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Abstract 

Kesterite Cu2ZnSnS4 (CZTS) solar cells have recently emerged as a promising 

candidate for scalable thin-film solar cell development, mainly due to a generic 

similarity to commercialized CuInGaSe2 (CIGS) and CdTe solar cell technologies 

while consisting of only earth-abundant and non-toxic constituents. However, the 

photovoltaic performance of CZTS solar cells is still hampered by a relatively large 

open-circuit voltage (VOC) deficit which is correlated to bulk defects in CZTS absorber 

and recombination at the interfaces. To achieve high-performance CZTS solar cells, 

nanoscale layer coating and interface modification by atomic layer deposition (ALD) is 

an effective strategy to improve the device performance.  

This thesis starts with the synthesis of ALD Zn1-xSnxO films for application as a 

buffer layer in CZTS solar cells. A favorable band alignment is achieved using a 10 nm 

Zn0.77Sn0.23O buffer layer which enabled an impressive 10 % increase in VOC and a 9.3% 

efficient CZTS solar cell, a world-record at the time of fabrication. The decreased 

interfacial defects stemming from the minor lattice mismatch at the 

CZTS/Zn(S,O)/ZTO hetero-interface in combination with the passivation provided by 

a higher sodium concentration throughout the CZTS/ZTO device explains the 

significant increase in VOC.  

Another strategy is the application of ALD Zn1-xMgxO films as a window layer, 

which is essential to prevent shunt paths in CZTS thin-film solar cells. The wider 

bandgap of Zn0.8Mg0.2O layers minimizes the optical loss from the window layer and 

leads to an enhanced JSC. A more favorable conduction band alignment is believed to 
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contribute to the improvement in VOC. A 9.2% efficient Cd-free CZTS device with a 

Zn1-xMgxO window layer was fabricated without anti-reflection coating, thanks to the 

significantly enhanced Jsc and VOC. 

Lastly, I demonstrate the first Cd-free CZTS solar cell with an efficiency beyond 

10 %, bringing this low-cost and green absorber one step closer to commercial 

practicality. This efficiency improvement is obtained by using an ALD Al2O3 

passivation layer to reduce interface recombination at the heterojunction, thus 

significantly reducing the VOC deficit. It demonstrates the effective application of ALD 

Al2O3 layers in Cd-free CZTS solar cells and provides fresh insights into the 

mechanism of Al2O3 passivation on the nanoscale. 
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Chapter 1    Introduction  

1.1 CZTS photovoltaics: a clean sustainable energy solution? 

1.1.1 Thin film photovoltaics: current status and development 

The continuous development of human society requires escalating energy consumption. 

However, most of the global energy consumption in modern society comes from 

burning oil, gas, and coal, the so-called fossil fuels. Actually, all the energy in fossil 

fuels originates from the sun, namely captured through photosynthesis by plants. In 

this sense, we are withdrawing from our natural bank of stored solar power without 

making any significant deposits, which can be regarded as unsustainable. In order to 

maintain a sustainable utilization of the energy, renewable energy instead of 

exhaustible fossil fuels is required to tackle the escalating energy demand for human 

development. Photovoltaic (PV) technology, which converts the sunlight into 

electricity without releasing CO2, is among the most promising renewable energy 

technologies.[1-3] The photovoltaic industry has demonstrated rapid growth in the past 

decades reaching a global cumulative PV system installation of 500 gigawatts by the 

end of 2018.[4] Those installations bring us PV generated electricity, which 

represented 2.5% of global electricity demand at the end of 2018.[4] Crystalline silicon 

(c-Si) PV holds the majority share in the PV market mainly because of its rich material 

resources, non-toxic nature and proven long-term stable performance. It should be 

noted that the price of c-Si PV modules declined dramatically in the past years 
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whereby driving the levelized costs of electricity (LCOE) from PV down to 2 USD 

cents/kWh in some markets in 2019. Solar power is now close to or even (far) below 

“grid-parity” in many countries.[4] This impressive achievement can be attributed to 

PV technology research and development, economies of scales and the 

market-stimulating policies in the last forty years.[5]  

 

Figure 1. 1 Annual PV production by technology worldwide from the year 2000 to 

2017.[6] 

 

Silicon PV has a market share of more than 90% and the remainder is taken up by 

thin film PV technologies such as cadmium telluride (CdTe), copper indium gallium 

diselenide (CIGS) as shown in Figure 1. 1. Despite the fact that the market share of all 

thin film technologies combined was only ~5 %, the module prices of thin film PV still 

follow a similar declining trend at a comparable price level as c-Si PV as shown in 

Figure 1. 2.[6, 7] In some areas thin film PV is advantageous over c-Si PV as it utilizes 

less material.[8, 9] The active layer of thin film solar cells is usually only a few 

micrometers thick, much thinner than the conventional crystalline silicon cells which 

use wafers up to 200 µm. Also, thin film solar cells can be fabricated onto both rigid 

and flexible substrate, which allows PV modules with much lower weight and higher 

https://en.wikipedia.org/wiki/Cadmium_telluride_photovoltaics
https://en.wikipedia.org/wiki/Copper_indium_gallium_selenide_solar_cells
https://en.wikipedia.org/wiki/Copper_indium_gallium_selenide_solar_cells
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flexibility for wider applications. This is, in particular, relevant to markets such as 

building integrated photovoltaic (BIPV), portable electrical devices, electric vehicle 

integrated PV, and commercial unmanned aerial vehicles. [10] Another application 

scenario for thin film PV is the integration with c-Si to form cost-effective tandem 

solar cells with theoretical efficiency well beyond 40%.[11, 12] Stacking a high 

bandgap thin film solar cell on a c-Si bottom cell will produce high-efficiency solar 

cells without adding additional encapsulation or system cost. Efficiency improvement 

is regarded as the key to future PV development as the encapsulation and balance of 

system (BOS) costs are now dominating the cost of a PV system.[13] This approach 

will potentially lead to a huge reduction in the LCOE; simply because the same power 

can be generated from a smaller area.  

 

Figure 1. 2 Price learning curve by technology based on cumulative production up to 

Q4, 2017, expressed as module price per unit of generated power. The price of thin 

film modules has consistently been lower than the Crystalline Si modules. 

Reconstructed from Ref. [6]. 

 

On the lab scale, thin film solar cells have achieved a remarkable increase in 
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photovoltaic performance with efficiency beyond 22 % for CdTe[14] and 23 % for 

CIGS[15] solar cells. Metal halide perovskite-based solar cells even reached 25 % 

efficiency due to the significant strides made over the past several years.[16] However, 

these thin film technologies use either toxic elements such as cadmium and lead or 

scarce elements such as indium, gallium and tellurium which complicates scaling up 

these technologies to the terawatt level. Therefore, the development of thin film solar 

cells which only use earth-abundant non-toxic elements is desirable for terawatt -scale 

PV technology. 

1.1.2 Why choose pure sulfide CZTS? 

 

Figure 1. 3 Efficiency evolution of kesterite and chalcopyrite solar cells from the first 

year reported working solar cells. Adapted from [17] 

 

Copper-based I2–II–IV–VI4 quaternary kesterite compounds including Cu2ZnSnS4 

(CZTS), Cu2ZnSnSe4 (CZTSe) and Cu2ZnSn(S, Se)4 (CZTSSe) are promising 

candidates for thin film PV technology due to their outstanding performance, the usage 



5 

 

of only earth-abundant elements, and their potential for low-cost manufacturing.[18-20] 

Note that CZTS(e) will be used as a general acronym to represent those compounds in 

the remainder of the thesis. Kesterite-based solar cells have witnessed rapid 

development since the demonstration of the first working solar cell twenty years ago. 

Although the efficiency is not at the same level as CdTe and CIGS, kesterite-based 

solar cells still hold a slightly higher development speed than chalcopyrite solar cells 

during its first twenty-year development, as can be seen from Figure 1. 3.[17] If it can 

maintain this development speed, the efficiency of kesterite solar cells is expected to 

reach the 20 % threshold in the next decade.  

Kesterite-based materials have a number of photoelectric properties which make it 

a promising light-harvesting material. In principle, CZTS(e) structure is quite 

comparable to CIGS where In and Ga are replaced by more earth-abundant Zn and 

Sn.[10, 21] The CZTS(e) system can crystallize to form three different structural 

phases including kesterite, stannite or primitive mixed Cu-Au, where kesterite is 

preferable to use for solar cells due to its most stable structural polytype[1]. Similar to 

chalcopyrite solar cells, the bandgap of CZTS(e) can be tuned over the range of 1.0 to 

1.5 eV, which matches well with the optimum bandgap of 1.4 eV for AM1.5 solar 

spectrum[22]. Furthermore, the high absorption coefficient (>105 cm-1) and natural 

p-type conductivity[23] make CZTS(e) an appealing choice for thin film PV 

applications. A 1~2 µm thick absorber layer is enough to absorb most of the incident 

solar radiation[24]. Together with these properties, the substantial progress in kesterite 

solar cells has made it as the most promising candidate for sustainable large-scale PV 

deployment. 

In this thesis, I will focus on pure sulfide CZTS instead of selenide compounds 

CZTSe or CZTSSe with the following reasons being identified. 

1) Se is not earth-abundant[25] while S is very abundant.  

2) Pure sulfide CZTS has a larger bandgap than e.g. CZTSSe cells which is 

desirable when applied in a tandem solar cell.[12]  



6 

 

3) Alternative buffer layers can be employed in CZTS solar cells while to date 

only toxic CdS buffer layers were successfully used in CZT(S, Se).[26, 27] As 

the previous research showed, the utilization of a Cd-free buffer layer enables 

higher efficiency in CZTS solar cells while not that successful in CZT(S,Se) 

cells.[26, 27]  

In this way, CZTS solar cells provide a green plus pathway to a sustainable future 

using only earth-abundant and non-toxic elements. 

1.2 Opportunities for atomic layer deposition in photovoltaics 

1.2.1 Fundamental limits of CZTS technology 

 

Figure 1. 4 Limiting processes in photovoltaic materials. Adapted from [1] 

 

The main challenge for CZTS(e) solar cells at this moment is its relatively modest 

energy conversion efficiency. The record 12.6% efficient CZTSSe device is still 

significantly below its CIGS counterpart with a 23.35% record efficiency.[28, 29] 

Polman et al. compared the gap between the champion solar cell performance and the 
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fundamental Shockley-Queisser (S-Q) limit for a wide range of PV materials[1] as 

shown in Figure 1. 4. The experimental values for short-circuit current (Jsc) and the 

product of open-circuit voltage (Voc) with fill factor (FF) relative to their S-Q limiting 

values are shown for 16 record efficiency solar cells. From this figure, one can easily 

identify the dominant performance loss for each solar cell technology, e.g. a Jsc lower 

than the SQ limit indicates non-ideal light management and carrier collection, and a 

relatively low (Voc × FF)/(Vsq × FFsq) identifies non-ideal carrier management, 

parasitic resistance or other electrical defects. In the case of the record CZTSSe solar 

cell, it can be observed that the Voc × FF lags with only 50% of its ideal value, which 

contributes to the main efficiency loss.  

 

Figure 1. 5 Summary of the voltage deficit (with respect to the Shockley-Queisser limit) 

for kesterite and chalcopyrite solar cells. Adapted from Ref. [17]. 

 

This low Voc value for CZTS(e) can be regarded as the main reason for the lower 

efficiency compared to that of chalcogenide CIGS solar cells. Most commonly, Voc 

deficit is used to evaluate the gap between measured Voc and the maximum 

thermodynamic Voc. Therefore, Voc deficit can be calculated using the following 
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equation, 

VOC deficit (mV) = Eg/q – Voc                           Equation 1. 1 

where Eg is the optical bandgap extracted from the onset of the external quantum 

efficiency (EQE), q is the electron charge, Voc is obtained from the J-V analysis under 

AM 1.5G conditions. Figure 1. 5 presents a comparison of the lowest Voc deficit 

reported for kesterite and chalcopyrite as a function of the bandgap of the absorber. 

Notably, the Voc deficit of kesterite and chalcopyrite is comparable for bandgaps of 1.0 

and 1.5 eV, while the gap between them increases significantly in the intermediate 

bandgap region. Another phenomenon is that the Voc deficit increases monotonically 

with the bandgap, indicating the performance of high bandgap CZTS is limited by the 

Voc loss. 

 

Figure 1. 6 Photocurrent efficiency in solar cells. Maximum possible short-circuit 

photocurrent density in the S-Q limit (𝐽𝐽𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆)versus the photovoltaic gap (𝐸𝐸𝑔𝑔𝑃𝑃𝑃𝑃) compared 

with the experimental photocurrent density at short circuit (Jsc) and maximum power 

(JMP) for the champion cells at AM 1.5 G illumination. Adapted from Ref. [30]. 
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This large Voc deficit is mainly attributed to a large number of defects in the lattice 

and more defect-induced energy levels in the electronic bandgap.[19, 21, 31] The 

presence of those defects leads to a large density of defect-induced energy levels 

within the bandgap, thus producing the band tailing in kesterite.[32] In addition, the 

stoichiometry range of single-phase kesterite CZTS(e) is much narrower than CIGS, 

normally with Cu-poor(Cu/(Zn+Sn) = 0.8–0.9) and Zn-rich (Zn/Sn = 1.1–1.4) 

features[33]. Besides, the decomposition of CZTS at high temperatures and related 

binary phases (such as Cu2S, ZnS, and SnS) further impedes attempts to create pure 

kesterite CZTS films[34, 35]. Apart from the discrepancies in absorber properties, the 

performance of CZTS(e) solar cells is also limited by the interface quality of the e.g. 

CZTS(e)/CdS and CZTS(e)/Mo interfaces.[36] Detailed investigation on bulk defects 

and secondary phase defects in CZTS(e) films and their influences on devices have 

been discussed in detail elsewhere [21, 31], and I will mainly focus on the interface 

management of CZTS solar cells in my thesis.  

Another fundamental limit of the CZTS(e) cell performance is the low Jsc. Figure 

1. 6 plot the current density versus bandgap energy for various types of solar cells, 

providing an overview of the photocurrent efficiency of the cells. The ratio of Jsc/𝐽𝐽𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆 

can be used to evaluate the efficiency of photo capture and subsequent 

photo-generation and collection at the contact of a device.[30] The values of Jsc/𝐽𝐽𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆 

are calculated to be 74% and 77% for CZTS and CZTSe cells, while the values for c-Si, 

GaAs and CIGS are 96%, 93% and 89%. Not surprisingly, the observed deviation of 

the experimental Jsc from the 𝐽𝐽𝑆𝑆𝑆𝑆
𝑆𝑆𝑆𝑆 is much larger for CZTS(e) than c-Si, GaAs and 

CIGS solar cells. It indicates that CZTS(e) has poorer photocurrent efficiency than the 

other technology, which impedes performance improvement. A considerable 

photocurrent loss is believed to be related to the low EQE values in the short 

wavelength region in champion kesterite cells.[37, 38] The employment of a high 

bandgap window or thinner buffer layer could probably minimize the photon 
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absorption. It is also worth looking beyond the photon absorption to increase the 

photocurrent efficiency by reducing the non-radiative carrier recombination in the bulk 

and at the interface as well as shunt resistances which contribute to the loss in 

photogenerated carriers. The development and design of alternative buffer/window 

layer and interface layer will be the main strategy in this thesis to minimize optical loss 

and enhance the generation and collection of photogenerated carriers. 

1.2.2 How can ALD make a change? 

 
Figure 1. 7 Diagram highlighting various roles ALD plays in the PV field. 

 

To solve the issues in CZTS solar cell’s development, nanoscale layer coating and 

interface modification of CZTS is a critical approach to reduce the VOC deficit and Jsc 
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losses, leading to high-performance solar cells. Therefore, there is a number of 

opportunities for CZTS technology to benefit from the use of atomic layer deposition 

(ALD) processing, either from the view of environment protection or performance 

improvement. ALD is a technique enabling nanoscale engineering through self-limiting 

surface reactions and provides ultrathin, dense and continuous layers at the 

sub-nanometer scale. The self-limiting reactions also enable the excellent coverage and 

conformal coating on complex structures. In addition, the separation of sub-steps 

processing allows for the tuning of the structural, optical, electrical properties of 

materials such as gradient, stoichiometry and doping level at the monolayer scale. 

Especially for interface management purpose, ALD offers many advantages for precise, 

uniform and conformal film growth. Various functional layers such as absorber, buffer 

layers, passivation layers, and transparent conductive oxide layer can be deposited by 

ALD. 

ALD has been used in many ways to enhance the device performance in the PV 

field, as categorized into five different areas presented in Figure 1. 7. These areas 

include the application on targeted structures, the construction of protective coating, 

the synthesis of functional materials, the employment of surface passivation and the 

study of mechanisms and fundamentals. Specifically, the various roles ALD played in 

the PV area are: (1) Targeted structures: the material coating on complex 

three-dimensional structures is the characteristic application of ALD due to its 

conformal, isotropic growth behavior. (2) Protective coating: the dense nature of ALD 

coatings can significantly improve the stability of the PV devices and extending their 

durability. (3) Functional materials: precise composition control on the functional 

materials deposited by ALD allows for performance to be well-tuned. (4) Surface 

passivation: ALD is extensively implemented to reduce interface recombination, in 

particular for c-Si solar cells. (5) Mechanisms and fundamentals: fundamental studies 

of the process mechanism can be performed in ALD through step by step 

characterization. In this thesis, the last three applications will be investigated in detail. 
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1.2.3 Last step to fully environmental CZTS cell 

Although kesterite solar cells have witnessed a rapid development in the past 

decades to the current power conversion efficiency (PCE) over 10%,[37-39] most of 

the high-performance kesterite devices have been fabricated using CdS as the buffer 

layer which is obviously not desirable when aiming for a fully 

environmentally-friendly process. Hence, the last step towards a fully environmental 

CZTS solar cell is to avoid the utilization of toxic Cd. The Cd-free buffer layer has 

shown great potential in chalcogenide solar cells as evidenced by the fact that Solar 

Frontier recently announced a record efficiency of 23.35% for Cd-free CIGS solar 

cell.[15] In contrast, the Cd-free CZTS solar cells only demonstrated a champion 

efficiency of 9.7 % [40]to date, posing significant constraints to compete with CIGS at 

a commercial level. As above mentioned, the interface recombination is mainly 

originating from non-ideal band-alignment and a high defect density at the CZTS/CdS 

heterojunction interface. Additionally, the relatively low bandgap of CdS (Eg = 

2.4~2.5eV) results in significant optical absorption losses and thus reduces the 

short-circuit current density of the solar cell. Therefore, CdS buffer needs to be 

replaced by alternative buffer layers such as In2S3,[41] Zn(O,S),[42] and Zn1-xSnxO[43, 

44], which have the potential to both improve the performance and achieve fully 

environmental device.  

1.3 Framework of this thesis 

1.3.1 Objectives 

On the material level, the functional materials studied in this thesis will be 

deposited by using ALD, a moderate process based on self-limiting reactions on the 

surface. The key merit of ALD is the freedom to accurately control the properties of 

the film. I will investigate the growth, optical, electrical and structural properties of 
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ALD thin films for various materials. The implementation of ALD for functional layers 

benefits from the dynamic measurements during the process of deposition, which 

allows for evaluating the basic properties of the deposited films and precise control on 

the growth of desired materials. One functional material might exhibit different 

properties depending on its deposition condition, the precursors used and the ALD 

process employed. Hence, the effects of those factors will be discussed to find a 

suitable candidate for a certain purpose. 

At the device level, as mentioned in Section 1.2.1, improvement in cell efficiency 

is the key point towards cost reduction in future PV development. Further 

improvements in efficiency have been mainly hampered by difficulties to tackle the 

large deficit in the Voc,[1] which is correlated to deep defects and fluctuated 

composition in bulk, secondary phases, interface recombination, etc.[23, 32, 45] In this 

thesis, I will mainly focus on interface recombination. The interface recombination is 

mainly originating from a non-ideal band-alignment and a high defect density at the 

CZTS/CdS heterojunction interface. Thus, alternative Cd-free buffer materials will be 

employed to optimize the band alignment. Another origin of interface recombination 

can be attributed to the intrinsic point defects and local fluctuations of the bandgap and 

electrostatic potential in CZTS[1, 46, 47]. Heterojunction interface passivation will be 

required to effectively passivate interface defects. In addition to the VOC deficit, the 

optical loss needs to be suppressed to increase the Jsc value. High bandgap materials 

will be utilized to replace the commonly used i-ZnO layer. As different function layer 

is to be used, an optimized combination of the buffer/window layer will be simulated 

as an approach to accelerate the experimental optimization works. 
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Figure 1. 8 Different configurations of ALD thin film application for CZTS solar cells. 

 

ALD based buffer layers, passivation layers, and transparent conductive oxide can 

be explored in various configurations of CZTS solar cells. Previous studies indicate the 

great potential of ALD application on chalcogenide solar cell and therefore a number 

of exciting opportunities are there to boost the performance of CZTS solar cells. The 

proposed application of ALD thin film on CZTS devices is illustrated in Figure 1. 8. 

The main part of this thesis is categorized by the function of ALD materials applied in 

CZTS solar cells, namely the buffer layer, window layer, and interface passivation 

layer. Each part starts with the deposition and characterization of ALD thin films. The 

implementation of dynamic measurement accelerates the development of various 

functional materials. Subsequently, those thin films are applied in the CZTS device to 

look into its effects on the device performance. Together with the device simulation, 

the enhanced photovoltaic performance of the CZTS device is to be demonstrated and 

analyzed. Finally, the mechanism and fundamental basis of the improvement will be 

given based on advanced material and device characterization. 

1.3.2 Main structure of the thesis 

Chapter 2 begins with a theoretical background investigation on the possible 

approach towards a high efficient CZTS solar cell. It then summarizes the fundamental 

knowledge of understanding and developing a desirable atomic layer process. The last 
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part summarizes the current progress about the application of ALD on chalcogenide 

solar cells following the category of various functional materials.  

Chapter 3 describes the experimental techniques used in this work to deposit 

various functional layers and characterization methods to measure thin films and 

photovoltaic devices. The characterization method was systematically described by 

dividing into three parts, namely, in situ diagnosis technique in ALD system, ex situ 

material characterization and device measurement. 

Chapter 4 presents the study of Cd-free buffer layer deposited by thermal ALD and 

their application on CZTS devices. By carefully optimizing the thickness and 

composition of ZTO, a CZTS solar cell efficiency of 9.3 % is presented which can 

mainly be attributed to an enhanced Voc. The microstructure, chemical nature and band 

structure of the CZTS/ZTO interface are carefully studied to explain the significant 

increase in Voc. 

Chapter 5 demonstrates the high bandgap window layer deposited by different 

ALD method and their application on CZTS devices. A 9.2% efficient Cd-free CZTS 

device with a structure of Mo/CZTS/ZTO/PE-ZMO/ITO was fabricated without 

anti-reflection coating, thanks to a significantly enhanced Jsc and VOC. 

Chapter 6 demonstrates Al2O3 as an effective heterojunction passivation layer on 

CZTS devices. This part presents a champion efficiency of 10.2 % for Cd-free CZTS 

device resulting from the application of an Al2O3 passivation layer prepared by ALD. A 

plausible mechanism for the passivation induced by ALD-Al2O3 was proposed on how 

to improve the VOC and device performance. 

Chapter 7 summarizes the major conclusions of this thesis and presents a road map 

towards high efficient Cd-free CZTS solar cells.  
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Chapter 2    Background 

To achieve the objectives of this thesis, the background of how ALD could improve 

the PV performance of Cd-free CZTS solar cells is systematically investigated in this 

chapter. Firstly, the possible approach towards high-efficiency CZTS solar cells is 

discussed, including the favorable band alignment, alkaline doping, interface 

passivation, band tailing suppression, and optical design. It is then followed by a 

fundamental background investigation of how to develop a desirable ALD process for 

PV application. The last part summarizes the current research progress on the 

application of ALD layers and processes in chalcogenide solar cells. 

2.1 Towards high efficient CZTS solar cells 

Based on the previous discussion, the main barrier for CZTS improvement comes from 

the VOC deficit. To improve the VOC, we need to understand the controlling of 

defect-mediated recombination mechanisms coming from bulk, grain boundaries and 

interface between device layers. [31, 35, 36, 48] The major recombination mechanism 

of low VOC can be studied by analyzing the temperature (T) dependent VOC[49]: 

 

𝐸𝐸𝑂𝑂𝑆𝑆  = 𝐸𝐸𝐴𝐴
𝑞𝑞
− AkT

q
𝑙𝑙𝑙𝑙 𝐽𝐽0

𝐽𝐽𝐿𝐿
                   Equation 2. 1 

 

where EA, A, k, q, J0 and JL are the activation energy for recombination, ideality factor, 

Boltzmann constant, electron charge, reverse saturation, and photocurrent current, 



17 

 

respectively. A straight line should be obtained by plotting the VOC versus T, 

extrapolation to T=0 K will give the activation energy EA/q[49]. If the plotting 

intercept has a value less than the bandgap, it means that interface recombination is the 

dominating recombination mechanism. As shown in Figure 2. 1, the activation energy 

of CZTSSe solar cells is far below the bandgap, while the activation energy of CIGS is 

identical to the bandgap value. This large gap in CZTSSe solar cells is probably caused 

by the electrical defects or a negative bandgap offset at the CdS/CZTSSe interface[49]. 

Therefore, interface defects and band alignment offset at the CdS/CZTSSe interface 

impede the carrier collection efficiency, leading to decreased solar cell efficiency[37]. 

The large VOC deficit gives us the motivation to further improve the CZTS solar cell 

performance. Having a better understanding and control of the functional layers and 

interface management will give us an opportunity towards high efficient CZTS solar 

cells.  

 
Figure 2. 1 VOC as a function of temperature data and its linear extrapolation to 0 K 

indicating the activation energy EA of the recombination process. Adapted from Ref. 

[49] 
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2.1.1 Band alignment management 

Band alignment is a critical research point as it helps to understand the carrier 

transportation and recombination mechanism at the interface. The band offset of 

conduction band minimum is defined as ΔEc while the band offset of valence band 

maximum is ΔEv. Also, the bandgap difference ΔEg at the interface is written to be ΔEg 

= Eg
l
 - Eg

s, where the superscripts denote large (l) and small (s) bandgaps. If the band 

offsets are defined to be ΔEv = Ev
l
 - Ev

s and ΔEc = Ec
l
 - Ec

s, then we can get the 

expression of ΔEg at each semiconductor/semiconductor interface as following: 

 

Δ𝐸𝐸𝑔𝑔 = ΔE𝑣𝑣 +  ΔE𝑐𝑐                                   Equation 2. 2 

 

With these definitions, one can speak of positive and negative band offsets. If a band 

offset is positive, a charge carrier requires kinetic energy in order to overcome the 

energy barrier from the small gap to the large gap semiconductor. To give an example, 

let us discuss the heterojunction interface between the absorber and buffer layer. 

2.1.1.1 Absorber/buffer 

 

Figure 2. 2 Schematic energy band diagram at the absorber/buffer interface: a) 

Spike-like type, b) Cliff-like type. 
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Thin film solar cells featured by effective heterojunction to obtain high 

photovoltaic performance. Generally, a buffer layer is employed in combination with 

the absorber layer to create a p-n junction. A buffer layer should benefit the device 

properties in terms of maximizing light transmission, effective carrier transportation as 

well as good mechanical compatibility. The buffer layer is typically an n-type material 

with large bandgap to minimize the absorption losses. Apart from this, the band offset 

at the heterojunction has been found to impact the extent of recombination at the 

interface. 

In general, there are two types of conduction band offset (CBO) in a 

heterojunction interface as shown in Figure 2. 2. Type Ι is called ‘spike-like’ CBO with 

positive conduction band offset, or ΔEc > 0, where the conduction band of the buffer 

layer lies higher than the absorber layer. In this case, it is the electron concentration at 

the absorber surface which dominates the occupation of interface defects; therefore 

interface recombination is governed by the concentration of the free holes at the 

absorber surface. The hole concentration is small at zero bias and for forward bias 

which leads to decreased saturation current density J0, thus high VOC. By contrast, Type 

ΙΙ is called ‘cliff-like’ CBO with a negative conduction band offset, or ΔEc < 0, which 

drives the electron transportation from the absorber to buffer. In this case, the VOC 

declines proportionally to -ΔEc due to the large hole concentration at the absorber 

surface at forwarding bias. The smaller ‘spike-like’ conduction band offset (0–0.4 eV) 

is believed to be optimal for high-performance chalcogenide solar cells to facilitate 

electron-hole separation, according to device simulations [50, 51]. For ΔEc < 0.4 eV, 

the influence of interface recombination on the JSC is small. The reason is that the 

photogenerated electrons can pass the interface without significant recombination due 

to the fact that the hole concentration is much smaller than the electron concentration. 

However, for ΔEc > 0.4 eV, the JSC and FF decrease remarkably as the barrier for 

electrons becomes too high. 
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CdS is the most commonly used buffer layer in CZTS devices as well as in CIGS 

solar cells. The most efficient CZTS solar cells are fabricated using chemical bath 

deposition (CBD) of CdS buffer layers [37, 52, 53]. CdS as an n-type layer is deposited 

on p-type CZTS absorber to form the p-n junction. The advantage of using CdS is to 

mostly satisfy the conduction band alignment to both absorber and the undoped ZnO 

layer. It is postulated that a ‘spike-like’ CBO is favorable for VOC while ‘cliff-like’ 

CBO benefits a JSC. Here then comes the question, what is the band offset between 

kesterite absorber and CdS buffer layer? The band alignment between kesterite 

absorber/CdS has been obtained from photoemission spectroscopy.  

 
Figure 2. 3 The band alignment between CdS, Cu2ZnSnS4, Cu2ZnSnSe4, CuInSe2, and 

CuGaSe2 (the effect of spin-orbit coupling is included). The red (dashed) line near the 

conduction band shows the pinning energy of the Fermi level for n-type doping. 

Adapted from Ref. [54]. 

 

There are some contradictory reported results by using different methods to 

determine the CBO at CZTS/CdS interface. Haight et al. used an indirect method to 

measure the valence band offset (VBO) under illumination by ultraviolet photoelectron 

spectroscopy (UPS) and obtaining the CBO determined from the VBO using bulk 

bandgap. [55] They found a ‘spike-like’ CBO for CZTSSe/CdS which is weakly 
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dependent on the S/Se ratio. The variation in the S/Se content mainly affected the VBO 

rather than CBO. A ΔEc of above 0.4 eV was found for all investigated CZTSSe 

compositions which were beyond the optimal value. In contrast, Bär et al. carried out a 

direct measurement of the actual surface bandgap using photoemission and inverse 

photoemission spectroscopy.[56] Their results presented a ‘cliff-like’ CBO of 0.33 eV 

for pure sulfide CZTS. Another study also indicated a ‘cliff-like’ CBO for CZTS/CdS 

investigated by X-ray photoelectron spectroscopy (XPS).[57] Both the indirect method 

by using core level together with XPS bulk valance band (VB) spectra and the direct 

method by analyzing XPS VB spectra at the interface gave a cliff-like behavior. In 

addition, first-principles calculations revealed that the band alignment changed from 

Type Ι for CZTSe to Type ΙΙ for CZTS. The electron affinity of CdS is sitting right 

between CZTSe and CZTS.[54] Therefore, it is more reasonable to take CZTS/CdS as 

‘cliff-like’ heterojunction based on most of the experimental and simulation results. 

The schematic bandgap diagram of conventional CZTS solar cells under zero-bias 

voltage condition is shown inFigure 2. 4. It can be deduced that the unperfected band 

alignment for CZTS might be one of the main reasons for the relatively larger VOC 

deficit compared to CZTSSe.  

 

 

Figure 2. 4 Schematic bandgap diagram of CZTS solar cell under zero-bias voltage 

condition. 



22 

 

Table 2. 1 PV parameters of kesterite solar cells prepared with different buffer layers, 

with their conduction band offset (CBO), valence band offset (VBO), device 

parameters and deposition method, respectively. 

Buffer 

layer  

Dep. 

method 

Absorber CBO

(eV) 

VBO

(eV) 

VOC 

(V) 

JSC 

(mA 

cm-2) 

FF 

(%) 

η(%) Ref 

CdS CBD CZTSSe – – 0.513 35.2 69.8 12.6 [37] 

ZnO ALD CZTSSe ±0.1 -2.1 348 21 34 2.46 [41] 

Zn(O,S) CBD CZTS 0.92±

0.1 

-0.98

±0.1 

76 0 0 0 [58] 

Zn1-xSnxO ALD CZTS – – 0.679 21.6 61.4 9 [43] 

ZnS CBD CZTSSe 1.1 -1.3 690 0.1 0 0 [41] 

Zn1-xCdxS SILAR CZTS 0.37±

0.1 

-0.83

±0.1 

0.762 19.5 63 9.2 [59] 

In2S3 CBD CZTSSe 0.15±

0.1 

-0.75 0.424 32.3 0.55 7.6 [41] 

In2S3 CBD CZTS 0.11 -0.73 621 20 54.5 6.9 [60] 

In2S3/CdS CBD CZTS 0– 

0.1 

-1.0 0.708 21.6 60.1 9.2 [61] 

 

Other factors might also affect the band alignment at the CZTS/CdS interface. The 

crystal structure and orientation at the CdS/CZTS interface were investigated and 

correlated to the resulting conduction band offset at the CZTS/CdS interface[62]. It 

was found that the CZTS/CdS showed a ‘cliff-like’ CBO in both cases of stannite and 

kesterite structure, independent of the heterojunction interface. There is another study 

on the influence of KCN etching before CdS deposition along with the interface band 

alignment investigation.[56] UPS and IPES measurements were performed at the 

KCN-etched CZTS/CdS interface. An enhanced surface bandgap was found for the 
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KCN-etched sample due to the modification of the surface composition. This provided 

a large barrier for the recombination, thus resulting in an improvement in VOC. 

The band alignment of alternative buffer layers such as In2S3[41], Zn(O, S)[42], 

Zn1-xCdxS[59], Zn1-xSnxO[27, 43] has been reported on kesterite solar cells, with their 

measured CBO and VBO summarized in Table 2. 1. It shows that CZTSSe devices 

with binary compounds including ZnO, ZnS, and In2S3 as buffer layers do not yield as 

high efficiencies as compared to their CdS counterparts. For CZTSSe/ZnS interface, 

the ‘spike-like’ CBO of 1.1 eV was too large to allow the transportation of the photo 

generated current.[41] Although CZTSSe/ZnO had a proper CBO of 0.1 eV, its high 

series resistance and reduced band bending resulted in lower device performance.[41] 

A positive CBO has also been observed in CZTSSe/In2S3 heterojunction, which 

resulted in an efficiency of 7.6 % for CZTSSe solar cells. [41] Similarly, In2S3 was 

applied on CZTS absorber and lead to an efficiency of 6.9% due to a positive CBO of 

0.11 eV at CZTS/In2S3 interface. There are also good examples of ternary compound 

buffer layers being used in CZTS(e) solar cells. A remarkable improvement in 

open-circuit voltage has been shown in a 9.2% CZTS cell with Zn1-xCdxS buffer layer. 

The CBO of the best performing CZTS/ Zn1-xCdxS device was estimated by XPS and 

proven to be ‘spike-like’, therefore mitigating the interface recombination in the 

heterojunction. A 9.0% efficient CZTS solar cell with an ALD Zn0.72Sn0.28O buffer 

layer was reported, where the optimal band alignment was adjusted by varying the 

substrate temperature.[43] 

2.1.1.2 Absorber/window 

Another band alignment management that should be taken into account is the 

conduction band offset between the absorber and window layer. The most commonly 

used window layer in chalcogenide solar cells is intrinsic ZnO (i-ZnO). The main 

function of i-ZnO is to prevent the shunting path by blocking shunt pathways such as 

pinholes, cracks, and voids. The management of the absorber/window band alignment 
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is essential as it has been reported that the CBO of the window layer/absorber layer 

plays a key role in reducing the carrier recombination at the interface, thereby 

essentially reducing the VOC deficit in chalcogenide solar cells. 

 
Figure 2. 5 Band alignments of ZnO, CdS, Cu2ZnSnS4, Cu2ZnSnSe4, CuInSe2, 

CuGaSe2, Cu2O, and SnS, where the conduction band minimum of ZnO is set to be 0.0 

eV. Reconstructed from Ref. [63]. 

 

Murata et al. investigated the influence of the CBO between the absorber and 

transparent conductive oxide layer (TCO) on the thin film device performance by 

means of device simulation.[63] The optimized ΔEC at the buffer/TCO interface for 

high device performance was proposed to range from -0.2 to 0.6 eV and -0.4 to 0.6 eV 

for buffer carrier densities of 1×1013 and 1×1018 cm-3, respectively. Therefore, a 

too-large positive CBO would decrease the device performance due to the blocking of 

the photo-generated carriers at the buffer/TCO interface. In contrast, a too-small 

negative CBO would also deteriorate the cell efficiency as a result of decreased FF 

owing to the two diode characteristics. Experimental results in high-performance CIGS 

solar cells also demonstrated the importance of window layer combinations to reduce 

the open-circuit voltage deficit. Chantana et al. investigated the influence of different 

structures of CIGSSe solar cells with similar absorber quality on the interface 



25 

 

recombination. It showed that optimal ΔEC at both absorber/buffer and absorber/TCO 

interfaces contributed to the decreased interface recombination and led to an improved 

VOC. An efficiency of 20.4 % was achieved by using an optimized CIGSSe solar cell 

with a top layers structure of Cd0.75Zn0.25S/Zn0.8Mg0.2/Zn0.9Mg0.1O:Al. 

However, reports on the band alignment between the CZTS absorber and window 

layer have rarely been reported. The band alignments between ZnO and some of the 

materials reported in chalcogenide technology are depicted in Figure 2. 5. Note that the 

conduction band minimum (EC) of ZnO was set to be 0 eV and the numbers 

represented the energy difference of the EC for other materials with respect to ZnO. It 

can be seen that both CZTS/CdS and CdS/ZnO interfaces exhibit cliff CBO behavior, 

which induces the recombination in both interfaces. Therefore, it is essential to explore 

the proper combination of buffer/window layers and investigate its influence on CZTS 

device performance. 

2.1.2 Alkaline doping 

 

Figure 2. 6 a) Formation energies of isolated intrinsic defects in Cu2ZnSnS4 as a 

function of chemical potential (Cu-rich and Cu-poor conditions) and b) 

transition-energy levels of the intrinsic defects in the electronic bandgap of Cu2ZnSnS4. 

Reconstructed from Ref. [64]. 
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Another strategy to deal with the relative low VOC is defect engineering in the bulk 

absorber and at the surface. Kesterite-based chalcogenide solar cell suffers from a large 

VOC deficit mainly because of a large number of defects in the lattice and more 

defect-induced energy levels in the electronic bandgap. Theoretical calculations of 

defect formation energies predicted the feasible formation of different types of defects 

in the CZTS lattice.[64] Defects such as VCu, VZn,CuZn, ZnCu, CuSn, have relatively low 

formation energy and thus are likely to form in the CZTS lattice, as shown in Figure 2. 

6a. Due to the similar ionic radii of Cu+ and Zn+, the  [CuZn
+, ZnCu

-] defect complex 

may form spontaneously and remains the dominant defects in CZTS. The presence of 

those defects leads to a large density of defect-induced energy levels within the 

bandgap, thus producing the band tailing in kesterite. Additionally, a random 

distribution of those charged defects might trigger local potential fluctuations, resulting 

in a spatial fluctuation in the bandgap as shown in Figure 2. 7b. Such band tailing and 

bandgap fluctuation limit the possible light-induced separation between quasi-Fermi 

levels, thus substantially limit the VOC as well as the current density due to the 

increased probability of carrier recombination.[65] The defects mentioned above can 

be compensated through well-designed extrinsic doping. One of the most effective 

extrinsic doping is to introduce isoelectronic elements from the same family as Cu, Zn 

and Sn, which including Ag, Cd as well as Ge. However, this kind of doping is not 

within the scope of this thesis. Another extrinsic doping approach is by alkaline doping 

such as Li, Na, K, Rb, and Cs. The effects of alkaline doping on the absorber and 

surface of chalcogenide solar cells will be discussed in the following part. 
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Figure 2. 7 a) Schematic of the total density of states (DOS) plot in conventional 

semiconductor materials such as Si/GaAs and modified DOS plot in disordered 

semiconductors (by heavy doping or introduction of a high density of lattice defects) 

and b) bandgap (left)/electrostatic potential (right) fluctuation in the electronic 

structures of CIGS and CZTS materials. Adapted from Ref. [65]. 

2.1.2.1 Alkaline doping of the absorber 

The effects of alkaline doping in kesterite absorber have been shown to improve 

the crystalline quality, increase the grain size, enhance the carrier concentration, etc. 

Na has been employed in kesterite and was believed to benefit for the grain growth as 

well as carrier concentration improvement, although the mechanism behind the 

observed improvements it is still unclear. There are two possible explanations for the 

impact of Na on the carrier concentration in CZTS. The first one proposes that Na is 

positioned in Cu-sites by replacing Zn in the ZnCu defects, thus resulting in a decreased 

concentration of shallow donors and consequently the p-type conductivity. Another 

mechanism is Na diffusing towards grain boundaries during the cooling process 

(sulfurization or selenization process), leaving behind an increased concentration of Cu 

vacancies, and thereby boosting the carrier concentration. Although remarkable results 

were reported by several research groups employing alkaline doping to improve the 

performance of CZTS solar cells, no consensus has been reached within the kesterite 
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community on which alkaline dopant is the best for optimal device 

performance.[66-68]  

 
Figure 2. 8 a) Optimal composition for the different alkali elements in terms of 

conversion efficiency reported by Haass et al. Adapt from [69] b) VOC gain for the 

most relevant extrinsic dopants published for kesterite. Adapted from Ref. [17]. 

 

Recently, Haass et al.performed a systematic investigation on the effects of 

alkaline doping in kesterite solar cells and revealed a complex interplay between 

different alkaline and Sn.[68] As shown in Figure 2. 8a, the optimized efficiency with 

different alkaline doping was dependent on the Sn content in the layer, indicating a 

strong correlation between Sn and alkaline elements. It can be seen from Figure 2. 8a 

that lighter alkaline elements require a higher Sn content in order to achieve the highest 

conversion efficiency. Overall, devices doped with lighter alkaline elements such as Li 

and Na got very high efficiencies. With regards to the device performance, the main 

improvements could be attributed to an enhanced VOC. The VOC gain for the most 

relevant extrinsic dopants published for kesterite solar cells is summarized in Figure 2. 

8b. The explanation of those beneficial effects differs among the research community. 

Besides the reason mentioned such as improved crystalline quality, improved grain size, 

modified carrier concentration, the effects of interfaces and grain boundaries 

passivation should also be considered. 
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2.1.2.2 Alkaline doping at the surface 

Alkaline doping (e.g. Na, K, and Rb) can suppress interface recombination by 

modifying the surface and grain boundary chemistry in chalcogenide and kesterite 

solar cells.[70-73] Specifically, an alkaline post-deposition treatment (PDT) in CIGS 

solar cells is shown to affect the electronic structure of the heterojunction interface via 

an enlarged surface bandgap or downshift of the band edges. For example, a NaF PDT 

induces a widening bandgap at the surface of CIGSe in high performing CIGSe solar 

cells. This surface bandgap becomes even larger if the NaF PDT is replaced by a 

NaF/KF PDT, which could be attributed to the formation of Cu- and Ga-depleted 

layers near the CIGSe surface.[74] In addition, a RbF post-deposition treatment on 

CIGSe/CdS heterojunction is found to cause an additional downward band bending 

which reduced interface recombination, leading to a pronounced improvement in the 

device performance.[75] An improved absorber/buffer interface of CZTS solar cells 

has also been reported through alkali metal doping such as Na, Li, and K.[67, 76] A 

recent study shows that lithium doping in CZTSSe solar cells enhances the VOC and 

efficiency, with LiOH added to the CZTS precursor solution[77]. In this case, the 

bandgap of CZTSSe is tunable and band alignment at the CdS/CZTS interface behaves 

‘spike-like’ with Li incorporation. 

2.1.3 Interface defects passivation 

2.1.3.1 Front interface 

Defect passivation is another key point to improve the interface properties. In the 

silicon-dielectric interface, a large number of surface states exist due to the termination 

of periodic crystallographic structure, acting as effective recombination traps for 

minority carriers. Atomic layer deposition of Al2O3 is now routinely applied as surface 

passivation film in high-performance silicon solar cells.[78] Similarly, passivation of 
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the CdS/CZTS(e) heterojunction has also been studied to reduce defect densities at the 

interface.[47, 79] CZTSe solar cell coated with ALD TiO2 has been reported to 

improve the CdS/CZTSe interface quality[80]. TiO2 films with a thickness in the 1–5 

nm range are sufficient to reduce the interface recombination and support tunneling of 

charge carriers as well. With the introduction of ALD-Al2O3 before the CdS buffer, Lee 

et al. demonstrated effective surface passivation as well as improved short-circuit 

current density JSC and FF, leading to an enhancement of 15% relative in the efficiency 

for CZTSSe devices.[81] The applicability of ALD-Al2O3 was also extended to CZTS 

solar cells with CdS buffer in the work of Park et al., where hydrogen was proposed to 

account for the passivation effect at the surface.[82] 

Annealing in air, air exposure, or an oxygen plasma treatment also works as an 

effective approach to reduce the defect density at the surface of CZTS(Se).[83-85] The 

introduction of oxygen (O) from the ambient atmosphere into Cu2ZnSnSe4 is believed 

to form Cu2ZnSn(Se,O)4, which both lowers the valance band maximum as well as 

widening the bandgap, leading to effective minority carrier suppression at the grain 

boundary and surface.[84] It is interesting to note that surface sodium is usually 

correlated with the presence of oxygen in CZTS which combined play a key role in the 

suppression of the VOC deficit. [86, 87] 

2.1.3.2 Back interface 

The molybdenum (Mo) back contact is deposited on the substrate as the back 

electrode in CZTS solar cells. A Mo rear provides a good ohmic contact, good 

adhesion and the formation of appropriate MoS2 (MoSe2) which acts as a diffusion 

barrier layer [88, 89]. However, a thermodynamic analysis suggests that the 

Mo/CZTS(e) interface may not be as chemically stable as the Mo/CIGS interface[88]. 

The formation of MoS(e)2 combined with the decomposition of CZTS are both present 

at the back contact during the annealing process, which can be presented by the 

following reaction.[88] 
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2𝐽𝐽𝐶𝐶2𝑍𝑍𝑙𝑙𝐽𝐽𝑙𝑙𝐽𝐽(𝑒𝑒)4 + 𝑀𝑀𝑀𝑀 → 2𝐽𝐽𝐶𝐶2𝐽𝐽(𝑒𝑒)2 +  2𝑍𝑍𝑙𝑙𝐽𝐽(𝑒𝑒) +  2𝐽𝐽𝑙𝑙𝐽𝐽(𝑒𝑒) +  2𝑀𝑀𝑀𝑀𝐽𝐽(𝑒𝑒)2  

Equation 2. 3 

 

The formation of MoS2 (MoSe2) during sulfurization or selenization has a 

detrimental effect on CZTS solar cells if the thickness is not optimized, thereby 

affecting the VOC and band alignment at the Mo/CZTS interface [90, 91]. There have 

been reports on the control of MoS2 (MoSe2) formation by changing annealing time 

[88]. Another challenge at the Mo/CZTS interface is the formation of secondary phases 

such as Cu2S, ZnS, SnS which have deleterious effects on carrier transport to the 

electrode. To improve the back contact interface, several intermediate layers such as 

MoOx, ZnO, TiB2, TiN, Ag, carbon, have been investigated to optimize the device 

performance.[92-95] Another back contact interface management to reduce VOC deficit 

is by applying high-work-function (HWF) back contact and imposing an internal 

electrical field to separate electrons and holes. Electrons then flow from the lower 

work function CZTSSe (5.2 eV) to higher work function MoO3 (6.5 eV) or WO3 (6.5 

eV) to equilibrate the Fermi level. In this condition, holes are attracted to the back Mo 

contact and electrons are driven to the front CdS/CZTS junction.[96]  

2.1.4 Optical design 

Although the VOC deficit accounts for most of the gap between kesterite solar cells 

and the S-Q limit, it is obvious that photocurrent losses also need to be avoided for 

high-efficiency devices. The current loss can be attributed to several causes, generally 

categorized by whether the photons succeed or fail to reach the absorber layer. Photons 

that fail to reach the absorber layer are not able to produce photo-generated carriers 

that contribute to the JSC。This includes the photons being reflected by the metal grids 

and absorption in the layers above the absorber layer, i.e. buffer/window/ TCO layers. 

For those photons reach the absorber, partly of them may be uncollected if they are not 
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absorbed within the drift/depletion region or penetrate the absorber without absorption. 

In the conventional structure of kesterite solar cells, CdS/ZnO/AZO(ITO) layers are 

usually applied as the top layers. For CZTSSe solar cells, Winkler et. al. performed 

optical modeling to demonstrate the current loss by analyzing the EQE as a function of 

wavelength as shown in Figure 2. 9. It is clear that there is a considerable photocurrent 

loss due to the toper layer absorption at the low wavelength range. 

 

Figure 2. 9 Current loss in CZTSSe solar cells quantified by the analysis of 

wavelength-dependent EQE. The CZTSSe cell used for this analysis had a bandgap of 

1.15 eV; losses are assigned by direct measurement of Jsc and EQE, reflectance, TCO 

absorption (from both ITO and ZnO), and contact geometry. CdS absorption and IR 

“uncollected” losses are then separated at the location of the CdS bandgap as shown. 

Adapted from Ref. [97]. 

 

A similar phenomenon can be observed on the current loss in CZTS solar cells 

from the EQE spectra in Figure 2. 10. A large optical loss can be attributed to the 

photon absorption in the CdS/ZnO/ITO stack. Optical design by choosing alternative 

buffer/window layer combinations could minimize the photoabsorption before 
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reaching the absorber layer. Previous research on CZTSSe solar cells suggests that the 

CdS buffer layer should be kept as thin as possible, while the total TCO layer-thickness 

should be in the range of about 50 nm in order to maximize the optical 

transmission.[97] Thickness tuning of the top layer stack will be a critical point in the 

optical design. Besides, alternative combinations of buffer/window layers with less 

absorption will be studied. Specifically, employing materials with a larger bandgap as 

the top layer is an effective strategy to enhance the spectral response in the UV range. 

 

Figure 2. 10 Current loss in CZTS solar cells about analysis of EQE as a function of 

wavelength. The cell used for this analysis has a bandgap of 1.56 eV; losses are 

assigned by direct measurement of Jsc and EQE, CdS absorption, ITO and ZnO 

absorption. The remaining is denoted as “uncollected” losses as shown. 

 

2.2 Atomic layer deposition 

ALD originates from the 1970s which was referred to as “atomic layer epitaxy” at 
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first, the first deposited film was ZnS by Suntola and Antson for application in display 

devices.[98] After decades of development, ALD has become an important thin film 

deposition technique for a variety of applications. ALD is a vapor-phase deposition 

method to generate high-quality thin films such as metal oxides, sulfides, nitrides, and 

metals. ALD process is operated by self-limiting half-reactions, leading to atomic level 

control of thin-film growth. Benefiting from the sub-nanometer growth, ALD enables 

the fabrication of continuous, dense thin film without pinholes and defects.[99-102] 

This self-limiting virtue leads to conformal coatings on a variety of substrates with 

excellent surface coverage. 

 

Figure 2. 11 Schematic of the sequential atomic layer deposition process. 

 

A typical process of one cycle of ALD is illustrated in Figure 2. 11. The substrate 

is exposed to reactants and then purged with inert gas (N2 or Ar gas) to remove any 

excess reactants. Then the counter-reactants are introduced sequentially, followed by 

an inert gas purge to avoid chemical vapor deposition (CVD)-like reactions. This ALD 

cycle is repeated until reaching the desired thickness of the film. ALD typically only 

requires relatively low-temperature processes (100–350 °C), enabling the application 

on temperature-sensitive samples. Moreover, the sub-nanometer-scale control enables 

precise tuning of stoichiometry, density, and doping level; therefore regulate the 
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chemical, optical and electronic properties of film easily. 

2.2.1 Precursors and co-reactants 

In an ALD process, there are reactants for the surface reaction which are called 

precursors. A key requirement is that an ALD precursor cannot react with itself to 

maintain a self-limiting surface reaction. Another point is it should be easily delivered 

into the ALD reactor. Therefore, the vapor pressure of the precursor must be higher 

than the reactor to be transferred to the ALD reactor. Moreover, precursors should be 

reactive enough to quickly react with the co-reactant in a certain temperature window 

without thermally decomposing. At the same time, the precursor must be stable at 

temperatures for as long as it will be on the substrate before the co-reactant is 

introduced into the reactor. If the precursor thermally decomposes at the process 

temperature, the film thickness will be non-uniform and greater than expected as the 

process becomes more CVD-like than purely ALD. 

When the metal oxide is deposited by ALD, various materials can be used as the 

oxygen source. The most popular oxidizing co-reactant is water because it is cheap and 

easy to handle. But there will be times when water will not be the appropriate 

co-reactant. Some ALD oxide processes will require a stronger oxidizer. One of the 

options is ozone which can oxidize some ALD precursors inert to water. Another 

advanced option is using plasma O2 as an oxidizer, which contains high density of 

oxygen radicals or plasma species. These oxygen radicals are considerably more 

reactive than ozone and can broaden the process window significantly by enabling film 

depositions at much lower temperatures compared to H2O and ozone.  

Precursor choice is a critical consideration especially when ALD is used in solar 

cells. Most of the solar cells are sensitive to temperature thus the temperature window 

needs to be considered to enable positive effects. Other concerns include diffusion 

properties through narrow pores, and the compatibility of not only the reactants and 

co-reactants (such as ozone or an oxygen plasma) but also reaction by-products, such 
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as HCl formed from chloride precursors. Thermal ALD is mostly used when depositing 

thin film in solar cells due to its moderate reaction nature which leaves less damage to 

the surface. Although H2O, H2O2, O3 as oxygen sources have been reported for thermal 

ALD, H2O will be mainly adopted as co-reactant to avoid over oxidation of the 

surface.  

2.2.2 Parameters for ALD development 

 

Figure 2. 12 Schematic illustration of the growth per cycle of ALD as a function of 

substrate temperature, purge time, and precursor dose. 

 

In an ALD development process, there are several important parameters that need 

to considered, including temperature, purge time, precursor dose. For thermal atomic 

layer deposition, the substrate temperature plays a critical role in the ALD process. 

There is a range referred to as the “ALD window” as depicted in Figure 2. 12, which 

graphically indicates the ALD process will be well-behaved with a well-defined 

deposition rate. The surface chemistry is significantly different above or below the 

ALD window, depending on the particular materials being investigated.  

At temperatures below the ALD window, the observed deposition rates may be 

higher or lower than the anticipated ALD deposition rate. This phenomenon can be 

accounted to the fact that insufficient thermal energy is available to drive the precursor 

reaction at a lower temperature, leading to a slower growth rate. Another possibility is 

that rather than the monolayer of chemisorbed precursor, a thicker layer of precursor 
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chemical condenses on the substrate surface leading to a higher than expected observed 

deposition rate. At temperatures above the ALD window, the deposition rates observed 

can also be higher or lower than expected. In this case, the higher growth rate could be 

due to the thermal decomposition of the precursors on the substrate at high 

temperatures. Alternatively, thinner or no films could be deposited on the substrate 

resulting from precursor desorption from the substrate at higher temperatures.  

 

Figure 2. 13 Supercycle and Co-injection method ALD used in ternary materials 

deposition with different compositions. 

 

The purge process is established to remove excess reactants or products by 

introducing inert gas into a reaction chamber. The time duration of purge needs to be 

optimized neither too short nor too long. Sufficient purge time is required to avoid 

CVD-like deposition, while purge time should be as short as possible to save time. 

Another key factor in ALD development is the precursor and reactant doses. Precursor 

and reactant doses ought to be kept as low as possible to save time and money, but as 

high as required for a saturated deposition. 

ALD has the benefits to tailor the composition of thin-film when incorporating 

dopant sources into binary metal oxides. There are several methods to make doping 

efficient. The most applied process is called the supercycle method, which illustrated 
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in Figure 2. 13, using ZnSnO as an example. The supercycle method combining two 

normal ALD process in one supercycle, where m cycles represent the base material 

(ZnO in this case) followed by one cycle of X (X = Sn, Mg, Al, B, etc.) doping 

material. The number of super cycles can be changed to tune the composition of 

thin-film and repeated until reaching the desired thickness. This approach is easy to 

implement, but it may produce a microstructure that may compromise the optical and 

electrical properties of thin film.  

The co-injection method has also been used to adjust composition by changing the 

dose ratio of different precursors in one cycle rather than pulse ratio in the supercycle. 

One typical co-injection method is performed to change the dose volume of the 

precursors in each cycle, leading to different doping concentrations, illustrated as 

Co-injection 1 in Figure 2. 13. Another co-injection method is to co-dose both 

precursors into the reactor, and the dose time of the precursors is used to control the 

relative thin-film concentrations, as shown in Co-injection 2 in Figure 2. 13. Previous 

researches on ZnSnO[103-105] or ZnMgO[106-108] are usually based on supercycle 

method, while there are still many opportunities if using co-injection method as ternary 

oxide deposition technique. 

2.2.3 Thermal and plasma-enhanced ALD 

A common scenario of ALD observed is nucleation which happens during the 

initial part of an ALD process that may last several cycles. The thin film during 

nucleation usually behaves a lower growth rate and density than expected. Nucleation 

happens due to the interaction between precursors with the substrate and is dependent 

upon the type of surface sites for self-limiting reactions. Nevertheless, nucleation can 

be controlled by surface treatment processes such as ultra-violet (UV) ozone. UV 

ozone treatment could clean the surface by removing organics and leave behind a 

hydroxyl-terminated surface that reacts more readily with many ALD precursors. 

Subsequent film growth after nucleation, however, is dependent upon processing 
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conditions such as precursor choice, temperature, substrate, etc.  

Thermal ALD driven by thermal energy is the most commonly used ALD 

technique. However, high temperatures process in thermal ALD may be incompatible 

with certain substrates or specific applications such as solar cells. In these cases, 

plasma-assisted or plasma-enhanced ALD (PEALD) can be used. PEALD processes 

are driven by highly reactive plasma species with reduced thermal energy required for 

a surface reaction than thermal ALD. So that many reactions can happen under low 

temperatures and use less time for reactions. These properties could benefit large scale 

production with a lot economic advantages.  

ALD is a vacuum-based process, which can also be extendible to large scale 

deposition as the reactant precursors are gas-phase molecules, independent of substrate 

geometry. While the issues of ALD used in large scale production are low deposition 

rate, precursor handling and uniformity control over large areas. By using recently 

advanced technology including spatial in-line ALD, high growth rates can be achieved 

by separating the gas precursors in space rather than in time, resulting in a 

high-throughput process for large-scale applications.[109-111] And by implementing 

batch ALD, large-area ALD, roll-to-roll ALD processes, much more potential of ALD 

could be discovered to solve the above issues. 

2.3 ALD application on chalcogenide solar cells 

The application of ALD on thin-film solar cells has been primarily driven by the 

requirements for nanolayer deposition and interface modification. Here I categorize 

these applications into four areas, namely absorber layer, buffer layers, interface 

passivation layers, and transparent conductive oxide layer.[100-102]  

2.3.1 Absorber layer 

The synthesis of absorber layers via ALD was mainly reported on chalcogenide 
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materials such as CuxS, Sb2S3, CuSbS2, CuInS2, and Cu2ZnSnS4.[112-115] Thin films 

of p-type CuxS have been deposited by ALD on n-type TiO2 to form a good p-n 

junction, exhibiting a JSC of 30 µA/cm2 and a VOC of 200 mV under irradiation of 2.8 

kW/m2. The stoichiometry, crystalline phase and growth rate can be controlled through 

the process conditions, where Cu1.8S formed with a bandgap of 1.75 eV and an 

absorption coefficient of 2.3*104 cm-1 above a temperature of 175 °C.[115, 116] 

Another binary Sb2S3 absorber could be deposited by ALD with uniform thickness and 

low oxygen impurity. This high-quality absorber was implemented in a planar 

ALD-Sb2S3 solar cell with a structure of Au/Poly-3-hexylthiophene/ 

ALD-Sb2S3/bl-TiO2/FTO and demonstrated an impressive power conversion efficiency 

of 5.77%.[112] Compared to the Sb2S3 deposited with conventional chemical bath 

deposition (CBD), ALD Sb2S3 benefited from low oxygen impurities and uniform 

thickness control, which leads to less defect recombination and improved photovoltaic 

property.  

ALD can also be applied for the growth of ternary chalcogenide copper antimony 

sulfide, an earth-abundant absorber for thin-film photovoltaics because of its suitable 

bandgap for solar energy conversion (∼1.5 eV) as well as large absorption coefficient 

(>104 cm−1).[113] A low-temperature ALD route was proposed to deposit CuSbS2 thin 

films by carefully tuning the deposition parameter and taking advantage of the cation 

interdiffusion. Thin films with pure CuSbS2 phase may be fabricated through process 

control to acquire the suitable optoelectronic properties for photovoltaics. CuInS2 is 

another material studied that can be deposited by ALD and applied in a photovoltaic 

device. Nanu et al. reported a series of investigations on ALD CuInS2 deposition inside 

nanoporous TiO2 to form three dimensional solar cells.[117-119] By tuning the 

deposition temperature and copper to indium ratio in the ALD process as well as 

post-deposition annealing, optimized CuInS2 films with low defect density can be 

fabricated.[119] Together with ALD In2S3 buffer and Al2O3 passivation layer, an 

efficiency of 4% was achieved for a three-dimensional solar cell with a maximum 
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monochromatic incident photon-to-current conversion efficiency of 80%.[117] Besides 

the above-mentioned materials, quaternary chalcogenide Cu2ZnSnS4 material can also 

be deposited by ALD through a trilayer strategy to achieve desired element ratios and 

chemical states.[114] A trilayer strategy was implemented by firstly depositing layers 

of binary sulfides and then mixing them by thermal annealing. However, the successful 

application of ALD CZTS absorber in the device still has not been reported until now. 

2.3.2 Buffer layer 

Table 2. 2 Photovoltaic performance summary of best-performing thin-film cells with 

different ALD buffer layers, TCO layers, and interface layers. 

 Absorber Eff (%) VOC  

(V) 

Jsc (mA 

cm-2) 

FF (%) Area 

(cm2) 

Ref 

Buffer layer        

ZnO CIGSe 13.9 0.736 36.9 73.6 0.51 [120] 

Zn1-xSnxO CIGSe 18.2 0.689 35.1 75.3 0.49 [121] 

 CZTS 9.3 0.679 21.6 61.4 0.5 [122] 

 CZTSSe 8.6 0.414 34.1 60.8 - [27] 

 Cu2O 2.85 0.622 7.25 63.1 0.15 [123] 

Zn1-xMgxO CIGSe 18.1 0.668 35.7 75.7 0.5 [124] 

Zn(O,S) CIGSe 19.8 0.715 36.5 75.8 0.522 [125] 

 CdTe 8.0 0.593 21.0 64.2 - [120] 

 CZTS 4.6 0.482 17.2 55.5 - [42] 

TCO layer        

(Zn,Mg)O CIGSSe 22.8 0.711 41.4 77.5 0.51 [126] 

ZnTiO CIGSe 20.8 0.726 37.7 76.2 0.23 [127] 

Interface layer        

CdS/Al2O3 CZTS 11.5 0.515 32.1 69.2 - [81] 
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CIGS and CZTS solar cells are the most successful cases by using different kinds 

of ALD materials as buffer layers. In the traditional structure of CIGS and CZTS solar 

cells, the CdS buffer layer deposited by chemical bath deposition is the commonly 

used material as its stable property and simple processing, which has enabled many 

high-performed CIGS and CZTS solar cells. However, the lower bandgap of CdS (Eg = 

2.4~2.5eV) prevents the absorption of incident sunlight in the 350~550 nm part, which 

means more optical losses and lowers the current generation. Especially when using on 

CZTS absorber, the ‘cliff-like’ band offset forms at the heterojunction where the 

conduction band minimum of the CdS is lower than that of CZTS, therefore enhances 

interface recombination at heterojunction which reduces the VOC. Alongside the 

environmental concern related to the presence of toxic Cd, there is the necessity to 

develop alternative buffer layers with environmentally friendly material. From the 

manufacturing perspective, it is preferable to develop a vacuum-based process to 

replace the current wet process to match with other vacuum processes. Therefore, the 

vacuum-based technique including ALD is compatible to deposit a variety of buffer 

layers on different thin-film absorbers. 

ALD, in particular, is beneficial to deposit buffer layer accounting for the ability to 

control the thickness and composition of the thin film due to its layer-by-layer growth 

kinetics. Precise control of the composition of the buffer enables the deposition of 

different materials with tunable structure, optical and electrical properties. Therefore, 

ALD studies are capable of providing fundamental insight into how alternative buffer 

materials affect device performance. There has been a variety of research on ALD 

buffer layers such as In2S3[41], Zn(O,S)[42], Zn1-xCdxS[59], Zn1-xSnxO[27, 43], 

Zn1-xMgxO which have been investigated on thin-film solar cells. A photovoltaic 

performance summary of best-performing thin-film cells with different ALD buffer 

layers is shown in Table 2. 2. Zinc containing buffer layers deposited by ALD is the 

most widely investigated buffer utilized in thin-film devices, with the first pure ZnO 

applied in CIGS by Chaisitsak et. al.[128] They found that the temperature of ALD 
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deposition and pre-treatments was critical to achieving high performing cells, 

demonstrating the highest efficiency of 13.9%.[120] However, further performance 

improvement of CIGS cells with ZnO buffer was hampered by the poor band 

alignment of the heterojunction and interface recombination, yet need to be replaced 

by other suitable buffers.[129, 130]   

2.3.2.1 ZnSnO 

Ternary zinc-containing oxides could benefit due to its tunable optical and 

electrical properties, among which Zn1-xSnxO is one of the most investigated buffers in 

thin-film solar cells. The key feature of the ALD Zn1-xSnxO buffer layer was that the 

composition tuning of Zn1-xSnxO can be easily achieved to find the suitable band 

alignment with the absorber as well as enlarged bandgap to minimize the optical loss. 

Depending on the variation of the absorber layer, the optimized composition of 

Zn1-xSnxO changes slightly to give the best performing devices.  

Previous work on ALD Zn1-xSnxO as a buffer layer in CIGS solar cells has been 

done systematically by J. Lindahl and co-workers.[103, 104, 121, 131] A record 

efficiency of 18.2% was achieved in ALD-Zn1-xSnxO /CIGS solar cell with CIGS 

deposited by an inline single-stage process, which is comparable to that with CdS 

buffer layer.[121] Generally, diethylzinc (DEZ) and tetrakis (dimethylamino) tin 

(TDMASn) are manipulated as ZnO and SnO precursors and H2O as co-reactant in the 

deposition of ternary Zn1-xSnxO. The bandgap and CBO can be tailored by different 

compositions of Zn1−xSnxO which is controlled by tuning the relative amount of tin or 

zinc precursor pulses. It shows that the as-deposited ALD Zn1−xSnxO is amorphous, 

therefore it benefits the buffer/CIGS interface by reducing the number of 

recombination centers at the grain boundaries. The optimized Sn/(Sn + Zn) ratio was 

0.40 at a deposition temperature of 120 °C, with thickness maintained at 13 ± 5 nm. A 

higher Jsc was obtained for the Zn1−xSnxO/CIGS solar cell due to the higher mobility 

gap of Zn1−xSnxO compared with CdS, resulting in a higher EQE response in the 
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UV-blue region. 

The application of ZnSnO (ZTO) buffer layers has also been extended to kesterite 

CZTS solar cells by Platzer-Björkman et al.[43, 132] Pulse ratio changes enable tuning 

of the conduction band position at different temperatures. The best performance device 

with the highest VOC was obtained by ZTO deposited at the temperature of 145°C, 

while the best FF was found at 165°C. It is noticeable that part of the performance 

improvement comes from the thermal experience during the ALD process. They 

fabricated a 9.0% efficient CZTS solar cell with an ALD Zn0.72Sn0.28O buffer layer at 

145 °C, where the optimized band alignment was adjusted by varying substrate 

temperature. Another noticeable research result is the CZTSSe/ZnSnO solar cell study 

by Li and co-workers, getting an 8.6% efficiency on CZTSSe solar cells with improved 

band alignment at CZTSSe/ZTO heterojunction by optimizing Sn-content of ZTO to be 

0.167.[27] A thickness of around 50 nm was used for the best performance solar cell. A 

different optimal Sn-content of ZnSnO was found compared with the application on 

pure sulfide CZTS solar cells to obtain a favorable band alignment at the 

heterojunction since CZTS has a higher conduction band minimum than CZTSSe.  

 
Figure 2. 14 Band alignment for ZTO/CZTSSe heterojunction with different 

Sn/(Zn+Sn) ratio. 

 

Note that ultra-thin ZnSnO has also been implemented on Cu2O to form p-n 
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junction and resulted in a 2.85% solar cell. This efficiency was achieved due to the 

improved interface quality by controlling the chemical state of Cu at the Cu2O surface 

through changing the deposition temperature of ALD ZTO.[123] The band alignment 

for CZTS/ZnSnO junction and Eg extracted from the Tauc plot analysis and 

spectroscopic ellipsometry with different Sn/(Sn+Zn) ratios are shown in Figure 2. 

14.[54, 105] 

2.3.2.2 ZnMgO 

Edoff and co-workers also introduced Mg into ternary zinc-containing oxides, 

making a Zn1-xMgxO buffer layer as another good alternative for CdS in CIGS solar 

cells.[124, 133-136] By controlling the magnesium content in Zn1-xMgxO, the bandgap 

of Zn1−xMgxO buffer layers can be changed from 3.3 eV to 3.8 eV with increased 

magnesium added into ZnO. The increased bandgap was due to the increase in the 

conduction band level. The optimal Mg/(Zn+Mg) ratio was found to be 0.1-0.2 with 

bandgap values of 3.5-3.7 eV, while temperature needs to be controlled in the range of 

105-135 °C. A champion efficiency of 18.1 % was obtained in CIGS solar cells by 

using an above 100 nm ALD Zn0.8Mg0.2O buffer layer deposited at 120 °C.[124] 

Another interesting phenomenon was the light soaking effect of ZnMgO buffer in 

CIGS solar cells.[107, 135] It was found that the efficiency accompanied by fill factor 

and open circuit voltage increased with light soaking. This increase in VOC is attributed 

to hydrogen decomposed from the hydroxyl bond of ZnMgO induced by 

photoirradiation. It should contribute as a donor and defect passivation surfactant, thus 

enabling increased fill factor and VOC in a device.  

2.3.2.3 Zn(O, S) 

Another notable achievement of ALD buffer in a thin-film solar cell is the use of 

ZnO1-xSx[120, 124, 125]. DEZ, hydrogen sulfide (H2S) and water vapor (H2O) were 
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usually used as ALD precursors to deposit ZnO1-xSx and the composition was tuned by 

changing the H2S/(H2O+H2S) pulse ratio. Platzer-Björkman et al. have demonstrated 

that the valance band edge increased strongly when small S content added into pure 

ZnO thereby led to narrowed bandgap for x<0.5.[137] Whereas the conduction band 

edge increased strongly when x>0.5, which caused larger CBO for CIGS/Zn(O,S) 

interface and blocking the photocurrent transportation.[138] Different from ternary 

ZnSnO and ZnMgO compounds, Zn(O,S) deposited by ALD have a sulfur gradient in 

the films which could be attributed to the longer incubation time for ZnO growth 

compared to ZnS growth.[138] It is interesting to note that CIGS/Zn(O,S) devices also 

have a light soaking effects similar to CIGS/ZnMgO cells. With a heat-light soaking 

post-treatment, Taizo Kobayashi and his co-workers demonstrated an 

ALD-Zn(O,S)/CIGSSe solar cell with a champion efficiency of 19.78%, which is 

comparable to those with a CdS buffer layer. The higher device performance for 

ALD-Zn(O,S)/CIGSSe cell mostly came from the higher VOC of 0.718 V due to the 

shallower defect position after treatment, therefore less interface recombination as 

compared to CBD ZnS(O,OH) buffer layers.  

Platzer-Björkman and co-workers also extend the application of Zn(O,S) buffer 

layer on CZTS to investigate its effect on the device performance.[42] They studied the 

conduction band alignment at the heterojunction interface by evaluating several 

Zn(O,S) buffer layers with different S/(O+S) ratios. The best performing CZTS devices 

had an efficiency of 4.6 % with a Zn(O,S) buffer layer, although lower than its CdS 

reference of 7.3 %. The main loss of the CZTS/Zn(O,S) device came from the defect 

recombination which deterred the improvement of device performance. There are also 

other studies working on the Zn(O,S) buffer layer in CZTSSe solar cells, while lower 

efficiency compared to the reference still happened in those cases.[139, 140]    

Unlike the plenty of studies on the utilization of ALD-Zn(O,S) in CIGS devices, 

only a few studies of its application in CdTe solar cells have been reported. Perrenoud 

et al. have reported a Zn(O,S)/CdTe device with an 8% efficiency by optimizing the 
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ZnO1-xSx composition.[120] They showed that the optimized performance of the device 

was achieved for ZnO0.48S0.52. The relatively favorable CBO at the interface could 

explain the better performance obtained in the CdTe device. However, the motivation 

for investigation of Cd-free buffer for CdTe cells was not urgent if considering the 

limited performance improvement and the cost decrease by using the ALD technique, 

thus limited studies have been done in this area. 

2.3.3 Window layer 

 

Figure 2. 15 Noticeable record efficiency for chalcogenide solar cells with different 

ALD materials. 

 

Sputtered intrinsic ZnO layer is commonly used in CZTS/CIGS solar cells as a 

window layer to increase the shunt resistance by blocking shunt pathways such as 
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pinholes, cracks, and voids. As mentioned above, Mg-doped ZnO has a wider bandgap 

than intrinsic ZnO (i-ZnO), which gives us the chance to replace the window layer 

i-ZnO by ZnMgO. Chantana and his group recently demonstrated a 19.6 % efficient 

CIGSSe solar cell with Zn1-xMgxO window layer together with (Cd,Zn)S buffer 

layer.[141] They deposited Zn1-xMgxO by co-sputtering, where the optimal x value was 

found to be 0.211. Therefore, the gain in Jsc up to about 5.7% was obtained and 

efficiency of up to around 5.4% relatively comparing with the traditional CdS/ZnO 

counterpart. However, sputtering of the window layer might cause damage to the 

interface; therefore it could be replaced by moderate methods such as ALD or 

MOCVD.  

Solar Frontier used ALD ZnMgO to replace i-ZnO as a second buffer layer in their 

high-efficient CIGS solar cells.[142] The device with the highest efficiency was 

achieved by using ZnMgO as a second buffer layer (or window layer) on top of the 

Zn(O,S,OH) buffer layer, yielding an efficiency of 22.8 %, even higher than the 

devices with a Cd containing buffer layer.[126] These achievements show the great 

potential of the ALD buffer layer to enhance the CIGS solar cell’s performance. 

Recently, ALD-ZnTiO was also prepared as a window layer for the application in 

CIGS solar cells.[143] A series of ZnxTiyO layers with different Ti content was 

deposited by tuning the pulse ratio of Ti and Zn. The ZnTiO films were featured by 

amorphous when deposited at a low temperature of 100°C. The addition of Ti into ZnO 

makes the conduction band shift to a higher level, thus expand the bandgap of the 

material. By optimizing the composition of ZnTiO layer together with thinner CdS 

buffer layer, a champion efficiency of 20.8% was achieved. This enhancement of the 

PV performance mainly originated from the gain in JSC due to the lower parasitic 

absorption of thinner CdS as well as the wider bandgap of ZnTiO. ALD processed 

layers have been used for various functional layers in chalcogenide solar cells and 

noticeable record efficiency for chalcogenide solar cells with different ALD materials 

has been achieved as shown in Figure 2. 15. 
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2.3.4 Interface modification layer 

ALD Al2O3 has emerged in the PV field for application as a surface passivation 

layer in silicon solar cells. Borrowing from the success in silicon solar cell, ALD Al2O3 

has been also implemented in thin-film devices including CdTe, CIGS and CZTS. For 

the application on CdTe cells, ALD Al2O3 was incorporated into the device either 

between CuxTe and Au contact or between CdS buffer and TCO contact.[144, 145] 

Al2O3 was applied as a surface modification layer on CuxTe by its rectification and 

tunneling function, thus improving the FF of the device.[144] The same function of 

Al2O3 was also found when deposited on the TCO contact. ALD Al2O3 formed a 

uniform and conformal coverage over the substrate, thereby reducing the leakage 

current and enhancing the FF effectively. 

Yun Seog Lee and his group have published their study on atomic layer deposition 

Al2O3 by protecting two interfaces in solution-processed CZTS devices.[81] In terms 

of heterojunction interface passivation, Al2O3 could be deposited sequentially after the 

CZTS absorber layer to passivate the bulk grain boundary and surface defects. [81] [79] 

Benefitting from the reduced recombination in the interface, the CZTSe/CdS junction 

quality was improved by preventing inter-diffusion of Cd and Cu at the top interface. 

Substantial improvement in Voc and FF was observed by the application of the 

dielectric Al2O3 layer at CZTSe/CdS interface. In this case, the deposited Al2O3 may be 

partly etched by the NH4OH-containing solutions in CBD process, leaving behind 

passivated near-surface, grain boundary and pinholes.[81]  

Al2O3 layer deposited by ALD can also be applied after the CBD CdS to get 

sufficient coverage on CZTS or CIGS solar cells.[81, 146] Yun Seog Lee et. al. 

inserted a thin Al2O3 layer between CdS and TCO to improve the efficiency of up to 5% 

by preventing damage to CdS during TCO sputtering process. Extremely thin Al2O3 

films of around 1 nm are sufficient to passivate the CdS defects while allowing current 

transport via tunneling at the same time.[81] The intrinsic ZnO also can be replaced by 
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Al2O3 as a window layer, working as a protection layer before sputtered TCO to reduce 

ion damage.  

For interface modification of thin-film cells by ALD, current research can still be 

further pushed by additional treatment of surface before deposition or by using 

different precursors to investigate different interdiffusion properties to bulk materials. 

Even more stable or common benefits of Al2O3 passivation layer need to be confirmed 

to expand for wider-scale applications. Also, the theory behind experimental results 

should be studied towards an easily controlled passivation process. 

.  
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Chapter 3    Experiments 

In this chapter, I describe the experimental techniques used in this work to deposit 

various functional layers and methods used to characterize the thin films and 

photovoltaic devices. The chapter starts with a detailed description of the standard 

process of CZTS solar cells. Subsequently, the ALD technique is described in detail as 

this is the main technique used in this thesis to grow the functional thin films. The 

characterization section is divided into three parts: in situ diagnosis techniques in the 

ALD system, ex situ material characterization and device measurement. The in situ 

measurements allow for evaluating the basic properties of the deposited films, thus 

providing precise control of the growth of desired materials. Detailed ex situ material 

characterization of thin films and interfaces is essential to understand the correlation 

between material/interface properties and device performance.  

3.1 Fabrication 

3.1.1 Solar cell fabrication baseline 

The UNSW baseline CZTS solar cells were fabricated following the process 

represented in Figure 3. 1. The substrates used in the UNSW baseline were 

commercially sourced Mo-coated soda-lime glass (SLG). They were usually in 10 cm 

×10 cm (2~3 mm thick) when received and were then cut into 5 cm × 5 cm pieces for 

cleaning. The cleaning was performed in the sequence of detergent, de-ionized water, 

acetone, and isopropanol by sonicating for 15 minutes for each step. The nitrogen dried 
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substrates were then transferred into a magnetron sputtering system (AJA International, 

Inc., Model ATC-2200) where the CZTS was grown using co-sputtering Cu/ZnS/SnS 

targets. All targets used are 3 inch in diameter and the purities of the targets are all 4 N. 

Cu was deposited using direct current (DC) power supply at a power density of 0.37 

w/cm2 with a deposition rate of 1.80 nm/min. ZnS and SnS were deposited with 

radio-frequency (RF) power supply at a power density of 1.54 w/cm2 and 0.83 w/cm2 

with a deposition rate of 3.53 nm/min and 3.74 nm/min respectively. The composition 

of the CZTS absorber was controlled to be Cu-poor (Cu/(Zn+Sn) = 0.88) and Zn-rich 

(Zn/Sn = 1.18). The CZTS absorber was then fabricated to be 700–800 nm in 

thickness.  

 

Figure 3. 1. Schematic of the UNSW fabrication baseline of the CZTS/CdS thin film 

solar cell. 

 

Subsequently, the films were subjected to the sulfurization process using a rapid 

thermal processor (AS-One 100) in a combined sulfur and SnS atmosphere at 560 °C 

with a heating rate of 15 °C min-1 for 3 min and then cooling down to room 

temperature naturally. Reference devices with 50 nm CdS buffers were fabricated 

using chemical bath deposition, where CdS was grown from cadmium sulfate 
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(3CdSO4·8H2O), excess thiourea (H2NCSNH2), and ammonium hydroxide at a bath 

temperature of 80 °C. An i-ZnO/ITO (50 nm/210 nm) top contact was then deposited 

by radio frequency sputtering, followed by Al grids using thermal evaporation. An 

antireflection coating of 110 nm MgF2 was deposited on the champion devices by 

thermal evaporation and 0.224 cm2 solar cells were finally defined by mechanical 

scribing. 

3.1.2 Atomic layer deposition process 

 
Figure 3. 2 Schematic representation of Fiji G2 ALD chamber equipped with a plasma 

source, in situ SE, OES and QCM, a turbopump and an automated load lock. 

 

All the ALD deposition processes reported in this thesis were performed in the Fiji 

G2 ALD system developed by Ultratech/Cambridge Company unless otherwise 

specified. The Ultratech Fiji G2 Plasma Enhanced Atomic Layer Deposition (PEALD) 

system is a high-vacuum atomic layer deposition system with both plasma-enhanced 
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and thermal deposition modes while using a flexible system architecture that permits 

multiple configurations of precursors and plasma gases. A schematic representation of 

Fiji G2 ALD chamber is shown in Figure 3. 2. The system was equipped with a heated 

process chamber, remote Inductively Coupled Plasma (ICP) source, a turbomolecular 

pump, and an automated load lock for transferring substrates. The Fiji G2 ALD is 

intended for the deposition of a variety of thin films, including metals, oxides, and 

nitrides. It has the capacity to deposit thin films to atomically specified thickness with 

large area conformity. The substrate and the reactor wall can be heated up to 500 ºC 

and 300 ºC, respectively. In particular, there are chamber ports available for in situ 

process monitoring e.g. spectroscopic ellipsometry (SE), optical emission spectroscopy 

(OES) and quartz crystal microbalance (QCM). A Woollam M-2000U ellipsometer 

(245−1000 nm) was mounted directly onto the ALD chamber using two optical 

viewports. An Ocean Optics Jaz spectrometer was positioned on the top of the plasma 

source through a quartz window. An INFICON ALD Sensor is operated in the ALD 

chamber for QCM measurement which can withstand operational temperature up to 

450 ºC. Noticeably, a gas tube is used to purge SE and QCM port with nitrogen gas to 

keep the reactive chamber gases from entering the sensor head and keep quartz 

windows free of deposition materials.  

The chemical structures of the precursors implemented in this thesis are illustrated 

in Figure 3. 3. As mentioned in section 2.1.1, the temperature of the ALD process 

should be moderate since long-time heating effects usually deteriorate the PV 

performance of chalcogenide devices.[43, 104, 121] The most commonly used Zn 

precursor for PV application is diethyl zinc (DEZ)[147, 148]. DEZ is a highly volatile 

precursor and is reactive towards H2O, thus zinc oxide (ZnO) can be easily deposited 

in under 200 °C. A non-halogenated Sn precursor tetrakis (dimethylamino) tin 

(TDMASn) was chosen as the Sn precursor for low-temperature tin oxide (SnOx) 

deposition. The deposition can be performed at deposition temperatures of 

50-300 °C.[149] Higher volatility of ethylcyclopentadienyl magnesium [Mg(CpEt)2] 
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was used as Mg precursor to deposit binary magnesium oxide (MgO) [150]. The 

process window is in the temperature range of 125-400 °C. For Al2O3 deposition, 

trimethylaluminum (TMA) was chosen as the Al precursor mainly because of its high 

reactivity and successful application on PV devices.[47, 78, 151] The experimental 

details for those oxides deposition will be given in the corresponding chapters. 

 

Figure 3. 3 Precursors used for ALD deposition. a) DEZ, b) TDMASn, c) Mg(CpEt)2, 

d) TMA 

 

3.2 Characterization 

3.2.1 In situ measurement 

In situ measurement was implemented in the development of the ALD process to 

minimize the optimization time and material consumption. The dynamic measurements 

allow for evaluating the basic properties of the deposited films, thus providing precise 

control of the growth of desired materials. In the Fiji G2 ALD system, in situ quartz 

crystal microbalance and spectroscopic ellipsometry were utilized as the dynamic 

measurements as shown in Figure 3. 2. 
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Table 3. 1 List of dynamic measurements used in the ALD process. 

Characterization method Abbreviation Purpose 

Quartz crystal microbalance QCM Thickness, mass change 

Spectroscopic ellipsometry SE Thickness, optical constant, bandgap, 

absorption, crystalline nature 

 

Quartz crystal microbalance measurements can monitor the mass change during 

the ALD process. It measures the mass per unit area from the change in the resonance 

frequency of a quartz crystal. The resonance is disturbed by the addition or removal of 

mass due to oxide growth/decay or film deposition onto the surface of the acoustic 

resonator.[152] The QCM used in the Fiji G2 ALD system was the INFICON ALD 

Sensor which is designed to operate in the harsh environment of an ALD application. 

The QCM sensors were polished gold crystals with an oscillation frequency at 6 MHz. 

A gas tube was used to purge the back of the crystal and sensor cavity with inert 

nitrogen gas. This kept the reactive chamber gases from entering the sensor head and 

keeps the back of the crystal and electrical contacts free of deposition material. The 

signals from the crystal sensor were received by a thickness monitor every 0.1 s. The 

thickness change of the deposition can be calculated if the mass density of the 

deposited films is known. 

Ellipsometry is a nondestructive technique that can be used to determine the 

dielectric properties, roughness, thickness, crystalline nature, composition, electrical 

conductivity and other material properties of thin films.[153, 154] Ellipsometry 

measures the change in polarization of light upon reflection from a sample. This 

polarization change is described as an amplitude component psi (ψ) and a phase 

difference delta (Δ). These values are related to the ratio of Fresnel reflection 

coefficients 𝑅𝑅𝑝𝑝�  and 𝑅𝑅𝑠𝑠� for p- and s-polarized light, respectively.[155] 
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𝜌𝜌 = 𝑅𝑅𝑝𝑝
𝑅𝑅𝑠𝑠

= tan(𝜓𝜓)𝑒𝑒𝑖𝑖𝑖𝑖                    Equation 3. 1 

 

Since ellipsometry measures the ratio of two values (rather than the absolute value of 

either), it is highly accurate and reproducible.  

 

Figure 3. 4 Schematic setup of an ellipsometry measurement. 

 

SE combined with variable angle of incidence allows for acquiring large amounts 

of data from a given sample, thus could be an extremely powerful measurement. 

Besides, the spectral acquisition range and angles of incidence may be optimized for 

the determination of certain sample parameters. Therefore, it has the flexibility to 

handle a wide range of materials and structures. A variable angle spectroscopic 

ellipsometer (JA Woollam M-2000VI) was implemented for ex-situ measurements of 

the samples in this thesis to determine the properties of the deposited thin film. 

Another ellipsometry method used in this thesis is the dynamic spectroscopic 

ellipsometry. The dynamic SE data can be acquired by using in situ spectroscopic 

ellipsometry (M-2000U Spectroscopic Ellipsometer, J.A. Woollam Co.). The spectral 

acquisition was performed over the 246-1000 nm wavelength range with a fixed angle 

of incidence of 70°. The SE measurements as a function of time were acquired at 0.5 s 
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intervals. The advantage of in situ monitoring can be illustrated by determining 

fundamental process parameters, such as the film thickness, the growth rate per cycle 

and the variation of optical properties with time. Furthermore, the samples can be 

measured at elevated temperatures during the ALD process, which implies different 

optical properties compared to samples at room temperature. 

Modeling was carried out using the CompleteEASE software package.[156] The 

data from deposited film samples were modeled using a three-layer model, comprising 

Si, native SiO2 and metal oxides. A temperature-dependent Si layer model from 

CompleteEASE software library was used to fit the parameter of Si depending on the 

process temperature. The ZnO film was modeled through an oscillator model, which 

including a polynomial spline function (the psemi-m0 oscillator) and a Tauc-Lorentz 

oscillator. The SnOx and MgO layers were modeled using a Lorentz oscillator and 

Sellmeier oscillator, respectively. The optical constants of the films were fitted in a 

Kramers–Kronig consistent manner. 

3.2.2 Material characterization 

Material characterization of layers and interfaces is essential to develop 

high-performance solar cells and to investigate/understand its relationship with the 

device performance. In Table 3. 2, all the material characterization methods used in 

this thesis are listed which were used to determine the optical, structural, electrical, 

elemental, and surface properties of the thin film and interfaces. 
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Table 3. 2 List of material characterization methods used in this thesis. 

Characterization method Abbreviation Purpose 

UV/vis/NIR Spectrophotometer UV-Vis Light reflectance, transmittance, 

absorption and optical bandgap 

Four-point probe 4PP Sheet resistance, resistivity 

Hall Measurement Hall Resistivity, Mobility, carrier density 

X-ray photoelectron spectroscopy XPS Chemical state, valence band 

maximum 

Ultraviolet photoelectron spectroscopy UPS Chemical state, CBO 

Atomic force microscope AFM Morphology, uniformity 

Kelvin probe force microscopy KPFM Surface potential, CBO 

X-ray diffractometer XRD Crystalline phases 

Raman spectroscopy Raman Structural analysis 

Inductively coupled plasma optical 

emission spectrometry 

ICP-OES 

 

Elemental analysis 

Time of flight secondary ion mass 

spectroscopy 

ToF-SIMS Element profile, including hydrogen 

Scanning electron microscope SEM Surface topography and composition 

Transmission electron microscope TEM Thickness, structure, depth profile 

Atom probe tomography APT 3D imaging and chemical 

composition 

3.2.2.1 Optical and electrical properties 

An UV/vis/NIR Spectrophotometer is a tool to quantitatively measure the 

reflection or transmission properties of a sample as a function of wavelength. The 

transmittance is measured by comparing the intensity of light after passing through a 

sample to the intensity of light before it passed through the sample. In the case of 

reflectance, it measures the intensity of light reflected from a sample and compares it 

https://en.wikipedia.org/wiki/Topography
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to the intensity of light reflected from reference material. 

A LAMBDA 1050 UV/vis/NIR Spectrophotometer (Perkin-Elmer) with an integrating 

sphere was used to measure the optical properties of the thin films. A deuterium lamp 

and a tungsten halogen lamp provided excitation wavelengths between 190 nm and 

3300 nm. An integration sphere of 150 mm was available for diffuse reflectance 

measurements. It had the capability to collect light from a wide range of input angles 

and correct for inaccuracies due to refraction or light scattering effects, thus providing 

more accurate and reproducible measurements.[157]  

A four-point probe can be used to measure the resistivity of semiconductor 

samples. When the probes are aligned, the resistivity measurement is taken by passing 

a current through two outer probes and measuring the voltage through the inner probes, 

as shown in Figure 3. 5a. However, it only allows for the measurement of the product 

of mobility and carrier concentration other than each parameter directly.[158] Thus, 

Hall effect measurement should be performed in addition if one requires information 

about the individual components.  

 

Figure 3. 5 a) Four-point probe configuration. b) Van der Pauw resistance measurement 

configurations (one of the eight possible configurations). c) Hall effect measurement 

configuration for thin films on an insulating substrate. 

 

In order to determine both the mobility μ and the bulk carrier density, a 

combination of a resistivity measurement and a Hall measurement is needed, together 
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with an accurate measurement of the sample thickness d. The Van der Pauw method 

was employed in the Hall measurement where a four-point probe placed around the 

perimeter of the sample to provide an average resistivity of the sample as in Figure 3. 

5b. As originally devised by Van der Pauw, samples must be homogeneous and 

isotropic with uniform thickness and without isolated holes. Sample contact must be 

located at the edge of the sample which at least an order of magnitude smaller than the 

area of the entire sample.[159] The current was applied to two adjacent contacts and 

the voltages were detected between the other two. In the Hall measurement, however, a 

current is applied between opposite contacts (Figure 3. 5c) and the voltage is detected 

between the other two opposite contacts. Since Hall voltages and van der Pauw 

voltages can be as low as millivolts, the recommended test technique involves a 

combination of reversing source current polarity, sourcing on additional terminals, and 

reversing the direction of the magnetic field. These measurements were carried out by 

HMS-5000 Hall effect measurement system (Ecopia) at room temperature under a 

magnetic field of 0.5 T. 

3.2.2.2 Surface properties 

Microanalysis is the qualitative or quantitative identification of the chemical 

elements and how the atoms of the elements are arranged with respect to each other. 

Figure 3. 6 shows some of the most commonly used microanalytical techniques 

arranged according to their spatial resolutions and sensitivities. The techniques are 

divided into different categories based on their capability (e.g. elemental composition, 

structural information, surface analysis) and those used in this thesis will be discussed 

in the following. 
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Figure 3. 6 Microanalysis techniques arranged according to their spatial resolutions 

and sensitivities. Adapted from Ref. [160]. 

 

XPS stands for X-ray photoelectron spectroscopy, it is a surface-sensitive 

technique to determine the elemental composition quantitatively and examine whether 

any contamination exists at the surface of a sample. It can also identify the chemical 

states, the depth of the surface layer, the binding energy of electronic states and the 

density of electronic states in material, etc. The XPS measurements were conducted 

using an ESCALAB250Xi (Thermo Scientific, UK) under ultra-high vacuum (better 

than 2 × 10−9 mbar). The X-ray source was monochromated Al Ka ( hν × 1486.68 eV) 

with binding energy scale calibrated using carbon reference. Depth profiling data were 

achieved by mildly sputtering the samples with 1 keV Ar+ ions over an etching area of 

2.5 × 2.5 mm. 
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Figure 3. 7 Data acquisition of different types of surface analysis in different materials. 

Adapted from Ref. [161]. 

 

Ultraviolet Photoelectron Spectroscopy (UPS) was employed to obtain the valence 

band energy and electronic work function. It uses the same principles as XPS except 

for the fact that the ionizing radiation at energies of 10s of eV is much lower than it 

used in XPS where the typical photon energies are above 1 keV. Figure 3. 7 presents 

the data acquisition of different types of surface analysis in different materials. It 

shows that most core level photoemissions are not accessible using UPS due to the 

lower ionizing energy. In this sense, the spectral acquisition is limited to the valence 

band region. Consequently, UPS is usually implemented to perform the valence band 

acquisition and electronic work function (Φ) measurement. As shown in Figure 3. 8b, 

by measuring the difference from the onset of the secondary electrons up to the Fermi 

edge and subtracting it from the energy of the incident UV light (hγ), the Φ is then 

given by  
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𝛷𝛷 = ℎ𝛾𝛾 − (𝑐𝑐𝐶𝐶𝑐𝑐𝑀𝑀𝑐𝑐𝑐𝑐 − 𝐸𝐸𝐹𝐹)                      Equation 3. 2 

 

Note that UPS also exhibits greater surface sensitivity than XPS due to the 

difference in the short inelastic mean free path (IMFP, or λ) of free electrons within a 

solid material. 3λ from the surface (or information depth) where > 99% of a 

photoemission signal originates is commonly regarded as the sensitivity of this 

technology.[161] Obviously, UPS has shallower information depth (<2-3 nm) than 

XPS (<10 nm) as demonstrated in Figure 3. 8a. UPS data in this work were acquired 

using an ESCALAB250Xi (Thermo Scientific, UK) under ultra-high vacuum (better 

than 2 × 10−9 mbar). The excitation energy during the UPS experiment was 21.2 eV 

(He I).  

 
Figure 3. 8 a) Difference in information depth for XPS and UPS. b) Work function 

measurement using the UPS spectra. Adapted from [161]. 

 

The surface morphology of a material is critical to affecting its functionality in the 

application of solar cells. The optical and electrical properties of one layer or interface 

property between different layers are strongly related to the surface 

microstructure.[162, 163] In this work, the three-dimensional topography imaging of 
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the material surface will be measured by atomic force microscopy (AFM). The 

measurement are taken by scanning an AFM probe across a sample surface. AFM 

images in this work were obtained using Bruker Dimension Icon AFM system in the 

tapping mode.  

 

 

Figure 3. 9 KPFM set up under illumination for CZTS/ZnSnO on Mo-coated glass 

substrate. 

 

Other than morphology information, Kelvin probe force microscopy (KPFM) was 

additionally used to determine images of the surface potential with nanometer 

resolution, providing the local electronic properties of the semiconductor surface.[164, 

165] Therefore, KPFM is able to correlate electronic property with the structural 

property of the device. KPFM results indicate the surface potential differences between 

nanostructures, molecules or charge states. It is well suited to study the effects of grain 

boundary and surface defects on electronic properties of semiconductor films.[166-168] 

In this thesis, KPFM measurements were taken using an AFM (AIST-NT SmartSPM) 

in ambient. The KPFM set up under illumination is demonstrated in Figure 3. 9, which 

will be used to further examine the charge separation behavior in the heterojunction of 

the device. The data were collected by using a 6 nm radius of curvature 
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(HYDRA6R-100NG-10, APPNANO) with an AC voltage of -1 to +1 V. An external 

laser source with tunable wavelength and intensity was used to illuminate on the 

surface of the sample. Laser light with a wavelength of 1300 nm was used for beam 

deflection to avoid the absorption of the sample under test.  

3.2.2.3 Structural and elemental properties 

X-ray diffraction (XRD) is an analytical method to quantify the crystalline nature 

of materials by measuring the diffraction of x-rays from the planes of atoms within the 

material. It is used to measure the crystalline content of materials, identify the 

crystalline phases present and to study preferential ordering and epitaxial growth of 

crystallites. However, XRD measurements of "thin" (<1000 nm) films using 

conventional θ/2θ scanning methods generally suffer from low peak intensity and a 

high signal originating from the substrate. Therefore, low-angle XRD techniques such 

as grazing incidence X-ray diffraction (GIXRD) have been developed to avoid intense 

signals from the substrate and get stronger signals from the thin film itself. The fixed 

angle is generally chosen to be slightly above the critical angle for the total reflection 

of the film material. The microstructures of the thin films were characterized by 

GIXRD using PANalytical Empyrean thin film X-ray diffractometer with Cu-Kα 

radiation.  

Raman spectroscopy is a nondestructive characterization technique that allows 

precise measurement of the vibrational modes of a material. This technique is based on 

inelastic scattering, or Raman scattering, of monochromatic laser light from the sample. 

Part of the scattered light has different energy (higher or lower) resulting from the 

interaction with phonons. Not all vibrational modes interact with light and those who 

do not are called “silent” modes. Raman can operate in resonant mode, when the 

excitation photon energy corresponds to an electronic transition in the material and 

non-resonant mode when the material is transparent to this light. The Renishaw inVia 

Raman spectroscopy with a 514nm excitation laser was used to analyze the phase of 
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the CZTS absorber. The resonant mode was carried out for characterization of ZnMgO 

samples by using 325 nm excitation laser. 

Apart from the structural measurement, elemental characterization is essential to 

investigate the film property and its relationship with other fundamental properties. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an analytical 

technique used for the detection of chemical elements.[169] The metal element 

composition of the films was always obtained by ICP-OES using samples deposited on 

glass substrates. This technique is a destructively analyzing method and mainly 

determine the average composition of the sample instead of elemental distribution. To 

obtain the elemental depth compositional profiles of the sample, the analysis could be 

taken by time of flight secondary ion mass spectroscopy (ToF-SIMS). ToF-SIMS is a 

surface-sensitive analytical method that uses a focused, pulsed ion beam (typically Cs 

or Ga) to remove molecules from a material surface.[170] Secondary particles are 

removed from atomic monolayers on the surface and then accelerated into a "flight 

tube" and their mass is determined by measuring the exact time at which they reach the 

detector (i.e. time-of-flight).[171, 172] Thus, it is possible to determine a mass 

resolution of one part in a thousand of the mass of a proton. The used primary beam in 

this work was Bi ions at 15 KeV and the current was 1.33 pA (+/-0.03pA). The area of 

the analyzed area was 101.5 x 101.5 μm2 with a random raster mode. The utilized 

secondary sputtering beam was Cs ions at 2 KeV and the related current was 

approximately 86 nA (+/-5 nA). The area of the sputtered sample was kept to be 400 x 

400 μm2. 

Scanning Electron Microscope (SEM) is a remarkably versatile technique to 

investigate the morphology and composition of a sample.[173] As the schematic shown 

in Figure 3. 10, the electrons in an SEM never form a real image of the sample like the 

light produces in a light microscope. The magnified images of a sample are created by 

using a focused beam of high energy electrons scanned across the surface of a 

specimen. The beam is generated by an electron gun and focused at the specimen after 
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processed by magnetic lenses. The electrons interact with atoms in the sample, 

producing various signals that can be detected and analyzed to extract information 

about the sample's surface topography and composition.[174] The types of signals 

produced by an SEM include secondary electrons (SE), back-scattered electrons (BSE), 

characteristic X-rays, light [cathodoluminescence (CL)], specimen current and 

transmitted electrons. The most common imaging mode detects the secondary electrons 

emitted by atoms excited by the electron beam. The morphology and structure of the 

samples in this work were obtained in a field emission scanning electron microscopy 

(FE-SEM, FEI Nova NanoSEM 450) at 5-15 kV. 

 

Figure 3. 10 Configuration of the electron microscopy compared with light microscopy. 

Adapted from Ref. [175]. 

 

Transmission electron microscopy (TEM) is a microscopy technique in which an 

electron beam is transmitted through an ultra-thin sample. An image is formed from the 

interaction of the electrons with the local electronic potential of the sample.[176] The 
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image is magnified and focused onto an imaging device, such as a fluorescent screen, a 

photographic film, or a CCD camera. TEMs are capable of imaging at a significantly 

higher resolution than light microscopes, owing to the small de Broglie wavelength of 

high-energy electrons (200 keV in our case). Energy dispersive spectroscopy EDS (or 

Energy Dispersive X-ray spectroscopy EDX) is a chemical microanalysis technique 

used in conjunction with Scanning Electron Microscopy and Transmission Electron 

Microscopy. The X-ray energy is characteristic of the chemical element from which it 

was emitted. The EDS detector measures the relative abundance of emitted x-rays 

versus their energy. The microstructure and compositional profiles were measured by 

JEOL JEM-ARM200F (200 kV) aberration-corrected scanning transmission electron 

microscope (STEM) equipped with energy-dispersive X-ray spectroscopy system 

(EDX). 

Atom Probe Tomography (APT) is a powerful microscopy technique that 

generates a three-dimensional (3D) atom-by-atom reconstruction of a small volume 

within a material.[177] The technique is a complement to other microscopy techniques 

such as SIMS and TEM, providing the highest available spatial resolution for chemical 

analysis.[178] APT requires samples to be milled to a sharp point before using a pulsed 

laser to induce atom evaporation, and therefore sample preparation is extensive. In this 

thesis, APT measurements were performed on needle-shaped specimens with a tip 

diameter of less than 100 nm. These were prepared using a Zeiss Auriga FEG SEM, 

equipped with a focused ion beam (FIB). Due to extreme beam damage of the APT 

specimens, once the diameter of the needle was below 1 µm, an accelerating voltage of 

less than 5 kV had to be used for imaging and milling in order to avoid any damage. 

The atom probe measurements were conducted on a Camera LEAP 4000XSi, at a 

temperature of ~50 K, using a pulse frequency of 200 kHz, pulse energy of 50 pJ and a 

detection rate of 0.5%. All data sets were reconstructed in IVAS 3.6.18. 
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3.2.3 Device characterization 

The current density-voltage (J–V) curve of a solar cell is the superposition of the 

I-V curve of the solar cell diode in the dark with the light-generated current. The total 

current as a function of voltage under illumination is given by: 

 

𝐽𝐽light(𝐸𝐸) = 𝐽𝐽0�𝑒𝑒𝑒𝑒𝑒𝑒�𝑞𝑞(𝐸𝐸 − 𝐽𝐽light𝑅𝑅𝑠𝑠)/𝐴𝐴𝐴𝐴𝐴𝐴� − 1� + (�𝐸𝐸 − 𝐽𝐽light𝑅𝑅𝑠𝑠�𝐺𝐺𝑠𝑠ℎ + 𝐽𝐽𝑠𝑠𝑐𝑐𝜂𝜂(𝐸𝐸)) 

Equation 3. 3 

 

Here, J0 is the saturation current density for the recombination mechanism under 

illumination, η(V) is the external collection efficiency. The J–V curves were measured 

using an AM 1.5G solar simulator from PV Measurements calibrated with a standard 

Si reference and a Keithley 2400 source meter. 

 

Table 3. 3 List of device characterization methods used in this thesis. 

Characterization method Abbreviation Purpose properties 

Current density-voltage measurement JV Current density-voltage curves 

External quantum efficiency EQE Spectral response 

Capacitance-voltage measurement C-V Doping concentration and depletion 

width 

Drive-level capacitance profiling 

measurement 

DLCP Bulk carrier density 

Suns-VOC measurements Suns-Voc Extract J01 and J02 

Photoluminescence  PL Electrical bandgap, recombination 

property 

Time-resolved photoluminescence  TR-PL Minority carrier lifetime 

 

The external quantum efficiency (EQE) quantifies the number of electron-hole 
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pairs generated per incident photon. Instead of the photon flux, the experimental setup 

measures the ratio between the current produced on the sample cell by monochromatic 

light and the current generated in a reference detector at the same wavelength. Since 

not all the incoming light reaches the active part of the solar cell (mainly due to the cell 

reflectance and to the parasitic absorbance of the window layers), the EQE is not the 

best parameter to evaluate the efficiency of the active part of the cell. The internal 

quantum efficiency (IQE) can be calculated from the EQE as IQE = EQE/(1-R) where 

R is the reflectance at the corresponding wavelength. EQE data in this work were 

collected by a QEX10 spectral response system (PV measurements, Inc.) calibrated by 

the National Institute of Standards and Technology (NIST)-certified reference Si and 

Ge photodiodes. 

The capacitance-voltage (C–V) measurement is a simple technique to determine 

the junction properties such as the carrier density and the depletion width. The junction 

capacitance was obtained from the measured quadrature current response induced by 

an ac voltage perturbation. The variation in junction capacitance with dc bias is then 

determined. The charge density at the edge of the depletion region (Nw) can then be 

given as: 

𝑁𝑁𝑤𝑤 = 𝑆𝑆3

𝑞𝑞𝑞𝑞𝐴𝐴2(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑)
= − 2

𝑞𝑞𝑞𝑞𝐴𝐴2
�
𝑑𝑑� 1

𝑑𝑑2
�

𝑑𝑑𝑃𝑃
�
−1

,               Equation 3. 4 

 

where W is the width of the depletion region, A is the area of the device, and q is the 

fundamental charge.[179] The capacitance-voltage (C–V) measurement was carried 

out using an impedance analyzer at a frequency of 100 kHz with a DC bias voltage 

sweeping from −1.5 to 0.5 V. 

Drive-level capacitance profiling (DLCP) is an alternate technique for measuring 

the energetic and spatial distribution of defects in the bandgap. The DLCP method 

examines the junction capacitance dependence over a range of as voltage amplitudes in 

addition to a range of dc bias, to obtain more information about the film response than 
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is available from the aforementioned C-V. Generally, we obtain information about the 

free carriers, bulk and interface defects deduced from the C-V measurements, while we 

identify the response only from the free carrier and the bulk defects using the DLCP 

technique.[180, 181] DLCP measurement was performed with the a.c. amplitude 

varied from 10 mV to 110 mV and the d.c. bias from -1.6 V to 0.6 V. 

Suns-VOC measurements were taken out to investigate the location of the 

recombination through extracting the recombination current density. The Suns-VOC 

measurements shown using a decaying light pulse with a full-width half maximum 

(FWHM) of about 2 ms from a xenon flash lamp, which enables the quasi-steady state 

photovoltage VOC to be measured across the p–n junction in the open-circuit condition. 

The light intensity was monitored by a single-crystal silicon reference cell plotted 

against VOC. 

Photoluminescence (PL) is an important technique for measuring the purity and 

crystalline quality of semiconductors and for quantification of the amount of disorder 

present in a system. In fact, defects and impurities often introduce electronic states in 

the bandgap associated with radiative transitions. In a typical PL experiment, a 

semiconductor is excited with a light source that provides photons with energy larger 

than the bandgap energy. When electrons are excited high in the conduction band, the 

carrier temperature initially decreases quite fast via emission of optical phonons. This 

is quite efficient due to the comparatively large energy associated with optical phonons 

and their rather flat dispersion, allowing for a wide range of scattering processes under 

the conservation of energy and momentum. Once the carrier temperature decreases 

below the value corresponding to the optical phonon energy, acoustic phonons 

dominate the relaxation. Photoluminescence (PL) spectra were measured using a 1/4 m 

monochromator (Cornerstone 260) equipped with a silicon charge-coupled device 

(CCD) camera. A continuous-wave laser (405 nm, 50 mW) was used as the excitation 

source and the luminescence signal was detected by a CCD. Time-resolved 

photoluminescence (TRPL) measurements were performed using time-correlated 
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single-photon counting (TCSPC) technique with a Microtime-200 (Picoquant) system. 

This system was equipped with a 780–800 nm detector and a 470 nm solid-state laser 

excitation source tuned at a repetition rate of 10 MHz with an incident power of 0.18 

W/cm2.  
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Chapter 4    ZnSnO as Cd-free CZTS 
buffer layer1 

Heterojunction interface management is of critical importance to tackle interface 

recombination. In this chapter, atomic layer deposition (ALD) was implemented to 

synthesize a wide range of Zn1-xSnxO (ZTO, 0≤x≤1) films for application as a buffer 

layer in CZTS solar cells. A favorable band alignment is achieved using a 10 nm 

Zn0.77Sn0.23O buffer layer which enabled an impressive 10 % increase in the 

open-circuit voltage of the CZTS solar cell. The microstructure and chemical nature of 

the CZTS/ZTO interface are carefully studied and the presence of an ultra-thin Zn(S, O) 

tunnel layer is demonstrated. The decreased interfacial defects stemming from the 

minor lattice mismatch at the CZTS/Zn(S,O)/ZTO heterointerface in combination with 

the passivation provided by a higher sodium concentration throughout the CZTS/ZTO 

device explains the significant increase in open-circuit voltage. Finally, an efficiency of 

9.3% was obtained for Cd-free pure sulfide CZTS solar cells with a structure of 

Mo/CZTS/ZnSnO/i-ZnO/ITO.  

4.1 Introduction 

As discussed in Section 1.2.1, the performance gap between CZTS solar cells and 

                                                 
1 Part of this chapter has been published as: Cui, X.; Sun, K.; Huang, J.; Lee, C.-Y.; Yan, C.; Sun, H.; 
Zhang, Y.; Liu, F.; Hossain, M. A.; Zakaria, Y.; Wong, L. H.; Green, M.; Hoex, B.; Hao, X., Chem. 
Mater. 2018, 30, (21), 7860-7871. 
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its CIGS counterpart can mainly be attributed to the large VOC deficit (Eg/q – VOC, Eg is 

the bandgap, q is the electron charge).[1] This VOC deficit is typically attributed to a 

high density of bulk defects, band tailing in the CZTS films[64, 65] and recombination 

at interface defects.[1, 46, 182] Heterojunction interface management is of critical 

importance to tackle interface recombination, thus will be investigated in this chapter. 

Generally, the interface recombination is mainly originating from non-ideal 

band-alignment and a high defect density at the CZTS/CdS heterojunction interface. 

On the one hand, the conduction band offset (CBO) between CdS and pure sulfide 

CZTS has been identified as ‘cliff-like’, which could explain why CZTS has a 

relatively larger VOC deficit compared to CZTSSe.[56, 57] On the other hand, the 

lattice mismatch of the CZTS and CdS interface is 7%,[183] thus introducing more 

interfacial defects. Additionally, the relatively low bandgap of CdS (Eg = 2.4~2.5eV) 

results in significant optical absorption losses and thus reduces the short-circuit current 

density of the solar cell. To overcome these issues, alternative buffer layers such as 

In2S3,[41] Zn(O,S),[42] Zn1-xCdxS,[59] and Zn1-xSnxO[43, 44] have been proposed. 

Especially ZnSnO (ZTO) is an appealing alternative as it contains only non-toxic 

constituents and the most promising results have been obtained using atomic layer 

deposition (ALD).[43] ALD is an appealing deposition method as it is compatible with 

other vacuum-based processes used in the CZTS process flow. In addition, ALD 

enables precise control of ZTO stoichiometry, atomic level uniformity as well as a 

conformal coverage over large-scale areas, and has demonstrated usefulness in 

photovoltaic devices as surface passivation [81, 184] layer and buffer layer.[131, 134]  

ALD ZTO buffer layers have been employed in chalcogenide solar cells including 

CIGS,[131] CZTSSe,[27] CZTS[43] which have shown comparable performance to 

devices with a standard CdS buffer layer. Previous research of ZTO buffer layers in 

CIGS devices revealed that the position of the conduction band, as well as the valence 

band, could be modified by changing the stoichiometry of the ZTO film.[105] Also, the 

position of the conduction band could be changed independently by changing the 
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substrate temperature during the ALD process due to quantum confinement effects in 

the resulting ZTO layer.[103, 104] Li et al. first reported the use of ZTO in a CZTSSe 

cell, claiming the achievement of an 8.6% efficient CZTSSe cell with the improved 

band alignment at CZTSSe/ZTO heterojunction by optimizing Sn-content of ZTO to be 

0.167. This Sn-content of ZTO needs to be carefully tuned if applying to the pure 

sulfide CZTS solar cells to obtain a favorable band alignment at the pure sulfide 

CZTS/ZTO hetero-interface since CZTS has a higher conduction band minimum than 

that of CZTSSe.[54] Recently, Ericson et al. demonstrated a 9.0% efficient CZTS solar 

cell with an ALD Zn0.72Sn0.28O buffer layer which was synthesized at 145 °C, where 

they emphasized that the band alignment can be adjusted by varying substrate 

temperature and confirmed that part of the device improvement could be attributed to 

annealing during the ALD process. [43, 132] However, few studies have focused on 

the effect of the ZTO stoichiometry on pure-sulfide CZTS cell performance. In 

addition to band alignment, the interfacial trap states at the CZTS/ZTO heterojunction 

should be minimized to eradicate interface recombination. Therefore, the examination 

of nanoscale microstructure and chemistry at the CZTS/ZTO interface is needed to 

elucidate the interface property at an atomic level and its correlation with device 

performance. 

4.2 Zn-based ternary oxides growth by thermal ALD 

4.2.1 Growth of binary metal oxide 

ZnO, SnOx and MgO films were deposited on native-Si and SLG substrate in the 

deposition temperature range of 100-200 °C using thermal ALD. Diethylzinc 

[Zn(C2H5)2 DEZ, Sigma-Aldrich], tetrakis(diethylamido)tin(IV) [Sn(N(CH3)2)4 or 

TDMASn, Strem Chemicals]) and bis(ethylcyclopentadienyl)magnesium (Mg(CpEt)2, 

Strem Chemicals) were used as Zn, Sn, Mg precursor, respectively. The DEZ precursor 

was kept at room temperature while the TDMASn precursor was heated to 75 °C and 
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the Mg(CpEt)2 precursor was heated to 90 °C contained in a stainless steel cylinder, 

respectively. Water was held in a stainless steel cylinder at room temperature and used 

as the reactant in thermal ALD process. The standard ALD process contained a 

sequential cycle of precursor dose/purge/reactant dose/purge, which can be expressed 

as time sequence of t1: t2: t3: t4 in seconds.  

The growth properties of the metal oxides were monitored by in situ QCM and in 

situ SE. A QCM sensor housed in a holder was held in the reaction chamber. The 

crystal was maintained at the same temperature for several hours to achieve thermal 

equilibrium. The QCM signal can be converted to the fill thickness if the mass density 

of the target film is known. The thickness and optical properties of the deposited films 

on native Si substrates were evaluated by in situ spectroscopic ellipsometry (M-2000 

Spectroscopic Ellipsometer, J.A. Woollam Co.). Measurements were done in the 

wavelength range between 245 and 1000 nm at an angle of incidence of 70° with 

respect to the substrate. The SE measurements as a function of time were acquired at 

0.5 s intervals. Modeling was carried out using the CompleteEASE software 

package.[156] The data from deposited film samples were modeled using a three-layer 

model, comprising Si, native SiO2 and metal oxides. A temperature-dependent Si layer 

model from the CompleteEASE software library was used to fit the parameter of Si 

depending on the process temperature. The ZnO film was modeled through an 

oscillator model, which including a polynomial spline function (the psemi-m0 

oscillator) and a Tauc-Lorentz oscillator. The SnOx and MgO layers were modeled 

using a Lorentz oscillator and Sellmeier oscillator, respectively. The optical constants 

of the films were fitted in a Kramers–Kronig consistent manner. 
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Figure 4. 1 a) In situ QCM and b) in situ SE measurements for ZnO deposition during 

thermal ALD cycles at 150 °C. 

 

To examine the growth behavior, in situ measurements were performed to 

determine the conditions for the ALD growth of ZnO. Figure 4. 1 shows the pulse time 

tuning of ZnO deposited by thermal ALD acquired from in situ QCM and SE. The 

corresponding reaction mechanism of diethyl zinc (DEZ)[147, 148] reacting with 

co-reactant water (H2O) is[147]: 

 

2𝑍𝑍𝑙𝑙(𝐽𝐽2𝐻𝐻5)2∗ + 𝐻𝐻2𝑂𝑂(𝐸𝐸) → 𝑍𝑍𝑙𝑙𝑂𝑂∗ +  2𝐽𝐽2𝐻𝐻6(𝐸𝐸)                     Equation 4. 1 

 

DEZ is a highly volatile precursor and is reactive towards H2O, thus ZnO can be easily 

deposited in the deposition temperature range of 100-200 °C.  
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Figure 4. 2 Growth behavior of ZnO using thermal ALD, a self-limited reaction 

depending on a) DEZ pulse time, b) Ar purge time and c) temperature. 

 

The DEZ precursor pulse time t1 was tuned from 0.01 to 0.2 s using time sequence: 

t1: 10: t3: 10 at 150 °C. Note H2O pulse time t3 was kept constant as 0.06s which was 

sufficient as the oxygen source. To accelerate the tuning process while minimizing the 

material consumption, 20 repeating cycles were done for each parameter and the 

tuning could be finished within one ALD deposition. Figure 4. 1a reveals the linear 

growth of ZnO as a function of the time for each DEZ pulse time, indicating sustained 

layer-by-layer growth behavior. A similar growth behavior was found in Figure 4. 1b 

extracted from the SE data. Therefore, the growth per cycle (GPC) as a function of the 

DEZ pulse time can be evaluated and is shown in Figure 4. 2a. A typical self-limiting 

reaction was found where the growth rate of ~1.7Å/cycle saturated with a precursor 

dose of 0.06 s at 150 °C. Therefore, the DEZ pulse time was fixed to 0.06 s to ensure 

saturation in subsequent experiments. The Ar purging time after the DEZ dose was also 
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investigated as shown in Figure 4. 2b. It also shows saturated growth characteristics 

when Ar purge time after DEZ pulse reaching 10s. Figure 4. 1c presents the GPC of 

ZnO as a function of deposition temperature ranging from 100 to 180 °C. The growth 

rate displays an increase from 100 to 150 °C with a slight plateau in the range of 150 to 

180 °C. The growth rate varies from ~1.3 Å/cycle at 100 °C to ~1.7 Å/cycle at 150 °C, 

respectively. 

 

Figure 4. 3 Growth behavior of SnOx using thermal ALD, a self-limited reaction 

depending on a) TDMASn pulse time and b) Ar purge time. 

 

A similar recipe tuning method was also implemented in the case of SnOx 

deposition. Here, tetrakis (dimethylamino) tin (TDMASn) was used as Sn precursor 

and H2O as the oxygen source. The tin oxide (SnO2) deposited by TDMASn precursor 

with water as the co-reactant have reaction mechanism as following[185]: 

 

(𝑂𝑂𝐻𝐻)𝑥𝑥∗ + 𝐽𝐽𝑙𝑙(𝐷𝐷𝑀𝑀𝐴𝐴)4 → (𝑂𝑂)𝑥𝑥𝐽𝐽𝑙𝑙(𝐷𝐷𝑀𝑀𝐴𝐴)4−𝑥𝑥∗ +  𝑒𝑒𝐻𝐻𝐷𝐷𝑀𝑀𝐴𝐴              Equation 4. 2 

 

(𝑂𝑂)𝑥𝑥𝐽𝐽𝑙𝑙(𝐷𝐷𝑀𝑀𝐴𝐴)4−𝑥𝑥∗ + 2𝐻𝐻2𝑂𝑂 → (𝑂𝑂𝐻𝐻)𝑥𝑥∗ + 𝐽𝐽𝑙𝑙𝑂𝑂2 + (4 − 𝑒𝑒)𝐻𝐻𝐷𝐷𝑀𝑀𝐴𝐴       Equation 4. 3 

 

DMA indicates the dimethylamino ligand, while HDMA is dimethylamine, * 

representing the surface-bound species and x is the number of DMA ligands released 

during the TDMASn pulse. It has been suggested that the density of surface 
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hydroxylation is important for the initial adsorption of the precursor. The pulse time of 

TDMASn and the purge time after TDMASn exposure were investigated to determine 

the condition for saturated ALD of SnOx at 150 °C. The TDMASn precursor pulse time 

t1 was tuned from 0.01 to 1 s using time sequence: t1: 10: 0.06: 10 at 150 °C. The 

saturated pulse time of Sn precursor was determined to be 0.15s as shown in Figure 4. 

3a. The saturated growth rate for SnOx was found to be ~0.7 Å/cycle. The growth rate 

with increasing Ar purge time after TDMASn exposure was then studied by fixing 

TDMASn pulse time to be 0.15s, as shown in Figure 4. 3b. A time sequence of 0.15: t2: 

0.06: 10 was used and t2 was tuned from 5 to 45 s. Purging time was optimized to be 10 

s for supporting saturated growth characteristics of SnOx. 

In the case of MgO deposition, higher volatility of ethylcyclopentadienyl 

magnesium (Mg (CpEt)2) was used as Mg precursor and H2O as an oxygen source to 

deposit binary magnesium oxide (MgO) [150], following the proposed MgO ALD 

reaction: 

 

2𝑀𝑀𝐸𝐸(𝐽𝐽𝑒𝑒𝐸𝐸𝑐𝑐)2 + 2𝐻𝐻2𝑂𝑂(𝐸𝐸) → 2𝑀𝑀𝐸𝐸𝑂𝑂 +  4𝐻𝐻𝐽𝐽𝑒𝑒𝐸𝐸𝑐𝑐(𝐸𝐸)                 Equation 4. 4 

 

The above depositions process were performed in the temperature range of 

125-400 °C. 

 Figure 4. 4a shows that the growth rates of the MgO film were saturated at 

approximately 1.1 Å/cycle at Mg (CpEt)2 pulse time of 0.5s. For the pulse time tuning, 

a time sequence: t1: 10: 0.06: 10 was applied with t1 ranging from 0.01 to 1.5 s and 

deposition was performed at 150 °C. Figure 4. 4b shows the changes in the GPC as a 

function of the Ar purge time after Mg (CpEt)2 exposure. The GPC of MgO film 

decreases gradually from 5 s to 20 s to a plateau over 20 s. The saturation growth 

should take place at 20 s although the change in GPC from 5 s to 20 s is not significant. 

Figure 4. 4c presents the growth rates of the MgO with respect to deposition 

temperature ranging from 100 to 180 °C. The growth rate displays a plateau from 100 
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to 150 °C with a slight increase from 150 to 180 °C. The growth rate varies from ~1.1 

Å/cycle at 150 °C to ~1.2 Å/cycle at 180 °C, respectively. 

 

Figure 4. 4 Growth behavior of MgO using thermal ALD, a self-limited reaction 

depending on a) (Mg(CpEt)2 pulse time, b) Ar purge time and c) temperature. 

4.2.2 Deposition and properties of ZnSnO 

In this study, the synthesis of ternary oxides films was carried out using supercycle 

ALD, which consists of alternating subcycles of binary oxide depositions. ZTO thin 

films with different compositions were synthesized at a substrate temperature of 

150 °C. The ALD process contained a Zn/ Sn: Ar: H2O: Ar cycle with pulse lengths of 

0.06/0.15:10:0.06:10 s, respectively. A super-cycle scheme of ZTO consisted of ZnO 

and SnOx sub-cycles were employed to tune the composition of Sn/ (Zn + Sn). Four 

different Zn to Sn sub-cycles ratio of 5/1, 4/1, 3/1, 2/1 were investigated in this thesis, 

with nominal growth rate per cycle (GPC) were 1.3, 1.0, 0.7, 0.5 Å, respectively. The 

optical properties of the ZTO films were fitted through an oscillator model, which 
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including a polynomial spline function (the psemi-m0 oscillator) and a Tauc-Lorentz 

oscillator, to represent the optical constants of the films in a Kramers–Kronig 

consistent manner. 

 

Figure 4. 5 Schematic of super-cycle method used for ternary ZnSnO deposition by 

thermal ALD. 

 

Based on previous reports, a ZTO buffer layer with a Sn-content of 0.1~0.3 would 

provide a favorable band alignment with CZTS absorber. Thus, the composition of the 

ZTO films was varied by tuning the ratio of ZnO and SnOx sub-cycles in the 5:1 to 2:1 

range. The pristine ZnO and SnOx binary metal oxides were also synthesized for 

comparison purposes. Silicon substrates were included in the ZTO deposition run to 

evaluate the thickness and optical properties by in situ spectroscopic ellipsometry (SE). 

It should be noted that the ALD process on c-Si could be different compared to that on 

CZTS, in particular for the initial growth cycles. The Sn content, defined as Sn/(Zn + 

Sn), was found to be 0.17-0.27 for the ZTO films depending on the sub-cycle ratio as 

listed in Table 4. 1. 
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Figure 4. 6 a) Tauc plot and (b) refractive index and extinction coefficient as a function 

of the photon energy for the ZTO films grown using various Zn:Sn sub-cycle ratios. 

The absorption coefficient for the Tauc plot was determined from 

transmission-reflection while the optical properties were determined from 

spectroscopic ellipsometry measurements. The c) Eg extracted from the Tauc plot 

analysis and spectroscopic ellipsometry as a function of the relative Sn ratio. d) 

GIXRD pattern of the ZTO films as a function of Zn:Sn sub-cycle ratio. 

 

The optical properties of the ZTO films with different atomic compositions on 

glass were characterized by transmission-reflection measurements and the results are 

shown in Figure 4. 6a. The bandgap was extracted from the Tauc plot using the 

following equation (αhυ)n = A(hυ – Eg), where n = 0.5 for amorphous films and n = 2 

for direct-gap crystalline films. Here n = 0.5 was used for calculation as the ZTO films 
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were identified to be amorphous by grazing incidence X-ray diffraction (GIXRD) 

measurements which are shown in Figure 4. 6d. The absorption coefficient α was 

derived from a simplified formula α = d-1 ln (T-1), where d is the thickness of ZTO 

films and T is the transmittance from the transmission-reflection measurements. For 

comparison, the bandgap was also determined from the extinction coefficient related 

absorption coefficient by SE measurement. The absorption coefficient was calculated 

from the well-known relation α = 4πk/λ, where k represents the imaginary part of the 

complex dielectric constant and λ is the light wavelength. Figure 4. 6c provides the 

bandgap extracted from transmission-reflection measurements with those determined 

by spectroscopic ellipsometry as a function of Sn content of ZTO films. With 

increasing Sn incorporation, the bandgap of ZTO films first drops from 3.2 eV for pure 

ZnO to 2.9 eV for Zn0.80Sn0.20O, then increases again to 3.3 eV for Zn0.77Sn0.23O and 

finally dropping to 2.7 eV for pure SnOx. 

 

Table 4. 1 Properties of ZnSnO thin films with different compositions compared to the 

pure ZnO and SnOx films. 

Sampl

e 

Zn/Sn 

ratio 

Sn /( Sn 

+Zn) ratio 

Sn /( Sn 

+Zn) by 

ICP 

GPC 

( Å/cycle) 

Bandgap 

(eV) 
Resistivity 

(Ω·cm) 

ZnO 0 0 0 1.7 3.2 6.53×10-2 

ZTO 5:1 0.17 0.17 1.3 2.9 N/A 

ZTO 4:1 0.2 0.2 1.0 2.9 N/A 

ZTO 3:1 0.25 0.23 0.7 3.3 N/A 

ZTO 2:1 0.33 0.27 0.5 3.4 N/A 

SnO 1 1 1 0.7 2.7 N/A 

 

The SE measurements were also used to extract the refractive index (n) and 

extinction coefficient (k) values of the ZTO films. Figure 4. 6b shows the n and k 
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values as a function of the photon energy for different ZTO film compositions. The n 

(at 1.98 eV) of ZTO films decreased for higher Sn content. However, it increases 

significantly for pure SnOx without Zn doping. For pure ZnO, a sharp absorption edge 

of the extinction coefficient was found at ~3.3 eV, which agrees with the bandgap of 

intrinsic ZnO reported in the literature.[186] The presence of the excitonic peak 

observed at 3.4 eV indicates that the ZnO film was polycrystalline.[111, 187] This 

feature is consistent with the diffraction peaks of ZnO evaluated by GIXRD which 

exhibits a hexagonal wurtzite structure, as illustrated in Figure 4. 6d. Nevertheless, the 

intermediate ZTO and pure SnOx films were believed to be amorphous or nano-crystals 

with broad diffraction peak at around 34°, similar to reported in the literature.[188-190] 

The amorphous nature of these films can be likely attributed to the different cation 

valences and crystal structures of each binary material.[191] This amorphous nature 

enables excellent stability and uniformity over large areas, and thus providing 

reproducible device performance.[188] 

4.2.3 Deposition and properties of ZnMgO 

 

Figure 4. 7 Schematic of the super-cycle method used for ternary ZnMgO deposition 

by thermal ALD. 

 

A supercycle ALD method was also used for the synthesis of ternary ZnMgO films. 

Thin films were deposited with different Mg content (Mg / Mg+ Zn) at a substrate 

temperature of 150 °C. The substrates used were glass and silicon wafers with native 
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oxide (~1.5 nm thickness). The diethylzinc (DEZ, Sigma-Aldrich), 

bis(ethylcyclopentadienyl)magnesium [Mg(CpEt)2, Strem Chemicals] were used as Zn 

and Mg precursor, respectively. The DEZ precursor was kept at room temperature 

while the Mg(CpEt)2 precursor was heated to 90 °C contained in a stainless steel 

cylinder. Deionized water (H2O) served as an oxidizing source in thermal-ALD. The 

ZnMgO ternary films were deposited by tuning the ZnO: MgO ratio with a super-cycle 

approach, as illustrated in Figure 4. 7. A typical super-cycle consisted of alternating m 

cycles of the ZnO process followed by one cycle of the MgO process. The desired 

thickness was achieved by looping of the ALD supercycles. For thermal-ALD 

deposition of ZnMgO, the ZnO cycle consisted of a processing sequence of 0.06 s DEZ 

pulse, 10 s Ar purge, 0.06 s deionized water pulse, 10 s Ar purge (0.06 s/10 s/0.06 s/10 

s). The MgO cycle was performed at a time sequence of 0.5 s/10 s/0.06 s/10 s with 

longer Mg precursor time to reach the saturated ALD growth. Three different Zn to Mg 

sub-cycles ratio of 2/1, 4/1, 9/1 were investigated in the thesis, with nominal growth 

rate per cycle (GPC) were 1.4, 1.6, 1.7 Å/cycle, respectively. The optical properties of 

the ZMO films were fitted through an oscillator model, which including a polynomial 

spline function (the psemi-m0 oscillator) and a Tauc-Lorentz oscillator, to represent the 

optical constants of the films in a Kramers–Kronig consistent manner. 

 

Table 4. 2 Growth properties of ZnMgO thin films with different compositions. 

Sample 
Zn/Mg 

Ratio 
Mg/(Mg+Zn) 

Mg/(Mg+Zn) 

by ICP 
cycles 

Thickness 

(nm) 

GPC 

( Å/cycle) 

ZnO 0 0 0 200 34 1.7 

ZMO 9:1 0.1 0.101 300 52 1.7 

ZMO 4:1 0.2 0.201 300 48 1.6 

ZMO 2:1 0.33 0.349 300 42 1.4 

MgO 1 1 1 300 33 1.1 
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Figure 4. 8 a) Transmittance and (b) refractive index and extinction coefficient as a 

function of the wavelength for the ZMO films grown using various Zn:Mg sub-cycle 

ratios determined from spectroscopic ellipsometry measurements. The c) Eg extracted 

from the Tauc plot analysis and spectroscopic ellipsometry as a function of the relative 

Mg ratio. d) GIXRD spectra of the ZMO films as a function of Zn:Mg sub-cycle ratio. 

 

The optical transmission of the ZMO films with different atomic compositions on 

glass was characterized by transmission-reflection measurements and the results are 

shown in Figure 4. 8a. The transparency exhibits large discrepancy in the visible light 

range between ZMO compounds and pure oxides, most likely due to the samples used 

with different thicknesses, where thinner films have higher transparency. Therefore, it 

is more reasonable to compare the band edge of different films by evaluating the 

absorption edge from the transmittance spectra. The near band-edge wavelength for 

pristine ZnO is around 375 nm, while it moves to the short wavelength as the Mg ratio 

increases, indicating that the addition of Mg increases the bandgap. This phenomenon 
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was further confirmed by the bandgap extracted from the ellipsometry measurement 

shown in Figure 4. 8b. For comparison purposes, Figure 4. 8c provides the bandgap 

extracted from transmission-reflection measurements with those determined by 

spectroscopic ellipsometry as a function of Mg content of ZMO films. With increasing 

Mg incorporation, the bandgap of ZMO increases almost linearly from ~3.2 eV to ~3.8 

eV for Zn0.65Mg0.35O. Therefore, the bandgap of ZMO compounds can be easily tuned 

by varying the Mg content.  

The SE measurements were also used to extract the refractive index (n) and 

extinction coefficient (k) values of the ZMO films shown in Figure 4. 8b. It reveals the 

refractive index and extinction coefficient as a function of the wavelength for the ZMO 

films grown using various Zn:Mg sub-cycle ratios. The n (at 632 nm) of ZnO and MgO 

is ~2.0 and ~1.7, respectively. The n values of the ZMO compounds were between the 

binary material and show decreasing trend with the Mg content. With increasing Mg 

content in ZMO films, the excitonic peak observed for the extinction coefficient seems 

to be broadened. This could be attributed to the alloy composition fluctuation in 

ternary materials, thereby making the absorption edges of ZMO alloys less distinct 

than ZnO.[192] The presence of the excitonic peak observed at 3.4 eV indicates that 

the ZnO film was polycrystalline.[111, 187] This feature is consistent with the 

diffraction peaks of ZnO evaluated by GIXRD which exhibits a hexagonal wurtzite 

structure, as illustrated in Figure 4. 8d. The MgO film was found to be overall 

amorphous with little nanocrystalline because of the presence of (200) peak in low 

intensity. Here, the low intensity of the signature peak of all the films could be the 

result of very thin (<50 nm) film used for GIXRD characterization. The intermediate 

ZMO films show the characteristic peak of (100) and (101), indicating Zn1− xMgxO 

retains the ZnO wurtzite structure for Mg content up to x ≈ 0.35.[193] 

The carrier concentration (n), Resistivity (σ) and Hall mobility (μ) of ZnMgO thin 

films were measured by the van der Pauw method employing indium contacts at room 

temperature and the results are listed in Table 4. 3. With the Mg content increasing up 
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to 0.2, the resistivity was found to increase in the ZMO films while the carrier mobility 

was found to decrease. The decreases in both carrier concentration and the electron 

mobility contribute to the increase in resistivity. The decrease in carrier concentration 

has been variously attributed to both an increasing donor activation energy due to a 

larger effective mass[194] or change of band structure[195] and a lowing of the active 

donor concentration due to composition enrichment.[194] For the decrease in mobility, 

both an increased alloy scattering[196] and enhanced grain boundary scattering has 

been suggested. However, when the Mg content was larger than 0.2, the hall signal 

could hardly be detected based on the used measurement configuration due to the large 

resistivity of the thin films. 

 

Table 4. 3 Optical and electrical properties of ZnMgO thin films with different 

compositions. 

Sampl

e 

Zn/Mg 

Ratio 

Mg/(Mg+Zn) 

by ICP 

Band

gap 

(eV) 

Carrier 

concentration 

(cm-3) 

Resistivity 

(Ω·cm) 

Hall 

mobility 

ZnO 0 0 3.14 -9.10×1018 6.53×10-2 6.44 

ZMO 9:1 0.101 3.29 -8.54×1018 1.11×10-1 6.59 

ZMO 4:1 0.201 3.48 -5.45×1016 1.64×101 2.44 

ZMO 2:1 0.349 3.76 N/A N/A N/A 

MgO 1 1 7.30 N/A N/A N/A 

4.3 Application of ZnSnO as buffer layer on CZTS solar cell 

4.3.1 Experiment 

CZTS absorbers were deposited onto a Mo-coated soda-lime glass substrate from 

co-sputtered Cu/ZnS/SnS precursors by using a magnetron sputtering system (AJA 

International, Inc., Model ATC-2200). The composition of CZTS absorbers was 
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controlled to be Cu-poor (Cu/(Zn+Sn) = 0.88) and Zn-rich (Zn/Sn = 1.18) as described 

in Section 3.1.1. The films were then subjected to the sulfurization process in 

combined sulfur and SnS atmosphere at 560 °C with a heating rate of 15 °C min-1 for 3 

min. Reference devices with 50 nm CdS buffers were fabricated using chemical bath 

deposition. For ZTO buffer devices, after sulfurization, the samples were stored in a 

nitrogen box or immediately transferred into the ALD reactor to deposit ZTO thin films. 

Different thickness and composition of ZTO buffer layers were applied to investigate 

their effects on the device performance. An i-ZnO/ITO (50 nm/210 nm) top contact 

was then deposited by radio frequency sputtering, followed by Al grids using 

evaporation. An antireflection coating of 110 nm MgF2 was deposited on the best 

performing devices by thermal evaporation and 0.224 cm2 solar cells were finally 

defined by mechanical scribing. 

 

FIgure 4. 9 Schematic of the fabrication of CZTS/ZnSnO thin film solar cell. 

4.3.2 Influence of ZnSnO thickness on the device properties 

The effect of the buffer layer thickness on the CZTS/ZTO cell performance was 

examined and the results are shown in Figure 4. 10. A ZTO thickness in the 10 - 50 nm 

range was investigated by changing the number of ALD cycles while keeping the 
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Zn:Sn pulse ratio constant at 3:1. Representative J-V and EQE curves are shown in 

Figure 4. 11 and corresponding one-Sun I-V parameters are summarized in Table 4. 4. 

The results indicate that a thicker ZTO buffer layer does not necessarily result in a 

better performance. The general trends of VOC and Jsc show no significant difference 

for ZTO buffers of 10, 20, 30 nm thickness from their statistical parameters. However, 

those parameters drop rapidly when the thickness of the ZTO layers was increased to 

50 nm. The decline of Jsc for thicker ZTO buffer layers could be attributed to optical 

losses in the 400 - 450 nm range as is evident from the EQE measurements shown in 

Figure 4. 11b.  

 

Figure 4. 10 a-d) Box-plots of performance parameters of CZTS cells for various ZTO 

buffer layer thickness. The Zn/Sn ratio was 3/1 during all ALD depositions. Box, 

horizontal bars, point symbols and indicate 25/75 percentile, min/max and mean values, 

respectively. 



93 

 

 
Figure 4. 11 J-V curves b) External quantum efficiency of the CZTS solar cells with 

different thickness of ZTO buffers. 

 

Specifically, one can note that the FF value, as well as the PCE, decreases 

gradually as ZTO buffer layer thickness increases, likely due to the increased series 

resistance from the fitting parameter in Table 4. 4. J. Lindahl et al. reported similar 

trends for FF changes with thicker ZTO buffer applied on CIGS solar cells.[131] A 

part of the lower FF can be explained by the corresponding lower VOC for the ZTO 

samples, as the effect of VOC can be obtained by the following empirical relationship 

(ignoring the effect of series and shunt resistance):[197] 

 

𝐹𝐹𝐹𝐹 = 𝜈𝜈𝑜𝑜𝑜𝑜−ln (𝜈𝜈𝑜𝑜𝑜𝑜+0.72)
𝜈𝜈𝑜𝑜𝑜𝑜+1

                          Equation 4. 5 

 

where νoc is the normalized voltage defined as VOC /(AkT/q). A is the diode ideality 

factor and the parameter kT/q is approximately 26 mV at room temperature. Using this 

relationship one can calculate that the ~40 mV lower VOC for the CZTS/ZTO solar cell 

with the thickest ZTO buffer layer only accounts for a 1.4% absolute lower FF. Hence, 

the drop in VOC is not the dominant reason for the dramatic loss of FF. For CZTS/ZTO 



94 

 

devices, no linear change in Rs and Rsh was observed when thicker ZTO buffer layers 

were employed probably due to the low accuracy in the extracted Rs and Rsh value in 

low-performance devices. The intrinsic factors of the shunt resistance change with 

thickness still need further structural and electrical characterization to be fully 

understood.  

4.3.3 Influence of ZnSnO composition on the device properties 

Next, a series of CZTS solar cells were fabricated to test the performance of the 

ALD-ZTO buffer layer at the solar cell device level and compare it to devices with the 

standard CdS buffer layer grown by CBD as a reference. For the solar cells with the 

ZTO buffer layers, the ratio of the ZnO and SnOx sub-cycle was tuned from 2:1 to 4:1 

and the resulting solar cell parameters are shown in Figure 4. 12. The thickness of the 

ZTO layers was kept constant at 20 nm to exclude any thickness effect. In terms of Voc, 

a clear benefit from ZTO buffer was observed for higher Sn contents (Zn: Sn = 2:1 and 

3:1) as can be seen in Figure 2a. Table 1 summarizes the parameters of ALD-ZTO 

buffer layer and the one Sun device parameters obtained from the champion device in 

each group. A strong dependence of the VOC on the buffer composition is observed. For 

the devices with Zn:Sn pulse ratio of 4:1, the VOC was comparable to the CdS reference. 

With increasing incorporation of Sn, the VOC started to increase. A champion Voc, 50 

mV higher than the CdS control device, was found for a Zn0.73Sn0.27O buffer layer 

which was grown using a Zn:Sn pulse ratio of 2:1 during the ALD process. This trend 

indicates that an effective band alignment might be introduced when the composition 

of ZTO is properly tuned.  
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Figure 4. 12 Box-plot of the one-sun solar cell performance parameters of CZTS cells 

made with the various compositions of the ZTO buffer layer. 10 CZTS solar cells were 

fabricated per experimental condition. Box, horizontal bars, point symbols and indicate 

25/75 percentile, min/max and mean values, respectively. Results obtained for a CZTS 

device with a CdS buffer layer are included as a reference as well. 

 

The CZTS/ZTO devices typically yield a higher Jsc than the CZTS/CdS control 

device as shown in Figure 2b. This is mainly due to a higher absorption in the short 

wavelength range as can be seen in the external quantum efficiency (EQE) curves 

shown in Figure 4. 14b and can be attributed to a higher transparency of the ZTO 

(Eg=3.3 eV) film compared to the reference CdS (Eg=2.4 eV) buffer layer. Also, one 

can note the absorption loss for CZTS/ZTO in the wavelength range of 500 to 800 nm, 

which could be attributed to the interference of incident light. Despite that, the overall 

Jsc of the CZTS/ZTO devices still improves due to the gain in the short wavelength 

range. Besides, the Jsc improvement shows no significant variance among devices 
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with different compositions of ZTO buffers. 

 

Table 4. 4 Corresponding maximum values of device parameters of CZTS/CdS cells 

and CZTS/ZTO cells with ZTO buffer in different composition and thickness 

Sampl

e 

Thick

ness 

(nm) 

Actual 

Sn 

conten

t  

Pulse 

ratio 

Zn: 

Sn 

VOC 

(mV) 

JSC 

(mA 

cm-2) 

FF(%

) 

Eff 

(%) 

Rs (Ω 

cm2) 

Rsh (Ω 

cm2) 

CdS 50 - - 624 17.7 54.9 6.06 1.9 341 

ZTO1 20 0.27 2:1 665 19.0 56.2 7.10 1.5 200 

ZTO2 20 0.23 3:1 632 18.4 60.0 6.96 1.3 235 

ZTO3 20 0.20 4:1 625 18.6 57.5 6.67 1.3 201 

ZTO4 10 0.23 3:1 653 18.8 62.4 7.65 2.0 253 

ZTO5 30 0.23 3:1 690 18.0 54.3 6.74 7.2 255 

ZTO6 50 0.23 3:1 609 16.7 43.9 4.46 4.9 162 

 

 

Figure 4. 13 a) C-V curves of the CZTS devices with different composition of ZTO 

buffer. b) Free carrier density and depletion width derived from the C-V curves. 
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To further investigate the p-n junction quality of CZTS/ZTO devices, 

capacitance-frequency (C-f), capacitance-voltage (C-V) measurements were performed. 

Figure 4. 14c shows the measurements of the diode capacitance as a function of 

frequency at room temperature which was used to determine the densities and energy 

levels of trap states present in the depletion region. At high frequencies, the device 

capacitance spectra converge to a low capacitance value, namely the geometric 

capacitance of the cell (Cg). In the geometric capacitance regime, the device behaves 

like an insulator along with the dielectric freeze-out effect occurring in the CZTS 

absorber layer, mainly because the electrical conductivity is too low and the charging 

and discharging of the defect can no longer follow the applied AC frequency.[198] At 

low frequencies, the capacitance plateau denoted as the depletion capacitance (Cd) is 

found for the devices, which is relevant to the charging and discharging of the interface 

and bulk defect levels present in the depletion region.[199] It should be noted that the 

CZTS/ZTO device with increased Sn content ZTO buffer had a lower Cd. This suggests 

a significantly reduced interface recombination occurred at CZTS/ZTO heterojunction 

with higher Sn content ZTO buffer, contributing to the higher VOC value. 

 

Figure 4. 14 a) The current density-voltage, b) External quantum efficiency, and c) 

Room-temperature capacitance-frequency characteristics of the CZTS solar cells with 

different compositions of ZTO buffer layer compared to corresponding CdS control 

device, measured with 0 V (DC) and 0.01 V (AC) bias in the dark. 
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More heterojunction information including carrier density and depletion width of 

CZTS devices with different ZTO buffer layer compositions was extracted from C-V 

measurements performed with a -1.5 to 0.3 V bias voltage (see Figure 4. 13a, b). It is 

noted that the addition of Sn in the ZTO buffer increased the depletion width from 95 

nm to 107 nm. Besides, a CZTS device with a Zn0.80Sn0.20O buffer layer was found to 

have a free carrier concentration of 2.38 × 1017 cm-3, while the value for solar cells 

with a Zn0.77Sn0.23O and Zn0.73Sn0.27O buffer layers was found to be slighter lower at 

0.91×1017 cm-3 and 1.07×1017 cm-3, respectively. Thus, the devices with a Zn0.77Sn0.23O 

and Zn0.73Sn0.27O buffer layer have a larger depletion width and lower free carrier 

concentration than the devices with a Zn0.80Sn0.20O buffer layer. 

The series and shunt resistance, Rs and Rsh were extracted from the J-V curves 

using a two-diode model[200] and the results are summarized in Table 4. 4. Note that a 

20 nm ZTO buffer layer employed in this series induces a slight decrease of Rs and Rsh 

when compared to the 50 nm CdS buffer layer. Therefore, the FF for all the 

CZTS/ZTO samples was comparable to the control samples. Consequently, the overall 

power conversion efficiencies (PCEs) of all CZTS/ZTO cells was improved due to the 

contribution from a higher Jsc and VOC. Devices using Zn:Sn ratio of 2:1 and 3:1 both 

demonstrate a higher performance than the control devices. 

4.3.4 Influence of heterojunction interface on the device properties 

Figure 4. 15a shows the schematic of CZTS/CdS and CZTS/ZnSnO solar cell 

structures presented in this thesis. As aforementioned, the devices using an ALD ZTO 

buffer layer with the Zn:Sn ratio of 2:1 and 3:1 demonstrate comparable performance, 

which is higher than devices with a CdS buffer layer. With the same quality absorber 

layer that yielded a 6.9 % CZTS solar cell with a CdS buffer layer, I demonstrated the 

highest solar cell efficiency using a ZTO buffer layer which was grown using a Zn:Sn 

ratio of 3:1 and had a thickness of 10 nm. The J-V characteristics of the champion solar 

cells with a ZTO and CdS (reference) buffer layers are shown in Figure 4. 15b. For 
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CZTS/ZTO device, it shows a total-area efficiency of 8.2% without an anti-reflection 

coating (ARC) and a 9.3% efficiency with evaporated 110 nm MgF2 ARC. The Jsc, 

VOC, and FF of this device were measured to be 20.5 mA/cm2, 720 mV, and 63.5% 

respectively. The VOC of CZTS/ZTO device without an ARC is significantly increased 

by 56 mV compared to the control CZTS/CdS reference, with a relative VOC 

improvement of ~10%. This enhancement can be attributed to the more favorable 

‘spike-like’ CBO at CZTS/ZTO interface as well as interface defect passivation, which 

correlated to the decreased ideality factor (A) and saturation current density (J0) of the 

device as shown inTable 4. 5. The origin of this passivation and favorable band 

alignment effect will be discussed in the following part.  

 
Figure 4. 15 a) The schematic of CZTS/CdS and CZTS/ZnSnO solar cell structures 

used in this work. b) J-V characteristics and c) EQE of the champion CZTS/ZnSnO 

solar cell with and without ARC compared with CZTS/CdS reference solar cell without 

ARC. d) High angle annular dark-field (HAADF) scanning TEM image of the enlarged 

CZTS/ZTO/i-ZnO/ITO stack (left) and corresponding estimated phase structure from 

the EDS mapping (right) of the best-performing CZTS/ZnSnO solar cell. 
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Table 4. 5 Corresponding values of photovoltaic parameters of the champion 

CZTS/ZTO solar cells compared to the champion CZTS/CdS reference. 

Cell VOC 

(mV) 

JSC 

 (mA 

cm-2) 

FF 

(%) 

Eff 

 (%) 

Rs 

 (Ω 

cm2) 

Rsh  

(Ω 

cm2) 

A J0 

 (mA cm-2) 

ZTO(ARC) 720 20.4 63.5 9.34 0.40 669 2.58 3.59×10-4 

ZTO 708 18.3 63.3 8.18 0.82 687 2.56 3.68×10-4 

Ref 652 16.5 64.2 6.90 1.48 544 2.82 1.38×10-3 

 

Apart from the VOC, the Jsc was found to be increased from 16.5 mA/cm2 to 18.3 

mA/cm2 for CZTS/ZTO sample as summarized in Table 4. 5. One can see a clear 

increase in the EQE shown in Figure 4. 15c particularly at ~360 nm for ZTO buffer, 

while a plateau at 400~450 nm was seen for CdS buffer. Therefore, the Jsc of 

CZTS/ZTO device has a significantly better blue response compared to the CZTS/CdS 

reference because of its wider bandgap of 3.3 eV versus 2.4 eV for CdS. However, a 

decrease in EQE in the 500 to 800 nm range can be observed for CZTS/ZTO solar cell, 

which was attributed to light interference. This interference could be eliminated after 

the application of the MgF2 ARC as is shown in Figure 4. 15c. Finally, a photocurrent 

density of 20.35 mA/cm2 was obtained by integrating the EQE over the solar spectrum 

which is in good agreement with the Jsc of 20.5 mA/cm2 obtained from the J-V 

measurement. Considering the similar absorption edge in the long wavelength, the 

absorber quality for both reference and CZTS/ZTO devices is expected to be identical 

since they were from the same batch, indicating that the significant increase in 

performance from the CZTS/ZTO devices can be attributed to the change in the buffer 

layer. 
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Figure 4. 16 a) C-V curves of the CZTS devices with ZTO and CdS buffer. b) Free 

carrier density and depletion width derived from the C-V curves. c) Room-temperature 

capacitance-frequency characteristics of the CZTS solar cells with ZTO and CdS 

buffer measured with 0V (DC) and 0.01 V (AC) bias under dark conditions. 

 

The C-V measurements were also performed with a -1.5 to 0.3 V bias to evaluate 

the heterojunction quality of the champion CZTS devices with ZTO and CdS buffer, as 

shown in Figure 4. 16a. The extraction of the carrier concentration and depletion width 

is taken at zero bias, as shown in Figure 4. 16b. On the one hand, it is clear that the 

depletion width of CZTS/ZTO device (~100 nm) is much smaller than the CZTS/CdS 

device (~210 nm). On the other hand, the device with a ZTO buffer layer has a carrier 

concentration of 7.44 × 1016 cm-3, whereas the carrier concentration for the device with 

a CdS buffer layer was found to be 2.26 × 1016 cm-3. A slightly lower FF was found for 

the CZTS/ZTO device compared to CZTS/CdS device, which could be attributed to the 

decreasing depletion width of ZnSnO buffered cell. The frequency-dependent 

capacitance is shown in Figure 4. 16c, the even higher capacitance at low frequencies 

for CZTS/ZTO is found compared to CZTS/CdS device, indicating a higher defect 

densities CZTS/ZTO heterojunction interface compared to the CZTS/CdS interface. 

Thus, the advantage of ZTO buffer layer cannot be readily explained by the C-f 

measurements. 
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Figure 4. 17 Surface XPS spectra of a) Zn 2p3/2, b) Sn 3d5/2, c) O 1s peak of 

Zn0.77Sn0.23O  film on CZTS solar cells 

 

To unravel the mechanism of the improved device performance, detailed 

microscopy analysis was performed on the champion solar cell to understand what 

explains the enhancement in VOC. A high angle annular dark-field (HAADF) scanning 

TEM image and corresponding estimated phase structure from the EDS mapping of the 

enlarged CZTS/ZTO/i-ZnO/ITO stack of the best-performing CZTS/ZTO device is 

shown in Figure 4. 15d. The layer structure of CZTS/ZTO/i-ZnO/ITO stack can be 

identified based on their contrast. Figure 4. 15d also shows the EDS mapping for the 

region denoted by a red rectangle in the corresponding TEM image. The EDS mapping 

data were processed by principle component analysis and phase analysis to determine 

the covariance of different elements, where different signals that vary in a similar 

fashion can be picked up as one single phase. The estimated phase profiles in Figure 4. 

18b indicate an identical schematic with our CZTS/ZTO device structure shown in 

Figure 4. 15a. Noticeably, a thin layer estimated to be around 10~20 nm can be 

identified as the ZnSnO buffer layer, which exhibits a conformal coverage on the 

CZTS surface. Although the roughness undulations of CZTS were on the scale of 50 

nm, a ~10 nm ZnSnO buffer could effectively cover the rough surface with a uniform 

thickness. CZTS/ZTO stacks measured by XPS with a 10 nm ZTO buffer layer (see 

Figure 4. 17) also confirmed the good coverage of ALD deposition process, where no 

peaks of Cu related to CZTS were observed in the surface XPS spectra. 
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Figure 4. 18 a) HAADF scanning TEM image and b) corresponding EDS element line 

scan of the CZTS/ZTO interface of the champion solar cell. c) Atomic-resolution 

HAADF image and the FFT pattern of the corresponding area of the CZTS/ZTO 

interface. d) A representative intensity profile for a cations column at the interface 

marked by the red rectangular in Fig. 6c.  

To visualize the detailed nanoscale microstructure and element distribution of the 

CZTS/ZTO interface, the author confined the regions of interest to higher 

magnifications. The HAADF scanning TEM image and corresponding energy 

dispersive spectroscopy (EDS) element line scan of the specific CZTS/ZTO interface 

area is shown in Figure 4. 18a and b. As expected, the atomic ratios were found to be 

constant in the CZTS and ZnSnO bulk regions. In the heterointerface transition region, 

however, the Zn concentration increases sharply while the Sn concentration slightly 

decreases. This Zn rich layer was also confirmed by EDS measurements performed in 

the same area shown in Figure 4. 19e. A Zn-rich and Sn-poor interfacial layer are 
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distinctly visible in the element mapping. The ultra-thin layer at the CZTS/ZTO 

interface is constituted by mainly Zn and S, with very low amount of O detected, 

which can be denoted as Zn(O,S). This layer is similar to ZnS in terms of crystalline 

structure with a similar lattice constant.  

 

 
Figure 4. 19 Estimated phase structure from the EDS mapping of the CZTS/ZTO 

interface. 
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Figure 4. 20 High resolution transmission electron microscope (HRTEM) images of the 

CZTS/ZTO heterojunction region showing the microstructure for different ZTO buffers 

a) Zn0.77Sn0.23O b) Zn0.73Sn0.27O 

 

Figure 4. 18c shows the atomic-resolution HAADF image where atomic layers 

transit from CZTS to ZTO forming an abrupt interface. The HAADF image reveals the 

amorphous nature of the ZTO region with the presence of nano-crystalline domains. 

The fast Fourier transform (FFT) pattern of the corresponding area in the blue box 

highlights the good crystallinity of the CZTS layer near the interface. More importantly, 

a single-phase corresponding to the CZTS [100] zone-axis in FFT diffraction pattern 

indicated a high quality of epitaxial growth at the interface.[201] Furthermore, the 

intensity of an atomic column in the HAADF imaging is proportional to ∼ Z2, 

where Z denotes the atomic number.[202] Therefore, the line profile of the atomic 

columns can be used to differentiate Cu/Zn (with similar Z) and Sn (with much larger 

Z compared to Cu/Zn) based on the intensity profile. As shown in Figure 4. 18d, as the 

scan goes through CZTS region, both Sn and Cu/Zn were observed as the alternating 

higher and lower column intensity presents. Interestingly, the Sn column diminished 

when scanning through the interlayer, indicating the Sn deficits in this area. Thus, one 

can safely conclude that this 1~2 nm ultra-thin layer could be ascribed to the ZnS 

phase, with little amount of O detected by EDS mapping and line-scan in Figure 4. 
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18b,e, which has a similar crystal structure and lattice parameters to that of CZTS.[203] 

Such a lattice-matched hetero-interface of CZTS/ZnS gives a better crystallinity 

interface with less crystalline defects, which is expected to lead to reduced interface 

recombination compared to that with large lattice mismatch.   

 

Figure 4. 21 a) Atomic-resolution HAADF image of the CZTS/CdS interface. b) A 

representative intensity profile for a cations column at the interface marked by the red 

rectangular in Fig. S6a. c) Schematic of the band alignment at CZTS/CdS interface 

extracted from our previous report. 

 

The high-resolution transmission electron microscope (HRTEM) images of 

high-performance CZTS devices with a Zn0.77Sn0.23O and a Zn0.73Sn0.27O buffer layer 

were used to confirm the microstructure at the CZTS/ZTO heterojunction interface (see 

Figure 4. 20a,b). This analysis revealed the presence of an ultrathin interfacial layer in 

the transition region for both cases. Interestingly, a similar phenomenon has been 

recently reported, i.e. ZnS phase in between the CZTS and SILAR processed ZnCdS 

buffer, in our previous SILAR-ZnCdS buffered CZTS with a less Zn-rich content.[204] 

In contrast, in the conventional CdS buffered CZTS reference samples, there was no 
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such Zn(S,O) interlayer at the CZTS/CdS hetero-interface or on the surface of bare 

CZTS absorber. An atomic-resolution HAADF image of the CZTS/CdS interface was 

taken to confirm if there was only CdS formed at the heterojunction, where the pattern 

of intensity profile at the interface was observed to be different from the CZTS/ZTO 

structure as no Zn-rich thin layer was observed (see Figure 4. 21a,b). Notice that the 

common part of ALD-ZnSnO and SILAR-ZnCdS buffer is that Zn source was used to 

start the initial formation of the buffer on the CZTS surface. Therefore, this Zn-rich 

thin layer can be explained by the initial growth of ZnO during the first ALD cycles 

before the first SnOx sub-cycle.  

 

Figure 4. 22 a) Box-plots of performance parameters and b) J-V curves of the CZTS 

cells for ALD ZnSnO buffer layers with a different sequence of ZnO and SnOx 

sub-cycles.  

 

To further understand the formation of this Zn-rich layer, the CZTS performance 

for ZTO buffers with a different sequence of ZnO and SnOx ALD sub-cycles were also 

compared. A Zn:Sn pulse ratio of ZTO was kept as 3:1 with one group start with ZnO 

sub-cycles (denoted as Zn:Sn=3:1) while the other started with SnOx sub-cycles 

(denoted as Sn:Zn=1:3) and the resulting solar cell parameters are shown in Figure 4. 

22a. It shows that the overall efficiency of the CZTS solar cells grown using the ZnO 
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first sequence was higher compared to the SnOx first sequence. The higher 

performance of the devices starting with ZnO sub-cycles was mainly due to a higher 

VOC (see Figure 4. 22b), which might be attributed to the presence of a similar Zn(S,O) 

interface layer as shown in Figure 4. 19e. Besides that, the precipitate of Zn(S,O) could 

originate from the reaction between Zn precursor and the S bonded CZTS surface in 

the initial step of the ALD process. Ericson et al.[43] reported the improved 

CZTS/ZTO device performance benefited from Zn-treated surface and post-annealing 

in the 105 °C to 165 °C temperature range, which on the other hand demonstrate the 

benefits from Zn-rich layer and annealing effect though no such Zn-rich layer was 

revealed in their work.  

 

Figure 4. 23 a,b) TOF-SIMS elemental depth profiles from the TCO to the SLG substrate 

of CZTS solar cells with CdS and ZnSnO buffer. 

 

Considering the possible impact on absorber by the different buffer deposition 

processes (CBD-CdS vs. ALD-ZTO) in terms of processing temperature and duration, 

time of flight secondary ion mass spectroscopy (TOF-SIMS) was also carried out in the 

CZTS/CdS control device and the champion CZTS/ZTO device to compare the 

compositional depth profiles, as shown in Figure 4. 23a,b. The different stack layers 

can be identified based on the depth profiles of its main elements in each device. It was 

clearly observed that Cu, Zn, Sn, and S had a similar intensity and approximately 
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homogeneous distribution in the CZTS layer for both cases. However, the Na intensity 

relative to Cu, Zn, Sn intensity (same level in two sample) throughout the CZTS/ZTO 

samples was an order of magnitude higher compared to the CZTS/CdS sample. 

Considering the different buffer layer synthesis processes for the two devices, the most 

likely cause of the different Na distribution is the difference in processing temperature. 

The higher temperature (ALD-150 °C vs. CBD-80 °C ) and longer processing duration 

(ALD-1 hour vs. CBD-8 min) during the ALD-ZnSnO process can effectively facilitate 

the diffusion of Na from the soda-lime glass (SLG) substrate into the device. 

Furthermore, the depth profiles of ITO layer of the CZTS/CdS device showed similar 

profiles to the CZTS/ZTO device, however, the intensities of the Na profiles were 

observed to be lower than the CZTS/ZTO device and decreased as a function of depth. 

The lower intensities of Na in ITO could be due to the presence of a thicker CdS which 

might act as a physical barrier layer or the Na dissolution loss in the chemical bath 

process. The incorporation of Na in CZTS device has been known to increase the 

carrier concentration and mobility of the bulk CZTS layer[205, 206] and reduce the 

concentration of deep-level recombination centers[207]. Furthermore, Na benefits 

device performance was shown mainly due to the enhancement of VOC and FF, which 

are sensitive to defects and traps. [205] [207] Thus, the VOC enhancement of our 

CZTS/ZTO device can be partially correlated with the larger concentration of Na 

distribution throughout the device which passivates the defects at the bulk and 

interface. 
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Figure 4. 24 a) The XPS composition profile for CZTS absorber with a Zn0.77Sn0.23O 

buffer layer. The depth profile was divided into three regions, namely the ZTO region, 

CZTS/ZTO interface region, and CZTS bulk region as a function of sputtering time 

according to the composition transformation. b) Normalized VB data of 

CZTS/Zn0.77Sn0.23O heterojunction measured by XPS. Binding energies were measured 

with respect to the Fermi energy (EF). c) Band bending of the CZTS/ Zn0.77Sn0.23O 

interface as a function of sputtering time. d) Schematic of the band alignment at 

CZTS/Zn0.77Sn0.23O interface with Zn(S, O) tunnel layer. 

 

X-ray photoelectron spectroscopy (XPS) measurements were carried out on the 10 

nm Zn0.77Sn0.23O film on CZTS absorber to investigate the chemical bonding state of 

ZTO films and the composition depth profile of CZTS/ZTO interface. To avoid 

preferential oxygen sputtering from the film surface, the composition depth profile and 
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corresponding core-level spectra for CZTS with ZTO buffer was achieved by mildly 

sputtering with argon ions at 1 keV. Figure S4 shows the XPS spectra of the Zn 2p3/2, 

Sn 3d5/2, O1s core levels for the Zn0.77Sn0.23O film on CZTS solar cells after sputtering 

the sample for 5 s. The peaks at 1021.9 and 486.5 eV indicates Zn 2p3/2 and Sn 3d5/2, 

respectively, which correspond to the Zn2+ and Sn4+ oxidation states,[208] respectively. 

Meanwhile, the broad peak around 531 eV, corresponding to the O 1s core level, can 

be deconvoluted into three peaks by using the Gaussian curve approximation.[209] The 

three deconvoluted O 1s core-level features can be attributed to: (1) OΙ, metal oxide 

(M-O-M) lattice species at 530.3 eV, (2) OΙΙ, lattice oxygen in oxygen-deficient region 

at 531.6 eV, and (3) OΙΙΙ, weakly bond (M-OR) species such as H2O, -OH and -CO3 at 

532.4 eV, which might originate from O-H bonds or residual water absorbed on the 

sample surface. One should note that it is quite likely that the ZnSnO ALD process 

results in hydrogenation of the device when using ALD Al2O3 as heterojunction 

interface layer in CZTS/CdS solar cells, [151] however, this is beyond the scope of this 

work. Figure 4. 24a depicts the measured composition depth profile of each element 

contained in both CZTS absorber and ZTO buffer. I then classify the depth profile into 

three regions, namely the ZTO region, CZTS/ZTO interface region and the CZTS bulk 

region according to the composition transformation. Despite the oxygen-rich feature at 

the sample surface before sputtering, the composition of Zn, Sn and O shows no 

significant variation in the ZTO region. 

To further unravel the mechanism of the improved device performance, I 

investigated the band alignment at the CZTS/ZTO interface combined XPS core-level 

spectroscopy with XPS VB spectroscopy. An X-ray photo source was applied to 

characterize the Cu, Sn and Zn core levels with respect to the valence band maximum 

of CZTS and ZTO layers. As shown in Figure 4. 24c, the behavior of 

Cu2p3/Zn2p3/Sn3d5 core-level line shapes, intensity ratios and binding energy 

positions exhibit no changes after sputtering cycles, confirming that Ar+ bombardment 

did not induce any surface modification. Thus, the CBO can be deduced from the 
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valence band offset (VBO) determined by XPS together with optical bandgap. By 

using an indirect method [57, 210], the VBO can be obtained by using the formula 

 

VBO =  𝐸𝐸𝑃𝑃𝑉𝑉𝑏𝑏 − 𝐸𝐸𝑃𝑃𝑉𝑉𝑎𝑎 + 𝐸𝐸𝑏𝑏𝑏𝑏                            Equation 4. 6 

 

where 𝐸𝐸𝑃𝑃𝑉𝑉𝑏𝑏 and 𝐸𝐸𝑃𝑃𝑉𝑉𝑎𝑎 represent the energy positions of the valence band edge of the bulk 

Zn0.77Sn0.23O and bulk CZTS while Vbb is the band bending. The valence band edges 

were determined by linear extrapolation of the valence edge to zero intensity as shown 

in Figure 4. 24b. An estimated value of -1.89 eV and -0.25 eV was found for 

Zn0.77Sn0.23O and CZTS, respectively. Additionally, the total average Vbb was 

calculated to be (-0.1±0.1) eV for six sets of band bending values at different depths of 

the CZTS/ Zn0.77Sn0.23O interface. The VBO value obtained by the indirect method was 

then calculated to be -1.54 eV by Eq. (2). Accordingly, the CBO can be readily 

calculated according to the VBO value and bandgap values of Zn0.77Sn0.23O and CZTS, 

where bandgap values of 3.3 and 1.5 eV for Zn0.77Sn0.23O and CZTS were used in our 

case. Therefore, the CZTS/Zn0.77Sn0.23O interface yields a CBO of (0.26±0.1) eV, 

indicating a ‘spike-like’ CBO heterojunction interface which is favorable for the CZTS 

solar cell performance. For comparison purposes, I also include the schematic of band 

alignment at CZTS/CdS interface (Figure 4. 20c) extracted from our previous report, 

which shows ‘cliff-like’ CBO heterojunction of -0.26 eV. 

A schematic of the band alignment at CZTS/ Zn0.77Sn0.23O interface is illustrated 

in the inset of Figure 4. 24b. A ‘spike-like’ CBO within the range of 0–0.4 eV is 

believed to be the optimum conduction band alignment enabling high-performance 

heterojunction solar cell to facilitate electron-hole separation regardless of carrier 

lifetimes at the interface, according to simulation studies presented in the literature.[51] 

In the case of ‘spike-like’ CBO, it is the majority carrier electron concentration at the 

absorber surface which governs the occupation of interface defects. Thus the interface 

recombination is dominated by the concentration of free holes at the absorber surface. 
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For a positive CBO, the hole concentration is small both for zero bias and for forward 

bias leading to the decreased J0 (high VOC) and the increased photocurrent Jsc.[9] If we 

further take the Zn(S,O) interlayer into consideration, the band diagram of CZTS/ 

Zn0.77Sn0.23O heterojunction with a Zn(S,O) tunnel layer under thermal equilibrium 

conditions is sketched and shown in Figure 4. 24d. The valence band maximum and 

conduction band minimum value of Zn(S,O) in the diagram was extracted from our 

previous work.[58] As can be seen from the structure, the p-type CZTS absorber was 

separated from the n-type ZTO buffer by an ultra-thin Zn(S,O) tunnel layer which 

reduced the interface recombination significantly. The tunnel layer does not hinder the 

efficient transport of the majority carriers from the absorber into the buffer, thus allows 

for excellent performance improvement of the device.  

4.3.5 SCAPS simulation of CZTS/ZnSnO baseline model  

 
Figure 4. 25 a) Illustration of device structure used for CZTS/ZTO model. b) 

Schematic band diagrams under light at short circuit condition for CZTS/ZnSnO 

baseline model. 

 

Numerical simulations by SCAPS 1D[211] were applied to describe the model of 
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CZTS/Zn0.77Sn0.23O devices shown in the experimental part (section 4.3.1). The device 

structure of the model built in SCAPS is shown in Figure 4. 25a. While Figure 4. 25b 

demonstrates the corresponding band diagram for the CZTS/ZnSnO baseline model 

with Zn0.77Sn0.23O as buffer layer. Most of the parameters were taken from the 

CZTS/CdS model from the literature[212] except for the ZnSnO layer and interface 

layer. Table 4. 6 summarizes the parameters used. Pu et al. have reported that both 

inferior heterojunction interface and bandgap fluctuation in the bulk contribute to the 

large VOC deficit in CZTS devices. Therefore, the bandgap of CZTS absorber 

implemented in the model was set to 1.275 eV, which was determined from the 

effective electronic bandgap based on PL peaks rather than the optical bandgap 

extracted from the EQE curve. Here, a flat band approximation was used for the 1D 

simulation due to the bandgap fluctuation in the disordered CZTS triggered by the 

band tail states. The corresponding electron affinity (χ) of CZTS was assumed to be 4.2 

eV according to the literature[213]. An interface layer at heterojunction was added to 

represent the surface recombination properties of the device. For ZTO layer, the 

measured optical bandgap of 3.3 eV was used in the model. The ZTO electron affinity 

of ~3.95 eV was calculated using the CBO value at CZTS/Zn0.77Sn0.23O interface and 

the electron affinity of CZTS. Finally, the J-V data was used to model additional series 

and shunt resistance and matched with the measured FF. 

The J-V plots of measured data and simulation results are shown in Figure 4. 26 

and the resulting photovoltaic parameters are summarized in Table 4. 7. It can be seen 

that a good match was achieved between the measured data and simulation data. 

Therefore, a baseline model for CZTS/ZTO device was established. This baseline 

model ensures a credible basis for further optimization and investigation of the device 

performance. 
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Table 4. 6 Material parameters used for the simulation of CZTS/ZTO devices in 

SCAPS-1D. 

Property CZTS 
CZTS/ZTO 

interface 
ZTO i-ZnO ITO 

Thickness (nm) 700 
 

10 50 200 

Effective Electronic 

bandgap (eV) 
1.275 

 

3.3 (2.9~3.5) 

 
3.3 3.3 

Electron affinity 

(eV) 
4.2 

 

3.95 

(3.85~4.45) 
4.35 4.45 

Relative dielectric 

constant 
7 

 
10 10 10 

Conduction band 

density of states 

(cm-3) 

2.2*1018 
 

2.2*1018 2.2*1018 2.2*1018 

Valence band 

density of states 

(cm-3) 

1.8*1019 
 

1.8*1019 1.8*1019 1.8*1019 

Electron mobility 

(cm2/V/s) 
1.02 

 
5 100 100 

Hole mobility 

(cm2/V/s) 
1 

 
5 25 25 

Free carrier 

concentration (cm-3) 
1.0*1016 

 
1.0*1017 1.0*1018 1.0*1018 

Interface 

recombination 

velocity (cm/s) 

 105    

 

 



116 

 

Table 4. 7 Corresponding values of photovoltaic parameters of the experimental 

CZTS/Zn0.77Sn0.23O solar cells compared to the simulation results. 

 
Jsc (mA cm-2) VOC (V) FF (%) PCE (%) 

Measured 19.0 0.691 62.8 8.20 

SCAPS 19.3 0.685 61.9 8.21 

 

Figure 4. 26 J-V characteristics of measured data and simulation results for CZTS/ZTO 

baseline solar cell. 

 

Based on the aforementioned model, the effects of ZnSnO bandgaps and electron 

affinities with respect to the absorber layer on the device performance were 

investigated. The electron affinity (or conduction band energy) offsets ΔEc at 

absorber/buffer layer interface was tuned from cliff-like to spike-like (i.e., negative to 

positive). Device characterization and simulation were all performed at 298 K. Figure 

4. 27 shows the resulting device parameters with respect to the variation of Eg,ZTO and 

ΔEc. In terms of Eg,ZTO, the impact on device properties is not that significant within the 

range studied. The gain in Jsc is almost neglectable for Eg,ZTO > 2.9 eV, this is 
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consistent with the experimental results where experimental Jsc value changes slightly 

by changing the composition of the ZTO buffer layer.  

 

Figure 4. 27 Calculated contour plots of (a) open-circuit voltage, (b) short-circuit 

current, (c) fill-factor, and (d) efficiency for CZTS/ZnSnO devices with the variation of 

ZTO properties (left axis indicates bandgap Eg,ZTO, bottom axis indicates conduction 

band minimum offset at CZTS/ZTO ΔEc). 

 

For ΔEc ranging from -0.05 to 0.15, the best photovoltaic performances are 

achieved. When the ΔEc is higher than 0.15 eV (spike-like CBO), a slow decrease in 

PCE appears as a consequence of FF drop. As the ΔEc increases to 0.3 eV, the device 
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performance degrades due to the limitation in photo-current extraction which could be 

attributed to the large barrier for the forward current.[214] However, the VOC keeps 

increasing with the advantageous spike-like ΔEc, which limits the number of holes 

available for recombination. On the opposite side, when ΔEc is smaller than 0 eV 

(cliff-like CBO), VOC losses arise due to unfavorable reversed band bending which 

drives the electrons back and away from the buffer layer. As the cliff increases, the VOC 

losses increase dramatically as the initial field strength under short circuit condition 

weakens.[215] 

4.4 General conclusions 

This chapter reports on the synthesis of ZTO and ZMO ternary oxides films using 

the supercycle ALD method which consists of alternating subcycles of binary oxide 

depositions. ZTO thin films with different compositions were designed to obtain the 

desired buffer layer for application in a CZTS solar cell. Fundamental studies were 

carried out by in-situ and ex-situ methods to learn the growth property of thin films, as 

well as optical and electrical properties. 

A significant improvement in the efficiency of Cd-free CZTS solar cells was 

achieved by applying the ALD-ZTO buffer with optimized stoichiometry and thickness. 

The key feature of the ALD-ZTO buffer layer was that we could take advantage of the 

composition tuning of ZTO to find the suitable band alignment at the heterojunction 

interface and reduce the optical losses in the buffer layer. A 10 nm ZTO buffer layer 

was confirmed to be sufficient to form a conformal coverage of the CZTS absorber and 

give the best device performance. The nanoscale microstructure and chemistry of the 

champion device were carefully studied and the presence of an ultra-thin Zn(S, O) 

tunnel layer at CZTS/ZTO interface was revealed. TOF-SIMS measurements 

confirmed an even larger Na concentration throughout the CZTS/ZTO device 

compared to the CZTS/CdS device, which facilitates defect passivation and the VOC 

enhancement of the device. Furthermore, the band alignment of CZTS/Zn0.77Sn0.23O 
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interface was investigated by XPS, confirming the formation of a favorable ‘spike-like’ 

CBO heterojunction interface. Benefits from both the favorable conduction band 

alignment of CZTS/ZTO and reduced interface defects stemming from the Zn(S, O) 

tunnel layer and Na-related passivation and thereby decreased interface recombination, 

I demonstrated an increase of VOC by up to 10 %. An efficiency of 9.3% was obtained 

for Cd-free pure sulfide CZTS solar cells. 
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Chapter 5    ZnMgO as window layer for 
CZTS solar cell 

Window layer management is essential to minimize the optical loss as well as 

prevent shunt paths in CZTS thin-film solar cells. In this chapter, both thermal ALD 

and plasma-enhanced ALD were implemented to synthesize a wide range of 

Zn1-xMgxO (ZMO, 0≤x≤0.4) films for application as a window layer in CZTS solar 

cells. In-situ ellipsometry measurement revealed the different growth behavior for 

ZMO films deposited by thermal ALD and PE-ALD and correlated them with the 

different fundamental properties of the films. The device with optimized thermal ALD 

deposited ZMO did not necessarily surpass the performance of the control device. 

However, the device with PE-ALD deposited ZMO exhibited an increased efficiency 

compared to the i-ZnO window layer. The wider bandgap of ZMO layers minimized 

the optical loss from the window layer and led to an enhanced JSC. A more favorable 

conduction band alignment is believed to contribute to the improvement in VOC. Finally, 

a champion 9.2% efficient Cd-free CZTS device with a structure of 

Mo/CZTS/ZnSnO/PE-ZMO/ITO was fabricated without anti-reflection coating, thanks 

to the significantly enhanced Jsc and VOC. 

5.1 Introduction 

As discussed in Chapter 4, a Cd-free CZTS solar cell with a structure of 

Mo/CZTS/ZnSnO/i-ZnO/ITO demonstrated an efficiency of 9.3%. To further enhance 
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the device performance of Cd-free CZTS solar cell especially the short current density 

(JSC), additional optical losses beyond the buffer layer need to be avoided. Therefore, 

the traditional window layer i-ZnO should be replaced by a wider bandgap material. A 

sputtered intrinsic ZnO layer is commonly used as a window layer in CZTS or CIGS 

solar cells to increase the shunt resistance by blocking shunt pathways such as pinholes, 

cracks, and voids, thereby improving the FF.[216] Moreover, a highly resistive film 

could compensate for the inhomogeneity of high resistance owing to the high 

photoconductivity of CdS layer. The function of i-ZnO to preventing the shunting path 

was extremely useful when the absorber layer is coated with a chemical bath deposited 

CdS buffer layer. Generally, the CdS buffer layer deposited by chemical bath 

deposition has a relatively rough and uneven surface compared to the ZnSnO buffer 

layer deposited by atomic layer deposition. Therefore, i-ZnO might not be necessary in 

Cd-free CZTS solar cells with an ALD buffer layer. Another reason for using an 

alternative window layer to replace the i-ZnO window layer is tailoring the conduction 

band minimum (CBM) difference between the window layer and absorber layer. It has 

been reported that a favorable conduction band offset of the window layer/absorber 

layer interface plays a key role in reducing the carrier recombination at the interface, 

thereby essentially reduce the VOC deficit in CIGS solar cell. As a consequence, a 

suitable window layer compromising all the above factors can probably help to boost 

the efficiency of Cd-free kesterite solar cells. 

Mg-doped ZnO has a wider bandgap than intrinsic ZnO (i-ZnO), which could be 

able to replace the i-ZnO window layer. Chantana and his group have already 

implemented ZnMgO layers in CIGS solar cells. Their recent study demonstrates a 

19.6% efficient CIGSSe solar cell with Zn1-xMgxO window layer together with 

(Cd,Zn)S buffer layer.[141] They deposited Zn1-xMgxO by co-sputtering and found an 

optimal value of 0.211 for x. A relative gain in Jsc of 5.7% and efficiency of 5.4% was 

achieved compared to the traditional CdS/ZnO counterpart. Such improvement shows 

the great potential of Zn1-xMgxO as a window layer in CZTS, with the possibility to 
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boost the Jsc further. Solar Frontier used ALD to deposit ZnMgO to replace i-ZnO as a 

second buffer layer in high-efficient CIGS solar cells.[142] The high-performed device 

was achieved by using ZnMgO as the second buffer layer (or window layer) on top of 

the Zn(O,S,OH) buffer layer, with an efficiency of 22.8 %, even higher than the 

devices with Cd containing buffer.[126]   

5.2 ZnMgO growth by thermal and plasma-enhanced ALD 

The ZnMgO depositions were carried out in the Fiji G2 ALD system from 

Cambridge Nanotech. Both thermal ALD and plasma-enhanced ALD processes were 

implemented for the deposition. Thin films were deposited with different Mg content 

(Mg / Mg+ Zn) over a range of substrate temperatures (80~150 °C). The substrates 

used were glass and silicon wafers with native oxide (~1.5 nm thickness). Diethylzinc 

(DEZ, Sigma-Aldrich), bis(ethylcyclopentadienyl)magnesium (Mg(CpEt)2, Strem 

Chemicals) were used as Zn and Mg precursor, respectively. The DEZ precursor was 

kept at room temperature while the Mg(CpEt)2 precursor was heated to 90 °C. 

Deionized water (H2O) served as an oxidizing source in thermal ALD and a remote O2 

plasma (inductively coupled, 13.56 MHz) as the oxidizing source in PE-ALD. All the 

O2 plasma process involved a mixed O2 and Ar flow rate of 30 and 80 sccm, 

respectively, with the plasma power kept at 300 W unless indicated otherwise.  

The ZnMgO ternary films were deposited by tuning the ZnO: MgO ratio with a 

super-cycle approach, as the sequence of the two processes illustrated in Figure 5. 2. 

Here, thermal ALD is abbreviated to “T-ALD” and plasma-enhanced ALD is 

abbreviated to “PE-ALD”. A typical super-cycle consisted of alternating m cycles of 

the ZnO process followed by one cycle of the MgO process. The desired thickness was 

achieved by looping of the ALD supercycles. For the thermal ALD deposition of 

ZnMgO, the ZnO cycle consisted of a processing sequence of 0.06 s DEZ pulse, 10 s 

Ar purge, 0.06 s deionized water pulse, 10 s Ar purge (0.06 s/10 s/0.06 s/10 s). The 

MgO cycle was 0.5 s/10 s/0.06 s/10 s with longer Mg precursor time to reach the 
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saturated ALD growth. For PE-ALD deposition of ZnMgO, the Zn and Mg precursor 

pulse time was kept identical as in the T-ALD process whilst purge times of 5 s 

between each precursor and reactant exposure were utilized to remove residual species 

or byproducts from the reaction chamber. O2 gas was introduced into the reaction 

chamber and mixed with Ar using O2/Ar = 0.18 flux ratio. This took place 5 s before 

the plasma turning on and maintained until the end of plasma. The plasma was turned 

on for 5 s during the oxidant pulse step using O2/Ar gas to allow for the adequate 

surface reaction. 

 

Figure 5. 1 Schematic of the super-cycle method used for ternary ZnMgO deposition 

by T-ALD and PE-ALD. 

 

To observe the growth properties of ZnMgO films, in situ SE was performed 

during the film deposition on the substrate of Si with native oxide (denoted as 

native-Si). Here, in situ SE is a non-destructive optical diagnostic that has been widely 

used to monitor film growth by physical and chemical vapor deposition 

techniques.[217, 218] The ZnMgO thickness during ALD was extracted in real-time by 

fitting the SE spectra using a layered model of Si/native SiO2/ ZnMgO. Measurements 

were operated in the wavelength range between 245 and 1000 nm at an angle of 

incidence of 70° with respect to the substrate. The SE measurements as a function of 

time were acquired at 0.5 s intervals. Modeling of the SE measurements was carried 

out using the CompleteEASE software package. The data from deposited film samples 
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were modeled using a three-layer model, comprising Si, native SiO2 and ZMO. A 

temperature-dependent Si layer model from the CompleteEASE software library was 

used to fit the parameter of Si changing with process temperature. The ZMO layers 

were modeled through an oscillator model, which including a polynomial spline 

function (the psemi-m0 oscillator) and a Tauc-Lorentz oscillator, to represent the 

optical constants of the films in a Kramers–Kronig consistent manner. It should be 

noted that the SE model parameters were kept constant while only the film thickness 

was fitted for different time slices. In this respect, it is noted that the trend in initial 

film thickness was found to be virtually independent of the model parameters 

employed, although the thickness values can (slightly) vary when adjusting the model 

parameters. 

5.2.1 Comparison of ZnMgO growth property by in situ ellipsometry 

ZnMgO films with Zn:Mg pulse ratio of 4:1 deposited through both T-ALD and 

PE-ALD were used as an example to study the initial growth behavior, as shown in 

Figure 5. 2a. At first glance, the film growth via the T-ALD process is observed to have 

a distinct incubation period at the initial ~20 cycles and the growth started afterward. 

This nucleation behavior is consistent with previous reports, which shows that ZnO by 

thermal ALD exhibits an island-like growth on Si at the initial stage.[219] The process 

behind the island-like growth is probably due to the limited surface density of defect 

sites and hydroxyl groups on the surface of the native-Si. In comparison, a linear ALD 

growth behavior is observed without a distinct nucleation delay for PE-ALD process. 

The tremendous changes of the nucleation stage could be attributed to the more 

reactive sites provided by O2/Ar plasma, which result in higher growth per cycle (GPC) 

at the initial stage.  
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Figure 5. 2 a) The initial stage of ZnMgO film growth during T-ALD and PE-ALD at 

150 °C on Si (111). b) Experimental composition (solid line) from ICP-OES of the thin 

films closely follows the expected composition (dash line) from the weighted average 

of the growth rates (rule of mixtures, ROM). Growth per cycle of consecutive ZnO and 

MgO sub-cycles using c) T-ALD and d) PE-ALD as measured by in situ ellipsometry. 

The dashed lines indicate the growth per cycle for pure ZnO and MgO. 

 

On careful examination of the initial growth, the first few cycles’ growths were 

given in the inset of Figure 5. 2a. For thermal ALD growth, no significant thickness 

changes at the first 4 cycles mean it is difficult for either DEZ or H2O absorption on 

the surface in the ZnO subcycles. After that, a clear thickness gain was witnessed when 

the Mg(CpEt)2 precursor was introduced to the deposition, indicating the surface 

absorption of Mg precursor. As following is the decrease of the nominal thickness, 
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corresponding to the removal of surface methyl (-CH3) group through a reaction with 

pulsed H2O. The net thickness changes during this MgO sub-cycle gives the growth 

per cycle (GPC). The reaction behavior of O2/Ar plasma with Zn precursor at the initial 

stage seems quite different from the thermal one. One can even observe a decreased 

growth for the first two cycles, whereas slight accelerated Al2O3 growth by PE-ALD is 

observed for the first few cycles in previous reports.[220] This abnormal phenomenon 

was further investigated using O2/Ar plasma exposure test on bare native-Si to exclude 

the influence from the Zn precursor. It shows that the thickness of native-Si decreased 

once the substrate exposure to O2/Ar plasma, with a decreased thickness similar to that 

in ZnMgO PE-ALD process. This test suggests the negative GPC is from the interplay 

of plasma with substrates, rather than from the PE-ALD of ZnO cycle itself. The 

reduced GPC could either come from the O- plasma clean of the organic residue on the 

native-Si or the Ar+ plasma damage on the loose native oxides. Note that the initial 

film thicknesses were fitted by keeping the SE model parameters constant, without 

taking the plasma damaged surface with porous or roughness into consideration. After 

the initial stage, the plasma effects became weak on the surface, thus the growth via 

PE-ALD went to constant region as expected for ALD growth. 

In a super-cycle scheme of ZnMgO, the growth behavior of each sub-cycle could 

differ from pure ZnO and MgO, therefore the values of GPC at the steady growth stage 

were also investigated from in situ SE data. The GPCs for pure ZnO (yellow dash line) 

and MgO (green dash line) were also included to compare with that in the super-cycle 

via T-ALD and PE-ALD, as can be seen from Figure 5. 2c and Figure 5. 2d. An 

approximately constant GPC was observed for both ZnO and MgO sub-cycles in 

T-ALD, without too much variation of the GPC of pure oxides. Note that MgO yields a 

higher GPC than its binary compound. In the case of PE-ALD, however, a nucleation 

delay was found for the first cycle of ZnO after one cycle of MgO. Notably, such 

growth delay has been reported in the case of ZnAlO,[221] ZnSnO,[190] ZnMgO,[133] 

where less density and/or fewer reactive sites on the surface may retard the growth of 



127 

 

ZnO during the sub-cycle transition. This effect is also possible to play a role in the 

PE-ALD ZnMgO, however, the surface chemistry needs to be further investigated to 

provide deep insight into this behavior.  

 

Table 5. 1 Growth properties of ZnMgO thin films with different compositions 

synthesized by T-ALD and PE-ALD. 

   T-ALD   PE-ALD  

Zn/Mg 

Ratio 

cycles Mg/(Mg+

Zn) 

content 

Thickness 

(nm) 

GPC 

( Å/cycle) 

Mg/(Mg+

Zn) 

content 

Thickness 

(nm) 

GPC 

( Å/cycle) 

0 200 0 34 1.7 0 27 0.9 

9:1 300 0.101 52 1.7 0.123 39.8 1.3 

4:1 300 0.201 48 1.6 0.238 40.2 1.3 

2:1 300 0.349 42 1.4 0.359 40.9 1.4 

1 300 1 33 1.1 1 27 0.9 

 

The thickness and GPC values of ZnMgO thin films with different compositions 

synthesized by T-ALD and PE-ALD are summarized in Table 5. 1. Figure 5. 2b 

displays the relative Mg concentration (Mg to (Zn+Mg) composition ratio) as a 

function of Mg: (Zn+Mg) cycle ratio for this set of ZnMgO nanolaminates determined 

by ICP-OES, films with a thickness of 40±3 nm were deposited as monitored by in situ 

SE. The ZnMgO films were deposited as nanolaminates by employing different ratios 

between ZnO and MgO sub-cycles which were tuned to be 9:1, 4:1, 2:1. As different 

oxides have different GPC, the expected Mg concentration of ZnMgO can be 

expressed using the rule of mixtures (ROM) formula:[221] 
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MgROM = 𝑟𝑟𝑀𝑀𝑀𝑀𝑓𝑓𝑀𝑀𝑀𝑀

𝑟𝑟𝑀𝑀𝑀𝑀𝑓𝑓𝑀𝑀𝑀𝑀+ 𝑟𝑟𝑍𝑍𝑍𝑍 (1−𝑓𝑓𝑀𝑀𝑀𝑀)
                  Equation 5. 1 

 

Where rx, fx refer to the growth rate and the fraction of the cycle of metal oxide x, 

respectively. The growth rate for binary materials was measured using ellipsometry 

under the same ALD condition. As the reduced GPC of ZnO after MgO cycles, the 

composition of the ternary films should have higher Mg concentration with respect to 

the estimated composition from the binary films. The solid line in Figure 5. 2b 

indicates the expected composition of Mg atom concentration in metal ions without 

including oxygen from the ROM formula. The fractional Mg compositions were also 

obtained experimentally by ICP-OES for comparison purposes. It shows that the 

experimental results yield higher Mg content value than the fitting value for the film 

deposited by T-ALD, which could be attributed to the higher MgO GPC compared to 

its binary compound. In contrast, the experimental values and expected values are in 

good agreement in the case of ZMO films deposited by PE-ALD despite the 

fluctuation of the ZnO sub-cycle growth. 

5.2.2 Comparison of ZnMgO on morphology and structural property 

The structural properties of the deposited ZMO films formed by T-ALD and 

PE-ALD process were then analyzed by GIXRD patterns, as illustrated in Figure 5. 3. 

All the patterns demonstrate overall amorphous features while containing broadened 

characteristic peaks. These broaden peaks indicate the formation of nanocrystalline in 

the films which typically take place when the measured films are very thin. For pure 

ZnO and MgO, the two processes yield similar crystal structural where ZnO dominated 

by (101) orientation and MgO featured by (200) orientation. However, the XRD peaks 

for the ZMO films deposited by thermal and PE-ALD are quite different. From Figure 

5. 3a, one can learn that the (100) and (101) orientations are clearly observed for 

T-ALD grown ZMOs. Whereas for PE-ALD grown ZMO films, the XRD peaks were 
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found to be mainly in the (101) orientation. This discrepancy might be attributed to the 

preferential crystal growth using different oxygen co-reactant as oxygen radicals are 

significantly more reactive. The difference in the crystal structure might lead to the 

different surface morphology of the deposited films. 

 
Figure 5. 3 GIXRD patterns for ZMO thin films deposited on SLG substrates through a) 

T-ALD and b) PE-ALD. 

 

 Apart from this, Raman measurements were also performed to check the 

properties of the ZMO nanocrystalline layers grown from T-ALD and PE-ALD. Here, 

the Raman measurements were performed in resonant excitation condition by using a 

325 nm excitation wavelength (~3.8 eV), which is close to an electronic transition in 

the material as the energy bandgap in the case of semiconductors. This resonant Raman 

strategy allows for the assessment of extremely thin nanometric layers with high 

sensitivity due to the enhancement of the intensity of Raman peaks especially 

corresponding to LO modes.[222] Figure 5. 4 shows the Raman scattering spectra 

measured on ZMO thin films with different Mg content deposited through T-ALD and 

PE-ALD process. The peaks around 600, 1200 and 1800 cm-1 can be identified as the 

first, second and third-order of the LO vibrational mode from the ZMO compounds, 

respectively. The main LO peaks were featured by broadened asymmetric shape with a 
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low-frequency tail with increasing the Mg content in ZMOs. Generally, it could be 

attributed to the alloy potential fluctuation due to the Mg alloy.[223] For both T-ALD 

and PE-ALD processed ZMOs, a monotonous increase of the frequency of the LO 

main peaks with Mg alloying can be observed. This is related to the increase of the 

lattice constant of ZMO film with increasing Mg doping, which indicates the 

successful incorporation of Mg into the ZnO wurtzite structure.  

 
Figure 5. 4 Raman scattering spectra for ZMO thin films deposited through a) T-ALD 

and b) PE-ALD. An excitation wavelength of 325 nm was used for the measurements. 

 

The surface morphology and roughness of ZMO thin films were then investigated 

by atomic force microscope (AFM) measurements. Figure 5. 5 presents AFM images 

of ZMO films deposited through different methods with various compositions on 

soda-lime glass (SLG) substrates. At first glance, the ZMO deposited through T-ALD 

exhibits superior smoothness and less rough surface than those of PE-ALD. This 

roughness difference is commonly observed between T-ALD and PE-ALD due to the 

surface recombination loss of plasma radicals in PE-ALD.[224, 225] The T-ALD ZMO 

films display root mean square (rms) surface roughness of 4.0, 2.5 and 2.1 nm for 

ZMO with Zn;Mg pulse ratio of 9:1, 4:1 and 2:1, respectively. A smoother surface was 

obtained for ZMO films with a higher Mg concentration. It was suggested that 

variation of surface roughness was correlated with the crystallinity and crystal size of 
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the films, where larger crystals grow as a result of lower nucleation rate or smaller 

surface diffusion rate of the atoms.[226] It was found that the roughness of ALD ZnO 

films decreased with increasing Al doping, probably due to the prohibited ZnO crystal 

growth induced by Al3+ ions substituting surface Zn2+ ions.[226, 227]  

 

Figure 5. 5 AFM morphology of ZMO thin films deposited through a-c) T-ALD and 

d-f) PE-ALD. 

 

This decreased ZnO crystal growth could also happen in the case of T-ALD ZnO 

films doped with Mg. The crystallinity of ZnO could become poorer with increasing 

Mg incorporation which has been shown in the XRD results of ZMO. However, this 

roughness variation shows the opposite trend for ZMO grown using PE-ALD. 

Specifically, a rms of 1.5, 5.1 and 7.0 nm were found for ZMO with Zn;Mg pulse ratio 

of 9:1, 4:1 and 2:1, respectively. Ola Nilsen et al. have thoroughly investigated the 

growth dynamics of polycrystalline films in ALD and correlated the surface 

morphology and crystal growth direction with an initial structure of nano-crystal.[228] 

ZMO deposited by T-ALD and PE-ALD should exhibit different crystal structures as 

shown in Figure 5. 3. The (100) and (101) orientations are observed for T-ALD grown 
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ZMOs, whilst the dominant (101) orientation is distinguished for PE-ALD grown 

ZMOs. For low Mg-doped ZnO films (9:1) where ZnO crystal dominates, PE-ALD 

process shows a faster grain growth due to the energy introduced into the films from 

the more active plasma source, which increases the surface diffusion rate and results in 

a smoother surface. When Mg content increases, the dominant (101) orientation grower 

even faster and thus the crystal size becomes larger. This will lead to the significant 

“texturing” of the film surface and a large roughness of the deposited film. The 

discrepancy of the ZMO roughness might affect the other properties of the films, thus 

result in various functions as a window layer in the solar cells. 

5.2.3 Comparison of ZnMgO on optical and electrical property 

To test the optical transparency of the ZMOs deposited on SLG, UV-vis 

transmission measurements were performed and results are shown in Figure 5. 6. The 

transparency exhibits a large discrepancy in the visible light range between ZMO 

compounds and pure oxides, where pure oxides have higher transmittance than ZMOs. 

For ZMO compounds, the transmittance increase as the doping of Mg. Similar 

variation in the curves is observed for both T-ALD and PE-ALD process. The curves 

were then compared from the band edge of different films by evaluating the absorption 

edge from the transmittance spectra. The near band-edge wavelength for pristine ZnO 

is around 375 nm, while it moves to the short wavelength range as the Mg ratio 

increases. It means with increasing Mg doping, the bandgap of the ZMO film increases 

and is larger than the ZnO film. This phenomenon was further confirmed by the 

bandgap extracted from the ellipsometry measurement shown in Figure 5. 8a, b.  
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Figure 5. 6 Transmittance as a function of the wavelength for the ZMO films grown 

using various Zn:Mg sub-cycle ratios through a) T-ALD and b) PE-ALD.  

 

 
Figure 5. 7 Refractive index and extinction coefficient as a function of the wavelength 

for the ZMO films grown using various Zn: Mg sub-cycle ratios through a) T-ALD and 

b) PE-ALD determined from spectroscopic ellipsometry measurements.  

 

The SE measurements were also used to extract the refractive index (n) and 

extinction coefficient (k) values of the ZTO films. Figure 5. 7a, b shows the n and k 

values as a function of the photon energy for different ZTO film compositions. The n 

(at 1.98 eV) of ZMO films decreased with more Mg-doped down to the pure MgO. The 

absorption coefficient was calculated from the well-known relation α = 4πk/λ, where k 
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represents the imaginary part of the complex dielectric constant and λ is the light 

wavelength. Figure 5. 8c provides the bandgap determined by spectroscopic 

ellipsometry as a function of Mg content of ZMO films deposited through T-ALD and 

PE-ALD. It seems that the bandgap is independent of the deposition method. The 

bandgap of ZMO increases almost linearly from ~3.2 eV to ~3.8 eV as function of Mg 

content in the range of 0 ≤ Mg/(Mg+Zn) ≤ 0.36, taking account of ZMOs deposited 

from both T-ALD and PE-ALD. Therefore, the bandgap of ZMO compounds can be 

easily tuned by varying the Mg content, in good agreement with previously published 

results.[141, 229] 

 

Figure 5. 8 a, b) Absorption coefficient as a function of the photon energy for the ZMO 

films grown using various Zn:Mg sub-cycle ratios through T-ALD and PE-ALD. c) Eg 

extracted from spectroscopic ellipsometry as a function of the relative Mg ratio in 

ZMO. 

 

The electrical properties of ZMO films were obtained from Hall measurements. 

The carrier concentration (n) and resistivity (σ) of ZnMgO thin films were measured 

by the van der Pauw method employing indium contacts at room temperature and the 

results are listed in Table 5. 2. For T-ALD processed ZMO films, the resistivity was 

found to increase with the Mg content increasing up to 0.2 while the carrier mobility 

was found to decrease. The decreases in carrier concentration have contributed to an 

increase in resistivity. The decrease in carrier concentration has been previously 

attributed to both an increasing donor activation energy due to a larger effective 
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mass[194] or change of band structure[195] and a lowing of the active donor 

concentration due to composition enrichment.[194] However, when then Mg content 

becomes larger than 0.2, the Hall signal can be hardly detected based on the used 

measurement configuration due to the large resistivity of the thin films. In addition, all 

the PE-ALD processed ZMO films demonstrated high resistivity which was not able to 

be acquired through the hall measurement. 

 

Table 5. 2 Optical and electrical properties of ZnMgO thin films changing along with 

Mg content synthesized from T-ALD and PE-ALD.  

   T-ALD   PE-ALD  

Zn/Mg 

Ratio 

cycles 

Bandgap 

(eV) 

Carrier 

concentrat

ion 

(cm-3) 

Resistivity 

(Ω·cm) 

Bandgap 

(eV) 

Carrier 

concentrat

ion 

(cm-3) 

Resistivity 

(Ω·cm) 

0 200 3.14 -9.10×1018 6.53×10-2 3.08 N/A N/A 

9:1 300 3.29 -8.54×1018 1.11×10-1 3.32 N/A N/A 

4:1 300 3.48 -5.45×1016 1.64×101 3.54 N/A N/A 

2:1 300 3.76 N/A N/A 3.78 N/A N/A 

1 300 7.30 N/A N/A 7.30 N/A N/A 

5.3 Application of ZnMgO as window layer on CZTS solar cell 

5.3.1 SCAPS simulation of ZnMgO as the window layer for CZTS solar 

cell 

Before performing the experimental work of ZnMgO window layer on CZTS, 

numerical simulations were performed using a Solar Cell Capacitance Simulator 

(SCAPS 1D)[211] to describe the model of CZTS device with ZnMgO as the window 

layer. The device structure of the CZTS/ZnSnO/ZnMgO used SCAPS is shown in 
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Figure 5. 9a and Figure 5. 9b demonstrates the corresponding band diagram for the 

CZTS/ZTO/ZMO model. Most of the parameters were taken from the CZTS/ZTO 

baseline model in Section 4.3.5, except for the ZnMgO window layer.  

 

Figure 5. 9 a) Illustration of device structure used for CZTS/ZTO/ZMO model. b) 

Schematic band diagrams under light at short circuit conditions for CZTS/ZTO/ZMO 

baseline model. 

 

Table 5. 3 summarizes the parameters inputted into each layer. A systematic study 

focusses on the impact of window layer electron affinities (χZMO) and carrier 

concentration on the device performance. Since the bandgap is large enough (>3.3 eV) 

to not be a critical parameter, it was fixed at 3.5 eV in the following ZMO window 

layer study. The change in electron affinity, however, matters a lot as it alters the 

recombination rate at interface thus the VOC, FF, and PCE. The electron affinity values 

of ZMO were reported to be 4.0 to 4.7 eV corresponding to different compositions of 

Zn1-xMgxO (x from 0 to 0.35) based on the parameters in the literature.[215] Here, the 

electron affinity values of ZMO were tuned from 3.9 to 4.6 eV as the input parameter 

in simulation. As the experimental studies of the ALD-ZMO (in Chapter 4.2.3) 

demonstrates, the doping density level varies as a function of the Mg content, and 

higher Mg incorporation leads to lower doping density. Therefore, carrier  
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Table 5. 3 Material parameters used for the simulation of CZTS/ZTO/ZMO devices in 

SCAPS-1D. 

Property CZTS 
CZTS/ZTO 

interface 
ZTO ZnMgO ITO 

Thickness (nm) 700 
 

10 10 200 

Effective Electronic 

bandgap (eV) 
1.275 

 

3.3  

 
3.3~3.8 3.3 

Electron affinity 

(eV) 
4.2 

 
3.95  3.9~4.6 4.45 

Relative dielectric 

constant 
7 

 
10 10 10 

Conduction band 

density of states 

(cm-3) 

2.2*1018 
 

2.2*1018 2.2*1018 2.2*1018 

Valence band 

density of states 

(cm-3) 

1.8*1019 
 

1.8*1019 1.8*1019 1.8*1019 

Electron mobility 

(cm2/V/s) 
1.02 

 
5 100 100 

Hole mobility 

(cm2/V/s) 
1 

 
5 25 25 

Free carrier 

concentration (cm-3) 
1.0*1016 

 
1.0*1017 

1.0*1016
~

1.0*1019
 

1.0*1018 

Interface 

recombination 

velocity (cm/s) 

 105    

 

concentration values from 1×1016 to 1×1019 cm-3 were used for ZMO in the simulations. 
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The thickness of ZMOs was set to be 10 nm in the simulation to minimize the 

absorption loss. Assuming ZMOs are as resistive as i-ZnO window layer, the series and 

shunt resistance was fixed to be 0.2 and 1000 Ω·cm2, respectively.  

 

 

Figure 5. 10 Calculated contour plots of a) open-circuit voltage, b) short-circuit current, 

c) fill-factor, and d) efficiency for CZTS/ZnSnO/ZnMgO devices with the variation of 

ZMO properties (left axis indicates doping density, bottom axis indicates electron 

affinity χZMO ). 
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The resulting device parameters were then summarized in Figure 5. 10. It can be 

observed that the highest efficiency was achieved in the region with lower ZMO 

electron affinity and higher ZMO doping density. When 3.9 < χZMO < 4.2 eV, the 

efficiency decreased slightly with decreased carrier concentration in ZMO mainly due 

to the VOC change. This is because the increased free carrier density will flatten the 

bands in the buffer/window layer and thus result in increased band bending in the 

absorber. Therefore, the dependence of VOC on carrier density of the buffer/window 

layer is severe. It should be noted that VOC changes independent with ZMO electron 

affinity, which means the recombination rate does not increase due to the quasi-Fermi 

level for electrons at the CZTS surface lay sufficiently below trap position. When 

χZMO > 4.45 eV, the efficiency dropped drastically, primarily attributed to the decrease 

in FF and VOC. The Jsc variation is much smaller because the recombination of the 

photo-generated carriers is minimized due to the presence of the electrical field in the 

space charge region. On the other hand, when 4.2 < χZMO < 4.45 eV, the efficiency was 

maintained at an intermediate level as a result of the compromise between electron 

affinity and doping density of the window layer. Consequently, it was suggested that 

the highly performed CZTS/ZTO/ZMO device could be achieved with χZMO below 4.45 

eV and reasonably high carrier density without considering the resistivity effect of the 

window layer. Therefore, the experimental work of varied ZMO composition was 

carried out and presented in the next section. 

5.3.2 CZTS device made from ZnMgO window layer via thermal ALD 

and PE-ALD 

The CZTS solar cells with ZnSnO buffer and ZnMgO window layers were 

fabricated following the process described in Figure 5. 11. CZTS absorbers were 

deposited onto a Mo-coated soda-lime glass substrate from co-sputtered Cu/ZnS/SnS 

precursors by using a magnetron sputtering system (AJA International, Inc., Model 
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ATC-2200). The composition of CZTS absorbers was controlled to be Cu-poor 

(Cu/(Zn+Sn) = 0.88) and Zn-rich (Zn/Sn = 1.18) as described in our previous work.27 

The films were then subjected to the sulfurization process in combined sulfur and SnS 

atmosphere at 560 °C with a heating rate of 15 °C min-1 for 3 min. After sulfurization, 

the samples were stored in a nitrogen box or immediately transferred into the ALD 

reactor to deposit ZTO buffer layer. Reference devices with 50 nm i-ZnO were 

fabricated in each batch. For experimental devices, different composition of 

10-nm-thick ZMO window layers was applied to investigate their effects on the device 

performance. An ITO (210 nm) top contact was then deposited by radio frequency 

sputtering, followed by Al grids using evaporation.  

 

Figure 5. 11 Schematic of the fabrication of CZTS/ZnSnO/ZnMgO thin-film solar cell. 

 

5.3.3 Influence of ZnMgO composition on the device properties 

A series of CZTS solar cells were fabricated with T-ALD processed ZMO as a 

window layer by changing the composition of ZMO. The device with a sputtered 

i-ZnO window layer (50-nm-thick) was used as a reference. The ratio of the ZnO and 

MgO sub-cycle was tuned to be 2:1, 4:1 and 9:1 and the corresponding solar cells were 
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named ZMO 2-1, ZMO 4-1 and ZMO 9-1, respectively. The thickness of the ZMO 

layers was kept constant at 10 nm to exclude the effect of the film thickness. The 

resulting performance parameters are shown in Figure 5. 12. Note that very 

low-efficiency cells due to shunt problems were excluded in the box-plots. The ZMO 

9-1 sample had only three devices presented because of significant shunting problems 

caused by the low resistive ZMO layer. Therefore, it had an extremely low yield using 

a low Mg content ZMO window layer. The experimental devices reach the highest 

efficiency with a ZMO 4-1 window layer, although slightly lower than the control 

device. 

 

Figure 5. 12 a-d) Box-plots of performance parameters of CZTS cells with a variable 

composition of ZMO window layer compared to the corresponding i-ZnO control 

device. 10 CZTS solar cells were fabricated per experimental condition. 
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Figure 5. 13 a) The current density-voltage curves b) External quantum efficiency of 

the CZTS solar cells with different compositions of ZMO buffer layer compared to a 

corresponding i-ZnO control device. 

 

In terms of VOC, the ZMO 4-1 device with Mg/(Mg+Zn) content of ~0.2 was 

observed to have the highest VOC. A strong dependence of the VOC on the ZMO 

composition is observed probably attributed to the conduction band alignment between 

the window layer and absorber/buffer layer. As can be learned from the numerical 

simulation in Section 5.3.1, the VOC improved with decreased χZMO using ZMO with 

Mg/(Mg+Zn) content ranging from 0 to 0.35. In addition, the carrier density of ZMO 

layer played a critical role in affecting the VOC value. Therefore, ZMO 2-1 device with 

even higher Mg content did not necessarily yield higher VOC than ZMO 4-1 device, 

probably due to the much lower carrier density of ZMO. The ZMO devices typically 

yield a higher Jsc than i-ZnO control device as shown in Figure 5. 12. This is mainly 

due to higher absorption in the short wavelength range as can be seen in the external 

quantum efficiency (EQE) curves shown in Figure 5. 13b. This phenomenon could be 

attributed to higher transparency of the ZMO (Eg > 3.3 eV) film compared to the 

reference i-ZnO (Eg=3.3 eV) window layer, but most likely because of the much 

thinner ALD ZMO applied in the solar cell. It was also noticed the quantum efficiency 
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differed in the wavelength range of 450 to 750 nm, which could be attributed to the 

interference of incident light. Despite that, the overall Jsc of the ZMO devices still 

improves due to the gain in the short wavelength range. Nevertheless, the efficiency 

variation seems to be mainly dominated by the FF. Higher χZMO (ZMO 9-1) tends to 

yield negative conduction band offset between window and absorber layer, thereby 

deteriorates FF. A lower doping density (ZMO 2-1) also decreases FF due to the poor 

quality of ZMO with Mg content over 0.3, as presented in Section 5.3.1. Therefore, 

ZMO 4-1 device with Mg/(Mg+Zn) content of ~0.2 was found to be the optimized 

composition although the FF still needs improvement. 

5.3.1 Influence of ZnMgO deposition method on the device properties 

 
Figure 5. 14 a-d) Box-plots of performance parameters of CZTS cells with ZMO 

window layer deposited from T-ALD and PE-ALD compared to a corresponding i-ZnO 
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control device. 

 
Figure 5. 15 a) The current density-voltage and b) external quantum efficiency of the 

CZTS solar cells with ZMO window layer deposited from T-ALD and PE-ALD 

compared to a corresponding i-ZnO control device. 

 

Driven by the fact that T-ALD processed ZMO window layers were not able to 

enhance the CZTS efficiency, PE-ALD processed ZMO as an alternative window layer 

was then studied. A series of CZTS solar cells were fabricated with a 10-nm-thick 

ZMO window layer grown using both T-ALD (denoted as T-ZMO) and PE-ALD 

(denoted as PE-ZMO). The device with a sputtered i-ZnO window layer (50-nm-thick) 

was used as a reference. The Zn:Mg pulse ratio of ZTO was kept as identical as 4:1 

and the resulting solar cell parameters are shown in Figure 5. 14. It shows that the 

overall efficiency of the CZTS solar cells grown using the PE-ZMO was higher than 

the T-ZMO even outperforming the i-ZnO reference. The higher performance of the 

PE-ZMO devices could mainly be attributed to a higher VOC and Jsc, which might be 

attributed to the better quality of PE-ZMO and more favorable band structure. The 

increased Jsc can be attributed to higher absorption in the short wavelength range 

between 350 nm ~ 450 nm, as seen from EQE curves in Figure 5. 15b. This can be 

probably explained by the larger bandgap of PE-ZMO (3.54 eV) than the T-ZMO (3.48 

eV), thus allows for enhanced absorption in the above region. However, the FF the 
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PE-ZMO devices dropped significantly compared to reference and T-ZMO devices, 

probably due to the large roughness of the film which led to poor coverage of the 

underlying layers.  

As the absorber quality for those devices is expected to be identical since they 

were from the same batch, the significant increase in performance from the PE-ZMO 

devices can be attributed to the change in the window layer. The effect of deposition 

method on the chemical state and compositional mixing in the ZMO ternary oxides 

was then investigated by high-resolution XPS measurements. The core-level peak of 

Zn 2p3, Mg 1s, and O 1s are shown in Figure 5. 16. Meanwhile, the O 1s core level 

can be deconvoluted into two peaks by using the Gaussian curve approximation.[209] 

The deconvoluted O 1s features can be attributed to (1) OΙ, metal oxide (M-O-M) 

lattice species at 530.3 eV, (2) OΙΙ, lattice oxygen in the oxygen-deficient region at 

531.6 eV. Figure 5. 17 demonstrates the chemical composition from the XPS spectra. 

One can notice that there were more or less C in the two samples, indicating the 

presence of bulk C incorporation during both T-ALD and PE-ALD. The atomic ratios 

of O/Zn+Mg in the ZMO films were determined to be 0.97 and 0.99 by evaluating the 

O 1s, Zn 2p3, and Mg 1s peak areas. This confirms the formation of more 

stoichiometric films when the O2 plasma used as the co-reactant. Another noticeable 

phenomenon was the discrepancy in OΙ/ OΙΙ ratio which represents the ratio of M-O-M 

species to lattice oxygen. The ratio value for PE-ZMO was found to be 1.36 whilst 

T-ZMO to be 1.25, hence PE-ZMO possessed higher metal oxide lattice species and 

lower density of oxygen deficiency. Oxygen vacancies were generally regarded to be 

associated with the n-type conductivity in ZnO and therefore may play a similar role in 

the ZMO films.[230, 231] Thus, the PE-ALD processed ZMO films possessed 

enhanced resistivity due to the less oxygen deficiency, which is well correlated with 

the previous investigation on the electrical properties of the ZMO films in Section 

5.2.3. 
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Figure 5. 16 a-c) XPS peak of Zn 2p3, Mg 1s, O 1p, respectively, obtained from the 

surface of ZMO thin films deposited through T-ALD and PE-ALD. 

 

 Ultraviolet photoelectron spectroscopy (UPS) measurements were done to 

investigate the band alignments between absorber, buffer layer and ZMO window 

layers. Figure 5. 17b shows an overlay of the UPS spectra for the T-ZMO and 

PE-ZMO where the valence band maximum (VBM) relative to the Fermi energy level 

(EF) can be determined from the well-established method of extrapolating the valence 

density of states to zero density. The VBM estimated from the valence band spectra for 

T-ZMO and PE-ZMO sample was 2.94± 0.1 eV and 2.69± 0.1 eV below the EF, 

respectively. Once the VBM was determined, the conduction band minimum (CBM) of 

ZMOs can be obtained by adding the bandgaps of T-ZMO (3.48 eV) and PE-ZMO 

(3.54 eV) determined from the optical measurements in Chapter 5.2.3. Herein, the 

band diagrams at the heterojunction for CZTS/ZTO/ZMO are depicted in Figure 5. 17c. 

Clearly, the PE-ZMO demonstrated a higher VBM compared to the T-ZMO. The 

resulting conduction band offsets at ZTO/ZMO were found to be – 0.25± 0.1 eV and 

-0.45± 0.1 eV for PE-ZMO and T-ZMO, respectively. Therefore, PE-ZMO 

demonstrated a reduced cliff-like CBO which was beneficial for the VOC of 

CZTS/ZTO/PE-ZMO devices. However, PE-ALD produced the higher resistive 

PE-ZMO, therefore deteriorate the FF of the device. This band structure could well 

explain the I-V performance of the CZTS/ZTO/ZMO devices. 
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Figure 5. 17 a) Atomic composition, b) UPS spectra and c) band diagram of the CZTS 

solar cells with ZMO window layer deposited from T-ALD and PE-ALD. 

 

With a better quality of the CZTS absorber layer, the enhanced photovoltaic 

performance of the CZTS/ZTO/PE-ZMO device could be achieved. The J-V 

characteristic of the champion solar cell with a PE-ZMO window layer is shown in 

Figure 5. 18a. In contrast to the champion 9.3% efficient CZTS/ZTO solar cell, the 

champion 9.2% efficient PE-ZMO presented here was fabricated without 110 nm MgF2 

ARC. The Jsc of this champion device was measured to be 21.1 mA/cm2 which was 

even higher than the 20.5 mA/cm2 of CZTS/ZTO with ARC. This enhancement 

indicates the better light-harvesting of the PE-ZMO device by using window layer with 

larger bandgap and thinner thickness. The VOC of PE-ZMO device was slightly 

increased from 720 mV to 727 mV that potentially can be explained by reduced 

cliff-like CBO between buffer and window layer. Unfortunately, the FF of the 

PE-ZMO device dropped dramatically from 63.5% to 59.8%, which is a critical issue 

for further enhancing device performance. The poor FF could be assigned to the poor 

coverage of the underneath layer when using a relatively rough ultrathin PE-ZMO 

layer, consequently produce a shunt path in the device. It is expected that higher FF 

can be gained with a smooth and resistive ZMO layer while maintaining the Mg 

content of ~0.2. In this sense, ZMO deposited by PE-ALD in low temperatures could 

probably yield high resistivity and smoother surface, therefore benefit the overall 

efficiency.  
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Figure 5. 18 a) J-V characteristics and b) EQE of the champion CZTS/ZTO/PE-ZMO 

solar cell without anti-reflection coating. 

5.4 General conclusions 

In this chapter, ZMO ternary oxides films with various compositions were 

deposited by using both thermal ALD and plasma-enhanced ALD. The growth property, 

morphology, and structural property, optical and electrical property of the ZMO films 

as a function of the Mg content were systematically investigated. In-situ ellipsometry 

measurement revealed the different growth behavior for ZMOs deposited by T-ALD 

and PE-ALD due to different reactivity of the oxidant. Consequently, the resulted thin 

films exhibited quite different crystalline structures and surface morphology. Generally, 

the ZMO deposited through T-ALD exhibits superior smoothness and less rough 

surface than those of PE-ALD. The bandgap of ZMO was found to increase linearly as 

a function of Mg content in the range of 0 ≤ Mg/(Mg+Zn) ≤ 0.36, for both T-ALD and 

PE-ALD processed films. In addition, PE-ALD processed ZMO films demonstrated 

much higher resistivity than the T-ALD deposited films. 

The numerical simulation of the effects of ZnMgO window layer on CZTS device 

performance was then performed. It was suggested that a high-performance 

CZTS/ZTO/ZMO device could be achieved with χZMO below 4.45 eV and reasonably 

high carrier density. The device with Zn0.8Mg0.2O layer showed a relatively higher 
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efficiency although the FF still needs improvement. Further study was carried out by 

using PE-ALD processed ZMO as an alternative window layer due to its higher quality 

and more suitable band alignment. The CZTS solar cells with a PE-ZMO devices 

window layer showed a higher efficiency, mainly due to a higher VOC and Jsc. The 

reduced cliff-like CBO between absorber and window layer was believed to be 

beneficial for the VOC of CZTS/ZTO/PE-ZMO devices. However, the relatively higher 

roughness of PE-ZMO could deteriorate the FF of the device. Finally, a champion 9.2% 

efficient PE-ZMO device was fabricated without anti-reflection coating thanks to the 

significantly enhanced Jsc, primarily because of the less optical loss in the thinner 

window layer with large bandgap. 
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Chapter 6    Al2O3 as interface 
passivation layer for CZTS 2 

In this chapter, a Cd-free CZTS solar cell that exhibits an energy conversion 

efficiency of 10.2 % is presented resulting from the application of an aluminum oxide 

(Al2O3) passivation layer prepared by atomic layer deposition (ALD). It was 

demonstrated that the application of full ALD cycles as well as trimethylaluminum 

(TMA) exposures resulted in a significant increase in VOC and relate this to the 

properties of the CZTS interface. Both processes facilitate the formation of a thicker 

Cu-deficient nanolayer with a higher concentration of Na and O, forming a 

homogeneous passivation layer across the CZTS surface. This nanolayer reduces the 

local potential fluctuation of band edges and leads to the widened electrical bandgap 

and suppressed defects recombination at the heterojunction interface, thus an 

improvement in VOC and device performance. The ability of nanolayers to alter the 

atomic composition in the near-surface region of compound semiconductors might be 

beneficial for a wider range of semiconductor devices. 

                                                 
2 Part of this chapter has been published as: Cui, X., K. Sun, J. Huang, J. Yun, C.-Y. Lee, C. Yan, H. Sun, 
Y. Zhang, C. Xue, M. K. Eder, L. Yang, J.M. Cairney, J. Seidel, N.J. Ekins-Daukes, M. Green, B. Hoex 
and X. Hao, Energy & Environmental Science, 2019, 12(9): 2751-2764. 
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6.1 Introduction 

A conformal coating by atomic layer deposition (ALD) can provide precise 

modification and passivation at the interface due to the intrinsic self-terminating nature 

of the process. Aluminum oxide (Al2O3) nanolayers deposited by ALD have shown to 

be an effective way to passivate p- and n-type silicon surfaces through chemical and 

field-effect passivation[184, 232]. Generally, chemical passivation is achieved by 

hydrogen passivation[233] or an interfacial silicon oxide layer[220] whereas the 

field-effect passivation is associated with the high density of negative fixed charges 

located within the first nanometers of the Al2O3 layer[234, 235]. The origin of negative 

fixed charges may arise from excess oxygen during the initial growth of 

nonstoichiometric Al2O3[236] or a gradient in coordination through the negative charges 

of the tetrahedral coordination[232]. ALD-Al2O3 has also been employed in 

chalcogenide thin-film solar cells such as Cu(In, Ga)Se2[237], CdTe[144], and 

CZTSe[79, 81] solar cells, demonstrating good interface passivation. With the 

introduction of ALD-Al2O3 before the CdS buffer, Lee et al. demonstrated effective 

surface passivation as well as improved short-circuit current density (JSC) and fill factor 

(FF), leading to an enhancement of 15% in the relative efficiency for CZTSSe 

devices.[81] The applicability of ALD-Al2O3 was also extended to CZTS solar cells 

with CdS buffer in the work of Park et al., where hydrogen was proposed to account for 

the passivation effect at the surface.[82] Despite the seminal studies demonstrating the 

benefits of Al2O3 in CZTS(Se) devices with CdS buffer, the application of Al2O3 in 

CZTS device with Cd-free buffer has not been investigated to date. Furthermore, the 

factors governing the underlying passivation mechanisms have only partly been 

uncovered, especially on the evolution of the chemical and electronic properties of 

CZTS surface when it is subjected to the ALD treatment. Hence, a detailed 

investigation is required on the interaction of CZTS with ALD precursors and 

co-reactants during the deposition of Al2O3 on the CZTS surface. As it was shown in the 
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Section 4.3, a CZTS/ZnSnO solar cell exhibited quite different bulk and heterojunction 

properties compared to a CZTS/CdS cell, where a larger Na concentration was found 

throughout the CZTS/ZnSnO device.[122] Therefore, it is quite likely that the impact of 

the application of an ALD Al2O3 film will be significantly different in these devices as 

well. 

This chapter elucidates for the first time how an ALD-Al2O3 coating can 

effectively passivate the interface defects in a Cd-free CZTS device with ZnSnO buffer 

layer. It is demonstrated that ultrathin Al2O3 films deposited by ALD can effectively 

improve the performance of Cd-free CZTS devices (with a structure of 

Mo/CZTS/ZnSnO/i-ZnO/ITO) through heterojunction modification. With a significant 

gain of VOC and FF, a device efficiency of 10.2 % was obtained. To understand the 

mechanism governing the passivation and performance improvement in CZTS device 

with Al2O3, the effects of trimethylaluminum (TMA) precursor, H2O precursor, and 

heating effects were all carefully investigated independently as well. The resulting 

photovoltaic performance demonstrated that the TMA exposure step plays a key role in 

the passivation of CZTS/ZnSnO heterojunction. Optoelectronic characterization 

confirmed that the improvements could mainly be attributed to the passivation of 

defects at the heterojunction interface. The improvement in VOC after the various 

processes was found to correlate well with the Na concentration variation at the CZTS 

surface as identified through surface chemical and electronic analysis. Furthermore, the 

excess oxygen originating from the initial growth of ALD-Al2O3 might explain the 

segregation of Na from the bulk to the interface. Finally, a plausible mechanism for the 

passivation induced by ALD-Al2O3 is proposed. ALD-Al2O3 facilitates the formation 

of a thicker Cu-deficiency nano-layer with a higher concentration of Na and O, 

forming a homogeneous passivation layer across the CZTS surface. This nano-layer 

reduces the local potential fluctuation of the band edges and locally widens the 

bandgap and promotes downward band bending, hence the improvement in VOC and 

device performance. 



153 

 

6.2 Passivation of CZTS/ZnSnO heterojunction interface by 

Al2O3 

6.2.1 Experiment 

 
Figure 6. 1 Schematic of the fabrication of CZTS/Al2O3/ZnSnO thin-film solar cell. 

 

The CZTS absorbers were prepared by co-sputtering on Mo-coated soda-lime 

glass substrates with a size of 2.5 × 2.5 cm2. The co-sputtering of the CZTS absorber 

was done from Cu/ZnS/SnS precursors using a magnetron sputtering system (AJA 

International, Inc., Model ATC-2200) as described in the previous work.[122] 

ICP-OES confirmed that the composition of CZTS absorbers was Cu-poor (Cu/(Zn+Sn) 

= 0.88) and Zn-rich (Zn/Sn = 1.18). The films were then loaded into a closed graphite 

box with combined elemental sulfur and SnS. Our baseline annealing process was 

performed at 560 °C with a heating rate of 10 °C min-1 for 3 min. After sulfurization, 

the samples were either stored in a nitrogen box or immediately transferred into the 

ALD reactor for subsequent treatments. The ALD processes were done in a Fiji G2 

ALD system (Cambridge Nanotech) at a substrate temperature of 150 °C. Al2O3 was 
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directly deposited on the CZTS absorber by using TMA and deionized water as 

precursors, with argon (Ar) as the carrier gas. Both water and the TMA precursor were 

kept at room temperature. The ALD process contained an Al: Ar: H2O: Ar cycle with 

pulse lengths of 0.06:10:0.06:10 s, repeated to obtain the desired thickness. TMA (H2O) 

treatment was conducted using TMA (H2O) half-cycles while leaving other conditions 

the same as the Al2O3 deposition. A control sample (“Heat”) was subjected to the 

identical deposition temperature and reactor ambient with no ALD process running. 

The parameter details of different ALD processes are listed in Table 6. 1. 

 

Table 6. 1 List of key parameters used for different ALD processes 

Sample TMA 

pulse (s) 

Ar purge 

(s) 

H2O 

pulse (s) 

Ar purge 

(s) 

Cycles Heat 

Temp. 

(°C) 

Ref - - - - - RT 

Al2O3 0.06 10 0.06 10 5 150 

TMA 0.06 10 - - 5 150 

H2O - - 0.06 10 5 150 

Heat - - - - - 150 

 

For ZTO buffer devices, after sulfurization, the samples were stored in a nitrogen 

box or immediately transferred into the ALD reactor to deposit ZTO thin films. After 

the sulfurization process ALD-ZnSnO layers were synthesized using diethylzinc 

[Zn(C2H5)2 DEZ, Sigma-Aldrich], tetrakis(diethylamido)tin(IV) [Sn(N(CH3)2)4 or 

TDMASn, Strem Chemicals] as Zn, Sn precursor, and water as an oxidant. The Zn to 

Sn sub-cycles with a 3:1 ratio was employed and the substrate temperature was kept at 

150 °C. Such conditions contribute to the best performing Cd-free CZTS solar cell 

based on our previous study.[122] A transparent front contact of i-ZnO/ITO (50 

nm/210 nm) bi-layer was then deposited by radio frequency sputtering before Al grids 
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were deposited using evaporation. For the best performing devices, an antireflection 

coating of 100 nm MgF2 was deposited by thermal evaporation and 0.224 cm2 solar 

cells were finally defined by mechanical scribing. 

6.2.2 Influence of Al2O3 thickness on the device properties 

 
Figure 6. 2. a-d) Box-plot diagram of the one-sun solar cell parameters of CZTS cells 

as a function of the number of ALD cycles used for the Al2O3 passivation layer. 10 

CZTS solar cells were fabricated per experimental condition. The box, horizontal bars, 

and point symbols indicate the 25/75 percentile, min/max and mean values, 

respectively.  

In this work, an ultrathin ALD-Al2O3 layer was inserted between the 

CZTS/ZnSnO heterojunction based on the previously proposed structure 

(Mo/CZTS/ZnSnO/i-ZnO/ITO) as shown in the schematic process in Figure 6. 1. The 
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optimization of ALD-Al2O3 layer thickness was done by fabricating a series of CZTS 

solar cells with a different number of ALD cycles ranging from 2 to 10, which was 

equal to 0.2~1 nm in thickness. The box-plot diagram of the PV performance 

parameters of CZTS cells incorporating various ALD cycles can be found in Figure 6. 

2. For 2 cycles of ALD-Al2O3, no significant effect on the CZTS device performance 

can be seen, probably due to the incomplete coverage of the CZTS absorber. When the 

number of the cycles reached 10 (1 nm thickness), both JSC and FF decreased 

significantly, most likely due to impaired carrier transport through the thick Al2O3 layer. 

5 Al2O3 ALD-cycles were found to be the optimum parameter in terms of the efficiency 

of the CZTS device.  

6.2.3 Influence of ALD sub-steps on the device properties 

To understand the mechanism governing the passivation and performance 

improvement in CZTS devices with ALD Al2O3, the independent effects from the TMA 

precursor, H2O and heating effects were investigated separately. A schematic 

illustration of the investigated absorbers treated with different ALD process is 

presented in Figure 6. 3a. The procedure of sample preparation with different ALD 

treatment is described in Section 6.2.1. All the samples were then processed into full 

devices in order to study each effect on solar cell performance, as shown in Figure 6. 

3b. While all the treatments had little influence on the JSC, they mainly affected the VOC 

and FF in most cases except for the heat treatment. Devices with TMA treatment show 

a similar improvement in VOC with respect to Al2O3 treatment, which was significantly 

higher than the H2O treatment. The FF, however, does not show a strong variation but 

still follows a similar trend with the VOC. Therefore, the combination of all the trends 

results in the highest efficient devices with Al2O3 and TMA treatment followed by the 

devices with the H2O treatment. These results demonstrate that TMA plays a key role 

in the passivation scheme, which might help to understand the underlying mechanism 

of Al2O3 passivation. The VOC becomes our main focus in evaluating the mechanism 
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from ALD treatments, as it presents the most pronounced variation in the device with 

different treatments. 

 

Figure 6. 3 a) Schematic view of the processes investigated in this section to elucidate 

the impact of the various components of the Al2O3 ALD process. In addition to the full 

Al2O3 ALD process shown to the left, also the TMA and H2O half-reaction were 

investigated in isolation as well as exposing the sample solely to the process 

temperature used during the ALD process. b) Box-plot diagram of the one-sun J-V 

performance parameters of CZTS cells made with no treatment (Ref), Al2O3 treatment, 

TMA treatment, H2O treatment and heat treatment within the ALD chamber. 10 CZTS 

solar cells were fabricated per experimental condition. Box, horizontal bars, point 

symbols and indicate 25/75 percentile, min/max and mean values, respectively.  
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Figure 6. 4 a) J–V curves and b) EQE spectra and PL spectra of the CZTS devices with 

various treatment: no treatment (Ref), Al2O3 treatment, TMA treatment, H2O treatment 

and heat treatment within the ALD chamber. 

 

Optoelectronic measurements were performed on the champion devices with 

different ALD treatment, to study the origin of the performance improvement. The 

EQE spectra of the champion devices are shown in Figure 6. 4b. One can observe an 

enhanced blue response in the curves of devices with ALD treatment. These 

improvements were consistent with the trend of PCE improvement, where TMA shows 

better blue response than the other effects. On the other hand, the ALD treatment leads 

to a blue shift of the band edge which is observable between 750 and 850 nm in the 

EQE spectrum, corresponding to an increased optical bandgap of the CZTS. Several 

studies showed that the post-annealing treatments could affect the bulk bandgap of 

CZTS by changing the bandgap fluctuation induced by the Cu-Zn order in CZTS.[40, 

238, 239] Therefore, the widened bandgap after all the ALD treatments with annealing 

effects involved can be partly explained by the reduced bandgap fluctuation.[40] It is 

interesting to see that both the Al2O3 and TMA treatment present a larger shift in 

optical bandgap than the other effects compared to the control device. In this case, 

more effects from Al2O3 and TMA treatment should exist other than annealing effects. 

Furthermore, this bandgap value change agrees with the PL peak positions determined 
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from the photoluminescence (PL) measurement shown in Figure 6. 4b, which 

demonstrate a blue shift for the ALD- treated device in Figure 6. 5a. Note that an 

excitation laser with a wavelength of 405 nm was used in the PL measurement, thus 

the luminescence mainly came from the near surface region of the CZTS layer. Hence, 

the improvement in VOC might be correlated with the enhanced bandgap of CZTS 

surface after the ALD treatment. In terms of the PL peak intensity, it has been reported 

that the photoluminescence intensity increased after the CZTS subject to Al2O3 

coating.[81] It is also observed an increase in photoluminescence intensity for our 

devices with ALD treatment, which means the non-radiative recombination has been 

suppressed. A TMA exposure was again found to passivate the CZTS better compared 

to an H2O or heat treatment as evidenced by the fact that the PL intensity was found to 

be significantly higher. 

 

Figure 6. 5 a) Bandgap values extracted from the EQE measurements and PL peak 

position for devices with various ALD treatment. The inflection point of the EQE was 

used to determine the bandgap (Eg), dash lines are plotted for guiding purpose. b) 

Time-resolved photoluminescence (TRPL) obtained at an excitation wavelength of 470 

nm for the corresponding devices. 
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6.3 Mechanism of heterojunction passivation by Al2O3 

6.3.1 Interface properties of the device 

Another important issue that needs to be addressed is whether the recombination 

was mainly suppressed in the bulk or just within the heterojunction region. For this 

reason, time-resolved photoluminescence (TRPL) and Suns- VOC measurements were 

done to identify the location of the passivated defects. Time-resolved 

photoluminescence (TRPL) was used to qualitatively compare the effects of different 

ALD treatment on the minority charge carrier lifetime of the device. The measurement 

was done using an excitation wavelength of 470 nm, which has a penetration length of 

256 nm and consequently is mainly sensitive to the surface of CZTS absorber. As 

shown in Figure 6. 5b, the normalized PL decay curves could be fitted by a 

two-exponential function and the decay time were extracted to be 5.4, 6.3, 6.0, 5.5, 4.8 

ns for devices with no treatment (Ref), Al2O3, TMA, H2O and heat treatment, 

respectively. A prolonged carrier lifetime for the Al2O3 and TMA sample indicates that 

the defects being passivated after those treatments could mainly stem from the 

heterojunction region. This conclusion can be further confirmed from the Suns- VOC 

measurements, where the VOC was measured as a function of incident light intensity. 

The saturation current J01 and J02 were extracted by using a two-diode model fit to 

identify the origin of the passivation effects. Note that the recombination in the bulk of 

the solar cell is usually represented by J01, while recombination at the space charge 

region is attributed to J02. It can be understood from Figure 6. 6a that the J01 values 

were approximately identical for all the treated devices, whereas J02 was significantly 

lower after the TMA and Al2O3 treatment compared to the H2O and heat treatment. 

Again, TMA and Al2O3 treatment helped to suppress defects recombination at the space 

charge region (SCR) more efficiently than those of H2O and heat treatment. 
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Figure 6. 6 a) Saturation current density of different CZTS devices obtained by fitting 

their Suns-VOC curves using a two-diode model. b) C-V and DLCP profiling for the 

CZTS devices with no treatment (Ref) and Al2O3 treatment.  

 

Furthermore, the capacitance-voltage (C-V) measurements and drive-level 

capacitance profiling (DLCP) were used to distinguish the defects between bulk and 

interface. Generally, one can obtain information about the free carriers, bulk and 

interface defects deduced from the C-V measurements, while identifying the response 

only from the free carrier and the bulk defects using the DLCP technique.[180, 181] 

Thus, the defects density at CZTS/ZnSnO interface can be determined by subtracting 

the DLCP defect density (NDLCP) from the C-V defect density (NCV)[240], as shown in 

Figure 6. 6b. The near overlap of the C-V and DLCP profile in the case of the 

Al2O3-treated sample means the interface defects were mostly passivated. 

Quantitatively, the relative value between NDLCP and NCV at Vdc = 0 were chosen to 

quantify the defect density (in Figure 6. 7), where the Ref device possessed a larger 

interface state response (7.3 × 1016 cm-3) than the Al2O3-treated one (1.7× 1016 cm-3), 

suggesting a lower density of interface defects in the device with an Al2O3 passivation 

layer. With this strong device-level evidence of interface passivation triggered by 

Al2O3 and TMA, it is interesting to understand the chemical origin of this performance 

improvement. 
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Figure 6. 7 Defect density NDLCP and NCV at Vdc = 0 derived from C-V and DLCP 

measurements of devices with different ALD treatment, respectively.  

6.3.2 Surface chemical analysis 

Firstly, the structural properties of CZTS were examined after ALD treatment 

using Raman spectroscopy, and the results are shown in Figure 6. 8. The measurements 

were taken on bare CZTS absorbers and CZTS/ZnSnO with different ALD treatment 

recorded with a 514 nm excitation wavelength. No significant changes in the CZTS 

phases can be seen either from the intensity or the peak position of the characteristic 

peaks. Hence, the focus was turned to the chemical modifications of the CZTS surface 

after each ALD treatment. XPS analysis was then carried out on a bare CZTS surface 

(Ref) as well as CZTS surface after Al2O3 treatment, TMA treatment or H2O treatment. 

The exposure time of the samples (within 15 min) to the ambient atmosphere was kept 

similar to that in the fabrication process of  the CZTS device to minimize the 

chemical difference between samples and devices. In order to determine the surface 

composition and the chemical state of Al, O, Na and Cu after each treatment, curve 

fitting was performed on the Cu3s/Al 2s, O 1s, Na 1s, and Cu 2p3 peaks, as shown in 

Figure 6. 10a-d.  
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Figure 6. 8 Raman spectra for bare CZTS absorbers and CZTS/ZnSnO after different 

ALD treatment. An excitation wavelength of 514 nm was used for the measurements. 

 

It has been reported that surface oxides and Na-containing compounds may exist 

on the surface of CZTS absorber with air exposure [83, 241]. This was also found in 

our case, where the characteristic O 1s peak (531.2 eV) and Na 1s peak (1071.6 eV) 

were identified in the bare CZTS surface. Besides, the binding energy peak at 532.8 eV 

which is representative of the hydroxyl (-OH) species presents in the CZTS surface 

without treatment and with H2O treatment. In the Al 2s region, the component 118.7 

eV assigned to oxidized Al species was found in the CZTS after Al2O3 and TMA 

treatment, indicating the presence of Al2O3 after either treatment.[242] This was 

corroborated by the complementary decrease in the –OH bonds in the case of Al2O3 

and TMA treated sample, as was determined by the decreased intensity of –OH peak at 

532.8 eV. It is interesting to note that TMA consumed the hydroxyl groups on CZTS 

surface even when no H2O cycle was used in the experiment. Residual water from the 

wall of the ALD chamber might also react with the deposited TMA to form a higher 

aluminum oxidation state, as evidenced by the increasing Al-O peak at 531.2 eV.[243] 



164 

 

The O 1s (Al-O contribution) and Al 2s peak areas were then used to estimate O and Al 

atomic percentages. For the Al2O3 and TMA sample, the Al-O contribution was roughly 

evaluated by subtracting the contribution of metal-O of the Ref sample from the entire 

O 1s area. Thus, the O/Al ratio after Al2O3 and TMA treatment is found to be 8.0 and 

7.0, much higher than the stoichiometric ratio 1.5. The resulting excess oxygen at the 

interface was suggested to contribute as oxygen interstitial (Oi) defects as has been 

earlier reported for ALD Al2O3 on top of Si, which is believed to contribute to the 

negative charge at the interface.[244, 245] This might be indicative of similar growth 

behavior of ALD-Al2O3 based on –OH terminated surface, either on Si or CZTS. 

 

Figure 6. 9 a-c) XPS peak of Zn 2p3, Sn 3d, S 2p, respectively, obtained from the 

surface of CZTS absorbers with no treatment (Ref), Al2O3, TMA , and H2O treatment. 
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Figure 6. 10 Surface chemical analysis. a-d) XPS peak of Al 2s, O 1s, Na 1s, Cu 2p3, 

respectively, obtained from the surface of CZTS absorbers with no treatment (Ref), 

Al2O3 treatment, TMA treatment, and H2O treatment. e-h) XPS peak of Al 2s, O 1s, Na 

1s, Cu 2p3, respectively, at the surface of CZTS absorbers with no treatment (Ref) and 

Al2O3 treatment after the sputtering with approximately 0.5 nm. i) Na and Cu atomic 

percentages measured at the surface of as-received absorbers with different treatments. 

j) Cu/(Zn+Sn) atomic percentage ratio of the surface of absorbers with different 

treatments before and after sputtering in a depth of 0.5 nm. Dash lines in i) and j) are 

plotted for guiding purposes. 

 

Besides the O-rich Al2O3 layer formed after Al2O3 and TMA treatment, one can 

also notice the significant increase of [Na] accompanied by the decrease of [Cu], [Zn], 

[Sn] and [S] (See Figure 6. 9). This observation indicates the formation of surface 
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oxides with an even larger amount of Na after either Al2O3 or TMA treatment. The 

variation in the atomic concentration of Na and Cu as a function of treatment is 

presented in Figure 6. 10i. Notice that a clear increase of Na accompanied by a 

decrease of the Cu after ALD treatment, while the overall quantity maintains relatively 

constant. The variation of the Na amount agrees well with the change tendency in the 

VOC along with different ALD treatment. It seems that heat treatment prompted the 

transportation of Na to the CZTS surface, while Al2O3 and TMA treatment make the 

amount of Na segregation to the surface even larger. These measurements suggest that 

the increased Na composition along with Cu deficit at the CZTS surface induced by the 

ALD treatment might contribute to the VOC improvement. 

To investigate the near-surface region of the CZTS before and after ALD-Al2O3 

treatment, XPS measurements were also carried out after sputtering to remove 

approximately 0.5 nm of material, as illustrated in Figure 6. 10e-h. The characteristic 

Al 2s peak almost completely disappeared for the Al2O3 treated sample after sputtering, 

confirming the removal of Al2O3. Meanwhile, the O and Na were almost completely 

removed for the Ref sample after sputtering indicating those surface oxides and 

Na-containing compounds are limited to a thickness around 0.5 nm. However, there 

were still oxides accompanied by Na present at CZTS/Al2O3 interface in the Al2O3 

sample, likely due to a larger amount of Na segregation in the presence of the Al2O3 

coating. This phenomenon was also confirmed from the near atomic-scale chemical 

analysis by atom probe tomography (APT). Figure 6. 11a shows the 3-D distribution of 

the atoms at the CZTS/Al2O3/ZnSnO interfaces of the 10.2% efficient CZTS device. 

Only the Na ions (green) and Cu ions (orange) are shown in this reconstruction. The 

concentration profile of Cu, Zn, Sn, S, O and Na atoms along the cylinder positioned 

across the interface (see Figure 6. 11) is illustrated in Figure 6. 11b. A bin size of 1 nm 

was chosen and all species present were decomposed into their constituent elements, as 

several molecular ions were present in the mass spectrum.  The concentration changes 

in Figure 6. 11b show that Na segregated between CZTS and ZnSnO, together with Al. 
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If only the [Na], [O], and [Al] is plotted it can be seen that the Al accumulation is also 

accompanied by an oxygen peak right between the CZTS absorber and ZnSnO buffer 

layer, hence confirms the excess O induced from the Al2O3. Together with the more 

O-rich surface layer of the passivated sample that was confirmed by the XPS results, 

the author hypothesizes that the excess oxygen, originating from the initial growth of 

ALD Al2O3, could form negative charged interstitial Oi
-, and therefore attract 

interstitial Nai
+ from bulk to the interface.  The role of Na has been found to act as a 

surfactant and suppressor of non-radiative recombination at the interface of CZTS 

solar cells.[86] 

Furthermore, after sputtering the Cu related peaks increased drastically compared 

with the as-received samples. In Figure 6. 10j, a further check of the Cu/(Zn+Sn) ratio 

before and after sputtering demonstrate that the Cu concentration increased 

considerably after sputtering, revealing a depletion of Cu at the near-surface region of 

the CZTS. Al2O3 and TMA treatment lead to a stronger reduction of the Cu/(Zn+Sn) 

ratio compared to the Ref treatment, thus leading to more depletion of Cu near the 

surface. The Cu depletion has also been observed at CIGS surfaces, however, caused 

by different mechanisms. Some reports suggested that the oxygenation-induced 

redistribution and increased Fermi energy at the surface should contribute to the 

liberation of Cu from surface to bulk.[246, 247] From the complementary relationship 

between Na and Cu, the increased concentration of Na seems to induce enhanced Cu 

depletion, probably attributed to ion exchange itself or the promotion of oxygenation. 

It is also interesting to note that the Al2O3 and TMA lead to a modification of the 

chemical composition at the CZTS surface (Na-rich, Cu-depletion) thus could induce 

the enlargement of the bandgap at the near-surface. The Al2O3/TMA induced bandgap 

widening at the CZTS surface suppressing the defects recombination between absorber 

and buffer layer might also be the reason for the improved solar cell performance.[74] 
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Figure 6. 11 Atom Probe Tomography of the 10.2% efficient CZTS device. a) 

Atom probe reconstruction of the ZnSnO/Al2O3/ CZTS interface area. Only the Na+1 

ions are displayed in light green, Cu+1 ions in orange. A cylinder was positioned across 

the interface to determine concentration changes along the direction of the arrow, and 

the results are shown in the concentration profile b) A bin size of 1 nm was chosen and 

all species were decomposed into their constituent elements. c) Partial atom probe 

reconstructions of the CZTS absorber layer where Na segregation along a grain 

boundary. Na+1 ions are displayed in green. Na-rich areas are displayed by using an 

isoconcentration surface with a Na value of 0.9 at.%. A cylinder was positioned 
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perpendicular across the grain boundary, to produce a one-dimensional cross-section 

measure of the concentration changes. The results are shown in the concentration 

profile d) and e). A bin size of 1 nm was chosen and all species were decomposed into 

their constituent elements. 

6.3.3 Surface electronic analysis 

 

Figure 6. 12 a) KPFM set up under illumination. b) Root-mean-square (RMS) 

roughness (Rq) distribution profile across the captured images in Figure 5a,e. c) 

Average CPD values difference between dark and light at illumination intensities of 

894 mW/cm2 (400 nm) and 12000 mW/cm2 (750 nm) for the reference and Al2O3 

treatment samples. Measurements were taken at a wavelength of 400 nm and 750 nm. 

 

Kelvin probe force microscopy (KPFM) was performed to study the effects of the 

Al2O3 treatment at the CZTS/ZnSnO heterojunction by detecting the local surface 

potential, providing the morphology and local electronic properties of the CZTS films 

upon passivation treatment. A schematic of the KPFM measurement setup is shown in 

Figure 6. 12a. The topography of the Ref and Al2O3 samples are shown in Figure 6. 

13a,e, no clear difference in the surface morphology and grain size due to the Al2O3 

treatment could be seen. Figure 6. 12b depicts the Root-mean-square (RMS) roughness 

(Rq) distribution of the CZTS/ZnSnO heterojunction films with and without Al2O3 

treatment, where the Ref (56.7 nm) sample shows a similar roughness compared to the 

Al2O3 sample (49.5 nm). To compare the electronic surface properties of the samples, 
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the simultaneously recorded contact potential difference (CPD) spatial maps were 

captured in dark conditions for Ref and the Al2O3 samples, as shown in Figure 6. 13b,f. 

Due to the absence of photoinduced charge carriers, the CPD results collected in dark 

conditions merely represent the properties of the as-prepared surface. It is visibly 

distinguishable that CPDs at the grain boundaries (GBs) are lower than grain interiors 

(GIs); a similar surface potential was also observed in the CZTS film without any 

treatment when measured in the dark in our previous research.[151] This lower GB 

potential formed due to the built-in electrical field arising from the passivation effects 

through Na segregation at the GBs.[70] According to previous first-principle 

calculations, an interstitial Nai
+ atom around the GB region could create a dip in the 

energy band diagram of CZTSe, which assists electron flow towards the GB and 

simultaneously repel holes.[248] Figure 6. 13i shows the distribution histogram of the 

CPD values measured in dark where a narrower distribution of CPD is observed in the 

sample with Al2O3 treatment, suggesting enhanced homogeneous chemical and/or 

electronic characteristics.  

Also, the overall CPD is shifted to a higher value for the Al2O3 sample which 

indicates higher band bending with respect to the tip and implies that the surface 

electronic and chemical states are different from the reference sample. Combining with 

the above chemical analysis results, one can suspect that change of the surface 

chemistry, rich in Na and O concentration, increases the overall CPD, thus, results in 

more band bending with respect to the tip. The author then checks the CPD values at 

the GBs and GIs for corresponding samples in Figure 6. 13k. It shows that average 

CPD value increased by 5.6% (7.0%) at the GIs compared to 9.0% (11.2%) at the GBs 

after treatment at a wavelength of 400 nm (750 nm), which infers that the increase of 

the overall CPD is mainly attributed to the CPD value increase at the GBs. Assuming 

that the electron affinity is nearly uniform over the CZTS surface, the potential 

distribution profile can be considered as a profile of the conduction band edge of the 

CZTS materials without regard to their raw numerical values.[249] The schematic 
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bandgap fluctuation for CZTS with and without Al2O3 treatment is shown in Figure 6. 

16a. Generally, the CZTS bandgap exhibits large local potential fluctuations triggered 

by a random distribution of charged point defects and Cu-Zn disorder.[65, 239] When 

the CZTS treated with Al2O3, the charged point defects can be passivated thus resulting 

in fewer local potential fluctuations, thus a large VOC improvement is expected. 

 

 
Figure 6. 13 Topography and light-induced surface potential measurements of the 

CZTS/ZnSnO heterojunction films with and without Al2O3 treatment. KPFM 

measurements of the two samples showing a, e) Topography and b, f) simultaneously 

recorded CPD spatial maps in the dark c, g) CPD spatial maps under various laser 

illumination intensities at a wavelength of 400 nm d, h) CPD spatial maps under 

various laser illumination intensities at a wavelength of 750 nm of CZTS/ZnSnO and 

CZTS/Al2O3/ZnSnO, respectively. i) CPD distribution obtained in dark conditions for 

the two investigated samples. j) Average CPD values for the reference and Al2O3 
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treatment samples as a function of illumination intensity at a wavelength of 400 nm 

and 750 nm. k) Average CPD values and CPD values difference between dark and light 

with illumination intensities of 894 mW/cm2 (400 nm) and 12000 mW/cm2 (750 nm) at 

GBs and GIs for corresponding samples. The scanning scales were 5 μm × 5 μm. 

 

To further examine the charge separation behavior in CZTS heterojunction before 

and after Al2O3 treatment, KPFM measurements under the illumination were performed 

using an excitation wavelength of 400 nm and 750 nm, respectively. Note that, a laser 

excitation wavelength of 400 nm is expected to induce the photo-generated carriers 

near to the surface of CZTS, whereas 750nm excitation produces a more uniform 

photogeneration within the bulk of CZTS. For each excitation wavelength, the 

illumination was switched on about every 1 µm during continuous scanning with 

increased illumination intensity from 0 to 894 mW/cm2 for 400 nm and 0 to 12000 

mW/cm2 for 750 nm (scan-axis is from bottom-to-top), as shown in Figure 6. 13c, d 

and Figure 6. 13g, h for Ref and Al2O3 sample, respectively. One can notice the two 

samples depict clearly different CPD contrast changing with the light intensity, as well 

as quite different responses to the illumination of different excitation wavelengths. 

Figure 6. 13j shows the average CPD values for the corresponding samples as a 

function of illumination intensity. The average CPD decreases as the light intensity 

increasing suggest that the photo-generated free electrons are accumulated at the front 

surface separated by the CZTS/ZnSnO heterojunction. The CPD drops from dark to 

highest intensity of illumination for Al2O3 sample is almost 2.3 times (1.8 times) larger 

than the Ref sample at a wavelength of 400 nm (750 nm) (shown in Figure 6. 12c), 

indicating the more effective charge-separation capability induced by the passivation 

layer. Especially at an excitation wavelength of 400 nm, the passivated sample shows 

an even larger CPD drop than the reference sample, likely due to the more efficient 

carrier separation at the surface of CZTS. Therefore, the Al2O3 sample passivates 

defects at the surface which promotes photo-generated charges carrier collection at 
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short wavelength, thereby explaining the enhanced blue response from EQE in the 

Al2O3 device (Figure 6. 4b).  

The CPD values difference between dark and light, also known as surface 

photovoltage (SPV), were calculated at GBs and GIs for corresponding samples, as 

shown in Figure 6. 13k. For the Ref sample, SPVGI was 23 mV whereas SPVGB was 

almost zero which indicated that there is no charge separation at the GB. On the other 

hand, the SPVGB becomes 34 mV when passivated and SPVGI becomes slightly higher 

compared to the Ref sample indicates that charge separation is much more enhanced at 

the GBs compare to GIs. The author suspect that more Na will accumulate at GBs 

during the negative charged interstitial Oi
- at the CZTS surface which attracts the 

interstitial Nai
+ from bulk to the interface. The partial atom probe reconstructions of 

the CZTS absorber layer shown in Figure 6. 11c was used to examine the elemental 

concentrations in the vicinity of GBs. It is observed that significant amounts of Na 

segregated towards the CZTS grain boundary, whereas hardly any Na was detected in 

the grain interior. A cylinder was positioned perpendicular across the grain boundary to 

determine the concentration changes as illustrated in Figure 6. 11d. Please note that a 

common problem with APT is that ion identification and range widths within the mass 

spectrum have an extensive effect on chemical composition.[250] Since a large number 

of molecular peaks were detected in the mass spectrum of this dataset, there is a chance 

that some of them might have been identified incorrectly, which would lead to errors in 

the concentration profile. Furthermore, there are several peak overlaps between some 

of the major peaks, e.g. Zn and S2 at 32 Da. The concentration values should, therefore, 

be regarded as qualitative, rather than quantitative. After careful analysis, the author 

found Cu and Zn enrichments, and Sn, S depletion at GBs compared to the GIs. 

Additionally, segregation of O accompanied by Na was also detected at GBs as shown 

in Figure 6. 11e. Our result suggests that the presence of Na in combination with O 

contributed to the passivation of the point defects at the CZTS grain boundary. Similar 

results have been reported in CIGS and CZTSSe films, where the formation of oxide at 
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the GBs also played an important role in defect passivation. Furthermore, an 

oxygen-substituted layer at the grain boundary resulted in lowered CBM of the CZTS 

grain boundary, thus formed hole barriers in the vicinity of the GBs.[84, 86]  

6.3.4 Mechanism of Al2O3 passivation on CZTS 

 

Figure 6. 14 a) SEM cross-sectional image of Cd-free CZTS solar cell with an Al2O3 

passivation layer inserted between CZTS and ZnSnO. b) Current density-voltage (J–V) 

characteristics and c) external quantum efficiency (EQE) of CZTS/ZnSnO record 

devices with Al2O3 interlayer under 1 Sun illumination (AM 1.5G spectrum). The 

integrated photocurrent density is included on the right Y-axis. 

 

As a direct demonstration of the benefits of ALD-Al2O3 passivation layer, the 

photocurrent density-voltage (J-V) characteristic of the champion Cd-free CZTS cell is 

shown in Figure 6. 14b. This ALD-treated device was obtained by depositing 5 cycles 

of Al2O3 before the ZnSnO buffer layer, leading to a JSC of 21.0 mA cm-2, VOC of 736 

mV, FF of 65.8% and PCE of 10.2%, enabling an increase of 10% relative in efficiency 

compared to previous record device without Al2O3, as shown in Table 6. 2. Figure 6. 

14c presents the external quantum efficiency (EQE) of the champion device with Al2O3. 

The EQE-derived JSC under 1 Sun illumination at 1000 W m-2 was measured to be 22.0 

mA cm−2 for the Al2O3 device, which was higher than the JSC obtained from the J–V 

measurement. This is reasonable as the small spot measurement used in EQE avoids 

the optical loss from the metal grid shading that was present in the J–V measurement. 
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Therefore, an active area efficiency of 10.7% was obtained for the record solar cell. 

Another noticeable improvement for the device with ALD treatment was the higher 

VOC and FF, pointing to the improved electronic quality of the CZTS/ZnSnO interface, 

especially considering that both devices were fabricated using otherwise identical 

experimental conditions.  

 

Table 6. 2 Corresponding values of photovoltaic parameters of the champion 

CZTS/Al2O3/ZnSnO solar cells compared to the previous champion CZTS/ZnSnO 

reference without Al2O3 passivation. Values based on the active area are reported in 

parentheses. 

Cell VOC 

(mV) 

JSC 

 (mA 

cm-2) 

FF 

(%) 

Eff 

 (%) 

Rs 

 (Ω 

cm2) 

Rsh  

(Ω 

cm2) 

A J0 

 (mA 

cm-2) 

CZTS/ZnSn

O 

720 20.5 63.5 9.3 0.40 669 2.58 3.59×10-4 

CZTS/Al2O3/

ZnSnO  

736 21.0 

(22.0) 

65.8 10.2 

(10.7) 

0.30 418 2.46 1.78×10-4 

 

The energy level of the CZTS surface before and after ALD treatment was 

characterized using ultraviolet photoelectron spectroscopy (UPS) measurements 

(Figure 6. 15). The valence band maximum (VBM) estimated from the valence band 

spectra for Ref sample was 0.53± 0.1 eV below the Fermi energy level (EF). This value 

seems unchanged for the H2O treated sample while it improved for the TMA and Al2O3 

treated samples. It was found that the valence band maximum shifted by about 0.12 ± 

0.1 eV away from the Fermi energy level after Al2O3 treatment. Subsequently, the 

conduction band minimum (CBM) of CZTS surface can be obtained by adding the 

bandgap determined from the EQE band edge at long wavelength. Herein, the band 

diagrams illustrating the band alignment at the heterojunction for CZTS with and 
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without Al2O3 treatment are depicted in Figure 6. 16b, c. Clearly, the Al2O3 passivated 

sample demonstrated a lowered VBM at the surface, as well as slightly lowered CBM, 

compared to the reference. Consequently, the additional downward band bending 

induced by Al2O3 treatment is expected to decrease the interface recombination. This 

modified band alignment can be attributed to the Cu-depleted compound with a higher 

concentration of O and Na (see the XPS analysis) formed at the near-surface region of 

CZTS/ Al2O3. Density function theory (DFT) calculations on Cu2ZnSnSe4 and 

oxidized Cu2ZnSnSe3O1 have shown that O substitution for Se can suppress the VBM 

and lead to an increase in bandgap.[84] This O substitution for S might also take place 

at the surface of CZTS and demonstrate a similar change in the electronic band 

structure of Cu2ZnSn(S, O)4. The downward band bending also suggests the net 

negative charge originated from interstitial Oi
- at the surface has been mostly 

compensated, due to a large amount of Na segregation.  

 

Figure 6. 15 a, b) UPS spectra of the CZTS absorbers with different ALD treatment. c) 

Energy band positions for CZTS absorbers of valance band maximum with respect to 

Fermi level energy, EF.  
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Figure 6. 16 a) Schematic bandgap fluctuation in the electronic structures of CZTS 

with and without Al2O3 treatment. Band diagrams illustrating the band alignment 

structure for b) CZTS/ZnSnO and c) CZTS/Al2O3/ZnSnO. d) Mechanism illustration 

of the CZTS absorber surface modification when exposed to ALD-Al2O3treatment. 

 

The author then proposes a potential mechanism of the CZTS absorber surface 

modification when exposed to the ALD-Al2O3 treatment in Figure 6. 16d. The pristine 

CZTS absorber after sulfurization had a Na-containing nano-layer when exposed to an 

ambient atmosphere, accompanied by –OH groups on the surface. This nano-layer was 

Cu-poor, Zn- and Sn-rich compared to the bulk composition, which might be attributed 

to the oxygenation-induced redistribution of Cu or Na substitution for Cu. When the 
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absorber was subjected to a TMA or Al2O3 treatment, Al2O3 clusters featured by a 

higher O/Al ratio than the stoichiometric value will form at the initial growth of the 

ALD process. The resulting excess of oxygen at the interface is speculated to be at 

least partly present negative charged interstitial Oi
-, therefore, attracting interstitial Nai

+ 

from bulk to the interface. Thus, the Al2O3 treated CZTS surface had a thicker 

Cu-deficiency nano-layer with an even higher concentration of Na and O. The 

additional Na and O then acted as surfactant and suppressor of non-radiative 

recombination at the interface of CZTS solar cells, hence reduces the local potential 

fluctuation of band edges and leads to the widened electrical bandgap, hence the 

improvement in VOC and device performance. 

6.4 General conclusions 

In this chapter, it was demonstrated that the ALD- Al2O3 as a passivation layer can 

greatly enhance the performance of CZTS solar cells by promoting downward band 

bending, reduced the bandgap fluctuation and suppressed defect recombination at the 

heterojunction interface. Specifically, TMA plays a key role rather than other ALD 

sub-steps in the passivation of CZTS/ZnSnO heterojunction. This prompted us to 

identify the origin of the chemical modification of the CZTS surface through different 

sub-steps of the ALD process. The improvement in VOC resulting from the different 

ALD treatments was found to be well correlated with the Na variation at the CZTS 

surface. It was then speculated that the excess oxygen originating from the initial 

growth of ALD alumina might explain the enhanced segregation of Na at the CZTS/ 

Al2O3 interface. Finally, a plausible mechanism for the passivation induced by 

ALD-Al2O3 was proposed. ALD-Al2O3 facilitates the formation of a thicker 

Cu-deficient nano-layer with a higher concentration of Na and O, forming a 

homogeneous passivation layer across the CZTS surface. This nano-layer reduces the 

local potential fluctuation of band edges and leads to the widened electrical bandgap, 

hence the improvement in VOC and device performance.   
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Chapter 7    Summary  

7.1 Conclusions 

Kesterite Cu2ZnSnS4 solar cell, which only consists of earth-abundant non-toxic 

elements, is regarded as one of the most promising candidates for sustainable 

large-scale PV deployment. The demand for more efficient photovoltaic devices has 

motivated the design and materials at the nanoscale which can be easily achieved by 

atomic layer deposition technique. 

To deal with the VOC deficit issue, I first presented the study of Cd-free buffer 

layers deposited by thermal ALD and their application on CZTS devices. In this part, 

the recipes for deposition of ZnO, SnOx and MgO films by thermal ALD were 

developed with the help of in-situ diagnosis. The synthesis of a wide range of 

Zn1-xSnxO (0≤x≤0.3) films was then carried out. By carefully optimizing the thickness 

and composition of ZTO, a Cd-free CZTS solar cell with an efficiency of 9.3 % was 

achieved. The decreased interfacial crystalline defects stemming from the minor lattice 

mismatch at the CZTS/Zn(S,O)/ZTO hetero-interface in combination with the 

favorable band alignment of CZTS/ZTO explained the significant increase in 

open-circuit voltage. A SCAPS model was established to describe the characteristics of 

CZTS/Zn0.77Sn0.23O devices as the baseline model.  

Secondly, I reported about the development of an alternative window layer, which 

is essential to minimize the optical loss as well as prevent shunt paths in CZTS 

thin-film solar cells. I proposed the use of a high bandgap window layer Zn1-xMgxO 
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and investigated its impact on device performance. A wide range of Zn1-xMgxO 

(0≤x≤0.4) films were synthesized through thermal and plasma-enhanced ALD. The 

optical and structural properties of ZMO thin films with different stoichiometry grown 

from both different ALD techniques were systematically investigated. The optimized 

solar cell with thermal ALD processed ZMO window layer demonstrates the expected 

improvement in both Jsc and VOC but not the FF and efficiency. In contrast, ZMO 

films fabricated by plasma-enhanced ALD showed the expected increase in Jsc, VOC 

and efficiency although the FF was still relatively low. A 9.2% efficient Cd-free CZTS 

device with a structure of Mo/CZTS/ZnSnO/PE-ZMO/ITO was fabricated. The 

explanation of the difference was given in terms of the material properties, band 

alignment coupled with numerical device simulation.  

Finally, I demonstrated the application of ALD Al2O3 as heterojunction passivation 

layer and discerned the mechanism behind the effective passivation effects. This part 

presents a world-record efficiency of 10.2 % for Cd-free CZTS device resulting from 

the application of an Al2O3 passivation layer prepared by ALD. The ALD Al2O3 as a 

passivation layer can greatly enhance the performance of CZTS solar cells by 

promoting downward band bending, reduced bandgap fluctuation and suppressed 

defect recombination at the heterojunction interface. Specifically, it shows that TMA 

plays a key role rather than other ALD sub-steps in the passivation of CZTS/ZnSnO 

heterojunction. The improvement in VOC resulted from the different ALD treatments 

was found to be well correlated with the Na variation at the CZTS surface. In addition, 

the excess oxygen originating from the initial growth of ALD alumina might explain 

the enhanced segregation of Na at the CZTS/ Al2O3 interface. Finally, a plausible 

mechanism for the passivation induced by ALD-Al2O3 was proposed. ALD-Al2O3 

facilitates the formation of a thicker Cu-deficient nano-layer with a higher 

concentration of Na and O, forming a homogeneous passivation layer across the CZTS 

surface. This nano-layer reduces the local potential fluctuation of band edges and leads 

to the widened electrical bandgap, hence the improvement in VOC and device 
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performance. 

7.2 Original contributions 

The original contributions arising from this thesis are listed below: 

 The deposition and characterization of Zn-based ternary compounds by the 

supercycle ALD process was established. The implementation of in situ 

measurements accelerated the development of various functional materials with 

tunable compositions and properties. 

 The ZnSnO films fabricated by thermal ALD were applied as a buffer layer in 

CZTS solar cells to test their performance at the device level. The high 

conversion efficiency of 9.3 % and an impressive 10 % increase in open-circuit 

voltage were achieved by carefully optimizing the thickness and composition of 

ZnSnO, demonstrating the great potential of ZnSnO buffer layer for Cd-free 

CZTS application. This was a world-record efficiency for a Cd-free CZTS solar 

cell at that time. 

 An ultra-thin Zn(S,O) tunnel layer was firstly confirmed by characterizing the 

microstructure and chemical nature of the CZTS/ZnSnO interface, which 

contributes to the decreased interfacial defects at the heterointerface. This 

finding in combination with the passivation provided by a higher sodium 

concentration throughout the CZTS/ZTO device could explain the significant 

increase in open-circuit voltage. 

 The synthesis of ZnMgO films was performed using both thermal ALD and 

plasma-enhanced ALD techniques. In-situ ellipsometry measurement revealed 

the different growth behavior for ZMO films deposited by thermal ALD and 

PE-ALD and correlated them with the different fundamental properties of the 

films.  

 ZnMgO films were employed as a window layer to minimize the optical loss as 

well as prevent shunt path in CZTS thin-film solar cells. The device with 
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PE-ALD deposited ZnMgO exhibited better performance than thermal ALD 

deposited ZnMgO. A 9.2% efficient Cd-free CZTS device was fabricated with a 

novel structure of Mo/CZTS/ZnSnO/PE-ZnMgO/ITO without anti-reflection 

coating, thanks to the significantly enhanced Jsc and VOC. 

 Efficiency greater than 10 % for Cd-free CZTS cell was achieved for the first 

time, resulting from the application of an ALD-Al2O3 passivation layer at the 

CZTS/ZTO heterojunction interface. The ALD-Al2O3 as a passivation layer can 

greatly enhance the performance of CZTS solar cells by promoting downward 

band bending, reduced bandgap fluctuation and suppressed defect 

recombination at the heterojunction interface. 

 The mechanism of Al2O3 passivation effect on CZTS solar cells was 

systematically investigated by optoelectronic characterization, surface chemical 

and electronic analysis. A plausible mechanism for the passivation induced by 

ALD-Al2O3 was proposed: ALD-Al2O3 facilitates the formation of a thicker 

Cu-deficiency nano-layer with a higher concentration of Na and O, forming a 

homogeneous passivation layer across the CZTS surface. The ability of 

nanolayers to alter the atomic composition in the near surface region of 

compound semiconductors might be beneficial for a wider range of 

semiconductor devices.   

7.3 Perspectives 

Although impressive improvement has been made in this work regarding CZTS 

solar cells by employing ALD thin films, there are still opportunities to push it even 

further. Motivated by the studies in this thesis, alternative buffer layers, interface 

passivation layers and transparent conductive oxide layer or different ALD process 

could be explored for CZTS solar cells. 
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7.3.1 Alternative dopants for Zn-based buffer layers 

To avoid the utilization of the CdS buffer layer, a potentially interesting research 

topic is the exploration of Zn-based thin films by ALD for application as a buffer layer. 

In addition to ZnSnO studied in this thesis, there are still other alternatives such as 

Zn(O,S)[42], ZnMgO which have shown great achievements in CIGS solar cells. By 

carefully tuning the composition and deposition condition of those materials, more 

favorable band alignment and microstructure property could probably be achieved. 

Therefore, high-performance solar cells could be achieved due to the enhanced quality 

of the absorber/buffer heterojunction. 

7.3.2 Alternative oxides for interface layers 

 From the lessons we learned from the Al2O3 passivation effect on CZTS, the 

metal precursor played a critical role in passivating the interface defects. Therefore, for 

interface modification of heterojunction, current research can still be further expanded 

by using different metal precursors in ALD process. An example of alternative Al 

precursor is the non-pyrophoric aluminum isopropoxide which has shown effective 

passivation effects on c-Si wafer.[220] Potential research could focus on the 

development of alternative precursors for the deposition of ultra-thin Al2O3 passivation 

layer in high-efficiency CZTS concepts. 

For back contact interface, application of high work function materials such as 

WO3/MoO3 on CZTS devices could create an electrostatic field in the back contact to 

decrease the recombination of holes and electrons, thus have great potential to enhance 

the device properties.[96, 251] WO3 and MoO3 thin films by ALD offer numerous 

merits including atomic-scale thickness control at low deposition temperatures thus 

have the potential to improve the quality of the back contact interface.[252, 253]  
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7.3.3 Alternative ALD process for window layers 

Triggered by the record efficiency of CIGS solar cell with ZnMgO as a window 

layer, opportunities still exist to boost the CZTS performance by optimizing the 

ZnMgO characteristics with alternative ALD process.[142] Besides, other functional 

materials including ZnMgO:Al[254, 255], ZnMgO:B[256], InZrO[257] have 

demonstrated their application on CIGS or c-Si solar cells as a window or TCO layer. 

Those materials are accessible by ALD with adjustable properties, which can also be 

effective in CZTS devices to minimize the band alignment mismatch, parasitic 

absorptions and interference effects. Together with the electrical and optical design of 

the buffer/window layers, optimized ALD thin films can be easily achieved to fulfill 

the requirement of CZTS solar cells. 
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