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ABSTRACT 

 CdTe-based solar cells are the leading thin-film photovoltaic technology due to the low 

material and manufacturing cost. Recent improvement in the current collection and device 

efficiency is achieved by replacing the conventional CdS emitter with more transparent 

magnesium zinc oxide (MgxZn1-xO; MZO) and alloying Se into CdTe absorber to form a graded 

CdSeyTe1-y (CST) layer. Both MZO and CST have tunable band gap by controlling Mg/Zn and 

Se/Te ratios, respectively. Furthermore, recent studies have focused on improving device 

performance and stability by replacing Cu with Group V (GrV) dopants. MZO is highly 

insulating, which is problematic for pairing it with emerging GrV doped CdTe-based absorbers 

that have substantially higher carrier concentration. This thesis focused on two research 

objectives: identifying the optimal band gap of MZO for CST-based devices and developing 

doped MZO emitters suitable for emerging GrV device architectures.  

Graded CST absorbers are formed by depositing a thin CdSe or CST bilayer followed by 

a relatively thick CdTe layer. A continuous graded Se layer is then formed by interdiffusion 

during the subsequent cadmium chloride treatment. The Se content and energy level of 

conduction band at the front interface varies with specific device processing conditions. MZO 

has been a promising emitter for CdTe and CST devices. MZO is fully transparent with tunable 

band gap to engineer a proper conduction band offset for emitter|absorber interface in CdTe-

based solar cells. To date high efficiency devices have been reported using MZO|CST structure, 

but the optimal value remains unknown. MZO is nominally prepared by sputtering a single 

ceramic target, limiting exploration of composition to discrete values and the stability of the 

resulting MZO has been a concern. In this thesis reactive co-sputtering of MZO deposited was 

used to determine the optimal MZO composition for CST devices. The champion MZO|CST 

device obtained 19.5% efficiency using 3.70 eV MZO without anti-reflective coating, the highest 

value reported to date for this architecture. It also displayed insensitivity to the specific MZO 

composition (3.68 – 3.92 eV). This is attributed to the formation of oxygen vacancies in MZO 

driven by Se content in absorber. This hypothesis was supported by time-of-flight secondary-ion-

mass-spectroscopy and filtered current-voltage measurements suggest that MZO improves its 

carrier concentration and conductivity during subsequent device processing. While independent 

of MZO composition, performance was highly dependent on the quality of the as-deposited 

MZO which was shown to be a complex function of the sputter ambient and target aging. The 
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optimal MZO quality is achieved by operating in the compound mode of reactive sputtering but 

approaching the transition zone.  

 As-deposited MZO by reactive co-sputtered is highly insulating (<1014 cm-3), which 

appears to be sufficient for the use with conventional Cu-doped absorbers with low carrier 

concentration (~1014 cm-3). Doping CdTe-based absorbers with GrV elements improves the 

carrier concentration of absorber (~1016 cm-3). Insulating MZO is problematic for these absorbers 

due to a diminished depletion zone within the absorber. To date researchers have been 

successfully fabricating degenerately doped GMZO films (ND> 1019 cm-3) at relatively low Mg 

content with a small variation in carrier concentration. Doping MZO with gallium (GMZO) is 

studied in this thesis to improve the variation in MZO properties for emerging CdTe-based 

absorbers. GMZO is reactively co-sputtered from Mg and Zn metal targets and a Ga2O3 ceramic 

target in Ar/O2 ambient. As-deposited GMZO is fairly insulating. Upon annealing in high 

vacuum (<10-4 Torr) at 500 °C, the Ga dopants are activated and develop semiconductor or 

degenerately doped conductivities in GMZO depending on the Ga content in the film. Similar to 

MZO, GMZO is fully transparent with adjustable band gap by controlling Mg/Zn ratio. In 

addition, the carrier concentration of GMZO can be controlled by Ga content. Co-sputtering 

GMZO can deposit both uniform and combinatorial libraries with both band gap and carrier 

concentration gradients. GMZO offers a wide range of band gap (3.3 – 4 eV) and donor 

concentration (1016-20 cm-3). This covers the ideal emitter properties of conduction band offset 

(+0.2 eV) and carrier concentration (1018 cm-3) for CdTe-based:GrV devices determined from 

simulation.  The stability of these GMZO through CdTe device processing appears to be 

promising and this is a promising emitter for GrV devices.  
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INTRODUCTION 

Electricity supports the daily life of modern society. The average monthly electricity 

consumption was 10649 kWh per U.S. household [1]. To date, 80% of energy is generated from 

petroleum, natural gas and coal, as shown in Figure 1.1 [2]. These traditional energy sources 

produce nitrogen oxides, sulfur dioxide and carbon dioxide during production that worsen global 

warming and acid rain. Mining these energy reserves also causes pollution. Alternatively, 

renewable energy generated from natural resources offers sustainability, a clean production 

process and poses less harm to the Earth. However, it only accounts for 11% of our energy 

consumption.  

 
Figure 1.1. The energy resources consumption in U.S. Adapted from [2]. 

 

Solar energy, the most widely accessible energy in U.S., only supports 1% of our energy 

consumption. The sun shines light on the Earth every day to provide sufficient energy for the 

survival of organisms and warms the planet. This energy can also be converted to electricity by 

photovoltaics (PV) panels. With technology development and the increasing market share of 

electric vehicles, electricity consumption will increase [3]. The demand for alternative fuel 

sources has also increased [4]. There are increasing efforts to install PV panels on rooftops and 

building solar power plants to harvest solar energy [5, 6]. However, the current PV usage (1%) is 
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less than the optimal PV capacity (30-50% of the total energy consumption) [7]. One of the 

reasons is that non-renewable energy ($0.04/kWh) is less expensive compared to PV panels [8-

10]. With the increasing efficiency and decreasing production cost of PV panels, the cost and 

payback period have reduced significantly, as shown in Figure 1.2.  

 
Figure 1.2. The energy cost of PV-generated electricity. Adapted from [8].  

 

1.1. Cadmium telluride-based solar cells 

PV are based on semiconductors that absorb light, creating electron-hole pairs which may 

be collected as renewable electricity. In the most conventional configuration two semiconductors 

form a pn junction, creating an electric field that is used to extract charge. One semiconductor is 

relatively thick and termed the absorber, responsible for the majority of photocurrent generation 

by absorbing light. Leading absorbers include Si, GaAs, CdTe, and Cu(In,Ga)Se2 (CIGS). The 

world record performance of different materials are documented by National Renewable Energy 

Laboratory (NREL) in Figure 1.3. To date the best performing single junction solar cell has 

27.6% efficiency that was crystalline Si device, and crystalline silicon solar cells currently 

dominate the market (>90%) [11, 12]. The semiconductor paired with the absorber is called the 

emitter or window layer. The emitter is relatively thin and transparent, as it allows photons to 

pass into the absorber. Its purpose is to establish a defect-free junction with the absorber that 

facilitates efficient charge extraction.  
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Figure 1.3. World record efficiency solar cells. Adapted from [11].  

 

Figure 1.4 displays the theoretical limit of different solar cells based on the band gap of 

the absorber. AM1.5 spectrum is the most commonly used spectra to measure photovoltaics 

performance that estimates the average sunlight across the latitude of U.S. [13]. AM0 spectrum 

is the spectra in space. CdTe and GaAs (1.4 – 1.5 eV) have the optimal band gap as a single 

junction solar cell in the AM1.5 spectrum. Their possible theoretical maximum is slightly higher 

than that of Si.  

 



 
 

4 
 

 
Figure 1.4. The theoretical limit of single junction solar cells for materials at different band gap. Adapted from [14].  

 

Due to the low material and manufacturing costs of polycrystalline thin-film CdTe-based 

solar cells, it has been the leading thin-film photovoltaic technology with >25 GW modules 

installed around the world [15]. Its strong absorption coefficient ( >104 cm-1), means that full 

absorption is accomplished in films just ~2 microns thick. In contrast, Si has a low absorption 

coefficient (a >102 cm-1) that requires >100 microns to absorb light. The current world record 

efficiency of CdTe-based solar cells is 22.1% with a theoretical limit of >30% [11, 14]. Figure 

1.5 shows the device structure of a traditional polycrystalline CdTe device [16].  

 

 
Figure 1.5. An illustration of a traditional CdTe device structure. Adapted from [16]. 
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Solar cell performances are determined with I-V measurements. Figure 1.6 is an example 

of I-V curves measured under a solar simulator. Short-circuit current (ISC) and open circuit 

voltage (VOC) are the intercepts on x and y axes, respectively. Fill factor (FF) is the ratio between 

the maximum rectangular area under the J-V curve and the area covered by JSC and VOC. The 

optimal FF is ~>80% in devices. The efficiency (η) is the ratio of the maximum power (Pmax) and 

the power of light entering the device.  

 
Figure 1.6. An illustration of J-V parameters of solar cells. Adapted from [17].  

 

In recent years there have been a number of changes in CdTe-based solar cells that have 

enabled the current level of performance. First, the p-type CdTe absorber is now alloyed with Se 

to create a graded layer at the front of the device. This reduces the absorber band gap with a 

minimum of 1.4 eV, which has increased the current collection and device performance 

compared to intrinsic CdTe with a band gap of 1.5 eV [18-20]. Second, the conventional n-type 

CdS emitter layer has been replaced by more transparent alternatives such as magnesium zinc 

oxide (MZO), again enhancing current and efficiency [21, 22]. Finally, to overcome the 

challenges of making ohmic contacts with CdTe a thin buffer layer such as Te or ZnTe is 

inserted between the back of the absorber and the metal contact [23, 24].  

Traditional CdTe-based solar cells use Cu as a dopant to increase the absorber carrier 

concentration (NA ~1014 cm-3) [25]. However, copper can easily migrate within devices, which 

causes decaying device performance over time [26, 27]. Significant work is ongoing to dope the 

absorber layer with Group V elements (As, N, P, Sb) with the goals of both increasing carrier 
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concentration and improving stability [20, 28]. Increasing carrier concentration is the key to 

improving voltage, and values of NA ~ 1016 cm-3 and open circuit voltages (VOC) greater than 1 V 

have been achieved in single crystal systems [29, 30]. Replicating this performance in the 

commercially relevant polycrystalline format has proven challenging. Significant progress has 

been made [20] ,but champion device still employ Cu.  

 

1.2. Emitter for cadmium telluride solar cells 

Emitters form half of the pn junction of solar cells, creating the electric field that extracts 

of electrons from the absorber [31, 32]. Traditional CdTe devices employed CdS as the emitter 

layer as shown in Figure 1.5. Figure 1.7 shows the energy bands of a CdS|CdTe device. Electric 

field points from the higher energy to the lower energy. Electrons are generated in the CdTe 

absorber layer after absorbing light and flow in the conduction band to the ITO layer along the 

gradient of the energy band. Holes flow from the CdTe layer to the back contact. Nominal 

CdS/CdTe devices have an efficiency ~12% due to the low band gap (2.4 eV) of CdS emitter 

[21, 33]. CdS strongly absorbs light <500 nm that reduces the light reaching the absorber, 

reducing the current and efficiency [34]. Furthermore, CdS has a negative conduction band offset 

compared to CdTe, which creates a cliff at the interface, reduces built-in potential and increases 

electron recombination rate [33]. There is also a 10% crystal mismatch between CdS|CdTe 

interface that creates interface defects and increases the interface recombination [21]. High 

temperature (>405 °C) CdCl2 treatment increases the grain size CdTe and reduces grain 

boundary recombination, but delaminates CdS/CdTe devices [22]. MZO is fully transparent that 

its conduction band offset for CdTe-based solar cells may be tuned by controlling the Mg/Zn 

ratio [21, 35]. Replacing CdS by MZO in the emitter layer to increase the current collection and 

device performance (>18%) for CdTe devices by permitting low band gap light reaching 

absorber [21, 22, 36]. By controlling the Mg/Zn ratio in MZO, the conduction band offset of 

MZO can be tuned from -0.2 to > +0.8 eV with reference to CdTe [37, 38]. Studies have 

determined that the ideal conduction band offset for CdTe-based device at the front interface is 

~0.2 eV to create a small positive spike to reduce interface recombination rate [33, 39]. MZO 

provides better passivation at the interface and allows higher chloride treatment temperature to 

reduce interface and grain boundary recombination [21, 40, 41]. Graded CdSeyTe1-y (CST) 

devices have a more complex interface due to the face that interface Se content is dependent on 
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treatment conditions [42, 43]. The interface conduction band offset for CST device is more 

complex due to the graded CST conduction band at the interface. There are contradicting studies 

showing that the energy bands of CST alloys change both upwards and downwards [19, 33, 44]. 

Despite the contracting shifting direction of CST conduction band, MZO is fully capable to 

provide a small positive spike conduction band offset in CST devices. The integration of MZO 

into CST devices has shown promising results with device efficiency >19% [45]. Previous 

studies have discovered that the optimal MZO composition (up to 0.1 eV difference) is 

dependent on subsequent CdTe device processing [22]. It is expected to be similar in CST 

devices to provide a small positive spike at the front interface.  

 

 

Figure 1.7 The energy band diagram of traditional CdTe device. Adapted from [46]. 

 

The traditional CdTe-based devices are Cu doped [21, 45]. Cu doping is weakly efficient 

at providing a maximum carrier concentration of 1014-15 cm-3 with atomic concentration around 

1017-18 cm-3 [20]. Cu dopant increases defect state in the absorber and Cu diffusion also poses 

stability concern in devices [20, 47]. Doping CST absorber layer with Group V elements, such as 

Sb and As, has increased the carrier concentration to ~1016-17 cm-3 [29, 48]. CST:As has 

demonstrated the significant improvement in hole densities and carrier lifetime that can possibly 

increase the efficiency >20% [20]. MZO is well-known to be insulating with low carrier 

concentration (<1014 cm-3) [22, 49]. This is not a problem with conventional Cu-doped devices, 

but directly employing MZO into CST:As devices will shift the space charge region into the 

emitter and increase the recombination rate in the emitter that will not be beneficial to the device 
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performance. There are studies attempting to eliminate the MZO emitter layer in CdTe-based 

devices with the degenerately doped (1019-20 cm-3) transparent conducting oxide (TCO) electrode 

layer to serve as emitter layer, but the device performance are lower than those with a buffer 

layer [50-52]. TCO layers shift the space charge region into the absorber that improves the 

electron-hole generation, but reduces interface passivation. Device simulations suggest that an 

ideal emitter with proper conduction band offset (+0.2 eV) and carrier concentration (1018 cm-3) 

can reach 25% efficiency, as displayed in Figure 1.8 [39]. To date this has not been demonstrated 

in CdTe-based devices.  

With the emerging technology at the absorber, the carrier concentration of MZO emitter 

should be improved to provide a better device performance. The insulating nature of MZO can 

be overcome by introducing gallium as a dopant (GMZO).  Recent developments in GMZO were 

able to control the band gap of the film, but these films are degenerately doped TCO with little 

variation in resistivity and carrier concentration [53-55]. Directly employing these degenerately 

doped GMZO into devices as the window layer will increase the recombination current at the 

window layer and shunt the device, similar to a TCO layer. 

 

 
Figure 1.8. The simulated J-V parameters for absorber carrier concentration of 2×1014 cm-3 and 2×1016 cm-3 with 
different emitter carrier concentration between 1014 and 1019 cm-3 at different conduction band offset in CdTe-based 
devices. Adapted from [39].  
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1.3. Outline of thesis goals 

The goal of this thesis is to develop a suitable emitter layer with appropriate properties 

for the recent developments in the absorber layer of CdTe-based solar cells. As discussed earlier, 

MZO has been incorporated in CdTe-based devices to replace CdS emitter. My previous work 

with Dr. Yegor Samoilenko was able to fabricate combinatorial and uniform MZO libraries [56]. 

We have employed these MZO libraries into CdTe devices in Colorado School of Mines (CSM), 

NREL and Colorado State University (CSU) [22]. However, these stable and robust MZO 

libraries have not yet been studied on CST devices. The first goal of this thesis was to employ 

these MZO into CST devices to understand the required conduction band offset at the 

emitter/absorber interface for CST devices. As previously discussed, graded CST absorber layer 

increases the challenge of front contact engineering. Through studying the required conduction 

band offset with MZO|CST devices, the future development of doped CST-based devices can be 

accelerated. This work also explores the optimal sputtering conditions of MZO for CST-based 

devices for developing certain level of conductivity during device processing. These are 

important for future studies related to doped emitter and doped absorber CdTe-based devices due 

to the conduction band energy for emitter and absorber should remain the same for doped layers 

[39].  

The second goal was to develop a doped GMZO emitter that would be compatible with 

emerging CdTe:GrV absorbers. As discussed earlier, GMZO films in previous studies are often 

degenerately doped, which will not be beneficial to be used as emitter layer [53-55]. This can be 

solved by reactive co-sputtering for three targets, Zn and Mg metal targets with Ga2O3 target. 

Reactive co-sputtered GMZO retains the advantage of MZO of tunable band gap by Mg/Zn ratio 

and highly transparent. By controlling the Ga dopant concentration, the carrier concentration and 

resistivity were able to be adjusted in semi-conducting or degenerately doped states. It can be 

synthesized into combinatorial and uniform libraries with accurate tuning of band gap and carrier 

concentration. As-deposited GMZO are fairly insulating and it was shown that annealing GMZO 

was required to activate the Ga dopant to create conductivity. Both MZO and GMZO have 

stability concerns in device fabrication processes [57, 58]. The best MZO/CdTe-based devices 

are usually fabricated in an oxygen-free processing environment due to the presence of oxygen 

vacancies created during Ar-dominant ambient sputtering [59]. GMZO carrier concentration can 

change significantly depending on the subsequent treatment conditions through device 
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processing [58]. Part of this goal was to understand how the properties of GMZO evolve through 

device processing, to be processed with and without oxygen while maintaining the ideal carrier 

concentration. In this way the conditions for as-deposited GMZO may be tuned to produce the 

desired performance in the final device.  
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MATERIALS AND METHODS 

2.1. Cadmium selenide telluride device structure 

At CSM, the typical device structure is illustrated in Figure 2.1. The TCO/ glass substrate 

is purchased from Hartford Glass and cleaned with Micro 90 and UV-ozone. The MZO layer is 

deposited by reactive sputtering. The CST bilayer is deposited by thermal co-evaporation. The 

CdTe layer is deposited by vapor transport deposition (VTD). CdCl2 treatment is performed to 

activate the absorber layer. The device is then doped with Cu with wet CuCl2 treatment. The Au 

electrode is deposited by thermal evaporation.  

 

TEC 10 glass substrate

SnO2:F TCO

MgxZn1-xO
CdSeyTe1-y

CdTe: Cu

Au electrode

 
Figure 2.1. The CST device structure fabricated in CSM.  

 

At CSU, the device structure is illustrated in Figure 2.2. We fabricate the MZO layers at 

CSM before sending them to CSU. The CST bilayer and CdTe layer are deposited by closed-

space sublimation (CSS). CdCl2 treatment is performed to activate the absorber layer. The device 

is then doped with Cu with dry CuCl treatment. The Te back contact is deposited by thermal 

evaporation. The acrylic C/Ni electrode is painted.  
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TEC 10 glass substrate

SnO2:F TCO

MgxZn1-xO
CdSeyTe1-y

CdTe: Cu

Te back contact

C/Ni electrode

 
Figure 2.2. The CST device structure fabricated in CSU. 

 

2.2. Deposition and annealing processes 

 Magnetron sputtering 

Magnetron sputtering is a high throughput plasma-based physical vapor deposition 

(PVD) process that employs a non-equilibrium plasma enhanced by a magnetic field at modest 

vacuum (~1 mTorr) [1, 2]. Sputtering produces a highly uniform thin-film when either the target 

or substrate is rotated [1]. Figure 2.3 illustrates the magnetron sputtering process [2]. Ar is the 

most commonly used ambient due to its ability to easily strike and sustain a plasma [1]. A 

voltage is applied to the target using either a direct current (DC) or radio frequency (RF) power 

supply. Magnets positioned behind the target confine the plasma and enhance ion bombardment, 

to increase the yield of the sputtering process. DC sputtering is usually used for conductive 

targets that can remove the excess charges on the target surface. As most of the ceramic targets 

are insulating, RF sputtering is used to remove the charge accumulated on the surface of targets 

[1]. DC sputtering usually provides a greater throughput compared to RF sputtering due to the 

accumulated charges repel positive Ar+ ions reaching the target surface and reduces the 

excitation of target materials [3].  
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Figure 2.3. The schematics of magnetron sputtering. Adapted and modified from [2].  

 

There are multiple ways to sputter deposit metal oxide alloys, including sputtering from a 

single ceramic target, co-sputtering multiple ceramic targets or reactive sputtering multiple metal 

targets with oxygen. Using ceramic targets, the film composition may deviate from the bulk 

target composition as the target is consumed [4]. Furthermore, the alloyed targets are the most 

expensive to manufacture due to the processing challenges in uniform elemental distribution and 

properties. Sputtering oxide targets usually require a trace amount of oxygen to reintroduce 

oxygen that has been stripped off from metal-oxide by the excess energy in plasma [5, 6]. Metal 

targets are the cheapest and easiest to manufacture by molting and die-casting metals [7]. 

Reactive sputtering from metal targets can reduce the cost of targets by introducing reactive 

gases for reaction to occur. By controlling the reactive gas concentration, targets can be sputtered 

in metallic, transition and reactive modes [8-10]. In reactive mode sputtering, metal atoms are 

oxidized either on the target surface before excitation, in the pathway to reach the substrate in 

ionized form or after absorption on the substrate [1]. These reactions with the target atoms 

increase the complexity of reactive sputtering for alloyed materials [4, 10]. Upon target aging, 

race tracks [11], arc spots [1] and surface morphology [4] of individual targets change the area 

and properties of active materials [12]. Fine-tuning the sputtering oxygen concentration and 
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calibration of deposition rate is often required for reactive sputtering without extensive feedback 

control system during the lifespan of a target.  

Due to the difficulty in controlling between transition and reactive deposition modes in 

DC reactive sputtering [10], RF reactive sputtering is more often used compared to DC reactive 

sputtering. Pulsed DC sputtering has been developed to reduce the arcing that occurs during 

sputtering, which improves the target and electrical connections lifespan. However, pulsed DC 

sputtering usually has a lower deposition rate than nominal DC sputtering processes. This was 

improved by the high power magnetron impulse DC sputtering method with a specific magnet 

design that was able to improve the deposition rate and yield [13]. In this thesis work, we have 

employed DC and RF reactive co-sputtering. Co-sputtering from multiple targets can deposit 

materials similar to those from an alloyed target with better control and a wider range in the 

composition of deposited films [14].  

In this thesis work, reactive co-sputtering is employed to sputter GMZO and MZO films 

from Ga2O3 ceramic target, Zn and Mg metal targets with Ar/O2 ambient at 5 – 6 mTorr. The 

sputtering oxygen ratio varies between 13.3 – 35.0%. We DC sputter Zn target and RF sputter 

Mg and Ga2O3 ceramic targets. This ensures the deposition rate is sufficient to provide a band 

gap and carrier concentration of MZO and GMZO for the interest of CST-based solar cells. As 

the deposition rates of individual oxides vary slightly along with the aging of targets, accurate 

calibration by the deposition rate and band gap is required for each deposition. The Zn target 

operates in both the transition region and reactive mode. The Mg target solely operates in 

reactive mode. The higher consumption Zn target is highly sensitive to small changes in 

sputtering oxygen concentration with DC reactive sputtering during the lifetime of the target. By 

nature the rate of RF sputtering using the ceramic Ga2O3 target is much lower than reactive 

sputtering of Zn or Mg. This enabled fine control of Ga at the levels (~1 at. %) required for 

doping. Uniform films and combinatorial libraries are deposited with substrate fixed and 

rotating, respectively. The deposition rate of GMZO and MZO was between ~0.8 nm/min and ~7 

nm/min.  

 

 Annealing 

Annealing is an important process for semiconductor processing. It can increase the grain 

size of polycrystalline films [15], activate dopants [16] and diffuse implanted ions [17] through 
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heating. For processes that required annealing, they are either performed in the sputtering tool or 

Rapid Thermal Annealing (RTA) tool. Both are able to perform high temperature annealing in 

high vacuum or air ambient. They can heat the substrate to the desired temperature up to 50 °C/s. 

These two tools are used to activate the Ga dopant in GMZO that requires two hours annealing in 

high vacuum (<10-4 Torr) at 500 °C. Annealing GMZO in air oxidized the Ga dopant and 

reduces the carrier concentration of the films. During the initial experiments of developing 

GMZO, the sputtering tool was used for annealing. It is, however, requires a longer time to cool 

down and reduces the tool availability for depositions. RTA tool with a newly installed turbo 

pump, reaching high vacuum, was used for GMZO annealing since 2021. For the study of 

CSM’s CST devices, RTA tool was also used to anneal the CST bilayer.  

 

 Thermal evaporation 

Thermal evaporation is a PVD process that deposits thin-films through heating the source 

material in high vacuum [18]. Figure 2.4 illustrates the thermal evaporation process. Compound 

source materials (CdTe and CdSe) are held in ceramic crucibles that are surrounded by tungsten 

wires. Metal source materials are placed on tungsten boats. When current passes through 

tungsten, it generates heat to evaporate the source material in the boat and condense on the 

substrate (cooler surface). At CSM, both the CST bilayer and Au electrode are deposited with 

thermal evaporation.  
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Figure 2.4. The schematics of thermal evaporation. Adapted from [19].  

 

 Vapor transport deposition 

VTD is another PVD process deposits thin-films through saturated vapor in vacuum [20]. 

Figure 2.5 illustrates the VTD process. Similar to thermal evaporation, VTD sublimes the source 

material through nichrome wires by passing current. The carrier flowing through the sublimed 

source material will be saturated. The source material condenses when the saturated carrier gas 

reaches the substrate. In CSM, CdTe layer is deposited by VTD with N2 carrier gas and 10% O2 

to preserve nichrome wires.  

 

 
Figure 2.5. The schematics of VTD. Adapted from [20].  
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 Chloride treatment processes 

The CSM in-house chloride treatment is a CSS process. After the deposition of CdTe, the 

devices face downwards to anhydrous CdCl2 crystals and are placed in a tube furnace. It anneals 

in a 1:1 ratio of O2:N2 flow at 430 °C for 30 minutes. In this process, the CdTe grain size 

increases mainly through annealing [21]. The chloride treatment also increases the passivation at 

the emitter/ absorber interface and grain boundaries by introducing Cl throughout the film [21].  

After CdCl2 treatment, devices are doped with 0.1 mM CuCl2 solution for two minutes. 

Then, they are annealed on a hot plate in ambient at 180 °C for 30 minutes. In this annealing 

process, the Cu dopants are activated and diffuse through the CdTe absorber layer. It also forms 

a high carrier concentration CuTe back contact layer [22].  

 

2.3. Characterization techniques 

 UV-visible spectrophotometry 

Cary 50 UV-visible spectrophotometer is used to measure the absorption of light passing 

through the thin film sample. Figure 2.6 shows the components of a UV-visible 

spectrophotometer. Deuterium (200 – 400 nm) and tungsten (400 – 800 nm) lamps are the light 

source. The monochromator selects the wavelength of light entering the sample. The beam-

splitter separates the light for a sample cell and reference cell for comparison. Photo-detectors 

measure the intensity of light after passing through samples. By comparing the light intensity, the 

absorbance can be determined. Through Beer’s Law, the transmittance can be determined by the 

following equation:  

 𝐴 = log (𝐼0𝐼 ) = −log(𝑇) (2.1) 

where A is the absorbance, I0 is the intensity of the reference cell, I is the intensity of the sample 

cell and T is the transmittance.  
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Figure 2.6. The instrumental design of UV-visible spectrophotometry. Adapted from [23].  

 

Tauc plot [24] is constructed to determine the band gap of a material with the following 

equation:  

 𝑎 = ln (𝑇𝑡) (2.2) 

where a is the absorption coefficient and t is the thickness of the film. The energy of light at a 

specific wavelength can be determined by the following equation: 

 𝐸 = ℎ𝑐𝜆  (2.3) 

where E is the energy of light, h is Planck’s constant, c is the speed of light and λ is the 

wavelength of light. An example of UV-vis spectra and Tauc plots of MZO are constructed 

below in Figure 2.7. MZO has a direct band gap that can be determined by extracting the linear 

portion of Tauc plot to the x-axis. The x-intercept is the band gap of that specific film. The Mg 

content can then be estimated from the band gap [24].  
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Figure 2.7. (a) The UV-vis spectra and (b) Tauc plots of MZO at different band gaps.  

 

 Ellipsometry and Profilometry 

J.A. Wollam M-2000 Ellipsometer is used to measure the thickness of thin oxide films. A 

polarized beam is shined on the sample and reflected by the sample to the detector. Thin oxide 

films create a phase change on the polarized light, as shown in Figure 2.8. It is, then used for 

calculating the thickness and reflective index by fitting in the Cauchy model, as shown below:  

 𝑛 = 𝐴𝑛 + 𝐵𝑛𝜆2 + 𝐶𝑛𝜆4  (2.4) 

where n is the refractive index, λ is the wavelength of light, An, Bn and Cn are characteristic 

constants.  
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Figure 2.8. Phase change of polarized light by sample in ellipsometry. Adapted from [25].  

 

Dektak-II profilometer is used to measure metal and non-oxide thin films. It utilizes a 

metal tip to drag through the surface of thin-films, as shown in Figure 2.9. The thickness can be 

determined through a step-change in thickness between the clean substrate and the deposited 

materials. It was used to calibrate the deposition rate of CdTe in VTD and the tooling factor of 

quartz crystal microbalance for CdTe, CdSe and Au in thermal evaporator.  
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Figure 2.9. The instrumental design of profilometry. Adapted from [26].  

 

 Four-point probe and Hall Effect measurements 

Ossila four-point probe is used to measure the sheet resistance of GMZO thin-films. A 

voltage can be measured from the inner pins by passing current through the outer pins, as shown 

in Figure 2.10. The sheet resistance and resistivity are calculated from the applied current and 

measured voltage by the equations below:  

 𝑅𝑆 = 𝜋ln(2) 𝑉𝐼  (2.5a) 

where RS is the sheet resistance, V is the measured voltage and I is the applied current.  

 𝑅𝑆 = 𝜌𝑡  (2.5b) 

where ρ is the resistivity and t is the film thickness.  
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Figure 2.10 The instrumental design of four-point probe system. Adapted and modified from [27].  
 

Bio-Rad HL5500PC Hall Effect measurement system is used to measure the carrier 

concentration of GMZO thin-films. Hall measurements apply magnetic fields and current 

through samples that induce electrons to flow opposite to current direction by Lorentz force, as 

shown in Figure 2.11. The flow of electrons and holes creates a voltage potential difference in 

the sample. The induced potential difference is measured to determine the electron mobility and 

carrier concentration with the sheet resistance by the equations below: 

 𝜇 = 𝑉𝐻𝑅𝑆𝐼𝐵 (2.6a) 

where μ is the mobility of electrons, VH is the induced voltage, I is the applied current and B is 

the applied magnetic field.  

 𝜌 = 1𝑞𝜇𝑛 (2.6b) 

where q is Coulomb constant and n is the carrier concentration.  
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Figure 2.11. Induced Lorentz force by current and magnetic field. Adapted from [28].  

 

 X-ray diffraction 

Malvern Panalytical X-ray diffractometer is used to study the crystalline structure of 

deposited films. Figure 2.12 shows that Bragg’s law is used to measure the crystalline spacing 

and dimension in a lattice. X-ray strikes on the sample with a layer spacing at a given angle. Part 

of the beam is scattered by interacting with a layer of atoms, the remaining is passed to the next 

layer. Bragg’s law demonstrates that reflected X-ray that forms a constructive interference that is 

measured by the detector, as shown in Figure 2.13:  

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (2.7) 

where n is an integer, λ is the wavelength of X-ray, d is the separation of layers and θ is the 

glancing angle of X-ray. The separation of layers is then used to determine the Miller indices of 

the unit cell of the crystal. By comparing X-ray patterns, the type of space lattice of crystals can 

be determined.   
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Figure 2.12. Diffraction of X-ray by a crystal. Adapted from [29].  
 

 
Figure 2.13. The instrumental design of XRD system. Adapted from [23]. 
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 Current-Voltage measurements 

Current-Voltage (I-V) measurements are performed to measure the device performance. 

It is measured under 1-sun solar simulator with 100 mW/cm2 (AM 1.5 condition). At CSM, 

electrical contacts (In and Au) are added for currents to pass through. Current is usually 

normalized with device area to current density (J) for a better comparison of I-V parameters 

between devices. JSC depends on the number of photons collected by the absorber that can be 

generated into current. VOC depends on the ideality of pn junctions in the device that creates an 

electric field driving the flow of electrons and holes. Apart from JSC, VOC, FF and η, J-V curves 

provide information about shunt and series resistances, as illustrated in Figure 2.14. Shunt 

resistance (RSH) is caused by manufacturing defects that allow electron-hole pairs to recombine. 

Series resistance (RS) is caused by the resistance across the device architecture. Both resistances 

will reduce FF and η of solar cells, while JSC and VOC remain constant. An ideal solar cell should 

maintain high JSC, VOC and RSH with low RS to achieve high FF and η.  

 

 
Figure 2.14. The J-V curves of solar cells with varying (a) shunt resistances and (b) series resistances. Adapted from 
[30].  

 

 Inductively coupled plasma – Atomic emission spectroscopy 

Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES) is used to 

measure the elemental composition of dissolved MZO and GMZO films. Figure 2.15 shows the 

components of an ICP-AES system. ICP applies a magnetic field to form an axial Ar plasma. 

Fine droplets of samples are injected to the ICP and excited by the Ar plasma. AES is one of the 

detecting methods to analyze the concentration of elements with low detection limit (ppb level). 

Elements have specific emission wavelengths in plasmas that can be studied by AES. A 
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monochromator separates these wavelengths and sends the light to detectors. Beer’s law is used 

to determine the concentration of elements in a specific sample.  

 

 
Figure 2.15. The instrumental design of ICP-AES system. Adapted from [23]. 

 

 Time-of-flight Secondary ion mass spectroscopy 

Time-of-flight Secondary Ion Mass Spectroscopy (TOF-SIMS) is used to determine the 

atomic composition of solid MZO, GMZO and CST films. SIMS applies a beam of ion (Ar+) to 

ionize the surface of a sample, as shown in Figure 2.16. Focusing lenses are used to focus the ion 

beam area and intensity onto the sample. Atoms on the sample are ionized by Ar+ bombardment. 

TOF is one of the mass spectroscopy detection methods to analyze the concentration of ionized 

elements from the sample. The flight time of ions is proportional to the square root of the mass to 

charge ratio, which is used to separate the ions before reaching the detector. In TOF, ions are 

accelerated by an electric field and travel through a distance in vacuum before reaching the 

detector, as shown in Figure 2.17. Elemental information can be determined by comparing the 

flight time of ions.  
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Figure 2.16. The instrumental design of SIMS system. Adapted from [23]. 

 

 
Figure 2.17. The instrumental design of TOF detector. Adapted from [23]. 
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ROBUST PASSIVATION OF CDSETE BASED SOLAR CELLS USING REACTIVELY 

SPUTTERED MAGNESIUM ZINC OXIDE 

This chapter contains the modified and expanded version manuscript in preparation for 

submission to Solar Energy Materials & Solar Cells.  

Gavin Yeung,1 Carey Reich,2 Arthur Onno,3 Alex Bothwell,4 Adam Danielson,2 Zachary 

Holman,3 Walajabad S. Sampath,2 and Colin A. Wolden1 

 

3.1. Abstract 

Magnesium zinc oxide (MZO, MgxZn1-xO) is a leading emitter for CdTe-based solar cells 

due its transparency and ability to tune its conduction band offset with the absorber. Devices 

employing alloyed cadmium selenide telluride (CST, CdSeyTe1-y) absorbers achieved high 

efficiency (>19%) using MZO deposited by reactive sputtering over a broad composition range 

(3.68-3.92 eV, x: 0.20 - 0.35). Minimal differences in implied and measured open circuit voltage 

indicate that the contacts are well passivated and highly selective across the spectrum of MZO 

employed.  This insensitivity to MZO composition, which is not observed in CdTe devices, is 

attributed to the formation of an oxygenated interface layer. Se volatility creates a group VI 

deficiency at the interface that drives O migration from the MZO into the absorber, introducing 

conductivity in the latter not present in its as-deposited state that contributes to the exceptional 

performance observed. It is shown that the quality of device passivation depends on the 

oxidation state of the as-deposited MZO, requiring intelligent control and management of the 

reactive sputtering process.  

 

3.2. Introduction 

Cadmium telluride (CdTe) based solar cells are the leading thin film photovoltaic 

technology with over 25 GW installed capacity worldwide [1]. Record device efficiency has 

been improved to 22.1% [2], primarily by alloying the CdTe absorber with Se (CST: CdSeyTe1-y) 
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and through the replacement of CdS with more transparent emitters, both of which allow for 

improved short-circuit current density (Jsc).  Alloyed CST absorbers reduce the bandgap which 

extends carrier generation to longer wavelengths, but do so without the expected sacrifice in 

voltage.  Magnesium zinc oxide (MgxZn1-xO, MZO) has displaced CdS as the leading emitter, 

improving short wavelength collection. MZO|CST based devices with 19% efficiency have been 

achieved by a number of groups [3-5].  

MZO is transparent with an optical band gap that increases linearly with Mg content from 

3.2 eV in ZnO to 4 eV at x ~ 0.35 [6]. Beyond transparency, critical emitter properties include its 

conduction band offset with the absorber (EC), carrier concentration (ND), and the quality of 

interface passivation [7-9]. Simulations suggest that a modest spike of EC ~ +0.2 eV is 

beneficial to device performance as it decreases the density of holes at the interface, reducing 

recombination even in the presence of defect states [7]. The electron affinity () of MZO 

decreases linearly with Mg addition [10], allowing the EC to be appropriately engineered [11]. 

The quality of interface passivation is typically quantified by an interface recombination velocity 

(SIF). The value of SIF is proportional to the density and nature of the defects at the interface, and 

has been reported to be as high as >105 cm/s in poorly passivated CdS|CdTe heterojunctions [8]. 

MZO has displayed improved passivation and better thermal stability relative to CdS [12]. 

Outstanding concerns with MZO are its stability [13] and difficulty to dope, which can manifest 

itself in JV curves as poorly rectifying devices [14, 15]. Increasing the carrier concentration is 

particularly important for pairing it with absorbers doped with group V elements whose carrier 

concentration is significantly enhanced (NA ~1016 cm-3) relative to conventional copper-doped 

devices (NA ~1014 cm-3) [16].  

In the vast majority of the literature MZO has been deposited using ceramic targets [3-5], 

limiting exploration to discrete compositions, though depending on process conditions the film 

composition can deviate from the target composition [17]. To determine the optimal MZO 

composition we employed reactive co-sputtering to synthesize MZO from Mg and Zn targets. 

Advantages of reactive sputtering include the use of low cost metal targets and higher deposition 

rates than achieved with ceramic targets.  Combinatorial libraries are used to identify promising 

composition ranges that were subsequently probed using uniform films [18]. In the case of CdTe 

it was found that the optimal MZO had an optical band gap of 3.55±0.05 eV (x ~0.15), which 

was demonstrated in devices fabricated across multiple laboratories [19]. In agreement with 
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model predictions [11] device performance was quite sensitive to MZO composition, with small 

deviations leading to either reduced open-circuit voltage (VOC) or increased series resistance and 

loss of fill factor (FF) depending if the band gap was too low or high, respectively.  

 The optimal MZO composition for CST-based devices remains unclear. It is generally 

agreed based on modeling or XPS analysis that the electron affinity of CdTe is around CdTe ~ 

4.3±0.2 eV and that the electron affinity of CdSe is ~500 mV greater, with the value for CST 

alloys varying monotonically between these endpoints [20-23]. As such most device modeling 

efforts have assumed that the conduction band position for CST lies 100-200 mV below that of 

CdTe [24, 25]. This implies that the Mg content in MZO paired with CST should be reduced 

relative to CdTe devices in order to maintain the desired EC of +0.2 eV.  

Leading reports have used ceramic MZO targets at a fixed composition, though the 

nominal value has varied significantly among individual groups (x: 0.08 – 0.23) [3-5]. In CST-

based devices a thin layer of CdSe or CdSeyTe1-y is first deposited on the emitter followed by a 

much thicker layer of CdTe. During CdCl2 activation interdiffusion produces a graded CST layer 

with the maximum Se content existing at the emitter interface and declining linearly to 

essentially CdTe 1 to 1.5 microns into the absorber [3, 4, 26, 27]. The Se content at the interface 

varies (y: 0.1 – 0.4) and accordingly the optimal MZO composition is expected to be a function 

of the specific device architecture and processing.  

 In this collaboration the reactive co-sputtering process at Colorado School of Mines 

(CSM) was used to determine the optimal MZO to pair with Colorado State University’s (CSU) 

baseline CST:Cu device.  Relative to CdTe it is found that the optimal Mg content for these 

CST-based devices is greater (~3.70 eV, x ~0.22), but perhaps more importantly insensitive to 

composition over a broad range (0.16 < x < 0.32).  High performance devices with excellent 

yield and reproducibility were produced across this range, and the champion efficiency (19.5% 

w/o AR coating) is the highest reported to date for this architecture. The performance of these 

devices approached the theoretical expectations set by photoluminescence characterization of the 

absorber, suggesting that the front interface is well passivated and not limiting performance.  

Characterization of completed devices revealed the formation of an oxygen rich layer at the 

interface due to O migration from the MZO into the absorber, and this interface is credited for 

the insensitivity to the value of EC. The absence of distortion in UV-filtered J-V curves 

suggests that some level of conductivity in MZO develops during device processing. 
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Performance was shown to be sensitive to the oxidation state of the MZO, and care must be 

taken during reactive sputtering of MZO to ensure best results.  

 

3.3. Materials and Methods 

 Fabrication 

The device structure was similar to that described in previous work (Figure 3.1) [28]. 

Commercial glass superstrates coated with fluorinated tin oxide (TEC-10, Hartford glass) were 

cleaned prior to deposition of 100 nm of MZO by reactive sputtering at CSM as detailed 

previously [19, 29]. Results are sensitive to the composition of the sputter ambient as discussed 

below. The remainder of the device was completed at CSU using their current baseline process. 

Approximately 500 nm of CdSeyTe1-y (CST) was deposited on the MZO from a source with y = 

0.4, followed by deposition of approximately 3 μm of binary CdTe both by a close space 

sublimation process in 40 mTorr of UHP N2. Without breaking the vacuum, the samples were 

immediately CdCl2 treated with a 10 minute CdCl2 vapor exposure, resulting in a deposition of a 

CdCl2 film, and a 20 minute anneal at 400°C. The CdCl2 was rinsed with DI water upon removal 

from the chamber, and the remaining stack was subsequently Cu-doped in a separate chamber 

with the same ambient by exposure to CuCl vapor for 480 seconds, and an anneal for 560 

seconds at 200°C. A 40 nm Te layer was then evaporated, followed by spray-deposition of first 

carbon then nickel, both in polymer binders, completing formation of the back contact and 

electrode. 
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Figure 3.1. Device architecture employed in this work.  

 

 Characterization 

Witness MZO samples on silicon and glass were used to characterize the thickness, band 

gap, and structure of the as-deposited MZO using variable angle spectroscopic ellipsometry 

(VASE, Woollam), UV-Vis (Cary 50), and X-ray diffraction (XRD, Siemens). The optical 

bandgap was extracted using Tauc analyses and the MZO composition was estimated using the 

correlation of Minemoto and co-workers [6], which was verified using inductive coupled plasma 

analysis of selected samples. Compositional analysis of completed devices after delamination at 

the MZO|CST interface employed time of flight secondary ion mass spectrometry (TOF-SIMS, 

IONTOF.SIMS 5).  Delamination was performed in a glovebox using a liquid nitrogen assisted 

thermomechanical technique [30]. The TOF-SIMS sputter parameters were varied for full (1 

keV, 2x1018 Cs+/cm2) and high resolution (0.25 keV, 2x1017 Cs+/cm2) depth profiling.  

Current density – voltage (JV) measurements used to determine conversion efficiency 

were measured by the standard process of sweeping voltage and measuring current while 

illuminating the cell with a solar simulator (ABET technologies model 10600 with high pressure 

xenon arc lamp and AM1.5 filter) calibrated with a stable CdS|CdTe cell of known current. 
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Current density–voltage–temperature (JVT) measurements, external quantum efficiency (EQE), 

capacitance frequency (CF) and capacitance voltage (CV) measurements were conducted using a 

home-built system at CSU, with the external quantum efficiency calibrated with a UV sensitive 

Si standard and the JVT current calibrated with a GaAs cell. PL measurements were carried 

about both at NREL for TRPL [31] and Arizona State University (ASU) for external radiative 

efficiency (ERE) [32].  

 

3.4. Results and Discussion 

 Optimum MZO composition 

Initial devices produced on MZO combinatorial libraries suggested that optimal MZO 

band gap for these CST devices was greater than observed for CdTe (Figure A.1). Subsequently 

uniform MZO films were produced with Eg in the range of 3.68 to 3.92 eV and converted into 

device libraries. The best device on each plate was between 18.5-19.5% with FF>75% (Figure 

3.2a). EQE measurements verified that the MZO bandgap variation was retained through device 

processing (Figure 3.2b). Some minor variations in the absorber band edge due to Se diffusion 

are noted, and the MZO band edge follows the expected trend with bandgap (inset). High 

uniformity was achieved across each plate as evidenced by the tight distribution in individual 

device parameters shown in the boxplots of Figure 3.3. The minor variations over this wide 

MZO composition range were not statistically significant different.  

 

 

Figure 3.2. (a) Champion JV curves and (b) EQE spectra obtained from MZO with different bandgaps with 1-R in 
the grey dotted line; Inset - High resolution of low wavelength region showing the expected increased UV 
transparency with Mg addition.  
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Figure 3.3. Box plots displaying a statistical summary of key performance metrics show the insensitivity to MZO 
band gap.   

 

Both the high level of Mg and insensitivity to the specific amount was surprising, and 

contrary to both experimental observations [11, 19] for MZO|CdTe devices and theoretical 

expectations [14, 33]. It is interesting to compare these results to a recent study by Pandey et al. 

[34], who performed a similar study using a series of ceramic targets. In agreement with this 

work they achieved best performance using MZO with an optical bandgap of 3.71 eV, and 

relatively good performance was achieved across a range of MZO composition (3.58 < Eg < 

3.83). However, their performance was inferior to what is reported here and more sensitive to 

MZO composition.[34] This report is notable because with the exception of MZO deposition, 

device fabrication employed the same processes and tools as those employed here. This 

highlights the importance of the emitter for achieving top performance, and the unique 

characteristics of these devices employing reactive co-sputtered MZO are further discussed 

below.  

Although room temperature performance was nominally unchanged, the sensitivity to 

MZO composition and changes in the EC were revealed in JVT measurements conducted at 

reduced temperature. (Figure 3.4). As the temperature is reduced the series resistance and Voc 

values increase, and the JV curves rollover at sufficiently low temperature. As the MZO band 

gap increases the degree of rollover increases and the voltage at which this inflection occurs is 

reduced.  Rollover in CdTe based devices is not uncommon, and historically this behavior has 
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been attributed to barriers to hole extraction at the back contact [35]. More recently it has been 

shown both in experiment [36] and simulation [37] that barriers to electron extraction at the front 

interface manifest in similar rollover behavior. The variations in Figure 3.4 are attributed to the 

MZO layer since the absorber|back contact processing in these devices was identical. As the 

MZO bandgap is increased there is an associated increase in EC that creates a barrier to the 

exchange current for electrons at the front interface, and reducing the temperature lowers the 

probability of exchange by thermionic emission overcoming the barrier. The observed shift with 

increasing MZO bandgap, with the S-shape encroaching into the power quadrant, is consistent 

with the behavior expected with an increasing barrier reducing the exchange current relative to 

the generation current which is nominally constant [38]. Here, it is observed that there is some 

loss in Jsc due to buildup of water condensation and correspondingly there will be a reduction in 

the generation current, but the onset of the S-shape and behavior thereof is consistent both before 

and after the reduction in Jsc. 

 

 

Figure 3.4. JVT curves for devices fabricated at selected MZO band gaps. The measurements were carried out from 
228 to 318 K with an increment of 5-10 K. The roll-over effect increases with the MZO band gap. Reduction of Jsc 
due to the effects of condensation. 
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The rate for interface recombination of holes through interfacial defects is given by the 

following: 

 𝑅ℎ,𝑖𝑛𝑡 = 𝜎𝑠,ℎ𝜈ℎ𝑛𝑠,𝑒𝑛ℎ = 𝑆ℎ𝑛ℎ (3.1) 

where the interfacial rate of recombination (Rh,int) is the product of the hole capture cross-section 

of the relevant defect (σs,h), the thermal velocity of holes in the absorber (νh), the density of 

defects occupied by electrons at the interface (ns,e), and the density of holes at the interface (nh). 

The first three terms are typically lumped together as the surface recombination velocity (Sh), 

which is commonly used in discussion of interface quality. An analogous expression to Eq. (1) 

describes electron recombination at the interface, with SIF reflecting the overall rate of interfacial 

recombination.  

 The sensitivity to EC observed in MZO|CdTe devices reflects changes in interfacial 

charge density caused by varying field passivation. There are a number of possibilities to explain 

the observed insensitivity to EC observed in these MZO|CST devices. First, the quality of 

interfacial chemical passivation may be significantly improved (reduced SIF), such that 

recombination is low regardless of the charge density. Alternatively, an increase in the MZO 

carrier concentration during processing would reduce the depletion width.  The localized 

depletion would have two effects: 1) it would reduce the hole density at the interface, reducing 

the rate of recombination by reducing the nh and 2) a highly localized depletion narrows the 

barrier to electron collection from the EC to a tunneling thickness, attenuating the expected 

current and voltage losses at excessive EC.[14]   

 To estimate the quality of passivation, external radiative efficiency (ERE) measurements 

were taken for 5 devices on each plate. These measurements reflect the quasi Fermi level 

splitting (QFLS) or implied open circuit voltage (iVoc) using the following relationship [39, 40]: 

 𝑄𝐹𝐿𝑆 =  𝑖𝑉𝑜𝑐𝑞 = 𝑉𝑜𝑐,𝑖𝑑𝑒𝑎𝑙𝑞 +𝑘𝐵𝑇 𝑙𝑛 𝐸𝑅𝐸 (3.2) 

where q is the fundamental charge, Voc,ideal is the thermodynamic voltage limit based on 

absorption, kB is the Boltzmann constant, T is the absolute temperature [K], and ERE is defined 

by the ratio of emitted photons to incident photons. These quantities are shown in Figure 3.5 for 

devices made with different MZO band gaps. In all cases the ideal VOC is ~1150 mV which is 

based on their common EQE absorption edge (Figure 3.2b). The values of iVoc were 860-890 

mV, and the variation within a plate was greater than any cross-plate variation. These values are 

just ~30 mV above the experimental Voc values, suggesting that the MZO interface is highly 
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selective, with the majority of voltage loss (~270 mV) elsewhere in the device such as the back 

contact or in the bulk.  

 

 

Figure 3.5. Comparison of ideal Voc based on EQR, implied Voc based on ERE, and experimental Voc for devices 
with varying MZO composition. Implied Voc is the mean of 5 measurements and Voc is the mean of 20-25 
measurements, with error bars representing the standard deviation of each. 

 

It should be noted here that both the lifetime and the equilibrium carrier concentration 

affect QFLS, with only lifetime being directly relevant to passivation. However, CV determined 

carrier concentration are ~1014 cm-3 (Figure A.2), and as such this effect on QFLS is minor due to 

the logarithmic dependence. In fact, the ERE calculated values agree well with the QFLS 

predictions for a 1.425 eV absorber for the CV measured carrier concentrations and TRPL 

lifetimes measured (Figure A.3). The recombination losses which make the difference in Voc,ideal 

and iVoc appear to then be independent of MZO bandgap and thus EC.  

 

 Sensitivity to O2/Ar Sputter Ambient 

Performance appears to be independent of MZO composition but was quite sensitive to 

the O2/Ar ambient used during synthesis, and this requires an appreciation of the unique 

characteristics of reactive sputtering.  As documented in the pioneering work of Berg and co-
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workers [41-43], the deposition rate often follows a sigmoidal dependence with three distinct 

deposition zones that reflect the surface state of the target. The metallic and compound modes 

are observed at sufficiently low and high O2 partial pressure, respectively, with rates that are 

largely insensitive to the sputter ambient. Bridging these stable operational modes is a transition 

zone where the target surface is partially oxidized and deposition rates exhibit high sensitivity to 

the sputter ambient, with unstable behavior and hysteresis often observed [44]. The deposition 

mode can also significantly impact the oxidation state and performance of the deposited films 

[45-47].  These challenges are multiplied when reactive co-sputtering with multiple targets and a 

further complication is target aging [48]. In magnetron sputtering preferential sputtering creates a 

depression known as a racetrack to develop around the target. The evolving changes in ion 

bombardment energy and angle alter sputter yields, impacting the rate, properties, and 

uniformity. In industrial practice these issues are managed by active feedback control to ensure 

stable operation [49].  

The background above is pertinent to our experience reactively co-sputtering MZO. 

While performance was independent of the band gap over a significant range, it was found to be 

sensitive to the oxidation state of the as-deposited MZO film. Figure 3.6 displays the device 

performance achieved with MZO films that had the same band gap (3.7 eV) but were fabricated 

with varying oxygen levels. In this case the devices fabricated at 30% O2 had high performance 

and good uniformity, similar to the well passivated devices discussed in the previous section 

(Figure 3.2 and Figure 3.3). At elevated oxygen levels (35%) uniformity is retained but 

performance is somewhat attenuated. When the oxygen is reduced below the optimum value both 

performance and variability are detrimentally impacted (25, 20%).  
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Figure 3.6. The J-V parameters of CST devices with MZO sputtered at different oxygen concentration using a new 
Zn target.  

 
Device behavior was correlated with the sputter mode employed. Figure 3.7 re-plots the 

device efficiency along with the measured MZO deposition rate from these experiments. The 

deposition rate follows the sigmoidal dependence characteristic of reactive sputtering. Despite 

the variability in rate and performance the MZO used in Figure 3.7 are all fully transparent, 

electrically insulating films that are indistinguishable in terms of their optical or structural 

properties (Figure A.4 and Figure A.5). The differences in performance are attributed to minor 

changes in properties of the as-deposited MZO that are difficult to quantify such as oxygen 

vacancies. Simulations have suggested that these states are critical for efficient electron 

extraction from the absorber to the FTO and for obtaining the high fill factors observed in this 

work [14].  Optimal device performance was achieved in the compound mode but approaching 

the transition regime (30%). Moving deeper into compound mode results in fully oxidized targets 

(35%), suppressing the formation of oxygen vacancies required for best performance. In contrast, 

the increasing deposition rates that accompanies a shift into the transition mode lead to defect 

formation (25%), which are exacerbated as one approaches the metallic mode (20%). Similarly, 

it is expected that fine control of oxidation state is also important when using ceramic targets, 

and this may explain the inconsistent results some have reported. Notably ceramic targets are 

often sputtered in Ar with a trace amount (~1%) of oxygen present, but the exact amount may be 

critical. 
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Figure 3.7. Measured MZO deposition rate (circles, left axis) and resulting device efficiency (squares, right) as a 
function of sputter ambient composition. Line is a sigmoid fit to the rate data.  

 

The optimal conditions were also a strong function of the degree of the Zn target 

utilization, which is known to be particularly sensitive to the effects of target aging [48]. Mg is 

the minor component (15-30%) and under conditions explored the Mg target was in the 

compound mode, reflecting the alkaline earth metal’s affinity for oxygen and supported by the 

fact that RF sputtering was required to sustain a plasma. The best devices in Figure 3.6 were 

obtained at 30% O2 using a nearly new Zn target. As the Zn target was consumed it was found 

that the O2 content needed to be reduced to maintain the desired ~0.8 nm/min deposition rate, as 

low as 16% for a Zn target that was approaching the end of its capacity. Achievement of high 

performance was done by periodically calibrating the ZnO deposition rate through a targets 

lifetime. The high performing devices in the previous section (Figure 3.2 and Figure 3.3) were 

made using MZO prepared in a 20% O2 ambient from a target that was ~50% utilized. 

 

 Interface Evolution during Device Processing 

The results presented so far still do not fully explain the observed insensitivity to MZO 

composition. TOF-SIMS compositional analysis was used to better understand the evolution of 

MZO|CST devices during device processing. To improve the spatial resolution a high 

performance device employing 3.70 eV MZO was delaminated as described in the literature [30]. 

This technique separates the device at the MZO|CST interface, providing enhanced resolution in 
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the critical heterojunction region.  Figure 3.8a displays the bulk composition through the graded 

absorber. The Te fraction was calculated using the Cd/Te signal ratio normalized by the average 

value at the back of the device, which was assumed to be stoichiometric CdTe.  The Se fraction 

(y) was estimated by assuming that Te+Se = 1. Support for the approach is provided by the 

normalized Se profile, which overlaps well with the profile estimated from the Te signal.  

Recall that device fabrication consists of depositing 500 nm of CST alloy using a 40% Se 

source which results in a ~35% Se alloy film, reflecting the high volatility of the Se relative to 

Cd or Te. Subsequently ~3 microns of CdTe is deposited on the alloy followed by CdCl2 

activation, all of which is conducted in an oxygen free ambient without breaking vacuum. The 

absorber layers interdiffuse during the CdCl2 activation, reducing the Se content at the interface 

to y ~ 0.30. This value remains nominally constant for several hundred nanometers before and 

gradually declining and approaching stoichiometric CdTe ~1.5 m into the device. Se is detected 

throughout the absorber but its signal intensity falls to <0.1% of its value near the MZO 

interface. There is significant Cl accumulation at the interface as measured previously, and its 

presence is thought to improve passivation [50, 51]. The Cl rapidly attenuates over the first 100 

nm to a relatively stable level through the remaining absorber. There is a minor bump in Cl 

profile that coincides with the transition from a CST alloy to CdTe, potentially reflecting the role 

of Cl in facilitating their interdiffusion. Likewise, oxygen accumulation is observed at the 

interface, but it rapidly falls to a level just above the detection limits of the instrument that 

remains essentially constant throughout the absorber.  
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Figure 3.8. (a) Low and (b) high resolution composition profiles of the absorber from a 3.7 eV (19%) device after 
delamination. For clarity in (b) the intensity of the II-VI elements (Cd/Se/Te/O) are normalized to 10,000 while the 
impurities elements (Cl, Zn, Mg) are normalized to 1,000. 

 

To better understand the composition of the interface a high-resolution scan of this region 

was performed at significantly reduced sputtering rates. Figure 3.8b plots the relative intensity of 

the species observed. The absolute intensity of the II-VI elements (Cd, Se, Te, O) were all the 

same order of magnitude and these are normalized to 10,000, while the impurities (Mg, Zn, Cl) 

were normalized to 1,000 to facilitate comparisons. The depth of this scan was estimated by 

aligning the Cl and O profiles with Figure 3.8a. As noted above Cl accumulates at the interface 

with a strong gradient over the first 100 nm before stabilizing at a significant level that remains 

throughout film (Figure 3.8a). Analysis of CdTe absorbers using quantitative techniques have 

revealed very similar Cl profiles with concentrations at the interface and bulk of ~10 at. % and 

~1 at. %, respectively [51].    

  Trace amounts of Mg and Zn are detected at the interface, which is attributed to residual 

MZO remaining after delamination due to surface roughness effects.  Both the Mg and Zn 

signals fall sharply to detection limits, suggesting negligible interdiffusion of either element. In 

stark contrast is the O signal, which is enriched in the interface and maintains its intensity before 

slowly declining and saturating at a non–negligible value that is maintained through the rest of 

the film.  The elevated oxygen levels within the ~10 nm adjacent to the interface coincide with 

significant changes in the absorber composition. Note that the Cd level remains nominally 

constant throughout this layer right up to the interface, where there is a precipitous decline 

associated with surface contamination and/or the initiation of the sputter process. The CST 
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composition is essentially unchanged through this region as the group VI elements (Se, Te) 

overlap. However, in contrast to Cd these signals are significantly attenuated in the ~10 nm 

adjacent to the interface, coincident with the peak in the oxygen signal, suggesting that the 

former is the dominant group VI element in this layer.  The molecular nature of this oxidized 

interface will require the use of quantitative surface analytical tools (XPS, Auger) to fully 

ascertain. Candidate compounds identified at related interfaces include CdCl2, Cd3Cl2O2, and 

CdTeO3, and their presence has been correlated with improved passivation [51-53]. It has also 

been reported that small levels of oxygen in CST may be beneficial for device performance [5]. 

Moreover the presence of this oxygenated interfacial layer would be expected to attenuate the 

field passivation introduced by EC, thus contributing to the observed independence of device 

performance on MZO composition.  

Since all processing was done in oxygen free ambient it suggests that O from the MZO 

diffuses and displaces these elements in the interfacial region. Such behavior was not observed in 

CdTe devices [19], and it is hypothesized that Se volatility creates a deficiency of group VI 

elements at the interface that provides the chemical driving force for O to diffuse into the CST 

layer. To test this hypothesis high resolution TOF-SIMS profiles of the MZO layer after 

delamination were obtained (Figure 3.9).  The three absorber elements (Cd/Se/Te) were detected 

but all declined exponentially with identical slopes (not shown), suggesting that their presence 

reflected imperfect delamination not unlike the presence of Mg/Zn on the CST side. There are 

three key takeaways from Figure 3.9, which shows the normalized signal intensity of each 

element. First, the chlorine concentration is maximized at the MZO|CST interface, and there is 

significant gradient on both sides of the junction. Second, the Mg and Zn signals are essentially 

flat throughout the MZO layer, suggesting that there is negligible interdiffusion of either into the 

CST absorber, consistent with their profiles in CST (Figure 3.8b).  There is a slight gradient in 

Mg, which we attribute to variations related to target aging during the deposition of the film. 

Whereas the Mg/Zn profiles remain essentially flat, the O profile approaching the interface 

exhibits distinctly different behavior.  There is significant O depletion in the first ~10 nm of the 

MZO, consistent with its accumulation and displacement of Te, Se on the CST side of the 

device.  
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Figure 3.9.  High resolution TOF-SIMS profile of the MZO side of the 3.7 eV device after delamination showing the 
normalized Mg, Zn, O and Cl signals in the MZO film. 

 

Such oxygen migration may introduce conductivity in the MZO that was not present in 

the as-deposited films. The as-deposited MZO has a carrier concentration <1014 cm-3 [19]. Such a 

carrier concentration would be expected to result in poor device performance [9, 14], but the 

high FF and excellent performance suggests improved conductivity during processing. Evidence 

for this is manifested in 400 nm long-pass filtered JV curves of the devices produced as a 

function of the O2/Ar sputter ambient (Figure 3.6 andFigure 3.7). UV filtering prevents the 

possibility of photo-generation of carriers in MZO.  At the highest O2 level (35%) the formation 

of oxygen vacancies and associated conductivity is suppressed, and this is manifested in a 

distorted J -V response under UV filtering with significantly increased series resistance (Figure 

3.10). At 30% O2 distortion remains but is significantly attenuated. Note that these devices still 

performed quite well under normal illumination, with the requisite conductivity arising from a 

combination of intrinsic and photo-generated carriers.  The device at 25% O2 shows the best 

rectification under UV filtering. At insufficient O2 (20%) there is no distortion but devices show 

poor shunt resistance, consistent the creation interface defects as discussed above.  This series 

reveals the importance of the MZO deposition conditions for controlling the level of intrinsic 

conductivity that develops during device processing. 
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Figure 3.10. The 400 nm long-pass filtered J-V curves of MZO and their sputtered oxygen concentration.  

 

3.5. Conclusions 

High performance solar cells were producing by coupling reactive sputtered MZO 

emitters to a graded CST absorber. Champion device efficiency of 19.5% without AR coating is 

the highest reported to date for this architecture. Insignificant differences between experimental 

and implied open circuit voltage suggest that the front interface is well passivated, and that 

further improvements will require changes to the absorber and/or back contact. In contrast with 

theoretical expectations, the best results required higher levels of Mg than CdTe devices, and 

performance was insensitive over a broad range of MZO compositions (3.68 -3.92 eV). This 

insensitivity was attributed to formation of an oxygen rich interfacial layer revealed by TOF-

SIMS, whose formation was driven by Se deficiency at the interface that promoted oxygen 

diffusion from MZO during device processing. An ancillary benefit was the development of 

conductivity in the MZO, confirmed by the mitigation of distortion in UV-filtered JV curves and 

exceptional fill factors. Performance was sensitive to the oxidation state of the as-deposited 

MZO, requiring careful attention and control of process conditions.  
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CONTROLLING CONDUCTION BAND ALIGNMENT AND CARRIER CONCENTRATION 

IN GALLIUM-DOPED MAGNESIUM ZINC OXIDE (GMZO) BY REACTIVE CO-

SPUTTERING 

This chapter contains the modified and expanded version of the manuscript published in 

Journal of Vacuum Science & Technology A in 2021 [1]. Reprinted with permission from AIP 

Publishing1:  

Gavin Yeung,2 and Colin A. Wolden2 

 

4.1. Abstract 

Gallium-doped magnesium zinc oxide (GMZO) holds promise as a UV transparent 

conducting oxide with tunable band gap and conductivity, though there has been relatively 

limited exploration of the broad compositional space available. Conductive GMZO films were 

deposited by reactive co-sputtering at room temperature followed by annealing. The 

contributions of alloying and the Burstein-Moss effect to the optical band gap were decoupled 

through comparisons of as-deposited and annealed films. Compositional analysis in conjunction 

with electrical characterization was used to quantify the activation of Ga doping in MZO.  

Combinatorial synthesis was used to explore the optoelectronic performance over a broad 

composition space. Reactive co-sputtering can be used to tailor GMZO properties for 

optoelectronic applications over a wide range of band gaps (3.3 – 4 eV) and resistivity (10-3 – 

>100 -cm) through appropriate control of the Mg/Zn ratio and Ga content, respectively.  

 

4.2. Introduction 

Transparent conductive oxides (TCOs) play important roles in a host of optoelectronic 

devices including solar cells, flat panel displays, thin film transistors, and light emitting diodes 

[2, 3]. Zinc oxide (ZnO) is a wide band gap (~3.3 eV) semiconductor that is nontoxic, 

inexpensive and widely employed as a TCO when doped with group III elements such as Ga or 

Al [4-7]. Furthermore, its band gap may be further increased by alloying with Mg (MZO, 

                                                                                                                                                 
1 AIP (JVSTA) allows reusing papers in a thesis.  

https://publishing.aip.org/resources/researchers/rights-and-permissions/permissions/ 

2 Department of Chemical and Biological Engineering, Colorado School of Mines, Golden, CO 80401, USA.  
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MgxZn1-xO). MZO alloys retain the wurtzite crystal structure and the band gap increases 

approximately linearly with Mg content up to x ~ 0.4 where the band gap is ~4 eV [8]. As Mg is 

added, the valence band position remains essentially constant, but its electron affinity is reduced 

[9]. This aspect of MZO has been exploited in applications as the window layer in thin film solar 

cells, where the composition may be adjusted to optimize the conduction band offset with the 

absorber, including both copper indium gallium diselenide (CIGS) and cadmium telluride (CdTe) 

based devices [10, 11]. These attributes have helped establish MZO as a leading emitter in CdTe-

based solar cells [12-14]. One drawback of MZO is that it is highly resistive, and increasing the 

carrier concentration is a key to further enhancing device efficiency, particularly when coupled 

with absorbers that employ group V doping [15, 16].  

Among Group III dopants gallium is preferred over aluminum due to its size, which is 

closer to zinc and results in less lattice distortion and thus improved mobility [17]. To date most 

of the work on gallium-doped magnesium zinc oxide (GMZO) has focused on minimizing its 

resistivity for use as a UV transparent electrical contact [17-20]. The composition space explored 

to date is relatively limited as these studies are typically done using ceramic targets of fixed 

composition. Typical targets employ 2-3 wt. % Ga2O3 and low Mg content (<5%), and films are 

typically sputtered in an Ar ambient and yield resistivity values ~10-3 -cm. Maejima et al. [21] 

deposited GMZO by co-sputtering GZO and MgO targets, achieving resistivity as low as 6 x 10-4 

-cm that increased with Mg content due to declines in both carrier concentration and mobility.  

Using reactive sputtering of metal alloy targets Ma et al. [22] reported the most conductive 

GMZO films reported to date, with resistivity as low as 3 x 10-4 -cm and similar trends with 

respect to Mg content. Combinatorial synthesis of GMZO was explored using ZnO, Mg, and 

Ga2O3 targets in the presence of temperature gradients [23]. All films had similar resistivity 

values (~10-3 -cm), and there was surprisingly little variation with either Mg (4 – 17%) or Ga 

(0.5 - 3%) content.  

Previous studies have all focused on conductive, degenerately-doped films [17-19, 21-

24]. While ideal for forming electrodes that are both UV transparent and IR reflective, for 

application as an emitter layer in CdTe solar cells it is desirable to have semi-conducting GMZO 

with carrier concentrations in the range of 1016 – 1018 cm-3 [15]. Moreover the ideal Mg:Zn ratio 

remains unknown for this application, and is likely a function of the specific device architecture 

and processing conditions employed. This will continue to evolve with the recent shift to 
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selenium alloying (CST: CdSeyTe1-y) and group V doping, where the Se content at the interface 

may vary significantly (y = 0.05 - 0.15) [16, 25-27]. In addition, most MZO films appear to be 

unstable when processed at elevated temperatures in the presence of oxygen [25, 28, 29]. This is 

attributed to the loss of oxygen vacancies or zinc interstitials introduced by sputtering in an Ar 

environment, creating an S kink in the J-V curves of resulting devices. Previously, we employed 

combinatorial reactive sputtering to optimize stable MZO emitters for CdTe solar cells produced 

across multiple laboratories [9]. Moreover, these films were robust to subsequent CdCl2 

activation steps employing oxygen, with resulting devices displaying good rectification. In this 

work, we extend this approach to fabricate GMZO films with controlled band gap and carrier 

concentration using Zn, Mg, and Ga2O3 targets. Synthesis of combinatorial libraries was used to 

efficiently explore the large composition space and demonstrate the range of properties that may 

be obtained through this approach.  

 

4.3. Experiment 

MZO and GMZO films were deposited by reactive co-sputtering in AJA Orion-5 

sputtering system. Glass slides and silicon wafer substrates were used to determine the properties 

of the deposited films, including band gap, resistivity and thickness. GMZO films are deposited 

at ambient temperature by co-sputtering Zn (Kurt J. Lesker: 99.99%), Mg (Kurt J. Lesker: 

99.95%) and Ga2O3 (Plasmaterials: 99.99%) using 2” diameter targets. Figure 4.1 displays a 

photograph showing the positions of Zn, Mg, and Ga2O3 targets with the substrate for 

combinatorial sputtering. The center of the Mg and Zn targets 16 cm apart, and the Ga2O3 target 

is offset 5 cm perpendicular from the midpoint of the Zn-Mg axis. The substrate is placed 10 cm 

above the target plane in this sputter up arrangement.  
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Figure 4.1. Top view photograph of the sputtering geometry employed [30].   

 

Sputtering was performed with no intentional heating in an argon/oxygen ambient 

supplied in a 13:2 ratio at P = 5.5 mTorr. The Zn target employed DC sputtering with the current 

fixed at 45 mA for all films deposited in this work. The RF power supplied to the Mg and Ga2O3 

targets was varied from 100 – 150 and 10 – 110 W, respectively. Uniform films were produced 

with substrate rotation, while combinatorial libraries were formed with the substrate fixed as 

shown in Figure 4.1.  After deposition, films were annealed in air or 10-6 torr vacuum at 

temperature ranges from 200 °C to 500 °C for 2 h and then allowed to cool naturally under 

vacuum to ambient temperature over several hours.   

 Films were examined in their as-deposited state and after annealing in both air and 

vacuum. J. A. Woollam M-2000 ellipsometer was used to determine the thickness of the 

deposited film on silicon witness samples. Agilent Cary 5000 UV-vis is used to determine the 

UV-vis spectra, and Tauc plots are used to extract the band gap.  An Ossila four-point probe is 

used to determine the sheet resistance of the deposited film on glass slides. Bio-Rad HL5500PC 

Hall effect measurement system is used to measure the carrier concentration and mobility of the 

deposited film on glass slides. Inductively coupled plasma atomic emission spectroscopy (ICP-

AES) is employed to determine the elemental content of deposited films by dissolving the film in 

aqua regia. To facilitate comparison between MZO and GMZO films the Mg/Zn ratio and level 

of Ga doping are reported in this work using the molar ratios x = Mg/(Mg+Zn) and y = 

Ga/(Ga+Zn+Mg), respectively.  
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4.4. Results and Discussion 

 Effect of Annealing Conditions 

Figure 4.2 shows the resistivity of uniform sputtered 3% Ga/Mg0.05Zn0.95O films as a 

function of annealing temperature and ambient. As-deposited films at this condition had a 

resistivity of ~10 Ω-cm, indicating that Ga was not significantly activated. Annealing in air up to 

300 °C reduces the resistivity to ~1 Ω-cm, which may be caused by slightly activating Ga and 

increasing the carrier concentration. Further increasing the annealing temperature increased the 

resistivity. There is likely a competition between activating Ga through its substitution for 

Zn/Mg in the lattice and its oxidation to an inactive form. By annealing in vacuum this second 

pathway is eliminated and the resistivity improves exponentially with temperature to a minimum 

value of 4×10-3 Ω-cm at T = 500 ºC. Higher temperature could possibly further increase the 

conductivity, but such experiments were limited by the stability of the soda lime glass substrates. 

All annealed samples discussed through the remainder of this paper received vacuum annealing 

at T = 500 ºC.  

 

 

Figure 4.2. Resistivity of uniform 3% Ga/Mg0.05Z0.95O film as a function of annealing temperature in air and 
vacuum.  

 

 Optimal Gallium Doping 

Figure 4.3a displays the electrical properties of annealed GMZO films as a function of Ga 

content, with fixed Mg content at x=0.05 or 0.10. In both cases a clear minimum in resistivity 

was achieved at a Ga content of y ~ 0.03. To first order the resistivity scaled with the inverse of 

carrier concentration, which were order 1020 cm-3. There was not a strong trend in mobility, with 

values of 2 ± 1 cm2/V*s, though the highest value was achieved at the optimal power level and 
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beyond that the mobility slowly declined as one would expect due to the increase in scattering 

centers. The resistivity values in the higher Mg content films were about twice the x=0.05 series, 

and this was attributed primarily to decreased mobility, as the carrier concentration was 

nominally unchanged. The efficacy of Ga doping is displayed in Figure 4.3b. Donor ionization is 

most efficient at gallium levels of 0.9 – 2%. At higher concentrations the degree of activation 

falls sharply as the carrier concentration declines despite the increased amount of Ga.  

 

 
Figure 4.3. (a) Resistivity, carrier concentration, and mobility and (b) Ga activation of annealed MgxZn1-xO films as 
a function of Ga content for x = 0.05 (solid symbols) and x = 0.10 (open symbols). 

 

 Bandgap Dependence on Alloying and Doping 

In conductive GMZO films the band gap extracted from optical transmission 

measurements reflects both the intrinsic MZO band gap as well as the contributions due to the 

Burstein-Moss shift [19, 23, 24]. The Burstein-Moss effect [31, 32] occurs in degenerately doped 

semiconductors, ND > 6 x1018 cm-3 for ZnO[33], where excess carriers fill all of the allowed 

states within the band gap and push the Fermi level position above the conduction band. 

Decoupling these two components was done by comparing the optical transmission of as-

deposited and annealed films as illustrated in Figure 4.4 below. The transmission spectra of as-

deposited GMZO films are nominally identical to their insulating MZO counterparts deposited at 

the same conditions (Figure 4.4a). Band gaps extracted from Tauc plots are nominally identical, 

and these values are representative of the intrinsic band gap (Figure 4.4b) since the Burstein-

Moss effect is negligible.  The absorption edge of intrinsic MZO films is sharper than as-

deposited GMZO (Figure 4.4b), suggesting that Ga addition introduces defect states around the 

band edge but no appreciable change in its value. After annealing the GMZO spectra shift to 

shorter wavelengths (dashed lines), instigating a blue shift (0.1 – 0.3 eV) that is attributed to 
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Burstein-Moss effect. The absorption edge also becomes slightly sharper, suggesting the removal 

of some defect states during annealing. 

  

 
Figure 4.4. (a) Optical transmission and corresponding (b) Tauc plots of MZO and GMZO samples with different 
Mg content before and after vacuum annealing. 

 

 Combinatorial GMZO Libraries 

To more efficiently explore the broad GMZO compositional phase space combinatorial 

libraries were fabricated by not rotating the substrate during deposition. Figure 4.5 displays the 

optical properties of libraries fabricated with the Zn and Mg parameters fixed and varying the 

power applied to the Ga2O3 target. The data presented are obtained from the centerline between 

the Zn and Mg targets, with x = 0 being equidistant from the two targets. The optical band gap of 

the as-deposited films was independent of the level of gallium doping, and these values are 

indicated by the grey curve, with the observed variability among samples represented by its 

width. As discussed above the as-deposited band gap is representative of the MZO composition, 

and the Mg content was estimated using the relationship between optical band gap and 

composition for MgxZn1-xO established by Minemoto et al. [8] and confirmed by our own ICP 

results. For these deposition conditions the Mg content increases parabolically across the library 

from x ~ 0.02 on the Zn rich side of the library to x ~ 0.25 on the Mg rich side.  
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Figure 4.5. Variation of optical band gap of GMZO along the centerline between the Zn and Mg targets before (grey 
band) and after (points) annealing from combinatorial libraries formed with the Zn and Mg targets fixed and varying 
the Ga2O3 power. Mg content was estimated based on band gap of the as-deposited films and the Ga content (y) at 
the center of each library is indicated in the legend. 

 

At the lowest Ga doping level (y ~ 0.003) the bandgap of the annealed library was 

nominally identical to the as-deposited state. Thus, while the film conductivity increased upon 

annealing the level of doping was not degenerate. For all the other Ga levels the optical band gap 

increased after annealing, and the degree of departure from the as-deposited curve is the 

contribution of the Burstein-Moss shift that reflects the carrier concentration (ND) through the 

following relationship: 

 ∆𝐸𝐵𝑀 = ℎ28𝜋2𝑚∗ (3𝜋2𝑁𝐷)2 3⁄  (4.1) 

where h is Planck’s constant and m* is the effective mass. The optical shifts are consistent with 

the electrical measurements (Figure 4.3). At the optimal doping level (y ~ 0.03) the optical band 

gap is nominally independent of Mg content for much of the range examined (x < 0.15), 

consistent with other reports of high conductivity GMZO [21, 22]. Comparison of as-deposited 

and annealed bandgaps allow the contributions of intrinsic bandgap and Burstein-Moss to be 

effectively decoupled.  

Figure 4.5 shows that the efficacy of gallium doping diminishes as the Mg content 

increases, consistent with the literature [21, 22]. For Mg content x > 0.15 the optical band gap 

after annealing is similar to as-deposited films at all Ga levels. There are a number of possible 
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reasons for this, including an increase in donor ionization energy and formation of compensating 

acceptor states [5, 34]. The amphoteric nature of Mg has been previously documented in metal 

oxide TCOs.[35]  There is also an increase in effective mass as Mg is added [34], which is 

consistent with the decrease mobility observed in uniform films deposited with higher Mg 

content (Figure 4.3) .  

For application as a window layer in CdTe-based solar cells the key parameters for MZO 

are its carrier concentration (ND) and conduction band offset (EC) with the absorber [15]. Figure 

4.6 displays the combination of values that may be obtained over 3” square combinatorial 

libraries fabricated in our lab. Figure 4.6 plots the electrical resistivity vs. the intrinsic band gap, 

which is based on the as-deposited transmission. As before the points on the graph are obtained 

along the centerline between the Zn and Mg targets. The shaded regions around the points 

approximate of the range of band gaps and resistivity that are observed across these libraries.  

Within a library there are minor variations in optical band gap (±0.05 eV) and more significant 

variations in resistivity (± up to an order of magnitude) in the transverse direction. The latter 

reflects the Ga profile which is orthogonal to the Zn-Mg axis (Figure 4.1). The estimate of the 

conduction band alignment was based on assuming a EC = -0.2 eV for a ZnO:CdTe 

heterojunction [36], and that increases in bandgap only reflect shifts in the MZO conduction 

band position. This is of course an oversimplification and the true values could be slightly shifted 

in either direction. Nevertheless, the axes are representative of the range of values that may be 

obtained through this approach. 
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Figure 4.6. Map showing the combinations of electrical resistivity, mobility and intrinsic band gap that were 
achieved for selected libraries, where y indicates the nominal Ga content at its center. The circles are band 
gap/resistivity data recorded along the centerline between the Zn and Mg targets, and the shaded regions illustrate 
the range observed across 3x3” library. The triangles are the average mobility from these libraries at selected band 
gaps which can be used to infer carrier concentration (ND). The estimated band offset assumes ∆EC = -0.2 eV for a 
ZnO:CdTe heterojunction, and that increases in bandgap only shift the MZO conduction band position. 

 

Device simulations suggest optimal values of ND ~ 1017 – 10 18 cm-3 and EC ~ +0.2 eV, 

respectively [15], and this combination of values is achievable within the parameter space 

available. The power supplied to the Zn and Mg targets control the range of band gap (EC) that 

may be obtained. There is an exponential relationship between resistivity and band gap, as 

evidenced by the linear shape of the combinatorial libraries on the semi-log plot in Figure 4.6. 

The slope reflects the degree that Mg addition impacts Ga activation. Extracting the carrier 

concentration requires knowledge of the mobility. As with the uniform samples (Figure 4.3a) it 

was observed that the mobility was largely independent of the Ga doping level when they are 

degenerately doped, but it was a strong function of the Mg/Zn ratio. The average mobility of 

degenerately doped GMZO (ND ≥ 1019 cm-3) from multiple libraries is plotted on the secondary 

axis of Figure 4.6. The value declines exponentially from 7.2 cm2/V*s at 3.35 eV (x ~ 0.02) to 

0.17 cm2/V*s at 3.85 eV (x ~ 0.35). In these degenerately doped libraries the change in carrier 

concentration is relatively modest, declining from >1020 in Zn-rich films to ~1019 cm-3 as Mg is 

added. For semi-conducting GMZO the variation in mobility with Mg content was modest (1-5 

cm2/V*s), and as such carrier concentration ranged from 1019 cm-3 at the high end to 1017 cm-3 

and likely lower, but values below this threshold could not be reliably measured. Thus, this 
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approach appears suitable for engineering both the conduction band alignment and emitter 

doping level independently through appropriate control of the Zn/Mg and Ga2O3 sputtering 

conditions, respectively.  

The ultimate test will be employing such libraries to synthesize CdTe based solar cells, and 

we hope to begin exploring this question shortly. The biggest concern is whether the properties 

achieved above will persist through device processing [37]. The use of reactive sputtering ambient 

may make these films more stable than films deposited in an inert environment. However, the 

sensitivity to annealing conditions suggests that high temperature devices processing should be 

conducted in an oxygen free environment. We look forward to addressing these issues. 

 

4.5. Conclusions 

Reactive co-sputtering was shown to be capable of producing both semi-conducting and 

degenerately doped GMZO. The MZO composition may be reliably estimated from the optical 

band gap of as-deposited films, as vacuum annealing was required to activate Ga with optimal 

doping efficiency achieved at 1-2% Ga. GMZO properties for optoelectronic applications may be 

tuned over a broad range of band gaps (3.3 – 4 eV) and resistivity (10-3 – >100 -cm) through 

appropriate control of the Mg/Zn ratio and Ga content, respectively. In degenerately doped 

GMZO (ND >1019 cm-3) the electrical mobility declined exponentially with Mg content. In 

contrast, the mobility was relatively constant in semi-conducting GMZO and the carrier 

concentration varied orders of magnitude. The ability to independently control these properties in 

the co-sputtering environment is expected to be useful for optimizing the performance of 

optoelectronic devices including CdTe based solar cells.  
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SUMMARY OF RESULTS AND RECOMMENDATIONS FOR FUTURE WORK 

This chapter presents summary of results and major findings from chapter 3-5 and 

recommendations for future work.  

5.1. Summary of results 

This work focuses on developing MZO-based emitters for CST-based absorbers.  

 MZO|CST:Cu devices 

In previous work on developing reactive co-sputtered MZO my colleague, Dr. Yegor 

Samoilenko, who integrated MZO into MZO|CdTe devices [1, 2]. A part of this thesis work was 

expanding the application of MZO to CST-based devices. Researchers have found that the Se 

content in CST devices upon CdCl2 treatment have a varying Se content at emitter|absorber 

interface [3-6]. Conventional MZO films are deposited from a single ceramic MZO target that 

limits the exploration of MZO composition to discrete compositions.  Combinatorial and uniform 

libraries of MZO can be fabricated from reactive co-sputtering Mg and Zn metal targets that 

accelerates the study of optimal MZO composition in devices. By integrating reactive sputtered 

3.70 eV MZO into CST devices, the champion device reached 19.5% without anti-reflective 

coating. A broad range of MZO band gap (3.68 – 3.92 eV) is suitable for CST devices that 

produce η>19%. In addition, sputtering Ar/O2 ratio and target aging were found to be vital for 

fabricating high quality MZO layer. The optimal MZO deposition rate is ~0.8 nm/min, which is 

in the compound mode of reactive sputtering. Upon subsequent device processing, MZO appears 

to develop a certain level of conductivity by the interdiffusion of oxygen from emitter to 

absorber. This behavior is not observed in CdTe devices and is attributed to the volatility of 

selenium.  TOF-SIMS confirmed the formation of an oxygen rich interface and the creation of 

oxygen vacancies in MZO formed by oxygen interdiffusion to compensate for Se deficiencies in 

the CST absorber. The oxidation state of the MZO appears to be critical to achieving optimizing 

performance. Unfortunately these subtle changes are not detectable in optical and structural 

properties of as-deposited MZO, but only in subsequent device performance.  The reactive co-

sputtered MZO approach is expected to be useful for identifying the optimal Mg/Zn ratio for 

doped MZO in emerging GrV doped devices.  
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 Reactive sputtered GMZO 

MZO is a promising emitter in Cu-doped CdTe-based devices [7]. However, Cu diffusion 

in CdTe devices reduces the stability of devices due to the reduction in acceptor concentration in 

the absorber [8, 9]. There are reports showing GrV dopants improve the acceptor concentration 

and stability in CdTe-based absorber [9-11]. MZO is known to be insulating[1], and will create 

poor devices with Group V doped absorber [12]. Simulations show that an ideal emitter for 

Group V doped CdTe-based devices have a carrier concentration of ~1018 cm-3. A part of this 

thesis work was improving the carrier concentration of MZO for emerging CdTe-based absorber. 

This work expands the reactive co-sputtering MZO method with the addition of a Ga2O3 target 

for depositing GMZO films. Similar to previous work, this can synthesize uniform and 

combinatorial libraries of different band gap with the addition of Ga content gradient. As-

deposited GMZO are fairly insulating. Annealing GMZO in high vacuum (<10-4 Torr) at 500 °C 

activates the Ga dopant and produces conducting films. The band gap and carrier concentration 

of GMZO films are controlled by Mg/Zn ratio and Ga content, respectively. The minimum 

resistivity of degenerately doped GMZO is ~10-3 Ω-cm with 3% Ga. Through fine control of Ga 

content (<1%), GMZO films could be made semiconducting. Reactive co-sputtering is capable of 

producing GMZO over a wide range of band gaps (3.3 – 4 eV) and donor concentration (1016-20 

cm-3), which covers the ideal range of emitter properties for CdTe-based:GrV devices. As 

demonstrated in MZO|CST devices the GMZO properties could change in subsequent device 

processing. The stability of GMZO films under CST-based device processing is interesting and 

more work is needed to identify the changes in GMZO properties after device fabrication.  

 

5.2. Recommendations for future work 

There are a few suggestions for the future work that could be performed to build on this 

thesis work and potentially improve CST-based solar cell performances.  

 CST bilayer activation in trace oxygen 

MZO sputtered from oxide targets usually has stability concerns in air due to the 

formation of hydroxide [13]. Meanwhile reactive sputtered MZO has shown extensive stability 

in air and the ability to retain properties through subsequent CdTe device processing with and 

without oxygen [1]. To date most of the highly efficient CdTe or CST devices are fabricated in 

oxygen-free subsequent processing to prevent degradation of MZO in an oxygen-containing 
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environment. A previous study has demonstrated that processes with trace oxygen improved the 

current collection of CST devices [14]. In that study, they have incorporated MZO sputtered 

from oxide targets that again might have significant changes in its properties upon oxygen-

containing processing [15]. Chapter 3 has only studied MZO|CST devices in CSU’s standard 

oxygen-free subsequent CST processing. We discovered that significant oxygen diffuses into 

CST absorber from MZO, while oxygen interdiffusion was limited in MZO|CdTe devices. 

Currently, we have a limited understanding of the effect of oxygen in CST absorber. Moreover 

we have not tried fabricating MZO|CST devices in oxygen-containing device processing. To 

better understand the role of oxygen, preliminary experiments have performed with CSM in-

house oxygen-containing CST device processing steps, as shown in Figure 5.1. Compared to 

CSU’s well-developed device processing, CSM CST device processing is still under 

development that does not present the potential performance of CST devices after optimization. 

The CST device processing follows our baseline CdTe device processing conditions [1], except 

the addition of a CST bilayer evaporation and RTA activation. We experienced minor 

delamination after 430 °C CdCl2 treatment in CST devices, which suggested that a lower 

temperature CdCl2 treatment is required.  
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Figure 5.1. CSM in-house CST device processing (still under development). 
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Preliminary CSM in-house experiments in Figure 5.2 demonstrate that annealing the CST 

bilayer in air ambient at 500 °C improves the device performance of CST devices. Annealing in 

pure N2 and O2 might boost the FF, but the low JSC shows that CST was not activated. Annealing 

CST bilayer in air ambient shows the potential to activate the CST bilayer. Preliminary 

experiments in Figure 5.3 show that annealing CST bilayer in air ambient ≥350 °C before 

depositing CdTe layer improves the device performance to a maximum η = 16.3%. Without 

annealing the CST bilayer, the J-V parameters and device performance (η ~ 4%) are substantially 

lower, as shown by the dash lines. Note that all these devices in the preliminary experiments are 

fabricated with ~3.50 eV MZO, which is lower than the required band gap for CST devices 

(Chapter 3). The VOC are, as expected, substantially lower than optimal devices. Therefore, we 

propose optimizing the fabrication process of CST devices from reactive sputtered MZO (>3.6 

eV) with CST bilayer annealed in a small amount of oxygen (≤20%). This could optimize the 

formation of oxygen vacancies in MZO and introduce oxygen into CST absorber. With increased 

oxygen uptake and activation in the absorber layer, CST layer will potentially increase the device 

performance. Lowering CdCl2 treatment temperature should reduce delamination that provides a 

better interfacial passivation and uniform device structure. However, this could also reduce the 

formation of oxygen vacancies in MZO to create semi-conducting emitter that might not be 

beneficial to the device performance. TOF-SIMS can be done to better understand oxygen 

interdiffusion and the role of oxygen in MZO and CST. J-V measurements would be used to 

track the device performance in different CST annealing conditions (time and temperature). 
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Figure 5.2. The (a) JSC, (b) VOC, (c) FF and (d) η parameters of CST devices with CST bilayer annealed at 500°C in 
different conditions for 5 minutes before depositing the CdTe layer. 
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Figure 5.3. The (a) JSC, (b) VOC, (c) FF and (d) η parameters of CST devices with CST bilayer annealed in air 
ambient at different temperature for 30 minutes before depositing the CdTe layer. The dash line shows the CST 
devices without CST bilayer annealed. 

 

 Graded CST bilayer devices for MZO 

Recall grain boundaries are one of the major sources of recombination that reduce device 

performance, where CdCl2 treatment aims to increase the CdTe grain size [1]. However, grain 

size is limited by the substrate temperature during deposition and chloride treatment. Chloride 

treatment is a slow process due to the self-diffusivity of CdTe and Cl [16]. A solution was 

depositing large CdTe grains during VTD or CSS. Increasing the temperature of the substrate 

could potentially increase the as-deposited grain size but a high substrate temperature will 

potentially evaporate the deposited CdTe and reduce deposition efficacy. A previous study has 

discovered that colossal grain grew CST provides a platform to grow a larger CdTe grain size 
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[16]. This is achieved by annealing the CST bilayer in CdSe-rich condition at 500 °C within 5 

minutes in CSS chamber. This significantly increases the as-deposited CdTe grain size and 

reduces grain boundary recombination. However, the colossal grain growth CST only occurs at 

~10 mol% Se, which is less than the nominal CST bilayer with lowest band gap (40 mol% Se). 

Therefore, we propose depositing a graded CST layer for device fabrication to promote the grain 

growth in CdTe deposition. First, a 500 nm CdSe0.4Te0.6 bilayer is deposited on MZO by CSS or 

thermal evaporation. It is then capped with a thin CdSe0.1Te0.9 bilayer with different thickness 

(10 – 100 nm) that aims to provide an interface with proper CST composition at the interface for 

large CdTe grain growth in subsequent deposition. The graded layer is annealed in CdSe-rich 

conditions at 500 °C for <5 minutes [16]. The annealing time might be shorter due to potential 

Se diffusion to the interface. Finally, it follows the normal CST device processing that adds 

CdTe absorber and back contact with chloride treatment. This could theoretically increase the 

grain size of CdTe and device performance. Once the optimal thickness of CdSe0.1Te0.9 is 

identified, the time and temperature of annealing process and CdCl2 treatment can be adjusted to 

further optimize device performance for creating a better Se gradient in devices. XRD and 

scanning electron microscope would be used to track the changes in grain size and surface 

roughness. Larger CdTe grain or colossal grain grew CST might reduce the efficacy of Se, Cl 

and Cu diffusion in chloride treatments that may require a longer chloride treatment time. TOF-

SIMS can be used to study elemental diffusion compared to normal CST processing.  

 

 GMZO|CST:GrV devices 

Reactive sputtered GMZO covers the ideal range of emitter properties in GrV doped 

CdTe-based devices that could potentially reach 25% efficiency [12]. First Solar and NREL 

preliminary experiments on reactive sputtered GMZO emitters have demonstrated major 

delamination during CST device processing due to the presence of stress within GMZO films. 

An exceptional condition was performing CST device processing in an oxygen-containing 

environment. Table 5.1 shows that GMZO has maintained semi-conducting properties and 

medium carrier concentration (1015-17 cm-3) through CST device processing in an oxygen-

containing environment. Due to the oxygen uptake of GMZO in subsequent processing, a higher 

carrier concentration (>1018 cm-3) is required for oxygen-containing device processing. Upon 

resolving the stress issues in oxygen-free device processing, a lower GMZO carrier 
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concentration might be required due to the formation of oxygen vacancies that we have seen in 

MZO|CST:Cu devices (Chapter 3). Another potential problem in GMZO|CST-based devices is 

the Ga driven cation interdiffusion within devices. This could potentially harm the device 

performance by the creation of poorly passivated Ga-rich interface or altering the emitter and 

absorber properties. That might require a thin capping layer (10-20 nm), such as MZO, to 

prevent Ga diffuses into the interface. After resolving these issues and identifying the optimal 

GMZO properties, GMZO should improve the device performance with GrV doped CST 

devices, such as CST:As (NA~1016 cm-3). Chapter 3 has shown that the VOC of CST:Cu is 

potentially limited by the absorber layer. Further improvement in VOC and device performance 

require a CST absorber with higher carrier concentration. Therefore, we propose using reactive 

sputtered GMZO with matching properties in CST:GrV devices. This could potentially increase 

the single-junction of CdTe-based devices to 25% efficiency. J-V measurements would be used 

to optimize the device performance for GMZO/CST: GrV devices with different GMZO band 

gap and carrier concentration. TOF-SIMS would be used to track the elemental diffusion within 

devices to understand the role of elements in different layers.  

 

Table 5.1. The carrier concentration of GMZO before and after NREL’s device processing in oxygen containing 
environment. 

Band Gap (eV) As-deposited ND (cm-3) Post-processing ND (cm-3) 

3.49 
1.5 x 1016 N/A 

1.1 x 1018 7.8 x 1015 

3.68 
5.7 x 1016 2.7 x 1016 

8.8 x 1018 1.0 x 1017 
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APPENDIX A  
SUPPLEMENTARY INFORMATION FOR CHAPTER 3 

 

 

 

 

Figure A.1. Performances of devices made on a combinatorial MZO library whose composition varied diagonally 
from Zn rich (~3.3 eV) in the bottom left to Mg rich (~3.7 eV) in the upper right.   
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Figure A.2. Carrier concentration as a function of depletion width for devices made with varying MZO. 

 

 
Figure A.3. Selected TRPL from devices fabricated with varying MZO. Presented decays fit to between 30 and 50 
ns for the long decay constant, and were acquired with the lowest injection possible, between 30 and 80 µW. Each 
MZO condition produced a variety of TRPL measured lifetimes, ranging from 10 ns to 80 ns, and it was determined 
that due to the variation across the 5 measurements for each sample (in 5 locations on the samples) differences in 
lifetime attributable to MZO bandgap were not significant.  
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Figure A.4. Transmission spectra of MZO films shown in Fig. 6 as a function of sputter ambient.  

 

 
Figure A.5. XRD patterns of MZO films shown in Fig. 6 as a function of sputter ambient.  
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APPENDIX B  
STANDARD OPERATION PROCEDURES FOR CHARATERIZATING THIN FILMS 

This appendix contains the standard operating procedures (SOP) for the characterization 

systems in sputtering lab.  

 

I. Cary 50 SOP 

This appendix contains the standard operating procedures for measuring the percentage 

transmittance of UV-visible spectra for different samples.  

 

1. Turn on the computer (This spectrophotometer does not have a power switch). 

DON’T connect this computer to internet! 

2. Turning on the computer will automatically turn on the spectrophotometer.  

3. Login to the admin account “gavinyeung_a” with password “Wolden483”.  

4. Launch the application “scan.exe” in desktop. 

5. It should show you that the spectrophotometer is online on the top.  

6. Click “Setup” to configure scanning. The maximum wavelength range of scan is 190 – 1100 

nm (Default: 200 – 800 nm). Set the wavelength to desired wavelength (250 – 800 nm for 

MZO-based material on plain glass). Select “%T” in mode. Select “Medium” scan controls.  

7. In Baseline tab, highlight “zero/baseline correction” and click OK to complete setup.  

8. Place a baseline sample (blank substrate or solvent) and close the lid for baseline scanning, 

as shown in Figure B.1.  

9. Click “Baseline”. 

10. After baseline scanning, place a piece of cardboard to block the light and close the lid for 

zero scanning. 

11. Click “OK”.  

12. After finishing this, place your samples and close the lid for scanning. 

13. Click “Start” and input your sample file name in desired directory.  

14. After that, input the sample name for display and hit Enter.  

15. After finishing all the scans, click “Save data” in “File”.  

16. Save the data in “.csv” format and retrieve your data with a flash drive.  
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17. After completing all the scans and operation, turn off the computer to save the lifespan of 

UV-visible lamps.  

 

 

Figure B.1. Picture of Cary 50 sampling window with window highlighted in red. 

 

II. Ossila 4 point Probe SOP 

This appendix contains the standard operating procedures for measuring the sheet 

resistance and resistivity.  

 

1. Turn on the computer. DON’T connect this computer to internet! 

2. Turn on the power surge connecting to Ossila four-point probe.  

3. Login to the admin account “gavinyeung_a” with password “Wolden483”.  

4. Launch the application “Ossila Sheet Resistance.exe” in desktop.  

5. The System address should be “COM#” (# is a number that depends on the USB port the 

system is connected to), as shown in Figure B.2. If there is not, check the connections and 

click refresh.  
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Figure B.2. The Ossila four-point probe settings with measured ITO standard. 

 

6. Load your samples carefully to the four-point probe sample stage with the pins touching 

your samples.  

7. Depending on your sample, select the appropriate range of current (1-5). For the respective 

current, please refer to Figure B.3.  

 

 

Figure B.3. The current for different settings. Adapted from [1]. 

 

8. For the 100 nm ITO standard substrate, perform the measurement at range 1. The measured 

sheet resistance should be ~20 ohm/square.  
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9. For detailed range of measurements, please refer to Figure B.4. Sometimes, the system 

could take >10 V (invalid measurement) or <3 V (low usage) to reach the default target 

current. In Figure B.5, you can increase or reduce the target current to suitable target current 

to obtain a valid and effective measurement at ~7 V. DON’T adjust the maximum voltage.  

 

 

Figure B.4. The measured range settings for different sheet resistance. Adapted from [1]. 
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Figure B.5. The default settings for current range 2 (20 mA). 

 

10. You may add the thickness of your films to calculate resistivity.  

11. Input your sample file name and desired directory. 

12. Click “Measure” for measurements, adjust the range of current and target current if 

necessary.  

13. Record the sheet resistance and resistivity.  

14. After finishing all the scans, scan files can be retrieved in desired directory.  

15. Turn off the power surge connecting to Ossila four-point probe.  

16. Turn off the computer to save the lifespan of UV-visible lamps for Cary 50 UV-visible 

spectrophotometer.  

 

 

III. References 

[1] Ossila. "Four-point Probe." https://downloads.ossila.com/manuals/four-point-probe-
system.pdf (accessed March 28, 2021). 

 

https://downloads.ossila.com/manuals/four-point-probe-system.pdf
https://downloads.ossila.com/manuals/four-point-probe-system.pdf

