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ABSTRACT OF THE DISSERTATION 

 

High Performance Thin Film Solar Cells via Nanoscale Interface 

 

by 

 

Yao-Tsung Hsieh 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2018 

Professor Yang Yang, Chair 

 

 It has been 64 years since Bell Laboratories built the first silicon solar cell in 1954. The 

harnessing of the almost unlimited energy from the sun for human civilization seems not an 

untouchable dream anymore. However, the rapid growth of the global population companied 

with the growing demand to enable a decent life quality causes the energy issue more 

challenging than ever. Nowadays silicon solar cells continue to take a leading position, not only 

offering potential solutions for energy demands but also stimulating the development of various 

photovoltaic technologies. Among them, solution processible thin film solar cells attract most 

attentions due to multiple advantages over traditional silicon solar cells. In this dissertation, I 

focus on two most promising types of them: 1) kesterite solar cells and 2) hybrid organic-

inorganic perovskite solar cells. Particularly I work on the grain growth mechanism and 

processing techniques via nanoscale interface engineering to improve materials thin film 

properties and device architecture design. 
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In Chapter 3, Cu2ZnSn(S,Se)4 was used as a model system to demonstrate the kinetic 

control of solid-gas reactions at nanoscale by manipulating the surface chemistry of both sol-gel 

nanoparticles and colloidal nanocrystals. It was identified that thiourea (commonly used as sulfur 

sources for metal sulfides) can transform to melamine during the film formation, and melamine 

would serve as surface ligands for as-formed Cu2ZnSn(S,Se)4 nanoparticles. These surface 

ligands can affect the solid-gas reactions during the selenization, which enable us to control film 

morphologies and device performance by simply adjusting the amount of surface ligands. 

To further enhance Cu2ZnSn(S,Se)4 device performance, a systematic investigation on 

alkali metal doping effect was conducted. In Chapter 4, alkali metal-containing precursors were 

used to study influences on Cu2ZnSn(S,Se)4 film morphology, crystallinity and electronic 

properties. K-doped Cu2ZnSn(S,Se)4 solar cells showed the best device performance. Due to the 

surface electronic inversion effect, various thickness of CdS buffer layers were tested on K-

passivated Cu2ZnSn(S,Se)4 surface for further improving device efficiency. Over 8% power 

conversion efficiency of K-doped Cu2ZnSn(S,Se)4 solar cell with 35 nm CdS has been reached. 

Finally, in Chapter 5, the hybrid organic-inorganic perovskite solar cells are introduced. 

We demonstrated a novel tandem device employing nanoscale interface engineering of 

Cu(In,Ga)Se2 surface alongside a heavy-doped poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] 

hole transporting layer between the two subcells that preserves open-circuit voltage, and 

enhanced both fill factor and short-circuit current. As a result, we have successfully doubled the 

previous efficiency record for a monolithic perovskite/Cu(In,Ga)Se2 tandem solar cell to 22.43% 

power conversion efficiency, which is the highest record among thin film monolithic tandem 

photovoltaic devices. The conclusion and future outlooks of my works on kesterite and 

perovskites solar cells are summarized in Chapter 6.  
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Chapter 1 Introduction 
(This chapter is based on the publication, Chem 1 (2), 197-219.) 

 

 

 

 

In the past few decades, both of the global population growth and the quality of life have 

been tremendously increased, which are mainly attributed to the consumption of fossil fuels. 

Until now, the fossil fuels (including oil, nature gas, and coal) still dominate the world energy 

supply that is over 80% of the overall energy resources. Besides the modern convenience and 

development brought by the fossil fuels, numerous environmental issues are coming out across 

the world, and human beings start to pay the price. In order to keep our societies prosper in a 

long term, fossil fuels have to be replaced, and we should not rely on the fossil fuel as heavily as 

before. This is a momentum for researches on various renewable and sustainable energies. 

Solar energy is the most abundant energy resource on earth, which has 173,000 terawatts 

of solar energy striking the Earth continuously and it is more than 10,000 times the world’s total 

energy use. However, the challenge is how to use it efficiently. In this chapter, it starts with a 

brief history of solar cells followed by the introduction of solution processible thin film solar 

cells, explaining how this type of solar cells could be a promising candidate for our energy issues 

(Section 1 and 2). After the explanation of the solar cell working mechanisms (Section 3), the 

chapter goes into the introduction of two main materials system studied in this dissertation. The 

current development status of kesterite solar cells and hybrid organic-inorganic perovskites solar 

cells is reviewed (Section 4 and 5).  



	 	

	 2	

1.1 History of Solar Cells 

In 1839, Edmond Becquerel, a French scientist, first discovered the photovoltaic effect. It 

provided the basic principle that materials can develop electrical voltage when illuminating it 

with light.[1] In 1876, Willoughby Smith, an English electrical engineer, discovered the 

photoconductivity of selenium, realizing that selenium conductivity could be affected by the 

amount of light it was exposed to.[2] Three years later, William Grylls Adams, a King’s College 

professor, and his student, Richard Day discovered that selenium is able to generate electricity 

when it is exposed to light. At that time they could not generate enough electricity to power any 

equipment but they did proved one important concept: a bulk material can convert light into 

electricity without heat or other moving parts.[1,3] Until 1883, American inventor, Charles Fritts 

successfully developed first working solar cell by using selenium as light absorber coated with a 

thin layer of gold, although the efficiency was just 1%.[1-3] In 1887, German physicist, Heinrich 

Hertz, first observed the photoelectric effect, i.e. the process that under an appropriate 

circumstances light can be used to free electrons from the solid surface.[2] In his experiment, he 

found ultraviolet light could provide more power to the spark-gap device than the visible light 

could did. Later on, the photoelectric effect was well explained by Albert Einstein in 1904. He 

published a paper first time described the correlation between light and electrons. However, the 

experimental proof to support the theory of photoelectric effect was waited until 1916 and done 

by American physics, Robert Millikan. Eventually Albert Einstein won the Nobel Prize in 1921 

for his theory explaining the photoelectric effect.[1-3] One work noted to be mentioned is that in 

1918 a Polish scientist, Jan Czochralski, developed the method to grow single crystal silicon. 

The single crystal growth methodology contributed not only for solar cell development but also 

across over the whole semiconductor electronics applications.[3] 
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A major breakthrough happened in 1954, three scientists at Bell Laboratories, Daryl 

Chapin, Calvin Fuller and Gerald Pearson, developed the first silicon solar cell with 6% 

efficiency, the more practical solar cell than the selenium one. The key to this achievement was 

the doping technique by which they were able to diffuse boron into silicon to create suitable 

charge carrier density.[2,3] And more excitingly, this silicon solar cell could perform enough 

power output to run equipment. Because of this work, it opened the market of solar cells towards 

to commercialization. In late 1950s to 1960s, led by Hoffman Electronics the silicon solar cells 

efficiency boosted from 6% to around 14%. It became an acceptable power resource for satellite 

applications, where they need a sustainable power supplier during the space exploration.[1-3] 

Despite the significant progress had been achieved over twenty years, solar cell 

technology was still not considered as the mainstream candidate for daily-used energy resources 

in 1970s.[1-3] At that time, the fabrication cost of solar cells was still very expensive (around 

$150 per watt). However, the strong increase of energy demands in 1970s was the main driving 

force for the development of solar cell technology. Since then, the solar cell studies aimed to the 

commercial viability for terrestrial applications. To reduce the solar cell manufacturing costs 

became the first priority. Government also made efforts dedicated to the solar cell researches, 

such as launching the National Renewable Energy Laboratories, and proposing solar-friendly 

policies. At present, various solar cell technologies have been developed, not only limited to 

crystalline silicon, several materials also demonstrate promising potential. It takes almost two 

hundreds years for the solar cells being the most promising long-term solution to replace fossil 

fuels.[2-3] 
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Figure 1-1 History of solar cell technologies.[4] 
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1.2 Thin film solar cells 

Silicon photovoltaic technology has been recognized as a robust and reliable energy 

resource, and the crystalline silicon solar cell has demonstrated a decent efficiency over 25%. 

However it requires a thick active layer (silicon wafer substrate) that has to be fabricated by the 

high-energy consumption processing. The cost reduction potential of crystalline silicon solar 

cells is already limited. This drawback leads to the development of thin film techniques and 

tandem device architecture (tandem solar cells will be discussed in Chapter 2 and 5). 

Thin film photovoltaic technologies contain micro/polycrystalline silicon, amorphous 

silicon, III-V solar cells, copper indium gallium diselenide (CIGS), cadmium telluride (CdTe), 

dye-sensitized solar cells, polymer solar cells, and hybrid organic-inorganic perovskite solar 

cells. These technologies all fulfill the purpose to reduce the use of high-cost crystalline silicon 

wafers. However, in terms of device performance, processing speed, processing simplicity, 

processing throughput and fabrication thermal budget, thin film solar cells still do not have 

comparative advantages. The main issue of amorphous and polycrystalline silicon is associated 

with the inferior device efficiency, which is much lower than the single crystalline one; besides, 

expensive vacuum facilities and high temperature process are still required. For III-V solar cells 

(such as GaAs), although it can achieve high efficiency, the use of high cost substrate for thin 

film growth is difficult to be displaced. The challenge for CIGS and CdTe is the material scarcity 

and toxicity. Indium, gallium and tellurium are not earth-abundant elements. Especially they are 

also highly adopted in other optical-electronic applications. The toxicity of cadmium would be 

the main concern while deploying large-scale solar panels, even if the recycling process were 

well designed and executed. For the DSC and polymer solar cells, similar as thin film silicon 

solar cells, their device efficiencies cannot compete with crystalline silicon. Moreover, another 
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technical problem is materials degradation (hybrid perovskite also suffers the same issue). 

Encapsulation seems to provide a solution but it is still not as robust as inorganic solar cells. 

Although most of thin film solar cells still hardly compete to crystalline silicon, their 

developments keep moving forward. Among these thin film solar technologies, solution 

processible solar cells attract the high intense of research interests in recent years because of 

their low production cost, simple processing, large-scale processability and high material 

utilization. In general, organic solar cells belong to this category, using polymer, small molecular 

or dyes as absorber. Inorganic chalcogenides-based solar cells, such as CIGS and 

Cu2ZnSn(S,Se)4 (CZTSSe), which traditionally are fabricated by vacuum techniques, can be 

prepared by solution process as well. Hybrid perovskite solar cell, the hottest photovoltaic topic 

at this moment, can also be prepared by solution process. My studies focus on CZTSSe solar 

cells and hybrid perovskite solar cells. More background introduction will be given in the next 

two sections. 

 

1.3 Solar cell working mechanisms 

Solar cell is an electronic device, containing a semiconductor p-n junction, the contact 

electrode, and the external circuit that have been carefully designed to absorb and convert 

sunlight into electricity (as shown in Figure 1-2).[4] The semiconductor materials that form a p-n 

junction absorb the incident light, and then generate current and voltage as the power output. 

When the incident light with energy (i.e. photons) higher than the semiconductor bandgap, the 

absorption of light would excite electrons from the valence band to the conduction band, and 

form electron-hole pairs. Subsequently, these electron-hole pairs are separated by the built-in 

potential within the p-n junction, so that the separated electrons and holes become the free charge 



	 	

	 7	

carriers. The contact electrodes could transfer these free charge carriers from semiconductors 

into an external circuit. Once the electrons and holes are extracted into external circuit, electric 

power is generated. From here we can understand that it is critical for solar cells to create a 

suitable p-n junction and contact electrodes in order to have effective charge separation, 

transportation and collection. 

The solar cell performance is judged by the power conversion efficiency (PCE) while the 

device under illumination. The main parameters that are used to characterize the solar cell 

performance are PMAX, JSC, VOC and FF. The equation of PCE is described below: 

 

𝑃𝐶𝐸 =  !!"#
!!"

= !"#$%&' × !"##$%& !"#$%&' !"!"#!"#$% !"#$%
!"#$% !"#!! !"#$% !"# !"#$ !"#!

=  !"# × !"# × !!
!"#$% !"#!! !"#$%  !"# !"#$ !"#!

  

 

The VOC stands for the open circuit voltage, which gives the voltage at the open circuit point. 

VOC is related to the degree of recombination in the solar cell device, i.e. the saturation current 

density. The JSC stands for the short circuit current density, which is the current density at the 

short circuit point. The value of JSC varied by on the photon flux absorbed by the solar cell, 

which is determined by the incident light spectrum. The critical material parameters that affect 

JSC are the diffusion lengths of minority carriers. The FF is the fill factor calculated from the 

ratio between the product of VMAX and JMAX divided by VOC × JSC. A maximum power point is 

designated at the point where the product of current density and voltage reach the maximum. 

The typical solar cell I-V characteristic curve is shown in Figure 1-3. It can be considered 

as the superposition of the I-V curves of the solar cell diode in the dark and in the light 

illumination. The net current density can be expressed as: 
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𝐽 𝑉 = 𝐽! 𝑒𝑥𝑝
𝑞𝑉
𝑘𝑇 − 1 − 𝐽!!!"! 

 

where V = applied voltage across the diode, J0 = dark saturation current density, q = electric 

charge, k = Boltzmann’s constant, T = temperature, JPhoto = light generation current density. As 

the condition of VOC represents there is no net current flow through the external circuit, VOC can 

be described as an equation below: 

 

𝑉𝑜𝑐 =  
𝑘𝑇
𝑞  𝑙𝑛

𝐽!!!"!
𝐽!

+ 1 ≅  
𝑘𝑇
𝑞 𝑙𝑛

𝐽!!!"!
𝐽!

 

 

The approximation comes from that the JPhoto is usually much larger than J0. 

	

	

Figure 1-2 Basic solar cell device structure.[5] 
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Figure 1-3 Current-Voltage (I-V) characteristics of an typical solar cell under illumination. 

	
	

1.4 Kesterite solar cells 

Kesterite solar cells, Cu2ZnSnS4 (CZTS) and Cu2ZnSn(Sx,Se1-x)4 (CZTSSe), have been 

treated as a promising photoactive materials aiming at disregard the toxicity of cadmium and 

scarcity of tellurium, indium, gallium used in CdTe and CIGS absorber materials.[6] By 

substituting indium and gallium with zinc and tin, selenium with sulfur, the copper-based I2-II-

IV-VI4 quaternary kesterite compound and its relative compounds CZTSSe have been considered 

as another alternative to compete with CdTe and CIGS (Figure 1-4). Owing to their competitive 

absorption coefficient (~10-4 cm-1) and adjustable optical bandgap (1.0 to 1.5 eV), those earth 

abundant and non-toxic kesterite-based materials quickly have become one of the most potential 

candidates for thin film solar cell technologies. 
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Figure 1-4 Schematic illustration of two chalcogenide compounds (A) CIGSSe  (B) CZTSSe.[6] 

 

 

1.4.1 Defect formation 

The kesterite structure allows for various types of vacancies, interstitials and antisites, so 

that a discrete energy level emerges with the p-type conductivity in kesterite materials. It has 

been confirmed that this intrinsic p-type doping is highly sensitive to the stoichiometry variation 

[7-9]. Compared with CIGS, the single-phase composition is much narrower for CZTS. In 

consequence, it becomes crucial to control the phase formation during the thermal treatment for 

preserving the phase purity and further acquiring high performance CZTS devices. Also, it has 

been relaized that all the high efficiency devices reported in the literature exist within the small 

stoichiometry range, i.e. copper-poor (Cu/[Zn+Sn] = 0.8 ~ 0.9) and zinc-rich (Zn/Sn = 1.1 – 1.4). 

This off-stoichiometry range is favored due to the volatile nature of its elemental constituents 

and related binary phases generated during the CZTS film formation [8]. 
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Figure 1-5 The modeling result showing that the valence and conduction band shifts by several 

defect clusters in CZTS (TOP) and CZTSSe (Bottom).[8] 

Copper-poor and zinc-rich composition of CZTS(e) brings two main benefits for 

approaching high efficiency solar device. The first advantage is the proper secondary phase 

precipitates. It can effectively prevent shunting paths by inducing the precipitates of ZnS(e) 

phase during the CZTS(e) grain growth. The wider bandgap ZnS(e) phase will impede the 

formation of other higher conductive phases, like SnS(e), Cu2S(e), and Cu2SnS(e). Secondly, this 

off-stoichiometry compound encourages the formation of benign defect clusters [VCu + ZnCu]. It 

has been calculated that the defect cluster [VCu + ZnCu] has relatively lower formation energy 

than other defects. More importantly, [VCu + ZnCu] contains the shallower acceptor level, so that 

it can effectively reduce the charge carrier recombination occurring at deep levels and mid-gap 

states within the p-type kesterite compounds. One feature of CZTS is that they have better defect 

tolerance, which offers their potential for solution process. As shown in Figure 1-5, CZTS and 

CZTSe can possibly have several defect clusters. The formation of those defect clusters depends 

on the chemical-potential variation that is directly related to the elemental composition ratio. The 



	 	

	 12	

band-edge shifts are sensitive to the population of defect clusters and therefore affect the electron 

and hole transport. With the precise composition control, it will be less vulnerable to utilize the 

solution process for the CZTS(e) absorbers in which the benign defects dominate.[8,9] 

1.4.2 Advanced solution processing routes 

At present, the highest efficiency of CZTSSe solar cells is 12.6 % achieved by IBM using 

the hydrazine-based solution process. However, because it is known that hydrazine is highly 

toxic and explosive, many research groups continue to investigate other alternative solution 

processes by using much safer and facile solvents. Given the type of precursor solutes, the 

precursor solution can be classified into two, and both as-deposited precursor films have to be 

processed with final annealing for grain growth as shown in Figure 1-6.[4] A prevalent approach 

is to synthesize the quaternary colloidal CZTS nanocrystals by the thermolysis 

techniques.[10,11] As-designed CZTS nanocrystals (with the same composition as the target 

phase) are coated with organic ligands, such as oleylamine, to prevent aggregation and form a 

stable solution in nonpolar solvents. Besides colloidal quaternary nanocrystals, a precursor 

solution composed of binary and ternary nanocrystal metal sulfides has been proposed, which 

can facilitate the composition control by a simple mixing of precursors with recognized 

quantities. The ligands capping the nanocrystals surfaces are normally considered as the 

undesired impurities, and ideally they can be removed through the thermal treatment. For another 

approach using molecular species, dimethyl sulfoxide, methanol and 2-methoxyethanol are 

proposed as solvents to dissolve copper, zinc and tin containing salts and thiourea 

sequentially.[12,13] Without multiple synthesis and washing steps for making nanocrystal inks, 
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the route of molecular solution is easier for fabrication and composition control. More 

importantly, it offers a facile system for studying the effect of dopants and surface ligands. 

The main challenging issue of the kesterite-based solar cells is the larger VOC deficit. The 

VOC of champion CZTSSe device only reaches 62.6% of the Shockly-Queisser (SQ) limit, but its 

JSC and FF can get to above 80% of the SQ limits. In order to speed up the progress, the defects 

in the kesterite compound and grain boundaries have to be eliminated. The control of defect 

generation highly counts on the development of deposition techniques. 

 

	

 

Figure 1-6 Schematic diagram of solution process for keterite absorber layers, including the 

intermediate annealing for precursor film formation and the high temperature annealing for grain 

growth.[4] 
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1.5 Hybrid perovskite solar cells 

The hybrid organic-inorganic perovskite solar cell is composed of an organic-inorganic 

hybrid material adopting the perovskite crystal structure.[14,15] The perovskite structure can be 

described as ABX3, where the A is an organic (or inorganic) cation, e.g. methylammonium 

(MA+), formamidinium (FA+), Cs+, etc., B is a metal cation, e.g. Pb2+, Sn2+, etc., and the X is an 

anion, e.g. I-, Br-, Cl-, SCN-. Figure 1-7 shows the typical perovskite crystal structure consisting 

of [BX6] octahedra stabilized with the A cation, where the B-X bond determines most of the 

optoelectronic properties of the perovskite structure. 

 

	

Figure 1-7 the perovskite unit cells. (A) A cations (blue) occupy the lattice corners, B cations 

(green) occupy the interstitial site, and X anions (red) occupy lattice faces. (B) The other view 

depicting B cations  assembled around X anions to form BX6 octahedral, as B-X bonds are 

responsible for determining electrical properties. (C) Tilting of BX6 octahedra occurring from 

non-ideal size.[4] 

To stabilize perovskite structures, the ionic radius of the A, B, and X ions must 

coordinate with each other within a range determined by the tolerance factor t of 0.85 to 1.11 

(t= (𝑅! + 𝑅!)/ 2(𝑅! + 𝑅!), where RA, RB, and RX are respectively the ionic radius of A+, B2+, 

and X-).[16] Non-ideal cubic structures can form due to size effects and other factors, resulting 

A B C 
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in the tilting of the octahedra. As a result, different phases of perovskite form at different 

temperatures, and the optoelectronic properties of different phases can vary significantly.[17] On 

the other hand, perovskite structures from 0 to 3 dimensions can be obtained by adjusting the 

composition of these A, B, and X component.[18,19] With the strategy of mixed halide, the 

optoelectronic properties of perovskite can be well controlled. It seems that the A+ component 

plays a more important role in determining the stability of the crystal structures, where improves 

stability to humidity, light irradiance, and heat were observed by replacing MA with Cs+ or FA+, 

or mixed cations. The chemical tailoring of the perovskite films is still on the way for further 

exploring the perovskite materials systems with improved optoelectronic properties and 

robustness.[20,21] 

1.5.1 Evolution of hybrid perovskites solar cells 

Several device architectures of hybrid perovskite solar cells have been developed as 

presented in Figure 1-8.[22] Initially, the first perovskite solar cell maded by Miyasaka et al. was 

similar to the DSSC solar cell with the perovskite materials functioning as only light absorber, 

which can harvest the light irradiance to generate electrons and holes, followed by Park’s work 

on solid state DSSC with perovskite and Spiro-oMeTAD.[23,24] Later a deeper understanding of 

the working mechanisms was unveiled by the observation that replacing the TiO2 with insulating 

Al2O3 can also lead to efficient solar cell, which is due to the good charge transporting properties 

of perovskite. This led to the possibility of versatile perovskite solar cell structure beyond DSSC 

picture. A further evolution in device architecture was the planar heterojunction perovskite solar 

cells, where the perovskite functioned as both a light absorber and bipolar charge transporter.[25] 

The similarity of perovskite solar cells and organic solar cells in device architecture allowed us 

to adopt a large amount of successful experiences in organic solar cells, e.g. the solution-
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processed interfacial layers, to be used in perovskites solar cells. Both the planar heterojunction 

and mesoporous structures show high device performance, but different behaviors were observed 

in other aspects, e.g. the hysteresis, stability, etc. 

	

Figure 1-8 Typical device architecture of perovskite solar cells. (A) Perovskite materials 

working as only light absorber, similar to the dye function in DSC. (B) Perovskite materials 

working as both light absorber and electron transporter. (C) Perovskite materials working as both 

light absorber and hole transporter. (D) Planar heterojunction structure with perovskite materials 

as light absorbers and carrier transporters.[22] 

	

1.5.2 Film formation process 

The perovskite device performance is critically dependent on the film formation process. 

Specific requirements of the perovskite film active layer in perovskite solar cells include the 

homogeneity and crystallinity. Thus, a variety of processing methods have been developed by 

controlling dynamics or kinetics of the crystallization process, mainly including one-step or two-

step sequential deposition methods based on the solution process, the vacuum deposition, or the 

vapor assisted solution process.[26-28] For the solution-processed one-step, all the A, B, and X 

components are mixed in a single solution in stoichiometry ratio, spun to form a homogeneous 

A B C D 
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film, and converted into perovskite solid phases by heating. As a result, the nucleation process 

highly controls the crystallization process. Studies on the precursor solution indicate that these 

precursors form colloidal structures even in the solution. Thereafter, a variety of controlling 

methods have developed, e.g. the additives, solvent engineering, substrates properties, and hot 

injection. For the 2-step method, one of the precursors is deposited first, and another is 

sequentially deposited on top via spin coating, dip coating, or vapor assisted process, and 

perovskite film is formed spontaneously by heating. In this process, the diffusion of precursors 

controls the crystallization process. 

1.5.3 Optoelectronic properties 

The extraordinary performances of perovskite solar cells stem from the substantial 

characteristic properties of the perovskite active layer, which deliver a strong optical absorption, 

an adjustable band gap, long diffusion lengths, ambipolar charge transport, high carrier mobility, 

and a high tolerance of defects. The absorption coefficient of perovskite is measured to be 104-

106 cm-1, which is comparable to GaAs. The research groups led by Snaith and Sum 

synchronously show that carrier diffusion lengths of perovskites can reach up to micrometers 

with bipolar charge transport properties.[29,30] Further enhanced diffusion lengths of 175 micro-

meters have been reported in single crystals. In a study on the thermally stimulated current, it 

demonstrated that the trap state in perovskite films is rather shallow.	In addition, the perovskite 

solar cells show good maximum photon energy utilization efficiency or small difference between 

the open-circuit voltage and the band gap. The origin of the extraordinary optoelectronic 

properties of perovskite is still under investigation, and one of the possible explanations is the 

shielding effect, where the polar effect of the MA+ molecule protects the polaron from 

recombining.[31] However, a strong hysteresis effect on the photocurrent-voltage curves poses a 
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severe problem in accurate measurement of device performance, which casts doubt on the 

reported device efficiency obtained by simple I-V curve scan. It has been observed that the 

hysteresis is related to abundant factors, e.g. existence of mesoporous scaffold, interfacial layers, 

perovskite morphology, charge accumulation, and ion-migration. Among possible causes, the ion 

migration due to the ionic nature of the perovskite can be one of the strongest candidates. The 

accumulation of different ionic species adjacent to the electrodes induces p or n doping in the 

perovskite layer near the charge collection layers, and affects the built-in potential of the device. 

Further insight into the hysteresis is required in order to establish a reliable characterization 

platform to accurately measure the real device performance. Some possible strategies were 

demonstrated such as interfacial engineering, surface passivation, and morphology control. 

Another critical issue with perovskites is the device stability. It has been reported that the 

perovskite compounds tend to decompose under heat, moisture, and even illumination.[32,33] 

The industrial testing requires solar cells can survive under temperature ranging from -40 to 

85°C for several years. However, it has been demonstrated that even the MAPbI3 layers tend to 

decompose completely into PbI2 on a 150°C hot plate within 60 min. The thermal stability relies 

on the intrinsic properties of the perovskite, and can potentially be addressed or alleviated by 

changing the materials composition, e.g. replacing the MA+ with FA+. Nevertheless, the progress 

of perovskites-based solar technologies has proceeded rapidly.  At present, the certified record 

efficiency up to 22% has been demonstrated, which gives it promise to compete with the silicon-

based counterpart in the future. Therefore the developments on materials, e.g. composition 

engineering, advancements in processing, and evolution of interfacial charge transporting 

materials will boost perovskite solar cells toward a more feasible technique for practical 

application.  
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Chapter 2 Halide Perovskites for Tandem Solar Cells 

(This chapter is based on the publication, J. Phys. Chem. Lett 8 (9), 1999-2011) 

 

 

 

 

 

 

Perovskite solar cells have become one of the strongest candidates for next- 

generation solar energy technologies. A myriad of superior optoelectronic properties of 

the hybrid perovskites have enabled superb power conversion efficiencies (PCE) 

exceeding 22% for a single-junction device. The high PCE achievable via low processing 

costs and relatively high variability in photovoltaic performance have opened new 

possibilities for perovskites in tandem solar cells. In this chapter, I will discuss current 

research trends in fabricating tandem perovskite-based solar cells in combination with 

mature photovoltaic devices, i.e. CIGS solar cells. Characteristic features and present 

limitations of each tandem cell will be discussed and elaborated upon. Finally, key issues 

for further improvement and the future outlook will be discussed. 
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2.1 The Shockley-Queisser limit 

In 1960, William Shockley and Hans J. Queisser derived an upper theoretical efficiency 

limit of the single p−n junction solar cell by only considering the basic laws of physics, 

especially the principle of detailed balance. The result is so called the Shockley−Queisser limit 

or detailed balance limit.[1] It was the first theoretical calculation based on non-empirical values 

for the constants describing the characteristics of the solar cells. Moreover, it is considered to be 

one of the most important contributions in solar cell development, due to it disclosed much 

greater possible potential of silicon solar cell which was far above the achieved values at 1960s. 

The Shockley-Queisser limit assumes the sun and solar cell are blackbodies with 

temperature of 6000K and 300K, respectively. It considered an ideal case with several 

assumptions: (1) Only the radiative recombination mechanism can exist. (2) The sunlight is not 

concentrated. (3) All energy is converted to heat from photons grater than the bandgap. (4) One 

electron-hole pair is excited per incoming photon. (5) One p-n junction per solar cell. As 

presented in Figure 2-1, the maximum power conversion efficiency was calculated to be 

approximately 33% based on a single p−n junction with bandgap of 1.1 eV. This limit indicated 

that 67% of the energy coming from the sun could not be utilized. A major part of the loss was 

attributed to spectral losses, which is caused by fundamental optical responses of semiconducting 

absorbers. Photons with lower energy than that of the absorber bandgap cannot be absorbed, 

while photons with higher energy than bandgap ultimately produce charge carriers having the 

same energy as the bandgap. 

Continual research efforts have been devoted to surpassing the Shockley−Queisser limit, 

from which several advanced concepts have been devised to reduce spectral losses, such as light 

concentration, intermediate band photovoltaics, hot carriers, multiple exciton generation and 
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tandem designs.[2-5] However, up to now, only the tandem solar cells have shown practical 

efficiencies higher than the Shockley−Queisser limit among them. 

	

Figure 2-1 The Shockly-Queisser limit corresponding to different materials. The arrows show 

the range of bandgaps achievable for compound semiconductors through compositional 

engineering. 

 

2.2 Design strategy of tandem solar cells 

Tandem solar cells were devised to minimize spectral losses. As seen in Figure 2-2, in 

single-junction devices, photons with energy lower than Eg will not be absorbed by the absorber, 

whereas photons with energy higher than Eg will produce hot carriers, which will be thermalized 

to band edge by phonon interaction while emitting excessive energy as a heat. As a result, more 

than 50% of the energy losses arise by the spectral losses.[1] To reduce the spectral losses, 

tandem solar cells incorporate multiple junctions. The tandem devices consist of two junctions 

having one relatively larger and one smaller Eg, such that the higher energy photon will be 



	 	

	 25	

absorbed by the top absorber with higher Eg, and the lower-energy photons will pass through the 

high Eg cell and become absorbed by the bottom lower Eg cell. This will utilize a broader range 

of the solar spectrum to maximize absorption with minimized energy losses. For tandem solar 

cells based on two junctions under standard light intensity (1 sun), the optimal combination of 

bandgaps was calculated to be ca. 1.9 and 1.0 eV, which can produce a maximum efficiency of 

42% based on the detailed balance limit.[4] Tandem solar cells can also incorporate more 

than two electrically coupled junctions, in which each junction is composed of light 

absorbers with different Eg so that they can better respond to corresponding spectral 

ranges of the solar spectrum. 

	

Figure 2-2 Schematic illustration showing light absorption in single and multijuction solar cells. 

 

2.3 Two-Terminal vs. Four-Terminal 

Tandem solar cells are mainly classified according to how the junctions are electrically 

coupled to each other. With two junctions, for example, four terminal (or external) tandem solar 

cells consist of two devices having their own anode and cathode, in which the device with high 

Eg is superimposed on the device with low Eg (Figure 2-3a). When using a spectral splitting 
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dichromatic mirror, the devices are not necessarily stacked since the mirror can guide the light 

with desired wavelength to each device.[6] The devices are fabricated separately and electrically 

connected through external circuit either by series or parallel connections. In two terminal (or 

monolithic) tandem solar cells, the whole device is fabricated sequentially onto a single 

substrate, which are connected through an interlayer deposited between the two subcells. This is 

the site at which charge carriers from the top and bottom subcells recombine, to maintain charge 

neutrality, (Figure 2-3b) either by a band-to-band tunneling junction or a metallic recombination 

layer.[7] In general, fabrication of internal tandem solar cells is much more challenging than that 

of external tandem solar cells because of the limitation in the fabrication process and 

manipulation of electrical coupling. The bottom devices should be durable during the fabrication 

processes of the top devices, while the current or voltage should be well matched with use of an 

appropriate interlayer. However, since this design requires fewer electrodes compared to external 

tandem devices, which impede the transmission of the light to absorbing layer, higher 

efficiencies can be achievable in principle. Furthermore, in practical applications, a monolithic 

tandem device could avoid additional manufacturing costs due to the necessity for multiple 

transparent conducting layers and external wiring for interconnection of the two independent 

devices. 

	

Figure 2-3 Tandem solar cell with different configuration. (a) Four terminnal (b) two terminal 

tandem devices.    
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2.4 CIGS/Perovskite tandem solar cell 

CIGS/Perovskite Tandem Cells is considered as one of promising branch of tandem solar 

cells. Chalcopyrite (CIGS) compounds have proven to be a promising material for photovoltaics. 

Currently, the highest efficiency of CIGS solar cells has reached 22.6%.[6] CIGS is still one of 

the photovoltaic technologies providing commercialized high-efficiency products that can 

compete with the prevalent silicon wafer-based photovoltaics.[6] CIGS compounds are stable 

inorganic quaternary alloys with direct Eg. To achieve superior photovoltaic performance 

requires the ratio of Ga/(Ga+In) to be finely controlled between 0.25 and 0.35, corresponding to 

a Eg of 1.1 to 1.24 eV. With its excellent absorption coefficient, only approximately 2 µm of the 

CIGS thin film is needed to absorb most of the incident sunlight, which significantly decreases 

the demand of absorbing materials. Another promising feature of CIGS is that it can be 

integrated onto flexible substrates without a significant efficiency loss.[15] This capability can 

theoretically lower production costs by using techniques such as roll-to-roll manufacturing, thus 

offering the possibility for commercialized large-scale applications. 

2.4.1 Ideal combination 

In past years, many efforts have been devoted to improving the efficiency of CIGS solar 

cells, especially CIGS absorber materials development. However, the progress in enhancing 

device efficiency has not been significant.[6] In order to boost the efficiency of CIGS solar cells 

beyond their practical limit, one promising approach is to combine CIGS solar cells with suitable 

absorbers to form a tandem device. According to calculations, the optimum Eg for bottom cells in 

a double junction is 0.9−1.2 eV.[4,16] With the capability to adjust the Eg by tuning Ga/(Ga+In) 

and S/(S+Se) ratios, CIGS becomes an ideal candidate to work as the bottom cell in tandem 
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structure.  

With a remarkable progress of single junction devices, several optical and processing 

features of the perovskite materials have opened up the possibility for its use as a top cell in 

tandem solar cells. Hybrid perovskite materials have relatively higher Eg (>1.5 eV) compared to 

typical inorganic light absorbers such as silicon (1.1 eV) and CuInGaSe2 (1.02 – 1.68 eV).[9] 

The Eg of the perovskite materials can be easily tuned by controlling halide composition over 

whole visible wavelength region, and it have shown high VOC with small potential loss (~0.39 

V).[8,10] Furthermore, it can be processed via low temperature solution processes (<150 

°C).[11,12] Due to such beneficial features, researchers have tried to use perovskite as a top cell 

in tandem solar cells in combination with various bottom cells. Feasible efficiency limits of 

tandem solar cells incorporating perovskite can be derived by considering several optical 

parameters originating from materials themselves, such as reflective index and absorption 

coefficient, in which an efficiency of 28% to 32% was shown to be achievable.[13,14] 

By operating with perovskite solar cells, a CIGS/Perovskite tandem device can extend the 

absorption range further into the spectrum for more light harvesting. The advantage of 

combining CIGS and perovskite photovoltaic technologies has been realized for many years. 

Nonetheless, in contrast to several encouraging results of silicon/perovskite tandem devices, the 

CIGS/Perovskite tandem solar cells still have not demonstrated their superiority over single-

junction solar cells.  

2.4.2 Current status 

A typical tandem structure of the CIGS/Perovskite solar cell is the same as for the 

silicon/Perovskite tandem devices. It consists of one wide-Eg perovskite solar cell upon a low-Eg 
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CIGS solar cell, and these two single-junction devices are connected either by monolithic 

integration (two-terminal) or mechanically stacking (four-terminal). The incident solar light first 

passes through the perovskite top cell and then reaches the bottom CIGS cell. Regarding the 

realization of high efficiency CIGS/Perovskite tandem solar cells, the top perovskite cell plays an 

essential role. The key aspect of this subject is to achieve the high performance near-infrared 

transparent perovskite solar cells. Reducing the thickness of the metal electrode is a simple and 

straightforward route to increase optical transmission, even if it has to compensate for higher 

resistance. The first monolithic CIGS/Perovskite tandem solar cell with a 10.9% efficiency was 

published by an IBM research group in 2015.[49] A Ca-based top electrode was employed, 

composed of thermally evaporated Ca (10−15 nm) and bathocuproine (5 nm), that contributed 

the serious parasitic optical losses. The authors claimed that the device efficiency could be 

augmented to 25% once state-of-art CIGS and perovskite technologies are integrated together 

perfectly. Later, Yang and co-workers first exhibited the dielectric/metal/ dielectric 

(MoOx/Ag/MoOx) structure (DMD structure) in transparent electrode for perovskite solar 

cells.[18] Based on the thermal evaporation technique for DMD electrode fabrication, they 

demonstrated a four-terminal CIGS/Perovskite tandem device, showing a device efficiency of 

15.5%. 

On the other hand, the high-performance transparent conducting oxides (ITO, AZO, and 

In2O3:H) deposited through sputtering processes have been introduced and commonly applied on 

semitransparent perovskite solar cells.[19-22] In order to adopt this approach, it is inevitable to 

deposit additional buffer layers (e.g., zinc oxide nanoparticles or MoO3), which serve as 

sacrificial layers to prevent mechanical destruction during sputtering. Optimization of the buffer 

layer becomes necessary to minimize optical and electrical losses. To date, the highest efficiency 
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of 4-terminal CIGS/Perovskite tandem solar cells is 22.1%, which was achieved in 2016.[21] In 

the same year, McGehee and co-workers proposed an alternative approach to laminate a silver 

nanowire mesh as the top electrode, as applied to a silicon/Perovskite tandem cell described 

above. [18] This advanced process can be conducted in room temperature without any solvents 

involved. The authors reported an efficiency of 18.6% for the four-terminal CIGS/Perovskite 

tandem device. However, the sophisticated transferring process would affect the reproducibility, 

resulting in a variation of device efficiency. 

2.5 Challenges 

To date, the development of the monolithic CIGS/Perovskite tandem structure has been 

retarded for some time. Compared with the mechanically stacking architecture, the monolithic 

design on a single substrate would be gifted with better device efficiency because of the 

minimum number of ancillary layers for optical and parasitic resistance losses. Yet, the lack of 

appropriate recombination layers and a fully compatible fabrication sequence for all layers 

becomes the major hindrance in realizing high performance monolithic CIGS/Perovskite tandem 

solar cells. In the work done by the IBM research group, which is the only published work 

successfully demonstrating a monolithic CIGS/Perovskite tandem device, the intrinsic ZnO layer 

was removed from the CIGS solar cell since it can cause a chemical instability of perovskite 

materials at processing temperatures above 60 °C.[17] It is understandable that the ZnO-free 

CIGS structure would ensure the tandem device from damage; however, it also ruined the 

entirety of the CIGS solar cell, which is a large trade-off with the high efficiency of CIGS. As a 

result, while the top perovskite performance is noteworthy, it is also crucial to preserve the 

merits of CIGS solar cells within the tandem structure. Especially for the monolithic device 

architecture, the overall device performance might be limited by the reduced efficiency of the 



	 	

	 31	

bottom cells for current matching. To prevent this condition, the low temperature processing for 

perovskite solar cell fabrication and the careful design for chemically stable recombination layers 

are essential. Once high-quality transparent top electrodes, suitable recombination layers, and 

compatible fabrication sequences become reachable, all achievements from the state-of-the-art 

perovskite and CIGS solar cells, such as Eg engineering, materials stability, and efficiency 

enhancement, can be transferred to the CIGS/Perovskite monolithic tandem solar cells. 
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Chapter 3 Controlling Solid-Gas Reactions  
at Nanoscale for Cu2ZnSn(S,Se)4 

(This chapter is based on the publication, J. Am. Chem. Soc. 137 (34), 11069-11075) 

 

 

 

 

Using Cu2ZnSn(S,Se)4 as a model system, we demonstrate the kinetic control of solid–

gas reactions at nanoscale by manipulating the surface chemistry of both sol–gel nanoparticles 

(NPs) and colloidal nanocrystals (NCs). Specifically, we first identify that thiourea (commonly 

used as sulfur source in sol–gel processes for metal sulfides) can transform into melamine upon 

film formation, which serves as surface ligands for as-formed Cu2ZnSnS4 NPs. We further reveal 

that the presence of these surface ligands can significantly affect the outcome of the solid–gas 

reactions, which enables us to effectively control the selenization process during the fabrication 

of CZTSSe solar cells and achieve optimal film morphologies (continuous large grains) by fine-

tuning the amount of surface ligands used. Such enhancement leads to better light absorption and 

allows us to achieve 6.5% efficiency from CZTSSe solar cells processed via a sol–gel process 

using nontoxic, low boiling point mixed solvents. We believe our discovery that the ligand of 

particulate precursors can significantly affect solid–gas reactions is universal to solid-state 

chemistry and will boost further research in both understanding the fundamentals of solid-state 

reactions at nanoscale and taking advantage of these reactions to fabricate crystalline thin film 

semiconductors with better morphologies and performances.  
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3.1 Motivation 

Bottom-up fabrication of inorganic semiconductor materials via solution-based processes 

has been intensively investigated in recent years[1,2] due to its low capital and operational costs, 

compatibility with roll-to-roll manufacture (and even 3D printing), and mild processing 

conditions that expand the list of available substrates, including flexible ones. Particularly, the 

applications of thin film materials fabricated via solution process have been actively assessed in 

the field of various electronics and optoelectronics, including but not limited to field-effect 

transistors[3-5], transparent conductive electrodes[6,7], memory devices[8,9], light-emitting 

diodes[10,11], photodetectors[5,12], and solar cells.[13-15] 

A key aspect in solution-processing of inorganic materials is the design of precursor 

solutions (“inks”). Two types of precursor solutes, namely molecular species and colloidal 

nanocrystals (NCs), are typically adopted to form the inks. The former one undergoes sol–gel 

processes that lead to the in situ formation of nanoparticles (NPs) with desired compositions and 

phases[16], while the latter one usually contains NCs with same composition as the target phase, 

although rationally designed NCs that can be subsequently transformed into target phases have 

also been demonstrated.[17] For both sol–gel processes and colloidal NC routes, nanoscale 

building blocks are fundamental to the fabrication of crystalline films. In order to maintain the 

solubility and stability of the inks, both molecular species and colloidal NCs require surface 

ligands linking to the metal ions. The ligands in molecular solutions usually refer to small 

anionic species, while in NCs ligands refer to the surfactants that cap the NC surfaces. These 

ligands typically represent undesired impurities or even dopants that should be eliminated via 

thermal treatment in ideal cases. For NCs, the understanding of ligand chemistry and the ability 

to manipulate ligands have improved a lot over the past few years.[18] In molecular inks, 
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however, due to higher complexity of sol–gel processes, how ligands affect phase formation and 

eventually device performances is still largely unexplored. 

As the solution process of inorganic thin film semiconductors naturally satisfy several 

requirements posed in thin film compound solar cells, such as small and controllable thicknesses, 

low fabrication costs, and compatibility with high-throughput processes, the study of solution-

processed thin film solar cells has been a constant focus of research[19], with target materials 

include almost all commercialized and emerging techniques including CdTe 

[20,21], Cu(In,Ga)Se2[22,23], Cu2ZnSn(S,Se)4[24,25], Sb2(S,Se)3[26,27] and quantum dot solar 

cells.[14,28] Among these materials, CZTSSe is particularly attractive due to its similarities to 

the technologically successful CIGS, involvement of only cheap, earth-abundant and nontoxic 

elements, and more importantly, demonstrated record power conversion efficiency (PCE) of 

12.7% via a solution-based process.[29] As mentioned before, the incorporation and 

understanding of surface ligands are important topics for solution-processed inorganic 

semiconductors, and CZTSSe is no exception. Unfortunately, although the solution-based 

fabrication of CZTSSe via both sol–gel processes and NC inks have been extensively explored, 

understanding of the role of ligands in both scenarios is largely limited. This is partially because 

the postdeposition annealing in selenium atmosphere, so-called “selenization”, incurs further 

chemical complications[30] and makes it difficult to reveal the actual roles ligands play in the 

entire course. For NC inks, researchers have observed that surface ligands significantly affect the 

outcomes of the selenization in terms of grain formation[31], and have proposed a variety of 

ligand exchange pathways to modify the NC surfaces.[25,32-34] In sol–gel processes, due to the 

fact that more chemical species and reactions are entangled, it becomes even harder to define and 

find out the actual ligand species, if any, that plays a role in the selenization process. 
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In this contribution, we demonstrate that in a sol–gel process for CZTSSe solar cells, the 

ligands formed in situ will significantly affect the surface chemistry of NPs synthesized during 

deposition, and thus the kinetics of selenization process and eventually the crystalline grain 

morphologies. We also prove that we can effectively control such surface chemistry via tuning 

the amount of ligands, which enables us to enhance the film formation and the performances of 

solar cells. We believe our discoveries are general to the fabrication of inorganic crystalline 

materials adopting solution-based processes. 

3.2 Result and discussion 

3.2.1 Mixed solvent for uniform coating 

The sol–gel process in this work is based on the molecular ink containing all constituents 

for Cu2ZnSnS4, namely copper(II) acetate (Cu(OAc)2·H2O), zinc acetate (Zn(OAc)2·H2O), tin(II) 

chloride (SnCl2·2H2O) and thiourea (CS(NH2)2). All of these species are cheap, nontoxic and 

commercially available. More importantly, minimizing the use of chloride reduces undesired n-

type doping and prevents the loss of Sn during film deposition presumably via inhibiting the 

formation and evaporation of SnCl4 (whose boiling point is only 114 °C), thus ensuring better 

atom economy and control over film stoichiometry (see Figure 3-1) for the drastic stoichiometric 

change when chlorides are used for all three metals, as verified by XRF). The 1:1 mixture of 

methanol (MeOH) and 2-methoxyethanol (2-ME) is used as the solvent to provide both solubility 

and stability of the constituents. Control experiments show that pure MeOH or the mixture of 

ethanol and 2-ME cannot fully dissolve the aforementioned species (Figure 3-2) while pure 2-

ME[36] results in the formation of brown precipitates (presumably Cu2S). Moreover, mixed 



	 	

	 38	

solvents are frequently used in thin film deposition of polymeric materials[37] and nanocrystal 

superlattices[38] with the advantage of achieving more uniform coatings. 

 

	

Figure 3-1 Influence of curing temperature on the copper to tin ratio in the precursor films. In all 

chloride precursors (blue line), the ratio in films deviates from that in the solution and changes 

significantly with varying curing temperature. As for acetate-chloride mixed precursor (red line), 

the ratio in films is comparable to that in the solution and almost remains constant as curing 

temperature varies. 

	
	
	

The as-synthesized molecular ink is a colorless to pale yellow solution (Figure 3-2) and 

can be stored in ambient atmosphere without any degradation given that enough thiourea is 

added. Such phenomenon indicates that thiourea serves as ligands to metal cations via the 

formation of metal–sulfur bonds, as is proven in previous studies.[39,40]  
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Figure 3-2 The mixture of Cu(OAc)2, SnCl2, Zn(OAc)2 and thiourea dispersed in various 

solvents: (left) MeOH; (middle) 1:1 mixture of EtOH and 2-ME; (right) 1:1 mixture of MeOH 

and 2-ME. 

Upon deposition and heat treatment, these metal-thiourea complexes transform into 

binary, ternary and eventually quaternary chalcogenide species (i.e., CZTS) in form of NPs. 

XRD patterns (Figure 3-3) and Raman spectra (Figure 3-4) prove the formation of CZTS phase 

with small crystal sizes at this stage. Interesting question raised here is whether there are any 

ligands capping the surfaces of NPs synthesized via sol–gel processes as in the case for colloidal 

NCs, and if so, how these capping ligands are related to thiourea (which serves as the ligand in 

molecular inks[36]). Such questions are fundamentally important for any sol–gel processed 

inorganic semiconductors, as the existence of these ligands can significantly affect the charge 

transport behaviors of the films. This issue is particularly imminent in solution processed 

CZTSSe, as it has already been proven that the outcomes of the selenization process (in terms of 

the formation of crystalline films comprising large grains) are largely subject to the existence and 

chemical species of the surfaces ligands to colloidal NCs[31], and the same should also apply to 

NPs formed in situ during sol–gel processes. 
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Figure 3-3 XRD patterns of CZTS NPs formed in-situ via sol-gel processes using different 

amount of thiourea. ([tu] = concentration of thiourea, [M] = concentration of total metal ions) 

	
	

	

Figure 3-4 Raman spectra of CZTS NPs formed in-situ via sol-gel processes using different 

amount of thiourea. 
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3.2.2 Impact of thiourea 

Although previous report has suggested that excess thiourea used in sol–gel processes can 

be fully removed through the formation of volatile species upon heat treatment[41], further 

studies demonstrate that it can actually leave behind residues even at very high temperatures.[42, 

43] As a matter of fact, it is documented that depending on the temperature, duration and 

atmosphere provided, thiourea undergoes a series of reactions, including transformation, 

decomposition and condensation (Figure 3-5).[43-45]. Particularly, reaction (2) reveals one key 

nonvoltaile compound from the direct decomposition of thiourea, namely cyanamide (CH2CN), 

which can polymerize into dimer (2-cyanoguanidine) and trimer (melamine) at elevated 

temperatures through reactions (5) and (6) respectively. Moreover, melamine can undergo 

further condensation and give rise to melam and melem according to reactions (7) and (8). 

Melem molecules can again link through the loss of NH3 and form melon ((C6N9H3)x) and 

eventually graphitic carbon nitride (g-C3N4, reactions not shown here).[46] 

 

Figure 3-5 Transformations of thiourea at elevated temperatures under atmosphere. 
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Such rich chemistry of thiourea transformation leads to the hypothesis that some of the 

aforementioned nonvolatile species may actually form during our sol–gel process and serve as 

surface ligands for CZTS NPs formed in situ. Therefore, we took advantage of 13C solid-state 

nuclear magnetic resonance spectroscopy (13C-SSNMR) to detect the formation of thiourea 

derivatives (see Experimental Section for details). Two reasons determine the choice of 13C-

SSNMR over routine liquid-phase 1H NMR. One is that many aforementioned species share 

peaks at similar positions in 1H NMR (ca. 7.3 ppm and ca. 6.0 ppm) and thus cannot be 

distinguished. The other reason is that many thiourea derivatives with higher molecular weights 

(such as melamine and melem) cannot be fully dissolved even in dimethyl sulfoxide (DMSO), 

which may lead to preferential uptake of certain species and cause misleading interpretation of 

reactions.[45] For 13C-SSNMR, besides black CZTS powders extracted from the sol–gel process, 

samples from pure thiourea dissolved in the mixture of MeOH and 2-ME were also prepared in 

the same manner and used for comparison. Interestingly, we find that even after high-speed 

centrifugation, the black powder containing as-formed CZTS NPs can still be partially 

redispersed in DMSO, strongly suggesting that these NPs are actually capped with surface 

ligands and are therefore colloidally stable in suitable solvents. 

13C-SSNMR spectra of samples derived from thiourea and molecular ink show similar 

features, with a characteristic peak at 164 ppm (Figure 3-6). For thiourea derivatives, another 

weaker peak at 156 ppm is also observed, and it manifests itself as a hump in sol–gel CZTS 

derivatives. The absence of peaks at 184 or 134 ppm indicates that all pristine thiourea and 

thiocyanate (such as guanidinium thiocyanate from reaction (4)) are no longer present and have 

probably been transformed to oligomeric species.[44, 47] Previous study has revealed that the 

peak at 164 ppm indicates the presence of a triazine ring in which the carbon bonds with a -
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NH2 group, while the peak at 156 ppm indicates that the carbon bonds with a -NH- 

group.[44] Pursuant to such identification and comparison of our results with published 

spectra[45,48,49], we can conclude that under our conditions for thin film fabrication, pure 

thiourea is transformed into either melem or adducts related to melem[45], both of which have 

carbons with two distinct chemical environment and thus show two peaks in 13C-SSNMR 

spectra. While for sol–gel CZTS, most of the contained thiourea is only transformed to melamine 

with one type of carbon whose chemical shift is around 164 ppm.[48, 49] The formation of 

oligomeric compounds such as melamine and melem is also supported by the fact that the color 

of thiourea samples changed gradually from white to beige upon heating, which suggests that 

large conjugated molecules absorbing visible light have formed in this process. 

 

Figure 3-6 13C CP-MAS SSNMR spectra (referenced to TMS) of derivatives of thiourea and 

CZTS molecular ink. 

 
3.2.3 Thin film morphologies 

As it is elucidated that thiourea in the molecular inks transform into nonvolatile species 

(mostly melamine) which may serve as surface ligands for as-formed CZTS NPs and affect their 
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reactions with Se vapor, we set out to prepare a series of inks with various thiourea 

concentrations (the molar ratios between thiourea and total metal ions are set to be 1.08, 1.21, 

1.35, 1.48, and 1.62 to form a series) and deposited these inks on glass substrates coated with 

750 nm molybdenum which were subject to high-temperature heat treatment under selenium 

atmosphere. A special two-step heat treatment for film curing is invented in this work to release 

film stress and eliminate film cracks (see Experimental Section and Figure 3-7 for details).  

After selenization, dramatic differences are seen from SEM images for samples with 

varying amount of thiourea (Figure 3-8). At thiourea to metal ratio ([tu]/[M]) of 1.08 (Figure 3-

8A), compact but relatively small grains of CZTSSe form upon selenization, and the sizes of 

grains gradually increase as the ratio increases to 1.21 (Figure 3-8B) and 1.35 (Figure 3-8C). 

However, when the ratio is further increased to 1.48 (Figure 3-8D), although even larger grains 

adjacent to each other are observed, areas without large grains can clearly be observed, and such 

trend continues as the ratio reaches 1.62 (Figure 3-8E), the highest used in this study, in which 

scenario colossal grains up to 5 µm scatter scarcely on top of a small-grain layer. We have also 

measured the diameters of over 100 grains in each sample and calculated their average sizes to 

confirm such trend (Figure 3-8F). Besides, Raman spectra and XRD patterns both prove that 

large grains are pure CZTSSe phase in all scenarios (Figure 3-9). These sets of experiments 

unambiguously show that thiourea derivatives play a key role in manipulating the kinetics of the 

selenization process. 
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Figure 3-7 (A) Optical image of 700 nm precursor film deposited with only low temperature 

curing (refer to Experimental Section). (B) Optical image of 900 nm precursor film deposited 

with only low temperature curing. Cracks due to film stress can be clearly seen. (C) Optical 

image of 1100 nm precursor film deposited with high temperature curing. No cracks are seen 

because high-temperature curing increases grain sizes and film ductility, thus releasing stress. 

	
	

	

Figure 3-8 (A–E) SEM images of selenized CZTSSe films with [tu]/[M] equal to (A) 1.08, (B) 

1.21, (C) 1.35, (D) 1.48 or (E) 1.62 (scale bar = 2 µm). (F) Changes of average grain sizes 

(measured from over 100 grains for each sample) with respect to the changes of [tu]/[M]. 
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Figure 3-9 (Left) Raman spectra of selenized CZTSSe films from molecular inks with different 

amount of thiourea. (Right) XRD patterns of selenized CZTSSe films from molecular inks with 

different amount of thiourea. 

The underlying mechanisms of selenization (or sulfurization) are becoming increasingly 

clear thanks to the efforts from several research groups.[30,31,50-52] It has now been 

experimentally observed that at least three processes occur during the course of selenization. The 

first one is the downward diffusion and incorporation of Se as well as the upward diffusion and 

removal of S, which leads to the formation of CZTSSe in replacement of CZTS, independent of 

any sintering or solid-state reactions.[53] The diffusion of Se also causes the oxidation of Mo 

contact and results in the formation of MoSe2 layer.[54] The second process is the sintering of 

small colloidal CZTS NCs or CZTS NPs derived from the sol–gel process. The outcomes of the 

sintering process depend on the sizes and surfaces of as-deposited particles.[33] For CZTSSe, 

sufficient sintering of particles which leads to large grains at micrometer scale is usually not 

possible[33] due to inadequate energy supply during normal conditions used in selenization, 

while higher temperature and longer time cannot be applied because CZTSSe partially 

decomposes due to the volatility of SnSe beyond 450 °C. Consequently, the sintering of CZTS 

particles, although ubiquitous during selenization, does not contribute to the formation of desired 
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absorbing layers. The third and most important process occurred during selenization is the solid–

gas reaction between the CZTS precursor film and the Se vapor which eventually results in the 

formation of optoelectronically active layers composed of CZTSSe large grains. Both in situ and 

ex situ experiments have revealed that this reaction initiates with the reaction between Cu+ and 

Se vapor which leads to the formation of CuxSe crystals on top of the precursor film.[30, 50] This 

reaction is followed by the upward diffusion and incorporation of Sn4+ ions to form Cu2SnSe3 (or 

Cu3SnSe4 as revealed in a recent study[31]), which further reacts with the less mobile Zn2+ ions to 

form CZTSe grains. 

3.2.4 Proposed model of grain growth 

Solid–gas reactions, as exemplified by the reaction between CZTS particles and Se vapor, 

are not well studied and understood in general. However, theories of crystal nucleation and 

growth widely used in solid-state chemistry still apply here. In this particular system, the 

heterogeneous nucleation at the solid–gas interface, which leads to the formation of CuxSe, 

represents the highest energy barrier in the entire reaction, while the subsequent diffusion-

controlled overgrowth of the nuclei (i.e., incorporation of Sn4+ and Zn2+) is kinetically more 

favorable. (And this is why intermediate phases such as Cu2SnSe3 are not usually observed.) Our 

results clearly demonstrate that the kinetics of nucleation can be effectively manipulated by 

changing the surface chemistry of CZTS NPs via tuning the amount of thiourea used. As [tu]/[M] 

increases from 1.08 to 1.21 and to 1.35, the kinetics of nucleation become more and more 

sluggish, meaning less and less nuclei form at the solid–gas interface. Highest density of nuclei 

at ratio equal to 1.08 implies that the overgrowth of nuclei will only lead to smaller grains 

because adjacent grains will be in contact with each other and further overgrowth is thus 

inhibited (Figure 3-10, top row). As the density of nuclei decreases, each nucleus is farther away 
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from its nearest neighbor, which results in less restricted overgrowth and eventually larger grains 

(Figure 3-10, middle row). On the other hand, when the ratio further increases from 1.35 to 1.48, 

the nucleation becomes too retarded that there are only a few nucleation sites on the film, and as 

a result, even final grains are not closely packed (Figure 3-10, bottom row). It is worth 

mentioning that at this point, the kinetics of overgrowth is also slower than in previous cases 

because excess melamine can also decelerate the diffusion of Sn4+ and Zn2+ ions. Such effect is 

even more obvious when the ratio reaches 1.62, in which scenario much inhibited nucleation 

eventually brings about the formation of highly scattered large grains. These contrasts caused by 

the differences in kinetics are even more dramatic when lower selenization temperature and 

shorter selenization time are used (Figure 3-11). 

 

	

Figure 3-10 Illustration of how surface chemistry of NPs affects the kinetics of solid-gas 

reactions and final grain sizes. 
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Figure 3-11 SEM images of CZTS films deposited using precursor inks with [tu]/[M] equal to 

(A) 1.08, (B) 1.21, (C) 1.35 or (D) 1.62, all selenized at 540°C for 15 min (scale bar = 5 µm). 

3.2.5 Solar cells performance 

Controlling the sizes of crystalline grains is a key topic for thin film technologies based 

on inorganic semiconductors, since the grain boundaries are usually trap states that jeopardize 

charge transport, or scattering centers that disrupt light absorption. Here we have shown that by 

controlling the kinetics of solid–gas reactions, especially the nucleation step, via fine-tuning the 

surface chemistry of NP reactants, we are able to find a balance between grain sizes and grain 

continuity which is optimal for charge transport. We further fabricated CZTSSe solar cells using 

normal device architectures to demonstrate the differences of device performances resulted from 

the variation in film morphologies (Figure 3-12 and data summarized in Table 3-1). As expected, 

at [tu]/[M] equal to 1.48 and 1.62, solar cells suffer from serious shunting due to incomplete 

formation of large-grain layers (Figure 3-12A, dark gray and light gray curves). On the other 
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hand, at [tu]/[M] equal to 1.08, 1.21 and 1.35, devices show much better power conversion 

efficiency (PCE) which increases as grains become larger (Figure 3-12A, black, blue and red 

curves). Interestingly, such enhancement in performance is resultant from the increase in short 

circuit current (JSC) rather than open circuit voltage (VOC) or fill factor (FF), suggesting that 

grain boundaries in CZTSSe do not serve as recombination centers as is confirmed in a recent 

study[55], but may scatter incident light and cause optical loss. To verify this hypothesis, we 

measured external quantum efficiency (EQE) spectra of three devices with increased amount of 

thiourea and indeed observed increased absorption in the red region of the solar spectrum 

(Figure 3-12B, dashed lines). Measurements at negative bias (−0.5 V) show only slight 

enhancement in charge collection (Figure 3-12B, solid lines), revealing that the observed loss is 

optical rather than electrical in nature.[56] Therefore, we conclude here that the enhancement 

in JSC and efficiency in devices with larger grains is indeed due to reduced light scattering and 

improved light absorption. Further optimization of fabrication processes using the precursor with 

[tu]/[M] = 1.35 has led to highest total-area PCE of 6.52% without intentional sodium doping or 

antireflective coating (Figure 3-13). 

 

Figure 3-12 (A) Current–voltage characteristics of CZTSSe solar cells fabricated from 

precursors with varying [tu]/[M]. (B) EQE spectra of corresponding devices. 
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Table 3-1 Device Characteristics of a Typical Set of CZTSSe Cells with Various Amount of 

Thiourea in the Precursors. 

 

Figure 3-13 Device characteristics of the best performing CZTSSe device ([tu]/[M]=1.35). 

 
 
3.2.6 Colloidal nanocrystals system 

Although the majority of this work is focused on the sol–gel-based fabrication, the 

principles we discussed above (Figure 3-10) should apply to colloidal NCs as well. To confirm 

such universality, we demonstrate here that the amount and status of oleylamine (OAm) 

surfactants that cap colloidal CZTS NCs can also strongly affect their selenization processes. In 

previous work, we deposited and pre-annealed CZTS NCs under ambient atmosphere. OAm 

molecules undergo oxidative decomposition during such procedures, leaving behind relatively 
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clean NC surfaces and thus facilitating the nucleation of CuxSe during selenization (Figure 3-

14A).[35] 

 

Figure 3-14 SEM images of selenized films from CZTS NCs capped with different amount of 

OAm ligands and deposited in air or inert atmosphere (scale bar = 10 µm). 

In control experiments, we deposited NCs in exactly the same manner, except that films 

were deposited inside a nitrogen-fill glovebox. Selenization of these films result in isolated large 

grain layers (Figure 3-14C), as opposed to selenized film deposited in the presence of 

oxygen.[31] Such drastic difference clearly proves that the presence of largely intact OAm 

(boiling point 364 °C) inhibits the nucleation and growth of large crystals. Moreover, the 

presence of less or more amount of OAm leads to denser or scarcer large grains respectively 

compared to the standard condition (Figure 3-14B and 3-14D), further confirming that the solid–

gas reactions can be effectively controlled via tuning the surface chemistry of NC precursors. 
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3.3 Summary 

In summary, we have demonstrated the kinetic control of solid–gas reactions at nanoscale 

by manipulating the surface chemistry of both sol–gel NPs and colloidal NCs. Specifically, we 

have first identified that thiourea commonly used in sol–gel processes to fabricate CZTS 

transforms into melamine during film deposition, which serves as surface ligands for as-formed 

CZTS NPs. We further demonstrate that the presence of these surface ligands can significantly 

affect the nucleation step of the solid–gas reactions, which enables us to effectively control the 

selenization process during the fabrication of CZTSSe solar cells and achieve optimal film 

morphologies by fine-tuning the amount of surface ligands used. The enhancement of film 

morphologies and consequent light absorption allows us to achieve 6.5% efficiency of CZTSSe 

solar cells processed via a sol–gel process using nontoxic, low boiling point mixed solvents. We 

believe our discovery that the ligand of particles can significantly affect solid–gas reactions 

through manipulating the kinetics of nucleation is universal in solid-state chemistry and will 

trigger further research in both understanding the fundamentals of solid-state reactions at 

nanoscale and taking advantage of these reactions to fabricate crystalline thin film 

semiconductors with controlled morphologies and better device performances. 
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3.4 Experimental method 

3.4.1 Chemicals 

Copper(II) acetate monohydrate (Cu(OAc)2·H2O, 99.0%, Aldrich), tin(II) chloride dihydrate 

(SnCl2·2H2O, 98%, Aldrich), zinc acetate dihydrate (Zn(OAc)2·2H2O, 98%, Aldrich), thiourea 

(99.0%, Aldrich), methanol (MeOH, 99.9%, Fisher), 2-methoxyethanol (2-ME, 99.9%, Aldrich); 

selenium shots (99.999%, Alfa Aesar); Cadmium acetate dihydrate (Cd(OAc)2·2H2O, 98%, 

Aldrich), ammonium acetate (NH4OAc, 99.999%, Aldrich), ammonium hydroxide (NH3·H2O, 

28–30%), deionized water (DIW, 18 MΩ); Oleylamine (OAm, 70%, Aldrich), toluene (99.5%, 

Macron), ethanol (EtOH, 200 proof, Decon Laboratories). 

3.4.2 Molecular inks preparation 

3.52 mmol Cu(OAc)2·H2O was dispersed into the mixture of 4 mL of MeOH and 4 mL of 2-ME. 

Then, 2.24 mmol SnCl2·2H2O was added, which incurs an immediate redox reaction that changes 

the color of the suspension from greenish blue to white. After sonication of the suspension, 2.40 

mmol Zn(OAc)2·2H2O and selected amount (8.80, 9.90, 11.0, 12.1, or 13.2 mmol) of thiourea 

were introduced, leading to the formation of a transparent, colorless to pale yellow solution. 

3.4.3 Precursor films deposition 

Deposition of molecular precursor films: Two mL of precursor solution was diluted with 0.5 

mL of MeOH and 0.5 mL of 2-ME prior to deposition. In a nitrogen-filled glovebox, one drop of 

solution was spin-cast onto the surface of molybdenum-coated glass (purchased from Thin Film 

Devices Inc.) at 3000 rpm for 30 s, followed by curing of the film first at 300 °C on a hot plate 

for 2 min, then at 400 °C in a muffle furnace for 3 min (hereafter referred to as “high-

temperature curing”). The next layer was coated in the same manner except that the film was 

cured at 300 °C for 5 min (hereafter referred to as “low-temperature curing”). Such processes 
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were then performed alternatively until desired thickness (verified by surface profilometry) was 

achieved. Typically 6–8 layers of solution were coated onto the substrate. 

Deposition of nanocrystal precursor films: Colloidal syntheses and film deposition were 

performed according to established methods.[35] CZTS NCs with extra ligands were prepared by 

adding 100 µL of OAm to 1 mL of colloidal CZTS stock solution, heating, sonicating and 

stirring the solution for several days to ensure complete ligand capping. CZTS NCs with reduced 

amount of ligands were prepared by adding 3 mL of EtOH to 1 mL of stock solution to 

flocculate, centrifuging at 10 000 rpm for 10 min, collecting and redispersing precipitates in 1 

mL of toluene. 

3.4.4 Thiourea derivative characterization 

Solid-State Nuclear Magnetic Resonance (SSNMR) Spectroscopy: In a nitrogen-filled 

glovebox, the CZTS precursor solution, or 2.75 mmol thiourea dissolved in the mixture of 1 mL 

of MeOH and 1 mL of 2-ME, was first drop-casted onto a large piece of slide glass and heated 

first at 300 °C for 2 min then at 400 °C for 3 min. Resembling “high-temperature curing”, this 

procedure was repeated for 3 times to collect enough material. The final film was scraped off the 

substrate and resultant loose powder was collected and pumped under vacuum overnight to 

remove any moisture. For measurements, 4 mm cross-polarization/magic angle spinning 

(CP/MAS) probe was used and rotor containing the sample (mixed with NaCl to fill rotor if 

necessary) was loaded into Bruker Avance DSX 300 MHz SSNMR spectrometer. 13C signals 

were referenced to trimethylsilane (TMS). Spinning frequency was 10 kHz and recycle delay 

was 15 s (300 s recycle delay did not give extra signals). 
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3.4.5 Device fabrication and characterization  

Device Fabrication: As-deposited precursor films were placed in a graphite box together with 1 

Se shot (ca. 50 mg) per film. The graphite box was inserted into a muffle furnace or tube furnace 

preheated to 540–560 °C and kept for 15–30 min before the door of muffle furnace was opened 

or the tube of tube furnace was hoisted to allow natural cooling. This process is further referred 

to as “selenization”. Selenized samples were coated with CdS emitter using chemical bath 

deposition (the bath contains 190 mL of DIW, 138 mg of Cd(OAc)2·2H2O, 4 mL of 1 M 

NH4OAc (aq.), 6 mL of NH3·H2O and 2 mL of 0.5 M thiourea (aq.) and the reaction is held at 65 

°C for 25–30 min) and In2O3:Sn (ITO) top electrode using the sputtering system from ULVAC. 

Lastly, the finished devices were mechanically scribed into 3 mm × 4 mm areas and indium dots 

were stuck to both front and back contacts to facilitate charge collection. 

Current–Voltage (I–V) Measurement: Performances of CZTSSe solar cells were measured 

using Keithley 2400 SourceMeter and Newport Oriel 92192 solar simulator under an AM1.5G 

filter at 100 mW/cm2. 

External Quantum Efficiency (EQE) Measurement: Quantum efficiencies of CZTSSe devices 

were measured using Enlitech QE-R system at 0 or −0.5 V bias. 

Raman Spectroscopy: Raman spectra of precursor and selenized films were measured using 

Renishaw inVia Raman microscope with 633 nm laser. 

Scanning Electron Microscopy (SEM): SEM images of selenized films were taken using FEI 

Nova NanoSEM 230. 

X-ray Fluorescence (XRF) Spectroscopy: Bulk compositions of precursor and selenized films 

were measured using Rigaku Supermini 2000 XRF spectrometer. 
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Powder X-ray Diffractometry (XRD): Diffraction patterns of precursor films and selenized 

films were measured using PANalytical X-Pert Pro X-ray powder diffractometer with Cu Kα 

radiation. Narrower slit and smaller step size were used for better angular resolution. 
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Chapter 4 Alkali Metals Doping Effect  
in Cu2ZnSn(S,Se)4 Solar Cells 

(This chapter is based on the publication, Adv. Energy Mater. 2016, 6: 1502386) 

	

	

	

	

	

Copper based direct band gap semiconductors used as thin-film photovoltaic materials 

have been investigated for a long time.[1] Various deposition approaches for absorber layer have 

shown a range of efficiency levels. The highest power conversion efficiencies of CuInGaSe2 

solar cells on plastic substrate and soda lime glass achieved by vacuum method are 20.4% and 

21.7%, respectively[2], and the record PCE of Cu2ZnSn(S,Se)4 has also reached to 12.6% using 

the hydrazine-based process.3 Despite the high efficiencies of vacuum-based and hydrazine-

based processing, hydrazine-free solution-based processes have been intensively explored in 

recent years because of their friendliness to the environment and humans, low capital costs, and 

compatibility with large scale manufacture.[1,4] Various organic solvent systems have been 

exploited, and many efforts are made to circumvent intrinsic defects in the chalcogenide and 

kesterite absorbers. Doping of alkali metals in precursor solutions demonstrates an effective 

strategy to achieve high efficiency Cu2ZnSn(S,Se)4 solar cells. The properties of doped films are 

related to alkali metal radius. Smaller alkali atoms are beneficial for increasing carrier 

concentration, whereas larger atoms are conducive to grain growth. Over 8% efficiency of K-

doped Cu2ZnSn(S,Se)4 solar cell with optimized CdS thickness is realized.  
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4.1 Motivation 

It is well known that sodium is beneficial for solar cell efficiency enhancement both in 

CIGS and CZTSSe solar cells.6 According to the study of the Na-doped Cu2ZnSnS4 single 

crystals, Na doping can increase carrier concentration and lead to a higher built-in voltage, 

favorable for the improvement of open circuit voltage (Voc).[7] In addition to Na, K also can 

affect the performance of CIGS and CZTS solar cells.[2a,8] The (112) preferred orientation and 

crystallinity of the CZTS films are enhanced through doping K atoms, and in addition, some 

secondary phases such as ZnS are also surpressed.[8] Because of the high concentration of Ca 

within soda lime glass, its effect on the CZTS devices have also been investigated. However, no 

obvious influences on CZTS device performance were observed, which was attributed to the +2 

oxidation state of Ca. This indicates that the ability of Na and K dopants to improve the 

efficiency of copper based solar cells should be related to their +1 oxidation state.[9] Therefore, 

all alkali metals with the +1 oxidation state are expected to have positive effect on CZTSSe solar 

cells. Nevertheless, no systematic studies have been reported on the effects of alkali metals 

dopants so far. 

In this paper, a systematic research of alkali-metals doping effects on CZTSSe solar cells 

performances was reported. Alkali metal-containing precursors were utilized to investigate 

various influences of alkali metals on CZTSSe solar cells. K-doped CZTSSe solar cells showed 

the best device performance in our research. Various thicknesses of CdS films were deposited on 

K-passivated CZTSSe surface in order to further improve the solar cell efficiency. Finally, over 

8% PCE of K-doped CZTSSe solar cell with around 35 nm CdS has been reached. 
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4.2 Result and discussion 

4.2.1 Alkali doped thin film crystallinity 

The major X-ray diffraction (XRD) peaks of the undoped CZTSSe film shown 

in Figure 4-1a can be indexed to zincblende CZTSe (JCPDS No. 70-8930).[10] All (112) 

diffraction peaks of each of the alkali-metal-doped samples shifted to small diffraction angles 

comparing with the undoped sample (Figure 4-1b). Because the reduction of diffraction angle 

represents the lattice constant increase, this means that we could raise lattice constants of 

CZTSSe by doping alkali metal. The larger lattice constant is attributed to the alkali metal atoms 

occupying Cu vacancy (VCu) or substituting positions of CZTSSe atoms.  

Interestingly, the variation of diffraction angle is not linearly related to the radius of the 

alkali metals. (112) peaks left-shift from an order of Li, Na, and then K-doped sample, whereas 

the (112) peak positions of Rb and Cs-doped samples shift back to larger diffraction angles. This 

indicates that the relatively smaller alkali-metal atoms could occupy the VCu or substitute 

CZTSSe atoms, but it becomes difficult to replace CZTSSe atoms for Rb and even more so for 

Cs because of their larger atoms radii. (112) peak shift of Li-doped samples is the smallest 

among the alkali-metal-dopants. The Li ion radius (0.59 Å) is the same as Cu and Zn ion (0.60 

Å), so the small shift should be mainly attributed to Li ions occupying the VCu.  

Raman spectra of the selenized films with and without doping alkali metals were shown 

in Figure 4-2. Intense Raman shifts at 172, 195, and 238 cm−1 attributed to Cu2ZnSnSe4 phase 

were observed.[11] According to this observation, Raman spectra have proved that there is no 

secondary phase introduced when we intentionally doped alkali elements into CZTSSe films. 

Besides, as the primary characteristic peaks in the Raman spectra do not change, the S/Se ratio is 
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considered as constant for undoped and each of the alkali-doped samples, which further supports 

the fact that the shift of XRD peaks is not induced by the dissimilar degree of the selenization. 

 

												 	

Figure 4-1 (a) XRD patterns of CZTSSe films doped with different alkali elements. (b) Zoomed

in XRD patterns at the degree from 26.0 to 29.0. 

 

Figure 4-2 Raman spectra of CZTSSe films with different alkali elements doping. 

  



	 	

	 66	

4.2.2 Thin film morphology study: Effect of Alkali-metal-selenium binary compounds  

Figure 4-3 shows the scanning electron microscopy (SEM) images of the alkali‐metal 

doped and undoped samples. The doped films are continuous and grain sizes are larger than 

those in undoped CZTSSe film. The grain sizes of Li and Na‐doped CZTSSe are comparable, 

and the K and Rb‐doped CZTSSe films have an even larger grain sizes. Although the grain size 

of Cs‐doped sample is similar to K and Rb‐doped samples, its surface is rougher than other 

samples. 

	

Figure 4-3 SEM images of CZTSSe films with different alkali elements doping. a) Undoped, b) 

Li doped, c) Na doped, d) K doped, e) Rb doped, and f) Cs doped. 

The assorted grain sizes can be explained by the formation of liquid phase of alkali 

metal–Se binary compounds during selenization as such binary compounds are considered as a 

selenium reservoir which can help grain growth.[12] The liquid alkali metal–Se binary 
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compounds can boost the diffusion of the constituent atoms and merge the CZTSSe grain 

boundaries. Alkali metal–Se binary compounds belong to ionic crystals, hence it is expected that 

the melting points of such binary compounds are gradually decreased while alkali metals radii 

increase. Consequently, with lower melting points, it is easier to form a liquid phase of K–Se, 

Rb–Se, and Cs–Se compounds during selenization, which is preferable for grain growth. 

 

4.2.3 Doping effect on charge carrier concentration 

Carrier concentrations of all samples were measured using low temperature drive‐level 

capacitance profiling (DLCP) technique, which is an improvement on conventional C–V 

profiling.[13] In our report, the DLCP measurement was performed with DC bias ranging from 

−0.25 to 0.25 V, and AC amplitude varying from 0.01 to 0.05 V at 170 K with a frequency of 11 

kHz. At low temperature (170 K), the DLCP response corresponds to the free carrier 

density.[14] In Figure 4-4, the carrier density for K‐doped sample is 9.9 × 1014 cm−3, which is 

close to the Li‐doped sample (1.4 × 1015 cm−3). Na, Rb, and Cs‐doped samples have lower carrier 

density of 6.8 × 1014 cm−3, 5.6 × 1014 cm−3, and 4.8 × 1014 cm−3, respectively. Although from 

XRD patterns we have proved some Li atoms occupying VCu and this result infers a decline of 

carrier density, the Li‐doped sample still shows a relatively high carrier density. This conflict 

should be attributed to the very low LiZn formation energy (0.15 eV).[15] Because the Li ion 

radius is very similar to Zn ions, the formation energy of LiZn is small. The formation energy of 

LiZn (0.15 eV) is lower than Li atoms occupying Cu vacancy (0.23 eV) and the LiZn defect could 

effectively increase hole density.[15,16] Therefore, a proper amount of Li ions could effectively 

augment the carrier concentration.  
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As radii of Na and K ions are larger than Cu and Zn ions, they both need more energy to 

overcome the barrier of replacing constituents of CZTSSe. However, the formation of antisite 

defects is not the only factor to take into account when considering the carrier concentration in K 

and Na‐doped samples. Instead, we suggest that the grain size also plays a critical role. As we 

have seen in Figure 4-3, the K‐doped sample has larger grain size than Na‐doped sample. The 

larger grain sizes suggest fewer grain boundaries, which alleviate nonradiative recombination 

and further increase the carrier density. Although the grain sizes of Rb and Cs‐doped samples are 

as large as K‐doped samples, larger atomic radii would limit the doping density. Thus, it would 

be more difficult for Rb and Cs to increase the carrier density as much as Li, Na, and K can. 

 

 

	

Figure 4-4 Deeplevel response of various doping alkali elements devices. 
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Figure 4-5 Deep level response of different alkali elements doping devices. 

	

4.2.4 Solar cells performance 

Combining the XRD, SEM, and DLCP results, we found that different alkali metal 

elements have various influences on the quality of CZTSSe films that is highly related to the 
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radii of elements. Smaller alkali metal atoms are suitable for increasing carrier concentrations 

because they are relatively easy to substitute constituents of CZTSSe, whereas larger alkali metal 

atoms are favorable for the growth of large grains and the reduction of nonradiative 

recombination because of the relative low melting point of binary selenides. We found that K‐

doped samples have both high carrier concentration and large grain size in these samples. 

Therefore, we infer that K‐doped samples should have the best performance of all alkali‐metal‐

doped samples.[5] Figure 4-6 shows the current density–voltage (J–V) characteristics of different 

alkali‐metals‐doped CZTSSe solar cells. We fabricated a series of solar cells using the same 

device architecture and fabrication procedures. The CZTSSe solar cell without any intentionally 

doped alkali metals is considered as a reference, so that the effects of different doping elements 

are directly revealed by the device performances. 

 

 

Figure 4-6 a) Current–voltage characteristics of CZTSSe solar cells doped with different alkali 
elements. b) EQE spectra of corresponding devices. 
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Doping element Voc  
[V] 

Jsc 
[mA cm-2] 

FF 
[%] 

PCE 
[%] 

Undoped 0.407 24.56 41.32 4.13 

Li 0.398 27.76 47.13 5.21 

Na 0.403 27.65 48.51 5.40 

K 0.411 29.66 54.53 6.65 

Rb 0.401 25.39 53.2 5.41 

Cs 0.349 22.77 43.71 3.48 

	

Table 4-1 Device parameters for CZTSSe cells with various doping elements. 

The PCEs of CZTSSe solar cells are enhanced to different extents by doping Li, Na, K, 

and Rb, respectively. As reported in other studies, both Li and Na demonstrate that they have the 

capability to raise the performance of CZTSSe solar cells.[5,16] Corresponding to previous 

results, the device in our study shows the best performance with 6.65% PCE through K doping of 

the absorption layer, which results from higher carrier density and large grain size. The open 

circuit voltage (VOC), short circuit current density (JSC), and fill factor (F.F.) are 0.411 V, 29.66 

mA cm−2, and 54.53%, respectively, as shown in Table 4-1. A comparison of each of the external 

quantum efficiencies (EQEs) also demonstrates that the K‐doped CZTSSe device has the less 

charge carrier loss (Figure 4-6b). The cell performance is enhanced when extra Rb is doped, but 

such enhancement is not as significant as for the K‐doped device, which is due to its lower 

carrier concentration. In terms of Cs, it is the only alkali element in our study that compromised 

the device performance owing to its large incompatibility with CZTSSe crystal structure and its 

effect on the large surface roughness of CZTSSe layer. 
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4.2.5 Surface electronic inversion for the CdS buffer layer optimization 

As reported in literature, high performance (PCE > 20%) CIGS solar cells have been 

achieved through the K doping and optimization of window layer.[2a] We also found that the 

spectral response of K‐doped CZTSSe solar cells within the window layer can be enhanced. We 

believe that the K doping can effectively deplete Cu from the CZTSSe crystals, which enables 

Cd atoms to have more opportunity to occupy the copper vacancies and further create an 

electronic inversion of the CZTSSe surface region. Therefore, the actual thickness of CdS layer 

above the CZTSSe surface can be reduced and the light absorption enhanced in the short 

wavelength region. According to this point, we tried to further reduce the CdS thickness to 

improve solar cell performances.  

Figure 4-7a reveals that the device performance of K‐doped CZTSSe solar cells is 

improved by reducing the thickness of CdS layer. As expected, a thinner CdS layer represents 

less optical loss in the short wavelength region, which mainly contributes to the JSC enhancement 

(shown in Figure 4-7b). At the same time, the EQE improvement at the long wavelength region 

indicates a better carrier collection as the reduced CdS layer thickness is in favor of electron 

transportation. However, a CdS layer below certain thickness would also sacrifice the film 

coverage and crystallinity. As a result, a thinner CdS layer becomes too fragile to prevent the 

production of shunting paths during the fabrication of top transparent electrode. By optimizing 

the thickness of the CdS layer, we successfully advanced the performance of K‐doped CZTSSe 

solar cells (as listed in Table 4-2). An ideal thickness for our devices is about 35 nm after 16 min 

of chemical bath deposition (CBD) time (as shown in Figure 4-8). The best device gives PCE 

8.04%, VOC 0.446 V, JSC 32.22 mAcm−2, and F.F. 55.97%. 
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Figure 4-7 a) Current–voltage characteristics of CZTSSe solar cells with varying CdS 

thicknesses. b) EQE spectra of corresponding devices. 

	
 

Table 4-2 Device parameters for Kdoped CZTSSe cells with various CdS thickness. 

	

	

Figure 4-8 SEM cross-section images of K-doped CZTSSe solar cells. 

CdS  
deposition time  
[min] 

Voc  
[V] 

Jsc 
[mA/cm2] 

FF 
[%] 

PCE  
[%] 

14 0.433 32.61 52.48 7.40 
16 0.446 32.22 55.97 8.04 
18 0.445 31.17 53.03 7.36 
20 0.439 28.50 57.45 7.19 
23 0.411 29.66 54.53 6.65 
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4.3 Summary 

We have illustrated the influence of alkali metals on CZTSSe device performance. 

Various alkali metal‐doped CZTSSe solar cells were fabricated using alkali metal‐containing 

molecular precursors. It was observed that metallic dopants would impact the morphology of thin 

film CZTSSe due to the different melting point of alkali metal–Se binary compounds. Through 

DLCP characterizations, it was found that smaller alkali metals atoms are beneficial for 

increasing carrier concentrations, whereas larger atoms are favorable to large grain growth. This 

work demonstrates the potential of a molecular solution route for high efficiency CZTSSe solar 

cells. The 6.65% efficiency of CZTSSe solar cell can be achieved by doping K in the molecular 

precursor solution, and exceeding 8% efficiency is obtainable when the n‐type window layer is 

optimized. We believe these results can provide a rational guideline not only for CZTSSe but 

also for other copper‐based photovoltaic materials, such as the emerging CuSbS2. 

4.4 Experimental method 

4.4.1 Chemicals 

Copper (II) acetate monohydrate (Cu(OAc)2·H2O, 99.0%, Sigma‐Aldrich), zinc acetate 

dihydrate (Zn(OAc)·2H2O, 98%, Sigma‐Aldrich), tin (II) chloride dihydrate (SnCl2·2H2O, 98%, 

Sigma‐Aldrich), thiourea (99.0%, Sigma‐Aldrich), selenium shots (99.999%, Alfa Aesar), 

methanol (MeOH, 99.9%, Fisher), 2‐methoxyethanol (2‐ME, 99.9%, Sigma‐Aldrich), cadmium 

acetate dihydrate (Cd(OAc)2·2H2O, 98%, Sigma‐Aldrich), ammonium acetate (NH4OAc, 

99.999%, Sigma‐Aldrich), ammonium hydroxide (NH3·H2O, 28–30%), deionized water (DIW, 

18 MΩ), lithium hydroxide (LiOH, > 98%, Sigma‐Aldrich), potassium hydroxide (KOH, 87.8%, 
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Fisher), sodium hydroxide (NaOH, 99.2%, Fisher), rubidium hydroxide hydrate (RbOH·xH2O, 

Sigma‐Aldrich), cesium hydroxide hydrate (CsOH, > 99.5%, Sigma‐Aldrich). 

4.4.2 Preparation of alkali solutions and molecular inks 

For alkaline solutions each alkali hydroxides with corresponding amount were dissolved 

in MeOH to form 1 M solutions. For molecular inks 17.6 mmol Cu(OAc)2·H2O was dispersed 

into the mixture of 20 mL MeOH and 20 mL 2‐ME. After 0.5 h stirring, 10.6 mmol SnCl2·2H2O 

was mixed which resulted in an immediate redox reaction that changed the color of the 

suspension from greenish blue to white. Sonicating the suspension for 1 h, then 12 mmol 

Zn(OAc)·2H2O and 55 mmol thiourea were added, leading to the formation of a colorless to pale 

yellow solution. 

4.4.3 Precursor film deposition 

Before deposition, the molecular ink was diluted with MeOH and 2‐ME with the volume 

ratio of (4:1:1). Then each of the alkaline solutions were mixed in as‐diluted ink to form 

precursor solutions with one weight percent of different alkali elements. One drop of precursor 

solution was spin‐coated on the surface of molybdenum at 3000 rpm for 30 s, followed by curing 

on a hot plate at 300 °C for 5 min. The next layer was conducted with the same spin‐coating 

process except followed by a two‐steps curing process, i.e., first at 300 °C on a hot plate for 2 

min, and then transferred to a muffle furnace at 400 °C for 3 min. Such process was performed 

alternatively until the film thickness was reached to 1 µm and typically it can be achieved by 6–9 

layers. The spin‐coating and curing steps were all conducted in the nitrogen filled glove box. 
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4.4.4 Device characterization 

Diffraction patterns of the selenized films were measured using Bruker D8 Discover 

powder X‐ray Diffractometer. SEM images were taken using FEI Nova NanoSEM 230. Raman 

spectra were measured using Renishaw inVia Raman microscope with 514 nm laser. The J–

V characteristics of devices were measured using Keithley 2400 source meter. Illumination was 

supplied by a Newport Oriel 92192 solar simulator with an AM1.5G filter at 100 mW cm−2. The 

EQE of devices were measured using Enlitech QE‐R system at 0 V. The capacitance of the 

photovoltaic device was measured using a Hewlett‐Packard 4284A LCR Meter. 

 

4.4.5 Device fabrication 

As‐deposited precursor films were placed in a graphite box with one selenium shot (≈50 

mg) per film. The graphite box was then placed into a tube furnace preheated at 560 °C under 

990 Torr. After 20 min, the tube was taken out of the furnace for nature cooling. The selenized 

films were coated with a CdS layer via CBD. The reaction was conducted in 190 mL DIW with 

138 mg Cd(OAc)2·2H2O, 4 mL 1 m NH4OAc (aq.), 6 mL NH3·H2O, and 2 mL 0.5 m thiourea 

(aq.) at 65 °C for 14–23 min. The In2O3:Sn layer was deposited as a top electrode material by 

using ULVAC RF sputtering system. The as‐prepared devices were mechanically scribed into 3 

mm × 4 mm areas. In order to enhance the charge collection, indium dots were attached on the 

both top and back electrodes. 
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Chapter 5 High Performance Perovskite/Cu(In,Ga)Se2  
Tandem Solar Cells 

(This chapter is based on the manuscript submitted to Science) 
	
	
	
	
	
	
	
	
	
	
	
	
	
	

The combination of hybrid perovskite and Cu(In,Ga)Se2 (CIGS) possesses great potential 

to realize high efficiency thin film tandem solar cells due to their complementary tunable 

bandgaps and excellent photovoltaic properties. In tandem solar device architectures, the inter-

connecting layer (ICL) plays a critical role in determination of the overall cell performance, 

necessarily requiring both an effective electrical connection and high optical transparency. 

Herein we demonstrate a novel tandem device employing nano-scale interface engineering of the 

CIGS surface alongside a heavy-doped poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) 

hole transport layer between the two sub-cells that preserves open-circuit voltage, and enhances 

both fill factor and short-circuit current.  As a result, we have successfully doubled the previous 

efficiency record for a monolithic perovskite/CIGS tandem solar cell to 22.43% power 

conversion efficiency (PCE), which is the highest record among thin film monolithic tandem 

photovoltaic devices. The unencapsulated tandem cells maintained 88% of their initial PCE after 

500 hours aging under continuous one-sun illumination and maximum power point tracking at 

30°C ambient environment.  
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5.1 Motivation 

Constructing a tandem solar cell with minimal thermalization losses has proven to be a 

successful approach to overcome the Shockley-Queisser limit of a single junction cell. It can 

realize the superposition of the open circuit voltage (VOC) of both subcells, while simultaneously 

preserving high short circuit current (JSC) by utilizing photoactive materials with complementary 

absorption characteristics to harvest a broader spectrum of sunlight.[1-9] Thin film photovoltaic 

technologies applying various inorganic and organic photoactive materials have attracted huge 

attention.[10-13]. Organic-inorganic hybrid perovskite compounds have emerged as a promising 

absorber material, which have reached certified power conversion efficiencies (PCE) over 22% 

in just 5 years.[14-18] On the other hand, the well-established Cu(In, Ga)Se2 (CIGS) solar cells 

have also yielded a maximum PCE higher than 22%.[19,20] With such enormous progress for 

these two technologies, the combination of CIGS and perovskite indeed possesses great potential 

to realize a high efficiency tandem solar cell. Both photovoltaic materials have widely tunable 

band gaps from 1.0 - 1.7 eV for CIGS and 1.2 - 2.3 eV for perovskite.[21-26] These 

characteristics provide the capability to achieve the highest efficiency of double junction tandem 

solar cells, where the ideal rear and front cells ought to have band gaps of 1.1 eV and 1.7 eV, 

respectively.[27,28] 

5.2 The state of art and challenges 

Several studies on 4-terminal mechanically-stacked perovskite/CIGS tandem solar cells 

have been reported.[29-31] The best efficiency for this type of perovskite/CIGS architecture is 

22.1% by using a 19% PCE CIGS rear cell and 16% PCE perovskite front cell.[32] By contrast, 

even though a 2-terminal monolithic tandem architecture is potentially preferable for industrial 

applications due to reduced number of electrodes and transparent conducting layers necessary, 
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few studies on 2-terminal perovskite/CIGS tandem solar cells were reported. In 2015, Todorov et 

al. reported a 2-terminal perovskite/CIGS tandem solar cell with an efficiency of 10.9%, which 

was much lower than the performance of the individual CIGS or perovskite subcells.[33] The 

inferior efficiency could be attributed to three main reasons: 1) the optical losses caused by top 

opaque metal electrodes. 2) the intrinsic ZnO (i-ZnO) and aluminum doped ZnO (AZO) layers 

pertaining to typical CIGS cells were removed as zinc oxides can cause deterioration of the 

perovskite layer. However, by doing so, the original CIGS device architecture was compromised 

and the elimination of ZnO layer would inevitably sacrifice the CIGS device performance. 3) the 

fill factor (F.F.) was reduced to 60% due to a high series resistance (Rs) caused by poor contact 

between the two subcells. The smoothness of the interconnecting layer (ICL) is equally crucial to 

create a reliable contact between the two subcells, since the planar perovskite solar cell is 

composed of several functional layers with thicknesses from few tens to hundreds of nanometers, 

which are sensitive to substrate roughness. Therefore, in order to take advantage of these two 

technologies for 2-terminal tandem solar cells, the challenge is how to ensure integrality of the 

two subcells, which relies heavily on 1) the transparent top electrode of the perovskite front cell 

2) maintaining the integrity of the original CIGS device structure to preserve its superior 

efficiency and 3) a well-designed ICL with a smooth surface. 

5.3 Result and discussion 
5.3.1 Interconnecting layer design via nanoscale surface engineering 

In order to design a functional ICL, the CIGS device surface has to be taken carefully 

into consideration. In this study, BZO is the top layer of the CIGS device, which has a surface 

roughness of about 60 nm and the maximum vertical distance (VD) of natural BZO layer texture 

can reach more than 250 nm (as shown in Figure 5-1A). For such considerable roughness and 
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VD, we suspect that they originate from the difference between peaks and valleys of the CIGS 

absorber layer. In addition, inhomogeneous nucleation of the bottom CdS buffer layer can also 

enhance BZO roughness as shown in Figure 5-2. 

	

Figure 5-1 Effects of CMP on CIGS surface and resulting performance of CIGS solar cells. (A) 

AFM image of CIGS surface before CMP polishing. (B) AFM image of CIGS surface after CMP 

polishing.  

	

											 	

Figure 5-2 CdS thin film on CIGS absorption layer. (A) The SEM image of CdS deposited on 

CIGS. (B) SEM image of a 300 nm ITO layer deposited on the (A) surface. Points of CdS 

nucleation are indicated with red circles. After ITO deposition, growth of nuclei occurs and leads 

to an increase in surface roughness. 

The maximum length of VD is comparable to the perovskite absorber layer that is usually 

around 300 to 600 nm, and even larger than the thickness of the perovskite charge transporting 

BA	AA	
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layers. With these perceivable VDs, it becomes challenging to stack the perovskite solar cell on 

top of the CIGS with a homogeneous layer-by-layer structure. The rough BZO surface would 

cause perovskite subcell failure as the BZO peaks/rods can easily entangle the functional layers 

in perovskite device to induce electrical shorting pathways between the top contact of perovskite 

subcell and the BZO layer. Being aware of this fact, we confirm that the nature of CIGS device 

surface is problematic for building a smooth ICL on top of it, and hence the ICL roughness is 

pivotal in realizing high performance perovskite/CIGS tandem solar cells. To address this issue, 

we propose the approach not only delivering a functionally smooth ICL but also to retaining 

original CIGS device structure. First, we deposit an ITO layer, followed by chemical mechanical 

polishing (CMP) to smooth out the ITO surface. By adding a sufficiently thick ITO layer, it can 

serve as a buffer layer for the CMP process to level out the huge VD of the BZO layer. The ITO 

layer is polished using commercialized SiO2 slurry. The detailed parameters for CMP processing 

are provided in Experimental Section.[34, 35] After polishing, the maximum VD of the ITO 

layers is reduced to 40 nm (Figure 5-1B). This is a large reduction compared to the original BZO 

surface, and renders the ITO surface smooth enough for subsequent fabrication of the functional 

perovskite front cell. Notably, the CMP process does not polish the BZO layer such that we can 

retain the original CIGS solar cell structure as shown in Figure 5-3. Furthermore, the BZO work 

function (-4.0 eV, Figure 5-4) is lower than Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] 

(PTAA) (-5.1 eV, the HTL of perovskite subcell), which causes a large contact potential barrier. 

This ITO layer can efficiently modify the surface work function to create a better Ohmic contact 

for hole transportation. Based on our experiments, a 300 nm ITO layer is sufficient to carry out 

the CMP process and fully cap the BZO peaks and rods. 
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Figure 5-3 Schematics and cross-section SEM images of the CMP processing on CIGS surface. 

	

	

	

Figure 5-4 Photoemission cutoffs obtained via UPS for BZO and ITO. The obtained Fermi 

levels for BZO and ITO are 4.0 eV and 4.7 eV, respectively. 
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5.3.2 Retained Original CIGS device Structure 

The current density-voltage (J-V) curves of the stand-alone original and polished CIGS 

solar cells are compared in Figure 5-5 and the data are shown in Table 5-1. It is found that the 

VOC maintains constant, which further implies that CMP processing does not damage the CIGS 

device structure. The JSC decreases a little bit from 37.10 to 34.34 mA/cm2 for the ITO-polished 

device. The JSC drop can be accredited to the additional light absorption by the ITO layer, as we 

observe with the smaller External quantum efficiency (EQE) intensity across the entire response 

region, as shown in Figure 5-5(Right). Particularly, the EQE of the ITO-polished device is 

clearly lower than the original CIGS device at the wavelength from 400 nm to 500 nm. This 

response region is corresponding to the smaller bandgap of ITO compared to BZO, and therefore 

provides evidence that the ITO layer would absorb a portion of the incident light. The good thing 

is the influence of ITO absorption at the short wavelength region is negligible as the CIGS 

subcell is designated a rear cell in the tandem device structure. 

After polishing, the F.F. reduced from 74.74% to 72.36%. The F.F. reduction is mainly 

induced by the Rs increase rather than the shunt resistance decrease as shown in Figure 5-5(Left). 

This Rs increase could be attributed to the mediocre ITO lateral conductivity. However, because 

this ITO layer is used as the ICL for the tandem solar cell, the lateral conductivity will not affect 

the charge carrier transportation between the front and rear subcells. Therefore, we suggest that 

the F.F. decrease of the CIGS rear cell should not have negative influence on the tandem device 

performance. 
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Figure 5-5 (Left) J-V curves of original CIGS solar cells and after CMP polishing with a step 

size of 0.02 V and a scan velocity of 0.1 V/s, measured under AM 1.5G illumination. (Right) 

EQE of original CIGS solar cells and after CMP polishing. 

	
	

 VOC (V) JSC (mA/cm2) FF (%) Efficiency (%) 
Original 

CIGS 0.676 37.10 74.74 18.74 

CIGS solar cell 
after ITO 
polishing 

0.674 34.34 72.36 16.75 

Table 5-1 Performances of CIGS solar cells before and after CMP polishing. 

After polishing the ITO layer of the CIGS device, the PCE reduced a small amount from 

18.74% to 16.75%. If we exclude the F.F. deficit influence, there will be only a 1.386 mA/cm2 

current loss in the wavelength region from 750 to 1250 nm. This result exhibits that the CMP 

process can effectively flatten the ICL without a largely sacrificing the efficiency of the CIGS 

subcell. We believe this step to be an important finding in realizing high performance 

perovskite/CIGS tandem solar cells because of two superiorities: First, the CIGS solar cell 

structure is not modified in that its high efficiency is preserved. Second, CMP is a common 

processing technique in the semiconductor industry that is reliable and compatible with 
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conventional semiconductor manufacturing, which gives a great potential for ease of future 

commercialization. 

5.3.3 Semitransparent perovskite single junction solar cells 

The semitransparent perovskite solar cell with inverted structure (i.e. p-i-n) is 

schematically illustrated in Figure 5-6. The architecture of this semitransparent cell is the same 

as what we employed in the tandem solar cell. Instead of using metal electrode, a 100 nm ITO 

layer is used as the top contact in this structure to allow for sufficient light transmission.[36] 

Various band gaps of perovskites were attempted in order to achieve current matching between 

the two subcells in the monolithic cell. A composition of Cs0.09FA0.77MA0.14Pb(I0.86Br0.14)3 is 

chosen in this work as it provided the best performance according to our results. The band gap of 

this composition is identified to be 1.59 eV through UV-Vis measurements (Figure 5-6 (Right)). 

According to the optical simulation results (Figure 5-7), a 600 nm perovskite layer is necessary 

to provide adequate current density to match the CIGS rear cell current density. The 

transmittance of the semitransparent perovskite single junction cell is presented in Figure 5-8. 

The average transmittance of semi-transparent perovskite cell in the wavelength region between 

770 and 1300 nm is over 80%, allowing most of the long wavelength light to be absorbed by 

CIGS rear cell. The transmittance gradually decreases from 770 to 550 nm and the light is fully 

absorbed by the perovskite cell below 550 nm. According to these absorption features, the 

perovskite cell with composition of Cs0.09FA0.77MA0.14Pb(I0.86Br0.14)3 becomes an ideal candidate 

to couple with CIGS for near-infrared harvesting. 
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Figure 5-6 (Left) Schematic of the semitransparent single junction perovskite solar cell. (Right) 

Absorbtion spectrum through the entire device stack.  

	

Figure 5-7 The light field simulation (A) Generation current of two subcells in the 

CIGS/perovskite tandem solar cell. (B) Light field distribution of the CIGS/perovskite tandem 

solar cell.  

B
A	

A	
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Figure 5-8 Transmittance spectrum through the entire semitransparent perovskite device stack. 

5.3.4 Hole transporting layer design and characterization 

While connecting a semitransparent perovskite subcell with a CIGS subcell via ICL, the 

thickness and coverage of the first layer on top of the ICL play a critical role for tandem device 

performance. This is due to the planar perovskite device structure that has a limited tolerance to 

the substrate roughness. As we mentioned earlier, the polished ICL still preserves about 40 nm 

for its VD, which is considerable for the HTL of perovskite subcell.  Given this concern, we 

conducted experiments to study the solar cell performance versus the HTL thickness.	 

In order to find a suitable HTL material for the perovskite/CIGS tandem device, people 

need to address the following technical requirements: First, Due to the CdS layer in the CIGS 

solar cell would decompose at the temperature higher than 150 ºC, the deposition condition for 

HTL (i.e. annealing temperature) should not go beyond 150 ºC.[37-39] Second, high optical 

transmission in long wavelength region is necessary. Third, the pH neutral medium solution for 

the HTL deposition is favorable. The PTAA HTL perfectly meets these three requirements. First, 

the annealing temperature for PTAA layer can be lower than 140 ºC, which does not damage p-n 

junction in CIGS cell. Second, the transmission in NIR region is high. Third, the pH value of the 
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PTAA toluene solution is neutral. As a result, we select PTAA as the HTL material in the 

perovskite/CIGS tandem solar cell. 

In this study, PTAA was selected as the HTL, and two different molecules, 2,3,5,6-

Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) and 4-Isopropyl-4'-

methyldiphenyliodonium Tetrakis(pentafluorophenyl)borate (TPFB) served as dopants to 

enhance the HTL conductivity. It is worth noting that our PTAA thin film was deposited by the 

low-temperature annealing process (110 ºC) by which this could successfully avoid damage to 

the rear CIGS solar cell. To clarify the physic-chemical properties of PTAA, we studied the 

optical and electrical characteristics of the PTAA thin films that would directly affect tandem 

device performance. The thin film conductivities were obtained by four-point probe 

measurement. The conductivities of 50 nm pure, F4-TCNQ and TPFB doped PTAA films are 1.5 

× 10-7, 4.2 × 10-7 and 1.1 × 10-6 S/cm, respectively. The results are presented in Fig. 5-9A. The 

transmission spectra of these three layers are shown in Fig. 5-9B. The transmissions of all the 

layers are higher than 95% in NIR region. The J-V curves of semitransparent devices using F4-

TCNQ and TPFB with different thicknesses measured under 100 mW/cm2 illuminations are 

shown in Fig. 5-10, respectively, and the corresponding device parameters are summarized in 

Table 5-2. 
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Figure 5-9 The electrical and optical properties of PTAA films. (A) Conductivity of 50 nm pure, 

F4-TCNQ and TPFB doped PTAA films are 1.5 × 10-7, 4.2 × 10-7 and 1.1 × 10-6 S/cm, 

respectively. (B) The transmissions of all the layers are higher than 95% in NIR region. 

 

 

	 	

Figure 5-10 (Left) J-V curves of the perovskite solar cell using different thicknesses of 1 wt% 

F4-TCNQ-doped PTAA with illumination through the MgF2 side. (Right) J-V curves of the 

perovskite solar cell using different thicknesses of 10 wt% TPFB-doped PTAA with illumination 

through the MgF2 side. 
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  VOC (V) JSC (mA/cm2) FF (%) Efficiency (%) 

Perovskite solar 
cell using F4-
TCNQ doped 
PTAA as HTL 

 
20 nm 

 
1.084  18.10 75.60 14.83 

 
30nm 

 
1.086  18.12 74.46 14.65 

 
40 nm 

 
1.086  18.01 67.59 13.22 

Perovskite solar 
cell using 

TPFB doped 
PTAA as HTL 

 
30 nm 

 
1.083 18.14 74.03 14.54 

 
40 nm 

 
1.084 18.13 74.89 14.72 

 
50 nm 

 
1.091 18.15 75.49 14.95 

 
50 nm 

forward scan 
1.092 18.14 75.28 14.91 

Table 5-2 Performances of perovskite solar cells using different dopants. 

 

With the same concentration of F4-TCNQ, the device performance by applying 30 nm 

PTAA is similar to 20 nm PTAA; however, the Rs obviously increased when the PTAA reached 

40 nm, which leads to a device F. F. and efficiency reduction. The best device performance was 

achieved by using 20 nm F4-TCNQ-doped PTAA that gave a VOC of 1.084 V, JSC of 18.10 

mA/cm2 and fill factor (FF) of 75.60%, leading an overall device efficiency of 14.83%. The 

desired F4-TCNQ/PTAA ratio is 1 wt%, and increasing F4-TCNQ concentration cannot help to 

decrease the Rs since F4-TCNQ will aggregate within the PTAA film. The J-V curves of the 

devices with different F4-TCNQ doping levels in the 30 nm PTAA layers are presented in Figure 

5-10 and their device data are summarized in Table 5-3. Thus, we suggest that the most suitable 

thickness for F4-TCNQ-doped PTAA should be less than 30 nm. 
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Figure 5-11 Perovskite solar cell performance under AM 1.5 simulated illumination with 

different F4-TCNQ doping levels of PTAA. 

 

Doping Ratio 
(wt%) 

Voc (V) Jsc (mA/cm2) F.F. (%) PCE (%) 

2 1.088 18.05 69.69 13.69 
5 1.086 18.11 67.14 13.20 
10 1.087 18.07 65.73 12.91 

Table 5-3 Perovskite semitransparent device performances for different F4-TCNQ doping levels 

in 30 nm PTAA layers. 

	
On the other hand, the J-V curves of perovskite device using TPFB-doped PTAA 

(TPFB/PTAA=10 wt%) exhibited that they are less sensitive to the HTL thickness. The device 

performances are similar when using 30 to 50 nm PTAA. Surprisingly, the devices applying 

thicker TPFB-doped PTAA present superior performance than the devices with thinner F4-

TCNQ-doped PTAA. The best device is obtained by using 50 nm PTAA, with VOC of 1.091 V, 
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JSC of 18.15 mA/cm2, F.F. of 75.49%, and PCE of 14.95%. The high F.F. of this device can be 

explained by the Rs reduction from the HTL, in which the TPFB-doped PTAA has higher 

conductivity than F4-TCNQ-doped PTAA. Considering the VD of the polished CIGS surface is 

about 40 nm, thick PTAA is expected to provide a better coverage on the surface. Therefore, we 

adopted the TPFB-doped PTAA as the HTL for the perovskite front cell in the tandem 

architecture. 

The semitransparent perovskite device using TPFB-doped PTAA is scanned from 

positive to negative (reverse scan) and negative to positive (forward scan) voltages with a step 

size of 20 mV and a delay time of 0.2 s for each data point in the J-V measurement (shown in 

Figure 5-11). The photocurrent hysteresis is negligible as the perovskite grain boundaries are 

well passivated by [6,6]-phenyl-C61-butyric acid methyl ester (PCBM), which agrees with other 

published results.[40, 41] EQE data (Figure 5-11) for the semitransparent perovskite cell shows 

an offset position at 780 nm, which is consistent with the UV-Vis results. The integrated JSC 

from the EQE using the AM 1.5 reference spectra reaches 18.062 mA/cm2. 

	

Figure 5-12 (Left) J-V curves in the forward (-0.1 V to 1.2 V) and reverse (1.2 V to -0.1 V) scan 

of the perovskite solar cell using 10 wt% TPFB-doped PTAA with illumination through the 
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MgF2 side. (Right) EQE spectrum of the perovskite solar cell using 10 wt% TPFB doped PTAA. 

The JSC calculated from the EQE curve is 18.062 mA/cm2. 

Device performances are closely correlated to charge carriers dynamics in perovskite 

solar cells. We analyzed the charge collection and transportation using steady-state 

photoluminescence (PL) and time-resolved PL (TRPL). Figure 5-12 shows the steady state PL 

spectroscopy of perovskite films on three different substrates, (glass, ITO/F4-TCNQ-doped 

PTAA and TPFB-doped PTAA). A clear quenching is observed on both types of PTAA 

compared to the perovskite layers on glass, which is powerful evidence of efficient charge 

transfer from the photoactive layer to the transport layer on contact with these two types of 

PTAA. From the TRPL responses, a decrease in the PL lifetime from 335 ns to 84 and 78 ns in 

the presence of 30 nm F4-TCNQ and 50 nm TPFB- doped PTAA, respectively, indicating that 

charge carriers within the perovskite layer can be extracted effectively by these two types of 

PTAA. All the J-V and PL results indicate that TPFB is a well-suited dopant for a PTAA HTL in 

the CIGS/perovskite tandem architecture.  

	

Figure 5-13 (Left) Photoluminescence of the perovskite layer on top of glass and PTAA doped 

with 1 wt% F4-TCNQ or 10 wt% TPFB. (Right) TRPL data for perovskite layer with contact to 

glass and PTAA doped with 1 wt% F4-TCNQ or 10 wt% TPFB.  
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5.3.5 High performance Perovskike/CIGS monolithic tandem solar cells 

Figure 5-13 illustrates the schematics and cross-sectional SEM images of the tandem 

devices studied here. The polished ITO layer is used as the ICL to bridge two subcells together 

without the need for a tunneling junction. The J–V curve for the perovskite/CIGS champion 

tandem solar cell with 0.042 cm2 is shown in Figure 5-14, certified by the National Renewable 

Energy Laboratory (NREL).  The tandem cell exhibits VOC of 1.774 V that equals to the sum of 

the standalone VOC of subcells. The F.F. of the tandem cell reaches up to 73.1%, implying that 

ITO and PTAA provide a good series connection between subcells. The JSC of the device is 17.3 

mA/cm2, leading to an overall device PCE of 22.43%. We observe a negligible hysteresis that is 

consistent with the behaviors of the semitransparent perovskite solar cells (as discussed above), 

as shown in Figure 5-15(Left). In Figure 5-15(Right), the integrated JSC from the EQE curves for 

the top and rear cells are 18.20 and 17.76 mA/cm2
, respectively, showing well current-matched 

subcells, although the rear solar cell slightly limits the overall tandem solar cell current.  

It is noted that the EQE of the ITO-polished CIGS is lower than 80% from 800 nm to 

1100 nm in Figure 5-5B, but it can be rehabilitated to around 85% by applying a MgF2 layer 

(Figure 5-15). This improvement can minimize the efficiency loss of the polished CIGS. The 

tandem devices with larger area (0.52 cm2) are also made, and the best one with negligible 

hysteresis performs 20.8% PCE measured in house (Figure 5-16). The device parameters are 

summarized in Table 5-4. 
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Figure 5-14 Schematic and cross-section SEM image of the monolithic perovskite/CIGS tandem 

solar cell. 

	
	
	

	
Figure 5-15 J–V characteristics and efficiency tracking at the maximum power point (inset) of 

the champion tandem device. 
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Figure 5-16 (Left) Negligible hysteresis of tandem devices. J-V curves in forward (-0.1 V to 1.8 

V) and reverse scan (1.8V to -0.1 V) of monolithic perovskite/CIGS tandem solar cell with a step 

size of 0.02 V and a scan velocity of 0.1 V/s, measured under AM1.5G illumination, showing 

negligible hysteresis. (Right) EQE spectra for the subcells of the monolithic perovskite/CIGS 

tandem solar cell. 

 

Figure 5-17 Large area device. J-V curves in forward (-0.1 V to 1.8 V) and reverse scan (1.8V to 

-0.1 V) of 0.52 cm2 monolithic perovskite/CIGS tandem solar cell with a step size of 0.02 V and 

a scan velocity of 0.1 V/s, measured under AM1.5G illumination, showing negligible hysteresis. 
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 VOC (V) JSC (mA/cm2) F.F. (%) PCE (%) 
Forward Scan 1.781 16.66 70.06 20.79 
Reverse Scan 1.780 16.67 70.20 20.83 

Table 5-4 J-V parameters for a 0.52 cm2 monolithic perovskite/CIGS tandem solar cell in 

forward (-0.1 V to 1.8 V) and reverse scan (1.8V to -0.1 V). 

5.3.6 Long-term stability test 

Besides high PCE, the long-term stability is another crucial benchmark for 

industrialization of perovskite solar cells. Several aging routines have been suggested to estimate 

a conclusive stability in which the ion migration effects are excluded.[42,43] We monitored the 

unencapsulated tandem device performance by aging for 500 hours under continuous one-sun 

illumination and maximum power point tracking at 30°C ambient environment. The device 

started with 22.0% PCE and retained above 88% of its initial efficiency after aging routine. And 

it can recover 93% of its initial PCE after 12 hours being kept in dark without load (shown in 

Figure 5-17). We believe the top transparent metal oxide layers (composed of ZnO nanoparticles 

and sputtered ITO) can effectively resist moisture ingress[36, 44], so that this structure can help 

the perovskite compounds remain stable without severe degradation. 

	

Figure 5-18 Stability test of the monolithic perovskite/CIGS tandem solar cell. The 

unencapsulation device maintained 88% of their initial PCE after 500 hours aging under 

continuous one-sun illumination and maximum power point tracking at 30°C ambient 

environment. The inset presents the device can recover 93% of its initial performance after 12 

hours resting period without load and illumination. 

B
f	



	 	

	 100	

5.3.7 Recycled CIGS bottom cells 

For the future practical application, the perovskite/CIGS tandem devices eventually have 

to overcome two drawbacks - the toxicity of CdS layer in CIGS solar cell and the incompatible 

device lifetime between CIGS and perovskite. Many efforts have been done on developing 

alternative buffer materials, such as Zn(O, S, OH), and already show the promising results.[45,46] 

Our approach can also help to alleviate the cadmium impact and extend the working period of 

the perovskite/CIGS tandem solar cell, aside from increasing the stability of the perovskites. We 

can reuse the CIGS solar cells after washing out the degraded perovskite front cell. Because here 

we apply PTAA as the HTL material, the whole perovskite front cell can be removed from the 

CIGS rear cell by dissolving in chlorobenzene and N, N-dimethylformamide. The detail of 

washing process has been described in Supplementary Materials. The CIGS rear cell keeps the 

same performance when the front perovskite cell is removed, demonstrating that the fabrication 

and dissolving processes of the front subcell do not damage the CIGS device. Taking advantage 

of this feature, the CIGS solar cell can be either used as a regained single junction solar cell or a 

reusable rear subcell in tandem devices. We have verified this concept through repeated 

perovskite solar cell fabrication on the same CIGS cell. Similar PCEs of the re-used tandem 

devices are obtained (as shown in Figure 5-18). Our result demonstrates a method to recycle the 

CIGS device over many cycles to improve the working period of perovskite/CIGS tandem solar 

cells and reduce cadmium pollution. 

 



	 	

	 101	

	

Figure 5-19 Histogram of monolithic perovskite/CIGS tandem solar cell performance variation 

using recovered CIGS substrates. 

	
	

5.4 Summary 

In this work, we develop a transport top electrode, suitable ICL and hole transporting 

layer (HTL) for our tandem device, and successfully present a high performance monolithic 

perovskite/CIGS tandem solar cell without modification of the CIGS device structure, i.e. 

preserving its TCO layers (i-ZnO and Boron-doped ZnO (BZO) layers). For the two subcells, we 

apply a semitransparent perovskite with a band gap of 1.59 eV as a front cell, and CIGS with a 

bandgap of 1.00 eV as a rear cell. The certified tandem device PCE achieves 22.43% that is the 

highest PCE for thin film tandem solar cells and has doubled the previous record for the 

perovskite/CIGS monolithic tandem device structure. 
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Figure 5-20 NREL certification of  monolithic perovskite/CIGS tandem solar cell (Device ID 1 

171128) with 22.43% PCE for a 10 second scan delay.  
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5.5 Experimental design method 

5.5.1 Device fabrication 

Semitransparent perovskite solar cell fabrication: PTAA is used as the HTL for perovskite 

solar cells. The PTAA film was prepared by spin coating 1 wt% PTAA solution doped with 1 

wt% F4-TCNQ at 3000 r.p.m. or 10 wt% TPFB at 1000 r.p.m., followed immediately by thermal 

annealing at 110ºC for 10 min. The perovskite layer was deposited using the solvent-engineering 

technique as follows. A 1.80 M Cs0.09FA0.77MA0.14Pb(I0.86Br0.14)3 solution (238 mg of FAI, 29 

mg of MABr, 718 mg of PbI2, 93 mg of PbBr2 and 42 mg of CsI) was dissolved in a mixture of 

dimethyl sulfoxide (DMSO) and N, N-dimethylformamide (DMF) (a ratio of 20:80 

DMSO:DMF). The perovskite solution was then coated onto the HTL/ITO substrate at 4,000 

rpm for 80 s. The wet spinning film was quenched by dropping 100µL of anhydrous 

chlorobenzene (CB) onto it. After spin coating, the film was annealed at 110 ºC for 10 min. A 2 

wt% solution of PCBM (Solarmer) in anhydrous CB was spun at 2000 rpm for 45 s. A ZnO 

nanoparticle ink (Sigma) with 15 nm average particle diameter dispersed in IPA (2.5 wt%) was 

spun onto the PCBM layer at 5,000 rpm. Two layers of nanoparticles were spun sequentially to 

produce an approximate thickness of 50 nm. The ZnO films were dried at 90 °C for 45s. For the 

semitransparent devices, a 100 nm ITO layer was deposited as a top electrode material by using 

ULVAC RF sputtering system. Then, 150 nm of MgF2 was thermally evaporated as an anti-

reflection coating. 

Perovskite/CIGS tandem solar cell fabrication: The perovskite subcell fabrication method is 

as same as the semitransparent perovskite solar cell fabrication. The perovskite/CIGS tandem 

solar cell is achieved by depositing perovskite subcell on CMP polished CIGS subcell. 
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Removing the perovskite subcell from the CIGS subcell: First, the tandem solar cells were 

immersed into DMF and CB for 5 hours, respectively. Then, it was washed using DI water for 10 

min. Finally, the CIGS solar cell was heated on hot plate at 120 ºC for 15 min.  

CIGS solar cell fabrication: The experimental details on the CIGS cell fabrication can be found 

elsewhere (47). Briefly, CIGS absorber layer is achieved by sulfurization after selenization of a 

stack of sputter deposited Cu–In–Ga metal precursor and Mo back electrode on a glass substrate. 

First n type layer CdS is formed by chemical bath deposition on the absorber layer and second n 

type layer i-ZnO is deposited by metal–organic chemical vapor deposition (MOCVD) 

techniques, followed by deposition of BZO by MOCVD as a TCO layer. 

CMP parameters for TCO ICL polishing: 300 nm ITO was deposited as a top electrode 

material by using ULVAC RF sputtering system. Then the CIGS samples were polished on a 

Logitech PM5 CMP polisher. The polishing pad which was full of crossing groove was a type 

POLITEX REG II 12 from Eminess Technologies. A colloid SiO2 slurry with PH value 8 was 

used for ITO polishing. The CIGS solar cell was polished with both flattened rotation and head 

rotation rates of 20 rpm for 5 min. 

5.5.2 Solar cells performance characterization 

Device measurements: J–V characteristics of the photovoltaic cells were measured in air 

without any encapsulation under a simulated AM 1.5G spectrum at 100 mW/cm2 using Keithley 

2400 SourceMeter and Newport Oriel 92192 solar simulator. For semitransparent perovskite and 

tandem devices, J-V measurements were conducted in reverse scan (from VOC to JSC) and 

forward scan (from JSC to VOC) with step 0.02 V and delay time 200 ms. For CIGS devices, only 

reverse scan (from VOC to JSC) with step 0.02 V and delay time 2 ms was recorded. The aperture 
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of 0.042 cm2 was attached to fix the active area for the devices (including standalone CIGS, 

semitransparent perovskite and perovskite/CIGS tandem solar cells). For the larger 

perovskite/CIGS tandem devices, the aperture with 0.52 cm2 was applied. EQE spectra of 

perovskite and CIGS single junction solar cells were measured on a QE-R3018 measurement 

system (Enli Tech.), and the illumination light source was chopped at around 10Hz. A calibrated 

silicon and GaAs diode with a known spectral response was used as a reference. The EQE 

spectra of the perovskite/CIGS tandem cells are recorded under a bias light to selectively address 

the sub-cells, which is measured on grating quantum efficiency system of NREL in rapid scan 

mode. 

Stability measurement: The stability measurements were performed with the same set-up as for 

the device measurements (as describe above) at the regular indoor ambient environment. The 

temperature was monitor by a surface thermometer located nearby the device. Device surface 

was approximately 30°C during the measurement under the continuous illumination. Devices 

were measured without additional encapsulation. The program for maximum power point 

tracking is designed by the MATLAB that enables to update the maximum power point every 30 

seconds. 

Characterizations: A field-emission scanning electron microscope (FEI Nova 230 NanoSEM) 

was used to acquire SEM images. The instrument used an electron beam accelerated at 500 V to 

30 kV, enabling operation at a variety of currents. The surface topography and root mean square 

roughness of wafers were characterized by Atomic force microscope (Bruker Dimension Icon). 

XRD patterns (θ–2θ scans) were obtained from samples of perovskite deposited on substrates 

using a double-axis X-ray diffractometer (Bede D1) equipped with a focusing graded X-ray 

mirror with monochromatic CuKα (λ = 1.5405 Å) radiation source. Scans were taken with a 0.5-
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mm-wide source and detector slits, and with X-ray generator settings of 40 kV and 30 mA. A 

Horiba Jobin Yvon system with a red light source with an excitation at 640 nm was used to 

conduct PL measurements. Transmittance spectra were acquired on a Cary 6000i UV-vis-NIR 

spectrophotometer. The thickness of films was measured by Dektak 150 system (Veeco 

Instruments Inc.) with the resolution of 0.1 Å. UPS measurements were carried out to determine 

the work function of the materials, and a He discharge lamp, emitting ultraviolet energy at 21.2 

eV, was used for excitation. All UPS measurements of the onset of photoemission to determine 

the work function were performed using standard procedures with a −9 V bias applied to the 

samples. 
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Chapter	6 Conclusion and future outlooks	
 

 

 

 

 

 

 

 

 

 

 

While the CZTS/CZTSSe solar technology has been relatively slow to emerge, the 

combination of earth-abundant and environment-friendly elements in chemically stable 

compound is the ideal solution that sustainable and renewable thin-film photovoltaics require. 

The origin of defects issue and the VOC deficit in kesterite thin film is still a topic of intense 

research; extensive efforts are still necessary to develop more effective strategies to control the 

CZTSSe intrinsic defects. 

For the perovskite/CIGS solar cell, there is room for improvement in both the CIGS and 

perovskite solar cells even though an impressive efficiency has been delivered by our work. 

Herein we suggest four key factors in the following paragraphs to point towards a clear direction 

for achieving higher performance of the perovskite/CIGS tandem device. 
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First, the higher efficiency CIGS subcell is necessary. The CIGS solar cell used in this 

work is supported by Solar Frontier, which provides the devices from the product line with the 

efficiency between 18 to 19%. Therefore, a 4% additional gain in tandem device efficiency has 

been demonstrated in this work. Currently, the state-of-the-art CIGS solar cell efficiency is 

already higher than 22%. We believe that by integrating higher performance CIGS subcells, 

higher tandem device performance can be achieved. 

Second, the limiting current needs to be increased for higher current match. One key 

advantage of CIGS solar cells is a tunable bandgap. In order to increase the current density of 

tandem devices, one approach is to adjust the CIGS bandgap for more absorption at the near 

infrared region. In our case, the current generated by the CIGS subcell limits the tandem device 

current, whereas a semi-transparent perovskite cell performs with a JSC of about 18.2 mA/cm2. 

The origin of such limitation is from the fact that the CIGS is designed for a single junction 

device. The CIGS bandgap must be carefully considered so that the best current matching can be 

realized, meanwhile having the highest achievable VOC. In addition, the BZO window layer with 

few hundreds of nanometers thickness is designed for commercialized CIGS cells to provide 

good lateral conductivity. However, for the tandem structure the vertical conductivity between 

subcells is much more important than lateral conductivity. Hence, the thickness of BZO layer 

could be reduced for better light transmission. 

Third, reducing VOC loss in the high bandgap perovskite solar cells by defect passivation. 

The high bandgap front cell ensures high VOC for tandem device, but the VOC loss in our 

perovskite subcell is about 0.50 V that is attributed to non-radiative recombination. So far, many 

efforts have been made to mitigate the VOC loss in high bandgap perovskite cells. Prof. Huang 

has achieved the 20.59 % PCE p-i-n type planar perovskite solar cell by using 
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FA0.85MA0.15Pb(I0.85Br0.15)3 with 1.55 eV bandgap, in which the VOC is 1.14 V.[1] Also the recent 

work reported by Prof. Stranks demonstrates that the potassium iodide passivation can 

effectively help to increase VOC from 1.05 V to 1.17 V for the perovskite solar cells using 

(Cs0.06FA0.79MA0.15)Pb(I0.85Br0.15)3 with 1.59 eV bandgap.[2] These works reveal the possibility 

to improve our perovskite absorbers despite the reported device architectures and the perovskite 

compositions that have some differences from our case. Defect passivation for high VOC 

perovskite devices is critical for enabling high performance tandem devices. If there is a way to 

enhance VOC an additional 0.05 V to 0.1 V for our perovskite front cell, the tandem device 

efficiency will increase. 

Fourth, vapor-based processes are desirable for preparing pinhole-free functional layers 

in perovskite solar cells. The FF of our tandem device is less than 74%, which still has room for 

improvement. Prof. Holman and Prof. McGehee reported a high efficiency Si/perovskite tandem 

solar cell that contains FFs of the perovskite and tandem cell that are nearly 79%.[3] One key 

factor to get high FF is using vapor-based processes (evaporation, atomic layer deposition and 

chemical vapor deposition) instead of those solution-based to fabricate uniform, conformal, and 

ultrathin hole transporting layers. As a result, pinholes and shunt pathways can be effectively 

prevented regardless of surface texture. Yet, we used solution processes to deposit PCBM and 

ZnO nanoparticles as the electron transport layer, and it can be expected that the coverage of 

these two layers on the perovskite surface is not perfect enough even though it has the advantage 

of low cost and large-scale production. Vapor-based processes are more desirable in terms of 

preventing shunt pathways and improving the interface contacts. 
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