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The buffer layer is a crucial component in thin film solar cells. Defects at the interface
between absorber and buffer layer lead to high recombination rate and the band
structure at the interface highly affects the performance of the solar cell. In this thesis
a method to synthesize thin films containing cadmium, zinc and sulfur, CdZnS, by
chemical bath deposition has been developed and evaluated. A higher current from
the device is expected when replacing the common buffer layer cadmium sulfide, CdS,
with the more transparent CdZnS. It is also possible that the alternative buffer
provides a more favorable energy band alignment at the interface with the absorber
Copper-Zinc-Tin-Sulfide (CZTS).
The deposition process was developed by studying depositions on glass. Increasing
[Zn2+]/[Cd2+] initially led to films with higher band gap (Eg). By varying deposition
time the time before colloidal growth became dominant was observed. Addition of
triethanolamine showed that triethanolamine binds stronger to zinc ions than to
cadmium ions. Two recipes that led to Eg=2.63 eV were evaluated as buffer layer in
Copper-Indium-Gallium-Selenide (CIGSe) and CZTS solar cells. The short circuit
current of the devices increased in general with the CdZnS buffers compared to CdS.
The best CZTS cell with a CdZnS buffer layer had 7.7 % efficiency compared to the
7.5 % reference. For future research it is recommended that the effect of thickness
variation and deposition temperature is evaluated and that additional material
characterization is performed in order to further understand and develop the
deposition method.
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Populä rvetenskaplig sammanfattning

Det står klart att utsläppen av växthusgaser måste minskas för att hålla jordens temperaturhöjning
på en hanterbar nivå. Samtidigt ökar efterfrågan på energi globalt sett vilket ställer krav på nya
utvinningssätt som ersätter förbränning av lagrade kolväten. Solen kan betraktas som en ändlös
energiresurs. För att kunna utvinna denna energi krävs innovativa, tekniska lösningar. Solceller
absorberar ljus genom att elektroner höjs till en energinivå ovanför det absorberande materialets
bandgap, det område där inga elektronenerginivåer finns. Elektronerna kan sedan ledas ut ur
solcellen och uträtta ett arbete genom att avge sin energi. Sannolikheten för att ljus absorberas beror
bland annat på vilken typ av bandgap som finns i det absorberande materialet. Genom att använda
ett material med direkt bandgap är det möjligt att tillverka mycket tunnare solceller vilket minskar
materialåtgången. I denna studie har två olika absorberande material med direkt bandgap använts,
koppar-indium-gallium-selenid (CIGSe) och koppar-zink-tenn-sulfid (CZTS).
I tunnfilmssolceller används vanligen halvledare med ett underskott av fria elektroner som
absorbatormaterial och halvledare med elektronöverskott som buffertlager och fönsterlager. När
dessa förenas uppstår ett elektriskt fält genom att elektroner vandrar från den elektronrika sidan till
den elektronfattiga sidan. Det elektriska fältet är det som får elektronerna att vandra genom
buffertlager, fönsterlager och ut till en yttre krets. Gränsskiktet mellan absorbator och buffertlager är
av yttersta vikt för prestandan av solcellen. Det är önskvärt att energinivån för de fria elektronerna i
absorbatorn ligger i nivå med eller lägre i energi än de fria elektronerna i buffertlagret i gränsskiktet.
Detta minskar risken för att fria elektroner i buffertlagret faller ner i tomma energinivåer i
absorbatorn vilket annars leder till förluster. Denna konfiguration kan dock leda till en barriär för
elektroner som vandrar från absorbator till buffertlager. Buffertlagrets bandgap påverkar också
solcellens prestanda. Absorption i buffertlagret leder till förluster och genom ett högre bandgap ökar
transparansen. Projektets syfte var att höja bandgapet och möjligen även förflytta energinivån för de
fria elektronerna genom inblandning av zink i det vanligt förekommande buffertmaterialet
kadmiumsulfid. Kadmiumsulfid, CdS, deponeras vanligen våtkemiskt och är det som återfinns i
rekordceller med CIGSe och CZTS som absorbatorer.
Denna studie har visat att det på våtkemisk väg går att syntetisera en tunnfilm innehållande
kadmium, zink och svavel, CdZnS, med bandgap på 2.63 eV jämfört med ren kadmiumsulfid på 2.42
eV. Genom att variera förhållandet mellan zinkjoner och kadmiumjoner var det möjligt att variera
halten zink i filmen och det var tydligt att reaktiviteten är mycket högre för kadmiumjoner än för
zinkjoner. I ett försök att jämna ut reaktiviteten adderades trietanolamin. Detta ledde till en
minskning i bandgap och zinkhalt vilket ledde till slutsatsen att trietanolamin binder starkare till zink
än till kadmium. Genom att variera deponeringstid bestämdes den längsta tid som deponering kunde
fortgå utan att resultera i en film av lägre kvalité.
Experimenten på glas syftade till att arbeta fram en deponeringsprocess som sedan testades genom
att tillverka solceller, både med CIGSe och med CZTS som absorberande material. Genom framförallt
en lägre spänning över cellen sjönk verkningsgraden i CIGSe solceller med det alternativa
buffertlagret. Då CIGSe utsattes för luft innan deponering av buffertlager kan den lägre spänningen
vara till följd av förändringar av materialet i gränsskiktet. Därför rekommenderas ytterligare försök
innan CdZnS förkastas som alternativ buffer i CIGSe solceller. Med CZTS som absorbator gav CdZnS

buffert likvärdigt presterande solceller som referensen. Den högst presterande cellen med alternativ
buffert hade en verkningsgrad på 7,7 % jämfört med 7,5 % verkningsgrad för referensen. Den ökade
verkningsgraden kan delvis förklaras med en ökad ström på grund av minskad oönskad absorption.
Detta är ytterst lovande resultat och med fortsatt optimering är ytterligare förbättring att vänta.

Abbreviations
CBD

Chemical Bath Deposition

CBO

Conduction Band Offset

CZTS

Copper Zinc Tin Sulfide

CIGSe

Copper Indium Gallium Selenide

DI water

Deionized water

FF

Fill factor

IV

Current Voltage

JSC

Short-circuit current density

MS

Metal Sulfide

QE

Quantum Efficiency

SEM

Scanning Electron Microscopy

TEA

Triethanolamine

TU

Thiourea

UV/VIS spectroscopy

Ultraviolet-visual Spectroscopy

VOC

Open Circuit Voltage

XRF

X-ray fluorescence

XPS

X-ray Photoelectron Spectroscopy

XRD

X-ray Diffraction
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1. Introduction and aim of the thesis
The scientific community are certain that the greenhouse gases emission needs to drastically
decrease in order to keep the global warming at a manageable level. [1] In Paris 2015, 195 countries
agreed that the emission of greenhouse gases should be lowered to the same level that can be
absorbed by trees, soil and oceans naturally. [2] Alternatives to fossil fuel need to be developed in
order to reach that goal. The sun can be seen as an endless source for energy and solar cells harvest
that energy. A common misbelief is that solar cells consume more energy during the manufacturing
process than what they generate during its lifetime. Based on manufacturing data from 2011 the
calculated carbon footprint is 21.4 CO2-eq/kWh and the energy payback time is around one year for a
commercial roof-top photovoltaic system based on CIGS installed in southern Europe, where CIGS is
an abbreviation for copper indium gallium with either sulfur, selenide or a mixture of the two. With a
calculated lifetime of 30 years the net energy contribution is most definitely positive. [3]
The photovoltaic (PV) industry has grown rapidly in the last ten years. The installed PV capacity
worldwide was 303 GW at the end of 2016. [4] The demand for raw materials is increasing rapidly
with the exponentially growing market. The next generation solar cells, thin film solar cells, rely on
materials with a direct band gap which lead to lower material consumption. The decrease in material
consumption is a strong advantage of the thin film solar cells but crystalline silicon solar cells are still
dominating the market. Cadmium telluride (CdTe) and copper-indium-gallium-selenide (CIGSe) are
examples of common thin film absorber material. An alternative thin film absorber is Copper-ZincTin-Sulfide (CZTS). The advantage for CZTS compared to CIGSe is that its use of only common
elements. The drawback of CdTe is the low abundance of tellurium and usage of the heavy metal
cadmium. CZTS devices have lower efficiency compared to the other, with 12.6 % [5] as cell record,
compared to 22.6 % for CIGSe [6] and 22.1 % [7] for CdTe. This project is focusing on CIGSe and CZTS
as absorbing material.
Cadmium sulfide, CdS, is a common buffer layer in solar cells with CIGSe and CZTS as absorber. It is of
interest to lower the absorption in the buffer layer which can be achieved by increasing the band
gap. It is also of interest to modify the band structure between buffer layer and CZTS. A sulfide
containing a mixture of cadmium and zinc is a promising alternative since zinc-based buffer layers
already have been used in high efficiency cells with efficiency close to the record cells containing CdS.
By using a mixture of cadmium and zinc it is possible to optimize the conduction band alignment in
the interface with the absorber and the band gap is expected to be higher than pure CdS. [8] The aim
of this thesis is to develop a chemical bath deposition procedure for synthesizing CdxZn1-xS(O,OH) thin
films which is mainly referred to as CdZnS in this report. The CdZnS buffer layer has also been
evaluated as an alternative to cadmium sulfide in CIGSe and CZTS solar cells.

1.1.Thin film solar cells
Solar cells absorb photons due to the photovoltaic effect, first described by Becquerel in 1839. [9] A
photon can be absorbed by a semiconductor as long as the photon energy exceeds the band gap of
the material. For semiconductors with a direct band gap, see Figure 1, the k vector only changes
marginally since the k vector of the photon is small compared to that of the electrons. For an indirect
band gap the k vector of the electron changes significantly due to phonon absorption. [10] Since both
a photon and a phonon are needed in order for the absorption to occur, the probability for
absorption is significantly lower. Crystalline silicon has an indirect band gap which leads to lower
1

probability for photon absorption. Solar cells with absorbers that have indirect band gap need to be
much thicker than those based on semiconductors with a direct band gap.

Figure 1.Schematic figure over interband transitions in semiconductors due to photon absorption. For a solid with a
direct band gap (Eg) the k vector only changes marginally and the transition is illustrated with a vertical line (left figure).
For interband transitions in solids with an indirect band gap, the k-vector of the electron changes due to phonon
absorption.

The pn-junction in crystalline silicon based solar cells is created by doping of the material, where one
part is n-doped and one part is p-doped. This creates a homojunction where both sides of the
junction consist of the same material. Both CIGSe and CZTS are p-type semiconductors by nature due
to defects in the material and it is not possible to create a homojunction by doping. Instead n-type
semiconductors are deposited on top of the absorber in order to complete the junction which leads
to a heterojunction. There is a discontinuity in the conduction band minima (CBM) and/or valence
band maxima (VBM) over a heterojunction since the size of the band gaps are different. There are
also unpaired electrons and defects that lead to extra energy levels within the band gap at the
interface of two materials. This increases the risk of recombination and therefor a heterojunction
demand higher quality materials or careful interface design. A good lattice matching over the
interface decreases the recombination rate and a low concentration of defects at the interface is of
utmost importance. Another way to decrease the risk for recombination at the interface is to move
the pn-junction, i.e. the position where p=n, away from the interface. Figure 2 shows the band
diagrams of two heterojunctions with different configurations. If the CBM in the buffer layer has
higher energy than CBM in the buffer layer it is called a spike-like configuration compared to a clifflike structure for the opposite. The recombination rate in the interface is much higher for the clifflike configuration where free electrons in the buffer layer and holes in the valence band of the
absorber easily can recombine. In a spike-like configuration that recombination path is partly blocked
due to the energy barrier. [11]
The conduction band offset (CBO) is defined as the difference between the CBM in the buffer layer
and CBM in the absorber at the interface. This means that a positive CBO and a spike-like
configuration is equivalent. Negative CBO lead to high recombination rate and a positive CBO works
as a barrier for the photo current. This leads to a drop in open-circuit voltage (VOC) for negative CBO
and a drop in short-circuit current (JSC) and fill factor (FF) for positive CBO. The optimum CBO in a
heterojunction solar cell with CIGS as absorbing material is calculated to be 0-0.4 eV. [12] It is
reasonable that a similar CBO would be optimal for CZTS solar cells as a starting theory.

2

Figure 2. Schematic band diagrams of pn-heterojunctions with a cliff-like configuration to the left and a spike-like
configuration to the right. Recombination with electrons from the conduction band in the buffer layer and holes in the
valence band of the absorber is blocked with a positive CBO.

Thin film solar cells based on CIGSe or CZTS consist of several layers, as can be seen in Figure 3. A
back contact, usually sputtered molybdenum, is deposited on a substrate, usually soda-lime glass
(SLG). Apart from supporting the structure, SLG contribute with sodium to the absorber which has
proven to improve the electrical performance of CIGSe solar cells. [13][14] The absorber material is
deposited on top of the back contact, usually by co-evaporation or sputtering. CIGSe and CZTS are ptype semiconductors by nature. The p-type conductivity in CIGSe primarily comes from copper
vacancies and the dominant contribution to the p-type conductivity in CZTS is CuZn antisites. [15] A
thin layer of CdS is usually deposited on top of the absorber material by chemical bath deposition
(CBD). This is called the buffer layer. The window layer is deposited on top of the buffer layer and ndoped zinc oxide on top of intrinsic zinc oxide is a common window layer. The intrinsic zinc oxide
minimizes the risk of shunted cells [16] and the n-doped zinc oxide transports the electrons to the
metal contacts of the solar cell. The p-type absorber and the n-type buffer layer and window layer
form a pn-junction that enables drift of electrons and holes. It is common to deposit a grid on top of
the solar cell to increase the efficiency of the current collection. Aluminium that is encapsulated in a
thin layer of nickel is used at Ångström Solar Center. It is not uncommon to introduce extra layers
apart from those described here, i.e. anti-reflective coatings on top or diffusion barriers between
layers.

Figure 3. Sketch over a CIGS/CZTS thin film solar cell.
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1.2.Alternative buffer layers
The most common buffer layer in thin film solar cells is chemical bath deposited CdS. There are
several reasons for wanting to replace this layer. Cadmium is a heavy metal which poses severe risks
to human health. [17] Since all other deposition processes used in thin film solar cell manufacturing
usually are vacuum based processes, it would be beneficial to perform the buffer layer deposition
under vacuum as well. A lot of research has been made in order to replace the CBD CdS buffer layer
but up to this day the record cells are containing CdS buffer layer. There are several proposed
reasons for why the chemical bath deposited CdS performs so well in thin film solar cells. CBD is a
low temperature process that leads to much lower damage to the absorber compared to
alternatives. The process etches the surface and removes unwanted species like oxides. The
deposition process also leads to good step coverage even for thin films. [18] It is proposed that
diffusion of cadmium into the outer part of the absorber lead to a thin n-doped layer. [19] This would
in turn lead to a change from heterojunction to homojunction which reduces the recombination rate.
Zinc oxy-sulfide deposited by atomic layer deposition (ALD) has proven to be a good candidate to
replace the CBD CdS with 18.5 % as reported record cell efficiency. [20] An alternative deposition
process is spray pyrolysis. With spray pyrolysis, it is relatively easy to vary the composition and
therefor the band gap of CdxZn1-xS but the resulting devices show high recombination rate due to
poor interface quality. A cell efficiency of 4.9 % was reported for CdZnS/CuGaSe2 cell with spray
pyrolysis deposited buffer. [21] Successive Ionic Layer Adsorption and Reaction (SILAR) is a
deposition method similar to CBD. It can be described as a cycled deposition process with two or
more precursor solutions. Sun et al. reported an 9.2 % efficiency for a Cd0.65Zn0.35S/CZTS cell
compared to a reference efficiency of 7.8 %. [22]
The idea of using CBD to deposit CdZnS is to combine the positive effects of the CBD CdS and the
decrease in parasitic absorption due to higher band gap compared to CdS. Naghavi et al. has
reported an increase in efficiency from 12.9 % to 14.8 % for CIGS cells when replacing the CdS buffer
layer with CdZnS. The study indicated that the CdZnS film synthesized in that study was composed of
a mixture of CdS and Zn(O,OH). [8] Bhattacharya has reported 19.5 % cell efficiency for CBD
CdZnS/CIGS structure. The high efficiency is partly explained by an increase in JSC due to parasitic
absorption. Approximately two mA*cm-2 is gained in the high energy region and approximately 0.5
mA*cm-2 is lost in the low energy region with the CdZnS buffer. [23] The loss from the low energy
region can be explained by changes in the space charge region. It has been shown that the doping
level decreases with zinc content in CdxZn1-xS thin films. [20] The lower doping level of the buffer
layer theoretically leads to a shift in the depletion region upwards, and a shorter depletion width in
the absorber. This would in turn lead to shorter collection length in the absorber and a decrease of
JSC in total. [21]

1.3.Chemical bath deposition
Chemical bath deposition is a relatively cheap and reliable deposition technique. As mentioned
before it is also the technique for deposition of the buffer layer that leads to highest solar cell
efficiency. The overall chemical reaction for the formation of CdxZn1-xS thin film by CBD in an ideal
case can be seen in reaction (1), where ammonia is a common ligand (L).
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2+
−
𝑥𝑥(𝐶𝐶𝐶𝐶(𝐿𝐿)2+
𝑛𝑛 )(𝑎𝑎𝑎𝑎) + (1 − 𝑥𝑥)(𝑍𝑍𝑍𝑍(𝐿𝐿)𝑚𝑚 )(𝑎𝑎𝑎𝑎) + 𝑆𝑆𝑆𝑆(𝑁𝑁𝑁𝑁2 )2 (𝑎𝑎𝑎𝑎) + 2𝑂𝑂𝑂𝑂 (𝑎𝑎𝑎𝑎)
→ 𝐶𝐶𝐶𝐶𝑥𝑥 𝑍𝑍𝑍𝑍1−𝑥𝑥 𝑆𝑆(𝑠𝑠) + 𝐶𝐶𝐶𝐶2 𝑁𝑁2 (𝑎𝑎𝑎𝑎) + (𝑚𝑚 + 𝑛𝑛)𝐿𝐿(𝑎𝑎𝑎𝑎) + 2𝐻𝐻2 𝑂𝑂(𝑙𝑙)

(1)

Growth processes by chemical bath deposition typically have three regions according to Figure 4.
Before deposition starts there is an induction period. The deposition starts when nuclei large enough
to be stable are formed. The first part is characterized by a linear growth and the linear part is
sometimes described as an ion-by-ion growth. After a certain time, stable nuclei start to form and
grow in the solution. These colloids start to adhere to the surface, resulting in porous film. [24]

Figure 4. A typical growth curve for chemical bath deposition with a complexing agent present. The A-period is an
induction period before stable nuclei is formed. One species at a time reacts in period B and in period C colloids have
been formed in the solution that starts to adhere to the substrate.

Thiourea (TU) is a common sulfur source in wet chemistry and its first documented use in metal
sulfide synthesis was in 1869. [25] Although the reaction between TU and metal ions in water
solutions have been used for quite some time, the reaction mechanism is not fully understood.
García-Valencia did in 2016 a summary over the research in the area and concludes that there are
two major reaction path theories for CBD of metal sulfide thin films with TU as sulfur precursor. The
complex reaction path proposes that a stable metal-TU-hydroxide complex is part of the reaction.
[25] The formation of this intermediate complex is proposed to occur in the process of adsorption to
the surface. [24] The classical, simpler and commonly used reaction path can be described as
decomposition of TU via hydrolysis which creates free S2- ions. The S2- can then react with free metal
ions or hydroxometal complex, see eq. (2)-(5).
(𝑁𝑁𝑁𝑁2 )2 𝐶𝐶𝐶𝐶(𝑎𝑎𝑎𝑎) + 𝑂𝑂𝑂𝑂 − (𝑎𝑎𝑎𝑎) ↔ 𝐻𝐻2 𝑁𝑁𝑁𝑁𝑁𝑁(𝑎𝑎𝑎𝑎) + 𝐻𝐻𝑆𝑆 − (𝑎𝑎𝑎𝑎) + 𝐻𝐻2 𝑂𝑂(𝑙𝑙)

(2)

𝑀𝑀2+ (𝑎𝑎𝑎𝑎) + 𝑆𝑆 2− (𝑎𝑎𝑎𝑎) ↔ 𝑀𝑀𝑀𝑀(𝑠𝑠)

(4)

𝐻𝐻𝐻𝐻 − (𝑎𝑎𝑎𝑎) + 𝑂𝑂𝐻𝐻 − (𝑎𝑎𝑎𝑎) ↔ 𝑆𝑆 2− (𝑎𝑎𝑎𝑎) + 𝐻𝐻2 𝑂𝑂(𝑙𝑙)

(3)

𝑀𝑀(𝑂𝑂𝑂𝑂)2 (𝑎𝑎𝑎𝑎) + 𝑆𝑆 2− (𝑎𝑎𝑎𝑎) ↔ 𝑀𝑀𝑀𝑀(𝑠𝑠) + 2𝑂𝑂𝑂𝑂 − (𝑎𝑎𝑎𝑎)

(5)

The solubility product KSP is the equilibrium constant between a solid and its components. It
expresses the amount of ions that can be held in solution before it is thermodynamically favourable
for deposition. The KSP for eq. (6) can be calculated with eq. (7).
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𝐶𝐶𝑚𝑚 𝐴𝐴𝑛𝑛 (𝑆𝑆) ↔ 𝑚𝑚𝑚𝑚 𝑛𝑛+ (𝑎𝑎𝑎𝑎) + 𝑛𝑛𝑛𝑛𝑚𝑚− (𝑎𝑎𝑎𝑎)

𝐾𝐾𝑆𝑆𝑆𝑆 =

{𝐶𝐶 𝑛𝑛+ }𝑚𝑚 (𝑎𝑎𝑎𝑎) ∗ {𝐴𝐴𝑚𝑚+ }𝑛𝑛 (𝑎𝑎𝑎𝑎)
{𝐶𝐶𝑚𝑚 𝐴𝐴𝑛𝑛 }(𝑠𝑠)

≈ [𝐶𝐶 𝑛𝑛+ ]𝑚𝑚 ∗ [𝐴𝐴𝑚𝑚+ ]𝑛𝑛

(6)
(7)

The solubility product (Ksp) for equation (4) can be used to determine the concentration of free ions
that is needed in order to deposit sulfide films. Deposition will occur when [M2+]*[S2-] exceeds the Ksp
value. Deposition of CdS occurs at lower metal ion concentration since Ksp for CdS is 10-28 and Ksp for
ZnS is 3*10-25. [26] It is not uncommon to calculate the amount of metal salt and TU needed in order
to deposit metal sulfides from the solubility product. This is not a reliable theoretical method for
sulfides since reaction (3) is strongly shifted to the left, except for in very basic solutions [27] and the
amount of free metal ions in a solution containing NH3 is very low since NH3 strongly complex binds
to metal ions and in particular to zinc ions. The metal ions will form complexes in the solution
according to reaction (8). Zinc ions form primarily tetrahedral ammine complexes while cadmium
ions primarily form octahedral ammine complexes in aqueous solutions. [28] This affects the
reactivity of the two ions since tetrahedral complex are more stable.
𝑀𝑀2+ (𝑎𝑎𝑎𝑎) + 𝑛𝑛𝑛𝑛(𝑎𝑎𝑎𝑎) → 𝑀𝑀(𝐿𝐿)2+
𝑛𝑛 (𝑎𝑎𝑎𝑎)

(8)

A complexing agent that limits the concentration of free ions is necessary when growing CdZnS thin
films with CBD. Both Zn(OH)2 and Cd(OH)2 forms at low metal ion concentrations in basic solutions
and zinc ions can form Zn(OH)2 at slightly lower pH than cadmium ions. [29] This difference is
necessary to take into account when depositing CdZnS. When depositing CdS it is possible to rinse
the samples directly in deionized (DI) water. The CdZnS films needs to be rinsed in a solution
containing a complexing agent like ammonia. If rinsed directly in DI water the zinc ions adhered on
the surface of the sample will quickly form Zn(OH)2 and create an unwanted extra layer. [30]
Hariskos et al. proposes a reaction mechanism that takes into account that the metal ions primarily
form ammine complexes in the chemical bath. Sulfide ions and hydroxide ions react with the
complex according to this model. Hariskos et al. has tabulated the stability constant for tetrahedral
metal ammine complexes, see table 1. The difference in stability product between cadmium ions and
zinc ions is even larger if different coordination numbers are accounted for. Ammonia could be
replaced as complexing agent in order to even out this difference where triethanolamine (TEA) is a
possible candidate. This reaction description highlights the difficulties of synthesizing CdZnS. The
cadmium is much more reactive due to less stable complexes and the solubility product is much
lower for cadmium sulfide than zinc sulfide. Zinc hydroxide is also more easily formed than cadmium
hydroxide. Zinc sulfide films contain higher amount of oxygen than cadmium sulfide partly due to the
difference in solubility product for the hydroxides. It is not expected to obtain a pure CdxZn1-xS phase
from CBD. Instead a mixture phase, CdxZn1-xS(O,OH) which is referred to CdZnS in this thesis, is
expected.
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Table 1. [26] Stability constants for tetrahedral zinc and cadmium ammine complex and solubility product at 25 °C for
relevant sulfides and hydroxides.

Compound

KS

KSP

[Cd(NH3)4]2+

8.32*106

-

[Zn(NH3)4]2+

1.15*109

-

CdS

-

10-28

ZnS

-

3*10-25

Cd(OH)2

-

2*10-14

Zn(OH)2

-

10-16

1.4.Chemical safety and health aspects
The maximum allowed content cadmium in electrical devices is 0.01 wt.%. [31] Although the EU
directive does not apply to photovoltaic panels it is of interest to decrease the usage of cadmium.
The exemption for the PV industry might be removed in the future and cadmium is harmful for the
human body. [16] By replacing the CdS buffer layer with CdZnS, it is possible to decrease the amount
of cadmium in the device.
Ammonia is corrosive and can cause severe damage if inhaled and can cause permanent damage if
the human eye is exposed. [32] Triethanolamine (TEA) is used as an alternative complexing agent in
this study. TEA is commercially accessible and a low-cost chemical making it suitable for usage in
processing industry. [33] TEA does not present acute toxic effects to a large extent but might lead to
long term chronic effects since the biodegradability is low. [34] Long exposure to thiourea (TU) could
lead to hypothyroidism [35]and long term exposure must therefor be minimized.

2. Experimental
All depositions have been made in a class 10,000 clean room, meaning that the concentration of
particles ≥ 0.5 μm is less than 10,000 per square feet. Distilled (DI) water with resistivity ≥ 18 MΩ*cm
was used for experiments. All chemicals were used as-received. Cadmium acetate dihydrate, zinc
acetate dihydrate and thiourea were from Merck Millipore and were of ACS grade. Triethanolamine
was ordered from VWR with 99.1 % purity and of analytical grade. The 28 wt.%. ammonia solution
was from BASF and of VLSI grade.

2.1.Deposition of CdZnS on Soda-lime glass
1 mm thick soda-lime glass that had been washed in Mico-90® solution and blown dry with nitrogen
prior deposition were used as substrate. A substrate holder made of poly(tetrafluoroethylene) was
used and samples were cut into 5*5 cm prior deposition. The deposition process could in general be
described in the following steps:
•
•

The chemicals were dissolved separately in DI water.
The chemicals were mixed in a reactor beaker in the order: complexing agent/agents,
Cd(OAc)2, Zn(OAc)2 and thiourea. Ammonium hydroxide was used as complexing agent in all
experiments and an additional TEA was used in some experiments.
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•
•
•
•

•

The substrate was placed in the chemical bath and the bath was stirred by moving the
substrate holder up and down a few times.
The beaker was placed in a water bath with controlled heating.
The chemical bath was stirred in a suitable interval by moving the substrate holder up and
down a few times.
The substrate was transferred to a rinse beaker containing diluted ammonia (0.3 M) when
the deposition time had passed. The sample was transferred to a beaker containing DI water
after five seconds.
The substrate was cleaned with running DI water in order to remove loosely bound particles
and then blown dry with nitrogen.

All depositions that have been used in this study follow these steps (with small modifications) and
the methodology is strongly influenced by the baseline deposition process for CdS that is used at
Ångström Solar Center. The baseline recipe contain 0.13 g Cd(OAc)2 and 1.33 g TU, dissolved and
diluted with DI water to 25 mL and 50 mL, respectively. Fifteen mL NH3 (28 wt.%) is dissolved in 100
mL DI water. With 60 °C water bath, stirring every minute and a total deposition time of 8 minutes
and 15 seconds the process follows as previously described. The recipes for chemical bath deposited
CdZnS that are used in this thesis are experimentally developed but are loosely based on publications
describing deposition of CdZnS films. [22][36][37][38] A description of the deposition procedures
used in this study can be found in 2.1.1-2.1.3 and summarised in Table 2.
Table 2. A summary of the recipes used in experiments in section 2.1.1-2.1.3.

Chemical
Section.recipe
2.1.Baseline
2.1.1.Varying
[Zn2+]/[Cd2+]
2.1.2.Adding TEA
2.1.3.“CdZnS-TEA”
2.1.3.“CdZnS-NH3”

Cd(OAc)2*2H2O
(g)

Zn(OAc)2*2H2O
(g)

NH3 28 wt.%
(mL)

TU
(g)

TEA
(mL)

0.13

0

15

1.33

0

0.02-0.48

0-0.38

5

0.67

0

0.15
0.12
0.12

0.15
0.19
0.19

4
4
4

0.67
0.67
0.67

0-20
5
0

2.1.1. Varying [Zn2+]/[Cd2+] in the chemical bath
Five mL of NH3 (28 wt.%) diluted to 50 mL with DI water and 0.67 g thiourea dissolved in 50 mL DI
water was used in all of these experiments. The ratio between ammonia and metal ions in the
solution was held constant, [NH3]/[M2+]=40, for all depositions. The amount of Cd(OAc)2 and Zn(OAc)2
were varied and the salts were dissolved and diluted to a total volume of 25 mL and 50 mL
respectively. The deposition procedure follows the description under 2.1 with 70 °C water bath. The
chemical bath was stirred every 30 seconds and the deposition time was increased for higher zinc
content in the solution.
2.1.2. Adding triethanolamine to the chemical bath
0.15 g Cd(OAc)2, 0.15 g Zn(OAc)2 and 0.67 g TU were dissolved and diluted with DI water to a total
volume of 25 mL, 50 mL and 50 mL respectively. Four mL of NH3 (28 wt.%) and various amount of TEA
were mixed and diluted to 50 mL with DI water. All chemicals except TU were mixed in a reactor
beaker and the substrate was placed in the chemical bath. The reactor beaker was placed in a 70 °C
water bath for preheat procedure with stirring every minute. The TU was added after five minutes
8

and the solution was stirred every 30 seconds during deposition. Rinsing procedure followed as
description in 2.1 and the deposition time was increased for higher concentrations of TEA.
2.1.3. Varying the deposition time
Two different recipes were evaluated in this experiment, “CdZnS-NH3” and “CdZnS-TEA”. Both
contain 0.12 g Cd(OAc)2,0.19 g Zn(OAc)2 and 0.67 g TU, dissolved and diluted with DI water to 25 mL,
50 mL and 50 mL respectively. Four mL of NH3 (28 wt.%) and 5 mL TEA was mixed and diluted to 50
mL for “CdZnS-TEA” and 4 mL of NH3 (28 wt.%) was diluted to 50 mL for “CdZnS-NH3” as complexing
agent. Preheat procedure and stilling intervals according to description in 2.1.2 were used. Samples
were then removed from the bath at various time with tweezers and rinsed according to description
in 2.1.

2.2.Characterization of CdZnS films on soda-lime glass
Profilometry was used in order to determine the thickness of films deposited on SLG. Kapton® tape
was applied on the sample and the sample was then dipped into dilute hydrochloric acid
(approximately 2 M) for five seconds in order to etch a step in the film. The sample was then dipped
in DI water and the tape was removed. The thickness was measured with Veeco Dektak 150
profilometer after the sample was thoroughly rinsed in running DI water.
Epsilon 3XLE was used for X-Ray Fluorescence (XRF) measurements in this project. Copper, silver and
titanium filters were used in order to maximize the signal from cadmium, zinc and sulfur respectively.
A cleaned SLG piece was analysed and used as a reference for all measurements deposited on SLG
where the signals from the uncoated sample were subtracted from the other samples.
UV/VIS spectroscopy was carried out with a Perkin Elmer Lambda 900 for band gap measurements.
The equipment has an integrating sphere that makes it possible to separate diffuse and direct
reflectance and transmittance. In this project the total (both diffuse and direct) transmittance and
reflectance is measured and is used to calculate the band gap. This gives a slight measuring error but
the samples are expected to be low-scattering so the error is expected to be negligible. The back of
the sample was etched with dilute hydrochloric acid in order to remove the film deposited on the
back prior measurement.
The absorption coefficient is calculated from the transmittance and the reflectance measurements
according to eq. (9). The absorption coefficient squared times the photon energy squared is plotted
against photon energy in what is called a Tauc plot. For a material with an allowed and direct band
gap there is a linear region in the plot. By extrapolating the linear region it is possible to acquire the
band gap of the sample in the intersection with the x-axis. In Figure 5 the results from the
measurement on baseline processed CdS is shown as an example. The band gap is calculated to 2.43
eV which is very close to the tabulated value for bulk CdS (2.42 eV[39]).
𝛼𝛼 =

1
1 − 𝑅𝑅
∗ 𝑙𝑙𝑙𝑙
𝑑𝑑
𝑇𝑇
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(9)
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2
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0,2
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(α*E)
T
R

0,0
2

3

4

Photon energy (eV)

Figure 5. The results from transmittance and reflectance measurement for CdS thin film deposited on 1 mm SLG with the
corresponding Tauc plot reported in the graph.

2.3.Solar cell manufacturing
Thin film solar cells consist of several layers, as can be seen in Figure 3 and described in 1.1. This
study only covers synthesis of the upper part, from the buffer layer. The synthesis procedures are
described in 2.3.1 and 2.3.2.
2.3.1. Solar cells with Cu2(In,Ga)Se2 as absorbing material
The absorbing material that was used in this part of the study was manufactured at Solibro Research
AB in Uppsala and was brought to Ångström for completion of the cell. The absorber had
composition Cu/(In+Ga)=0.85 and Ga/(In+Ga)=0.40 and was manufactured by co-evaporation. All
pieces were exposed to air for 45 minutes which may have led to some oxidation of the surface. The
CdS reference samples were deposited after 45 minute air exposure while the pieces that were
deposited with “CdZnS-TEA” had additional 45 minutes storage in a nitrogen cabinet and the pieces
that were deposited with “CdZnS-NH3” were placed in nitrogen storage for 60 minutes prior
deposition.
Two different substrates (A and B) were processed in the same way in order to increase the statistics.
The window layer consisting of i-ZnO and ZnO:Al were sputtered on all pieces at a maximum of 5
hours after CBD. Ni/Al/NI grids were deposited by electron beam evaporation on top of the window
layer and 0.5 cm2 cells were defined by mechanical scribing. The upper part of the solar cell was
scratched away on one end of the sample in order to make it possible to reach the back contact.
Indium was then soldered directly on the back contact in order to make contacting easier.
Two additional 2.5*2.5 cm pieces from substrate B were deposited with “CdZns-TEA” and “CdZnSNH3” for XRF measurements. One of the pieces was etched in dilute hydrochloric acid (approximately
2 M) for 30 seconds after measured with XRF. The sample was measured after the etching and the
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removal of the film was considered successful since the cadmium signal (5 cps) was very close to that
for SLG (4 cps) and could therefor be used for background correction.
2.3.2. Solar cells with Cu2(Zn,Sn)S4 as absorbing material
For evaluation of CdZnS as an alternative buffer layer in CZTS solar cells, co-sputtered absorber
precursor with composition Cu/Sn=1.76, Zn/(Cu+Sn)=0.35, Zn/Sn=0.97 and Cu/(Zn+Sn)=0.9 was used.
The sample was cut into 2.5*1.5 cm pieces and annealed in sulfuric atmosphere at 610 °C for 1 or 13
minutes and then cooled rapidly. The samples were then stored in a nitrogen cabinet at a maximum
of 4 hours prior to further processing.
The surface of the sample was etched with 5 wt.% potassium cyanide for 2 minutes before CBD in
order to remove unwanted particles from the surface, like Na2S and ZnS. [40] It has also been shown
that preferential etching causes a widening in the surface band gap. [41] The sample was then
transferred directly from the rinse beaker to the buffer layer processing beaker. The “CdZnS-TEA”,
“CdZnS-NH3” (see section 2.1.3) and the baseline CdS recipes were used to deposit on one piece from
each anneal. The window layer was sputtered on top of the buffer layer directly after CBD.
Ungridded 3*3 mm cells were then defined by mechanical scribing that separated the cells down to
the back contact layer. The back contact was prepared in the same way as in 2.3.1.

2.4.Characterization of solar cells
The efficiency (Eff) of a solar cell can be calculated according to equation (10). The parameters opencircuit voltage (VOC), fill factor (FF) and short-circuit current density (JSC) can be acquired from
current-voltage (IV) measurement. VOC is the voltage over the solar cell without an external load and
is usually reported for one sun irradiation (1000 kW*m-2). The short-circuit current is also usually
reported for one sun irradiation and is the current density in the device when there is no voltage
over the device, i.e. the current density obtained when the cell is short-circuited. The fill factor is
defined as the ratio between the maximum output power for the cell and the maximum theoretical
output power (JSC* VOC), and Pin is the input power.
𝐸𝐸𝐸𝐸𝐸𝐸 =

VOC ∗ FF ∗ JSC
𝑃𝑃𝑖𝑖𝑖𝑖

(10)

2.4.1. Current-Voltage measurement
Current-voltage (IV) measurement is one of the most common methods in order to characterize solar
cells. When performed in darkness, the diode properties of the cell can be evaluated. The parameters
VOC, FF and JSC can be convoluted from measurements performed in light, see Figure 6. The maximum
power point PMPP is marked as a dark grey square in the figure. Usually both dark and light IV
measurement are carried out since they give complementary information. Standard testing is carried
out at 25 °C with one sun illumination (1000 kW*m-2). Different light sources were used for CIGSe
and CZTS devices. For CZTS, a Sol2A Newport, class ABA system, was used that was calibrated to
deliver one sun irradiation. A tungsten halogen lamp was used for measurements on CIGSe devices.
The position of the lamp was calibrated to deliver one sun irradiation by measuring the current on a
externally calibrated Si reference device.
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Figure 6. A typical IV-curve with JSC, VOC and JMPP, VMPP marked. Fill factor is calculated from the ratio between the areas
of the dark grey and the light grey squares.

2.4.2. Quantum Efficiency measurement
External Quantum efficiency (EQE) measures the fraction of the incoming radiation that contributes
to the photo current. It is usually reported as a function of wavelength. By taking into account the
global standard spectrum (am1.5g) it is possible to acquire a value of JSC that is highly reproducible.
The setup used in this project is not dependent of the size of the cell (but calculations from IV-curve
are) which make the JSC value from EQE measurement more reliable. The EQE setup was calibrated
with externally controlled Si and InGaAs solar cells. Internal Quantum Efficiency (IQE) measures the
fraction of the absorbed incoming radiation that contributes to the photo current. IQE take into
account that some radiation reflects on the surface of the testing device. The reflection can be
minimized by an anti-reflective coating in a final device and it might therefor be of use to analyse the
samples with IQE that remove the losses due to reflection. A Bentham PVE300 system was used for
IQE measurement.

3. Results and discussion
3.1.Properties of CdZnS thin film deposited on soda-lime glass
3.1.1. Influence of varying [Zn2+]/[Cd2+] in the chemical bath
The time before the solution became opaque increased with higher zinc ion concentration, see Table
3. This was as expected since the reactivity of the zinc ions is lower than the reactivity of the
cadmium ions. This is a relatively uncertain analysis since it is a matter of opinion, but since the
experiments were conducted by the same person it is still possible to draw conclusions from the
trend.
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Table 3. The total deposition time was increased with higher concentration of zinc ions. “Time till opaque solution” is
defined as the time from all chemicals are mixed till it is not possible to see through the reactor beaker.

[𝒁𝒁𝒁𝒁𝟐𝟐+ ]
[𝑪𝑪𝑪𝑪𝟐𝟐+ ]
0
0.5
1
2
5
10
15
20

Time till opaque
solution (min)
1.5
2.5
3
3
4
5
6
6.5

Total deposition
time (min)
3
3
3.5
4
7.5
8.5
9
10

According to Figure 7 both the band gap of the film and the ratio between zinc and cadmium counts
from the film initially increases with higher concentration zinc ions. The ratio between zinc and
cadmium counts reaches a maximum value for [Zn2+]/[Cd2+]=10 and the maximum band gap is
obtained with [Zn2+]/[Cd2+]=2. This is unexpected since higher amount of zinc in the solution logically
should lead to higher amount of zinc in the film. One possible explanation is that zinc rich species
start to form in the solution when [Zn2+] reaches a critical value but further analyses is needed in
order to explain this trend. The band gap is influenced by a change in particle size, crystal structure
and the implantantion of foreign species i.e. oxygen or hydroxide. This is worth mentioning as an
explanation to why the maximum point is shifted in the graphs. Trying to determine the phases
present in the film by XRD and XPS would be of interest. It would also be interesting to centrifuge the
solution and analyse the particles with powder XRD and inductively coupled plasma atomic emission
spectroscopy (ICP-AES). It might be possible to validate the theory of a zinc rich phase formation in
the solutions with higher concentration of zinc ions with these analyses. It would also be of interest
to measure the pH of the different solutions in order to determine if there is a variation in pH that
can explain the decrease in zinc content and band gap with increasing [Zn2+].

2,66

2,0

1,5

Band gap (eV)

Zn (cps)/Cd (cps)

2,64

1,0

0,5

2,62
2,60
2,58
2,56
2,54
2,52
2,50

0,0

2,48
0

10
2+

0

20
2+

5

10
2+

[Zn ]/[Cd ]

15

20

2+

[Zn ]/[Cd ]

Figure 7. The ratio between Zn and Cd cps (from XRF measurement) and band gap of the film obtained with varying ratio
between metal ions in the chemical bath.
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3.1.2. Influence of adding triethanoleamine to the chemical bath
All films had a thickness of about 50 nm according to profilometry measurements. The deposition
time was highly varied between the samples with longer deposition time for higher concentration
TEA, see Table 4. The reactivity of the bath seems to decrease with increasing TEA concentration,
since the “time till opaque solution” increases with increasing amount of TEA. This is as expected
since more complexing agent in the bath should lead to fewer metal ions that can react.
Table 4. The deposition time was increased with higher amount of TEA. “Time till opaque solution” is defined as the time
from all chemicals are mixed till it is not possible to see through the reactor beaker.

TEA (mL)
0
0.5
1
5
10
15
20

Time till opaque
solution (min)
0.5
1
3
6
5
6.5
7

Total deposition
time (min)
1.5
2
3.5
7
6
6.5
8

Both the band gap of the film and the ratio between zinc and cadmium counts decreases with higher
amount of TEA, according to the graphs in Figure 8. This indicates that TEA binds stronger to zinc ions
than to cadmium ions. Although the zinc content of the film decreases it might be beneficial to add a
certain amount of TEA in order to slow the process and prolong the time before colloidal growth
becomes dominating. An alternative complexing agent that could be of interest is
ethylenediaminetetraacetic acid (EDTA). EDTA form equally stable complexes with zinc and cadmium
(log KS,Cd=16.5 and log KS,Cd=16.5 [42]), which leads to more equal reaction rates between the metal
ions. As a comparison the formation constant for zinc and cadmium ammine complex are (log
KS,Cd=6.9 and log KS,Cd=9.1 [26]). Since the stability of cadmium- and zinc-EDTA complex are high the
reactivity would be low. An increase in deposition temperature might be necessary in order to
acquire a reasonable reaction rate.
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Zn (cps)/Cd (cps)

1,2
1,0
0,8
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Figure 8. Band gap of CdZnS films and ratio between Zn and Cd (cps) from XRF measurements of CdZnS films deposited is
here plotted against the added amount of TEA.
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3.1.3. Analyses of growth rate with different recipies
The growth rate of the films were analysed by measuring the thickness with profilometry and by
measuring cadmium, zinc and sulfur content with XRF from samples that were removed from the
chemical bath after different times. The growth curves for cadmium, zinc and sulfur in Figure 9 shows
similar behavior with no clear layered growth. The films grown with “CdZnS-TEA” recipe seem to
have a lower Zn/Cd ratio than films grown with “CdZnS-NH3”. This is in line with the experiment in
3.1.2 which indicated that TEA binds stronger to zinc ions than to cadmium ions. It is clear that the
“CdZnS-TEA” recipe has a longer induction time than “CdZnS-NH3”, which is expected from a bath
with higher concentration of complexing agent.
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Figure 9. The graphs show results from XRF measurements on CdZnS thin films. The metal counts (left axis) and the sulfur
counts (right axis) are reported for samples removed at different time from the chemical bath. The left graph shows
results from depositions with “CdZnS-TEA” recipe and the right graph shows results from depositions with “CdZnS-NH3”
recipe.

The thickness of the sample removed from the bath after 155 s was 20 nm for the “CdZnS-TEA”
recipe. The thickness for samples removed after 220, 270 and 330 s were all approximately 50 nm.
The XRF counts continue to increase, see Figure 9, but the thickness appears constant for samples
removed at time ≥220 s. There are two possible explanations for this; the film becomes denser or the
sample preparation modifies the sample. A change in density is found to be less likely than a
modification of the samples due to sample preparation. It is likely that the tape from the step etching
prior to thickness measurement removes loosely bound particles (from colloidal growth), but some
of the colloids would still be present during XRF measurement. The conclusion that the colloidal
growth process is dominant after 220 s is therefor reasonable. This theory could be evaluated by
analysing the samples in light optical microscope (LOM) or scanning electron microscope (SEM) with
additional sample coating prior to SEM analysis in order to avoid charging of the samples.
A deposition time of 220 seconds was used for the “CdZnS-TEA” recipe for depositions on cells in
order to minimize the colloidal growth. The thickness for samples deposited by “CdZnS-NH3” recipe
removed after 45, 65, 90, 105 and 180 s were approximately 20, 30, 40, 40 and 40 nm respectively.
The conclusion that the colloidal growth process start to dominate after 90 s is likely and the
deposition time used for “CdZnS-NH3” recipe was set to 90 s. The band gap for the 50 nm film
deposited with “CdZnS-TEA” for 220 s on SLG was 2.63 eV. The same band gap, 2.63 eV, was
measured for the 40 nm film that had been deposited using “CdZnS-NH3” for 90 s on SLG. Shorter
deposition time could be used in order to acquire thinner films but for thicker films it is
recommended to do two depositions instead of prolonging the deposition time. Two deposition runs
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would minimize the risk for colloidal growth, but oxidation of the surface between the two
deposition runs must be avoided.

3.2.Evaluation of CdZnS in solar cells

Current density (mA*cm-2)

3.2.1. Performance of solar cells with CIGSe as absorbing material
The IV-curve for the best performing cells from each sample can be seen in Figure 10. The cells with
CdZnS buffer layer showed a breakdown at negative voltage bias. The cells that were made with
“CdZnS-NH3” had a clear breakdown that started at approximately -0.1 V while the cells with “CdZnSTEA” only showed a small breakdown. Breakdown at a negative bias could be an indication of poor
quality of the interface. The reference samples had higher VOC than the CdZnS samples and the JSC
were similar for all samples, according to the statistics from all measurements in Figure 11. Due to
the higher VOC and higher FF, the samples with CdS buffer had higher efficiency than cells with CdZnS
buffer. One possible explanation is that the samples that were deposited with CdZnS films were
stored for longer time prior CBD. This might have oxidized the surface of the absorber material
leading to higher recombination rate in the interface due to higher defect concentration (higher
concentration of foreign species). Another possible explanation is that the interface CIGSe/CdS
already has a good CBM match and by increasing the band gap the spike might be too large which
would lead to fill factor losses.
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Figure 10. From the IV-curves for the best performing cell from each sample it is not possible to distinguish a large
difference between substrate A and B.
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Figure 11. The cell parameters calculated from IV-measurements on the cells is here reported for all samples separately.

The EQE measurements in Figure 12 show an increased contribution to the JSC from the high energy
region with the alternative buffers due to more transparent and maybe thinner layer. The absorption
edge for the buffer layer is shifted approximately 0.2 eV compared to the reference, which is in line
with optical characterization of depositions on SLG. JSC for devices with CdS, “CdZnS-TEA” and
“CdZnS-NH3“ of the best devices were 32.8, 33.4 and 33.3 mA*cm-2 (2.5 % shading due to grid is
taken into account for) respectively according to EQE measurements. The small gain in current is in
line with lower parasitic absorption in the buffer layer. The JSC for devices measured in the IQE setup
with CdS, “CdZnS-TEA” and “CdZnS-NH3“ buffer layer were 33.8, 34.3 and 34.5 mA* cm-2 (shading due
to grid not taken into account). Measurements from both setups result in slightly lower current from
the reference sample compared to the alternatives. The graph in Figure 13 shows a decrease in IQE
for λ>500 nm for samples with CdZnS buffer layers, compared to the reference. This might be a
measuring error due to drift in the setup. Another possible explanation is that CdZnS have a lower
doping level than CdS, which lead to a shift upwards of the depletion region and less effective drift of
the electrons. [21]
The data from the XRF measurements on the buffer layer deposited on CIGSe substrate indicates a
difference in the layer compared to when deposited on SLG. For the “CdZnS-TEA” recipe, the zinc
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counts increased from 39 cps to 89 cps and the cadmium counts increased from 36 cps to 136 cps.
For the sample deposited by “CdZnS-NH3” the zinc counts increased from 47 cps to 179 cps and the
cadmium counts increased from 36 cps to 99 cps compared to film grown on SLG. The increase in
counts can partly be explained by an increase in roughness of the substrate. An increase in roughness
leads to an increase of the XRF counts even if the film thickness would be constant. There is probably
diffusion of metal ions into the substrate to a larger extent for CIGSe substrate compared to SLG that
could also partly explain the increase in metal counts. The TEA seems to coordinate preferably to zinc
ions than to cadmium ions according to results in 3.1.2. Since the TEA molecule is much larger than
the NH3 molecule it is reasonable that the TEA complex is larger than the ammine complex. The
possibility to penetrate the substrate would decrease with an increase in size of the complex.
Therefor it is reasonable that the increase of the zinc counts is much larger for deposition with
“CdZnS-NH3” compared to the recipe containing TEA. The deposition time used for “CdZnS-TEA” is
longer than what is used for “CdZnS-NH3” which might increase the amount of cadmium that
penetrates the absorber. This might be one explanation to why the increase in cadmium counts is
higher for the CdZnS-TEA” recipe compared to the “CdZnS-NH3” recipe. The variation in metal counts
indicates that the growth process differs for different substrates. More depositions conducted on
CIGSe followed by material characterization are needed in order to further understand and develop
the deposition process.

1,0

EQE

0,8

0,6

0,4

CdS
CdZnS-TEA
CdZnS-NH3

0,2

0,0
400

600

800

1000

1200

λ (nm)
Figure 12. The EQE-curve from measurements on the best performing cells of the A-pieces shows a shift in buffer layer
absorption. Data points in the interval λ=900-952 nm have been removed due to large noise in this region. EQE curve
with the original data can be found in appendix.
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Figure 13. The internal quantum efficiency clearly shows a shift to shorter wavelength of the parasitic absorption for the
alternative buffer layers. The IQE curves with CdZnS buffers are shifted downwards in general compared to the
reference.

3.2.2. Performance of solar cells with CZTS as absorbing material
The variation between the cells in each sample in this study was relatively low, according to the box
plots in Figure 14. The uncertainty in JSC partly come from variation of cell area due to scribing
variations and does not necessary mean inhomogeneity of the samples. The “CdZnS-TEA” buffer layer
did not perform well with the CZTS that had been annealed for 13 minutes, and resulted in all
parameters lower than the reference according to the box plots in Figure 14. The “CdZnS-NH3” had a
slightly higher VOC and JSC but lower FF than the reference. The absorption edge seems to be shifted
with both alternative buffers compared to the CdS in the EQE measurements in Figure 15. The best
cell with CdS buffer layer had FF=57.96 %, VOC=0.614 V and JSC,QE=20.99 mA*cm-2 leading to an
efficiency of 7.5 %. The best cell with “CdZnS-TEA” buffer layer had FF=45.27 %, VOC=0.580 V and
JSC,QE=20.02 mA*cm-2 leading to an efficiency of 5.3 %. The best performing cell in this study had
“CdZnS-NH3” buffer layer with FF=55.35 %, VOC=0.642 V and JSC,QE=21.55 mA*cm-2 which lead to 7.7 %
efficiency.
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Figure 14. Box plots of VOC, JSC and FF obtained from the IV-measurements and the IV-curve shows dark then light IVmeasurement of the best performing cells from each sample.
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Figure 15. EQE curve of the highest performing cells of each sample from the 13 minute anneal.

The VOC of the 1 minute annealed samples were slightly higher than for samples that had been
annealed for 13 minutes. There was no clear difference in VOC between the different buffer layers but
the fill factor was much lower for the alternative buffers than for the reference, see Figure 16. From
the IV-curve the unideal behavior is clear for the alternative buffers. Both CdZnS samples appear
slightly shunted. The increase in JSC with the alternative buffers is in line with the EQE measurement
of the best performing cells in Figure 17. Both samples with CdZnS buffer layer have higher EQE over
the entire spectrum. The increase in the EQE in the short wavelength region can partly be explained
with lower parasitic absorption in the buffer layer due to higher band gap. Another possible
explanation is that the reflection pattern for the different samples differs due to variation in
thickness of the buffer layer. It would be of interest to measure IQE in order to determine the
contribution to the EQE difference that come from reflection variations.
The best performing cell from the reference sample had a calculated efficiency of 6.7 %, with
FF=62.65 %, VOC=0.717 V and JSC,QE=14.82 mA*cm-2. The best cell with “CdZnS-TEA” buffer layer had
an efficiency of 6.4 % with FF=48.71 %, VOC=0.712 V and JSC,QE=18.50 mA*cm-2. The best cell with
“CdZnS-NH3” buffer layer had the same calculated efficiency as the reference, 6.7 %. The “CdZnSNH3“ buffer layer resulted in a cell with FF=52.61 %, VOC=0.723 V and JSC,QE=17.72 mA*cm-2.
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Figure 16. Box plots of VOC, JSC and FF obtained from the IV-measurements on cells with different buffer layer from the 1
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Figure 17. EQE curve of measurements on the highest performing cell from each sample from the 1 minute anneal.

3.2.3. Summary of solar cell testing
It is very promising that a sample with the alternative buffer surpassed the reference sample with the
13 minute annealed CZTS (7.7 % compared to 7.5 % efficiency). According to these results, CdZnS is a
promising candidate to replace CdS as buffer layer in CZTS solar cells. With optimization of the
process it is reasonable to expect further progress. An increase in the deposition temperature or
variation of the buffer layer thickness is of interest to investigate. Due to lower absorption in the
buffer layer, the JSC is in general slightly higher for samples with CdZnS buffer layer. The gain in
current from the high energy region of the spectra due to a shift in band gap of the buffer layer is
visible in all EQE measurements and most clear in IQE measurements on CIGSe cells in Figure 13.
The “CdZnS-NH3” recipe led to higher efficiency CZTS cells and lower efficiency CIGSe cells compared
to the “CdZnS-TEA” recipe. The addition of TEA increases the possibility to control the reaction rate
which is why it is of interest to further investigate the effect of additional TEA even though the study
did not show a positive effect of the addition. There are two main differences between films grown
with “CdZnS-TEA” and “CdZnS-NH3” recipes. The “CdZnS-TEA” recipe gives a slightly thicker film with
the deposition time used in this study. The addition of TEA also slows down the growth rate which
might increase the quality of the film. Since the quality of the buffer layer is of outmost importance it
is of great interest to evaluate the possibility of growing films with less defects.
Since the CdS baseline recipe contain higher concentration of NH3 compared to the alternative
recipes tested in this study it is reasonable that the baseline deposition etches the surface of the
absorber more rigorously. Since the CIGSe samples were exposed to air (and nitrogen atmosphere)
prior deposition of the buffer layer it is likely that the surface was oxidized. During the assumption
that the baseline deposition etches the surface more rigorously the device would be more insensitive
to oxidized absorber when using CdS buffer. This might be one explanation why the baseline process
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leads to higher efficiency than the alternative buffers for CIGSe. The CZTS pieces were etched right
before the deposition of the buffer layer, minimizing the surface oxidation of the absorber. For CZTS
as absorber, all buffers resulted in similar VOC as the reference while the alternative buffers led to a
significantly lower VOC than the reference on CIGSe. It would be interesting to either etch the CIGSe
surface prior deposition (for example with NH3) or to minimize the air exposure prior deposition of
the buffer layer. The decrease in VOC for CIGSe samples with alternative buffers might also be due to
less beneficial band structure in the CIGSe/CdZnS interface compared to CIGSe/CdS but other
possibilities should be investigated prior to accepting that theory.

4. Conclusion
Thin films containing cadmium, zinc and sulfur with a band gap of 2.63 eV (compared to 2.42 for CdS)
have been synthesized by chemical bath deposition on soda-lime glass with two different recipes.
Adding triethanolamine to the chemical bath resulted in lower band gap and lower zinc content of
the film leading to the conclusion that triethanolamine binds stronger to zinc ions than to cadmium
ions. By increasing the ratio [Zn2+]/[Cd2+] in the deposition bath, the band gap of and the ratio Zn/Cd
in the film initially increases. The band gap reached a maximum value for [Zn2+]/[Cd2+]=2 and the ratio
Zn/Cd in the film reaches maximum for [Zn2+]/[Cd2+]=10 and then both parameters decrease. This
might be due to formation of zinc rich species that start to form at higher zinc ion concentration. The
colloidal growth process starts to dominate after 220 s with the “CdZnS-TEA” recipe and after 90 s
with the “CdZnS-NH3” recipe.
The CIGSe solar cells with CdZnS buffer layer had lower voltage and a lower efficiency than the
reference. The voltage drop might be due to high recombination rate at the interface between buffer
layer and absorber layer since the absorber was exposed to air prior to deposition of the buffer layer.
The transparency of the CdZnS buffer layers were higher than the reference due to higher band gap,
leading to slightly higher JSC in general. CZTS solar cells with CdZnS buffers had in general lower fill
factor and higher current than the reference sample with CdS buffer layer. The 1 minute annealed
CZTS solar cells had equal efficiency with CdS and “CdZnS-NH3” buffer layers, 6.7 %, while the
“CdZnS-TEA” buffer layer led to a cell with 6.4 %. For 13 minute annealed CZTS, the cell with the
highest efficiency was produced with “CdZnS-NH3” buffer layer, 7.7 %. The efficiency of the best
reference sample was 7.5 % and the highest efficiency with “CdZnS-TEA” buffer layer was 5.3 %. It is
very promising that an increase in cell efficiency is acquired with an alternative buffer layer even
though no optimization of the deposition process on CZTS has been carried out.
This work should be seen as an initial study of chemical bath deposition of CdZnS buffer layers for
thin film solar cells. Material characterization needs to be carried out in order to further develop the
technique, starting with grazing incidence XRD (GIXRD) and Raman or XPS in order to characterize the
crystal structure and the chemical bonds present in the film. Since there is a difference in growth
process between different substrates it would be of interest to vary the [Zn2+]/[Cd2+] ratio when
growing on absorbing material in order to further increase the zinc content and the band gap of the
film.
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