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ABSTRACT OF THE DISSERTATION 

Processing-dependent Growth Mechanisms and Performance Improvement of 

Kesterite Solar Cells 

by 

Wan-Ching Hsu 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2014 

Professor Yang Yang, Chair 

 

As the global population and economy grow rapidly, energy has been an 

increasingly difficult issue. We not only have to set our minds to developing new 

technologies to deliver carbon-neutral energy to prevent disastrous interference in the 

global climate, we also have to consider if the scale of the new energy is large enough to 

fulfill the growing demands, which will reach 28 TW by year 2050. Most of today’s 

commercially available PVs used one or more rare elements. It is expected that, based on 

today’s commercially available PVs, the production will bump into the ceiling of natural 

resources even before the needed scale has been reached. Kesterite solar cell composed of 

earth abundant elements prevents this issue. 

To make kesterite solar cells realistic and cost-effective, both the cell performance 

and the manufacturing processes have to be effective enough, i.e. high power conversion 



II 

 

efficiency, low cost and high throughput. Co-evaporation, hydrazine-based processing and 

nanocrystal film selenization are three of the processes achieving the highest performance 

kesterite solar cells to-date (8% ~ 12%). This study aims for high power-conversion 

efficiency by playing to the strengths of these processes, while also taking realistic 

concerns, such as process scalability and simplicity, in to account. In-depth growth 

mechanisms, including the phase evolutions, reaction pathways, and morphology 

transitions, are studied to help to manage the challenges.  

By understanding how to precisely control the composition/phases of films, 8-9% 

cell efficiencies are demonstrated by multiple co-evaporation deposition routes. A 

beneficial reaction pathway is suggested for the hydrazine-based processing, which may 

explain the high efficiency record set by the process. Through the analysis of the 

selenization effect and the engineering of the film surface composition, 8.6% cell 

efficiency has been obtained by the nanocrystal approach. The 8.6% device was finished 

by all-solution process all the way from kesterite deposition to transparent electrode 

deposition. The high performance of this all-solution processed device shows the great 

potential to manufacture low-cost, high-throughput, and high-performance kesterite solar 

cells in the future. 
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Chapter 1 Introduction of earth abundant kesterite solar cells 

The introduction starts with the natural resource limitation on PV scaling, and 

explains how kesterite solar cells could be a solution (Sec. 1.1 ~ Sec. 1.2). Later, the current 

development status of kesterite solar cells and the basic structural, optical, and electrical 

properties of the kesterite material are then reviewed (Sec 1.3). After a brief introduction 

of the operation principle of kesterite solar cells (Sec 1.4), the chapter goes into the 

fabrication processing of the kesterite thin film (Sec. 1.5). Three processes – co-

evaporation, hydrazine-based processing, and nanocrystal film selenization – are the main 

focuses of the thesis and therefore are discussed in better detail in this chapter. At last, to 

open the discussion in the next three chapters of the thesis, the importance of controlling 

film composition, secondary phases, point defects, and grain morphology are elaborated 

(Sec. 1.6). 

1.1 Natural resource limitation: the obstacle for PV to meet the growing energy 

demand  

The rapid growth of energy demand is a major challenge of this century. In order 

to prevent disastrous interferences to global climate and in the meanwhile support the 

growth of the population and economy, we soon have to restrain the usage of fossil fuel 

and instead replace with cost effective carbon-neutral energy resources. Just to reach the 
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less demanding IS92a scenario of carbon dioxide concentration in the atmosphere, 10 TW 

in the 28 TW of global power demands of year 2015 needs to be supplied by carbon-neutral 

energy resources. 10 TW is equivalent to the power generated by all resources in combine 

in year 1998. The required scale is orders of magnitude beyond today’s available carbon-

neutral resources.[1][2] 

Within all the C-neutral energy sources, solar power has the greatest potential to 

achieve the 10TW goal based on the virtually unlimited amount of sunlight and its 

accessible distribution compared to the other resources under developing, including wind, 

geothermal, and sea waves. Photovoltaic (PV) is by far the most mature and fast growing 

technology to harvest solar power. US Department of Energy (DOE) report indicates that 

the maximum potential of power production by PV is as high as 7500 TW assuming that 

the highest efficiency PV devices are used.[2][3] 

However, even though the sunlight itself is unlimited, the raw material consisting 

the PV device to harvest sunlight is not. The commercially available PV panels including 

crystalline silicon, and thin films (amorphous silicon, CdTe, and CIGS) all use one or more 

rare elements. For silicon solar cells, the use of silver is the major problem; for CIGS and 

CdTe, the use of indium and tellurium, respectively. Based on the total reserve of these 

limiting elements, crystalline silicon, CdTe, and CIGS in combine can only produce no 

more than 15% of the 10 TW needed by 2050.[4] Apparently, the natural resource 

limitation is a critical factor in the race of green energy source. The problem has not 

reflected in the price of solar panels in present stage only because the production scale 

today (around 50GWp[5]) has not even come close to what it will be when 10TW is 

urgently in need. 
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Figure 1.1 The maximum potential of power production by PV is as high as 7500 TW assuming 

that the highest efficiency PV devices are used. However, only 1.5 TW can be delivered with 

natural resource limitation based on current technologies, which is only 15% of what we need by 

year 2050. 

1.2 Kesterite: the earth abundant alternative to CIGS solar cells  

CIGS has the highest conversion efficiency in the thin-film family both in terms of 

laboratory-scale cell efficiency and commercially available panel efficiency.[6] The record 

cell efficiency has just reached 20.8%[7], which brakes the record cell efficiency of 

polycrystalline silicon solar cell, a moment before the completion of this thesis, rendering 

the efficiency only second to single crystalline III-V and silicon solar cells. Multiple 

manufactures have reported panel efficiencies beyond 15%[8][9][6]. Despite the success 

in performance, the deficient deposit of indium and secondly gallium in the earth crust and 

their finite production rate will eventually limit the up scaling of the technology. Tao et 

al[4] estimates, by depleting the earth deposit of indium, the limitation is 816 GWp of 

CIGS panel based on the existing production technologies, convertible to 100-130 GW of 

averaged output, which is less than 1.3% of the 10TW carbon-neutral energy source 

required by 2030.  
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Kesterite, Cu2ZnSnS4, has been treated as a potential earth abundant substitution to 

CIGS for its multiple similarities in structural, optical, and electrical properties (see Section 

1.3). From CIGS (chalcopyrite) to CZTS (kesterite), group III indium and gallium are 

replaced by group II zinc and group IV tin. The relative abundance of zinc and tin by atom 

fraction in the Earth’s upper continental crust can be found in Figure 1.2 reported by the 

US Geological Survey[10]. As shown in the figure, zinc and tin are three orders and two 

orders, respectively, more abundant than indium. By a rough estimation, assuming kesterite 

may reach the same efficiency as CIGS in the future, based on raw material reserve, we 

may expect the capacity of kesterite solar cell to be two orders above that of CIGS (100 ~ 

130GW averaged power output), which is around 10TW averaged power output and 

possibly sufficient to satisfy or close to the goal of 2050.  

 

Figure 1.2 The relative abundance of elements by atom fraction in the Earth’s upper continental 

crust according to US Geology Survey.[10] 
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Based on the confidence and experience gained from CIGS solar cells, the cell 

efficiency of kesterite has thrived in a rapid pace in the recent years. It is in general 

optimistic that the efficiency may catch up CIGS in near future. Cell efficiency of 7% - 

12% has been realized by multiple processes ranging from vacuum deposition to direct 

solution casting in laboratory scale (see Sec 1.4). To date, the record efficiency is 12.6% 

via adirect hydrazine-based solution coating process by IBM T.J. Watson.[11] However, 

not all of the material developed in these processes are fully earth abundant. Se/S alloys 

have been often used (see Sec 1.3 and 1.4). Kesterite has also attracted interest of multiple 

industrial players including Stion, Solar Frontier, and Solexant. A 8.6% sub-module has 

been reported by Solar Frontier.[12] The up-to-date progress in both lab scale and panel 

scale are summarized in Table 1.1. 

Next, we still have to further improve the small-area cell efficiency to be at least 

comparable to CIGS, and at the same time seeking fabrication processes with less energy 

input, lower cost, and higher throughput, in order to bring down the dollar/watt of the 

technology. Only cost effective carbon-neutral energy resource will be able to replace fossil 

fuels while maintaining the growth of economic system and population. 
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Table 1.1 A summary of lab-scale and sub-module best efficiencies. For the definitions of 

efficiency, VOC, JSC, and FF, see Sec 1.4. 

Methods Compound Efficiency 

(%) 

VOC 

(mV) 

JSC 

(mA/cm2) 

FF 

(%) 

AR 

coating 

Institute 

Hydrazine-based 

processing  

CZTSSe 12.6 513 35.2 69.8 Y IBM[11] 

Nanocrystal-

based processing 

CZTSSe 8.5 451  28.9  64.9 N DuPont[13] 

Single-step  

co-evaporation 

CZTSe 9.15 377 37.4 64.9 Y NREL[14] 

Two-step 

evaporation* 

CZTS 8.4 661 19.5 65.8 Y IBM[15] 

CZTS 8.65%  711 20.7 58.7 N Solar 

Frontier[12] 

* Sub-module. 

1.3 The structural, optical, and electrical properties of kesterite 

Kesterite is very close to CIGS in terms of both crystal structure, and 

optical/electrical properties critical for the solar-cell application. In general, the optical 

properties of kesterite are as superior as those of CIGS, while the electrical properties still 

need to be improved. A comparison between these properties between the two materials is 

summarized in Table 1.2. 

Table 1.2 A table compare the structural, optical and electrical parameters of kesterite to 

chalcopyrite (CIGS). 

 Compound Structure Band gap Opt. absorp. 

coefficient 

Carrier 

concentration 

Minority carrier 

lifetime 

Chalcopyrite Cu(In,Ga)Se2 Zinc-blende 

based 

1.05 ~ 1.65 eV[16] 1015 cm-1[16] 1015-16 cm-3[17] 50 ~ 500 ns[17] 

Kesterite Cu2ZnSn(Se,S)2 0.94 ~ 1.45 eV[18] [19] 1014-5 cm-

1[19] 
1015-16 cm-3[17] Several ns[17] 
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1.3.1 Crystal structure and optical properties 

The crystal structure of kesterite as well as that of CIGS is based on a II-VI zinc-

blende structure. By replacing half of the group II zinc by group I copper, and replacing 

the other half by group III indium and gallium, the zinc-blende structure becomes I-III-VI2 

or chalcopyrite structure. The chemical formula is Cu(In,Ga)Se2. By further replacing half 

of the group III indium by group II zinc and replacing the other half by group IV tin, the 

chalcopyrite structure becomes I2-II-IV-V4, or kesterite structure. The chemical formula is 

Cu2ZnSnSe4 or Cu2ZnSnS4. The band gaps of I-III-VI2 and I2-II-IV-V4 compound are 

narrower than those in II-VI compounds, and the resulting optical absorption range leads 

to better solar-cell performance. An optimized absorber band gap makes it possible to 

achieve a balance between the output current and voltage of the resulting solar cells. The 

model of the Shockley-Queisser detailed balance limitation indicates that an optimized 

band gap is located in the range 1.15-1.35 eV.[20] With a configuration of I2-II-IV-V4, 

kesterite compounds have a naturally suitable band gap. (A summary of the evolution of 

the electronic structure of multinary chalcogenide semiconductors can be found in a 

previous publication[21].) The crystal structure of chalcopyrite and kesterite are compared 

in Figure 1.3. 
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Figure 1.3 Comparison of the crystal structure of chalcopyrite and kesterite. Adapted with 

permission © 2011 Elsevier. 

The band gap energy of kesterite can be further fine-tuned by common group ion 

substitution. In the CIGS system, common group ion substitution, between S and Se and 

between Ga and In, is a well-known strategy for optimizing the material’s band gap. This 

approach has also been adapted by the kesterite system. Cu2ZnSnSe4, Cu2ZnSnS4, 

Cu2ZnGeSe4, and Cu2ZnGeS4 have increasing band gap energies of 0.94 eV[18], 1.45 

eV[19], 1.51 eV[22], and 2.27 eV[21], respectively. An optimized band gap energy can be 

obtained by alloying these kesterite compounds. Another attractive optical property of 

kesterite is its high absorption coefficient. As a direct band gap material, the absorption 

coefficient is in the order of 1014 cm-1[19], which requires less than 2 µm of absorption 

length for visible light, while silicon, an indirect band gap material, requires around 100 

µm of absorption lengths. The reduction in required absorber film thickness is a key 

advantage of thin-film solar cells over crystalline silicon solar cells, because of the saving 

in raw material and, increasingly more importantly, the potential to build devices on light 
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weight, flexible substrates, especially when the installation labor cost of rooftop solar 

panels is more than 10% of the total system cost. (According to NREL’s report, in 2013 in 

the US, residential system cost is 4.52/W and the installation labor is responsible for 

0.55/W.[23]) Also, flexible substrates also mean that roll-to-roll (R2R or web) fabrication 

is adaptable, which has significant higher throughput and lower cost than batch-to-batch 

fabrication. 

1.3.2 Electrical properties 

Kesterite is a p-type semiconductor doped by intrinsic dopants.[24] First principle 

calculation based on density function theory shows that Cuzn anti-site point defect has low 

formation energy and activation energy relative to thermal energy at room temperature 

therefore, it is probably the major acceptor.[25][26] It has also been suggested that the 

species of point defects serving as major acceptor is growth condition dependent. For 

example, Cu vacancies in certain growth conditions may serve as the major acceptor[24].  

For solar cell absorber, the following two basic electric properties serve as figure 

of merit and directly determine the performance of the device: (1) free carrier concentration 

and (2) minority carrier lifetime.[27][28] Higher free carrier concentration not only results 

in a Fermi level closer toward the band edge, but also narrows the depletion region, creating 

a higher electric field across, which reduces the space-charge-region recombination. 

Longer minority carrier lifetime indicates a lower recombination rate and thus a smaller 

undesired recombination current. All these effects maximize the built-in potential of a p-n 

junction and the maximum power output of the device. 
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The free carrier density of kesterite has been reported in the range of 1015 to 1016 

cm-3 and is a function of processing conditions and S/Se ratios.[29][17] The number is 

close to that of the state-of-art CIGS. The minority carrier lifetime of kesterite is less than 

10 ns[30][31][17]. Comparing to the tens nanoseconds[32] and sometimes over 100 ns[17] 

lifetime of CIGS, the minority carrier lifetime is obvious a major urgent problem for 

kesterite. The problem of short minority carrier lifetime is shown clearly in the deficit of 

open circuit voltage (VOC) of the solar cell.[30][33][34] The Eg/q-VOC of CIGS is usually 

below 0.5V[17], while the number of the best kesterite solar cell is as high as 0.61V[11]. 

(For the definition of VOC, see Sec. 1.4) 

1.4 Operating principles of kesterite solar cells 

The most commonly used device structure of kesterite solar cells is identical to that 

of the CIGS solar cells: a soda-lime glass substrate, a sputtered molybdenum back electrode, 

a kesterite absorber layer, a chemical-bath-deposited CdS layer, a sputtered 

resistive/conductive ZnO bi-layer or other transparent conducting oxides as top electrode, 

and evaporated metal grids (see Figure 1.4). 

In operation, a range of solar spectrum is absorbed by the high-absorption-

coefficient kesterite layer, where the electron/hole pairs are created. The n-type ITO/ZnO 

and p-type kesterite introduce a build-in potential by charge transfer to separate these 

electron and hole pairs and guide them into the top ITO electrode, and bottom molybdenum 
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electrode, respectively. A band diagram of the whole cell structure is also shown in Figure 

1.4. 

 

Figure 1.4 Device structure and band diagram of kesterite solar cells 

The cell performance is evaluated by power conversion efficiency (PCE). 

PCE = (
(V ∗ J)𝑎𝑡 max 𝑝𝑜𝑤𝑒𝑟 𝑝𝑜𝑖𝑛𝑡

𝑖𝑛𝑝𝑢𝑡 𝑙𝑖𝑔ℎ𝑡 𝑝𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎
)  = (

𝑉𝑜𝑐 ∗ 𝐽𝑠𝑐 ∗ 𝐹𝐹

𝑖𝑛𝑝𝑢𝑡 𝑙𝑖𝑔ℎ𝑡 𝑝𝑜𝑤𝑒𝑟 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑎𝑟𝑒𝑎
) 

The maximum power point, open-circuit point, short-circuit point are indicated in 

a sample current -voltage (I-V) curve shown in Figure 1.5. The open-circuit voltage (VOC) 

is the voltage at the open-circuit point. The short-circuit current density (JSC) is the current 

density at the short-circuit point. The Fill Factor is the ratio between V*J at maximum 

power point and VOC*JSC. 
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Figure 1.5 A sample current-voltage (IV) curve. ISC = JSC * device area. 

1.5 Overview of successful developed processes and recent progress 

Table 1.1 summarizes several successful processes for kesterite solar cells, 

including high-temperature co-evaporation, low-temperature evaporation, molecular-scale 

solution processing, and nanocrystal films selenization processing. There are many more 

processes not covered by Table 1.1, including electroplating, sputtering, etc. To help the 

readers to differentiate these various processes, the below comparisons are provided in 

Table 1.3. Also, detailed descriptions are given for the three processes involved in this 

study, co-evaporation, hydrazine-based solution processing, and nanocrystal film 

selenization. 
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Table 1.3 Comparison of the processes 

 Single-step Two-step 

Vacuum-phase 

deposition 

Co-evaporation[14] 

(9.15%) 

Low-temperature evaporation[15][35][36](8.4%) 

Sputtering[37][38][39](8.4%) 

Liquid-phase 

deposition 

 

 Hydrazine-based processes[40][34][11][41][42](12.6%) 

Nanocrystal-based processes[43] [13][44][45][46](9.85%) 

DMSO-based processes[47][48] (8.3%) 

Ethanol/water-based processes[49][50](5.36%) 

Electroplating[51](7.3%) 

1.5.1 Single step vs two step:  

Most of the above mentioned processes are two-step processes, which employ a 

low-temperature deposition step and a high temperature post-annealing step at atmospheric 

pressure. For most cases, the second annealing step is carried with presence of chalcogen 

vapor. The reasons behind this trend will be discussed in Chapter 2. 

Co-evaporation, as one of the focus of this dissertation, is an exception. In co-

evaporation, the material deposition and the phase formation take place simultaneously in 

a single step on a high-temperature substrate. In details, metals and chalcogens, Cu, Zn, Sn, 

Se/S are thermally evaporated and condensed on a substrate. The temperature of the 

substrate is set around 500˚C, which is high enough for the immediate formation of 

kesterite. Up to date, co-evaporation is the only processing capable of producing record-
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efficiency CIGS solar cell in the last 20 years [52]; in the industry, multiple companies[53] 

have adapted co-evaporation and produced products in the market. However, the cost of 

co-evaporation of CIGS is often considered higher than the two-step sputtering technique, 

which has been widely accepted as a standard tool in various semiconductor industries[53]. 

1.5.2 Vapor phase vs liquid-phase deposition 

The thin-film deposition techniques can be also divided into two categories. One is 

the vapor-phase deposition, such as evaporation and sputtering. The other is the liquid-

phase deposition by spin coating, blade coating, slut coating, or spray coating. In addition 

to the vapor-phase co-evaporation deposition, this thesis also heavily involve two liquid-

phase depositions, hydrazine-based and nanocrystal-based depositions. 

 A drawback of all the vapor-phase depositions is the requirement of high vacuum 

(at least 10-6 Torr) to provide long mean free path for the vapor atoms to insure a reasonable 

material utilization rate.[54] The high requirement on vacuum level boosts the capital 

investment in equipment and the input electricity. These investments eventually add up to 

the cost/watt of the products. 

1.5.3 Molecular-scale solutions vs nanocrystal inks 

The first step to develop a liquid-phase deposition technique is to invent a 

homogeneous and processible ink, either fully dissolved real solution or a colloidal 

suspension or even the mixture of the two. 
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In the hydrazine-based processing, hydrazine is used as a solvent to either totally 

dissolve the binary chalcogenide or disperse the metal chalcogenide-based nanoparticles. 

After casting the films, a subsequent thermal treatment is required but not necessary with 

chalcogen vapor. As solution-based, the hydrazine-based processing eliminates the need of 

high vacuum during film depositions. However, the highly explosive and toxic properties 

of hydrazine has kept the process from being scaled up. 

In nanocrystal-based processing, a different strategy is adapted to create a 

processible homogenous ink. Instead of attempting to fully dissolving binary precursors, 

carbon-chain capped nanocrystals are synthesized and dispersed into organic solvents. In 

this way, large quantity of carbon is introduced into the system but aggressive solvents 

such as hydrazine can be avoided. 

1.6 Influential factors to improve device performance  

Various influential factors for kesterite cell performance have been discussed in the 

literature, such as band gap engineering[55][56], role of S/Se ratio[57], sodium doping 

concentration[58][59], conduction band offset between the kesterite layer and CdS 

layer[60][61][62], and molybdenum back contact properties[63][64]. Here, the importance 

of film composition, secondary phases, point defects, and grain morphology are 

highlighted, not only because these factors are highly related to the scope of the thesis, but 

also because they are considered some of the most important factors. 
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Previous studies[65][66][67] have shown clearly that the device performance of 

kesterite solar cell significantly depends on the film composition. Composition control is 

critical and nontrivial because kesterite is a quaternary compound (or even 5-elements 

counting both sulfur and selenium). More elements are involved, more possible secondary 

phases and more species of point defects may be introduced. 

1.6.1 Composition and secondary phases 

Even though kesterite and CIGS structures are both based on the zincblende 

structure, kesterite is known to be less tolerable in composition. It exhibits only a small 

single-phase region in the equilibrium phase diagram, according to experimental[68] and 

computational[26] results. Venturing out of this region leads to the formation of numerous 

binary and ternary phases such as Cu2-XS, ZnS, SnSx, and Cu2SnS3, or their selenide 

counterparts. CuxSey or CuxSy is notorious as semi-metallic phases which creates shunting 

paths for the device. The effect of Cu2SnSe3/Cu2SnSe3 and SnSex/SnSx and are relatively 

unclear, but since they have a smaller band gap than kesterite, presumably the existence of 

these phases may reduce the VOC of the device. ZnSe/S has a higher conduction band and 

a lower valance band compared to kesterite, which indicates carrier blocking and increased 

resistance.[69] Some of these secondary phases have been observed in kesterite near the 

back molybdenum contact and considered responsible for large current loss of the 

device.[63]  

However, there exist some inconsistency among the studies discussing the effect of 

ZnSe/ZnS. In a study[69], a reduction of cell efficiency by half has been ascribed to 24 

volume % of ZnS in the Cu2ZnSnS4 absorber. While a large amount of ZnS has also been 
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observed on the back of an 8.4% Cu2ZnSnS4 solar cell[15] and was thus deemed 

electrically unimportant. Also, most studies to date, including all of the studies summarized 

in Table 1.1 and Table 1.3, have found their most efficient cells at compositions around 

Cu/(Zn+Sn)=0.9 Zn/Sn=1.25 and along the line between kesterite phase and ZnX phase in 

the CuX-ZnX-SnX2 (X=S or Se) ternary phase diagram.[65] This statistical observation 

indicates that the ZnSe/ZnS is relatively benign. Considering the discrepancy within the 

literature, more specific criteria for the presence or lack of ZnSe/ZnS in efficient kesterite 

devices are desired. 

1.6.2 Composition and point defects 

In addition to the introduction of secondary phases, non-optimized composition 

also favor the formation of undesirable point defects. Because of the large number of 

elements involved in the system, there are numerous combinations of add atom, vacancies, 

and anti-site atoms. Particularly, Cu+ and Zn2+ are isoelectric, so the inter-occupation of 

these two species of atom only required minimal of formation energy, rendering a high 

population of these anti-site defects. The activation energies of low-formation-energy 

defects have been extensively studied through first-principle studies to decide if they are 

benign or detrimental for device performance.[70][24][71][26][25][21] Multiple studies 

have agreed that energy level of Cu excess and Sn excess point defects locate deep inside 

the band gap and therefore considered as harmful recombination centers. Since the 

formation energies of these point defect are functions of material composition (chemical 

potential environment), undesirable defects may be avoided by moving toward Cu-poor, 

Zn-rich, and Sn-poor direction, which is consistent with the empirical sweet spot for device 
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performance previously mentioned. Figure 1.6 shows that the defect formation energy is a 

function of chemical potential and also shows the activation energies of the defects [24]. 

The above discussion on secondary phases and point defects have shone light on 

the importance of accurate composition control. 

Figure 1.6 The defect formation energies (left) and activation energies (right) are shown here. The 

defect formation energy is a function of chemical potential. A, B, C, D, and E represent different 

chemical potential, i.e. different composition. Refer to the original publication for the exact 

definitions. Duplicated with permission from Physical Review B.[24] Adapted with permission 

© 2013 American Physical Society. 

1.6.3 Grain morphology 

Micron-scale grain size is required to avoid excessive recombination and carrier 

scattering from the boundaries between nanocrystals. Based on previous experience with 

CIGS, only films with micron sized grains have a chance to produce cells with reasonable 

power conversion efficiencies. Current progress on CZTS nanocrystal based solar cells has 

demonstrated that without a grain-growing thermal annealing step, solar cells are generally 

unable to reach 1% efficiency.[72] Therefore, even though the crystal structure of kesterite 
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has been formed in the as-deposited films, thermal annealing cannot be omitted due to its 

importance in ensuring grain growth. 

In addition to size, voids or pores laterally distributed on the kesterite layer will 

create shunting paths for the device, which reduces the F.F. and VOC significantly. 

Therefore, it is important to obtain closely-packed grains for the kesterite layer. 
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Chapter 2 Co-evaporated kesterite 

As mentioned in Chapter 1, the composition and phase control are several of the 

most important factors which determine the performance of kesterite solar cells. Single-

step high temperature co-evaporation is the only process affording a real-time control of 

composition and phase. However, when it comes to a new material like kesterite, a better 

understanding of phase evolution is still in need before control methods can be developed, 

especially when the accuracy is demanding as described in Chapter 1.  

In this chapter, the strengths and challenges of composition and phase control for 

co-evaporation are first introduced (Sec. 2.1). Later, three deposition routes, Cu-rich, Zn-

rich, and stoichiometric routes, designed to understand the phase evolution, are defined, 

and more experimental details are explained (Sec. 2.2). In the later section, the phase 

evolution is understood and the problem of CuxSey residual is pointed out for both Zn-rich, 

and stoichiometric routes (Sec. 2.3). Without eliminating the CuxSey residual, the resulting 

devices suffer from a serious shunting problem. A solution is then figured out according to 

the new understanding of phase evolution. The success of composition and phase control 

is evaluated by both composition/phase characterizations and the resulting solar-cell 

performance. In addition, the effect of growth mechanism on grain morphology is also 

discussed. In another part of the study, co-evaporation was used as a tool to prepare 

kesterite films with ZnSe secondary phase located in controllable positions. The effect of 

ZnSe position on device performance is illuminated (Sec. 2.4). Finally, the chapter is 

concluded and an outlook is given (Sec. 2.5). 
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2.1 Strengths and challenges of co-evaporation 

1.1.1 Real-time composition and phase manipulation 

Even though the successful devices are most often made by two-step processing (a 

low-temperature film-deposition step and a high-temperature phase-formation step at 

atmospheric pressure (see Section 1.5.1)), the single-step, high-temperature co-evaporation 

is still attractive for pursuing high cell efficiency for its unique strength. Co-evaporation, 

distinguishable from all the other available kesterite deposition processes, is the one 

process allowing the formation of the phases in the film to occur instantly when the 

materials are deposited. This signature implies that it is possible to manipulate the 

constitution of the film in real-time, and even design a phase evolution route or composition 

transition route. This also means that the composition and phase constitution of the film 

during growth do not have to be identical to those of the end point.  

This strength of real-time manipulation has been found effective to make high-

performance CIGS solar cells. To yield efficiency higher than 17%, the film composition 

is intentionally guided into a Cu-rich condition during certain period of the deposition, but 

in the end guided into an In/Ga-rich condition. For example, for a two-stage process[73], 

in the early stage, the film is composed of CuxSey:Cu(In,Ga)Se2, and CuxSey is believed to 

conduct liquid-phase assisted grain growth near or above its low eutectic temperature[74], 

which increases the grain size and improves the device performance. In the later stage, the 

film composition is brought back to slightly Cu-poor by applying In/Ga rate only. 

Therefore, the presence of detrimental CuxSey at the end of deposition can be easily avoided. 

(For the detrimental effects of CuxSey, see Sec. 1.6.1.) This manipulation on film 
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composition has increased the grain size of the film from hundred nanometers to micron 

meters to assure there are no grain boundaries lying vertical to the carrier transport direction 

even when slightly lower substrate temperature was applied. Moreover, a three-stage 

process[75] which is extensively modified from two-stage process, creates a Ga/In gradient 

by inserting another In/Ga-rich stage in the beginning of the process. The Ga/In gradient 

produces a conduction band gradient, which introduces an electric field assisting the 

separation and the collection of carriers. Both VOC and JSC are increased as a result.[76][77] 

Three-stage co-evaporation has been continuously setting new record efficiencies for more 

than 20 years[52] and by far still holds the device performance record for CIGS solar 

cells.[78]  

Inspired by the Cu-rich growth strategy of co-evaporated CIGS, a previous work 

has taken the same strategy to work on kesterite co-evaporation, based on the assumption 

that grain size and device performance will be improved when a Cu-rich growth is taken. 

A high cell efficiency of 9.2% has been achieved.[14] However, the actual phase evolution 

and its effect on grain morphology and device performance remain unclear. Also, other 

potentially beneficial deposition strategies which start from different initial composition 

while approach the same end-point in the end of deposition, have not been explored. One 

of the motivations of this work is to utilize the strength of the co-evaporation processing to 

explore different deposition strategies, and also to improve the understanding on the phase 

evolution in these different deposition routes. 

Our knowledge on kesterite co-evaporation to date is summarized as follows. 

Redinger et al. investigated the substrate temperature range of 325°C-525°C with selenium 

partial pressures up to 4x10-6 Torr, and pointed out the difficulty of low sticking 
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coefficients, especially for Sn[36]. Briefly, high selenium pressure enhances the sticking 

of Zn and Sn, but even with high selenium pressure, the sticking of Sn still requires a period 

of incubation time. In this incubation time, ZnSe and CuxSey are accumulated to allow the 

incident Sn to form kesterite instead of SnSex. The SnSex is highly volatile and will be re-

evaporated if it does not form kesterite.[80] NREL’s study was done at substrate 

temperatures around 500°C with a significantly higher selenium partial pressure (8x10-5 

Torr).[14] Under these conditions, Cu2ZnSnSe4 is stable, but Se, SnSex, and CuySnSez 

either evaporate (Se and SnSe) or decompose into gaseous phases (SnSe2 and CuySnSez. 

The later decomposes into CuxSey and gaseous SnSe and Se).[36] When co-evaporating 

only Sn and Se at such temperatures, no material sticks to the substrate. When co-

evaporating Cu, Sn, and Se, under such conditions, the deposited film is composed of only 

Cu and Se.[14] These observations indicate that the constitution of the co-evaporated film 

should be much simpler than that of the two-step processes, due to the absence of a number 

of unstable phases including Se, SnSe, SnSe2, Cu2SnSe3, and Cu4SnSe4. In the 500°C co-

evaporated film, there can exist only ZnSe, CuxSey, and Cu2ZnSnSe4. This simple 

constitution is more likely to allow clear in-situ monitoring and feedback control of 

composition and phases, similar to what has been done widely for the co-evaporation of 

CIGS [81][82][83]. 

1.1.2 Difficulty of composition control by co-evaporation for kesterite 

As discussed (Sec. 1.6), sensitive composition control for kesterite is critical to 

obtain high-performance devices. However, precise control is actually not straight-forward 
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for co-evaporation, due to limited accuracy of deposition rate control and/or the volatile 

nature of the numbers of elements and precursor phases. 

A fairly good control has been found doable in the two-stage and three-stage co-

evaporation of CIGS. Precursor phases CuxSey form in the Cu-rich stage, and since CuxSey 

has high emissivity due to its high hole concentration, the substrate temperature drops in 

this stage. Consequently, in the final stage, in which only In/Ga are deposited, the 

consumption of CuxSey can be in-situ observed by watching the recovery of the substrate 

temperature. It is known to us that once we saw the temperature has fully recovered and 

leveled off, the film has reached the right composition and the deposition is done. A typical 

logged substrate temperature in a three-stage CIGS co-evaporation can be found in Figure 

2.1. An alternative method to temperature reading is the direct detection of IR emission by 

pyrometer.[84] 



25 

 

 

Figure 2.1 The logged deposition data of the co-evaporation run which yields a 19.9% CIGS solar 

cells.[79] 

In the previous work of co-evaporated kesterite, which again adapted the Cu-rich 

growth strategy, the trick of temperature watching has been utilized to detect the suitable 

endpoint of a deposition which assure the production of CuxSey-free films. However, the 

correlation between the existence/absence of CuxSey and the drop/recovery of substrate 

temperature has not been experimentally established for kesterite co-evaporation as it was 

for CIGS. More importantly, it is not clear if composition control can be done effectively 

when other deposition strategies, such as Zn-rich growth or constant-rate growth, are taken.  
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2.2 Experimental methods 

In this study, film growths starting from three different composition are 

investigated: a Cu-rich composition (Cu/Zn > 2), in which Cu2ZnSnSe4 is presumably 

evolved from CuxSey:Cu2ZnSnSe4, and Zn-rich composition (Cu/Zn around or < 1), in 

which Cu2ZnSnSe4 is presumably evolved from ZnSe: Cu2ZnSnSe4, and a constant 

composition which equals to the endpoint composition. The goal is to develop composition 

control methods which is precise enough to obtain high performance device for all three 

growth strategies. Also to understand the phase evolution during the growths. Each growth 

mechanism is analyzed by examining films obtained from a number of interrupted 

depositions, as well as by observing small variations in the substrate temperature in real 

time.  

2.2.1 Film growth strategies 

Kesterite depositions were conducted by four-source co-evaporation. Cu, Zn, Sn, 

and Se were deposited on 3 inch x 3 inch soda-lime glass (SLG) substrates, which were 

coated with a 1 µm sputtered Mo back contact and a 150 Å  e-beam evaporated NaF 

precursor prior to absorber co-evaporation. During co-evaporation, the lamp temperature 

used to heat the substrate was set to a constant value, 555°C, until cooled down. The 

substrate temperature was measured and recorded in real time throughout the depositions. 

Films T1, T2, and T3 were deposited by recipes respectively belonging to the Type I Cu-

rich growth, Type II Zn-rich growth, and Type III constant-rate growth. The deposition 
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time was around 25 minutes in total, giving a film thickness of roughly 1.6µm. The average 

total deposition rate was therefore about 10 Ǻ/sec. 

 

Figure 2.2 Three types of deposition recipes: type I starts Cu-rich, type II starts Zn-rich, and type 

III maintains constant rates throughout. The deposition rates in atom/unit time shown here are not 

precise numbers. 

Figure 2.2 gives an idea of the major difference between the three deposition 

strategies. The top diagrams present the relative atomic deposition rates of metals versus 

time. The real-time film composition calculated based on these deposition rates are shown 

in the bottom. In each deposition, the films start from a different initial composition without 

moving the endpoint composition. For Type I, the deposition starts with high Cu rate, 

yielding a Cu-rich initial composition compared to Zn (Cu/Zn > 2). For Type II, a high 

initial Zn rate is applied, causing the initial composition to be Zn-rich compared to Cu 

(Cu/Zn close to or < 1). For type III, metal fluxes are constant throughout the deposition, 
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to attempt to maintain the endpoint composition throughout the film growth. By turning 

the initially high metal flows off earlier than the initially low metal flows in Type I and 

Type II depositions, the  compositions were brought to Cu/Zn = 1.5 - 1.7, (Cu% = 46 - 

47%, Zn% = 28 – 32%, Sn% = 24 - 25%. Se is not included) at the end point of each 

deposition, which has been empirically determined to produce high performance devices.  

Note that the actual deposition recipes applied during cooling down for film T1, T2, and 

T3, included more details than the simple sketches shown in Figure 2.2. They are 

summarized as the followings: (1) although an abrupt termination in Sn rate is shown in 

Figure 2.2, in each actual deposition, the Sn rate was kept on and gradually reduced in 

careful control as cooling down to prevent either the rejection of Sn or the deposition of 

SnSex. (2) The substrate cool-down was paused at 450°C for 4 minutes in order to replenish 

possible Sn vacancies. (3) An additional small Zn rate was applied from the beginning of 

the cool-down until 430°C, which took about 5 minutes. The resulting Zn-rich surface layer 

does not affect the bulk composition of the films but does enhance the performance of solar 

cells significantly. The effect of this Zn-rich layer is out of the scope of this paper and 

therefore evenly applied on every deposition except for the interrupted ones. (4) The 

selenium rate was kept over-pressured while cooling down. The actual recipes can be found 

in Appendix A. (The deposition rates shown in Appendix A are in Ǻ/sec, which is different 

from the atomic deposition rates shown in Figure 2.2.) 

Some depositions were performed the same as T1 and T2 but interrupted before the 

final endpoint composition was reached. The moments of interruption are marked by 

arrows in Figure 2.2 and the resulting films are named as T1’, T2’-a, and T2’-b. At the 

indicated moments, the following cool-down procedure was applied to best preserve the 
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state of the film: (1) Zn rate and/or Cu rate were cut off abruptly; (2) the lamp was turned 

off to quench substrates (down to 300°C within 5 minutes); (3) Sn rate was turned off at 

455°C substrate temperature; (4) Se rate was gradually ramped down and completely off 

at 300°C. 

The deposition strategies and run record numbers of the films mentioned in this 

paper are listed in Table 2.1. Film compositions obtained by XRF (calibrated by ICP) are 

also listed in Table 2.1.  

Table 2.1 Deposition types and film compositions.  

Completed depositions: 

Film 

No. 

Deposition 

Strategy 

Cu/Zn Cu/Sn Cu% Zn% Sn% Se% Run No. 

T1 Cu-rich growth 1.71 1.88 22.9% 13.4% 12.2% 51.6% M3530 

T2 Zn-rich growth 1.54 1.93 22.4% 14.6% 11.6% 51.4% M3512 

T3 Constant rates 1.61 1.83 22.5% 14.0% 12.3% 51.2% M3461 

 

Interrupted depositions: 

Film 

No. 

Deposition 

Strategy 

Cu/Zn Cu/Sn Cu% Zn% Sn% Se% Run No. 

T1’ Cu-rich growth 2.31 1.88 25.0% 10.9% 13.4% 50.7% M3529 

T2’-a Zn-rich growth 1.04 2.01 20.2% 19.5% 10.1% 50.2% M3511 

T2’-b 1.88 2.02 23.9% 12.8% 11.9% 51.4% M3515 
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2.2.2 Film characterization and device fabrication 

The phase components are characterized by Raman spectroscopy equipped with a 

514.5 nm argon laser. The emissivity of the co-evaporated films was converted from 

reflectance measured by UV-VIS-IR spectroscopy. The film morphology and grain size 

are evaluated based on electron microscopy (SEM) images. The emissivity spectra were 

acquired by total reflectance measurements, as emissivity = absorbance = 1 – total 

reflection.  

After kesterite deposition, the rest of the device structure is identical to the 

commonly used structure of CIGS solar cells: a chemical-bath-deposited CdS layer, a 

sputtered resistive/conductive ZnO bi-layer, e-beam-evaporated Ni/Al grids, 

photolithographic device isolation, and MgF2 antireflective coating. 

Internal quantum efficiencies (QEINT) were calculated from measuring external 

quantum efficiency (EQE) and reflectance(R) as EQE/(1-R). The reflectance was obtained 

from the non-gridded area on samples. 

2.3 Phase evolution and composition control 

2.3.1 Logged temperature profile and the undesired CuxSey residual 

In the vacuum chamber, since radiation governs the majority of heat dissipation 

from substrates, subtle changes in substrate temperature are due to changes in surface 

emission. The emission spectrum is different from that of a black body because of a 
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combination of factors, including the optical properties of film components, interference 

fringes at a given film thickness, and surface roughness.  

Several logged temperature profiles are shown in Figure 2.3. The left most profile 

is from a deposition that started Cu-rich, producing sample T1 (deposition M3530).  The 

center profile is from a Zn-rich deposition, producing sample T2 (M3512).  The right 

profile is from a deposition made with all rates held constant, producing sample T3 

(M3461). The solid arrows indicate the turn-off time for the Cu source and the dashed 

arrows indicate that of Zn. The interruption times that produced T1’, T2’-a, and T2’-b are 

also noted. 

 

Figure 2.3 Logged temperature profiles of type I (Cu-rich), II(Zn-rich), and III(constant rate) films. 

Samples T1, T2, and T3 are the products of these depositions, respectively. The interruption times 

of T1’, T2’-a, and T2’-b are also indicated in the figure. In each completed deposition, we waited 

for the temperature to become level before we started to cool down the substrates. The solid arrows 

indicate the turn-off time for the evaporation rate of Cu and dashed arrows indicate that of Zn. The 

temperature of the second turning points marked as “*” is strategy-dependent. 
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In the early part of the deposition (true for all profiles as well), the substrate 

temperature undergoes one large drop and two turning points before any metal evaporation 

rate has been adjusted. The large drop in substrate temperature signals the sample surface 

changing from the low emissivity of Mo to the higher emissivity of mixed phase 

semiconductors. The interpretation of the following two turning points remains unclear at 

this moment but the exact position of the turning point marked by “*” appears to be metal 

evaporation rate-dependent. This turning point occurs at a lower temperature in Type I and 

a higher temperature in Types II, and III. It is possible, with further investigation, that the 

shape of the substrate temperature profile be related to the deposition rate and therefore 

may become a useful supplement to existing rate monitors. Deeper discussion is out of the 

scope of the study and will not be discussed in this dissertation. In the later part of the 

deposition, after the turning point marked by “*”, the temperature profile becomes quite 

meaningful in signaling in-situ film composition and phase constitution.  

The behavior of substrate temperature in the Cu-rich Type I growth nicely follows 

the previous experience of CIGS co-evaporation. The substrate temperature sinks almost 

20 ℃  compared from the initial temperature and later recovers by roughly 10 ℃  and 

subsequently levels off starting few minutes after the Cu rate is turned off. The temperature 

recovery indicates a reduction in surface emission, a typical symptom of CuxSey 

consumption. Several evidences of the existence and consumption of CuxSey have been 

acquired by interrupting the deposition before the substrate temperature fully levels off, 

and comparing the resulting T1’ film to the ending film T1. (1) XRF measurement indicates 

that the composition changes from obviously Cu-rich (Cu/Zn =2.31) to slightly Cu-poor 

(Cu/Zn =1.71) from T1’ to T1. (See Table 2.1) (2) Raman spectroscopy shows the existence 
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of Cu2-xSe in T1’ film but the absence of CuxSey in T1 film (as shown in Figure 2.4). (3) If 

the deposition is interrupted before the substrate temperature fully levels off, the resistance 

of the resulting film measured by two-point probes will be as small as a few ohms, a typical 

symptom of CuxSey remaining. Also, the reduction in emissivity detected in real time 

during the deposition has been confirmed by ex-situ measurements. Figure 2.5 shows 

emissivity as a function of wavelength as deduced from total reflection measurements for 

several films in the study. As indicated, the Cu-rich T1’ has a higher emissivity compared 

to the ending film T1. Therefore, it is believed that the final temperature recovery and fully 

level off is a behavior of emissivity reduction which signals the existence and the 

consumption of CuxSey. Consistently, if the Cu rate is not turned off, the substrate 

temperature decreases even more and never recovers. 

On the other hand, the Zn-rich growth (Type II deposition) and the near-

stoichiometric growth (Type III deposition) act different than expected.  

For Zn-rich growth (Type II deposition), at the point the Zn-rate is shut down, the 

composition is ultra Zn-rich and Cu-poor as planed to be (the composition of film T2’a is 

Cu/Zn=1.04, Cu/Sn=2.01). With this composition, CuxSey was not expected. Surprisingly, 

Raman spectroscopy and SEM images found that at this point, the film is composed of 

CuxSey together with ZnSe and kesterite. T2’-a film exhibits clear Cu2-xSe characteristic 

Raman peak as shown in Figure 2.4. ZnSe (250 cm-1) Raman peak is not apparent, since 

the 514.5 nm laser only has limited penetration depth, and according to SEM images of 

T2’-a (shown in Sec. 2.3.2), ZnSe is located on the bottom of the film and therefore not 

detected by Raman. After Zn rate is shut down, the substrate temperature goes down, which 

supports that the unexpected CuxSey does continue to exist in the ultra Zn-rich film while 
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exposing to incident Cu. After continuing supplying Cu and Sn rate for another ~5 min, the 

composition arrives at the endpoint Cu/Zn ratio (the composition of film T2’b is Cu/Zn = 

1.88, Cu/Sn=2.02). And the substrate temperature has sunk to 15°C less than the initial 

temperature and will sink continuous and never recover if the deposition continues. Raman 

spectroscopy has shown no Cu2-xSe characteristic peak but it is convincing that a small 

amount of CuxSey must exists since the substrate temperature has never recovered and 

devices made from the films of this stage suffered from serious leakage. The temperature 

decreases after the Zn rate is turned off is milder in near-stoichiometric growth (Type III, 

Figure 2.3c), suggesting a smaller amount of CuxSey. By neither Zn-rich growth nor near-

stoichiometric growth, one can obtained Cu2-xSe-free film even though the composition 

may be controlled more or less around the target. 

 

Figure 2.4 (a) Raman spectrum of two different spots of on T1’ (in red and blue) and T1 (in black) 

(b) Raman spectrum of T2’-a (in red), T2’-b (in blue), and T2 (in black). 
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Figure 2.5 Emissivity of (a) film T1’ (dashed line) and T1 (solid line) and (b) T2’-b (dashed line) 

and T2 (dashed line). 

2.3.2 Solution to consume CuxSey residual and the discussion of its origin  

A solution has been found to consume these residual CuxSey in Zn-rich Type II and 

near-stoichiometric Type III depositions. The depositions were not ended immediately 

after the endpoint Cu/Zn composition was achieved but kept at high temperature with Sn 

flow constantly applied. A recovery of substrate temperature then occurs. The composition 

of T2 is on the target (Cu/Zn=1.54, Cu/Sn=1.93 shown in Table 2.1). The phase 

constitution is kesterite and ZnSe according to Raman spectroscopy (shown in Figure 2.4). 

Ex-situ measurements (Figure 2.5) once again confirm the real-time temperature profile: 

the emissivity of T2 (after Sn soaking) is indeed reduced compared to that of T2’-b (before 

Sn soaking). This effect of Sn soaking makes us believe that the formation of kesterite is 

delayed by the difficulty in incorporating Sn during deposition. Experiments have also 

shown that this delayed reaction cannot be mitigated simply by raising the Sn rate by 1.5x. 

Providing enough time for the film to be soaked in Sn vapor at high temperature is essential 

to allow the reaction to complete. 
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Based on these observations, two candidates are suggested for the bottleneck in the 

reaction. First, since SnSex is a volatile phase at the deposition temperature, Sn will stick 

only if the Sn atoms encounter Zn and Cu, leading to the immediate formation of kesterite 

before desorption. The sticking is presumably not as efficient as that of Cu and Zn, which 

have non-volatile binary phases. Second, kesterite formation might also be limited by the 

Zn diffusion rate. Depositions stopped earlier in the Zn-rich stage produced films with 

continuous layers of ZnSe on the bottom (see the Sec. 2.3.5). The required diffusion path 

of Zn to meet the freshly-deposited Cu is the entire micron-scale film thickness, and may 

be slow enough to allow for the existence of residual CuxSey during the Zn-rich growth, 

rendering a severe temperature reduction. During the near-stoichiometric constant-rate 

growth, instead of being buried on the bottom of the film, Zn atoms arrive together with 

Cu atoms, and presumably are able to react more quickly. As a result, the temperature 

reduction is shallower than in Zn-rich growth. By shutting the Cu rate off and keeping 

substrates at high temperatures with a Sn rate applied in both Zn-rich and constant-rate 

growths, both the diffusion of Zn and the incorporation of Sn are given extra time to occur, 

and therefore the CuxSey is consumed accompanied by the recovery of the measured 

substrate temperature. 

T2’-a, and T2’-b are also indicated in the figure. In each completed deposition, we 

waited for the temperature to become level before we started to cool down the substrates. 

The solid arrows indicate the turn-off time for the evaporation rate of Cu and dashed arrows 

indicate that of Zn. The temperature of the second turning points marked as “*” is strategy-

dependent. 
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2.3.3 The phase evolution  

In Sec 2.3.1 and Sec 2.3.2, the composition and phase constitution in different 

growth strategies have been traced by ex-situ Raman and composition measurements of 

the films made by interrupted depositions and finished depositions. It is now realized that 

kesterite has been formed early in the deposition and shows discrepancy with Redinger et 

al’s observation[36] that Sn cannot be deposited at all at this substrate temperature. The 

largely increased selenium partial pressure, which facilitates the formation of kesterite, is 

likely the critical difference between the two studies. In addition, the unstable phases SnSe, 

SnSe2, Cu2SnSe3, and Cu4SnSe4 are indeed not observed by Raman spectroscopy. The 

actual phase evolution of Cu-rich growth and Zn-rich growth can be summarized as 

followed. 

For Cu-rich growth: the film (T1’) is Cu-rich and composed of kesterite and 

CuxSey at the point the Cu rate is turned off. It is also laterally inhomogeneous. In some 

spots, only a series of kesterite peaks is observed as in the blue curve of Figure 2.4(a). In 

other spots, the main 196 cm-1 kesterite peak shifts left[85][86], possibly as result of 

variation in localized surface composition. As the film is converted from Cu-rich to near-

stoichiometric (T1), the kesterite peaks become more intense and Cu2-xSe is consumed. 

(SEM images are shown in Figure 2.6(a).) 

For Zn-rich growth: While CuxSey is not expected intuitively in Zn-rich growth, 

the film is actually composed of kesterite, CuxSey, and ZnSe at the point the Zn rate is 

turned off.  After continue to supply Cu and Sn rates for another ~10 min, the CuxSey 

content might has reduced in the film but the CuxSey + ZnSe → kesterite reaction is subtly 



38 

 

retarded, rendering the film not suitable for solar-cell absorber. After turning Cu rate off 

and continue to supply Sn rate for ~5 min, the CuxSey has been fully consumed by reacting 

with ZnSe and producing kesterite. (SEM images are shown in Figure 2.6(b). With multiple 

confirmations by EDS, we are convinced that the bright features in the images are grains 

of ZnSe which appears bright because of charging effect of a less conductive phase.[86]) 

 

Figure 2.6 Morphology changes (a) from Cu-rich T1’ to completed T1 for Type I and (b) from Zn-

rich T2’-at to completed T2 of Type II. (Some bright features showing in T1 and T2 on the top of 

the films are due to the Zn cap applied during cool-down as discussed earlier. 

2.3.4 Device performance from different strategies 

Over 7.8-9.1% device performance has been obtained by three different processes 

without detailed optimization. The good device performance indicates that the composition 

and phase control are precise enough for this level of device performance.  

The current density vs. voltage (JV) curves of one of the best devices fabricated by 

Type I (sample M3490), Type II (M3512), and Type III (M3461) are shown in Figure 2.7. 

The extracted parameters are given in Table 2.2: power conversion efficiency (PCE), open-
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circuit voltage (VOC), short-circuit current density (JSC), fill factor (F.F.), series resistance 

(RS), shunt resistance (RSh), ideality factor (A), and diode saturation current density (Jo).  

As shown, the Zn-rich grown M3512 achieved 9.07% cell efficiency (measured in 

the PV testing group at the National Renewable Energy Laboratory by IEC standard) with 

0.420 cm2 total cell area, much like the 9.05% of the Cu-rich grown M3490, as well as the 

9.15% of the reported M3464 in the previous publication[14]. M3512 has nearly identical 

VOC, RS, and slightly higher F.F. and smaller ideality factor compared to those of M3490. 

The lack of substantial deviation in J-V parameters indicates the similarity of these 

absorbers in terms of optical absorption, recombination losses, and parasitic losses. 

Constant-rate growth achieved 7.8% cell efficiency without antireflection coating, which 

is slightly less efficient than Cu-rich and Zn-rich growth. Since no efforts have been put in 

the optimization of these processes, it is more appropriate leave the question of what 

deposition route is the best open for now. None of the deposition routes should be excluded 

from the investigation of co-evaporated kesterite solar cells. 
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Figure 2.7 The current density vs. voltage (JV) curves of one of the best devices fabricated by Type 

I (sample M3490), Type II (M3512), and Type III (M3461). Note that M3461 has a lower current 

because AR coating was not applied. 

Table 2.2 The extracted parameters of the curves shown in Figure 2.7. 

Deposition route Run numbers PCE % Voc mV Jsc mA/cm2 F.F. % 

Cu-rich growth M3490 9.05 375 36.7 65.8 

Zn-rich growth M3512 9.07* 371* 37.1* 67.0* 

Near-stoichiometric growth M3461# 7.86 360 34.9 62.6 
* Numbers certified by NREL cell efficiency certification team. # AR coating not applied. 

 

2.3.5 Effect on grain size 

Beyond the SEM images shown in Figure 2.6, within a large quantity (over 10) of 

films deposited by either type I, II, or III, the correlation of composition (Cu/Zn, Cu/Sn, 

Cu/(Zn+Sn), or Zn/Sn) to grain size is weak. All these kesterite depositions (around 500 
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°C) exhibit micron-scale columnar grains. This observation of large grain growth even 

under Cu-poor conditions does not agree with our experience on co-evaporated 

chalcopyrite. Chalcopyrite films grown in stoichiometric or indium-rich composition often 

exhibit sub-micron grain sizes.[87]  

The formation of large grains in type I, II, and III depositions would seem to disprove 

the role of CuxSey in kesterite grain growth. However, we have shown that the existence of 

CuxSey is a general phenomenon in each deposition strategy due to the delayed reaction 

with ZnSe. This observable amount of CuxSey may naturally assist the grain growth even 

in non-Cu-rich conditions, and as a result, films deposited by different strategies do not 

exhibit diversity in grain size. Consistent with this hypothesis, in Tanaka et al’s study[66], 

an obvious grain size dependency on composition from Cu/(Zn+Sn)=0.82-1.06 was 

observed for 500°C co-evaporated CuZnSnS4 with a deposition rate about 30 times lower 

than ours. The significantly longer reaction time may have allowed Cu to form kesterite 

with minimal formation of localized CuxSey, thus forming larger grains only when more 

Cu is present.  

2.4 Effect of ZnSe distribution on device performance 

As discussed in Sec 1.6, considering the discrepancy within the literature, more 

specific criteria for the presence or lack of ZnSe/ZnS in efficient kesterite devices are 

desired.  
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2.4.1 Effect of Zn/(Cu+Zn+Sn) ratio - bulk composition 

It has been demonstrated in the literature that high efficiency devices may be 

produced with a wide range of Zn contents. Here, the same evaporator has been used in 

kesterite deposition over 100 times in a roll and the product films have been made into 

devices. The best devices within all these devices within different range of composition are 

selected and shown in Table 2.3. Their actual compositions and deposition run numbers 

are also provided. As long as the Zn/(Cu+Zn+Sn) ratio is not below 26.9%, the production 

of effective devices is possible. As shown in the table, 8% level before AR coating is 

achievable even when Zn/(Cu+Zn+Sn) ratio is as high as 37.1%. Since some of the films 

are extremely rich in Zn, there is no doubt that a large quantity of ZnSe coexists with 

kesterite in these efficient devices. Formation of metallic Zn is not possible because it is 

volatile in vacuum at the deposition temperature (around 500°C). 

Table 2.3 Best NREL co-evaporated Cu2ZnSnSe4 devices within the specified range of composition 

before AR coating.  

Zn/(Cu+Zn+Sn) Best PCE in the ranges Actual metal % Cu/Zn/Sn Run numbers 

35-     % 8.45%      42.5/37.0/20.5 M3490 

33-35 % 7.34% 43.7/33.8/22.5 M3433 

31-33 % 8.21% 44.2/32.6/23.2 M3480 

29-31 % 8.55% (w/AR 9.26%) 46.0/30.0/24.0 M3512 

27-29 % 8.75% (w/AR 9.15%) 45.9/28.6/25.5 M3464 

25-27 % 8.22%       46.5/26.9/26.6 M3503 
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The Zn/(Cu+Zn+Sn) of stoichiometric Cu2ZnSnSe4 is 25%. 8.45% device can be made even the 

film contains Zn/(Cu+Zn+Sn) as high as 37.0%. The PCEs of M3512 and M3464 after AR coating 

are shown in brackets. 

2.4.2 Create ZnSe grains in different lateral positions 

A more specific description on the status of ZnSe grains is desired. In this study, 

Zn excess at different lateral positions in the film is intentionally created. As discussed in 

Sec. 2.3.2, the ZnSe naturally forms on the back of the films when a relative high Zn 

evaporation flux was supplied from the beginning of deposition. This phenomenon has 

been utilized to create the Zn excess on the back of the film. To produce Zn excess at the 

front of absorber films, instead, additional Zn evaporation flux was applied at the end of 

depositions, specifically 5 minutes longer than the usual termination time.  

Cross-sectional SEM images and AES depth profiles verify the positions of ZnSe 

in the film. Six films were studied in details. In the SEM images shown in Figure 2.8(a), 

ZnSe grains presented as the bright features are observed either on the top or the bottom of 

the film. (As discussed in Sec. 2.3.3, ZnSe appears bright because of the charging effect of 

a less conductive phase.) The films in category A (M3530, M3503) have a small but 

observable amount of bright spots on the top of the film as a result of the Zn cap mentioned 

earlier. Besides this Zn-rich layer on the top surface, no larger grains of ZnSe can be 

observed across the two films. For category B (M3480, M3490), in addition to the Zn cap, 

sub-micron to micron sized ZnSe grains are observed on the back of the films. All the other 

devices listed in Table 2.3 have cross-sectional images belong to either this category if it 

is rich enough in Zn, or category A if not rich enough. For category C (M3531, M3463), 
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ZnSe grains up to 300 nm in diameter are observed on the front of the films and protrude 

somewhat into the film along grain boundaries.  

The distribution of Zn in the AES depth profiles further confirms the ZnSe positions 

observed by SEM images. One depth profile of Zn/(Cu+Zn+Sn) and Se/(Cu+Zn+Sn) out 

of each category is shown in Figure 2.8(b). Compared to the stoichiometric ratio of 

Cu2ZnSnSe4, the profiles are all Zn-rich throughout the films and even richer on the very 

surface of the films. The film shown representative of category B has an additional Zn-rich 

section near the Mo back contact, while the Zn-rich region for the category C film is on the 

front and penetrates more deeply into than that of the other two. The above description 

matches the observation of ZnSe locations from SEM images. In addition, the composition 

of Cu, Zn, and Sn (Cu and Sn are not shown in the paper) in the middle section of the 

profiles is relatively flat and exhibits little difference between three films. Since ZnSe 

grains are not located in the bulk of the film and SnSe, SnSe2, Cu2SnSe3, and Cu2SnSe4 

either evaporates or decomposes on high-temperature substrates (around 500°C)[14][88], 

the average AES composition derived from the middle section of the film can be attributed 

to the phase composition of Cu2ZnSnSe4, namely Zn/(Cu+Zn+Sn) = 0.265, Cu/(Cu+Zn+Sn) 

= 0.475 (identical to Cu/(Zn+Sn) = 0.94, Zn/Sn = 1.03). This composition is marked in the 

ternary phase diagram shown in Figure 2.9 together with the composition of the six films. 

Until now, no efficient devices have been found with bulk composition poorer in Zn than 

this phase composition. 
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Figure 2.8 (a) Cross-sectional SEM images of films with A-relatively homogeneous composition 

(M3530, M3503), B-ZnSe grains on the back (M3480, M3490), and C-ZnSe grains on the front 

(M3531, M3463). (b) Depth profiles of Zn/(Cu+Zn+Sn) ratio derived from AES depth profile of 

M3530(A), M3490(B), and M3531(C). 

 

Figure 2.9 Compositons of the mentioned films obtained from XRF. Until now, we have not found 

efficient devices with bulk composition poorer in Zn than this phase composition. Adapted with 

permission © 2013 Elsevier 

2.4.3 Effect of position of ZnSe grains on device performance 

With better understanding on the position of ZnSe for these specific films, the effect 

of ZnSe position on their device performance now may be discussed. By comparing the J-
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V parameters of devices listed in Table 2.4, it is found that when the amount of Zn is 

controlled well to that corresponding to single-phase kesterite (such as for samples M3530 

and M3503), the cell efficiency attains ~8% without antireflection coating. If the film is 

much richer in Zn, and the ZnSe particles precipitate on the back of the absorber layer 

(such as for samples M3480 and M3490), the device performance is not affected. However, 

devices with large ZnSe grains on the front of the absorber layer have a much lower 

performance. Category C sample M3531, with a 6.51% efficiency, was deposited with 

deposition conditions identical to that of 8.28%-efficient category A sample M3530, except 

for the additional amount of Zn was added at the end of deposition. The reduced JSC shown 

in Table 2 is responsible for half of the cell efficiency loss between these two samples, and 

the other half is due to the deficiency in Voc and F.F. The internal quantum efficiency 

(QEINT) shown in Figure 2.10(a) is defined as EQE/(1-R), where R = reflectance of devices. 

From M3530 to M3531, the loss in current is relatively independent of wavelength 

according to the QEINT ratio shown in the same figure. The fact that the ratio between QEINT 

of M3531 and QEINT of M3530 does not decrease with longer wavelength suggests an issue 

locating on the front of the absorber instead of the bulk:  bulk issues typically introduce 

difficulty in carrier collection from the back of the absorber, thus producing a stronger red 

than blue loss.  The loss mechanism is therefore consistent with the observation of large 

ZnSe grains on the front of M3531. One possible reason behind the ZnSe position-sensitive 

current is a differential carrier blocking ability to electrons versus holes. ZnSe on the front 

of the absorber blocks electron and as a result reduces the photocurrent, while hole blocking 

by ZnSe on the back is negligible. 
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Table 2.4 J-V parameters of devices, PCE, VOC, JSC, and F.F.  Numbers in parentheses are results 

obtained after annealing bare absorber. 

Zn contents Run numbers PCE % VOC mV JSC mA F.F. % 

~ phase composition M3503 8.22 351 35.9 65.3 

M3530(-a) 8.02(7.77) 359(357) 34.4(34.0) 64.9(64.0) 

>Phase composition ZnSe 

on the back 

M3480 8.21 360 36.1 63.1 

M3490 8.45 376 34.0 66.1 

>Phase composition ZnSe 

on the front 

M3463   6.60   338 31.7 61.7 

M3531(-a) 6.51(4.68) 337(321) 31.5(28.6) 61.3(51.0) 

 

 

 

Figure 2.10 (a) QEINT of cells without large ZnSe grains (category A, M3530), with ZnSe grains on 

the front of absorber (category C, M3531) and the ratio between the two.  (b) JV curves of the same 

two devices (M3530, and M3531) and their air-annealed counterparts (M3530-a, M3531-a). 

2.4.4 Blue-light induced breakdown  

Diode breakdown is apparent in reverse bias range in all the light JV data of Figure 

2.10(b), and is particularly severe in the category C (excess Zn at front) air-annealed 

devices. For the air-annealed category C devices, the breakdown occurs even in the dark 

JV data, and - in the light JV data - occurs at a smaller reverse voltage than for the other 

types of devices. In contrast, air-annealing a relatively homogeneous film did not make 
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considerable change to JV (M3530-a). Therefore, we conclude that the severity of the 

breakdown behavior is related to the excess of Zn on the front of the absorbers and appears 

obvious when the extra Zn layer is oxidized.  

Air-annealed category C devices not only show increased reverse bias breakdown, 

but also severely decreased performance. The J-V parameters of M3530, M3530-a, M3531, 

and M3531-a are given in Table 2. The parameters of M3530-a and M3531-a are presented 

in parentheses after those of M3530 and M3531, respectively. The absorbers of M3530-a 

and M3531-a were cut from the same piece of M3530 and M3531, respectively, but were 

annealed at 175°C for 5 minutes in air. While the device with relatively homogeneous 

composition (M3530) has only a slight reduction in cell efficiency, the one with excess Zn 

on the front of absorber (M3531) suffers from large degradation to VOC, JSC, and F.F., 

resulting in a great reduction of device efficiency (to 4.68%). Thus, we are motivated to 

further study the reverse voltage breakdown, not only to understand the role of Zn at the 

front of the device, but also because the most severe breakdown occurs in the devices with 

the poorest performance. Understanding and eliminating the effect may therefore help 

improve performance. 

J-V measurements under the illumination of different wavelength ranges were 

conducted to study the mechanism of breakdown behavior. Figure 2.11(a) shows the results 

of simulated AM1.5 filtered by 570 nm, 530 nm and 495 nm long-pass filters, along with 

unfiltered white light. It appears that the breakdown is blue light-sensitive as the 

breakdown does not appear when the light is filtered by 570 long-pass filter. To understand 

the response of breakdown with better resolution in photon energy, reverse bias QE was 

measured.  Data are shown in Figure 2.11(b). At reverse biases below 1.0 V, the QE 
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basically retraces the unbiased QE with slight enhancement at long wavelengths. Beyond 

1.0 V, a peak appears between 360 nm - 530 nm. The magnitude of the peak rises abruptly 

with slight increase in the reverse voltage.  It is important to realize that an apparent 

quantum efficiency exceeding 100% does not indicate actual generation of more carriers 

than photons incident.  Rather, the reverse-biased QE measures the vertical distance 

(current) between light and dark JV curves at a given bias.  Thus, the large apparent QE is 

an indicator of the light-activated breakdown or shunting.  

The absorption edge to turn on the breakdown is identified as 530 nm by the leading 

edge of the peak in the QE. This analysis agrees with the findings from JV curves that a 

495 nm long-pass filter does not turn off the breakdown, and a 530 nm filter nearly does. 

530 nm matches accurately with the absorption edge of CdS[89]. Accordingly, the blue-

photon induced breakdown is likely to be associated with the absorption of CdS. The 530 

nm onset of the breakdown does not match with the absorption of ZnSe, even though it 

exists in large quantities for devices where the breakdown effect is most severe.  Optical 

effects in ZnSe are expected to appear around 460 nm, based on the larger band gap of 

ZnSe. In addition, in the forward-biased QE, the wavelength onset of the peak (shown in 

Figure 2.11(b), 0.4V) matches well with that of a CIGS device with CdS as buffer layer[90] 

and fails to match with the one with ZnSe as buffer layer[91]. The photoconductivity of 

CdS has been previously reported in CIGS solar cells to result in the distortion of light JV 

curves in the fourth (power) quadrant under certain conditions[92]. This work is the first 

report of a blue-photon sensitive non-linear effect in the third quadrant. 

One simple model that could possibly help us to understand how the behavior is 

related to CdS photo-conductance is the lateral distribution of shunting channels. When 
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shunting channels are laterally distributed on absorber, the current will be switched on 

when CdS is illuminated, turns conductive, and provides little spreading resistance for the 

current exiting the shunt paths. In this case, even though a simple metallic shunting 

behavior is sufficient to explain the on and off characteristics of the reverse current, it is 

still not enough to explain the magnitude of the reverse current being non-linear with 

voltage. In essence, the breakdown behavior is a result of problematic absorber which has 

lateral distributed defects and those defects must have non-ohmic contacts with 

photoconductive CdS. 

The actual chemistry of these defects remains unclear to us. As described, the 

severity of blue-photon induced breakdown is related to the excess of Zn at the front of 

absorber. Therefore, even though ZnSe’s absorption does not directly result in the behavior 

(instead, the absorption of CdS does), an effect involving both the absorption of CdS and 

the excess of Zn must be responsible. It has been demonstrated in the SEM images that, for 

category III films, the Zn excess produces grains of ZnSe that protrude into kesterite films 

along the grain boundaries. The penetration of excess Zn may at the same time produces 

other types of Zn-rich features along the grain boundaries. Alteration of the localized 

electrical property is possible. Air-anneal converts ZnSe on the surface into ZnO, which 

has much lower conduction band edge[93], and thus may facilitate current flow. The hidden 

electrical defects are accordingly exposed, exhibiting as severe breakdown and reduced 

F.F.  

In brief, we think that the blue-light induced breakdown is a symptom of 

problematic absorbers. The generation of Zn-rich localized features followed by air-

annealing is one of the ways to create or activate these defects. The same type of defect 
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contributing to the breakdown may be responsible for part of the parasitic loses at the PV 

working voltage as well and therefore deserves certain degree of attention. 

 

Figure 2.11(a) filtered JV of the device with relative homogeneous composition, (b)Non-

equilibrium QE of M3530. 

2.5 Summary and outlook 

In this study, the strength of co-evaporation is utilized; the growth strategies have 

been extended from only the Cu-rich growth to Zn-rich growth, and near-stoichiometric 

growth. By investigating the phase evolution in the three different deposition routes, the 

methods to control film composition and phase constitution have been made precise 

enough to attain 8% to 9% efficient cells.   

The absence of SnSe, SnSe2, Cu2SnSe3, and Cu4SnSe4, which are unstable at the 

temperatures and pressures used here, simplifies the constitution of precursor, allowing 

easier in-situ control during deposition by monitoring the surface emissivity of the film. 

The major challenge to developing Zn-rich growth and near-stoichiometric growth is the 
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subtle reaction obstacle between CuxSey and ZnSe related to the volatile nature of Sn and/or 

the physical separation between the ZnSe in the film and incident Cu is observed. The 

remaining CuxSey will result in shunting devices if not removed. Leaving the film at high 

temperature with a continued supply of Sn vapor offers a chance for the residual to react 

to form kesterite phase. The endpoint detection by watching the substrate temperature 

leveling off, as commonly performed in the Cu-rich growth of CIGS co-evaporation 

remains applicable and necessary in the various strategies of kesterite co-evaporation. For 

these deposition rates, co-evaporated kesterite, in contrast with the chalcopyrite, generally 

has micron-scale grains regardless of the Cu-rich or poor deposition strategy. The lack of 

discrepancy in grain size is likely to be the result of the general existence of CuxSey in 

every growth strategy at the deposition rates explored in this study. Thus the CuxSey can 

conduct liquid-phase assisted grain growth around its eutectic temperature even when the 

average film composition is Cu-poor. 

It is encouraging to learn that kesterite can be co-evaporated with precise control 

of composition and phase with deposition routes starting from different compositions and 

achieve 8-9% cell efficiency without any efforts in experimental condition fine-tuning. It 

is expected in the future, by playing to the strength of co-evaporation, the record efficiency 

of kesterite solar cells may be greatly improved. 

Another major conclusion of the study is that, even though kesterite solar cells have 

a very large tolerance of ZnSe secondary phases (Zn/(Cu+Zn+Sn) ratio at least up to 37.1%, 

which is almost 1.5 times the stoichiometric Zn content), it is required that the ZnSe grains 

are at the back of the device. Large ZnSe grains on the front of the absorber, created by 

overdosing Zn at the end of deposition, are detrimental for device performance. A blue-
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light induced reverse-bias breakdown related to the ZnSe grains on the front of the absorber 

is observed.  Qualitatively, the effect is considered as a symptom of laterally distributed 

defects in the absorber (in this case ZnSe grains protruding into the absorber) through 

which current is regulated by the spreading resistance of the CdS. 
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Chapter 3 Hydrazine-processed kesterite 

In Chapter 2, we emphasized how to play to the strengths of the co-evaporation 

processing, to produce high-performance kesterite cells with precise control of phase and 

composition. However, as mentioned in Chapter 1, the industry has experienced difficulty 

and a higher cost when scaling the co-evaporation processing when working on CIGS solar 

cells. Great efforts have been spent on the dream of solution processing, which may 

ultimately eliminate the need for expensive high vacuum equipment and batch processes.  

Hydrazine-based solution deposition, as discussed in Chapter 1, has taken a leading 

role in producing high efficiency devices from this material system[11][40][34][41], even 

outperforming the high vacuum deposition methods. It is encouraging to imagine that a 

solution-based process of this kind may one day be scaled up to fulfill the dream of large 

scale manufacturing. There is still a long way to go since, first of all, hydrazine is a highly 

explosive solvent, which is probably not scalable. Therefore, it is significant to understand 

the reaction pathway of the processing, which may provide specific guidelines for the 

development of other solution-based processing methods based on benign solvents widely 

accepted by industry. 

This study is the tracking of the reaction mechanisms involved in the overall 

transformation from precursor ink to solid state framework and finally to the CZTSSe 

phase during deposition and subsequent thermal treatment. General introduction of the 

hydrazine-based thin film processing (Sec. 3.1) and the experimental methods of this study 

(Sec. 3.2) are firstly given. The chapter later explains how X-ray diffraction and Raman 



55 

 

spectroscopy have been employed to track the various stages of the reaction pathway, and 

to mark the formation and consumption of precursor phases as they interact to form the 

final material. The reaction pathway from solution formation to dried precursor film, and 

the solid-reaction from dried precursor film to the annealed film are described in two stages 

(Sec 3.3 and Sec 3.4). Finally, the obtained reaction pathway is compared with the reaction 

pathways of other vacuum and non-vacuum processes (Sec. 3.5). It is found that the 

reaction pathway of hydrazine-processed kesterite contains far fewer steps than most 

deposition methods, which typically start with elemental or binary chalcogenides. As the 

formation of secondary phases such as Cu2-xS, SnSe, and SnSe2 is no longer necessary to 

produce the final Cu2ZnSn(Se,S)4 phase, the relative simplicity of this formation 

mechanism is likely beneficial for the performance of the resulting solar cells. At last, the 

final section concludes the chapter (Sec. 3.6). 

3.1. Introduction to hydrazine-based processing 

As a fabrication technique, hydrazine-based processing has also facilitated the 

deposition of a diverse array of commercially relevant materials[94], creating a low-cost 

and high throughput approach for producing high quality thin films for solar 

cells[95][96][97][98][99], field-effect transistors[100][101], and other optoelectronic 

devices. Successful examples include the monometallic chalcogenides SnS2[101], 

SnSe2[102], and In2Se3[100], the bimetallic chalcogenide CuIn(Se,S)2[96][97], and the 

trimetallic chalcogenides Cu(In,Ga)(S,Se)2[95] and Cu2ZnSn(S,Se)4[40][34][11][41].  
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During the ink formation step, hydrazine is used to dissolve chalcogenides in the 

presence of excess chalcogen by breaking them down into 0-D, 1-D, or 2-D precursor 

complexes. This dissolution mechanism has been termed dimensional reduction.[94] If not 

all of the precursor materials are fully soluble in the resulting liquid, then the use of such 

an ink to deposit films is colloquially referred to as slurry deposition. Both molecular-scale 

solution[96][97][95][11][41] and slurry-based precursor inks[98][99] are compatible with 

spin-coating, blade coating, and other common liquid deposition techniques. 

As the deposited films are dried, the metal chalcogenide precursor complexes act 

as building blocks to construct a three dimensional framework incorporating both the 

chalcogenide material and an ordered number of solvent molecules.[94][103] If the ink 

only involves a single species of binary chalcogenide, the resulting framework will 

typically decompose back to the original chalcogenide after thermal 

annealing[100][101][102][104], if the ink involves more than one species of chalcogenide, 

the various species, at least in some cases[95][96][97][98][99], can combine into one 

multimetallic phase if the proper  precursor ratio was applied. How these precursor 

complexes pack with solvent atoms to form extended ordered frameworks has drawn 

significant research interest for many years. Our understanding of the precursor structures 

of monometallic systems, such as SnS2, SnSe2, Cu2S, In2Se3, has been improved by Single 

Crystal X-Ray Diffraction (SCXRD) measurements based on single crystals grown from 

supersaturated precursor solutions.[101][102][104] However, it remains unclear how 

multiple metallic chalcogenide complexes combine into a single multimetallic phase, such 

as Cu2ZnSn(Se,S)4, during the crystallization process.  
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This is a topic of interest since, to date, the highest performance CZTS and CZTSSe 

devices have been fabricated through hydrazine ink processing. The existence of a liquid-

phase process capable of outperforming its vacuum-based counterpart is an unusual 

occurrence in the development of thin film solar cells. This study depicts the format of the 

dried precursors and details the solid reaction route during thermal treatment. 

3.2 Experimental methods 

3.2.1 Preparation of precursor solutions and inks  

Cu2S-S solution was prepared by dissolving Cu2S powder (American Elements, 

99.999% ) and elemental sulfur (Aldrich, 99.998%) in hydrazine (Aldrich, anhydrous, 98%) 

with a Cu2S:S ratio of 1:2 and [Cu] = 1.0M. SnSe2-Se solution was prepared by dissolving 

SnSe2 powder (American Elements, 99.999%) and elemental selenium (Alfa Aesar, 

99.999%) in hydrazine with a SnSe2:Se ratio of 1:3 (1:1 for solutions used in Raman 

spectrum acquisition) and [Sn] = 1.14 M. Caution: hydrazine is highly toxic and should be 

handled with appropriate protective equipment to prevent contact with both the liquid and 

vapor. 

  To prepare the CZTSSe precursor slurries, metallic zinc powder with a particle size 

smaller than 80 nm (Aldrich, 99.8%) was added into the SnSe2-Se solution. After stirring 

for more than 10 hrs, Cu2S-S solution was added to the mixture. The final precursor slurries 

targeted an atomic ratio of Cu/(Zn+Sn) = 0.80-0.85 and Zn/Sn = 1.2-1.3, (or 

Cu/(Cu+Zn+Sn) ~45%, Zn/(Cu+Zn+Sn) ~31%, Sn/(Cu+Zn+Sn) ~ 24%), in other samples 
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where zinc was absent. By centrifugation at 8000 rpm, the solution-phase component was 

partially separated from the solids present in the slurry. After multiple cycles of dilution 

and centrifugation and a final drying process, the precipitate was effectively isolated from 

any remaining solvent and soluble materials. The preparation of all involved solutions and 

slurries was conducted in a nitrogen-filled glove box with the oxygen and moisture levels 

each below 1 ppm. 

3.2.2 Precursor drying 

A series of powder samples to be used for precursor characterization was prepared 

by drying each solution. Powders consisting the of Cu7S4
-, Sn2Se6

4-, Cu2Sn(Se,S)x and 

Cu2ZnSn(Se,S)x hydrazinium frameworks were derived by drying the Cu2S-S solution, 

SnSe2-Se solution, Cu2S-S and SnSe2-Se mixed solution and final CZTSSe precursor slurry 

in vacuum for durations ranging from 1 day to 1 week. 

Thin films of Cu7S4
-, Sn2Se6

4-, Cu2Sn(Se,S)x and Cu2ZnSn(Se,S)x hydrazinium 

frameworks were deposited by spin-coating each precursor solution or slurry at 800 rpm 

onto molybdenum substrates. The powders and films were either dried without heating or 

annealed on hot plate with durations between 5 and 30 minutes at temperatures ranging 

from 100 °C to 540°C. 

3.2.3 XRD and Raman characterization 

The X-ray diffraction patterns of the powdered hydrazinium frameworks as well as 

annealed powder samples were collected using a PANalytical X'Pert Pro X-ray Powder 

Diffractometer with a Cu-Kα x-ray source (λ=1.54050Å). For unstable samples such as the 
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dried hydrazinium compounds, multiple scans were conducted in order to confirm the 

reproducibility of the data under x-ray exposure. Polyimide films were applied to cover 

and seal the Cu7S4
- hydrazinium compounds before their removal from a nitrogen 

atmosphere, and were kept in place during diffraction measurements. Without a layer of 

protective encapsulation, consistent results could not be attained from this type of sample 

during sequential scans. 

Raman spectra of precursor solutions, pastes, and solid frameworks were acquired 

by a Renishaw inVia Raman system using a 514.5 nm Ar laser. The laser power was 25 

mW for solutions and slurries, but was reduced to 5 mW when measuring solid samples in 

order to prevent the laser-induced annealing of unstable samples. All Raman samples that 

are unstable under atmospheric conditions were sealed to avoid air exposure. The detailed 

sealing methods can be found in a previous publication.[105]  Thermogravimetric analysis 

(TGA) was performed with a ramp rate of 2 °C/min in flowing argon. Metal ratios in the 

resulting powders were calculated according to compositional measurements based on 

Energy dispersive x-ray spectroscopy (EDS). 

 3.3 Precursor Species and Their Resulting Hydrazinium Frameworks 

 The precursor slurry of CZTSSe is composed of two components: Zn-Se-S, an 

insoluble phase, and a soluble Cu-Sn-Se-S phase. The Raman profiles of the precursor 

slurry and the XRD pattern of its dried CZTSSe hydrazinium framework are shown in 
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Figures 3.1(a.1) and (a.2), respectively. The two components are described separately in 

the following sections: 

3.3.1 Zinc Species 

Zn(Se,S)(N2H4) is an insoluble species in hydrazine, typically existing as dispersed 

nanocrystals within the precursor ink.[98] The powder diffraction spectrum we obtained 

by centrifuging and drying the particles present in the CZTSSe precursor ink (Figure 

3.1(b.2)) is analogous to the XRD spectrum of ZnSe(N2H4) reported in a previous study.[98] 

ZnSe(N2H4) remains one of the components after the CZTSSe ink is dried as its XRD peaks 

are still visible in the dried CZTSSe precursor slurry(Figure 3.1(a.2)). 

 

Figure 3.1 (a.1) Raman spectra of the Zn-Cu2S-S-SnSe2-Se precursor solution, (b.1) real-solution 

component of the Zn-Cu2S-S-SnSe2-Se precursor solution, and (c.1) Cu2S-S-SnSe2-Se mixed 

solution. SnSe2-Se solution with SnSe2 : Se = 1: 1 was used. 200 cm-1, 246 cm-1, 268 cm-1 (marked 

by *) are vibrational modes of the double-centered Sn2Se6
4- complexes. 335 cm-1 (marked by +) is 

the vibrational mode of Cu-S stretching. 214 cm-1 (marked by #) has not been observed from either 

Cu2S-S or SnSe2-Se solution. (a.2) XRD patterns of the CZTSSe precursor powder, derived from 

drying the  Zn-Cu2S-S-SnSe2-Se precursor slurry, (b.2) Zn(Se,S)(N2H4)  powder, derived from 

drying the filtered precipitation of the slurry, and (c.2) Cu2Sn(Se,S)x hydrazine/hydrazinium 

powder, derived from drying the real-solution component of the same slurry. 
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3.3.2 Copper and Tin Species 

The soluble components of the CZTSSe precursor ink are a mixture of copper 

species and tin species. Energy Dispersive X-ray Spectroscopy (EDS) analysis of the dried 

solution-phase component indicates a composition with less than 3 atomic percent zinc 

after the solid particulates have been removed through repeated centrifugation. The near 

complete absence of zinc allows the separated solution phase to produce a Raman spectrum 

(Figure 3.1(b.1)) effectively identical to that of a mixed Cu2S-S and SnSe2-Se hydrazine 

solution (c.1). The solution phase contributes nearly all of the Raman signal detectable 

from the final slurry Figure 1 (a.1) in the range between 100 cm-1 and 500 cm-1. 

After being dried, this Cu-Sn-Se-Se solution-phase component remains structurally 

segregated from Zn-Se-S phase. The dominant XRD peaks of the dried solution-phase 

(Figure 3.1(c.2)) present clearly in the XRD spectrum of the dried CZTSSe precursor slurry 

(a.2), indicate that the ordering of the copper and tin species that occurs upon drying is 

unperturbed by the introduction of the zinc particulates. An isolated mixture of dried Cu2S-

S and SnSe2-Se hydrazine solution with no additional Zn will produce identical XRD 

spectrum (Figure 3.2(a.1)). 
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Figure 3.2 (a.1) XRD patterns of Cu-Sn-Se-Se precursor powder derived from pumping Cu2S-S-

SnSe2-Se mixed solution for one week, (b.1) (N2H4)(N2H5) Cu7S4 powder derived from pumping 

the Cu2S-S solution overnight, (c.1) covellite (reference code 03-065-0603, P63/mmc), obtained 

by pumping the Cu2S-S solution for 1 week. (a.2) Raman spectra of Cu-Sn-Se-S precursor film 

derived from pumping Cu2S-S-SnSe2-Se mixed solution for one week and (b.2) (N2H4)3(N2H5)4 

Sn2Se6 film derived from pumping SnSe2 –Se solution for 1 week. 

3.3.3 Bimetallic Integration Process 

Due to their unchanged nature before and after the addition of insoluble zinc species, 

further studies of the soluble Cu-Sn-Se-S phase present in the CZTSSe precursor slurry 

and the resulting solid precursor were conducted using analogously prepared mixtures of 

Cu2S-S and SnSe2-Se hydrazine solution. 

When Cu2S-S solution and SnSe2-Se solution are mixed, neither Cu-Se nor Sn-S 

bonding interactions are evident in the combined Raman spectrum. However, when drying 

the mixed solution, these two complexes arrange themselves periodically into a solid 

framework that is distinctly different from their unmixed structures. Copper sulfide 

complexes dissolved in hydrazine typically exist with a formula of Cu6S4
2-. The Raman 

scattering mode associated with Cu-S stretching locates at 335 cm-1.[105] Tin selenide 
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dissolved in hydrazine takes on a 0-D structure with the chemical formula Sn2Se6
4-.[102] 

The Raman scattering modes associated with this complex are located at 202 cm-1, 248 cm-

1, and 270 cm-1, indicating a double-centered molecule.[106] (The Raman spectra of the 

individual copper sulfide and tin selenide solutions can be found in Appendix B.) When 

Cu2S-S and SnSe2-Se solutions are mixed, the above mentioned peaks found in the spectra 

of the two individual solutions are preserved as shown in the Raman spectrum in Figure 

3.1 (c.1). The 200 cm-1, 246 cm-1, and 268 cm-1 vibrational modes correspond to the double-

centered Sn2Se6
4- molecule, and the 335 cm-1 mode signals the presence of Cu-S stretching. 

The additional peak at 214 cm-1 does not agree with the expected vibration frequency of 

Cu-Se stretching, which occurs around 276 cm-1,[107] nor the vibration frequencies of the 

Sn2S6
4- complex that are found at 281 cm-1, 341 cm-1, and 377 cm-1.[108] Since their 

primary peaks were preserved, the two monometallic complexes presumably remain intact 

during the mixing process, and produce the observed new bonding interaction without 

costing the original copper and tin species and their characteristic structure. 

A solidified hydrazinium framework was prepared by drying the mixed Cu2S-S-

SnSe2-Se solution in roughing vacuum for 1 week. Figures 3.2(a.1) and (a.2) show the 

XRD pattern and the Raman spectrum of the dried mixture, respectively. As indicated by 

the pronounced peaks of the XRD pattern, the solid framework is a highly crystalline 

structure. The intense small-angle peak suggests a highly periodic arrangement between 

metal chalcogenide clusters separated by hydrazine or hydrazinium molecules. This 

combined structure is distinct from the hydrazinium frameworks derived by drying Cu2S-

S solution and SnSe2-Se individual solutions, i.e. (N2H4)(N2H5)Cu7S4[104] and 
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(N2H4)3(N2H5)4Sn2Se6[102]. For brevity, the resulting mixed phase will be referred to as 

the Cu2Sn(Se,S)y hydrazinium framework. 

The structural differences between the Cu2Sn(Se,S)y and Cu7S4
- hydrazinium 

frameworks are readily visible in their XRD spectra. The solid Cu7S4
- hydrazinium 

framework, prepared by pumping down Cu2S-S solution overnight, has a series of XRD 

peaks, shown in Figure 3.2(b.1). The peak with smallest angle is located at 8.7681 degrees, 

corresponding to an interplanar distance of 10.0763 Å , which agrees accurately to the 

reported distance between 2-D Cu7S4
- slabs within the (N2H4)(N2H5)Cu7S4 structure.[104] 

However, the dried Cu2Sn(Se1-x,Sx)y hydrazinium framework has an entirely different peak 

list and peak widths, exhibiting significantly weaker crystallinity. Its small angle 

diffraction peak is located at 9.5474 degrees, corresponding to a lattice plane spacing of 

9.2555 Å . None of the structural nature of (N2H4)(N2H5)Cu7S4 can be found in this new 

framework. If the (N2H4)(N2H5)Cu7S4 is further pumped down for as long as one week in 

order to match the preparation method of the mixed copper-tin sample, most of the 

hydrazine and hydrazinium ligands will escape and the structure eventually becomes 

covellite CuS with a dark blue color (reference code 03-065-0603, P63/mmc). The powder 

XRD pattern of the resulting material is shown in Figure 3.2(c.1). Based on the above 

observations, it is apparent that the Cu6S4
2- species undergoes dramatic changes upon being 

mixed with Sn2Se6
4-, resulting in both an entirely different crystal structure and a much 

lower tendency to lose its hydrazine and hydrazinium spacer molecules during drying. 

Similar to the case of copper sulfide, anticipated structural features typical of a 

Sn2Se6
4- hydrazinium framework cannot be found when characterizing the mixed 

framework material. Quite distinct from Cu2Sn(Se,S)y, the (N2H4)3(N2H5)4 Sn2Se6 
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framework cannot be dried in vacuum even after pumping for as long as a week. It is highly 

unstable in air, and its diffraction pattern is effectively washed out by artifacts from the 

protective polyimide cover, so an accurate comparison between the Sn2Se6
4- hydrazinium 

compound and the new phase via XRD is lost. Even so, we were able to acquire clear 

Raman spectra of the Sn2Se6
4- hydrazinium compound, as shown in Figure 2(b.2). 

Although the vibration modes of Sn2Se6
4- are both sharp and intense in this figure, they are 

not visible in the Cu2Sn(Se,S)y hydrazinium framework, which can be found in Figure 

2(a.2). 

In summary, mixtures of Cu6S4
2- and Sn2Se6

4- complexes with [Cu]/[Sn] ≈ 2 have 

been observed to spontaneously arrange themselves into a new structure, 

Cu2Sn(Se,S)y(N2Hn)z, n = 4, 5 which is a bimetallic hydrazine/hydrazinium precursor. 

Other bimetallic compounds formed using a similar concept have also been reported, 

including Mn2SnSe4(N2H4)10, Mn2SnSe4(N2H4)7, Mn2SnS4(N2H4)6, Mn2SnS4(N2H4)5[109], 

Mn2SnS4(N2H4)2[110], Mn2Sb4S8(N2H4)2[111], and Mn2Sb2S5(N2H4)3[96]. This mixed 

precursor complex can then serve as an advantageous starting point to the solid state 

reaction that will ultimately form the final CZTSSe phase. 

One additional interesting fact to discuss shortly is the relatively higher crystallinity 

of the bimetallic hydrazinium compound compared to the amorphous type formed by the 

CuIn(Se,S)2 (CISS) system(another successful example of a hydrazine-based ink-

processed photovoltaic absorber material.[103]) The fact that both copper and tin species 

form crystalline structures individually[104][102] likely improves the chances of forming 

a highly crystalline mixed precursor. A brief overview of the degree of ordering typically 
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observed in frameworks formed from the precursor solutions that lead to CZTSSe and CISS 

inks can be found in Table 3.1.  

Table 3.1 Summary of the crystal structures of several monometallic and bimetallic hydrazine/hydrazinium 
compounds 

Precursor 
solutions 

Structures 

In2Se-Se (A) (N2H4)2(N2H5)2 In2Se4 

Amorphous [9]  

 

 

(A)+(B) 

Amorphous [3][12] 

 

Cu2S-S (B) (N2H4)(N2H5) Cu7S4 

Crystalline [13] 

 

 

(B)+(C) 

Crystalline 

SnSe2/ 

SnSe-Se (C) 

(N2H4)3(N2H5)4 Sn2Se6 

Crystalline [11] 

 

3.4 Solid State Reaction Pathways 

Through the studies of dried precursor complexes discussed above, the starting 

points of the formation of the kesterite phase has been identified as a Cu2Sn(Se,S)y 

hydrazinium framework along with the solid phase Zn(Se,S)(N2H4). Different from other 

two-step deposition processes, which start from pure elements or binary chalcogenides, the 

solid-state reaction route in the hydrazine-based processing starts from a previously formed 

Cu-Sn-Se-S complex along with Zn-Se before any thermal treatement has been done. 
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Figure 3.3 is the TGA data representing the decomposition of the hydrazinium 

frameworks and formation of the CZTSSe phase. The first stage of weight loss mainly 

corresponds to the removal of hydrazine and hydrazinium molecules and sulfur species, 

while the second stage is mostly from the loss of selenium. The metal compositions of 

samples annealed at different temperature are also presented in the same figure. Figure 3.4 

displays the powder XRD patterns of CZTSSe precursors annealed at different 

temperatures for 30 minutes, corresponding to several data points on the TGA curve. 

 

Figure 3.3 TGA of the Cu-Zn-Sn-Se-S precursor powder as it decomposes into Cu2ZnSn(Se,S)4 

and the metal ratio of powder subjected to separated thermal processes with different annealing 

temperature. 
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Figure 3.4. (a) XRD patterns of dried Cu-Zn-Sn-Se-S precursor, annealed at 100 °C, 175 °C, and 

250 °C, as well as (b) at 350 °C, 450 °C, and 540 °C. Peaks marked with # are shared by tetragonal 

Cu2ZnSnX4 and cubic Cu2SnX3. Peaks marked with * are unique to tetragonal Cu2ZnSnX4. Peaks 

marked with + are wurtzite ZnX. 

Suggested by TGA and XRD, the structure of hydrazinium frameworks is 

maintained at least up to 100°C before subjecting to dramatic weight loss by rejecting 

hydrazine molecules and change in diffraction pattern. After annealing at 175 °C, they have 

been decomposed. Zn(Se,S)(N2H4) is mostly decomposed to wurtzite ZnSe (reference code 

01-089-2940, P63mc), indicated by peaks marked with ‘+’. Most reports on the formation 

of Cu2ZnSnX4 (X= Se,S) from copper, zinc, and tin chalcogenide precursors observe the 

intermediate ZnX phase in its cubic form. However, the ZnX(N2H4) precursors in our work 

and also nanowires synthesized from hydrothermal routes with hydrazine hydrate serving 

as the solvent[112][113] are reported as wurtzite after annealing at 175 °C - 180 °C. 

According to Todorov et al[98], the ZnSe structure resulting from the decomposition of 

ZnSe(N2H4) is stable at least to 540°C. At this temperature, the Cu2Sn(Se,S)y hydrazinium 

framework is also decomposed. A series of peaks marked with ‘#’ in the figure represent 

either Cu2Sn(Se,S)3 (reference code 01-089-2879, F-43m) or Cu2ZnSn(Se,S)4 
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(Cu2ZnSnSe4 reference code 00-052-0868, I-42m; Cu2ZnSnS4 reference code 00-026-0575, 

I-42m). Since these two phases share primary diffraction peaks, it is not conclusive whether 

only the decomposition of Cu2Sn(Se,S)y hydrazinium framework has taken place or if the 

Cu2ZnSn(Se,S)4  phase has begun to form simultaneously. Whichever the case, the 

transformation has already begun at 175 °C, without the presence of copper and tin binary 

chalcogenides. Cu2SnX3 is frequently observed as an intermediate phase in various 

vacuum-based deposition processes. The initial formation temperatures range from 250 °C 

to 300 °C for methods that involve metal deposition followed by selenization[114][115], 

150 °C for coevaporation[116], and 100 °C for the sputtering of a Cu2Se + SnSe2 

compressed target[117]. For most of these processes, more than two hours of deposition, 

annealing, or selenization is required, and often the reaction route involves elemental 

metals, alloys, or binary chalcogenides. The complete conversion of these phases to 

Cu2SnX3 does not happen until an even higher annealing temperature is applied. While 

here, bimetallic (if not trimetallic) chalcogenides are formed immediately after the 

precursor slurry is dried and subjected to a mild thermal treatment. 

An important note is that the presence of zinc species is critical for preventing the 

formation of tin and copper binary phases at 175 °C. If one simply mixes and dries the 

Cu2S-S and SnSe2-Se solutions and anneals the resulting powder at 175°C, in the complete 

absence of zinc species, the XRD pattern shows as many as three phases: Cu2Sn(Se,S)3, 

SnSe2, and Cu2Se. If the dried powder comes from a filtered CZTSSe precursor slurry, 

which still retains a limited amount of zinc species, the small amount of zinc present is 

enough to prevent the formation of binary phases, producing a diffraction pattern similar 

to the 175 °C data shown in Figure 3.4, but with its ZnSe peaks much weaker. The observed 
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diffraction spectra are shown in Appendix B. The dominant mechanisms responsible for 

this phenomenon are not fully understood at present. 

At 250°C, the (1 0 2) and (1 0 3) reflections of Zn(Se,S) are reduced compared to 

their observed intensities at 175 °C, implying that the Cu2ZnSn(Se,S)4 phase has expanded 

at the expense of Zn(Se,S). At 350°C, with a large consumption of Zn(Se,S), the (1 0 1) 

and (1 1 0) reflections of kesterite appear, which are two of the few peaks that are distinct 

from those of Cu2Sn(Se,S)3. Thus, there is no doubt that kesterite has been formed at 350 

°C, although a small amount of wurtzite Zn(Se,S) is still visible in the spectrum. Beyond 

450°C, the crystallinity of Cu2ZnSn(Se,S)4 is further improved and the phase is stable up 

to at least 540 °C without significant decomposition. Also, based on the compositional and 

weight loss analysis shown in Figure 3.3, there is no loss of metal elements upon high 

temperature annealing. A small amount of residual wurtzite Zn(S,Se) is present since an 

overall Zn-rich sample composition was chosen in this study, and creates the shoulders of 

the dominant XRD peak. Based on this progression of spectra, we can conclude that from 

175°C to 350°C, the reaction is proceeding from Cu2Sn(Se,S)3 → Cu2ZnSn(Se,S)4. Above 

350°C, Cu2ZnSn(Se,S)4 dominates and stays stable up to at least 540°C. 

The Raman spectra shown in Figure 3.5 are supportive of these suggested reaction 

procedures and the absence of binary phases, except for a small amount of ZnX. The data 

of the sample annealed at high temperatures exhibits peaks at 175 cm-1, 199 cm-1, and 238 

cm-1, in good agreement with the reported vibrational modes of Cu2ZnSnSe4,[85] and 

another peak at 327 cm-1, which corresponds to Cu2ZnSnS4[67]. Since this kesterite sample 

contains both sulfur and selenium, the Raman spectrum exhibits bimodal behavior with 

peaks slightly shifted toward the intermediate frequencies between the primary peaks of 
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Cu2ZnSnSe4 and Cu2ZnSnS4.[67] At lower annealing temperatures, the dominant peak is 

located at 187 cm-1 but begins shifting toward the 193-199 cm-1 range at 350 °C and above. 

This suggests a transformation from Cu2Sn(Se,S)3 to the Cu2ZnSn(Se,S)4 phase.[85] ZnSe 

can be observed at temperatures up to 350°C by deconvoluting the shoulder of the peak 

located in the 230-250 cm-1 range.[118] The shoulder of this peak is most intense at 175 

°C and then gradually decreases at higher annealing temperatures, which is consistent with 

what has been observed in the diffraction studies discussed earlier. 

  

Figure 3.5 Raman spectrum of Cu-Zn-Sn-Se-S precursor dried, annealed at 100 °C, 175 °C, 250 

°C, 350 °C, 450 °C, and 500 °C. Spectra of 1. Cu2ZnSnS4, 2. Cu2ZnSnSe4, 3. ZnSe, and 4. 

Cu2SnSe3 are also provided for reference. 
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3.5 Comparison to the reaction pathways of other processes 

As predicted by simulation,[119] many reports[114][120][121] have detected 

Cu2SnX3 as an intermediate phase or have claimed that the formation of kesterite is 

governed by the following solid state reaction: 

 

Cu + Sn + Zn + X or alloys → Binary chalcogenides → Cu2SnX3 + ZnX → Cu2ZnSnX4 , 

X= S, Se 

 

If the process is initiated at the elemental stage, as is the case when depositing 

metallic layers by evaporation[114][122], sputtering[123], and 

electroplating[120][124][51], the reaction must progress through every step before 

CZTSSe is produced or in some processes, start from the second stage by stacking[125] or 

mixing[121] binary chalcogenides. At each intermediate stage, metal alloys, binary, and 

ternary chalcogenides (e.g. Cu2X, CuX, ZnX, SnX2, SnX, Cu2SnX3), each with different 

formation and decomposition activation energies, will be involved. Perhaps, because the 

atomic diffusion between intermediate phases is difficult, or the coordination between 

phases to go through the multiple reaction steps is discordant, the resulting material may 

retain a variable amount of intermediate phases. Compared to Cu2ZnSnX4 phase, the Sn-

rich phases, SnX, SnX2, Cu2SnX3, or Cu4SnX4, are either very volatile or more easily-

decomposed.[126] The consequence of decomposition is the overall stoichiometry drifts 
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toward the Sn-poor direction, leaving behind detrimental Cu-rich phases, which has no 

chance to be eliminated from this point on. 

  Hydrazine-based processing, skipping any activation barriers associated with the 

first two reaction stages, steps directly into a state between Cu2SnX3 + ZnX and 

Cu2ZnSnX4 after the removal of hydrazine ligands. The remaining reaction route is hence 

kept short and simple. If the ease of kinetic obstacles has enhanced the formation of 

Cu2ZnSnX4 at sub-500°C annealing temperature and minimized the amount of volatile 

binary and ternary phases (it is not possible to obtain direct crystallographic evidence that 

the material is indeed Cu2Sn(Se,S)3-free because of the difficulty of differentiation by 

XRD), the whole system will be able to better sustain annealing temperatures beyond 500 

°C without being decomposed or suffering from the loss of tin but still takes the advantage 

of the benefits of high temperature annealing, such as the elimination of points defects and 

grain growth. 

3.6 Conclusions and outlook 

The hydrazine-based ink processing has been observed to integrate multiple 

monometallic chalcogenide compounds into a single bimetallic complex at room 

temperature. Here we have found that, by mixing Cu2S-S solution and SnSe2-Se solution, 

the metal chalcogenide complexes Cu6S4
2- and Sn2Se6

4- retain their short range vibrational 

characteristics as observed by Raman scattering. However, the complexes build up an 
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ordered Cu2Sn(Se,S)y hydrazinium framework upon drying rather than constructing their 

own segregated frameworks. 

Further study is needed in order to determine the specific structure of the 

Cu2Sn(Se,S)x hydrazinium framework. However, we already know the structure is not 

amorphous but well-crystallized with hydrazine or hydrazinium spacer molecules 

separated by a distance of 9.2555 Å . 

The Cu2Sn(Se,S)x hydrazinium framework, together with Zn(Se,S)N2H4, provides a 

significantly advanced starting point for CZTSSe formation than the precursor materials 

employed in other deposition methods. Even at temperatures as low as 175°C, the solid 

state reaction has already begun to progress past the Cu2Sn(Se,S)3 and Zn(Se,S) stage, 

rendering the remaining reaction simple and neat compared with most vacuum processes. 

This reaction pathway is likely beneficial to the performance of the resulting solar cell: the 

formation of secondary phases such as Cu2-xS, SnSe, and SnSe2 is no longer necessary to 

produce the final Cu2ZnSn(Se,S)4 phase; the phase conversion is presumably more 

thorough as the kinetic obstacles of the reaction route are less severe. We believe a pristine 

Cu2ZnSn(Se,S)4 material is able to better take advantage of the benefits of high-

temperature annealing on device performance while avoiding tin loss and the presence of 

residual of Cu-rich phases.  A reaction pathway starting from an advanced starting point 

may serve as a general guideline in the search for new promising processes. 
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Chapter 4 Kesterite from the selenization of nanocrystal films 

In Chapter 3, the reaction pathway of hydrazine-processed kesterite is discussed. It 

is suggested that a solid-state reaction starting from ternary or quaternary precursors is 

likely beneficial for the formation of kesterite phase. Opposed to that, elemental or binary 

precursors still have a long way to go before arriving the final stage.  

Using nanocrystals to fabricate kesterite films can be described as an approach best 

realizing this principle. The Cu2ZnSnS4 phase is synthesized in liquid phase as nanocrystals 

capped with hydrocarbon ligands. In the consequent solid-state diffusion, only the growth 

of the grains needs to take place. In addition, the hydrocarbon ligands allow the 

nanocrystals to be dispersed in benign common organic solvents, which largely reduce the 

difficulty to scale up the process. Nevertheless, the increase of the grain size is not 

straightforward. For unclear reasons, supplying selenium vapor is a must; otherwise the 

size of grains will remain in nano scale, while selenium vapor is not pleasant to work with 

because of the toxicity and is much less abundant in the earth crust. The unavoidable 

selenization step also changes the surface composition of the film into Sn-rich/Zn-poor, 

which unfortunately favors the formation of those undesired point defects introduced in 

Chapter 1. 

This chapter starts by introducing the basic processes to prepare kesterite films by the 

nanocrystal approach (Sec. 4.1) and goes into the experimental details of this study (Sec. 

4.2). After that, the special grain growth triggered by the selenization step is analyzed and 

we also try to answer the question why selenium vapor is a must (Sec. 4.3). The focus is 
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then switched to the surface composition deviation created by the selenization process and 

the way to engineer the surface composition to favor better device performance (Sec. 4.4). 

Finally, an 8.6% cell performance is shown. Everything from the kesterite film to the top 

electrode is deposited without any high vacuum processing (Sec. 4.5). Conclusion and 

outlook is at last (Sec. 4.6). 

4.1 Introduction and challenges of the nanocrystal selenization approach  

4.1.1 Nanocrystal synthesis and film formation 

Nanocrystal approach starts with the synthesis of metal chalcogenide nanocrystals, 

the deposition of nanocrystal films, and end with the post-thermal treatment of films.[46] 

Currently, cell efficiency of 7% to 9% have been achieved by similar processing 

conditions.[46][45][13][44][43] The record is only second to hydrazine-processed kesterite 

solar cells[11], and in compatible with co-evaporated kesterite solar cells[14]. 

The core of the nanocrystals are either quaternary Cu2ZnSnS4 nanocrystals[43] or 

the combination of binary ZnS nanocrystals and ternary Cu2SnS3 nanocrystals[127]. Up-

to-date, the most successful kesterite devices based on nanocrystal approaches are 

fabricated from hydrophobic colloidal nanocrystals, which are composed of an inorganic 

crystalline core with specified composition and crystal phase that is coated with a 

chemisorbed layer of organic hydrophobic ligands, e.g., oleylamine (OM). (Hydrophilic 

CZTS nanocrystals are currently not as popular as their hydrophobic relatives and reported 

to produce inferior device performance.[6][7]) The hydrophobic ligands allow the 
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nanocrystals to be dispersed in nonpolar solvents and prevent the aggregation between the 

nanocrystals.  Compared with hydrazine-based processing[98], which uses the explosive 

solvent hydrazine during ink formation and film deposition, there is an wide selection of 

common nonpolar solvents which can be applied in this processing, including many 

environmentally benign solvents. An TEM image of Cu2ZnSnS4 nanocrystals is shown in 

Figure 4.1. The resulting nanocrystal dispersed in organic solvent is used as ink to process 

into 1 to 2 μm films by spin-coating, rod-casting, or other wet coating processes. 

The nanocrystal approach enables phase formation to occur prior to film deposition. 

(Figure 4.1)) In other solution-based processes and vacuum-based processes, including all 

the other processes listed in Table 1.3 (co-evaporation[14], low-temperature 

evaporation[15][35][36], sputtering[37][38][39], hydrazine-based 

processes[40][34][11][41][42], other molecular-scale solutions[47][48][49][50], or 

electroplating[51]), the kesterite forms either after or during the films form. Due to the 

difficulty of solid-state diffusion, binary, ternary, and quaternary secondary phases are 

more likely to form due to compositional non-uniformities throughout the film. As 

discussed in Chapter 3, the hydrazine-processed kesterite probably has less issues with 

secondary phases since its solid-state reaction route has an advanced starting point. 

However, most other processes do not have the luxury. The nanocrystal approach, with 

phase formation taking place in liquid phase in a carefully controlled environment, allows 

each constituent to have far greater diffusivity values in order to overcome the activation 

energy barrier to reach the thermodynamically stable phase.  

High-temperature thermal annealing processes of the metal chalcogenide 

nanocrystal films isnecessary at present stage. As discussed in Sec 1.6, only films with 
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micron sized grains can avoid excessive recombination and carrier scattering from the grain 

boundaries and have a chance to produce cells with high power conversion efficiencies. 

The typical size of the nanocrystals dispersible in organic solvent is ~ 20 nm. Therefore, 

even though the crystal structure of kesterite has been formed, thermal annealing which 

leads to remarkable grain growth still cannot be omitted. Current progress has 

demonstrated that without a grain-growing thermal annealing process, solar cells are 

generally unable to reach 1% efficiency.[72],  

 

 

Figure 4.1 The nanocrystal approach enables phase formation to occur prior to film deposition. (a) 

Schematic illustration of the difference between nanocrystal approach and the others. (b) TEM and 

HRTEM of the as-synthesis Cu2ZnSnS4 nanocrystals. 

4.1.2 Selenization and grain growth 

Even though the nanocrystals already contain a significant amount of chalcogen 

(sulfur in most cases), the thermal annealing process of nanocrystal films requires the 

presence of chalcogen vapor. It is known that the presence of chalcogen vapor (sulfur or 

selenium vapor) prevents the decomposition of the kesterite phase, since the chalcogen 

vapor is the product of the decomposition reaction. [130][131] However, the prevention of 
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decomposition is not the major reason to supply chalcogen vapor in the thermal treatment. 

The kinetic theory[126] and an experiment example[34] have shown that decomposition 

can simply be prevented by annealing under environment of atmospheric base pressure 

even if chalcogen is not supplied. The major reason behind is that this is the only way to 

attain sub-micron grains out of the nano-sized crystals. Compared to the grain growth 

mechanism of purer precursor films, such as hydrazine-based precursors[98][41], the grain 

growth of nanocrystal films is not as straight forward because of the considerable amount 

of carbon contributed by the nanoparticles hydrocarbon ligands, which presumably hinders 

the diffusion of atoms. Without supplying chalcogen vapor in the annealing process, the 

crystals remains mostly nano-sized and the appearance of the film is almost unchanged. 

While supplying sulfur (sulfurization) or selenium (selenization) are both 

reasonable options to prevent the decomposition of CZTS and CZTSe, to-date, successful 

devices are all made via selenization processes, which replace over 90% of S by Se 

according to Auger Emission Spectroscopy (AES).[127] The main differences between 

sulfurization and selenization lie in their ability to initiate and propagate grain growth. 

The selenization setup usually makes use of a graphite box holding the as-deposited 

nanoparticle films and some elemental selenium pellets. The graphite box is placed into a 

quartz tube furnace with a slow continuous inert gas flow. The finite space inside of the 

graphite box is critical because it assures that a large selenium pressure will be provided. 

The annealing temperature is typically reported between 500 °C and 560 °C for more than 

20 minutes.  
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Selenization of the nanocrystal film produces a bizarre bi-layer structures, with a 

large-grained layer on top and a fine-grained layer on the bottom and, in some cases, 

another large-grain layer at the bottom a tri-layer structure. The SEM image shown in 

Figure 4.2(a) is one of the examples of the double-layer structure and is fairly similar to 

data reported elsewhere[44], [46]. Figure 4.2(b)[43] is an example of the tri-layer structure. 

The large-grained layer is the kesterite, and the fine-grained layer is a mixture of kesterite 

nanocrystals and binary chalcogenide nanocrystals embedded in a matrix of carbon[127]. 

The carbon is apparently residues of the hydrocarbon chains of the nanocrystals. A similar 

morphology has also been observed in a different ink-processed CIGS film (Figure 

4.6(c))[132], which also involves a significant amount of carbon. (Ethylcellulose was 

added to improve the coating behavior of the ink.)  

These bi-layer or tri-layer structures made from the selenization of nanocrystal 

films are distinctive and intriguing. The large grains have only presented on the interfaces, 

which is highly distinguishable from the structures of the films made by carbohydrate 

ligand-free processes[40][34][11][41][42][49][50][51]. As the example of hydrazine-

processed kesterite shown in Figure 4.6(d)[98], grains stacking on each other form 

everywhere throughout the film. No fine-grained layer is observed. Compared to these 

structure, the new structure apparently is suggesting an interesting grain growth mechanism. 

Previous works have only focused on obtaining reasonable closely-packed large 

grains to demonstrate a good device efficiency, but unfortunately overlooked the 

investigation of such growth mechanism, and also had not asked and answered the big 

question: “why selenium vapor will be necessary to kick off the grain growth?” 
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It is of interest to understand the growth mechanism by varying the amount of 

selenium partial pressure in the selenization process. However, with the tubular furnace 

setup, where the selenium source and the nanocrystal films are placed in a single 

temperature zone, it is difficult to control selenium vapor pressure and virtually not 

possible to create pressure higher than the saturated vapor pressure of the substrate 

temperature. New selenization tool need to be designed. 

 

Figure 4.2 Cross-sectional SEM images of annealed films by (a) (b)nanocrystal approach[43], [127] 

with the EBIC map of the identical area. The dotted lines in (b) are the benchmarks to indicate the 

same physical location on the sample in each image. Also, cross-sectional SEM images of (c) an 

organic ink-processed CIGS film [132] and (d) a hydrazine-processed CZTSSe film[98]. Adapted 

with permission © 2013 The Royal Society of Chemistry. 

4.1.3 Composition change during selenization 

Selenization not only has a profound effect on grain morphology, but also changes 

the composition distribution vertically in the film. Generally, as discussed in Sec. 4.1.2, 
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the change in bulk composition is mild because the decomposition rate is restricted by the 

atmospheric pressure and the significant amount of selenium vapor present during the 

annealing process. A more noticeable phenomenon is the production of a vertically non-

uniform distribution of metallic elements as a result of the complex bi-layer or tri-layer 

morphology [127]. Variation of composition is not surprising since the constitution of the 

thermodynamic system is complex throughout the vapor / large-grain kesterite / nano-sized 

grains-carbon mixture / MoSe2 structure during selenization. So far, there are no studies 

showing how the composition distribution has been changed before/after the selenization 

step and how to adjust the distribution to favor the device performance.  

It is worth to note that, in general, the open circuit voltage (VOC) of kesterite solar cell 

is limited by interfacial recombination.[30][34] It is particular interesting to investigate the 

composition on the surface of the film. Further optimization of the surface composition 

may reduce the localized defect density, weakening the recombination process around the 

p-n junction and, in result, gaining the value of VOC and cell efficiency.  

4.2 Experimental methods 

4.2.1 Synthesis of nanocrystals 

In a typical synthesis of Cu2ZnSnS4 nanocrystals, proportional amounts of copper 

acetylacetonate (Cu(acac)2), zinc acetylacetonate hydrate (Zn(acac)2), tin(IV) 

bis(acetylacetonate) dichloride (Sn(acac)2Cl2) were mixed in 10 mL of oleylamine under 

vacuum from room temperature to 130 °C, and held at 130 °C for 30 minutes; then, the 
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reaction was heated to 225 °C under argon atmosphere, where 2M of sulfur solution in 2 

mL oleylamine was injected at 225 °C, and the temperature was kept at 225 °C for 1 hr. 

The reaction was cooled down to room temperature quickly, and the precipitated products 

were obtained by adding ethanol as precipitant. The dissolve/precipitation procedure was 

repeated one more time, and the nanocrystals were acquired and fully dispersed in a non-

polar solvent, e.g. toluene. The metal precursor ratio has been adjusted based on the device 

performance. 

4.2.2 Absorber layer fabrication 

To prepare the CZTSSe absorber layers, the nanocrystal inks were spin-coated in 

air on Mo coated soda-lime glass. A soft baking at 300 °C for 2.5 minutes on a hotplate in 

air was applied after each spin-coating run. The thickness of the as-deposited film was 

adjusted to be 1.1 to 1.2 um by several spin-coating iterations. X-ray Fluorescence was 

used to check whether the nanocrystal film contains the desired composition prior to further 

fabrication. 

The following selenization was carried out in to different configurations. The first 

one is named as the “tubular furnace“ setup. The tubular furnace setup is in general 

identical to the conventional setup discribed in the previous works[13][44][45][46]. The 

as-deposited films together with several hundred mg of selenium shot were put into a 

graphite box, and heated in a quartz tube by a tubular furnace. The optimized selenization 

conditions was carried out at 560 °C for 20 minutes, under high pressure (1.15 atm), with 

argon atmosphere. 
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The other setup up named as close-space selenization (CSS) decoupled the substrate 

temperature and selenium source temperature. CSS is a furnace equipped with two face-

to-face arrays of heating elements—one heats the source container and one heats the 

substrates. The working distance between the two arrays is less than 1 cm. Two thermal 

couples in direct contact with the back of the source container and the back of the substrates 

allow for accurate control on the two temperatures in separation. The chamber was filled 

with argon gas with a base pressure of 1.05 atm. The duration of the selenization runs was 

15 min. A skeptical drawing of the configuration of CSS furnace is shown in Figure 4.3. 

 

Figure 4.3 Configuration of CSS chamber. 

4.2.3 Device Fabrication 

The typical procedure was as followed: first, deposition of molybdenum (Mo, 

around 350 nm) onto a Corning 2947 glass side by DC sputtering in argon. Then, the 

kesterite absorber layer was deposited according to the above procedure. Next, the 
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cadmium sulfide (CdS) layer was deposited onto the kesterite layer by chemical bath 

deposition. Finally, AgNW/ITO-NP film was spin-coated onto the devices as a transparent 

top electrode. The area of each cell was 0.12 cm2. 

4.2.4 Characterization 

Since the commonly used Energy dispersive spectroscopy (EDS) or X-ray Fluorescence 

(XRF) can only give the bulk metal ratios of the large-grain layer, X-ray photoelectron 

spectroscopy (XPS) with depth profiling is used in this study. Scanning electron 

microscope (SEM) is used to characterize the morphologies of the films. 

4.3 Selenium pressure-dependent grain morphology 

As mentioned in Sec 4.1, in previous works[13][44][45][46], only one heating 

source was applied to the graphite box containing the films, which supplies the heat to both 

evaporate the selenium source and allow the selenium vapor to react with the nanocrystal 

films. In such case, multiple parameters, involving selenium partial pressure and atomic 

diffusivity were bound together. In this study, the CSS furnace equipped with two arrays 

of face-to-face heating elements as described in Sec. 4.2 was used. The selenium source 

temperature and substrate temperature were decoupled and the effects of these two 

temperature on grain morphology have been demonstrated separately. 
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Table 4.1 shows the various source and substrate temperatures applied and the 

assigned sample names. The source temperature and substrate temperature each range from 

430 °C to 580 °C. 

Table 4.1 Experimental conditions of the CSS selenization runs.  
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480  C    
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4.3.1 Planar-type growth and inhomogeneous-type growth 

By varying the source and substrate temperatures, two different types of 

morphologies of the large-grained layer have been observed. In the “planar type”, the large 

kesterite grains on top of the film almost fully cover the surface of the fine-grained layer. 

These grains are flat in shape and packed closely with each other in the way of soap-bubble 

membranes. In another type, the “inhomogeneous type”, grains are multifaceted in three 

dimensions and only have contact with the neighboring grains on the base of the grains, 

leaving an incomplete coverage and occasional exposure of the fine-grained layer. Since 

these grains have more facets exposed than the flat grains of the planar type, the film 

surface is also rougher. 
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The source temperature and substrate temperature both decide whether the resulting 

morphology falls in the planar type or the inhomogeneous type, whereas the trend is in 

opposite directions. Figure 4.4 shows the planar and the cross-sectional SEM images of the 

results of selenization run I, II, and III. By applying 500 °C to both the source and the 

substrate, closely packed grains are obtained, but voids can still be spotted (run I). By 

raising the source temperature from 500°C to 580°C, the morphology is shaped into a 

typical planar type. The grains are larger and also flatter judging from the clear-cut surface 

in the cross-sectional SEM image; they are also packed even tighter so that no voids can 

be seen in the planar SEM image (run II). However, by raising the substrate temperature 

by the same amount, even though the grains still grow bigger, the morphology is shaped 

into the inhomogeneous type. The height of the grains varies by several times according to 

the cross-sectional image, and even the voids are enlarged, as indicated by the planar SEM 

image (run III). 

 

Figure 4.4 The sketches of typical Planar Type and Inhomogeneous Type morphology and the 

cross-sectional and planar SEM images of the resulting films of selenization runs I, II, and III. 
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Figure 4.5 presents the consistent phenomena in a wider temperature range down 

to 430 °C. A series of selenization A-D were conducted with a fixed substrate temperature 

at 530 °C and a source temperature ranging from 430 °C to 580 °C. It shows that the 

continuity of the grains increases with increasing source temperature, which indicates that 

the higher the selenium partial pressure, the more the grains tend to grow like flat soap 

bubble membranes, instead of individual multifaceted islands. Another series of 

selenization a-d, in which source temperature was fixed at 530°C and substrate temperature 

was varied from 430 °C to 580 °C, shows that the grain growth falls into the planar type 

regardless of the substrate temperature. 

 

Figure 4.5 The cross-sectional SEM images of the resulting films of selenization runs A, B, C, D; 

a, b, c, and d. 
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4.3.2 Other effects on film morphology  

The effects of source/substrate temperature on the thickness of MoSe2, the 

thickness of fine-grained layer, and also the appearance of the second large-grained layer 

are discussed as followed. 

First, the substrate temperature has a greater effect on the thickness of MoSe2 

compared to the rapidness of selenium source evaporation. As shown in Figure 4.5, while 

raising the source temperature from 530°C to 580°C increases the MoSe2 thickness by only 

15%, raising an equal amount to the substrate temperature almost doubles the thickness. 

Second, it is worth to note that neither changing the substrate nor the source temperature 

in the investigated temperature range noticeably affects the thickness of fine-grain layer. 

The last eye-catching effect is the appearance of the second large-grained layer at 

the bottom of fine-grained layer, which is only observed when low substrate temperatures 

(480°C and 430°C) was applied in the case of 530°C source temperature. Selenization runs 

with lower source temperature does not yield this second large-grained layer. 

4.3.3 How selenium vapor trigger the grain growing process? 

After understanding the selenium pressure-dependent grain morphology, now, we 

try to answer the question: why selenium vapor is necessary to kick of grain growth?  

Since the formation of the large grains only occur on the interfaces, it apparently 

did not start with the sintering between the nano-sized particles, but the heterogeneous 

nucleation of new grains. Nucleation occurs preferably on the interfaces where the surface 

energy is the highest, making the nucleation barrier low enough to pass. While once the 
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nucleus are born on the interfaces, grains can grow into one or more microns in diameter, 

the simple sintering or ripening of nanocrystals in the bulk of the film proceeds incredibly 

slow, that even after hours no change in size can be observed with the resolution of SEM. 

A previous in-situ XRD study on the process of selenization also has indicated supportive 

evidence. The XRD peaks of the original Cu2ZnSnS4 phase does not turn gradually into 

the new Cu2ZnSn(S,Se)4 peaks; instead, the new peaks representing the large grains show 

abruptly when the temperature rises to a certain level.[133]   

Here, two possible models are proposed to explain how selenium vapor results in 

the formation of micron-sized grains. Model 1, the introduction of selenium vapor had 

modified the film/vapor interface and somehow increased the surface energy and reduced 

the nucleation barrier.[134] Model 2, the introduction of the selenium vapor has increased 

the diffusivity of atoms in the film, facilitating the significant growth of the nucleus. 

According to the grain morphology study summarized in Sec. 4.3.1 and Sec 4.3.2, Model 

1 is in better consistency with the observations. 

If we assume Model 2 − selenium vapor increases the diffusivities of atoms − is 

true, in theory, raising source temperature, which bring up the selenium pressure, should 

have produced the same effect as raising the substrate temperature does: experienced 

higher atom diffusivity, obvious grain agglomeration, and the formation of multifaceted 

three-dimensional grains to reduce surface energy, and even leave part of the fine-grained 

layer surface exposed. However, it is not what have been observed experimentally. Instead, 

raising substrate temperature leads to the inhomogeneous growth, which matches our 

expectation on the growth with higher atomic diffusivities; raising source temperature leads 
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to entirely opposite result, the flat, close packed planar growth, in which the surface energy 

of the grains have not been minimized. 

Model 1 is more consistent with the observation. The selenium vapor in contact with 

the nanocrystal films possibly increases the surface energy of the nanocrystal films, 

reducing the nucleation barrier for the new kesterite grains. However, it is not yet 

understood why a lower substrate temperature coupled with a higher source temperature 

would promote the nucleation of kesterite grains on the nanocrystal film/Mo interface. It 

is for sure that, increased atomic diffusivity is again not the trigger of the event, since if so, 

raising substrate temperature would instead promote the process. 

This studies has improved our understanding but not fully realize how grain growth is 

encouraged by selenium vapor during the thermal treatment. However, the suggested 

model may point out possible ways to trigger grain growth process without the involvement 

of selenium vapor. 

4.4 Inhomogeneous vertical composition distribution and altered surface 

composition 

4.4.1 Composition depth profiling and Sn-rich surface composition 

After realizing the nucleation and growth mechanism of the films, the low 

uniformity of elemental distribution is not surprising. Since during the selenization of the 

nanocrystal films, the nucleus are only formed on the surface of the films, metal elements 
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have to diffuse out from the nanocrystal films to reach the surface and join the growth of 

nucleus.  

Figure 4.6(a) shows the composition depth profile of a selenized film acquired by 

XPS. The selenization setup used was the “tubular furnace” described in Sec. 4.2. A non-

uniform distribution of Cu, Zn, and Sn vertically through the film is observed. It is found 

that Sn is slightly concentrated towards the front of the film, Cu is concentrated in the 

middle of the large grain layer, and Zn is slightly concentrated near the boundary between 

the large and small grained layers. Deeper into the film, near where the large and fine grains 

intersect, Zn shows signs of accumulation compared to Cu and Sn. Crossing the boundary 

between large and fine grains and further into MoSe2 layer, all three metallic elements drop 

continuously. 

As discussed in Sec. 4.1.3, the surface composition is particularly of interest. To 

get more insights into the composition deviation at the surface, we analyzed the film 

surface by XPS depth profiling with higher resolution (Figure 4.6(b) and (c)). In this view, 

a trend of Cu/Zn deficiency and Sn abundancy at the front of the absorber layer is evident. 

From the bulk (~ 300 nm deep into the film) to the top surface, the Sn content increases 

significantly, while both Cu and Zn contents fall. Compared to the bulk of the film, the 

surface is poorer in Cu by 3.6%, poorer in Zn by a slight 1.2%, and richer in Sn by a good 

4.8%. In result, the Zn/Sn ratio on the surface has reduced down to 1.05, which is much 

lower than the 1.31 of the bulk composition. The same trend of composition deviation is 

observed repeatedly in multiple samples. No evidence of secondary phases such as SnSe2 

and SnSe can be found by SEM planar view and Raman spectroscopy. One possible 
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explanation is that the surface of the film favors a construction which has a composition 

richer in Sn and poorer in Zn compared to the bulk composition. 

 

Figure 4.6 XPS depth profiles of a selenized film with bulk composition typical of other works in 

literature. (a) Peak area corrected for transmission, energy dependence, and RSF of Cu-2p3/2, Zn-

2p3/2 and Sn-3d5/3. The arrows indicate where the elements are most concentrated. The margins 

of large grains/fine grains and MoSe2 were estimated by comparing the depth profiles to SEM 

cross-sectional images. (b) High resolution scans of the surface region of each absorber layer. (c) 

The composition Cu*, Zn*, and Sn* profiles of the top ~ 300 nm of absorber. The dotted lines 

represent the bulk composition acquired by XRF. 

To understand if the Sn-rich/Zn-poor surface is a result of selenization, composition 

depth profiles before and after selenization are given. An additional film was prepared by 

spin-coating an extra Sn poor nanocrystal ink onto a normal film. Their composition depth 

profiles before and after selenization are presented in Figure 4.7. It is found that no matter 

the as-deposit film has a Sn-rich/Zn-poor surface (Figure 4.7(a)) or a Sn-poor/Zn-rich 

surface (Figure 4.7(b)), the resulting selenized films always have a Sn-rich/Zn-poor surface 
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(Figure 4.z(c) and (d)). It is therefore confirmed that the Sn-poor/Zn-rich surface is a result 

of selenization. Presumably, during the growth of large grains, Sn tends to diffuse more 

rapidly upwards compared to the other two metals, whereas Zn diffuses the most slowly 

upwards and is more easily trapped at the interface between large and fine grains. Such 

redistribution renders the first ~300 nm of the absorber in the vicinity of the junction 

slightly Sn-rich relative to the targeted bulk composition, and the composition deviation 

on the surface especially evident. 

 

Figure 4.7 Surface depth profiles before and after selenization. (a)(b) A regular nanocrystal film 

before and after selenization. (c)(d) An modified nanocrystal film before and after selenization. 

The relatively Zn-poor and Sn-rich surface composition here is distinguishable 

from other studies by the hydrazine-based processing, in which large grains grow in a post 

annealing step with sulfur vapor[135] and the co-evaporation processing, in which large 

grains grow at the same time elements are deposited on substrates[136]. In both cases, the 
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kesterite thin films exhibit Cu-poor, Zn-rich, and Sn-poor surfaces. Clearly, there is not 

only one kind of surface composition deviation for annealed kesterite films. Even two films 

are both chalcogenized during thermal treatment (either sulfurization or selenization) (for 

example, ref [135] and this study), the resulting surface composition could be very different, 

depending on the actual grain growing process during the chalcogenization. 

4.4.2 Surface composition engineering 

As previously discussed, Sn-rich Zn-poor composition is in general not favorable 

because of the involvement of the SnZn and other deep carrier traps. More specifically, 

electronic structure calculation specializing the defects on surface configurations points out 

that the energy level of the SnZn as surface configuration is also below the conduction band 

edge of the bulk, acting as recombination centers for carriers. [70] These concerns motivate 

the modification of the surface composition to avoid or reduce advert Sn-enriched Zn-

depleted defects. 

To modify the surface composition, a nanocrystal film with a 1.5 X extra heavy 

dose of Zn has been used. This strategy is chosen because, first, it is already known that 

partially changing surface composition of an as-deposited film will not change the trend 

on surface composition deviation caused by selenization. Second, as concluded in Chapter 

2, a heavier dose of Zn as much as 1.5X will not cause device-performance issue once the 

Zn(Se,S) grains aggregate on the back of the film. 

The Cu*, Zn*, and Sn* composition of the nanocrystal film used is 38.63%, 39.43%, 

and 21.93%, respectively (Cu* = Cu/(Cu+Zn+Sn), Zn* = Zn/(Cu+Zn+Sn), and Sn* = 
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Sn/(Cu+Zn+Sn)). The composition depth profiles of the selenized film are shown in 

Figures 4.8. Accordingly, not all of the extra Zn has been incorporated into the large grains. 

As expected, a significant portion of Zn are stored deeper in the film where the carbon-rich 

fine-grain layer is formed. As a result, the Zn composition of the bulk of the large-grain 

layer is around 34.5%, which is higher than the 31.7% of the previous sample. Basically, 

the trend of Sn-rich and Cu-poor has remained the same, however, because of the overdose 

of Zn, the surface has been forced to appear Zn-neutral. As a result, the Zn/Sn ratio on the 

surface is increased from 1.05 in the low-Zn film to 1.25 in this high-Zn film. In summary, 

by introducing additional Zn in the nanocrystals, the Zn-poor and Sn-rich composition at 

the front of the absorber can been prevented.  

 

Figure 4.8 XPS depth profiles of a selenized film with significantly higher Zn content. (a) Peak 

area corrected for transmission, energy dependence, and RSF of Cu-2p3/2, Zn-2p3/2 and Sn-3d5/3. 

The arrows indicate where the elements are most concentrated. The margins of large grains/fine 

grains and MoSe2 were estimated by comparing the depth profiles to SEM cross-sectional images. 

(b) High resolution scans of the surface region of each absorber layer. (c) The composition Cu*, 

Zn*, and Sn* profiles of the top ~ 300 nm of absorber. The dotted lines represent the bulk 

composition acquired by XRF. 
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First-principle calculations[70] also indicate that the thermodynamically stable 

surface reconstruction is a dependence of chemical potential environment, i.e. film 

composition during the growth.  By growing the film under off-stoichiometric condition 

toward Zn-rich Cu-poor, the surface energy of the surface constructed by Zn-enriched Cu-

depleted defects reduces and that constructed by Sn-enriched Zn-depleted defects (like 

SnZn) increases. At certain point, the Zn-enriched Cu-depleted reconstructed surface is 

more favorable than the Sn-enriched Zn-depleted reconstructed surface. The calculation 

may partially explains why in this study when a more Zn-rich Cu-poor Sn-poor 

composition is chosen, the surface of the film has a higher Zn/Sn ratio. However, a 

population of undesired Sn-enriched Zn-depleted defects may still exists, since a 1.25 

Zn/Sn ratio does not sound high enough, especially when compared with that of the 

hydrazine-processed kesterite films and co-evaporated kesterite films. 

4.5 All-solution processed device 

Finally, after correcting the surface composition and optimizing the condition of 

tubular-furnace selenization, a best cell efficiency of 8.6% is achieved. The composition 

of the nanocrystal film used is Cu*, Zn*, and Sn* = 39.2%, 38.4%, 22.4%, respectively. 

The precursor composition was marked in a Cu-Zn-Sn ternary diagram in Figure 4.9(a), 

alongside several reported compositions that have produced high-performance kesterite 

solar cells. These previous reports favor slightly Zn-rich compositions, whereas the present 

absorbers are way much further along the Zn-rich direction. 
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The photovoltaic devices was fabricated by all-solution processing, which 

sequentially employed the spin-coating of CZTS nanocrystals, chemical-bath deposition of 

CdS buffer layer, and spin-coating of a silver nanowire and ITO nanoparticle composite as 

the top electrode. The use of silver nanowire-ITO nanoparticle composite as transparent 

electrodes for CISS solar cells are suggested and demonstrated in a previous work.[137] A 

typical SEM cross-sectional image of the device was shown in Figure 4.9(b). Detailed 

performance parameters were listed in Table 4.2, including VOC of 0.435V, JSC of 32.5 

mA/cm2, and F.F. of 61.0%. When sputtered ITO (anti-reflection layer was not applied) 

was used to replace the solution processed ITO nanoparticles, the cell efficiency obtained 

was 6.56%, with comparable Voc but lower Jsc and FF, which indicates the RS contributed 

by the silver nanowire and ITO nanoparticle composite is actually lower than this particular 

in-house sputtered ITO. 

Table 4.2 The current-voltage (J-V) parameters of the best device 

PCE (%) VOC(V) Jsc (mA/cm2) F.F. (%) 

8.62 0.435 32.5 61.0 
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Figure 4.9. (a) A Cu-Zn-Sn ternary diagram showing the stoichiometric composition of kesterite 

(hollow square), the commonly adopted composition in the literature (solid circle), the composition 

of the best cells in the present study (solid square) and the compositions of several high-efficiency 

devices reported in the literature (diamonds and hollow circles). (b) The SEM cross-sectional image 

of the highest performance device cell. (c) Light and dark J-V curves of the highest performance 

device. Their bandgaps and J-V parameters are listed in Table 4.2. (d) The external quantum 

efficiency (EQE) spectra of the device.  

4.6 Conclusion and Outlook 

Via the study of selenium pressure-dependent and substrate temperature-dependent 

grain morphology, the process of grain growth during selenization is better understood. A 

model is suggested to explain why growth is triggered only when selenium vapor is 

supplied at the studied annealing temperatures. That is: the exposure of the nanocrystal 

films to selenium vapor increases the surface energy of the films, and thus reduces the 
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heterogeneous nucleation barrier of the new kesterite grains. While more studies are 

required to test the suggested model, at minimum, it is certain that the major effect of 

selenium vapor is not the increase of atomic diffusivities since this assumption clearly 

contradicts the acquired experimental trend of grain morphology. If the model suggested 

by this study is correct, it is possible that by additional surface modification, the film 

surface energy maybe increased and the growth of the grains can be kicked off even without 

selenium vapor present in the thermal treatment. 

As expected, since the selenization step involves the diffusion of atoms up from the 

nanocrystal films to supply the growth of the nucleus on the top surface, the vigorous 

vertical movements might have introduced an inhomogeneous vertical composition 

distribution. In this study, a Sn-rich Zn-poor surface has been found related to the presence 

of the selenization step. Since such surface composition in theory favors the formation of 

undesired defect species, surface composition engineering is needed. A simple strategy of 

using high Zn-dosed nanocrystal films is effective. Possibly, the chemical potential 

environment of such nanocrystal films has increased the energy of the undesired 

reconstructed surface and reduced that of the desired reconstructed surface. 

At last, by applying surface composition engineering, an 8.6% cell has been 

achieved. Remarkably, this particular device is made without using any high-vacuum 

deposition methods all the way from the kesterite layer to the transparent electrode. The 

high performance of the all-solution processed device illustrates the potential to 

manufacture low-cost, high-throughput, and high-performance solar cells in the future. 
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 Chapter 5 Summary 

As the global population and economy grow rapidly, energy has been an 

increasingly difficult issue. We not only have to set our minds to developing new 

technologies to deliver carbon-neutral energy to prevent disastrous interference in the 

global climate, we also have to consider if the scale of the new energy is large enough to 

fulfill the growing demands, which will reach 28 TW by year 2050, nearly double today’s. 

Photovoltaics (PVs) certainly use the most abundant energy resource on the earth, sunlight. 

However, the materials comprising the photovoltaic devices are not always abundant. It is 

expected that the scale up of the current PV technology will bump into the ceiling of natural 

resources even before the needed scale has been reached. The topic of this thesis, the 

kesterite solar cell, has attracted great attention in recent years since the material is 

composed of earth abundant elements, and therefore free of this concern. 

To make kesterite solar cells realistic and cost-effective, both the cell performance 

and the manufacturing processes have to be effective enough, i.e. high power conversion 

efficiency, low cost and high throughput. This dissertation has covered the engineering 

challenges for three different processes on the way to reach these goals − co-evaporation, 

hydrazine-based coating, and nanocrystal film selenization. In-depth growth mechanisms, 

including the phase evolutions, reaction pathways, and morphology transitions, have also 

been studied to help to manage the challenges. 

Co-evaporation, distinguishable from all the other available kesterite deposition 

processes, is the one process allowing the formation of the phases in the film to occur 
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instantly when the materials are deposited. This signature implies that it is possible to 

design a phase evolution route or composition transition route, and execute the deposition 

as planned. Processes using this strategy (“two-stage” and “three-stage” co-evaporation) 

have set records and broken their own records of CIGS solar cells for more than 20 years. 

This study has adapted the experience from CIGS and played to the strengths of the 

deposition of kesterite films. A challenge of how to precisely control the composition/phase 

of the films is encountered. The major problem is the subtle reaction obstacle between 

CuxSey and ZnSe, which is possibly related to the volatile nature of Sn and/or the physical 

separation between the ZnSe in the film and incident Cu atoms. The remained CuxSey 

results in low-performance devices if not removed. Fortunately, an effective solution has 

been found, and eventually 8-9% cell efficiency is demonstrated via the multiple different 

deposition routes designed in this study. This work has not determined what kind of 

deposition route will be the best, and is only the beginning of the search. 

The focus of the dissertation, afterwards, moves to non-vacuum solution-based 

processing, which potentially affords greater scalability and lower cost than co-evaporation 

processing. 

Hydrazine-processed kesterite to-date yields the highest cell efficiency. However, 

the explosiveness of hydrazine has prevented the process from being realized in industry. 

It is hoped that by understanding the reaction pathway, all the way from the transformation 

of liquid-phase precursors to solid-state precursors and finally to the kesterite phase, useful 

guidelines to select precursors for solution-based processing can be suggested. This work 

has found that drying the precursor ink at room temperature results in the integration of 

copper and tin chalcogenide complexes to form a bimetallic framework, with hydrazine 



103 

 

and hydrazinium molecules as spacers. After mild thermal annealing, the spacers are 

removed and the Cu2Sn(Se,S)3 + Zn(Se,S) → Cu2ZnSn(Se,S)4 reaction is triggered. This 

reaction pathway has an advanced starting point and contains far fewer steps than most 

deposition processes, which typically start with elemental or binary chalcogenides. As the 

formation of secondary phases such as Cu2-XS, SnSe, and SnSe2 is no longer necessary to 

produce the final Cu2ZnSn(Se,S)4 phase, the relative simplicity of this formation 

mechanism is likely beneficial for the performance of the resulting solar cells. 

 Using nanocrystals to fabricate kesterite films can be described as an approach best 

realizing the guideline: adapting an advanced starting point. The kesterite phase is 

synthesized in liquid phase as nanocrystals and capped with hydrocarbon ligands. In the 

consequent solid-state diffusion, only the scaling of the grains need to take place. In 

addition, the hydrocarbon ligands allow the nanocrystals to be dispersed in a wide range of 

common organic solvents, avoiding the need for dangerous or toxic selections. However, 

for previously unclear reasons, supplying selenium vapor (in the process named 

“selenization”) is a must to trigger the growth of micron-sized grains in the studied 

temperature range. This work, on one hand, attempts to answer the question of why 

selenium vapor is required by studying the mechanism of nucleation and growth, which 

will be helpful to seek the possibility of avoiding the use of this toxic vapor and further 

simplify the processes. On the other hand, this work also has found that the selenization 

step changes the surface composition of the film to Sn-rich/Zn-poor, which unfortunately 

favors the formation of undesired electrical defects. Through a Zn compensation approach, 

surface composition has been engineered, and cell efficiency has been improved. 
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At last, to demonstrate the possibility to fabricate kesterite solar cells without the 

involvement of high-vacuum deposition processes, a device finished by all-solution 

process all the way from kesterite deposition to transparent electrode deposition has been 

prepared. The cell efficiency is 8.6%. The high performance of this all-solution processed 

device shows the great potential to manufacture low-cost, high-throughput, and high-

performance kesterite solar cells in the future. 
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Appendix A 

Logged deposition datasheet for co-evaporation runs described in Chapter 2 

The top diagram:  

 Cu Zn Sn Se 

Color Red Green Blue Pink 

 

The middle diagram: 

 Temperature set point Logged temperature 

Color Red Black 

 

Note that the logged deposition rates shown here include background counts originated 

from the cross talks between the evaporants. 
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Figure A.1 M3530 a Cu-rich-growth run.  
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Figure A.2 M3512 a Zn-rich-growth run. 
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Figure A.3 M3461 a near-stoichiomtric-growth run. 



109 

 

Appendix B 

Supporting information for Chapter 3 

 

Figure B.1 Raman spectra of (a) SnSe2-Se solution with SnSe2 : Se = 1: 1 and (b) Cu2S-S solution 

with Cu2S : S = 1: 2.  
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Figure B.2 Powder XRD pattern of the powder prepared by (a) drying Cu2S-S and SnSe2-Se mixed 

solution annealing at 200°C, and (b) filtering and drying CZTSe precursor solution. Cu2Sn(Se,S)3 

or kesterite is marked by “o” ( reference code 01-089-2879); SnSe2 is marked by “*” (reference 

code 00-023-0602); CuSe is marked by “#” (reference code 00-049-1457); Se is marked by “+” 

(reference code  00-042-1425); hexagonal ZnX is marked by “@” 
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