic targets for MZO deposition and its stability during device processing are of 

concern. Therefore, one of the goals of this thesis work was to use reactive co-sputtering from 

elemental Zn and Mg targets in Ar:O2 ambient. The use of metal targets allows for better 

reproducibility compared to ceramic targets, faster deposition rates, and metal targets are 

cheaper. Reactive co-sputtering in oxygen atmosphere is hypothesized to produce stable films 

that are resilient to processing conditions due to fewer oxygen vacancies.  In addition, reactive 

co-sputtering would allow for accelerated device performance optimization through deposition of 

combinatorial libraries, where a gradient in Mg concentration and MZO thickness is created on a 

single substrate.  
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CHAPTER TWO 

MATERIALS AND METHODS 

 
State-of-the art device structure for CdTe solar cells was described in Chapter 1. In this 

chapter, the baseline device structure of solar cells made in our lab as well as thin film deposition 

and characterization methods employed are described. For detailed description of each process 

please refer to the standard operating procedures in the Appendix B. 

 
2.1  Baseline Device Structure 

There are two main structures that were used during this thesis work: 1) devices 

employing a CdS window layer and 2) devices employing an MZO window layer. TEC10 or 

TEC15 substrates from Hartford glass were used for all devices. The first step in the device 

fabrication, regardless of the window layer, is pre-cleaning of the TEC glass substrate. Micro 90 

solution was used to wash the substrates, followed by DI water rinse and drying with filtered 

compressed air. After that substrates were placed in the UV-ozone oven for 20 minutes with 

TCO side up. UV-ozone oven further cleans the surface by removing majority of the left-over 

hydrocarbons.  

Figure 2.1 below illustrates the device fabrication steps when CdS window layer is used. 

First, 150 nm of CdS is thermally evaporated on a clean TCO surface. Around 4 microns of 

CdTe is deposited on top of the CdS window layer using vapor transport deposition (VTD). 

CdCl2 treatment is then performed in a tube furnace followed by a bromine-methanol etch to 

create a p+ Te layer to improve the back contact. ZnTe (150 nm) and Cu (15 nm) are co-

evaporated on top of etched CdTe surface as a buffer layer and a source of Cu doping for CdTe 
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absorber. Gold contacts are then deposited by thermal evaporation through a mask having an 

individual circular device area of 0.079 cm2. Each device is then manually scribed using a blade 

and indium is soldered to make good electrical with the FTO. Back contact activation as well as 

Cu dopant activation in CdTe is achieved through rapid thermal processing (RTP). Efficiency of 

each device is then tested with a solar simulator under 1-sun illumination. Baseline efficiency of 

these devices is around 14%. 

 

Figure 2.1 Fabrication steps for devices with CdS window layer. 
 

Figure 2.2 illustrates the device fabrication steps when MZO window layer is used. First, 

100 nm of MZO is reactively co-sputtered on a clean TCO surface. Around 4 microns of CdTe is 

deposited on top of the MZO window layer using VTD. CdCl2 treatment is then performed in a 

tube furnace followed by Cu doping of CdTe absorber using CuCl2 solution and subsequent 
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annealing on a hot plate. Gold contacts are then deposited by thermal evaporation through a 

mask having an individual circular device area of 0.079 cm2. Each device is then manually 

scribed using a blade and indium is soldered as a front contact. No further dopant/back contact 

activation is necessary for devices employing this architecture. Efficiency of each device is then 

tested with a solar simulator under 1-sun illumination. Baseline efficiency of these devices is 

around 16%. 

 

Figure 2.2 Fabrication steps for devices with MZO window layer. 
 

Figure 2.3 below illustrates a finished device stack on a 1.5 x 1.5 inch2 substrate. As can 

be seen from the figure there are over 30 individual cells/devices on this substrate. The small 

area of devices allows for better statistical data on device performance as well as it is very useful 
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for determination of the optimal MZO (or other ternary oxide) composition when employing 

combinatorial sputtering technique, which will be discussed in subsequent chapters. 

 

Figure 2.3 A picture of finished devices on a 1.5 x 1.5 in2 substrate. 
 

2.2  Deposition and Annealing Processes 

2.2.1  Magnetron Sputtering 

Sputtering is a physical vapor deposition (PVD) technique and was first developed in the 

1800s [1].  Figure 2.4 illustrates how the sputtering process works. In short, sputtering utilizes 

positively charged ions of a gas (most commonly Ar) to bombard the surface of a target, which 

results in subsequent ejection of target atoms [1]. Those atoms are then deposited on the 

substrate as a thin film. In order to create positively charged Ar+ ions, the chamber is evacuated 

to high vacuum conditions (typically ~10-7 Torr) and filled with Ar gas to a pressure of 5-30 

mTorr. DC bias is then applied between the target (cathode) and the substrate (anode), which 

results in the ignition of the plasma that consists of electrons and Ar+ ions [1, 2]. Magnets can 

then be used to accelerate and guide Ar+ ions toward the target, while trapping electrons in order 

to avoid their bombardment of the substrate, where it can damage the deposited film [2].  

DC sputtering is used for conducting targets, while radio frequency (RF) sputtering can 

be used for insulating targets. Positive charge can build up on the surface of an insulating 
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material (for example, MgO), resulting in arcing and loss of plasma [2]. In an RF configuration, 

alternating current (AC) at a frequency of 13.56 MHz is applied between the substrate and the 

target. The positive charge that accumulate on the surface of the target is neutralized by the 

electrons in the plasma during each cycle of the AC wave, preventing arcing and allowing for 

continuous deposition (sputtering) of the target material.   

 

Figure 2.4 Illustration of the sputtering process. Adapted from [2]. 
 

Reactive co-sputtering from Zn and Mg targets was employed for the deposition of MZO 

window layer. Oxygen was introduced into the chamber at a 1:2 ratio with respect to Ar. Gas 

flow was controlled using mass flow controllers (MFCs). Pressure in the chamber was kept at 5 

mTorr during sputtering and was adjusted by manipulating the gate valve in-between the main 

chamber and the main turbo pump. Substrate was rotated in order to deposit films with uniform 

thickness and composition. For combinatorial experiments, the substrate was held stationary in 

order to create a gradient of Zn and Mg compositions and film thickness across the substrate. For 
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the majority of experiments, MZO films were deposited without intentional substrate heating. 

The typical deposition rate for 3.5 eV MgxZn1-xO film (x ~ 0.1) was ~1 nm/min and the thickness 

of MZO film was 100 nm. Deposition rate was calibrated by measuring MZO thickness 

deposited on a piece of Si wafer by ellipsometry. DC sputtering was used for Zn, while RF was 

used for Mg target. Figure 2.5 below shows photographs of the exterior and interior of our 

sputtering chamber during a co-sputtering process.  

 

Figure 2.5 Photographs of a) the sputtering chamber and b) the inside of the sputtering chamber 
showing plasma from two targets during co-sputtering. 

 

Two independent turbomolecular pumps are used to achieve high vacuum (~10-7 Torr) 

conditions inside the chamber and load lock, respectively. Load lock and the chamber are 

separated by a gate valve that allows the chamber to constantly be under vacuum while loading 

and unloading samples through the load lock. Gas molecules are transferred from the chamber to 

the outlet of the pump by a series of moving and stationary blades. The moving blades are 

a) b)
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rotated at very high speed and “kick” the gas molecules toward the outlet of the turbo pump 

where it is removed by a mechanical backing pump [3].  

2.2.2  Thermal Evaporation 

Thermal evaporation is another PVD technique used in this work where source material 

is heated in high vacuum conditions (typically ~10-6-10-7 Torr) and the deposition rate is 

controlled by the vapor pressure of the source material.  Figure 2.6 below shows a process flow 

diagram (PFD) of the thermal evaporator system.  

 

Figure 2.6 PFD of the thermal evaporation system. 
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There are two pumps that are used to achieve high vacuum conditions – mechanical and 

diffusion. Mechanical (roughing) pump is used to bring the pressure in the chamber down to 

below 100 mTorr, at which point the gate valve between the chamber and the diffusion pump is 

opened and high vacuum conditions could be achieved. In a high vacuum mode, mechanical 

pump is used as a backing pump for the diffusion pump. The vapor of the heated source material 

that contains atomic species or dimers moves toward the substrate and condenses on it, creating a 

thin film of deposited material. The system has two individually controlled source heaters as 

seen in the figure above that can be separated by a baffle plate during co-evaporation to avoid 

deposition rate interference between sources. 

Thermal evaporation was used for CdS, ZnTe, Cu, CdTe, and Au in this thesis work. A 

source material is placed in a quartz crucible that sits inside a tungsten wire basket (for CdS, 

ZnTe, CdTe) or directly in a tungsten boat (for Au, Cu). Those baskets/boats are then resistively 

heated until source material is evaporating/sublimating at a desired rate. The temperature of the 

source material is controlled by adjusting the amount of power applied to each source heater 

through variacs. The rate is monitored by quartz crystal microbalances (QCMs). A shutter is used 

to initiate and terminate each deposition.  Once QCM shows desired evaporation rate, the shutter 

is opened to allow the evaporated species to reach the substrate. The rate is monitored and 

adjusted as needed throughout the deposition period. The shutter is then closed to stop the 

deposition on the substrate once desired thickness of the film is reached. Substrate heater was 

used for all but Au evaporation, which was performed without intentional heating. Temperature 

for CdS deposition was 150 oC, 100 oC for ZnTe:Cu, and 300 oC for CdTe. For CdTe/ZnTe 

interdiffusion studies ZnTe:Cu was also deposited at temperatures up to 300 oC. 
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Figure 2.7 below illustrates a schematic of a diffusion pump and a magnification of the 

nozzle area where accelerated vapor particles are trapping gas molecules and condense on the 

cooled walls of the pump. During operation, the diffusion pump oil is heated by a boiler and oil 

vapor shoots up through the jet assembly and is accelerated into a specific direction through 

nozzles as depicted in Figure 2.7b. There are typically several stages to the jet assembly, forming 

sort of a “tree” structure. The hot oil vapor captures gas molecules in the cavity of the pump. The 

oil containing those gas molecules is then condensed on the cooled walls of the pump interior 

and flows down to the bottom of the pump, where gas molecules are released and pumped out by 

the mechanical pump connected in series to the diffusion pump. The condensed oil vapor is then 

heated again in the boiler and the cycle repeats [3]. 

 

Figure 2.7 Schematic of a) diffusion pump; b) nozzle area of the jet assembly illustrating 
accelerated vapor particles trapping gas molecules and condensing on the walls of the pump. 

Adapted from [3]. 
 

As mentioned previously, QCMs were used to measure the deposition rate. On a 

fundamental level, QCM measures change in mass per unit area. QCM consists of a quartz disc 

that is coated with a metal film acting as electrodes on both sides of the QCM. In our case the 

a) b)



27 
 

electrodes are gold. Due to piezoelectric nature of quartz, voltage applied to the electrodes results 

in an oscillation of the quartz disc at a specific frequency, which was 6 MHz for QCMs used in 

our lab. As film is deposited on the surface of the QCM, it adds mass and results in the change of 

frequency of oscillations. The amount of mass is then calculated based on this frequency change 

according to Sauerbrey equation [4]: 

                                                             𝑚𝑓 =  −(𝑓𝑐−𝑓𝑞)𝜌𝑞𝜐𝑞2𝑓𝑞2                                                                   (2.1) 

where mf is the mass of the film, which is a product of its thickness and density, fc is the resonant 

frequency of the crystal with material deposited on it, fq is the initial resonant frequency, ρq is the 

density of quartz, and υq is the shear wave velocity of quartz. 

2.2.3  Vapor Transport Deposition 

VTD is yet another PVD technique that was used for CdTe absorber deposition [5]. 

Figure 2.8 shows a PFD of the VTD system. CdTe source material sits inside a quartz tube which 

has a heating jacket around it. During deposition, nitrogen gas flows through the heated CdTe 

source and carries sublimated species (Cd and Te2) down to the substrate. On the way down to 

the substrate the gas passes through a series of baffles and a frit to even out the flow and improve 

the uniformity of the deposited film. Frit has a separate heater jacket around it and is held at a 

higher temperature than the source to avoid condensation of CdTe prior to reaching the substrate. 

The deposition rate is controlled by the temperature of the CdTe source, which sets the vapor 

pressure, as well as the flow rate of nitrogen carrier gas. For a baseline process, CdTe source and 

frit temperatures are set at 635 and 655 oC, respectively, while substrate is heated to 420 oC. 

Individual heaters are controlled by PID controllers. Nitrogen gas flow is set to 375 sccm and 

oxygen is supplied into the chamber at 38 sccm to preserve the nichrome wires used in heater 

jackets. Gas flows are controlled by MFCs. In earlier experiments the deposition rate was ~0.7 
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um/min and that rate was changed within the last 12 months to be 0.3 um/min due to replacement 

of the frit element to a more densely packed one. The frit change improved uniformity of the 

CdTe film and decrease in the deposition rate did not negatively affect the performance of the 

solar cells. The improvement in uniformity of the film coverage allowed for more devices to be 

fitted onto each 1.5 x 1.5 in2 substrate, which was needed for the combinatorial studies of 

devices with MZO window layer.  

 

Figure 2.8 PFD of VTD system. 
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2.2.4  Close Space Sublimation 

Close space sublimation (CSS) is a PVD technique where a substrate is placed directly 

above the heated source material within a very small distance (typically ~2 mm). This technique 

was used for deposition of CdTe at NREL, as well as CdCl2 treatment both at CSM and NREL. 

A schematic of the CSS system at NREL is shown in Figure 2.9. For CdTe deposition, a glass 

plate that had a thick film of CdTe pre-deposited on it acted as a source. Quartz spacers (2 mm) 

were placed in-between the source plate and the TEC substrate. The chamber was pumped down 

with a mechanical pump. Deposition of CdTe was done at 16 Torr under mostly inert He (15 

Torr) atmosphere with small addition of oxygen (1 Torr). Source was heated with halogen lamps 

to 660 oC, while substrate was kept at 600 oC. The process is controlled through a LabView 

program and it takes about 2 hours to fully complete the deposition. Maximum substrate size for 

NREL’s CSS system is 3 x 3 in2. 

 

Figure 2.9 A schematic of CSS system at NREL. Adapted from [6]. 
 

For CdCl2 treatment at CSM, a graphite boat that has 4 individual slots of 1.5x1.5” was 

filled with CdCl2 source material (anhydrous, 10 mesh, 99.995% pure) and substrates were 

placed directly above as can be seen in Figure 2.10 below. The treatment was performed in a 
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tube furnace under 200/200 sccm of O2/N2 flow controlled by MFCs. For CdS devices, 

temperature of 400-405 oC was used with a treatment time of 30 minutes, while for devices with 

MZO window layer, temperatures of 430-440 oC were typically used for 10-30 minutes. Going 

above 405 oC CdCl2 treament of CdS devices results in delamination, while for MZO devices 

delamination does not occur until temperatures above 450 oC. 

 

Figure 2.10 A photograph of a graphite boat used for CdCl2 treatment. Adapted from [7]. 
 

2.2.5  Tube Furnace and Rapid Thermal Annealing 

All processes that required annealing (i.e. CdCl2, ZnTe:Cu, interdiffusion studies, and Cl2 

gas treatment) were performed in either tube furnace or rapid thermal annealing (RTA) chamber. 

Tube furnace is a widely used thermal treatment technique where a sample is slowly heated for 

an extended period of time. Due to large thermal mass of the tube furnace it took ~30 minutes to 

reach temperatures of over 400 oC needed for CdCl2 treatment. Cool down time is also slow, 

taking several hours to fully cool down. RTA or RTP, on the other hand, is a technique where a 

sample can be heated to a desired temperature at a very fast rate, typically 10-20 oC/sec for our 
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processes but can go as fast as 50 oC/sec. RTP uses several halogen lamps to rapidly heat the 

sample. Figure 2.11 shows RTP chamber with heaters turned on. Sample spends a relatively 

small amount of time (30s) at the desired temperature and then allowed to cool down. Cool down 

times are also short, on the order of minutes, due to smaller size of the system and fast annealing 

times. RTP was used for ZnTe:Cu back contact activation, as well as Cl2 treatment and 

CdTe/ZnTe interdiffusion studies. The typical sequence for back contact activation of devices 

with CdS window layer involved two subsequent 30 second anneals at 320/330 oC. This recipe 

can change depending on the substrate that is used as well as CdCl2 treatment temperature, which 

affects CdTe grain size, and therefore diffusion of Cu along the grain boundaries vs. the bulk, 

and Cu loading in ZnTe layer.  

 

Figure 2.11 A photograph of RTP system. 
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2.3 Characterization Techniques 

2.3.1  Current-Voltage 

Primary characterization technique that is used for solar cell efficiency measurements is 

current-voltage (I-V). The I-V measurements were performed using a solar simulator. During a 

measurement, a solar cell is placed under illumination intensity of 1 sun (100 mW/cm2) and 

electrical contacts are placed on the indium and gold contacts of the cell. Voltage is then applied 

through those two terminals and current is measured. Since a fundamental part of the solar cell 

structure is a p-n junction, a basic operating principle of an ideal solar cell can be described by a 

diode equation under illumination [8]:                                                                 𝐼 =  𝐼𝑜 [exp ( 𝑞𝑉𝑛𝑘𝑇) − 1] − 𝐼𝐿                                             (2.2) 

where I is the total current, Io is the dark saturation current, q is charge of an electron, V is 

applied voltage, n is the diode non-ideality factor, k is Boltzmann’s constant, T is temperature, 

and IL is the light generated current.  

In many instances the measured current is normalized to the active solar cell area, 

producing current density (J). Figure 2.12 below illustrates a J-V curve of one of our CdTe 

devices along with labels highlighting several main parameters that can be extracted from the 

curve. When photons reach the CdTe absorber, they excite the electrons from the valence to the 

conduction band leaving holes behind. The electrons then move to the n-side of the junction, 

while holes move to the p-side of the junction. Under zero bias (short-circuit conditions), light 

generated current produces short-circuit current density (Jsc). When forward bias is applied and 

reaches a point where the light generated current is balanced by the diffusion current caused by 

the applied forward bias, a condition called open-circuit voltage (Voc) exists.  
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Maximum current and voltage values for a solar cell are produced at Jsc and Voc points, 

respectively. However, as can be seen in the figure, power that can be extracted from the cell is 0 

at both of these conditions. The maximum power (Pmp) that can be extracted from the solar cell is 

dictated by the parameter called fill factor (FF). FF can be calculated as the ratio of products of 

JscxVoc and JmpxVmp. Visual representation of those products can be seen in the figure as dark 

and light purple rectangles. 

 

Figure 2.12 J-V curve of CdTe device with all parameters highlighted. 
 

Shunt resistance and series resistance contribute to the horizontal and vertical slopes of J-

V curve, therefore causing FF to change. For the best performance, shunt resistance needs to be 

as high as possible and series resistance needs to be as low as possible. The photoconversion 

efficiency of the solar cell can be calculated based on the ratio of the generated power and the 

input power of the irradiation source, Pin, using equation below:                                                                            𝐸𝑓𝑓 =  𝑉𝑂𝐶𝐽𝑆𝐶𝐹𝐹𝑃𝑖𝑛                                                         (2.3) 
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2.3.2  X-ray Diffraction 

X-ray diffraction (XRD) is used to study bulk properties of crystalline materials – 

powders, solids, thin films. The fundamental principle of XRD is described by Bragg’s law:                                                                               𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃                                                        (2.4) 

where  is X-ray wavelength, dhkl is the distance between planes having Miller indices (hkl), and 

 is the angle of diffraction [9]. Figure 2.13 below shows a visual representation of Bragg’s law. 

XRD system typically consists of an X-ray tube, sample stage, and a detector [10]. X-rays are 

generated in an X-ray tube, consisting of a hot filament and a source target (most commonly Cu). 

Electrons generated in a filament bombard the source target and this bombardment can knock out 

inner shell electrons from Cu target. When electrons from higher state fill the spot of the 

knocked out electrons it generates characteristic X-rays. The most common type of X-ray used in 

XRD is CuK which has a wavelength of 1.5406 Angstroms [9]. These X-rays then reach the 

sample and can elastically diffract at a certain angle. The signal is recorded at each location 

(angle) of the detector and the XRD pattern is then generated across a specified angle range. 

XRD patterns can provide information about the size and shape of the crystal unit cell, grain 

orientation, and composition of phases [9]. 

 

Figure 2.13 Illustration of Bragg’s law used in XRD. Adapted from [11]. 
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2.3.3  Ultraviolet-Visible-Near Infrared Spectroscopy 

Ultraviolet-Visible-Near Infrared Spectroscopy (UV-Vis-NIR) is a technique that was 

used for determining transmission of light through a particular thin film as well as determination 

of its band gap. UV-Vis spectrophotometer consists of several components as can be seen in 

Figure 2.14 below. Light source typically consists of deuterium or hydrogen lamp that generates 

light in the UV spectrum (160-350 nm) and a tungsten filament lamp that is responsible for 

higher wavelengths (350-2500 nm). Light passes through a monochromator that filters the 

incoming light to let only specific wavelengths to pass onto the sample. The light then reaches 

the sample and the sample can absorb, reflect, or transmit certain amount of that light. During the 

transmission measurement, the light that passes through the sample at each wavelength is 

collected by the detector and amplified to produce results. 

 

Figure 2.14 Schematic of a UV-Vis-NIR. 
 

The band gap of a material can then be determined based on the transmission information 

using Tauc plots [12]. Transmission value at each wavelength of light is converted into 

absorption coefficient using the equation below:                                                                          𝑎 = ln (%𝑇𝑡 )                                                                  (2.5) 

where a is the absorption coefficient, %T is the portion of light that gets transmitted at particular 

wavelength, and t is the thickness of the thin film being analyzed. After that the energy of light at 

each wavelength is calculated using the following equation: 

Light source Monochromator Sample Detector Amplifier
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                                                                             𝐸 (𝑜𝑟 ℎ𝑣) = ℎ𝑐𝜆                                                                (2.6) 

where h is Planck’s constant, c is the speed of light, and λ is the wavelength of light. The plot is 

then constructed based on whether the material is a direct or an indirect semiconductor. For 

direct semiconductors such as MZO and CdTe the energy is plotted on the x-axis and (ahv)2 on 

the y-axis. Linear fit is then applied to a portion of the data that corresponds to the absorption 

regime of the film. The band gap is determined as an intercept of the extrapolated linear fit with 

x-axis (y = 0). Figure 2.15 below shows an example of MZO transmission spectra at different 

Mg concentrations along with corresponding Tauc plots for band gap determination.  

 

Figure 2.15 a) Transmission spectra of MZO films with different Mg content, b) corresponding 
Tauc plots for band gap determination. 

 

2.3.4  Scanning Kelvin Probe 

Scanning Kelvin probe (SKP) is a non-destructive, non-contact technique that measures 

the work function of a material. Work function is defined as energy needed to extract an electron 

from a surface. For a semiconductor film the work function is a measurement of the distance 

between vacuum and Fermi levels. Figure 2.16 illustrates the diagram of the SKP set-up. A gold 
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probe (1 mm diameter) oscillates at a pre-set frequency with an amplitude d1 above a sample 

located underneath the probe at an initial distance d0. Parallel plate capacitor is created by the 

probe and the sample through this configuration [13].  

 

Figure 2.16 Illustration of the probe and the sample forming a parallel plate capacitor. Adapted 
from [13]. 

 

Figure 2.17 illustrates the working principle of Kelvin probe. Two materials (M1 and 

M2) have different work functions and when no connection between them is formed they are 

electrically neutral [14]. When those materials are then brought close to each other and electrical 

connection is formed (through oscillations of the gold probe close to the surface of the sample), 

the Fermi levels of both materials will equilibrate. The electrons from a low work function 

material will flow to the material with higher work function. This equilibration results in a 

potential difference (ΔΨ). This potential difference, called contact potential difference (CPD), 

represents the difference in work functions between the probe and the surface of the sample. 

Backing voltage (VB) can be applied to compensate for CPD and the absolute value of the work 

function difference in that case is equal to VB [14]. 
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Figure 2.17 Schematic of a Kelvin probe working principle. Adapted from [14]. 
 

2.3.5  Four-point probe 

Four-point probe technique is used to measure sheet resistance of a given thin film. 

Figure 2.18 illustrates a schematic of a 4-point probe principle of operation. The set-up is 

relatively simple, with a main component being 4 equally spaced probes. The probes are 

contacted with a surface of a film. Current is passed through the outer two probes and voltage is 

measured across the inner two probes. Sheet resistance can be calculated using equation below:                                                                        𝑅𝑠 = 𝜋ln (2) ∆𝑉𝐼                                                                     (2.7) 

where Rs is sheet resistance, ΔV is voltage drop across the inner two probes, and I is the current 

passing through the outer two probes. Resistivity can then be calculated by multiplying sheet 

resistance by film thickness. A system from Ossila was used in this work and has a sheet 

resistance measurement range of 3mΩ/□ to 10 MΩ/□.  
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Figure 2.18 A diagram of a 4-point probe operating principle. 
 

2.3.6  Ellipsometry and Profilometry 

Thickness of thin films was measured by ellipsometry (MZO and other oxides) or 

profilometry (all other non-oxide thin films). A small piece of Si wafer was used during oxide 

thin film depositions to measure thickness by ellipsometry. Ellipsometry is a technique that uses 

light polarization in order to measure thickness of the film. Visual representation of the 

ellipsometry is depicted in Figure 2.19. According to Collins [15], ellipsometry measurement can 

be divided into five parts: 1) a light beam of known polarization hits the surface of the sample, 2) 

portion of the beam is reflected off the surface and its polarization state changes, 3) this new 

polarization state is analyzed, 4) parameters are deduced from the comparison of polarization 

states of incoming and reflected beams, and 5) optical parameters and film thickness are 

calculated.  

The ellipsometry data for transparent oxides, such as MZO, are typically fitted to a 

Cauchy model, described by the following equation:                                                                      𝑛(𝜆) = 𝐴 + 𝐵𝜆2 + 𝐶𝜆4                                                        (2.8) 

where n is the refractive index of a thin film, λ is the wavelength of the beam hitting the sample, 

and A, B, C are fitted parameters. 

Thin film

1 2 3 4

I

V

d d d
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Figure 2.19 An illustration of working principle of ellipsometry. Adapted from [16]. 
 

Profilometry is a physical contact technique where a metal probe tip is dragged across the 

surface of the film and the topography of the surface is recorded by tracking the vertical position 

of the probe. Dektak-II profilometry system was used for all measurements. It was found that the 

film thickness needs to be at least 80 nm in order to accurately measure it by profilometry. 

Deposition rates for Cu, Au, ZnTe, CdS, and CdTe were all calibrated based on profilometry 

measurements and appropriate tooling factors were used for each source and each substrate 

temperature for QCMs during thermal evaporation depositions. Step edge in the film is needed in 

order to measure the thickness. For thinner films (<1 micron), either masking tape or metal mask 

were used to create a step edge, while for thicker films (CdTe), a small manual scribe was 

created in the film and acted as a step edge.  

2.3.7  Time-of-flight Secondary Ion Mass Spectroscopy 

Time-of-flight secondary ion mass spectroscopy (TOF-SIMS) is a type of mass 

spectroscopy that analyzes the secondary ions emitted from a surface of a sample as it is 

bombarded with high energy ions such as Ar+, Ga+, Cs+, and others [17]. Figure 2.20 below 
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illustrates the working principle of TOF-SIMS. As the ion beam hits the surface of a material it 

causes a collision cascade that essentially destroys the outer surface of the sample and neutral 

and ionized species and clusters get ejected. The ejected ionized species are accelerated by an 

electric field into TOF tube where after a certain known distance, d, they get collected at the 

detector and analyzed.  

 

Figure 2.20 An illustration of working principle of TOF-SIMS. Adapted from [18]. 
 

Ionized species are separated based on the time it took to travel from the inlet of the TOF 

tube to the detector. The velocity, v, of the ions depends on the mass-to-charge ratio and the 

strength of the applied electric field and time-of-flight, t, of those ions can be calculated as 

shown below [19]: 

                                                                                𝑣 = (2𝑧𝑒𝐸𝑚 )12                                                                 (2.9) 

                                                                                𝑡 = 𝑑 ( 𝑚2𝑧𝑒𝐸)12                                                             (2.10) 

where m is the mass of the ion, e is the charge of an electron, z is the number of charges, and E is 

the strength of the applied electric field. As can be seen from the figure above and the equations, 

ions with larger mass will take longer to reach the detector. 
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CHAPTER 3 

COPPER-INDUCED RECRYSTALLIZATION AND INTERDIFFUSION OF CDTE/ZNTE 

THIN FILMS 

 
This chapter is an expanded version of the manuscript published in Journal of Vacuum 

Science and Technology A in 2018 [1]. Reprinted with permission from American Vacuum 

Society (AVS). 

Yegor Samoilenko,1 Colin A. Wolden,1 Ali Abbas,2 J. Michael Walls2 

 
 

3.1   Abstract 

ZnTe is commonly employed as a buffer layer between CdTe and the metallization layer 

at the back contact of state-of-the-art CdTe solar cells. Here the critical role of Cu in catalyzing 

recrystallization and interdiffusion between CdTe and ZnTe layers during back contact activation 

is presented. Several CdTe/ZnTe:Cu thin-film samples were prepared with varying levels of 

copper loading and annealed as a function of temperature and time. The samples were 

characterized by x-ray diffractometry, scanning electron microscopy, transmission electron 

microscopy, and energy dispersive x-ray spectroscopy. The results show that stress is present in 

the as-deposited bilayers and that negligible interdiffusion occurs in the absence of Cu. The 

presence of Cu facilitates rapid interdiffusion, predominantly via Cd migration into the ZnTe 

phase. Zn migration into CdTe is limited to areas around defects and grain boundaries.  

 

1Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO 
80401, USA 
2CREST, Wolfson School of Mechanical, Electrical and Manufacturing Engineering, 
Loughborough University, Loughborough LE11 3TU, UK 
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Ternary CdxZn1-xTe interlayers are formed, and the extent of alloy formation ranges from 

0.08 < x < 0.5 throughout the whole ZnTe layer. The level of Cu loading controls the 

composition of the CuxTe clusters observed, while their size and migration is a function of 

annealing conditions. 

3.2   Introduction 

Cadmium telluride (CdTe) has emerged as the leading thin-film photovoltaic (PV) 

technology and is poised to reach grid parity soon with record device efficiency currently at 

22.1% [2].  A long-standing challenge in this technology is making good ohmic contact with 

CdTe, which is challenging due to its low doping and high work function. A common strategy to 

address this problem is through the insertion of a thin interfacial layer between the CdTe and 

metal contact [3]. Copper-doped zinc telluride (ZnTe:Cu) has been widely adopted for this role 

[4]. Copper degenerately dopes this layer, which narrows the barrier width and permits electron 

tunneling, creating a quasi-ohmic contact [5]. First Solar Inc. has integrated ZnTe buffer layers 

into their commercial modules [6], crediting this change with improving champion device 

efficiency as well as enhancing both the stability and temperature sensitivity of their modules. 

Copper appears to be essential for achieving high efficiency devices, but it has also been 

implicated with several defect states located within the CdTe band gap [7]. Cu can rapidly 

diffuse via grain boundaries into the bulk CdTe and to the front contact interface. This creates 

recombination centers and/or shunting pathways which have a negative effect on the efficiency 

of the devices. Copper migration has also been implicated in contributing to problems with 

stability [8]. In conventional device fabrication ZnTe:Cu is deposited on CdTe and subjected to 

thermal activation. We recently introduced rapid thermal processing (RTP) as a high throughput 

approach to deliver precise control over this process [9].  For devices contacted with a gold 
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metallization layer, it was shown that the majority of Cu either alloyed with the gold or it became 

sequestered in core-shell clusters of Cu1.4Te surrounded by Zn [10]. Another observation was 

that significant CdTe-ZnTe interdiffusion can occur over these short time scales and may be an 

important contributor to the high fill factor and open circuit voltages observed [11]. In this paper, 

we explore this latter process in more detail as a function of copper loading, time, and 

temperature. It is shown that the presence of Cu is essential for any significant interdiffusion to 

occur, not unlike the role of CdCl2 promoting CdS/CdTe interdiffusion at the front contact [12]. 

In addition, it is found that excess Te in the as-deposited ZnTe layers and morphology are 

important factors that contribute to the degree of interdiffusion observed. 

3.3 Experimental 

CdTe of ~4 um thickness was deposited by Vapor Transport Deposition (VTD) on pre-

cleaned 1.5” x 1.5” TEC15 superstrates obtained from Hartford Glass. CdTe source and substrate 

were held at 620 and 420 ºC, respectively. Following CdTe deposition, devices underwent CdCl2 

treatment at T = 405 ºC for 30 min under 50/50 vol% mixture of N2 and O2. CdCl2 treated 

devices were etched for 10 seconds in 0.5 vol% bromine/methanol mixture and rinsed for 60 

seconds in methanol to create a Te-rich layer on top of the CdTe. ZnTe and Cu were co-

evaporated inside the thermal evaporator with the substrate held at 100 oC. The thickness of 

ZnTe was kept at ~1 µm and Cu thicknesses were varied between 0 and 86 nm to get 

approximately 0, 3, 5.5, and 8 vol% Cu loading in ZnTe. The ZnTe thickness was chosen to 

provide good resolution of both the CdTe and ZnTe layers in subsequent characterization. 

Deposition rate and thicknesses were controlled and measured by quartz crystal monitors. The 

final step was the heat treatment inside the rapid thermal processing (RTP) chamber under N2 

atmosphere at 2.5 Torr. During this step the samples were rapidly (20 seconds) heated to a set 
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temperature and held at that temperature for a specified time. X-ray diffraction (XRD) was used 

to analyze the crystal structure of the films and to track the extent of interdiffusion. The step size 

was 0.05o with a dwell time of 1 second. Transmission Electron Microscopy (TEM) was the tool 

used to investigate the detailed microstructure of these bilayers. TEM samples were prepared by 

focused ion beam (FIB) milling using a dual beam FEI Nova 600 nanolab. A standard in situ lift 

out method described previously was employed for sample preparation [13]. TEM imaging was 

carried out in a FEI Tecnai F20 equipped with an Oxford Instruments X-Max 80 silicon drift 

detector (SDD) energy dispersive X-ray detector (EDX). EDX was used to produce chemical 

distribution maps of the cells as well as line scans and point analysis for quantitative elemental 

analysis. Cross-sectional TEM along with energy dispersive X-ray analysis (EDAX) was 

employed to investigate the cross sections of the devices and map elemental compositions.  

The effects of three parameters on the interdiffusion between CdTe and ZnTe layers were 

studied: temperature, time, and Cu loading. The list below shows the initial studied conditions: 

 Temperature: 320, 340, and 360 ºC 

 Cumulative time: 30, 120, 300 seconds 

 Copper Loading: 0, 3, 5.5, 8 vol% 

The lower values are most representative of what is used in device processing, with 

optimal performance employing RTP annealing conditions of 320-340 ºC for 60-120 s [9]. In 

addition, the buffer layer thickness used in devices is ~165 nm. The use of thicker films and 

greater times/temperatures in this work facilitated characterization of the trends observed. The 

Cu loadings were chosen to span the range of Cu content that have yielded optimal solar cell 

performance in our lab. The highest loading corresponds to Au-contacted devices, with 

decreasing loadings corresponding to Ti and Cr-contacted devices, respectively [14]. In the case 
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of Cu-miscible contacts such as gold, the majority of copper alloys with the metal contact that is 

not present in the current study. Thus, the 3% loading is most representative of copper 

availability within ZnTe under device conditions, but again the use of larger amounts was useful 

for characterization and trend analysis. 

After analyzing all of the samples mentioned above it was found that presence of Cu 

induces interdiffusion and promotes grain growth and recrystallization. Therefore, Cu loading 

minimization experiments were performed as an extension to the published work and device 

integration of alloyed Cd1-xZnxTe:Cu absorber was done. 

3.4 Results and Discussion 

3.4.1   As-deposited vs. Fully Annealed Comparison 

To provide an overview of the major observations we begin with a comparison of as-

deposited films with those fully annealed at the highest temperature and longest time (360 ºC/5 

minutes). A more detailed and quantitative evaluation of the impact of individual parameters is 

presented in the subsequent sections.  Figure 3.1 compares the XRD patterns obtained from as-

deposited bilayers and after full annealing as a function of copper loading. As-deposited samples 

with 0 and 3% Cu only display peaks associated with CdTe and ZnTe. The CdTe XRD pattern 

displays the random grain orientation expected for CdCl2 treated samples [15]. Minor peaks 

associated with CuxTe phases are observed in as-deposited films at the two higher Cu loading 

levels. 

There are several important differences that can be observed upon annealing. First, in the 

absence of Cu, there is negligible CdTe/ZnTe interdiffusion or alloy formation. Annealing 

improves ZnTe crystallinity as evidenced by the increased intensity, but there is no shift in peak 

position. In contrast, significant interdiffusion is observed at all levels of Cu loading. Thus, it 
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appears that the presence of Cu is essential to promote significant interdiffusion at these 

conditions. Second, the extent of ZnTe peak shift is more pronounced compared to CdTe peaks. 

This suggests that alloy formation primarily reflects incorporation of Cd into the ZnTe lattice 

rather than Zn into CdTe. Although both CdTe and ZnTe peaks are sharp, the region between 

them is well above the background levels suggesting the presence of a significant interlayer of 

varying composition. Confirmation of these findings is provided by elemental mapping, which 

are provided for fully annealed samples at the 0 and 3% Cu loading levels in Figure 3.2. Both the 

Zn and the Cd density profiles are abruptly attenuated at the CdTe/ZnTe interface in the 0% 

sample. In contrast, a diffuse interface is observed in the 3% Cu sample, with significant 

amounts of Cd detected throughout the ZnTe layer. Quantification of these phenomena is 

presented in the Section 3.4.2 below.  

 

Figure 3.1 XRD patterns of CdTe|ZnTe bilayers obtained from as-deposited films (solid lines) 
and after full annealing (T = 360 ºC, t= 5 min, dashed lines) as a function of copper loading.  
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Figure 3.2 Comparison of TEM images and elemental EDAX maps after annealing at T = 360 ºC 
for a cumulative time of t = 5 min: a) 0 % Cu; b) 3% Cu. 

 

The presence of Cu was also observed to have a major impact on the morphology of the 

ZnTe layer. In the absence of Cu this layer retains a nanocrystalline morphology, and the 

presence of excess Te in the form of nanoclusters that are detected by both XRD and EDAX 

mapping.  EDAX measurements of as-deposited ZnTe:Cu on glass confirm the presence of 

excess Te, which is consistent with previous reports of ZnTe films prepared by physical vapor 

deposition [16-18]. The absence of a Te peak in the as-deposited XRD suggests that it is present 

in an amorphous form, whereas it crystallizes and clusters upon annealing (Figures 3.1, 3.2). 

Another potential contributor to excess Te may be some degree of preferential evaporation of Zn 

during annealing. The presence of Cu also facilitates ZnTe crystal growth as all annealed films 

containing Cu displayed ZnTe layers consisting of large, well-defined grains that are largely free 

of the voids and defects observed in the absence of Cu. Copper, which is distributed uniformly in 

as-deposited ZnTe, scavenges excess Te (Figure 3.1) to form CuxTe, which aggregates into well-

defined clusters (Figure 3.2). The size, composition, and migration of these clusters is a strong 

function of time, temperature, and copper loading as discussed in Section 3.4.3 below.  
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3.4.2    Interdiffusion and Alloy Formation  

The degree of interdiffusion and alloy formation was quantified by XRD analysis and 

EDAX profiling.  Figure 3.1 displayed XRD evolution as a function of Cu loading, and Figure 

3.3 displays XRD patterns obtained as a function of both annealing time and temperature for the 

intermediate 5.5% Cu sample. Additional patterns for the complete set of conditions examined 

are provided in the Appendix A (Figures A.1, A.2, A.3). There are a number of qualitative trends 

that may be observed.  First, as–deposited ZnTe films have poor crystallinity, but the peak 

intensity and width are increased and reduced, respectively, with increasing annealing time 

and/or temperature. In addition, the ZnTe peak position shifts to lower values of 2 due to 

cadmium substitution. In contrast, the CdTe peak position remains largely unchanged, and its 

intensity is attenuated reflecting the improvement in ZnTe crystal quality. Finally, the intensity 

of the diffraction signal between the distinct CdTe and ZnTe peaks increases with time and 

temperature, reflecting the presence and growth of a graded CdxZn1-xTe alloy. This “diffusion 

tail”, linking CdTe and ZnTe peaks can be attributed to variations of alloy compositions at the 

grain boundaries vs. bulk due to the difference in diffusivities. Similarly to a plot of sulfur 

distribution in CdTe shown by McCandless et. al. [19], CdxZn1-xTe concentration throughout 

ZnTe grains will vary from high to low x values as we move from grain boundary to the grain 

interior. This can be partially seen in the TEM EDAX maps. The difference in alloy 

concentration would be more pronounced in ZnTe with larger grains. The more pronounced 

“diffusion tails” in (111) peaks in Figure 3.1 of 5.5% and 8% Cu samples is consistent with the 

effect of Cu on ZnTe grain size that will be discussed in more detail in Section 3.4.3 below (see 

Figure 3.10). 
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Figure 3.3 XRD patterns from the 5.5 vol% Cu sample annealed at 320, 340, and 360 oC after 
0.5, 2, and 5 minutes of cumulative annealing.   

 

Vegard’s Law was used to calculate the composition of CdxZn1-xTe alloy formed during 

annealing based on the ZnTe (220) peak position (2 = 25.26º). The resulting alloy compositions 

are shown in Figure 3.4 as a function of annealing time, temperature and copper loading.  The 

compositions extracted from as-deposited films were non-zero, with negative values attributed to 

the presence of compressive stress, and conversely positive values reflect tensile stress. 

Rakhshani also reported the presence of stress in ZnTe films deposited at temperatures below 

305 ºC [20]. The apparent “reduction” in alloy composition after the first 30 s treatment is 

attributed predominantly to the release of stress present in the as-deposited films, which 

overshadows any compositional changes. For copper–free bilayers, the value remains largely 

unchanged and near zero for all times and temperatures, as one would expect for the case of 

negligible interdiffusion. For ZnTe films containing copper the extracted value of x increased 
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monotonically with both annealing time and annealing temperature. Final cadmium fractions 

ranged from x ~ 0.03 at T = 320 ºC to x ~ 0.16 at T = 360 ºC.  

 

Figure 3.4 CdxZn1-xTe alloy composition as function of annealing time, Cu loading, and 
annealing temperature based on analysis of the ZnTe (220) peak position: a) 320 oC; b) 340 oC; 

c) 360 oC. 
 

Arrhenius plots were constructed based on the alloy compositions of samples annealed 

for 5 min and are shown in Figure 3.5. Activation energies were calculated from the fit and came 

out to 0.23, 0.94, and 1.19 eV for 3, 5.5, and 8% Cu samples, respectively. These values are 

significantly lower than values of Cd and Zn self-diffusion in CdTe and ZnTe at 2.67 eV and 

2.69 eV, respectively [21, 22]. Borsenberger et. al. [21] saw self-diffusion of Cd accelerate when 

Al was introduced into CdTe, with activation energy dropping to 0.67 eV. Similarly, it seems Cu 

has an analogous effect, triggering diffusion of Cd through CdTe into ZnTe film. Interestingly, 

reported activation energy for Cu diffusion in CdTe is 0.33-0.67 eV [23-25], which is in the 

ballpark of activation energies found for 3 and 5.5% Cu samples.  

Interestingly, in all cases the most substantial degree of alloying was observed for the 

lowest copper loading (3%), with the difference being more pronounced at lower temperature 

and/or time. To better understand the dependence on copper concentration compositional 

profiling was performed on TEM samples. Figures 3.6 & 3.7 show the Cd and Zn concentration 

data extracted from EDAX line and area scans obtained from samples after annealing at T = 360 
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ºC for 5 minutes. For clarity, we compare the results at low and high Cu loading (3 vs. 8%).  

Figure 6.6 plots line scans of the Cd and Zn concentration starting in the bulk CdTe and 

continuing through the entirety of the ZnTe layer. Both profiles were aligned relative to a 

common “interface” position, defined as the Zn=Cd crossover position. The profiles behave 

monotonically, with the exceptions of bumps which are artifacts introduced by the presence of 

the CuxTe clusters. Consistent with the XRD analysis it is found that the degree of interdiffusion 

is much more extensive for the 3% sample. In the 3% sample there is a nominally linear gradient 

in Cd that begins at about ~1.5 microns deep in the CdTe layer and extends throughout the full 

ZnTe layer, reaching a final value of x ~0.1 deep within the ZnTe layer. Zn diffusion also 

extends almost a micron into the CdTe at 3% Cu loading. For the 8% Cu loading, the Cd gradient 

is limited to a few hundred nm either side of the interface, but the Cd concentration extends 

throughout the ZnTe layer at a saturated value of x~0.04. The degree of Zn diffusion is also 

greatly attenuated in the 8% sample.  

 
Figure 3.5 Arrhenius plot of CdxZn1-xTe alloy compositions based on analysis of the ZnTe (220) 

peak position of samples annealed for 5 min. 
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Figure 3.6 a) Cd and Zn profiles from EDAX line scans in 3% and 8% samples annealed at 360 
oC for 5 min; b) line scan position for 3% Cu sample; c) line scan position for 8% Cu sample. 

 

There is a significant degree of heterogeneity in these samples, so to provide more 

representative measurements the degree of interdiffusion was quantified in two different ways. 

Figure 3.7b shows the atomic concentration of Zn in CdTe and Cd in ZnTe obtained by 

averaging line scans such as those in Figure 3.6. These finding confirm that the degree of 

interdiffusion increases as the Cu loading is reduced, and the values of Cd in ZnTe are consistent 

with the composition values extracted from the XRD Vegard analysis (Figure 3.4). The second 

approach was based on area scans performed within both the ZnTe and CdTe layers from the 

regions highlighted in Figure 3.7a. These regions were chosen as they appear relatively 

homogenous and they were located far from CuxTe clusters that can significantly perturb the 

measurements. The average concentrations obtained from these regions are shown in Figure 

3.7c. The values for Cd in ZnTe are consistent with Figure 3.7b with respect to both the absolute 

value and the trend with Cu loading. The slightly lower values reflect the fact that these regions 

are somewhat removed from the interface where the Cd density is greater. In contrast, essentially 
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no Zn is detected within the relatively large CdTe regions selected for analysis. This observation 

is consistent with the negligible shift in the CdTe peak position observed in all the XRD patterns.   

 

Figure 3.7 a) TEM images with the region of area scans highlighted; b) average concentrations of 
Cd in 1 micron of ZnTe layer and Zn in 1 micron of CdTe calculated from EDAX line scans; c) 

concentrations of Cd and Zn obtained from the selected area scans shown in (a). 
 

The apparent discrepancy in Figures 3.7b,c is explained and reconciled by considering 

the important role of morphology on cation exchange. As deposited ZnTe films are 

nanocrystalline and defective, and Cd diffusion into the ZnTe layer is observed to proceed 

largely in a uniform fashion. In contrast, the CdTe layers consist of large, well crystallized grains 

that are produced during the CdCl2 step. It is observed that Zn diffusion is limited primarily to 

regions that contain defects such as grain boundaries or CuxTe clusters. To illustrate the 
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important role of morphology Figure 3.8 compares TEM images and elemental mapping from 

two regions of the same sample (fully annealed 8% Cu).  Image A is from a region containing 

numerous CuxTe clusters near the interface, while image B is from a clean interfacial region 

containing a single small CuxTe cluster. As clearly shown in the elemental mapping significant 

amounts of Zn are observed within the CdTe layer in the outlined regions where CuxTe clusters 

are present, whereas only slight movement is observed in the absence of such defects. Zn 

migration into the CdTe is significantly attenuated in the absence of such defects.  

 

Figure 3.8 TEM images and associated elemental maps from the identical sample (8% Cu, fully 
annealed) from a region a) containing defects due to the presence of several CuxTe clusters and 

b) a region with no grain boundaries and a single CuxTe cluster. Cluster regions outlined for 
clarity. 

 

To confirm the critical role of morphology, additional experiments were performed using 

CdTe layers that were not subjected to CdCl2 treatment prior to ZnTe:Cu deposition. As-

deposited CdTe films exhibit much smaller grain sizes and are highly defective with numerous 
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stacking faults [12]. Consistent with expectation the degree of interdiffusion was substantially 

enhanced in these bilayers. Figure 3.9 provides a comparison of XRD patterns for samples 

annealed at 360 ºC for 5 min using CdTe with and without CdCl2 treatment as a function of Cu 

loading. No peak shift, hence negligible interdiffusion, is seen for the samples without Cu. The 

degree of interdiffusion is much more pronounced for the non-CdCl2 samples with Cu present. It 

is well known that CdCl2 treatment removes defects and improves CdTe crystallinity [12, 15]. 

The relative disorder of non-treated films makes it easier for diffusion to occur. Interdiffusion is 

again most pronounced for the lowest Cu loading of 3%. Significant shifts occur for both CdTe 

and ZnTe peaks in contrast to CdCl2 treated films, where no movement of CdTe peaks was 

observed. In addition, the area between CdTe and ZnTe peaks is noticeably above the 

background and the CdTe peak is strongly attenuated. 

The interdiffusion asymmetry observed in this work is in part supported by 

thermodynamics.  Since CdTe and ZnTe share the same zinc blende crystal lattice it is often 

assumed that these compounds are fully miscible, and indeed they are at elevated temperatures 

(> 900 K). However, analysis of the vapor pressure composition above CdxZn1-xTe  alloys 

indicated that the activity of ZnTe has a positive deviation from ideality and conversely the 

activity of CdTe exhibits a negative deviation [26]. This non-ideal behavior is rare in solid 

solutions and means that that the addition of Cd to ZnTe results in just a small loss of ZnTe 

activity whereas the activity of CdTe is significantly attenuated upon Zn addition. In addition, 

vapor pressure data at T = 780 K suggests the presence of a miscibility gap in CdxZn1-xTe for 0.4 

< x < 0.75 [26]. The asymmetry of this range and the activity behavior are both consistent with 

the idea that Cd solubility is ZnTe is greater than that of Zn in CdTe, consistent with our 

observations. The results described here are consistent with recent molecular dynamics (MD) 
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simulations of this interface [27]. Using a Stillinger-Weber potential [28] these authors 

confirmed that Cd diffusion into ZnTe is much more extensive than Zn into CdTe, as well as the 

importance of structural defects to promote the latter. The MD simulations also confirmed that 

the presence of Cu enhanced interdiffusion.  

 
Figure 3.9 XRD patterns of bilayers as a function of copper loading after t = 5 minutes of 

annealing at T = 360 ºC. Solid line: as-deposited CdTe, dashed: CdCl2 treated. 
 

3.4.3    Role of Copper on ZnTe Morphology and CuxTe Cluster Formation 

The amount of copper present was found to have a profound impact on the morphology 

of the ZnTe layer and of course the formation of CuxTe clusters. In addition to facilitating 

interdiffusion, the presence of Cu promotes grain growth and has a densifying effect on the ZnTe 

layer.  Figure 3.10 compares the cross-sectional TEM images of post 360 oC 5 min RTP for all 

Cu loadings.  There are numerous voids that can be seen in the 0% Cu sample represented by 

white spots in this bright field image. The void density is significantly attenuated for the 3% Cu 

sample along with a dramatic increase in the average ZnTe grain size. The average grain size 

continues to increase with the higher Cu loading, with grains reaching sizes of ~500 nm for the 
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8% sample. To illustrate this progression, a few of the grains are outlined in red in Figure 3.10. 

The addition of Cu improves the stoichiometry of this layer. As mentioned previously the as-

deposited ZnTe is Te rich, and EDAX line scans show that the 3% Cu sample contains regions 

with up to 20% excess Te as evidenced by the II/VI ratio. In contrast, the II/VI ratio is nominally 

unity throughout the 8% annealed sample since all excess Te is scavenged by Cu forming CuxTe.  

 

Figure 3.10 Bright field TEM of post 360 oC, 5 min RTP. Some grains are outlined for 
comparison. 

 

Copper loading also impacts the identity of the phases of the CuxTe that are formed 

during annealing. Figure 3.11 displays an expanded view of the XRD region associated with 

CuxTe phases as a function of Cu loading and annealing time at 360 ºC. The as-deposited 3% Cu 

sample has only one small peak around 37.6o that could not be identified as any specific phase of 

CuxTe. As deposited samples for 5.5 and 8% Cu exhibit peaks that correspond to Cu2.72Te2. 

Annealing for just 30 seconds creates a significant redistribution of the minority phases in these 

bilayers. In the case of 3% Cu we observe the appearance of a Te peak, whereas for 5.5% Cu a 

small peak corresponding to CuTe is observed. More dramatic recrystallization is seen for 8% 

Cu loading where Cu1.4Te and Cu2Te peaks appear. As the cumulative annealing time is 

increased to 2 and then 5 min, a blend of Cu1.4Te and Cu2Te peaks are observed for 5.5 and 8% 

Cu samples, whereas the 3% Cu sample exhibits peaks corresponding to CuTe, Cu4Te3, and 

Cu2.72Te2. Identifying CuxTe can be challenging due to a wide variety of possible phases that it 
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can form [29]. Nevertheless, the common trend observed is that as the level of Cu loading 

increases the resulting CuxTe phases become increasingly Cu-rich. This is similar to what has 

been observed in the devices contacted with Cu in the absence of ZnTe [30]. EDAX analysis of 

CuxTe clusters from fully annealed samples confirmed these trends, with 3% sample having 

Cu/Te ratios of 1-1.36, and 5.5 and 8% samples having Cu/Te ratios of 1.3-1.5 with some 

clusters reaching a value of ~2. In addition, data suggests that Cu loading rather than annealing 

temperature and time has a more profound effect on the identity of CuxTe phases that are formed. 

In our devices, the Cu loading is optimized for different metallization layers [14]. The 

performance optimization is dependent on the RTP temperature and time. Therefore, this seems 

to suggest that the degree of interdiffusion rather than specific CuxTe phase has a more 

significant effect on the cell performance of RTP-activated devices with ZnTe:Cu back contact. 

Time and temperature had a minor impact on CuxTe composition, but significantly 

impacted the migration and size of the clusters. Figure 3.12 shows EDAX maps of 5.5% samples 

annealed for 5 minutes at temperatures of 320, 340, and 360 oC as well as of as-deposited 

sample. Prior to annealing, Cu is evenly distributed throughout the ZnTe layer. After RTP, 

copper is segregated into CuxTe clusters ranging in size from 10 to several hundred nm. These 

clusters are well correlated with the voids observed in the Zn and Cd elemental maps. The 

yellow lines in the figure are added to highlight the interface between ZnTe and CdTe layers. At 

320 oC CuxTe clusters are initially confined within ZnTe layer with only a small fraction moving 

past the interface. As temperature increases, CuxTe coalesce into larger clusters, with some 

reaching ~1 µm in size. In addition, the clusters migrate into the CdTe, and at 360 ºC the 

majority of clusters are inside the CdTe layer. These images also confirm our previous 

observations of Cd-Zn interdiffusion. Cd appears to be distributed fairly uniformly throughout 
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the entirety of ZnTe layer (excluding CuxTe clusters), which is clearly seen for the sample 

annealed at 360 ºC. In contrast, the extent of Zn diffusion into CdTe is relatively limited and 

predominantly associated with CuxTe clusters. As reported previously [10], the CuxTe clusters 

are surrounded by Zn. Here we see that the CuxTe clusters seem to provide a preferred path for 

the movement of Zn into CdTe.  

 

Figure 3.11 XRD of 3, 5.5, and 8 vol% Cu samples annealed at 360 oC showing different phases 
of CuxTe complexes. For each annealing time on the graph, Cu vol% is increasing from bottom 

to top (solid to dashed line). 
 

3.4.4   Minimization of Cu Loading and Device Integration 

Since the presence of Cu was found to promote interdiffusion, an attempt at Cu loading 

minimization was done in order to prepare devices utilizing alloyed Cd1-xZnxTe:Cu absorber. 
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Figure 3.13 shows XRD patterns of samples annealed for 5 minutes at 360 oC with Cu loadings 

ranging from 0 to 3 vol%. As can be seen from magnification of the (111) CdTe and ZnTe peaks 

in Figure 3.13b, significant peak shifts occur at Cu loadings of 0.8% and above, suggesting 

interdiffusion between CdTe and ZnTe. Sample with 0.4 vol% Cu looks identical to the sample 

without Cu, where no noticeable peak shifts occur, indicating negligible interdiffusion at these 

annealing conditions.  

 

Figure 3.12 TEM and EDAX maps of 5.5% sample as deposited and after annealing for 5 min at 
temperatures of 320, 340, and 360 ºC showing the coalescence and movement of CuxTe clusters. 

Yellow lines delineate the interface between CdTe and ZnTe.  
 

The results from XRD screening suggested that Cu loadings of around 0.8 vol% in ZnTe 

are necessary to induce interdiffusion between CdTe and ZnTe. Using this value of Cu loading as 

a starting point, attempts at “full” interdiffusion were made to create an alloyed absorber. By 

“full” interdiffusion it is meant that a uniform peak of Cd1-xZnxTe is observed in XRD pattern. 
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Time of 10 minutes was chosen for annealing experiments and it was found that temperature of 

410 oC and Cu loading of ~2% is necessary to achieve this “full” interdiffusion. 

 

Figure 3.13 XRD patterns of bilayers as a function of copper loading after t= 5 minutes of 
annealing at T = 360 ºC: a) 20-50 2theta; b) magnification of the (111) peaks. Cu loading is 

shown on the right.  
 

Figure 3.14 below shows XRD pattern along with a cross-sectional TEM image of such 

alloyed device and figure 3.15 shows elemental mapping of the cross-sectional TEM sample. It is 

interesting that CdTe/ZnTe interdiffusion region seen in Figure 3.14b and elemental mapping 

depicted in Figure 3.15 is formed in somewhat heteroepitaxial fashion, where Cd-rich            

Cd1-xZnxTe grains smoothly transition into more Zn-rich Cd1-xZnxTe grains. Although XRD 

pattern suggests full alloying of CdTe and ZnTe due to presence of a single peak at each plane, 

the peaks are broad with presence of a tail, indicating that alloy concentration is graded 

throughout the thickness of the absorber. This is confirmed by the elemental mapping, showing a 

gradient in Zn concentration from the back to the front of the absorber, with negligible amounts 

of Zn close to the CdS window layer. Interestingly, Zn also penetrates into CdS layer, which 

suggests formation of Cd1-xZnxS alloy in the window layer. This alloy would have an increased 

band gap compared to CdS, allowing more light to reach the absorber. Cu is also seen inside the 
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CdS layer, which would be detrimental to device performance. Cu does not appear to be evenly 

distributed in the absorber, rather it is seen in clusters, potentially CuxTe. In addition, clusters of 

some Zn-O-Cl compound are observed at the initial CdTe/ZnTe interface towards the back of the 

device as evidenced by increased intensity of signals from Zn, O, and Cl in the same areas. 

Presence of oxygen could be minimized for future experiments to avoid formation of this 

compound. 

 
 

Figure 3.14 CdTe device with ZnTe:Cu (2.1% Cu loading) annealed at 410 oC for 10 min: a) 
XRD pattern, b) cross-sectional TEM image.  

 

 
 

Figure 3.15 Elemental mapping from cross-sectional TEM of CdTe device with ZnTe:Cu (2.1% 
Cu loading) annealed at 410 oC for 10 min. 
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These alloyed devices resulted in efficiency of ~4%. Figure 3.16 shows J-V curve of such 

a device. Presence of significant series resistance as well as low shunt resistance could be 

attributed to Zn-O-Cl at the back and Cu at the front junction, respectively. Although the 

performance is low compared to CdTe devices, it is actually higher than many reported values 

for Cd1-xZnxTe absorbers [31, 32]. In both published cases, significant Zn loss was observed in 

the absorbers following CdCl2 treatment. Alloying the absorber after CdCl2 treatment as 

presented here shows promise for future development of Cd1-xZnxTe devices.  

 

Figure 3.16 J-V curve of alloyed device (2.1% Cu loading in ZnTe) annealed at 410 oC for 10 
min. 

 

3.4.5   Discussion 

In the absence of Cu, temperatures of 475-550 ºC are required to induce the intermixing 

of CdTe and ZnTe thin films [33]. The results presented here show that copper is an effective 

flux agent, catalyzing significant interdiffusion at temperatures of 320-360 ºC in a matter of 

minutes. This implies that in addition to its well documented role as a dopant in CdTe [34, 35], 

copper is essential to form a high quality CdTe|ZnTe interface under the conditions employed for 

back contact activation. As such, the presence of Cu is analogous to the role of CdCl2 at the 

heterojunction region. Without CdCl2, negligible CdS-CdTe interdiffusion occurs while in its 
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presence CdSyTe1-y alloys are formed that approach solubility limits [12, 36]. The importance of 

Cu is reinforced by the energetics, as the apparent activation energy for CdTe-ZnTe 

interdiffusion is comparable to the value for Cu interdiffusion. The prevalence of Cd to 

interdiffuse more rapidly into ZnTe than Zn into CdTe is consistent with thermodynamic and 

MD simulations. In addition, the role of microstructure and excess Te are also major 

contributors.   

Another finding of this paper is the effect of copper on the morphology of ZnTe. Several 

researchers saw the structural quality of ZnTe degrade when doping with N2 [20, 37]. Similarly 

Barati et. al. [38] had to use substrate temperatures of 420 ºC to achieve good crystallinity for 

low resistivity films when doping with Sb. In contrast to these group V dopants, copper appears 

to have a beneficial impact on ZnTe crystallinity and morphology. First, the intrinsic ZnTe films 

evaporated in this study contain excess Te. The presence of Cu during co-evaporation scavenges 

this excess Te. After annealing, TEM images show that ZnTe films containing copper have much 

larger crystals and fewer voids, attributed to copper’s role of enhancing mobility. Larger grains 

would be beneficial to the device performance due to improved mobility. This could explain why 

good device performance is observed even when using substrate temperatures as low as 100 ºC 

for ZnTe:Cu deposition [9].  

One of the proposed roles of ZnTe layer in a CdTe solar cell is to act as an electron 

reflector at the back due to significant conduction band offset with CdTe [39]. In addition, 

interdiffusion of CdTe-ZnTe has been suggested to be essential for the formation of good ohmic 

contact in CdTe-based solar cells [10]. This interdiffusion would lead to formation of a graded 

junction, passivating the interface defects and lowering the stress caused by lattice mismatch of 

CdTe and ZnTe [40]. However, too much interdiffusion would defeat the purpose of electron 
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reflection. It is shown here that the extent of interdiffusion varies with Cu loading, RTP 

temperature and treatment time. Therefore, these findings on the role of Cu in facilitating 

interdiffusion between CdTe and ZnTe provide an insight into optimization of device 

performance. 

The aforementioned role of Cu in improving ZnTe crystal quality of ZnTe could 

potentially be applied in the synthesis of CZT absorbers. It has been reported that CZT alloys 

exposed to CdCl2 experience incomplete recrystallization and void formation in addition to Zn 

loss [32].  Depositing Cu and ZnTe onto CdCl2-treated CdTe and further annealing resulted in an 

alloyed absorber with a gradient in Zn concentration. Efficiency of ~4% was achieved. However, 

Cu was seen inside CdS layer at the front junction, as well as formation of Zn-O-Cl compound 

was observed near the initial back interface, both of which are most likely reasons for poor 

performance. This route of forming CZT absorbers could be further explored by annealing at 

higher temperatures/longer times and further minimizing Cu loading. Oxygen free ambients are 

desirable for such annealing experiments to avoid formation of oxygen containing compounds 

inside the absorber. 

3.5       Conclusions 

In this paper we present a study on the effect of Cu loading on the interdiffusion and 

recrystallization of CdTe/ZnTe thin films. It was found that Cu facilitates interdiffusion between 

CdTe and ZnTe, and that negligible interdiffusion occurs under back contact activation 

conditions in the absence of copper. Increasing treatment time and temperature increases the 

extent of interdiffusion, whereas interdiffusion was maximized at the lowest copper loading. 

Elemental mapping shows that Cd moves into ZnTe and is fairly uniformly distributed. Zn 

migration into CdTe is limited to regions containing defects or through its association with 
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migrating CuxTe clusters. Copper scavenges excess Te and leads to improved crystallinity, grain 

size, and morphology in the annealed films. The composition of CuxTe clusters mostly depends 

on Cu loading, while their size and migration are dependent on annealing conditions.  
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CHAPTER 4 

STABILITY OF CD1-XZNXTE ALLOYS UNDER CDTE PROCESSING CONDITIONS 

 
This chapter contains expanded and modified version of the following manuscript 

reproduced with permission from IEEE: 

Y. Samoilenko1 and C. A. Wolden1, "Stability of Cd1-xZnxTe alloys under CdTe processing 

conditions," in 2017 IEEE 44th Photovoltaic Specialist Conference (PVSC), 2017, pp. 1697-

1700. 

 
4.1  Abstract 

Development of II-VI ternary alloys is an important avenue for increasing the efficiency 

of the CdTe-based solar cells. Cd1-xZnxTe ternary alloys offer a wide range flexibility in band 

gap and are potential candidates for the use both as an absorber and back contact buffer layers. 

This work investigates the stability of Cd1-xZnxTe under CdTe processing conditions. In 

particular, the effects of chlorine treatment step are studied both using standard CdCl2 and Cl2 

gas methods.    X-ray diffraction (XRD) study shows presence of Te in the Cl2 gas treated 

samples, while no Te is detected in CdCl2 treated samples. Full Zn retention is confirmed by 

XRD and cross-sectional transmission electron spectroscopy (TEM) by tuning the concentration 

of Cl2 in treatment ambient at temperatures of 400-450 ºC. After treatment, chlorine was detected 

by TEM on the surface of the absorber but no evidence of segregation at the grain boundaries is 

observed. Nevertheless, activation of the absorber remains a challenge.  

1Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO 
80401, USA 
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4.2  Introduction 

With a near-ideal band gap of ~1.5eV and high absorption coefficient CdTe has become a 

recognized leading technology for thin film solar industry with record cell efficiency recently 

reaching 22.1% [1]. Furthermore, CdTe solar cells are attractive due to their robust 

manufacturing that leads to low production cost of ~$0.46/Watt [2]. However, there is still a lot 

to be done to bring the efficiency closer to the theoretical limit of around 30% [3] which will 

allow to further reduce the cost. While short-circuit current density (Jsc) of the CdTe solar cells 

reached and exceeded its maximum limit [3], open-circuit voltage (Voc) remains low, with best 

values still below 900 mV for polycrystalline CdTe [3, 4]. Literature suggests several reasons for 

low open-circuit voltage [4-6], such as low carrier concentration, low carrier lifetime, back 

contact electron reflection, and front contact interface. Development of II-VI ternary alloys may 

offer solutions to some of those challenges.  

Although Cd-S-Te and Cd-Se-Te alloys have been studied and good performance has 

been demonstrated [7, 8], only limited cases of successfully implementing Cd-Zn-Te alloys into 

solar cells is present in the literature [9]. One of the reasons is instability of these alloys under 

CdTe processing conditions, specifically CdCl2 treatment step. Cd1-xZnxTe alloys gained 

increased attention among researchers for use in many types of detectors (x-ray, gamma-ray, 

etc.) as well as in solar applications in recent years [10, 11]. The popularity of these alloys is 

attributed to the ability to easily tune the band gap from 1.5 to 2.3 eV by increasing the amount 

of Zn in the alloy. In particular, Cd1-xZnxTe with a band gap of around 1.7 eV has been 

investigated as a possible absorber layer for tandem cells [10-12]. Wide range of deposition 

techniques such as co-evaporation, MBE, close-space sublimation, and RF magnetron sputtering, 

etc. have been used to deposit Cd1-xZnxTe [12-16]. Although many were successful at depositing 
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Cd1-xZnxTe alloys with different compositions, the highest photo-conversion efficiency achieved 

to our knowledge is around 14%, with Voc staying below 900 mV [9]. There are several 

challenges that arise with the use of Cd1-xZnxTe. Firstly, Zn loss has been observed to happen by 

two main mechanisms: reaction of Zn with CdCl2 to form ZnCl2, and diffusion of Zn into CdS 

layer [9, 15, 17]. Secondly, CdCl2 treatment is carried out in the presence of oxygen and Zn can 

oxidize to ZnO, which is detrimental to the device efficiency [15]. Shafarman et al. [9] used 

ZnCl2 instead of CdCl2 treatment to reduce Zn loss from the absorber. However, the efficiencies 

of devices treated with either CdCl2 or ZnCl2 were identical. Shimpi et al. [17] studying the 

effect of the CdCl2 treatment on RF sputtered Cd1-xZnxTe films explained poor performance of 

devices by the lack of chlorine at the grain boundaries, high density of stacking faults and 

incomplete recrystallization in the absorber layer. CdCl2 treatment is a critical step in the device 

processing and is known to result in grain growth, recrystallization, passivation of grain 

boundaries, and interdiffusion between CdS and CdTe layers [18]. This work presents results of 

a stability study of Cd1-xZnxTe alloys under CdTe processing conditions. Specifically, effects of 

standard CdCl2 treatment are compared to gaseous Cl2 treatment.  

4.3  Materials and Methods 

For initial screening, Cd1-xZnxTe alloys were deposited at the Colorado School of Mines 

(CSM) using thermal co-evaporation of CdTe and ZnTe. Substrate temperature was held at     

150 ºC. The thickness of the films was monitored using quartz monitor crystals (QCMs) and was 

measured by profilometry. Pure CdTe films were deposited using thermal evaporation as a 

reference for XRD and UV-Vis. For further experiments, better quality Cd1-xZnxTe alloys with a 

band gap of ~1.7 eV were deposited at Colorado State University (CSU) on top of TEC10 

substrates coated with 100 nm of 3.7 eV MgxZn1-xO (MZO) window layer. Cd1-xZnxTe films at 
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CSU were deposited by close space sublimation using the system described here [19]. The CdCl2 

treatment was performed inside the tube furnace under 50/50 vol% O2/N2 atmosphere at 400 ºC 

in a close spaced sublimation geometry. The Cl2 treatment was performed in the RTP chamber 

with 12.7-100 ppm Cl2 in N2. X-ray diffraction with Cu source was used to analyze the structure 

of the as-deposited and treated alloys and to calculate the composition based on Vegard’s law. 

UV-Vis in the 500-1200 nm range was used to study optical properties. Tauc plots were 

constructed to calculate the band gap of the as deposited and treated alloys. Cross-sectional 

transmission electron microscopy (TEM) was employed to study the microstructure of the Cl2 

treated films. 

4.4  Results and Discussion 

4.4.1  As-deposited Ternary Alloys 

Figure 4.1 shows XRD patterns of (111) peak and a Tauc plot obtained from as-deposited 

alloys and compared to pure CdTe. Films are highly oriented in the (111) orientation and the 

peak position shifts to higher 2θ values for alloys compared to pure CdTe due to a decrease in 

the lattice parameter. As-deposited alloys are single phase exhibiting cubic zincblende crystal 

structure. Tauc plot shows band gap increase as expected with increasing Zn content. 

 
 

Figure 4.1 a) (111) peak XRD of alloys deposited at CSM and b) Tauc plot for as-deposited 
CdTe and alloys on glass substrates deposited at CSM. 
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4.4.2  Stability Study on Glass Substrates 

As-deposited CSM alloys were subjected to two different treatment methods – standard 

CdCl2 and gaseous Cl2. Figure 4.2 shows X-ray diffraction patterns of the alloys before and after 

CdCl2 and Cl2 treatment steps. Thickness of the as-deposited film on glass substrate was ~450 

nm and treatment time was 5 min for both methods. Concentration of Cl2 was set at 76.5 ppm. 

As can be seen from the figure, CdCl2 and Cl2 treatments produce different results. Alloys after 

Cl2 treatment exhibit elemental Te peaks. These peaks are not seen for CdCl2 treatment. It is 

presumed that in the latter case Te freed by Zn removal reacts with Cd vapor, which is not 

present when using Cl2. For CdCl2 treatment we can see recrystallization happening in the film, 

which is common for standard CdCl2 treatment of CdTe [20]. However, the films become (220) 

oriented rather than random. Cd1-xZnxTe experiences Zn loss as well as formation of ZnO under 

CdCl2 treatment. Alternative techniques such as X-ray fluorescence and UV-Vis are being 

investigated at this time to determine whether they can be used to accurately measure the 

composition of the treated alloys and the amount of Te and ZnO present in the films. Excess Te 

in the films might be beneficial in small quantities and its effects on the performance of the cell 

are being investigated. In fact, Te peaks appear after CdCl2 treatment of vapor transport 

deposited CdTe used for our baseline solar cells.  

Figure 4.3 illustrates the effects of Cl2 treatment performed at temperatures between 370 

and 430 ºC and CdCl2 treatment at 400 ºC on the Zn content of the treated alloys. Cl2 

concentration was 12.7 ppm in N2 with 10 min dwell time. Alloys had thickness ~850 nm and 

were deposited on glass substrate. In this figure the Zn content was based on XRD measurements 

coupled to Vegard’s Law. As can be seen from the figure, the treatment temperature plays a role 

in the final composition of the alloys. CdCl2 treatment seems to lower Zn content of the alloy 
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more than Cl2 treatment at the same temperature. One of the reasons could be the way each 

treatment is performed – CdCl2 is performed in a tube furnace, while Cl2 treatment is done in the 

RTP chamber. Heating and cooling rates of these two processes are significantly different. In 

addition, with Cl2 treatment maximum Zn retention is observed at ~400 ºC. Further experiments 

and characterization are underway to confirm and refine these trends. 

 
 

Figure 4.2 XRD patterns of as-deposited, CdCl2, and Cl2 treated Cd0.8Zn0.2Te alloy on glass 
substrates (CdTe peaks are labeled in black). 

 

 

Figure 4.3 Effect of Cl2 and CdCl2 treatment temperature on Zn content of CSM’s Cd1-xZnxTe 
alloys on glass substrates. 
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4.4.3  Stability Study on TEC Substrates 

Figures 4.4 and 4.5 illustrate the effects of increasing Cl2 concentration on samples 

deposited on TEC15 substrates. All treatments were performed at 400 oC for 30 min. Zinc loss 

from the alloy is increasing with increasing Cl2 concentration and the trend can be seen in Figure 

4.4.  CdCl2 treatment at these conditions results in complete Zn loss from the alloy. It can also be 

seen from Figure 4.5 that crystal structure becomes more random with increasing Cl2 

concentration.  

 

Figure 4.4 XRD of CSM alloys treated at different Cl2 concentrations compared to as-deposited 
and CdCl2 treated samples on FTO substrates. 

 

Moutinho et al. [20] indicated that the rate of recrystallization during CdCl2 treatment can 

be different for different substrates. They saw slower rate of recrystallization for CdTe deposited 

on ITO substrates compared to films deposited on CdS. We saw similar effect when looking at 

films deposited on glass vs. FTO substrates. Further work is needed to determine rate of 

recrystallization and Zn loss for alloys deposited on top of CdS or MZO window layer. 
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Interestingly, as seen in Figure 4.4 Te peaks only start appearing at the highest Cl2 concentration 

of 76.5 ppm, which also corresponds to completely recrystallized sample according to the texture 

coefficient calculations displayed in Figure 4.5. 

 

Figure 4.5 Effect of Cl2 concentration on texture coefficient of (111) plane of treated CSM alloys 
on FTO substrates. 

 

4.4.4  Cl2 Treatment of Cd1-xZnxTe prepared at CSU 

Cd1-xZnxTe alloys deposited at CSU were subjected to Cl2 treatment at concentrations 

ranging from 25 to 100 ppm to first determine the critical concentration of Cl2 that would result 

in significant loss of Zn. Figure 4.6 compares XRD patterns in the (111) peak region for as-

deposited films with films annealed at 25 and 100 ppm Cl2 concentrations performed for 2 

minutes at temperatures ranging from 400 to 450 ºC. Using 100 ppm Cl2 a shoulder forms even 

for sample treated at 400 ºC, indicating some Zn loss that was also confirmed by UV-Vis. This 

shoulder grows dramatically at 425 ºC, indicating significant changes to the composition of the 

film. The loss of Zn coincides with the appearance of a Te peak at 2 ~ 27.5 for both 

temperatures at 100 ppm Cl2. In contrast, shoulder formation is not observed until T = 450 ºC for 

Cl2 concentration of 25 ppm, and there is no evidence of the Te XRD peak. Both 50 and 75 ppm 
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Cl2 treatments resulted in appearance of significant shoulders in the (111) Cd1-xZnxTe peaks at 

temperatures of 425 and 450 ºC (not shown). These results suggest that concentrations of less 

than 25 ppm Cl2 are necessary in order to retain Zn in the alloys, especially at higher treatment 

temperatures.  

 

Figure 4.6 XRD of as-deposited and films treated at temperatures 400-450 oC for 2 min in Cl2 at 
a) 25 ppm; b) 100 ppm. 

 

The structural and optical evolution of Cd1-xZnxTe alloys as a function of time is 

illustrated in Figure 4.7 for 15 and 25 ppm Cl2, respectively.  For 25 ppm the appearance of the 

(111) shoulder and Te peak are observed at t = 4 min, while at 15 ppm the shoulder is delayed 

until 6 minutes and a distinct Te peak in not observed even after 8 minutes. Exposure to any 

level of Cl2 results in reduced sub-bandgap transmission, which increase with time and Cl2 

concentration. This suggests an introduction of defect states that may be responsible for the poor 

level of PL activation described below.  

During further experiments at 15 ppm minimal changes were observed in XRD and UV-

Vis for the first 2 minutes regardless of temperature in the 400-450 oC range. Therefore, a 

a) b) 
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combination of 2 minutes at 450 oC followed by 6 minutes at 400 oC was tried. Figure 4.8 

illustrates transmission spectra and magnification of (111) peak in XRD spectra from samples 

treated at 15 ppm Cl2 at 400, 450 for 2-8 minutes, as well as from a 400/450 oC combo sample 

mentioned before. Interestingly, alloys treated for 2 min at 450 oC and a combo sample treated 

for a total of 8 minutes look pretty much identical, while both samples treated at 400 and 450 oC 

for 8 minutes show evidence of noticeable Zn loss. One of the potential explanations for such an 

observation is that initial higher temperature anneal “locks in” the Zn in the alloy and no 

significant change is then observed with additional treatment at lower temperature. This 

observation needs to be further investigated. 

 

Figure 4.7 XRD and UV-Vis of as-deposited films and films treated at 400 oC in Cl2: a) XRD at 
15 ppm; b) XRD at 25 ppm; c) UV-Vis at 15 ppm; d) UV-Vis at 25 ppm. 

 

We employed photoluminescence (PL) and time-resolved PL (TRPL) measurements to 

determine the extent of activation in the absorber following the Cl2 treatment. In general, PL is a 

good screening technique which can provide information on the quality of the absorber material, 

while TRPL provides information on the minority carrier lifetime [21]. In all cases no 

measurable signal was recorded using PL and only marginal improvement in the TRPL intensity 

was observed for combo sample and sample treated at 450 oC for 8 min but without an increase 
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in the carrier lifetime. These results suggest that while Zn can be retained in the Cd1-xZnxTe 

absorber at specific Cl2 treatment conditions, negligible activation of the absorber material 

occurs.  

 

Figure 4.8 As-deposited films and films treated at 15 ppm: a) UV-Vis; b) XRD. 
 

Finally, cross-sectional TEM was employed to study the microstructure of the treated 

films. Figure 4.9 below shows elemental mapping along with a bright field (BF) image from 

TEM of a combo 450/400 oC sample. No voids are observed by TEM inside the absorber layer. 

In addition, full retention of Zn can be seen throughout the absorber layer, supporting previous 

XRD and UV-Vis results. The absence of voids and minimal Zn loss in the absorber are 

encouraging, as void formation and loss of Zn were both reported during conventional CdCl2 

treatment [17, 22]. Chlorine is seen on the surface of the absorber, however, no chlorine is seen 

inside the bulk of the absorber or at the grain boundaries. Poor PL signal and low carrier lifetime 

could both be attributed to the lack of chlorine at the grain boundaries. The chlorine signal seems 

to overlap with increased intensity of Cd signal, indicating potential formation of CdCl2 on the 

surface of the absorber.  
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Figure 4.9 Elemental mapping of a 450/400 oC combo sample in cross-sectional TEM. 
 

4.5  Summary and Conclusions 

In this paper we demonstrate results of the stability study of Cd1-xZnxTe alloys under 

CdTe processing conditions. Alloys were successfully deposited using thermal co-evaporation of 

CdTe and ZnTe as well as by CSS. Alloys have been treated with both standard CdCl2 and Cl2 

treatments. CdCl2 and Cl2 treatments of the alloys have different effects on the final composition 

of the alloy as seen in the XRD scans. CdCl2 treatment results in formation of ZnO, while Cl2 

treatment produces elemental Te. It was also noted that Cl2 concentration during treatment 

affects both final Zn content and preferred crystal orientation of the alloys. Full retention of Zn 

in the alloy can be achieved by adjusting the Cl2 concentration in the treatment ambient but 

activation remains a challenge.  Decreased sub bandgap transmission suggests the formation of 

defects and while chlorine is seen on the surface of the absorber by elemental mapping in the 
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cross-sectional TEM images, however, no chlorine is seen inside the bulk of the absorber or 

segregating at the grain boundaries which may limit passivation. Ways of potentially improving 

activation of Cd1-xZnxTe absorbers are described in Chapter 7. 
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CHAPTER 5 

COMBINATORIAL STUDY OF MZO EMITTERS FOR CDTE-BASED SOLAR CELLS 

 
This chapter contains manuscript accepted to the Proceedings of 2019 IEEE 46th 

Photovoltaic Specialist Conference (PVSC). Reproduced with permission from IEEE: 

Y. Samoilenko,1 Gavin Yeung,1 Andriy Zakutayev,2 Matthew O. Reese,2 and C. A. Wolden1 

 
5.1  Abstract  

Precise band alignment at the front interface of CdTe-based solar cells is necessary to 

reduce photoexcited charge carrier recombination and to enable higher energy conversion 

efficiencies. Magnesium zinc oxide is not only transparent but also offers the ability to tune the 

conduction band offset with CdTe at the front of the device stack. In this work, we describe 

reactive sputtering of Mg1-xZnxO using metal targets and its application in CdTe photovoltaics.  

Combinatorial libraries of Mg1-xZnxO were created to tune the conduction band alignment for the 

optimal performance of CdTe solar cells. Band gap variation of more than 0.4 eV is achieved 

across a 3-inch substrate. Kelvin probe measurements demonstrate variance of work function 

across the substrate. Device performance is optimized at band gaps of 3.5 eV for the CdTe 

device processing conditions employed in this study.  
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5.2  Introduction 

Cadmium telluride (CdTe) is the leading commercialized thin-film photovoltaic (PV) 

technology with record device efficiency currently at 22.1% [1]. Although short circuit current 

density (Jsc) values have been improved by incorporation of Se and elimination of CdS as a 

window layer [2], open circuit voltage (Voc) is still well below its theoretical maximum.  The 

road towards high Voc and 25% devices requires a combination of low interface recombination 

velocity, higher lifetime, and higher carrier concentration in the CdTe absorber [3].   

Mg1-xZnxO (MZO) has been successfully used by several groups as an alternative to CdS 

[4, 5], which absorbs a significant amount of light due to its band gap of 2.4 eV. MZO offers 

tunability of the band gap above 3.3 eV which allows more light to reach the CdTe absorber. 

Recent findings also suggested that MZO might play a role in passivating the front interface [6]. 

The conduction band alignment of MZO with CdTe can be adjusted for optimal performance by 

varying Mg content. Flat or slightly positive conduction band offset has been suggested to 

produce optimal performance [3-5, 7].   

It was previously reported that MZO with a band gap of around 3.7 eV produces optimal 

performance in a CdTe device due to formation of a favorable conduction band alignment at the 

front of the device [2, 4]. However, it was also reported recently that properties of MZO may 

change depending on subsequent processing conditions, namely CdTe deposition and CdCl2 

treatment [5]. Specifically, Mg content drop was observed in a film that was pre-heated prior to 

CdTe deposition, as well as that from a “peeled” device. To date most efforts have employed 

ceramic MZO targets [4, 5, 8, 9] which limits one to discrete compositions, results in slower 

deposition rates, and is expensive.  The goals of this work are two-fold. First, we demonstrate 

successful synthesis of MZO films through reactive co-sputtering using metal targets. Uniform 
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films are deposited with substrate rotation while combinatorial libraries are created with the 

substrate fixed to fine-tune the optimal MZO composition for CdTe-based solar cells. The use of 

combinatorial libraries allows us to probe multiple compositions, and therefore, band gaps of 

MZO, on a single substrate, reducing the effect of processing variability [10]. Importantly, since 

Mg content has been noted to change with CdTe growth temperatures, this enables CdTe and 

CdCl2 conditions to be optimized independent of the MZO composition. Hence, optimal MZO 

parameters for a low temperature deposition CdTe process might be different than those for a 

high temperature process, but both can quickly be identified. 

5.3  Materials and Methods 

MZO films were deposited in a combinatorial fashion by co-sputtering in an AJA Orion-

5 chamber.  TEC10 glass (Hartford Glass) superstrates were used for devices and glass slides and 

Si wafers for band gap and thickness measurements, respectively. Process windows were 

identified that resulted in both ZnO and MgO films of high quality from metal (99.99% and 

99.95%, respectively) targets at appropriate rates. Argon and oxygen were supplied in a 2:1 ratio 

at P = 5 mTorr, which enabled significant rates while ensuring that the deposited films were fully 

oxidized. DC and RF sputtering was used for Zn and Mg targets, respectively. Upon calibration 

of the deposition rate of the individual oxides, libraries with thickness variation in the range of 

80 to 200 nm across a 3-inch substrate were deposited at rates of 1.2-3 nm/min.  UV-Vis and 

ellipsometry were used to determine band gap and thickness of MZO, respectively. Work 

function measurements were performed on MZO thin films using Kelvin probe. For devices, 

MZO was deposited on commercially available TEC10 glass (Hartford Glass) that was cleaned 

with Micro 90 solution and UV-ozone for 20 min. In addition, substrates were plasma-cleaned at 

50 W for 5 min in pure Ar at 5 mTorr prior to MZO deposition. CdTe absorbers 4 µm in 
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thickness were deposited on top of SnO2:F (FTO)/MZO superstrates using vapor transport 

deposition at 420 oC. N2 was used as a carrier gas at 375 sccm, while O2 was supplied in the 

background at 10% of the N2 flow rate. After CdTe deposition, samples underwent a CdCl2 

treatment at 430 oC for 30 min in a 50/50 vol% O2/N2 atmosphere. Samples were then etched in 

bromine/methanol mixture to form a Te-rich layer prior to ZnTe:Cu co-evaporation at 100 oC. 

Alternatively, some devices were made without ZnTe:Cu layer. In that case, CdCl2-treated 

samples were rinsed in DI water for 10 s, soaked in 0.1 mM solution of CuCl2 for 2 min, rinsed 

with DI water for 30 s and annealed on the hotplate for 30 min at 170-180 oC. Finally, Au was 

evaporated through a patterned mask to create a back contact. Devices (0.079 cm2) were isolated 

by manual scribing and indium was soldered on top of TCO to create a front contact. For devices 

employing ZnTe:Cu layer, activation of the back contact was done using rapid thermal annealing 

at temperatures of 280-300 oC for 30 seconds. Current density-voltage (J-V) curves were 

generated in a Solar Simulator for each device under 1-sun illumination.   

5.4  Results and Discussion 

5.4.1  ZnO and MgO Sputtering   

Prior to depositing MZO films, both Zn and Mg were sputtered separately in Ar:O2 

ambient to determine the optimal conditions and rates for ZnO and MgO. DC sputtering was 

examined first, as it is more cost effective. DC sputtering of Zn in a 2:1 Ar:O2 was studied in 

current controlled mode at ambient temperature. The plasma was stable over a wide range and 

the deposition rate was proportional to the current density. A critical current density of 7 mA/cm2 

was identified. Films deposited below this threshold were phase pure and stress-free as measured 

by XRD, transparent, and too insulating to be measured by four-point probe.  Above this 

threshold one observed indications of unoxidized zinc incorporation in the films.   
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In contrast to ZnO, the operating window for DC reactive sputtering of high quality MgO 

was quite limited due to a very abrupt transition between metallic mode and oxide mode. The 

rates were very high in the former and very low in the latter, and neither were compatible with 

what was required to form MZO alloys with the desired compositions. However, it was found 

that RF sputtering resulted in stable operation across a wide range of conditions and the resulting 

films were XRD amorphous, transparent, and highly insulating. The deposition rate scaled 

linearly with RF power density over a wide range (2 – 10 W/cm2), which enabled fabrication of 

MZO alloys with appropriate composition.  

 Figure 5.1 shows the placement of the targets used for combinatorial sputtering along the 

plane as well as the spatial variation in deposition rates of the individual oxides along the line 

between the two targets. The rates variation between the two targets was +/-50% of the rate 

obtained under rotation (horizontal lines). It is interesting that the relative variation in the MgO 

deposition rate was less than ZnO, and this was attributed to the visibly different shapes of the 

plasma plumes emanating from each target. 

 

Figure 5.1 (a) Two dimensional schematic of the sputter geometry and (b) spatial variation in 
deposition rate along the line between the two targets for ZnO DC sputtered at 6.9 mA/cm2 

(squares) and MgO RF sputtered at 7.4 W/cm2 (circles). The horizontal lines indicate the uniform 
deposition rate obtained under these conditions with sample rotation. 
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5.4.2  Properties of As-deposited MZO  

Combinatorial libraries were formed by co-sputtering with the substrate fixed and Figure 

5.2 displays a photograph of a representative library deposited on a silicon wafer, which enabled 

the smooth and continuous variation to be visualized due to changes in both refractive index and 

thickness. On glass the libraries are completely transparent by eye. It was found that film 

composition could be well described by a linear superposition of the deposition rates of the 

individual targets. The deposition profiles described above enabled combinatorial MZO libraries 

with more than a 0.4 eV variation in band gap across an 8 cm substrate. 

 
Figure 5.2 Picture of a 3-inch Si wafer that visualizes the smooth and continuous variation in 

both thickness and composition across the combinatorial library. 
 

Figure 5.3 below shows (a) Tauc plots and (b) the resulting band gap profile along the 

centerline between the two targets from a library deposited on glass.  In this case the band gap 

varied from 3.4 eV on the Zn-rich side to 4.1 eV on the Mg-rich side, which corresponds to a 
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MgxZn1-xO composition gradient ranging from x = 0.05 to x =0.4, respectively [11]. This 

window spans the range that is expected to be optimal for CdTe solar cells. 

 
Figure 5.3 (a) Tauc plots and (b) the resulting MZO band gap variation along the centerline 

between the Zn and Mg targets. 
 

Across the range examined, all alloys were polycrystalline with a preferential orientation 

in the (002) direction.   Figure 5.4 shows X-ray diffraction patterns of (002) peak positions for 

MZO across the substrate. The as-deposited films are crystalline, and the peak shift shown in the 

figure is consistent with an increase in the Mg content. As-deposited films exhibit the ZnO 

hexagonal structure. It can be seen from the figure that even with some Mg content in the film, 

the peak is initially shifted slightly in the opposite direction of pure ZnO (002) position. This 

could indicate presence of stress inside the as-deposited film. Mg content estimated from the 

band gap was comparable to the expected values based on the deposition rates from each target. 

However, Vegard’s Law consistently underestimated the volume fraction of MgO, which is 

consistent with a possibility of aforementioned stress in the film. 

Figure 5.5 below illustrates the change in the work function of MZO film across the 

substrate as measured by Kelvin probe. Corresponding band gap is plotted on the secondary axis. 

It can be seen that the work function decreases with increasing Mg content, and therefore 
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increasing band gap. This suggest that the conduction band is shifting upward, which is 

consistent with theoretical predictions [12]. The change in the work function is ~200 mV greater 

than the change in the band gap, suggesting that position of either the valence band and/or the 

Fermi level also increase with increasing Mg content. More data is currently being collected to 

confirm work function variation. 

 

Figure 5.4 XRD patterns of (002) peaks of MZO at different positions across the substrate. 
 

 

Figure 5.5 Variation of work function of MZO film across a substrate with a corresponding band 
gap plotted on secondary axis. 
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5.4.3 Device Performance 

To demonstrate the approach preliminary devices were fabricated using a fabrication 

procedure optimized for CdS-based devices. Using small area devices (0.079 cm2) it was 

possible to fit more than 15 columns of devices across a 3-inch substrate. An example of J-V 

parameters for each column are plotted in Figure 5.6. It can be seen from the figure that the 

device performance is correlated with the position on the substrate which in turn corresponds to a 

difference in Mg content in MZO film across the substrate. Here we see that the maximum 

efficiency is obtained in devices with maximum FF. Voc is maximized at slightly higher band gap 

of MZO, which is consistent with what other groups have seen [4, 7]. 

 

Figure 5.6 J-V parameters of devices in each column across a 3-inch substrate. 
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Representative J-V parameters of devices with optimal, too low, and too high band gaps 

are plotted in Figure 5.7. When the band gap is too high, electron affinity of the MZO decreases, 

causing a large barrier at the CdTe interface. This will result in loss of FF and Jsc as seen in the 

figure and is consistent with literature [7]. On the contrary, when the band gap is too low and 

electron affinity of MZO increases, a so-called “cliff” is formed, causing recombination at the 

front interface and leading to loss of Voc [7]. The initial performance is promising, especially 

when considering that the device efficiency is at 14.5% with oxygen present both during CdTe 

deposition and CdCl2 treatment. Ablekim et. al. [5] saw efficiencies around 10% when oxygen 

was present during processing. Work is currently to re-optimize various process steps such as 

CdCl2 activation and our back contact process to improve both FF and Voc at the optimal MZO 

band gap. 

 

Figure 5.7 J-V parameters at optimal, too high, and too low band gaps of MZO. 
 

5.5  Summary and Conclusions 

In this paper we demonstrate that high quality MZO films can be synthesized by reactive 

co-sputtering. Combinatorial libraries were formed with smooth and continuous variations in 
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thickness, band gap, and work function. This combinatorial technique offers a quick approach to 

screen multiple compositions of MZO to optimize performance of CdTe-based solar cells on a 

single substrate. A band gap of ~3.5 eV was found to be optimal for the current processing 

conditions in our lab. 
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CHAPTER 6 

STABLE MAGNESIUM ZINC OXIDE BY REACTIVE CO-SPUTTERING FOR CDTE-BASED 

SOLAR CELLS 

 

This chapter contains the manuscript submitted to Solar Energy Materials & Solar Cells. 

Reproduced with permission from authors: 

Yegor Samoilenko,1 Gavin Yeung,1 Amit H. Munshi,2 Ali Abbas,3 Carey L. Reich,2 Michael 

Walker,5 Matthew. O Reese,4 Andriy Zakutaeyv,4 J. Michael Walls,3 Walajabad S. Sampath,2 

and Colin A. Wolden1,5 

 
6.1  Abstract 

Magnesium zinc oxide (MZO) is a promising front contact material for CdTe solar cells. 

Due to its higher band gap than traditional CdS, MZO can reduce parasitic absorption to 

significantly increase short-circuit current density while also providing a benefit of conduction 

band offset tuning through Mg:Zn ratio optimization. MZO has been successfully implemented 

into CdTe devices, however its stability has been of concern. The MZO stability issue has been 

attributed to the presence of oxygen in the CdTe device processing ambient, leading to double-

diode behavior (S-kink) in the current density-voltage curves. Here we report on MZO thin films 

deposited by reactive co-sputtering.  
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The reactively co-sputtered MZO thin films have encouraging stability, show no 

significant variation in work function of the surface over a period of 6 months, as measured by 

Kelvin probe. Energy conversion efficiencies of around 16% have been achieved both with and 

without presence of oxygen in device processing ambients across multiple research facilities. 

These efficiencies should be possible to increase further by tuning of the thin film deposition and 

device processing parameters, especially through optimization of the back contact. 

6.2  Introduction 

Cadmium telluride (CdTe) thin film photovoltaic technology has become a commercial 

leader with over 25 GW installed capacity worldwide [1]. In recent years, the efficiency has been 

improved significantly to reach 22.1% [2], primarily through alloying CdTe with Se and 

substitution of CdS as a window layer with wider band gap materials, both of which allow for 

improved short circuit current density (Jsc), such that they are close to theoretical limits in 

champion devices [3, 4]. Nevertheless, further increases in efficiency can be achieved through 

improvements in open circuit voltage (Voc) and fill factor (FF), which is still well below its 

theoretical maximum. A key to achieving these improvements is higher carrier concentration and 

lifetime [5, 6]. Significant progress has been made in those areas through group V doping and Se 

alloying, respectively [7-9]. However, to fully realize these benefits improved emitter layers are 

required [5]. The ideal emitter should be transparent, have appropriate conduction band position 

and doping levels, and it must be chemically compatible with both the materials and device 

processing [10-12]. 

Magnesium zinc oxide (MgxZn1-xO, MZO) has been demonstrated to be a superior 

emitter to conventional CdS [10]. MZO is transparent (Eg > 3.3 eV) and its conduction band 

edge can be appropriately aligned with the CdTe absorber by tuning the degree of Mg 
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incorporation, reducing interface recombination. Optimal performance requires flat or slightly 

positive conduction band offset [10-12]. In addition, in double heterostructures it has been shown 

that MZO passivates CdTe and results in higher carrier lifetime [13].  Despite these successes, 

concerns remain about the stability of MZO [14], and its use constrains the conditions used for 

subsequent device processing. In particular, it imposes a requirement that no oxygen may be 

used in subsequent processing, as its presence has been attributed to formation of an “S-kink” in 

the current density-voltage (J-V) curves [15, 16]. Another unresolved challenge has been the 

achievement of stable doping levels in MZO. 

To date the MZO films integrated into CdTe solar cells have been produced almost 

exclusively by sputtering using ceramic targets [3, 15-17]. This limits exploration of composition 

to discrete values, and the optimal Mg/Zn value remains unclear and is likely to be a function of 

both the specific device architecture and processing steps employed.  In addition, ceramic targets 

are expensive, have relatively low deposition rates, and suffer from target aging and poor 

utilization, so metal targets are desirable for MZO sputtering [18]. There have been several 

reports on combinatorial deposition of MZO [19, 20], including co-sputtering from Mg metal 

and ZnO ceramic targets [21], but without integration in CdTe photovoltaic devices.  

Here, we demonstrated a combinatorial reactive co-sputtering of MZO films from Mg 

and Zn targets for application as emitters in CdTe photovoltaic solar cell devices. This deposition 

approach allows the composition and thickness of MZO film to be varied continuously on one 

substrate by keeping it stationary during deposition. These combinatorial MZO libraries are then 

converted into photovoltaic devices by depositing CdTe on top of them, accelerating 

optimization of solar cells. Optimization of device performance led to device efficiencies of 

around 16% with oxygen present in the device processing ambient.  We hypothesize that native 
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point defects are the origin of MZO instability in other studies, and that the concentration of 

these defects is stabilized by sputtering in an oxygen ambient in this report. The robust nature of 

reactively sputtered MZO was validated by its use for successful CdTe device fabrication across 

multiple laboratories.   

6.3    Materials and Methods 

MZO films were deposited by reactive co-sputtering from elemental Zn and Mg targets in 

an AJA Orion-5 chamber. The substrate was held stationary during deposition of combinatorial 

libraries; the substrate was rotated to produce single composition films. A detailed description of 

the MZO deposition process may be found in the literature [22]. Kelvin probe (KP Technology) 

was utilized to measure the work function of MZO, and absolute value were obtained by 

normalizing with respect to a gold film standard measured concurrently. Several MZO 

combinatorial libraries were placed in the desiccator and work function measurements were 

taken periodically to track changes for roughly a 6-month period. These “aged” MZO films were 

then used to fabricate devices at the Colorado School of Mines (CSM). In addition, I-V 

measurements were done on as-deposited MZO films for carrier concentration calculations. 

To evaluate the transferability and robustness of the MZO deposition process, 

combinatorial MZO libraries prepared at CSM were turned into CdTe-based devices at three 

different research facilities: CSM, the National Renewable Energy Laboratory (NREL), and 

Colorado State University (CSU). For CSM devices, device fabrication was done according to 

the steps described here [22]. The conditions for device fabrication at NREL [15] and CSU [23] 

are likewise available in the literature. An important distinction is that oxygen was present in the 

ambient used for both CdTe deposition and CdCl2 activation at both NREL and CSM, while the 

CSU process was nominally oxygen-free. NREL CdCl2 activation was performed at 430 oC. 
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Time of flight secondary ion mass spectroscopy (TOF-SIMS) was employed to study the 

MZO films both as-deposited and in completed devices. Access to the MZO in the latter case 

was provided using a thermomechanical liftoff approach which results in cleavage at the MZO-

CdTe interface [24]. Composition-depth profiling was performed using 500 eV O2+ ions. 

Transmission Electron Microscopy (TEM) was used to investigate the structure of the CdTe 

films. TEM samples were prepared by focused ion beam (FIB) milling using a dual beam FEI 

Nova 600 nanolab. A standard in situ lift out method described previously was employed for 

sample preparation [25].  Device performance was evaluated using a solar simulator at light 

intensity of 1-sun. 

6.4 Results and Discussion 

6.4.1  Optimization of Device Performance 

6.4.1.1 MZO Thickness 

Figure 6.1 shows J-V curves of CdTe devices fabricated with MZO thickness variation of 

25 to 200 nm, and optimal MZO band gap of ~3.5 eV [22] identified in our recent work for the 

CSM CdTe device process with CdCl2 treatment done at 430 oC for 30 min. Similarly to what 

was reported in literature [10], the efficiency improves as the MZO film thickness increases from 

25 to 100 nm, then stays relatively unchanged in the 100-200 nm thickness range. The 

improvement in performance is mainly due to FF and Voc. The lower performance of the thin 

MZO films (<50 nm) may be caused by the rough FTO substrate, where FTO/CdTe shunts could 

be unintentionally formed [15]. It is somewhat surprising that even the thickest 200 nm film 

produced relatively high FFs, considering that MZO films are fully insulating and were 

unmeasureable with a standard colinear 4-point probe. Based on this thickness study, MZO films 

with thickness of 80-120 nm were used for further optimization.  
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Figure 6.1 J-V curves for MZO thickness range of 25-200 nm. 
 

6.4.1.2 CdCl2 Temperature 

One of the advantages of MZO over CdS is that it allows for higher temperatures to be 

used during the CdCl2 treatment. In the past at CSM devices employing CdS window layer 

experienced delamination for CdCl2 treatments at temperatures >405 oC. Performing CdCl2 

treatment at elevated temperature should produce larger CdTe grains [26, 27], which in turn 

would help minimize the effects of grain boundary recombination [5] and improve FF. Figure 6.2 

below illustrates J-V parameters versus CdCl2 treatment temperature and time. For a ten-minute 

treatment, the efficiency is optimized at T = 440 oC. The improvement in efficiency is mainly 

due to improvement in Voc. On the other hand, the drop in efficiency with greater activation 

temperatures is due to both Voc and FF deterioration. While devices with >16% efficiency were 

obtained at T = 440 ºC, there was evidence of rollover in the J-V curves suggesting that this 

temperature was too aggressive. As shown in Figure 6.2 it was found that similar or somewhat 

improved performance was achieved by reducing the temperature to 430 ºC and extending the 

treatment time to 30 minutes. From visual inspection of the device stack no evidence of 
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delamination was observed for temperatures up to 450 oC, while sample treated at 460 oC had 

spots that appeared hazy white in color, indicating the presence of some delamination at the front 

of the device stack.  

 
Figure 6.2 J-V parameters of devices that as a function of CdCl2 activation temperature for 

treatment times of 10 (full circles) and 30 (open squares) minutes. 
 

Cross-sectional TEM was employed to better understand the observed efficiency of the 

devices. Figure 6.3 shows cross-sectional TEM images of the device stack from samples without 

CdCl2 activation, under optimal conditions (T = 430 oC/30 minutes), and with excessive 

treatment (T =450 oC/10 min). CdS baseline device with CdCl2 treatment performed at 400 oC is 

also shown for comparison. As can be seen from the images, as-deposited CdTe grains are small 

(<1 micron) with significant numbers of defects and dislocations, with further deterioration 

approaching the MZO/CdTe interface. Very similar morphology was reported in literature [28] 

for an as-deposited sample without CdCl2 treatment.  It is well known that the CdCl2 treatment 
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results in grain growth, recrystallization and grain boundary passivation in CdTe absorbers [26].  

Devices that underwent CdCl2 treatment display large, equi-axed grains several microns in size 

that provide pathways uninterrupted by grain boundaries from the front to the back contact. 

However, when the treatment exceeds critical conditions the grains appear to separate from one 

another, which is evident from the dark regions at the grain boundaries, indicating development 

of voids in-between grains. This grain separation is consistent with what has been reported in 

literature [28], although temperatures above 450 oC were required to see this effect.  

 

Figure 6.3 Cross-sectional TEM images of CdTe solar cells: a) no CdCl2 treatment, b) CdCl2-
treated at 400 oC with CdS window, c) CdCl2-treated at 430 oC with MZO window, and d) 

CdCl2-treated at 450 oC with MZO window. 
 

6.4.1.3 Optimized Devices 

Figure 6.4 illustrates the J-V curves of devices with optimized thickness of MZO (~100 

nm) and optimized CdCl2 treatment at different MZO band gaps, extracted from Tauc plots. 

From the figure we see that the J-V curves follow the trends that were previously described in 

the literature [10]. Flat or slight “spike” conduction band alignment at the front is desirable. 

When the band gap is too high, the conduction band of MZO is positioned higher than that of 

CdTe, causing a large barrier at the interface. This primarily results in loss of FF and some drop 

in Jsc. On the contrary, when the band gap is too low and the conduction band position of MZO is 

lower than CdTe and a so-called “cliff” is formed, causing recombination at the front interface 

and leading to loss of Voc.  
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Figure 6.4 J-V curves of optimized CSM devices at too low, optimal, and too high MZO band 

gaps with oxygen being present both in the CdTe growth and CdCl2 treatment ambients. 
 

Optimal MZO band gap of ~3.5 eV results in efficiency of almost 16%. These devices 

were produced with significant amounts of oxygen present both in the CdTe growth and CdCl2 

treatment ambients.  Several research groups have reported significantly reduced performance 

(<10% efficient) when oxygen was present during processing [15, 16, 29]. It was hypothesized, 

based on simulations and device results, that removal of oxygen from the CdCl2 treatment 

atmosphere is necessary to keep the oxygen vacancy concentration of the MZO layer high 

enough (>1016 cm-3) to allow band bending and tunneling to reduce recombination at the junction 

[16]. Recently, increased front contact barrier height was measured using admittance 

spectroscopy, when the CdCl2 treatment was performed in an oxygen containing atmosphere 

[30]. From Figure 6.4 it is apparent that even for the optimal device FF and Voc both have room 

for improvement. We hypothesize that the biggest additional gain in devices using optimal MZO 

is through optimization of the back contact, especially the recipe for rapid thermal processing 

(RTP) of ZnTe:Cu, and this work is ongoing [31, 32]. Copper has a significant effect on 

recrystallization and interdiffusion at the back of the device stack so careful tailoring of back 
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contact activation is very important for optimized performance [33]. As shown above MZO 

devices have large CdTe grains, which are bigger than CdTe grains in devices with CdS window 

layer. As such it would most likely require a different RTP sequence and temperatures to balance 

bulk and grain boundary Cu diffusion in CdTe.  

6.4.1.4 Transferability 

To study robustness and transferability, MZO films prepared by reactive co-sputtering 

were converted into CdTe devices at both NREL and CSU, and the results were compared to 

CdTe devices fabricated at CSM.  Figure 6.5 shows J-V curves at 3 representative band gaps (too 

low/optimal/too high) from combinatorial FTO/MZO superstrates prepared at CSM and 

converted into devices at NREL and CSU, respectively. Note that both institutions employed 

their standard process sequences without further optimization. Both sets displayed good 

rectification at the optimal MZO composition and either reduced Voc or diminished FF when the 

Mg level is insufficient or in excess, respectively.  These  trends were consistent with literature 

[10] and the CSM devices in Figure 6.4.  An efficiency of 15.5% was achieved for NREL 

devices and the optimal MZO band gap was ~3.5 eV. The Voc of 810 mV is lower than that of 

optimal CSM device at 843 mV, again indicating that the Cu doping can be further optimized for 

higher efficiency. Devices fabricated at CSU reached an efficiency of 16.6% at an MZO band 

gap of ~3.6 eV. There is a slight difference of 0.1 eV in optimal MZO band gaps which may 

reflect the fact that CSM and NREL devices had oxygen in the processing ambient while CSU 

devices were made in an oxygen-free environment. In particular, the FF of the CSU devices were 

significantly improved, which may reflect the absence of oxygen and/or a different back contact 

scheme. Thus, while the reactively sputtered films were much more resilient to the presence of 

oxygen, best performance may require its omission.  
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Figure 6.5 J-V curves of devices with too low, optimal, and too high MZO band gaps across 
combinatorial MZO samples employing a) NREL’s CdTe and CdCl2 processes; b) CSU’s device 

processing. 
 

In order to study the stability of our MZO films during processing we used TOF-SIMS to 

compare Zn and Mg concentrations in an as-deposited film with that from a delaminated device. 

Figure 6.6 below shows depth profiles (Mg, Zn, Sn) through the MZO layer and into the 

underlying FTO.  The bulk Mg and Zn counts are identical in both films. In the processed device, 

both the Mg and Zn counts are initially low near the surface, and this artifact is attributed to 

imperfect delamination which leads to roughness and there was residual CdTe present. It is well-

known that CdS undergoes significant interdiffusion and alloying with CdTe during device 

processing [34, 35]. In contrast, it appears that MZO/CdTe interdiffusion during processing is 

negligible. The Mg/Zn profiles into the FTO are nominally identical for as-deposited and 

processed films. The slopes of the Sn profiles near the MZO/FTO interface are likewise similar, 

with a slight tail forming in a processed film which is most likely an artifact associated with 

delamination. Recently published results [15] suggested that the composition of the MZO may be 

changing during device processing. The published XPS measurements showed that the Mg 
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concentration in MZO from a “peeled” device as well as pre-heated film decreased compared to 

the as-deposited MZO, indicating preferential loss of Mg during processing. The TOF-SIMS 

depth profile data presented in the Figure 6.6 further points to the stability and process resilience 

of reactively sputtered MZO films.  

 
Figure 6.6 Normalized Zn and Mg secondary ion counts from TOF-SIMS depth profile of 

optimal band gap MZO in as-deposited form and then from a delaminated device. 
 

6.4.2  Stability of Reactively Sputtered MZO  

6.4.2.1 Kelvin Probe 

To study the stability of the MZO films, several combinatorial samples were placed in a 

desiccator and Kelvin probe measurements were performed periodically for about 6 months. 

Kelvin probe measures the work function and is a highly surface sensitive technique.  Therefore, 

monitoring the work function of a MZO film could potentially be used to track any changes that 

occur on the surface [14, 22]. Figure 6.7 below illustrates work function variation across one of 

the combinatorial samples. The initial MZO band gap is plotted on the secondary axis. The initial 

measurement shows significant variation of the work function across a 3-inch substrate. The 
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decrease in work function reflects the increasing band gap (increasing Mg concentration). This is 

consistent with the “common cation” rule [36], which states that the valence band energy of the 

ternary alloy is nominally fixed and changes in the band gap are due primarily to the movement 

of the conduction band. Furthermore, assuming that the doping of the MZO stays relatively 

unchanged, addition of Mg to ZnO would cause an upward shift in the position of the Fermi 

level, which means the work function would decrease. It can be seen from the figure that the 

gradient in the work function remains for the duration of the “aging” test. Although there is some 

variation in the absolute values of the work function there are no systematic changes with time, 

and the qualitative trends are similar. These results suggest that there is no significant change to 

the surface of the MZO film during the testing period within the measurement error.  

 
Figure 6.7 Work function measurements performed over the course of 6 months using Kelvin 

probe across a 3-inch combinatorial MZO sample. Sample was stored in an atmospheric pressure 
desiccator in-between measurements. 
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Figure 6.8a shows a schematic energy level diagram for MZO. Using the work function 

() measurements the position of the Fermi level and approximate carrier concentration in the 

MZO films may be estimated as described below. Equations 6.1 and 6.2 below describe the 

relationship between carrier concentration and the position of the Fermi level:                                                                   𝐸𝐹 − 𝐸𝐹,𝑖 = 𝑘𝑇𝑙𝑛 ( 𝑛𝑛𝑖)                                                            (6.1) 

                                                                  𝑛𝑖 = exp ( 𝐸𝑔2𝑘𝑇) √𝑁𝐶𝑁𝑉                                                            (6.2) 

where EF,i is intrinsic Fermi level position, EF is the actual Fermi level position, ni is intrinsic 

carrier concentration, n is carrier (electron) concentration, Eg is the band gap of the material, k is 

the Boltzmann constant, T is temperature and NC and NV are density of states in conduction and 

valence bands, respectively. The band gap of pure reactively sputtered ZnO is 3.26 eV. If we 

assume NC = 1.8E+19 cm3, NV = 2.2E+18 cm3 [37], we can calculate the intrinsic carrier 

concentration and the actual carrier (electron) concentration required to shift the position of the 

Fermi level closer to the conduction band at T = 300K. The conduction band edge of ZnO is 

usually reported to be in the range of 4.2-4.5 eV [38, 39]. Using an electron affinity of 4.5 eV 

provides an upper bound on the carrier concentration calculations and we assume the addition of 

Mg does not change doping levels and only results in the movement of the conduction band 

position.  In that case, the position of the Fermi level with respect to the conduction band is 

simply the difference between the work function (measured by Kelvin probe) and the electron 

affinity of MZO.  

Figure 6.8b below illustrates the calculated position of the Fermi level with respect to 

conduction band of a combinatorial MZO sample based on work function measurements 

displayed in Figure 6.7. Dashed lines in Figure 6.8b indicate theoretical positions of the Fermi 

level when carrier concentration in MZO is 1010, 1014 or 1018 cm-3. In most cases, the position of 
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the Fermi level is approximated to be ~0.3-0.5 eV below the conduction band which corresponds 

to carrier concentrations in the 1010-1014 cm-3 range. To independently validate carrier 

concentration values, simple resistors were fabricated by depositing Al contacts onto FTO/MZO 

substrates. The resulting values of resistivity were in the 106 Ohm*cm range, which corresponds 

to carrier concentrations on the order of 1011 cm-3, assuming mobility of 20 cm2/V*s. Though 

debate in literature remains, native point defects are usually considered to control conductivity in 

ZnO films [40, 41]. The data in Figure 6.8 and the carrier concentrations calculated from I-V 

measurements seem to point to the fact that as-deposited MZO films have stable (equilibrium) 

concentration of point defects that leads to films being insulating and makes them relatively 

insensitive to the presence of oxygen in high temperature processing steps. An ideal emitter 

should have carrier concentrations ~1018 cm-3 [12], and this remains an unresolved challenge 

with MZO due to the amphoteric nature of Mg [42]. The reactive sputtering approach described 

here may be applied to host of compounds, and the combinatorial approach may be very useful 

in rapidly evaluating new alloys for this application. 

 
Figure 6.8 a) Energy level diagram for MZO; b) estimated Fermi level with respect to conduction 
band across a combinatorial MZO sample based on work function measurements. Dashed lines 
indicate the calculated positions of the Fermi level with respect to conduction band when carrier 

concentration is at 1010, 1014 or 1018 cm3. 

EF,i

EF

ECB

EVB

EVAC

χɸ

Eg

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0 1 2 3

E
C

B
-E

F
(e

V
)

Position on substrate (in)

Initial 4 weeks 5 weeks 2 months

3 months 4 months 6 months

1010 cm-3

1014 cm-3

1018 cm-3

a) b)



115 
 

6.4.2.2 Aged vs. Fresh Devices 

Lastly, MZO films devices were fabricated from the “aged” combinatorial sample. Figure 

6.9 compares of J-V curves of CdTe devices made at CSM on fresh vs. aged MZO at equivalent 

band gaps. It is evident from the data that the device performance is not affected significantly 

with storing of MZO in the desiccator for a period of 6 months, which has not been the case 

generally for MZO grown from fixed composition oxide targets. In both cases efficiencies of 

around 14% are achieved and the differences are within the noise of our standard device process. 

Neither fresh nor aged MZO surfaces were cleaned prior to device fabrication. This is important 

to note because static TOF-SIMS measurements indicated significant increase in both carbon and 

hydrogen counts for the surface of aged MZO film, pointing to the accumulation of 

hydrocarbons on the surface. These hydrocarbons could potentially have some negative effects 

on performance, but it doesn’t seem to be detrimental based on the data in Figure 6.9. 

 
Figure 6.9 Comparison of J-V curves of devices from a “fresh” and “aged” combinatorial 

sample.   
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6.5      Conclusions 

Reactive co-sputtering was shown to produce robust, high quality MZO films, and the 

formation of combinatorial libraries accelerated identification of optimal MZO composition. 

High efficiency (~16%) CdTe devices were produced across multiple device platforms, with and 

without the presence of oxygen in device processing steps. The reactively sputtered MZO films 

were shown to be stable with respect to time and through high temperature CdTe device 

fabrication. The resilience and stability of MZO were attributed to stable (equilibrium) 

concentration of point defects in the as-deposited films, which was consistent with work function 

measurements over the period of 6 months. The combinatorial approach described here is 

expected to be useful for identifying both the optimal MZO composition to match ternary 

absorbers (i.e. CdSeyTe1-y), and for discovery of other improved emitter alternatives beyond 

MZO.  
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CHAPTER 7 

SUMMARY OF RESULTS AND RECOMMENDATIONS FOR FUTURE WORK 

 
This chapter presents summary of results and major findings from chapters 3-6 as well as 

recommendations for future work.  

 
7.1 Summary of results 

This work focuses on developing CZT alloys for absorbers and combinatorial deposition 

and device integration of reactively co-sputtered MZO emitters.  

7.1.1 CdTe/ZnTe interdiffusion 

In her work on ZnTe:Cu buffer layers my colleague, Dr. Jiaojiao Li, witnessed significant 

interdiffusion of ZnTe and CdTe layers during short RTP activation anneals at relatively low 

temperatures (320 oC/30 sec) [1]. A part of the work in this thesis focused on studying the role of 

Cu during back contact activation. By depositing bilayers of CdTe and ZnTe:Cu with varying Cu 

loadings from 0 to 8 vol% and annealing them for 30-300 seconds at 320-360 oC, it was found 

that Cu induces recrystallization and interdiffusion between those layers [2]. In the absence of 

Cu, negligible interdiffusion occurred as was evidenced by almost non-existent shifts in XRD 

peaks of cubic CdTe and ZnTe. Cross-sectional TEM confirmed this observation. In addition, 

TEM revealed numerous voids and nano-crystalline structure of Cu-free ZnTe layer. ZnTe layer 

had significant amounts of excess Te. The addition of Cu into ZnTe layer resulted in 

densification of ZnTe layer, as evidenced by larger grain size and lesser number of voids in 

cross-sectional TEM images. In addition, Cu promoted interdiffusion between CdTe and ZnTe 

layers. In as-deposited state Cu was uniformly distributed throughout ZnTe:Cu layer, while 
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CuxTe peaks were observed in XRD patterns upon annealing in RTP chamber. Clusters of CuxTe 

were observed by TEM and the stoichiometry depended on the total loading of Cu inside ZnTe 

layer, with generally higher x values at higher Cu content. The minimal loading of Cu that 

facilitates interdiffusion between layers was found to be ~0.8 vol%. Attempt at complete 

interdiffusion between CdTe and ZnTe for device fabrication resulted in efficiency of ~4% at Cu 

loading of 2 vol% in ZnTe layer. Cross-sectional TEM revealed Zn diffusion throughout the 

absorber, with Zn diffusing into CdS layer. Cu is seen accumulating at the front interface, which 

is most likely the reason for lower performance.  

7.1.2 Stability of CZT 

CZT alloys are of interest due to full miscibility of CdTe and ZnTe that allows to tune the 

band gap from 1.5 to 2.26 eV. In particular, CZT alloys with a band gap of 1.7 eV can potentially 

be used as a top cell in a tandem device. CZT can be deposited by various methods such as co-

evaporation, sputtering, MBE and CSS. However, during device processing, specifically during 

CdCl2 treatment, Zn loss as well as formation of stacking fault is seen to occur. Here we 

employed molecular Cl2 instead of CdCl2 to try to improve stability of those alloys. Alloys were 

prepared by co-evaporation of CdTe and ZnTe at CSM and then by CSS at CSU. In both cases it 

was found that negligible Zn loss can be achieved by adjusting Cl2 concentration to below 25 

ppm inside the RTP chamber during annealing at temperatures equivalent to conventional CdCl2 

(i.e. 400-450 oC). In addition, it was found that treatment time could be extended by performing 

a short (2 min) anneal at 450 oC and then dropping temperature to 400 oC and annealing for 

additional 6 minutes. No significant changes in crystal structure was seen by XRD at these 

conditions. However, PL measurements revealed minimal increase in the signal compared to as-

deposited CZT, suggesting incomplete activation of the absorber material. Cross-sectional TEM 
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images confirmed Zn retention throughout the absorber and no visible voids were observed. 

TEM also revealed accumulation of what could be CdCl2 on the surface of the CZT absorber, 

however, no Cl2 was seen segregating at the grain boundaries. Stability of CZT alloys under Cl2 

treatment is encouraging and more work is needed to address the absorber activation challenge.  

7.1.3 Reactively sputtered MZO 

MZO emitter is a significantly better alternative to conventional CdS due to its adjustable 

band gap and tunable conduction band alignment with CdTe absorber necessary for high 

performance [3]. Conventional MZO is most commonly deposited by sputtering from  a ceramic 

target having a premixed composition of Mg in primarily Ar atmosphere [3-5]. This limits one to 

discrete compositions and is expensive. Reactive co-sputtering technique from elemental Zn and 

Mg targets in 2:1 Ar:O2 ambient developed in this work offers a better alternative to 

conventionally prepared MZO [6, 7]. Reactive co-sputtering produced high quality MZO films. 

One of the additional advantages of using reactive co-sputtering is that it allows one to prepare 

combinatorial libraries and accelerate screening of device performance. Combinatorial libraries 

were formed with continuous and smooth variation in band gap and thickness. Variation of work 

function was also observed across combinatorial samples as expected. Reactively co-sputtered 

MZO is robust, showing promising stability in storage, as confirmed by Kelvin probe 

measurements over a course of 6 months, and resilience to processing conditions as evidenced by 

achievement of high performing devices (~16%) across multiple research facilities. This stability 

is attributed to reduced number of oxygen vacancies due to sputtering in oxygen containing 

ambient. The combinatorial approach described in this work is expected to be useful for 

identifying both the optimal MZO composition to match ternary absorbers (i.e. CdSeyTe1-y), and 

for discovery of other improved emitter alternatives beyond MZO. 
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7.2 Recommendations for future work 

The following subsections discuss suggestions on future work that could be done to build 

on this thesis work and potentially improve CdTe-based solar cell technology. 

7.2.1 Zn source for CZT activation 

Stability of CZT alloys during Cl2 treatment is encouraging. However, activation of the 

absorber material is still a challenge as discussed in chapter 4. One of the proposed mechanisms 

of Zn loss from CZT during Cl2 or CdCl2 treatments is the formation of ZnCl2 [8, 9]. Therefore, I 

propose using Zn source in conjunction with Cl2 gas treatment to potentially overcome this issue. 

The Zn source could be Zn, ZnTe, or ZnCl2. In the case of ZnCl2 use of Cl2 gas may be optional. 

Figure 7.1 below illustrates a schematic of a proposed CZT activation using Zn source in 

conjunction with Cl2 gas where needed. The proposed source materials would allow for some 

control over the vapor pressure of Zn at a specific annealing temperature. In addition, presence 

of Zn vapor could potentially allow for increased Cl2 concentrations to be used. CZT alloys 

could be prepared by co-evaporation at substrate temperature of 300 oC for initial screening 

experiments and then CSS or VTD could be used for better quality CZT absorbers. Annealing 

temperatures of 400-450 oC could be explored at treatment times of 2 minutes and more. XRD 

would be used to track any changes of crystal structure and UV-Vis would be employed for 

performing transmission measurements and to track any changes to the band gap of the alloys. 

PL measurements and device fabrication could be done once stability window is identified. 

 

Figure 7.1 Schematic of the proposed CZT activation using Zn source in conjunction with Cl2 
gas. 

TEC w/ CZT thin film

Zn source 

(could be Zn, ZnTe or ZnCl2)

w/ or w/o Cl2 gas
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7.2.2 Graded MZO emitters 

Reactively co-sputtered MZO was shown to have very low carrier concentrations, which 

was attributed to minimization of oxygen vacancies. This quality is thought to provide improved 

stability during device fabrication in oxygen containing ambients. However, this results in 

limited band bending at the emitter/absorber interface, which would allow for tunneling to occur 

at the positive conduction band offset that is desirable for improved Voc and optimal device 

performance [3, 4, 10]. Therefore, I propose using a graded MZO emitter that would consist of a 

thicker (~80 nm) 3.5 eV MZO that was found to be optimal for CSM devices, capped with a thin 

(<50 nm) layer of higher band gap MZO ( >3.5 eV). This architecture is expected to allow for 

improved Voc, while retaining the superior stability of the reactively co-sputtered MZO. The 

experiment would consist of depositing 80 nm of 3.5 eV MZO on top of TEC glass and then 

depositing several different thicknesses (10, 20, 30, 50 nm) of 3.7 eV MZO on top of 3.5 eV 

MZO and turning those substrates into devices. Once optimal thickness of 3.7 eV MZO is 

identified based on the device performance, band gap of this thin MZO layer can be adjusted (i.e.  

3.6-3.8 eV) at that thickness to further optimize device performance. Figure 7.2 below illustrates 

preliminary results of graded MZO experiment comparing graded MZO (~85 nm 3.5 eV capped 

with ~20 nm of 3.7 eV MZO) and uniform 100 nm MZO at 3.7 eV. As can be seen from the 

figure the performance of the graded MZO is significantly better than that of a uniform film, 

even though in both cases emitter/absorber interface is identical from a conduction band offset 

perspective. Device performance suggests that tunneling could in fact be happening as 

hypothesized.  
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Figure 7.2 J-V curves of devices having uniform and graded MZO emitter. 

 

7.2.3 Doped MZO emitters 

Although MZO has been successfully implemented by several groups in CdTe devices, 

controlled and stable doping remains a challenge. There are reports of MZO doped with both Ga 

and Al to produce highly conductive films, however no implementation in the device architecture 

has been reported [11-13]. These reports suggest that controlled doping of MZO can be achieved. 

Ideal emitter for CdTe-based solar cells should have carrier concentration in the 1018 cm-3 range 

[14]. In conjunction with a high-quality absorber having a carrier concentration on the order of 

1016 cm-3 it should provide a pathway toward 25% efficiency [14]. Preliminary experiments have 

been conducted using reactive sputtering from Mg and ZnO:Al targets. Resistivity measurements 

suggested >1015 cm-3 carrier concentration in as-deposited films up to band gap of 3.45 eV. 

Further increase in Mg concentration resulted in insulating films. Device efficiency of ~10% was 

achieved using those 3.45 eV Al-doped MZO films. For next set of experiments Al or Ga2O3 

targets could be used in conjunction with a standard Zn and Mg reactive co-sputtering process to 
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allow for a better control of Al or Ga doping quantities. Initially I suggest fixing the band gap of 

MZO to ~3.5 eV and exploring how Al or Ga concentration would affect conductivity of the 

films. After optimal concentration of Al or Ga is determined, Mg concentration could be further 

increased to 3.6-3.8 eV range. Alternatively, combinatorial approach could be used to vary 

composition of MZO film from side A to side B while varying Al or Ga concentration from C to 

D as depicted in Figure 7.3. Substrate heating up to 525 oC may need to be applied to ensure 

proper incorporation of Al and Ga atoms inside MZO lattice. Resistivity measurements would 

need to be performed by 4-point probe and carrier concentration can be determined by Hall 

measurements. Bulk crystal structure can be analyzed by XRD. UV-Vis would be used to 

perform transmission measurements and determine band gaps of various films. Al or Ga doped 

MZO films can then be incorporated into CdTe devices. It is expected that films in the band gap 

range of ~3.5-3.8 eV would produce best performing devices [3, 4, 14].  

 

Figure 7.3 Top view of a combinatorial sputtering approach for MZO doped with Al or Ga. 
 

 

Zn

Mg

Al or 

Ga2O3

A

B

C

D
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7.2.4 Other ternary alloy systems 

The combinatorial sputtering approach for device performance optimization of MZO 

could be applied to develop other ternary oxides. Several III-V alloys could potentially be used, 

such as aluminum indium oxide (IAO) and gallium indium oxide (IGO). Successful synthesis of 

conductive IAO and IGO has been reported in the literature [15, 16]. Indium oxide thin films 

have reported band gap of over 3.6 eV [15, 17] with conduction band positioned lower than in 

ZnO [18]. Both Al2O3 and Ga2O3 have wide band gaps of over 5 eV and their addition to In2O3 

should result in increase of the band gap [15, 16] as well as a shift in the conduction band 

position for better alignment with CdTe-based absorbers. In addition, to further improve 

conductivity of IAO and IGO films, Sn could be added as a dopant [19]. Figure 7.4a below 

shows resistivity at different band gaps of IAO, IAO doped with Sn (AITO) and indium tin oxide 

(ITO) films that were prepared by sputtering in different reactive ambients as well as different 

substrate temperatures as part of preliminary experiments with different ternary oxides. As can 

be seen from the figure, results are encouraging and further exploration of substrate temperature, 

deposition pressure and reactive ambient composition is needed, especially with IGO films, 

fabrication of which has not been attempted. Attempt at integration of IAO combi sample into 

devices is shown in Figure 7.4b. The J-V behavior is similar to that of MZO, where at lower 

band gaps Voc is low, suggesting formation of a “cliff” at the emitter/absorber interface. As band 

gap is increased, a “kink” starts to appear, pointing to formation of a large barrier at the junction, 

meaning conduction band position is too high. Both FF and Voc values of devices employing 

IAO emitters are significantly lower than in best MZO devices, resulting in the highest 

performance of ~6% so far. However, the general trend is encouraging, further pointing to the 

fact that combinatorial libraries allow for accelerated performance optimization.  
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Figure 7.4 Preliminary experimental data for other ternary oxides: a) resistivity vs. band gap of 
IAO and AITO thin films prepared by reactive co-sputtering; b) J-V curves of devices made 

from IAO combi prepared by reactive co-sputtering. 
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APPENDIX A 

SUPPLEMENTAL INFORMATION FOR CHAPTER 3 

 

 

 

Figure A.1 XRD of samples annealed at 360 oC as a function of Cu loading and time. For each 
treatment time on the graph, Cu loading is increasing from bottom (0 vol%) to top (8 vol%) 

(solid to solid line). 
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Figure A.2 XRD of samples annealed at 340 oC as a function of Cu loading and time. For each 
treatment time on the graph, Cu loading is increasing from bottom (0 vol%) to top (8 vol%) 

(solid to solid line). 
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Figure A.3 XRD of samples annealed at 320 oC as a function of Cu loading and time. For each 
treatment time on the graph, Cu loading is increasing from bottom (0 vol%) to top (8 vol%) 

(solid to solid line). 
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APPENDIX B 

STANDARD OPERATING PROCEDURES FOR CDTE LAB 

 
This appendix contains standard operating procedures for making a baseline CdTe 

device. Only people that went through EHS Cadmium training and were fitted for a respirator 

can perform any work in CdTe lab. Contact EHS at CSM for assistance. Make sure to review all 

of the appropriate chemical safety data sheets before performing any work with chemicals in the 

CdTe lab.  

 

Table B.1 Standard device preparation steps 

Step Devices with CuCl2 Devices with ZnTe:Cu 

1 Take TEC glass and determine TCO and glass sides 
2 Clean the TEC substrate 
3 Deposit MZO by reactive co-sputtering 
4 Deposit CdTe using VTD 
5 Perform CdCl2 treatment in tube furnace 
6 Perform CuCl2 treatment Br:MeOH etch 
7 Evaporate Au through a mask ZnTe:Cu co-evaporation 
8 Scribe each cell Evaporate Au through a mask  
9 Solder indium front contact Scribe each cell 
10 Test devices using solar simulator Solder indium front contact 
11  Test devices using solar simulator 
12 RTP 
13 Test devices using solar simulator 

 

B.1  Determining TCO Side 

1. Put on gloves and safety glasses. 

2. Take a TEC substrate out of the drawer. 

3. Turn on the multimeter located at the glass cutting station and put it in resistance 

measurement position (200 Ohms). 
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4. Put both probes on one of the substrate sides. 

5. If multimeter reads 1, it’s insulating, meaning “glass” side. 

6. If multimeter reads some number other than 1, it’s conductive, meaning “TCO” side. 

7. Take a diamond scribe and mark the glass side of the substrate. Standard marking 

convention for CdTe lab is YYMMDD-sample #, i.e. first sample on January 3rd of 2020 

would be labeled “200103-1”. Make sure your marking is not too big where it takes up 

too much space but big enough to see. Figure B.1 shows an example of what it should 

look like on a 3x3 inch substrate. 

 

 

 

 

Figure B.1 Example of sample labeling. 
 

B.2  Cleaning the TEC Substrate 

1. Put on gloves and safety glasses. 

2. Turn on the water and wet the substrate. 

3. Put some Micro 90 solution on each side and wash thoroughly using Kimwipe. 

4. Rinse thoroughly under running tap water. 

5. Take a paper towel and dry one of your hands while keeping the substrate under the 

running water with your other hand. 

6. With the dried hand take DI water bottle and rinse both sides of the substrate with DI 

water. 

200103-1 



137 
 

7. Take sample into your dry hand and blow dry with compressed air (make sure 

compressed air line has a filter installed). It is important to blow dry in one direction to 

avoid any streaking on the substrate. 

8. Place sample in a clean plastic sample container with TCO side up. 

9. Turn on the UV-ozone oven (contact Tom Furtak for access and training). 

10. Place the substrate TCO side up in the UV-ozone oven and perform a 20-minute 

treatment. 

11. Take sample out of the UV-ozone oven and put back into the plastic sample container.  

B.3  Deposition of MZO by Reactive Co-sputtering 

For general use of the sputter chamber follow standard operating procedures located by 

the instrument. The steps below are specific to MZO deposition conditions assuming the user is 

trained on the use of the sputter chamber. 

1. Take a glass slide and a small piece of Si wafer and label them with the same sample 

number as on your TEC substrate. Note: label Si wafer on the non-polished side and 

deposit MZO on the polished side. 

2. Rinse glass slide and Si wafer with isopropanol and blow dry with air in the hood. 

3. Record base pressure of the sputter chamber in your notebook. 

4. Isolate chamber from the load lock by closing the gate valve. 

5. Turn load lock pump off using a switch. 

6. Turn on nitrogen flow to bring load lock to atmospheric pressure. Once at atmosphere, 

shut nitrogen off. 

7. Take out the substrate holder from the load lock. 

8. Mount clean glass slide, Si wafer, and TEC substrate on the sputtering substrate holder. 
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9. Place substrate holder back into the load lock. 

10. Close the load lock lid and turn on the load lock pump by flipping the switch. 

11. Wait until load lock pressure reaches <1E-5 Torr. 

12. Open the gate valve. 

13. Bring the substrate arm into the chamber and mount the holder to the susceptor arm as 

described in the sputter chamber SOP. 

14. Take the loading arm back into load lock and close the gate valve. 

15. Turn on the substrate rotation. 

16. Put the susceptor arm at position “30”. 

17. Turn off the high vacuum pressure gauge in the chamber. 

18. Turn on Ar flow at 15 sccm. 

19. Close the main chamber gate valve to a point where pressure in the chamber is at 25-30 

mTorr. Note: there is a marking on the gate valve to indicate approximate position. 

20. Let Ar flow for 5 min. 

21. Put the RF power supply to appropriate source number for substrate cleaning and make 

sure tune and load parameters are in their appropriate positions. 

22. Ignite the source at 20 W. Check to see if plasma is ignited and increase the power slowly 

(1-2 W/s) to 50 W, adjusting load and tune as necessary to get 0 W reflected power.  

23. Drop Ar flow to 2.5 sccm (this should result in chamber pressure of ~5 mTorr). 

24. Clean the substrate at this condition for 5 min. 

25. Decrease power back to 20 W and turn the plasma off. 

26. Increase Ar flow to 10 sccm and turn on O2 flow at 5 sccm. 

27. Check that pressure in the chamber is 25-30 mTorr. 
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28. Let Ar and O2 flow for 5 min before igniting Zn and Mg targets. 

29. In the meantime, prepare the Zn and Mg power supplies and set them to desired 

conditions. 

30. If doing a combinatorial deposition, turn the substrate rotation off and put the susceptor 

arm in the appropriate position with one side (A) facing Zn target and the other side (B) 

facing Mg target. 

31. If doing a uniform deposition, keep the substrate rotation on. 

32. Depending on the desired band gap, the Zn and Mg current and power settings will vary 

(As of Nov 2019 to get 100 nm of 3.5 eV MZO you need to sputter at 65 mA Zn and     

50 W Mg for 95 min). 

33. Make sure the shutters are closed and ignite Zn and Mg targets. Note: Zn can be ignited 

at 65 mA, while Mg needs to be ignited at 20 W and then power is increased to desired 

value at 1-2 W/s. 

34. Once both targets are at their desired levels, open the chamber gate valve so that the 

pressure in the chamber drops to 5 mTorr (~2 revolutions counterclockwise). Make sure 

plasmas are still intact after dropping the pressure. Re-ignite at 25-30 mTorr if needed. 

35. Record pressure in the chamber, current, voltage, and power for each target in the 

notebook. 

36. Sputter for 2-4 min before opening the shutters.  

37. Open Mg and then Zn shutters (there shouldn’t be any pause, open second one as soon as 

you press to open the first). 

38. Zn target voltage should drop from ~400 V down to ~300 V in few seconds (if the drop is 

too slow, MZO will not perform well in a device). 
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39. Record all the parameters (pressure, current, voltage, power) every 5-15 minutes. 

40. Once desired thickness is reached, close the Zn and Mg shutters. 

41. Turn off Zn plasma. 

42. Drop Mg power to 20 W at 1-2 W/s and turn off Mg plasma. 

43. Turn off Ar and O2 flows. 

44. Stop the substrate rotation and raise the susceptor arm to position “25”. 

45. Open the main chamber gate valve to fully open position. 

46. Open the load lock gate valve. 

47. Bring the loading arm into the chamber and disconnect the substrate from the susceptor 

arm onto the loading arm. 

48. Bring the loading arm back into the load lock. 

49. Close the load lock gate valve. 

50. Turn off the load lock pump. 

51. Turn on N2 flow into the load lock. 

52. Once at atmosphere, turn N2 off. 

53. Take out the sample and load another one if doing more depositions. 

54. If not doing more depositions, put the substrate holder into the load lock, close the lid and 

turn the load lock pump on. 

55. Power down RF and DC power supplies. 

56. Wait to make sure load lock pump reaches its normal frequency. 

B.4  Deposition of CdTe by VTD 

Figure B.2 shows pictures of the VTD system with main components labeled. 

1. Put on the respirator and all appropriate PPE. 
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2. Turn on the cooling water to the VTD system. 

3. Close the ball valve separating the chamber from the pump. 

4. Make sure N2 and O2 MFCs are off. 

5. Make sure all of the gauges, temperature controllers, and ventilation box are on. 

6. Take a crescent wrench and let the air into the chamber by unscrewing the clear oxygen 

line connected to the chamber on the bottom of the chamber. Let air in at a slow steady 

rate rather than opening the line fully at once. 

7. Once chamber is at atmospheric pressure, screw the line back in place. 

8. Alternatively, you can flow N2 into the chamber and allowing it to reach atmospheric 

pressure than way. Just make sure the lock on the chamber door is loose to avoid over 

pressurizing the chamber. 

9. Open the chamber and place the sample in the sample holder on the substrate heater. 

Make sure the substrate heater is cool enough before opening the chamber. Note: it is 

easier to load/unload samples when shutter is in the open position. Make sure when 

shutter is fully open it is not restricting flow from the source tube. If it does, adjust the 

position.  

10. Once the sample is loaded, close the shutter. Check to see the shutter fully blocks the 

flow from the source tube.  

11. Check to make sure all the heating wires on the source and frit heaters are intact. 

12. Close the chamber. 

13. Open the ball valve to start bringing chamber under vacuum. 

14. Set the substrate heater to 420 oC. 
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15. When the substrate temperature reaches ~200 oC, turn on the gas flow by opening 

Nitrogen and Oxygen cylinders and flipping on the MFCs #2 and #3.  

Gas flow should be set to 375 sccm for Nitrogen and 38 sccm for Oxygen. 

16. When the substrate temperature reaches 400 oC set the frit controller to 655oC. Turn on 

the frit variac by pushing the power switch down to 120 V position. Slowly set the variac 

to “70”. In general, frit temperature should be at least 20 oC above source temperature. 

17. Frit heater should be visible through the sight glass of the chamber and should be 

glowing red. 

18. Once frit temperature is above 100 oC, set the source temperature controller to 635 oC. 

19. When substrate temperature reaches 420 oC and frit and source are at 655 oC and 635 oC, 

respectively, open the shutter and start the timer. When opening the shutter try not to 

slam it against the wall to avoid creating particulates inside the chamber.  

20. Deposit the desired thickness of CdTe. Deposition time for 3.8 microns is 13 min (Nov 

2019). Periodically check thickness of CdTe and adjust the time as needed.  

21. Close the shutter. 

22. Set the source and the substrate controllers to “0”, leave the frit controller at 655oC. 

23. Once the source drops to ~500 oC, set the frit controller to “0” and turn off the variac. 

24. Let the gas flow until the source and the frit temperatures drop to ~200 oC and turn it off. 

25. Wait for the substrate to cool. 

26. Close the main valve from the mechanical pump to the chamber. 

27. Put on the respirator and the appropriate PPE. 

28. Break the vacuum in the chamber by removing the gas line located on the bottom of the 

chamber or using N2 gas as discussed earlier. 
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29. Open the chamber and remove/reload sample. 

30. Close the chamber. 

31. Open the main valve from the mechanical pump to the chamber and put the chamber 

under vacuum. 

 

Figure B.2 Pictures of main components of VTD system. 
 

B.5 CdCl2 Treatment 

Figure B.3 shows pictures of the tube furnace with main components labeled. 

1. Put on the respirator and all appropriate PPE. 

2. Remove the graphite boat with cadmium chloride from the desiccator in the fume hood. 

3. Place the sample with CdTe side down (facing the CdCl2).  

4. Open the tube by removing the glass cap. 

NOTE: Bottom tube furnace is used for cadmium chloride treatment. 

5. Place the boat inside the tube and slide it in using a metal rod. Make sure slits in the 

graphite boat are parallel to the gas flow. 
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6. Push the boat to the middle of the tube furnace using a tape marking on the metal rod. 

7. Push in the thermocouple from the other end of the tube opening and make sure 

thermocouple tip sits right above or on the boat/sample. 

8. Put the glass cap back on the tube to close it. 

9. Turn the cooling water on and make sure it is flowing through the rotameter. 

10. Turn on the gas flow by opening the Nitrogen and Oxygen tanks and flipping on the 

MFCs #1 and #2. 

11. Set the MFC #1 (Oxygen) to 100 (1000 sccm) and MFC #2 (Nitrogen) to 1000 (1000 

sccm). 

12. Let the gas flow for 30 min to purge the tube.  

13. Set MFC #1 to 20 (200 sccm flow) and MFC #2 to 200 (200 sccm flow) by adjusting the 

screw. 

14. Turn on the thermocouple reader and watch the temperature. 

15. Set the “center” temperature dial to a desired value. Flip on the 3 power switches. You 

don’t need to adjust “front” and “back” dials. 

NOTE: Set the dial to a value that is at least 30 degrees less than your desired 

temperature to avoid overshoot. At steady state value of 180 on the center dial should 

result in ~430 oC, meaning you should start somewhere around 150 or less and then once 

that temperature stabilizes, increase the dial by 5 with each step. As it gets to within 5 oC 

of the desired temperature, use step of 2 on the dial to avoid overshooting. 

16. Start the timer once the desired temperature is reached. Watch the thermocouple reading 

and adjust the dial as needed to keep the temperature within 2 oC of the desired value.  

17. Once the treatment is over, turn off the heater by putting all 3 switches in “off” position. 
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18. Let the gas flow for at least 1 hour (temperature should drop to below 200 oC). 

19. Turn off the gas flow once ready to take out the samples. 

20. Put on the respirator and all appropriate PPE. 

21. Open the glass cap. 

22. Slowly remove the boat using the metal rod and place it in the desiccator once it’s cool. 

NOTE: If temperature is above ~60 oC, use furnace glove to handle the boat to avoid 

burning yourself. 

 

Figure B.3 Pictures of tube furnace system with main components labeled. 
 

B.6  CuCl2 Treatment 

1. Put the hot plate inside the fume hood and turn it on to pre-heat. For standard MZO 

devices that were CdCl2-treated at 430 oC for 30 min CuCl2 annealing is done at 180 oC 

for 30 min. Annealing temperature/time would depend on the thickness of the absorber 

and the CdCl2 treatment and can be adjusted as needed.  

2. Prepare ~0.1 mM solution of CuCl2 in deionized water (DI H2O): 

- Measure 200 mL of DI H2O and put 100 mL of it into a beaker while leaving other 

100 mL in the graduated cylinder. 
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- Put a plastic boat on the scale and tare the scale. 

- Weigh ~0.0038-0.0040 g of CuCl2*2H2O solid crystals. 

- Using 100 mL of DI H2O from the graduated cylinder wash the weighed CuCl2*2H2O 

into the beaker containing the other 100 mL of DI H2O and stir well with a glass rod. 

3. Take a CdCl2-treated sample and rinse for 10 seconds with DI H2O.  

4. Blow dry with nitrogen inside the fume hood. 

5. Pour ~40 mL of prepared 0.1 mM CuCl2 solution into a 80 mL beaker. NOTE: This size 

beaker is used for ~0.75x1.5” samples. If samples are larger/smaller use a beaker of 

appropriate size. 

6. Place the sample into the beaker with CuCl2 solution leaning it against the wall of the 

beaker so that the sample stands inside the beaker at about 45-degree angle with CdTe 

side facing down and fully submerged in the solution. 

7. Let the sample sit in the solution for 2 minutes.  

8. Take the sample out and rinse for 30 seconds with DI H2O (25 seconds for CdTe side and 

5 seconds for glass side). 

9. Blow dry with nitrogen inside the fume hood.  

10. Once the hot plate is at the desired temperature and is steady, place the sample on it and 

anneal for 30 minutes inside the fume hood. 

11. Take the sample off the hot plate and let it cool. 

12. Discard of any left-over solution and any rinse water in the designated liquid waste 

container.  
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B.7  Bromine-Methanol Etch 

1. Prepare two 250 mL beakers labeled “Br:MeOH” and “Methanol” (they should be in the 

fume hood). 

2. Pour 200 mL of reagent grade methanol (MeOH) into each beaker.  

3. Take a long glass pipet with red tape on it (should be stored in the fume hood) and 

measure ~0.4-0.5 mL of bromine (Br). 

4. Pour 0.1 mL of Br from the pipette into the beaker labeled “Br:MeOH”. 

5. Pour left-over Br back into the source bottle and close it.  

6. Rinse the inside of the pipette with solution from the “Br:MeOH” beaker and pour it back 

into the same beaker and stir well. 

7. Take a sample that needs to be etched with teflon tweezers and submerge it into the 

Br:MeOH solution for 10 seconds.  

8. Take the sample out and submerge it into the beaker with pure MeOH and rinse for 1 

minute.  

9. Blow dry with nitrogen inside the fume hood.  

10. Pour the Br:MeOH solution into the designated liquid waste container. 

11. Pour MeOH from the other beaker into the empty “Br:MeOH” beaker to rinse. 

12. Pour MeOH from the “Br:MeOH” beaker into the designated liquid waste container.  

13. Rinse both beakers with some MeOH and pour it into the designated liquid waste 

container.  

B.8  Thermal Evaporation 

Figures B.4 and B.5 show pictures of the thermal evaporator system and its controls with 

main components highlighted as a visual aid to the operating instructions.  
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1. Turn on the mechanical pump. 

2. Put the main control valve in the backing position. 

3. Make sure the cooling water is flowing through the rotameters at the back of the system. 

Turn on the diffusion pump by pushing both the red and yellow buttons on the control 

panel. Let the diffusion pump warm up for at least 20 min before going to high vacuum. 

4. If the chamber is under vacuum, press “Air admit” button at the control panel. NOTE: 

Air admit can be done when valve is either in the “Backing” or “Close” positions. Never 

let air in when valve is in the “Open” position and diffusion pump is on. 

5. Open the chamber by raising the bell jar. Remove the metal jar cover from the chamber.  

6. Connect the desired boat or crucible to the electrodes. 

Right electrode: ZnTe, Au 

Left electrode: CdS, Cu 

NOTE: If only one electrode is in use, cover the unused QCM with aluminum foil. Make 

sure electrodes have good connection by turning on the corresponding variac and testing 

the connection. 

7. Mount the samples to the substrate heater using the sample holder. NOTE: You can place 

sample holder directly onto the metal jar cover when doing Au deposition. 

8. Lower the bell jar slowly to avoid chipping/breaking it.  

9. Put the main control valve in the “Roughing” position. Wait until pressure inside the 

chamber drops below 10-1 torr.  

10. Add liquid nitrogen to the cold trap through the funnel. 

11. Put the main control valve in “Open” position. Pressure inside the chamber should drop 

to “0” on the rough vacuum gauge quickly.  
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12. When pressure inside the chamber reads “0”, turn on the ion gauge by flipping the toggle 

switch up.  

13. Turn on the substrate heater if needed by flipping the heater switch to “On” position. 

ZnTe:Cu is typically deposited at 100 oC, Au deposited without heating. 

14.  Wait until ion gauge reads ~6*10-6 torr before performing any evaporations. 

15. Turn on the desired QCM and input the values for density, z-ratio and tooling for the 

corresponding deposition material.  

For all materials input: 

Thickness limit 1: 999.9 

Thickness limit 2: 999.9 

Time limit: 999.9 

16. Turn on the desired variac. Increase the dial VERY slowly (turn it up a couple percent 

every 30-60 seconds, depending on the material, slower is better). 

17. Wait until QCM reads the desired deposition rate and is steady. For ZnTe typical rate is 5 

Angstroms/s; for Au shutter can be opened at a rate of ~1 Angstrom/s and increased to 

~3-4 Angstroms/s.  

18. Open the shutter by placing the shutter switch to “On” position. Zero the QCM thickness 

reading by pushing the white “Zero” button on the QCM controller.  

19. Monitor the deposition rate and adjust the variac as needed.  

20. When the deposition is over, close the shutter and turn off the variac.  

21. Turn off the QCM and the ion gauge. 

22. Leave the system under vacuum to cool down for at least 10 min and until the substrate 

temperature is under 70 oC. 
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23. If you are doing another deposition put the main valve in the “Backing” position 

If you are not doing any more depositions, put the main valve in “Close” position and 

turn off the diffusion pump by pressing the yellow button on the control panel. 

24. Bring the pressure in the chamber up to atmosphere by pressing “Air admit” button. 

25. Remove the sample holder. 

26. Put the bell jar under vacuum by putting the valve in the “Roughing” position. 

 

 

Figure B.4 Picture of the thermal evaporator with main components labeled. 
 

B.9  Scribing Cells 

1. Put on the respirator and all appropriate PPE. 

2. Take a utility knife with a sharp blade (stored in the fume hood). 
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3. Put samples that need scribing on a paper towel inside the fume hood.  

4. Scribe each individual cell with the utility knife. 

5. Scribe CdTe from each edge to reveal MZO/FTO. 

6. Wipe lightly with a kimwipe if needed. 

7. Put any paper towels and kimwipes into the waste bucket designated for Cd waste. 

 

Figure B.5 Picture of the thermal evaporator controls and gauges with main components labeled. 
 

B.10  Soldering Indium Front Contact 

1. Indium soldering should be performed inside the fume hood.  

2. Plug in the soldering iron and let it warm up for few minutes. 

3. Take the hot soldering iron and dip it into indium to melt it. It is easier to use a small 

piece of TEC glass as sort of a canvas for molten indium. 
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4. Put molten indium at each edge of the sample as shown below in Figure B.6.  

5. Unplug the soldering iron and let it cool. 

 

Figure B.6 Picture of completed devices with circular gold back contact and indium front contact 
soldered around the perimeter of the sample. 

 

B.11  RTP 

Figures B-7 shows pictures of the RTP system and its controls with main components 

highlighted as a visual aid to the operating instructions.  

1. If the pump is off, turn it on. 

2. Turn the black power button clockwise to turn on the machine. 

3. Press the green button to turn on the pressure gauge. 

4. Make sure the cooling water is flowing through the rotameter at a rate of ~50-60 gpm/hr. 

5. Close the valve to the mechanical pump. 

6. Remove 3 screws that lock the chamber opening.  

7. Open the exhaust valve slowly to bring the chamber up to atmospheric pressure. 

Alternatively, you could fill the chamber with N2. Once at atmosphere, close the valve. 

8. Take the loading arm out and load the sample onto the sample holder.  
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9. Close the chamber and tighten the 3 screws. 

10. Open the valve to the mechanical pump to start pumping on the chamber. 

11. Wait until pressure drops below ~80 mTorr. Typically, the base pressure is ~40 mTorr.  

12. Program the desired settings (refer to the RTP manual). 

13. Set the MFC to the desired value.  

NOTE: Nitrogen MFC is set to 20 for regular RTP. 

14. Open the nitrogen gas cylinder. 

15. Open the two valves isolating the MFC. 

16. Wait until the pressure inside the chamber is stable. 

NOTE: For Nitrogen MFC setpoint of 20 the pressure should be ~5.7 torr. 

17. Push “Run” button and hold for 3 seconds until you see “run” displayed on the controller. 

18. Make sure temperature is rising in the chamber. 

19. Once the experiment is over, wait until the temperature is below 100 oC before opening 

the chamber. 

20. Turn off the gas flow by closing a valve downstream of the MFC. 

21. Close the valve to the mechanical pump. 

22. Remove 3 screws that lock the chamber opening.  

23. Open the exhaust valve slowly to bring the chamber up to atmospheric pressure. Or flow 

nitrogen as mentioned previously. Once at atmosphere, close the valve. 

24. Open the chamber. 

25. Take out the sample. 

26. Close the chamber and tighten the 3 screws  

27. Open the pump valve to put the chamber under vacuum. 
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28. Close nitrogen gas cylinder and both valves on the MFC. 

29. Return MFC setpoint to “0”. 

30. Turn off cooling water once temperature is below 50 oC. 

31. Turn off the RTP by pressing red button and turning black switch counterclockwise.  

 

Figure B.7 Picture of RTP system with main components labeled. 
 

B.12  Cl2 Treatment in RTP Chamber 

The Cl2 gas cylinder and valve assembly are shown in Figure B.8. 

B.12.1  Preparing for the Experiment 

1.  Make sure your respirator has a combined particulate (for Cd) and acid gas cartridge 

installed. Put on the respirator whenever you open the chamber.  

2.  If the pump is off, turn it on. 
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3.  Turn the black power button clockwise to turn on the RTP chamber. 

4.  Press the green button to turn on the pressure gauge. 

5.  Make sure the cooling water is flowing through the rotameter at a rate of ~50-60 gpm/hr. 

6.  Allow the chamber to reach base pressure (~40-80 mTorr). 

7.  Close the pump valve to isolate the chamber. 

8.  Open the gas cabinet door to access the 3000 ppm Cl2 gas cylinder. 

9. Both pressure gauges on the Cl2 cylinder should read “0”. 

10. Open the vacuum pump valve on the Cl2 valve assembly (bottom valve, white tubing).  

11. Pump for about 1 minute.  

12. Slowly open the main chamber valve.  

13. Slowly open both valves on the Cl2 MFC.  

14. Fully open Cl2 MFC through the controller (99.8%). 

15. Wait for pressure to reach ~40-80 mTorr.  

16. Close the downstream valve on Cl2 MFC (the one that isolates MFC from the chamber). 

The other valve can be left open.  

17. Close the vacuum pump valve on the Cl2 valve assembly. 

18. Make sure the N2 valve on the Cl2 valve assembly is also closed. 

B.12.2. Running the Experiment 

19. Remove 3 screws that lock the chamber opening. 

20. Open the valve on the N2 gas cylinder. 

21. Fill the chamber with N2 gas to bring it to atmosphere by opening both valves on the N2        

MFC. Close the downstream N2 MFC valve when chamber reaches atmospheric pressure. 
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DO NOT!!! bring the chamber to atmosphere by opening the exhaust valve because 

exhaust could contain trace amounts of Cl2 gas. Only use N2 when opening the chamber. 

22. Load your sample. 

23. Close the chamber and tighten the 3 screws. 

24. Open the pump valve to the chamber to start pumping on the chamber. 

25. Program the desired settings for ramp rate, temperature, and dwell time.  

26. Set the N2 and Cl2 MFCs to the desired values on the MFC controller. The MFC values 

are calculated based on the desired Cl2 concentration for the experiments. Don’t forget to 

use correction factors for different gases when choosing values for MFCs.  

28. Slowly open the Cl2 gas cylinder to fill the main line with 3000 ppm Cl2 in Ar gas. 

29. Close the Cl2 gas cylinder. The amount of gas in the line should be sufficient for a full 

day of experiments. Periodically check the pressure to make sure that’s the case.  

30. Wait until pressure drops to ~40-80 mTorr. 

31. Open both Cl2 and N2 downstream MFC valves at the same time to start filling the 

chamber with gas mixture.  

32. Make sure the chamber is locked with 3 screws to avoid any gas leakage from the 

chamber and into the lab 

33. Close the pump valve to the chamber. 

34. Let the gas mixture fill the chamber. Make sure you are constantly monitoring the 

pressure and don’t let the pressure in the chamber to go above atmospheric pressure.  

35. Once pressure reaches atmospheric conditions (within couple Torr), slowly open the 

exhaust valve. Avoid opening it fast because it could result in pressure fluctuations in the 

chamber.  
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36. Let the gas flow through the chamber for at least 5 minutes. 

37. Start the annealing program by pressing and holding the “Run” button. 

38. Once the annealing program is finished and the chamber cooled to desired temperature, 

close both Cl2 and N2 valves on the MFCs.  

39. Close the exhaust valve. 

40. Open the pump valve to the chamber to start pumping on the chamber. 

41. Allow the pressure inside the chamber to drop to 40-80 mTorr.  

42. Open N2 MFC valve. 

43. Close the pump valve and allow the chamber to fill with N2 up to pressure that is slightly 

below atmospheric.  

44. Close the N2 MFC valve. 

45. Open the pump valve to the chamber to start pumping on the chamber. 

46. Allow the pressure inside the chamber to drop to 40-80 mTorr. 

47. Remove 3 screws that lock the chamber opening. 

48. Open the N2 MFC valve. 

49. Fill the chamber with N2 gas to bring it to atmosphere.  

DO NOT!!! bring the chamber to atmosphere by opening the exhaust valve because 

exhaust could contain trace amounts of Cl2 gas. Only use N2 to fill the chamber.  

50. Close the N2 MFC valve when chamber reaches atmospheric pressure. 

51. Take out your sample. 

52. Close the chamber and tighten the 3 screws. 

53. Open the pump valve to the chamber to start pumping on the chamber. 

54. Allow the pressure inside the chamber to drop to 40-80 mTorr.  
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Figure B.8 Picture of Cl2 gas tank and valve assembly with main components labeled. 
 

B.12.3. Purging the System 

55. Open the gas cabinet door to access the 3000 ppm Cl2 gas cylinder. 

56. Make sure Cl2 gas cylinder is closed.  

57. VERY SLOWLY open the vacuum pump valve on the Cl2 valve assembly as the line is 

pressurized with Cl2 gas mixture (bottom valve, white tubing).  

58. Pump on the line for about 2 minutes.  

59. Make sure both pressure gauges read “0”. 

60. Slowly open the pump valve to the chamber.  

61. Slowly open both valves on the Cl2 MFC.  

62. Fully open Cl2 MFC through the controller. 

63. Wait for pressure to reach ~40-80 mTorr.  

64. Close the vacuum pump valve on the Cl2 valve assembly. 

Regulator

N2 valve

Vacuum

valve

Tank

valve

Cl2 flow
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65. Slowly open the N2 valve on the Cl2 valve assembly to flow N2 through the lines.  

66. Flow N2 through the system for 5 minutes. 

67. Close the N2 valve on the Cl2 valve assembly. 

68. Slowly open the vacuum pump valve on the Cl2 valve assembly. 

69. Wait for pressure to reach ~40-80 mTorr.  

70. Close the vacuum pump valve on the Cl2 valve assembly. 

71. Slowly open the N2 valve on the Cl2 valve assembly to allow N2 to fill the Cl2 lines and 

the Cl2 MFC.  

72. Close both valves on Cl2 MFC and put MFC controller to “0”. 

73. Close the N2 valve on the Cl2 valve assembly. 

74. Make sure the vacuum valve on the Cl2 valve assembly is also closed. 

75. Make sure the high pressure gauge on the Cl2 regulator reads “0” and the low pressure 

gauge reads ~10-20 psi. This means lines are pressurized with N2 for storage. 

76. Close both valves on the N2 MFC. 

77. Close the N2 gas cylinder. 

78. Close cooling water once chamber temperature drops to below 50 oC. 

79. Shut down the RTP chamber by pressing the red button and turning the black switch to 

“off” position.  
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APPENDIX C 

EXPLORATION OF COPPER-FREE ZNTE BUFFER LAYERS FOR CDTE-BASED SOLAR 

CELLS 

 
This chapter contains the following manuscript reprinted with permission from IEEE: 

Yegor Samoilenko1 and Colin A. Wolden,1 “Exploration of copper-free ZnTe buffer layers for 

CdTe-based solar cells”, in 2018 IEEE 7th World Conference on Photovoltaic Energy Conversion 

(WCPEC), pp. 3040-3043 

 
C.1  Abstract 

Development of copper-free ZnTe buffer layers for CdTe-based solar cells is an 

important avenue for improving stability. Group V elements offer a path towards that goal. This 

work explores two group V elements, phosphorous and antimony, as candidates for making 

copper-free p-type ZnTe buffer layer using thermal evaporation. It is found that incorporation of 

both elements into ZnTe film can easily be done. In addition, as-deposited ZnTe films are Te-

rich and Cd1-xZnxTe alloys form upon co-evaporation of ZnTe and Cd3P2, improving crystallinity 

and stoichiometry of the film. Activation of P poses a challenge, while ZnTe films with Sb 

produced good sheet resistance values.   

C.2  Introduction 

Cadmium telluride (CdTe) has become the leading thin-film photovoltaic (PV) 

technology with record device efficiency currently at 22.1% [1]. One of the challenges in CdTe 

is creating a good ohmic contact due to its high work function and low carrier concentration. 

1Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO 
80401, USA 
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It is well known that ZnTe can be easily doped p-type using group V elements [2]. Its valence 

band alignment with CdTe and wider band gap makes it an ideal back contact buffer layer for 

CdTe solar cells to create an ohmic contact between CdTe and metal layers [3]. First Solar has 

attributed improvements in both efficiency and reliability to the integration of ZnTe buffer layer 

in their device stack [4]. The common dopant that is used in the buffer layer is copper [5]. 

However, incorporation of Cu poses stability concerns as Cu can diffuse into the bulk and to the 

front contact interface, creating recombination centers. Therefore, developing Cu-free back 

contacts is one of the grand challenges for CdTe solar cells. Introduction of group V dopants into 

the ZnTe buffer layer can be a potential way to overcome this challenge [6, 7]. Although 

examples of doping ZnTe are present in the literature, most of them are done in a way that is not 

commercially viable, such as MBE. In this work we are exploring ways of doping ZnTe with 

phosphorous and antimony in a cost-effective way. 

C.3  Materials and Methods 

ZnTe thin films were deposited by thermal evaporation onto a glass substrate. To 

introduce phosphorous or antimony into the film, Cd3P2 or Sb were used as sources, respectively.  

For most experiments, substrate temperature was held at 100 ºC. The thickness of the films was 

monitored using quartz monitor crystals (QCMs) and was measured by profilometry and was 

~450-500 nm for most films. Rapid thermal processing (RTP) oven with nitrogen ambient was 

used for annealing. X-ray diffraction (XRD) with Cu source was used to analyze the structure of 

the as-deposited and annealed films. UV-Vis spectrophotometry in the 400-1500 nm range was 

employed to study optical properties. 4-point probe and Hall measurements were done to 

determine the electrical properties of the films. 
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C.4  Results and Discussion 

C.4.1  As-deposited ZnTe 

To co-evaporate ZnTe along with a source of group V dopant the rate of ZnTe deposition 

needs to be significantly higher to keep the dopant loading at reasonable values. However, ZnTe 

film quality would degrade as deposition rate is increased. In our standard devices with ZnTe:Cu 

buffer layers the rate of ZnTe deposition is ~5 A/s at 100 oC substrate temperature [5]. Pure 

ZnTe films were deposited at different rates to evaluate the quality of the films for future 

experiments. Figure C.1 illustrates XRD patterns and transmission spectra as a function of 

deposition rate, as well as Tauc plots for band gap determination. 

 

Figure C.1 ZnTe films deposited at 100 oC as a function of deposition rate: a) Transmission 
spectra; b) Tauc plot; c) XRD patterns. 

 

As can be seen from the XRD patterns, crystallinity is improved dramatically when rate 

is reduced from 9 A/s down to 4.5 A/s as evidenced by narrowing of (111) peak. However, 
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transmission spectra illustrate that band gap of all the films are below theoretical value of 2.26 

eV. This could be due to presence of excess Te, which is consistent with literature that suggests 

excess Te presence for ZnTe films deposited at substrate temperatures below 300 oC [8-10] as 

well as our recent work on interdiffusion of CdTe and ZnTe thin films [11]. ZnTe deposition rate 

of 2.5 A/s produced best films with band gap being closest to theoretical value of 2.26 eV. 

Therefore, rate of 2.5 A/s was used for all further experiments in this paper. 

C.4.2  Phosphorous Incorporation 

Figure C.2 below shows UV-Vis and XRD for both pure ZnTe and one of ZnTe:Cd3P2  

films. Thickness of co-evaporated Cd3P2 was ~3.5 vol% of ZnTe film. There are a couple 

interesting things can be noticed from the figure. First, (111) peak shifts to lower value for 

ZnTe:Cd3P2 sample, which suggests formation of Cd1-xZnxTe (CZT) alloy. Secondly, although 

CZT is forming, the band gap of the film moves in the opposite direction relative to the pure 

ZnTe film. This can be explained by the presence of excess Te in ZnTe film. This excess Te 

lowers the effective band gap of ZnTe film. Presence of Cd in evaporation chamber prevents 

excess Te and forms CZT alloy with ZnTe. Band gap of ~2.1 eV is relatively consistent with 

(111) peak position ~25.1 which translates into alloy composition of Cd0.13Zn0.87Te.  

Even though presence of phosphorous cannot be seen in XRD patterns, it was confirmed 

by EDAX measurements as well as ICP-MS. Cd/P ratio based on EDAX measurements came out 

in the 1.8-2.3 range. Therefore, incorporation of phosphorous can be done by co-evaporation of 

ZnTe and Cd3P2. However, activating it poses a challenge. ZnTe:Cd3P2 films were annealed in 

the RTP chamber using 60 second anneals at 25 oC increments in the temperature range between 

350 and 475 oC. 4-point probe measurements were performed after each annealing step. 

However, the films were too resistive to produce a reading even at the highest annealing 
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temperature. Increasing temperature past 425 oC also resulted in gradual discoloration of the 

films. Lower loadings of P, higher substrate temperatures and longer anneal times will be 

explored in efforts to produce p-type ZnTe:P films. 

 

Figure C.2 ZnTe co-evaporated with Cd3P2 at 100 oC: a) Transmission spectra; b) Tauc plot; c) 
(111) XRD peak position. 

 

C.4.3  Antimony Incorporation 

Barati et. al. [12] produced ZnTe films with low sheet resistance by sandwiching a thin 

layer of Sb between ZnTe layers and annealing for 1 hr at 320 oC. To achieve good crystallinity 

and low resistivity the authors had to use elevated substrate temperature of 420 oC for first ZnTe 

layer. In our experiments we utilized similar method for making ZnTe:Sb films but at a low 

substrate temperatures of 100 oC for ZnTe deposition and ~12 oC for Sb deposition. Figure C.3 
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below illustrates sheet resistance as a function of Sb volume fraction. Interestingly, both as-

deposited and annealed films have similar sheet resistance values at Sb loadings above 2.5%.  

 

Figure C.3 Sheet resistance of as-deposited and annealed ZnTe|Sb|ZnTe films as a function of Sb 
volume fraction. 

 

Hall measurements were performed to determine carrier concentration and mobility in 

ZnTe/Sb/ZnTe films. Figure C.4 shows carrier concentration and mobility for as-deposited and 

annealed at 320 oC for 1 hr films as a function of Sb content.  All films show p-type behavior. 

As-deposited films exhibit high carrier concentrations on the order of 1019 cm-3, increasing only 

slightly with increasing Sb content. Surprisingly the mobility in as-deposited films improves 

with increasing Sb content from below 10 to above 50 cm2/V-s.  Interestingly, carrier 

concentration drops almost in half to 1018 cm-3
 range upon annealing, while mobility improves 

for most samples. 

To better understand the structural changes that occur during an annealing step Figure 

C.5 shows XRD patterns of as-deposited and annealed ZnTe/Sb/ZnTe films. As can be seen from 

the figure, as-deposited film has a peak at 23.65o which corresponds to Sb. This peak disappears 

for annealed sample and two peaks at ~26.3 and 44.7o that correspond to Sb2Te3 appear. The 
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presence of Sb2Te3 seems to suggest that excess Te in ZnTe films reacts with Sb upon annealing. 

Most likely a thin Sb film that is in between ZnTe layers in as-deposited sample provides an 

electrical path and is responsible for low resistivity and high carrier concentration. Mobility 

improvement with increasing Sb content in as-deposited films is consistent with this idea. 

Homogeneity of Sb sandwiched in-between ZnTe films would be improved as it gets thicker. 

 
Figure C.4 Carrier concentration and mobility as a function of Sb content for as-deposited and 

annealed at 320 oC for 1 hr for ZnTe/Sb/ZnTe samples. 
 

 

Figure C.5 XRD patterns of as-deposited and annealed at 320 oC for 1 hr ZnTe|Sb|ZnTe films 
with 3 vol% Sb. Magnification near ZnTe (111) is provided to show Sb and Sb2Te3 peaks. 



167 
 

Co-evaporation of ZnTe with Sb and annealing those films did not produce any 4-point 

probe measurements at this moment. Figure C.6 shows XRD patterns of as-deposited and 

annealed films for co-evaporated ZnTe:Sb films. Although Sb2Te3 forms upon annealing, it 

doesn’t seem to provide same electrical benefits in co-evaporated films as it does in 

“sandwiched” films. One of the possible explanations could be that in co-evaporated films 

Sb2Te3 is spread out across the entirety of ZnTe film, while in other case it stays in-between 

ZnTe layers and provides electrical path in a fashion similar to Sb in as-deposited films. This 

would be consistent with the fact that Sb2Te3 films were shown to exhibit p-type behavior with 

carrier concentrations well into 1019 cm-3 [13]. Cross sectional TEM analysis could shine light on 

whether Sb2Te3 that forms upon annealing remains in-between ZnTe layers or forms clusters 

throughout the whole film. 

 

Figure C.6 XRD patterns of as-deposited and annealed at 320 oC for 1 hr co-evaporated ZnTe:Sb 
films with 3.5 vol% Sb. Magnification near ZnTe (111) is provided to show Sb2Te3 peak. 

 

Figure C.7 illustrates SEM image of the top surface of annealed ZnTe/Sb/ZnTe sample 

with 3% Sb. Although total thickness of the film is ~500 nm, the surface is smooth and grains are 

very small even after annealing, with average grain size of ~10 nm. 
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Figure C.7 SEM image of 3% ZnTe/Sb/ZnTe sample annealed at 320 oC for 1 hr. 
 

C.5  Summary and Conclusions 

In this paper we demonstrate initial results of the exploration of copper-free ZnTe buffer 

layers for CdTe-based solar cells. Two group V elements, namely phosphorous and antimony, 

were successfully incorporated into ZnTe films using thermal evaporation. Films with 

phosphorous exhibit high resistivity with no 4-point probe readings, while certain Sb containing 

films show promising electrical properties. Upon annealing of ZnTe/Sb/ZnTe and ZnTe:Sb films 

formation of Sb2Te3 is observed. However, Hall measurements seem to suggest that Sb2Te3 in 

“sandwiched” structure is p-type and provides an electrical path while in co-evaporated ZnTe:Sb 

films it is most likely spread out across the entirety of ZnTe films and doesn’t result in any 

electrical benefits.  
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