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A B S T R A C T   

In this work, the impact of Li and K co-doping on the properties of Cu2ZnSnS4 (CZTS) monograin powders used as 
absorber materials in monograin layer (MGL) solar cells was investigated. CZTS powders were grown in the 
liquid phase of flux materials with different LiI-KI ratios by synthesis-growth method. According to Atomic 
Absorption Spectroscopy, the amount of K in the host material did not depend on the molar ratio of LiI to KI in 
the flux mixtures and remined constant at 0.01 at%. However, the Li concentration depended on the initial 
amount of LiI in the LiI-KI flux mixture and increased from 0.01 at% to 1.22 at% in the synthesized CZTS. X-ray 
diffraction, Raman analysis and photoluminescence (PL) analysis confirmed that Li content x = 0.2 and x = 0.4 in 
the input composition of (Cu1-xLix)1.84Zn1.09Sn0.99S4 resulted in formation of solid solution. The external quan-
tum efficiency measurements showed that the effective bandgap energy of CZTS increased from 1.52 eV to 1.57 
eV by increasing the Li content in CZTS from x = 0–0.02 to x = 0.4, respectively. The mean values of VOC of the 
corresponding monograin layer solar cells increased from 700 to 742 mV. The highest VOC of 784 mV was ob-
tained with device based on solid solution containing 1.22 at% of Li (x = 0.4). The best performing solar cell with 
power conversion efficiency of 9.4% was obtained with Li and K co-doped CZTS powder (x = 0.002) showing 
output parameters: VOC = 718 mV, JSC = 20.9 mA/cm2 and FF = 62.5%.   

1. Introduction 

The development of new materials for solar energy harvesting is 
currently one of the major research topics in the field of renewable en-
ergy, although it has been an active area of research for more than half a 
century [1]. Kesterite Cu2ZnSn(S,Se)4 (CZTSSe) materials have attracted 
considerable interest as a promising candidate for future large-scale 
deployment of the photovoltaics. They are produced from 
earth-abundant, non-toxic constituents, having thermodynamically 
stable structure, and large potential for high power conversion efficiency 
(PCE) defined by its suitable optoelectronic properties. The theoretical 
Shockley-Queisser (SQ) limit of kesterites is ~30%, however the open 
circuit voltage (VOC) deficit continues to be a key problem with the re-
cord cell reaching only 62.6% of its SQ limit [2]. 

Perspective strategy to improve the PCE of the kesterite solar cells is 

doping of absorber material with alkali and other related metals [3]. 
However, the optimal doping concentration of different alkali elements 
in kesterite materials is uncertain. An improvement of the electronic 
properties by adding extrinsic elements to the kesterite matrix in various 
quantities has been inspired by the related CIGS technologies, where the 
band structure engineering through substitutional doping with alkali 
metals boost the solar cell efficiencies beyond 22% [4]. 

Based on potassium and lithium properties, both could be located on 
the Cu positions within the kesterite lattice. However, previous studies 
about the localization of K in chalcogenide absorber layers by atom 
probe tomography revealed that K is segregating at the grain boundaries 
[5]. Due to the large K+ ionic radius (1.51 Å) and thus a high substitu-
tion energy of 1.53 eV, alloying of K within the kesterite lattice is un-
likely [6]. K doping have been found to increase the carrier 
concentration and to reduce the series resistance of solar cell devices 
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based on K doped samples as compared to untreated samples [3]. Recent 
studies on Li incorporation have demonstrated the most positive impact 
on optoelectronic properties of CZTSSe among all the alkali elements 
[3]. As the crystallographic ionic radius of Li+ is very close to the iso-
valent Cu (0.6 Å for Li+ vs 0.59 Å for Cu+) [7], Li has more possibility to 
be incorporated into the kesterite lattice and to modify the defect 
properties compared to other alkali elements. Li has been mostly directly 
incorporated into CZTSSe precursors and involved in the grain growth 
[8]. The performance enhancement resulted from Li incorporation has 
been generally attributed to the improved crystallinity, reduced grain 
boundary recombination, increased p-type doping, and modified inter-
face with more Cu-depleted surface [9]. Incorporation of Li into CZTSSe 
thin films is also reported to decrease both the conduction band mini-
mum and valence band maximum, which results in an increasing con-
duction band offset at the CdS/Cu2-xLixZnSn(S,Se)4 interface [10]. Li 
incorporation into the lattice of CZTS increases the band gap energy 
value [1,10,11] and slightly increased the record efficiency of CZTSSe to 
12.7% after years of being stagnated at 12.6% [12]. 

In this study, a molten salt synthesis-growth method for producing 
pure Cu2ZnSnS4 (CZTS) single-crystalline semiconductor powder (so- 
called monograin powders) was used. The synthesis temperature is 
limited by two melting points - Tsynth > Tmelt(salt) and Tsynth < Tmelt 

(semiconductor). This powder is formed in the presence of the liquid phase 
of inorganic halide salts (KI, LiI and the mixtures of KI-LiI) at relatively 
high temperatures (Tsynth = 740 ◦C) because e.g. Tmelt(KI) = 681 ◦C [13]. 
Therefore, the formed semiconductor crystals are unintentionally doped 
with the constituent elements from salt (e.g. K, Li and I). The level of 
doping depends on the time and temperature of heating and is limited by 
the solubility of the dopant in the matrix crystal in the conditions suf-
ficient for saturation. Several studies have found that incorporation of Li 
into kesterite is sensitive to Na, so that Li alloying is more easily ach-
ieved without Na [14,15]. However, so far there are no consistent 
experimental results concerning the impact of the constituent elements 
from salt on the kesterite single-crystalline powder properties and 
monograin solar cell device performance. Although, the influence of 
several extrinsic dopants and different alloying strategies on the per-
formance of the CZTS monograin layer solar cells have been already 
investigated (Table S1). All high efficiency CZTS monograin layer solar 
cells are based on the powders, which are synthesized in KI [16]. 
Therefore, these powders always contain a certain amount of potassium. 
In this study, impact of the co-doping of K and Li on the optoelectronic 
properties of CZTS monograin powder and device performance was 
investigated. The extrinsic doping levels in CZTS powder crystals were 
modified by using different salt mixtures in the synthesis process. 

2. Experimental 

2.1. Synthesis of monograin powders and preparation of solar cells 

The quaternary compound monograin powders with initial compo-
sition Cu1.84Zn1.09Sn0.99S4 were synthesized in the liquid phase of a flux 
material. For the flux material, pure KI and the mixture of LiI and KI with 
0.08, 0.74, 7.34 and 14.47 M % of LiI from KI was used. The corre-
sponding Li contents in (Cu1-xLix)1.84Zn1.09Sn0.99S4 material are x =
0.002, x = 0.02, x = 0.2 and x = 0.4. Hereinafter, the x values are used as 
the sample names. All powders were synthesized using high purity 
(99.999%) precursors. Binary precursors CuS and SnS were self- 
synthesized from commercially available elemental Cu shots, Sn shots 
and S powder, respectively. ZnS was purchased as a binary compound. 
The precursors and the flux material were mixed in mass ratio of 1:1 and 
inserted into a quartz ampoule, which was then degassed and closed 
under dynamic vacuum. Due to the hygroscopic nature of LiI, the mixing 
of precursors was done in a glove box in dry argon environment. 

Although, the formation of CZTS compound already starts at around 
450 ◦C, the main CZTS monograins growth and homogenization occur 
after the melting of the flux material. The melting temperature of KI is 

681 ◦C and the melting temperature of LiI is 469 ◦C [17], but according 
to phase diagrams of the binary system LiI-KI [18] even lower melting 
temperatures can be achieved by forming a eutectic mixture. Therefore, 
lower synthesis temperatures could be potentially used for monograin 
powder growth when LiI is used together with KI flux. While in this 
study one sample was prepared in pure KI and to keep similar process 
conditions, all the monograin powders were synthesized in muffle oven 
at 740 ◦C for 136 h. More information about monograin powder growth 
mechanisms can be found elsewhere [19]. 

After the synthesis-growth, ampoules were naturally cooled to room 
temperature approximately within an hour, opened, and the flux ma-
terial was removed by washing the powders with distilled water. The 
sedimented solid powder crystals were then dried in hot-air oven at 
50 ◦C. After drying, a sieving analysis method was used to sieve the 
powders into narrow granulometric fractions, as well as to study the 
particle size distribution of the monograin powders. Sieving was con-
ducted by sieving system Retsch AS 200 for 30 min. From the sieving 
analysis median grain size (D50) was determined. The useful fraction 
sizes for further implementation in monograin layer solar cells in labo-
ratory conditions are between 36 and 125 μm. More detailed description 
about sieve analysis of monograin powders is brought in Ref. [20]. 

Before implementing the monograins as absorber layer in monograin 
layer (MGL) solar cells with the structure of Au/CZTS/CdS/i-ZnO/ZnO: 
Al/Ag/glass, the powder crystals needed subsequent post-treatments. At 
first, the powder crystal surfaces were cleaned and modified by etching 
for 5 min with 1% v/v Br2–MeOH solution followed by etching with 10% 
m/m KCN solution for 5 min. Etched monograins were subsequently 
post-annealed in a dual-zone tube furnace at 840 ◦C in sulfur atmosphere 
(PS = 2050 Torr) for 60 min. The post-treated crystals were covered with 
cadmium sulfide (CdS) buffer layer by chemical bath deposition to form 
heterojunction. CdS was deposited from alkali solution containing 0.01 
M cadmium iodide (CdI2), 1 M thiourea (SC(NH2)2), and 2 M ammonia 
aqueous solution (NH4OH). After buffer layer deposition, a soft- 
annealing at 200 ◦C for 10 min was applied. CdS covered CZTS pow-
der crystals were partially embedded into a polymer layer drawn on a 
transparent substrate to form the so-called monograin membrane. After 
complete polymerization, the membrane was covered with i-ZnO/ZnO: 
Al window layer by radio-frequency magnetron sputtering process. After 
applying Ag-paste as front collector, the structure was glued on a glass 
using transparent polymer to seal the front side. For back contact gold 
squares were thermally evaporated using a metal stencil with single cell 
area of 4.5 mm2. Before evaporating the back contacts, the MGL was 
etched with H2SO4 and polished with sand paper to remove polymer and 
CdS layers from the back of the monograins. More detailed description 
of the post-treatment and device preparation can be found in Ref. [21]. 

2.2. Characterization methods 

The morphology of as-grown powder crystals was studied by high- 
resolution scanning electron microscopy (HR-SEM Zeiss Merlin). The 
composition of the main constituent elements in the post-annealed 
powder crystals was analyzed by energy dispersive X-ray spectroscopy 
(EDX) on HR-SEM Zeiss Merlin equipped with Bruker EDX-XFlash6/30 
detector with an accelerating voltage of 20 kV. 

The concentration of extrinsic dopants- Li and K in the post-annealed 
CZTS monograins were analyzed by atomic absorption spectroscopy 
(AAS). Spectra AA 220F and 220Z atomic absorption spectrometers 
(Varian, Mulgrave, Australia) equipped with a side-heated GTA-110Z 
graphite atomizer, a Zeeman effect background correction, and an in-
tegrated autosampler were used. 

Phase composition of the post-annealed CZTS powder crystals were 
measured by room-temperature (RT) micro-Raman spectroscopy using 
Horiba’s LabRam HR 800 spectrometer equipped with a multichannel 
CCD detector in the backscattering configuration using a 532 nm laser 
line. 

Crystal structure of post-annealed CZTS powders was determined by 
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X-ray diffraction (XRD) using a Rigaku Ultima IV diffractometer with 
monochromatic Cu Kα radiation λ = 1.54056 Å at 40 kV and 40 mA, 
using a D/teX Ultra silicon strip detector. 

The photoluminescence spectroscopy (PL) was used to study the 
changes in the defect structure of differently doped CZTS powders. The 
post-annealed CZTS powders were mounted in a closed-cycle He cryo-
stat enabling variation of temperature between 10 and 300 K. The 442 
nm He–Cd laser line was used as an excitation source and its intensity 
was attenuated with a range of neutral density filters. A cooled InGaAs 
detector and the PMT R632 from Hamamatsu were used to detect the PL 
signal. 

The current-voltage (I–V) measurements at room temperature were 
performed under AM 1.5 (100 mW/cm2) illumination condition using a 
Newport Oriel Class A 91195A solar simulator system. I–V characteris-
tics were recorded by a Keithley 2400 source meter. The I–V (T) curves 
were measured with a Keithley 2401 Source Meter under 100 mW/cm2 

illumination using calibrated intensity from a halogen lamp. The 
temperature-dependent measurements were performed in the closed- 
cycle He cryostat. As the working area of the MGL solar cells is 
around 75% of the total area [16], the MGL solar cell efficiency values 
were re-calculated for the active area (ηactive). 

The external quantum efficiency (EQE) spectra were performed on a 
commercial EQE measurement system (Canada, Sciencetech Inc., PTS-2- 
IQE). The light intensity at each wavelength was calibrated by a cali-
brated pyroelectric detector. The measurements were done at no bias 
light condition, and at 0V bias voltage. 

The time-resolved photoluminescence (TRPL) measurements for the 
post-annealed CZTS powders were done through an optical microscope 
(50x magnification) capable of exciting the sample with focused laser 
light and gathering the PL at the same time. For excitation 635 nm 
pulsed solid-state laser (ALDS model PiL063X, repetition rate 4 MHz, 
pulse width 40 ps and average power 1 W). The PL signal was collected 
from microscopes exit focal plane by an optical fiber and directed to 
Andor SR303i spectrograph with single point avalanche photodiode as 
detector positioned roughly in the center of the PL emission band at 900 
nm. The photon generated electrical impulses from the avalanche diode 
were time integrated with PicoHarp 300 multichannel counter with 
timeslot resolution of 8 ps. 

3. Results and discussion 

The bulk composition of the post-annealed CZTS monograin powders 
grown in different flux mixtures was studied by EDX and AAS, and the 
results are summarized in Table 1. The content of alkali elements in the 
post-annealed CZTS was analyzed by a very sensitive method AAS, 
which allows to measure the elements at parts per million (ppm) level. 
According to EDX and AAS analysis, the Cu/Sn ratio in the synthesized 
CZTS decreased from 1.90 to 1.87 by increasing the Li content in the 
precursor mixture. The ratio (Cu + Li)/(Zn + Sn) increased from 0.91 to 
0.96 in CZTS powders by increasing the Li content and this is strong 
indication about the formation of a solid solution of (Cu1− xLix)2ZnSnS4. 

According to AAS analysis, all powders were doped with K at the 
similar level of 0.01 at% in CZTS. Therefore, it could be the saturated 
concentration of K in CZTS at 740 ◦C. AAS results confirmed that there is 
a clear correlation between LiI content in the starting flux material and 

Li content in the synthesized CZTS material. Results showed that Li 
concentration in CZTS increased from 0.01 at% to 1.22 at% by 
increasing the content of LiI in LiI-KI mixture. According to Ref. [3], the 
term “doping” is used if the concentration of extrinsic element does not 
exceed 1 mol% without changing the host material structure. Based on 
AAS results, it can be stated that solid solutions with the chemical for-
mulas (Cu1-xLix)1.96Zn1.09Sn1.02S4 (x = 0.0331) and (Cu1-x-

Lix)2.0Zn1.07Sn1.02S4 (x = 0.0494) have been formed in the case of CZTS 
powders with an input of x = 0.2 and x = 0.4, respectively. 

The formation of solid solutions was confirmed also by XRD and 
Raman analysis. The results are presented in Fig. 1 and Fig. 2, respec-
tively. All XRD patterns of the CZTS monograins exhibited diffraction 
peaks belonging to the kesterite Cu2ZnSnS4 phase with the space group I- 
4 (ICDD:01-084-8521). Main characteristic peaks are attributed to 
(112), (220), and (312/116) planes [22]. In addition to the main re-
flections, the Rietveld analysis also indicated to the presence of small 
amount of ZnS (ICDD: 01-083-2124) in the monograins. The diffraction 
peak (112) shifts to lower diffraction angles with increasing Li concen-
tration in CZTS from 28.488◦ (x = 0) to 28.417◦ (x = 0.2). Small shift 
was also observed in the other diffraction peaks with increasing the Li 
content in CZTS. According to the theoretical calculation, the covalent 
radius of Li (1.33 Å) is larger than that of Cu (1.27 Å) and Zn (1.22 Å). 
Therefore, replacing Cu or Zn places in the kesterite lattice by Li ions 
results in a longer lithium–sulfur bonding distance, thus shifting the 
XRD Bragg refection to lower 2Θ values [23]. 

Calculated lattice parameters a, b and c increased with increasing the 
Li content from x = 0 to x = 0.4 in input composition of CZTS from a = b 
= 5.430 Å to a = b = 5.439 Å and c = 10.831 Å to c = 10.839 Å, 
respectively. It has been found, that Cu-vacancies are energetically 
favorable defects in the Cu-poor and Zn-rich kesterite materials. The Cu- 
vacancies are preferentially located at 2a sites and therefore, the shift in 
the diffraction angle together with the increase of parameter a, 

Table 1 
Elemental composition of the CZTS powders after post-annealing analyzed by AAS (K, Li) and by EDX (Cu, Zn, Sn, S).  

Sample name x in CZTS Elemental composition, at % Chemical formula 

[Li] [K] [Cu] [Zn] [Sn] [S] 

x = 0 – – 0.01 23.85 13.57 12.57 50.00 Cu1.91Zn1.09Sn1.01S4 

x = 0.002 0.0004 0.01 0.01 24.02 13.30 12.65 50.01 (Cu1-xLix)1.92Zn1.06Sn1.01S4 

x = 0.02 0.0037 0.09 0.01 23.89 13.43 12.61 49.97 (Cu1-xLix)1.91Zn1.08Sn1.01S4 

x = 0.2 0.0331 0.81 0.01 23.52 13.50 12.59 49.58 (Cu1-xLix)1.96Zn1.09Sn1.02S4 

x = 0.4 0.0494 1.22 0.01 23.54 13.22 12.61 49.40 (Cu1-xLix)2.0Zn1.07Sn1.02S4  

Fig. 1. XRD patterns of post-annealed CZTS monograin powders with different 
Li concentration in the input composition. 

K. Muska et al.                                                                                                                                                                                                                                  



Solar Energy Materials and Solar Cells 252 (2023) 112182

4

correlates to the incorporation of Li into the kesterite [24]. 
In order to support the results obtained from XRD about the possible 

incorporation of Li into the CZTS powders by using LiI in the LiI- KI flux 
mixtures, the Raman analysis was performed. Raman spectra of the post- 
annealed CZTS monograin powders with different x values are presented 
in Fig. 2. All Raman peaks correspond to the kesterite CZTS phase with 
dominant A1 Raman peak at approximately 338 cm− 1 [25]. 

The inset graph in Fig. 2 shows A1 Raman peak position and full 
width half maximum (FWHM) for A1 mode depending on x value. The 
FWHM of the A1 mode is increasing from ~6.6 cm− 1 to 7.1 cm− 1 by 
increasing the Li content in precursor mixture to x = 0.1 and x = 0.2. The 
small FWHM indicates to good crystallinity of the monograins [26]. The 
shift of A1 mode from 338.1 cm− 1 to higher wavenumbers for CZTS 
powders with x = 0.1 and x = 0.2 also indicates to the formation of solid 

solutions. 
Fig. 3 shows the SEM images of as-grown CZTS monograin powders 

with fraction size 75–80 μm synthesized in different flux mixtures. It was 
seen that all the powder crystals inhibited tetrahedral crystal shape and 
it did not really depend on the content of Li in the CZTS. The shape of the 
individual grains is influenced by the solubility of formed quaternary 
compound in the flux material. CZTS solubility is probably higher in LiI 
than in KI [27], but the amount of LiI used for the synthesis of the 
monograins in the current study was not sufficient to have a visible ef-
fect on the morphology of the grains. 

The particle size distribution was analyzed by sieving analysis 
method and revealed that the median grain size was very similar for all 
the CZTS powders grown in different LiI-KI flux mixtures. Therefore, it 
could be concluded that increasing the content of Li in the range of x =
0 to x = 0.4 in CZTS does not influence the monograin powder growth 
particularly. 

The influence of K and Li co-doping effect on the defect structure and 
related recombination processes in CZTS monograins were studied by 
low-temperature photoluminescence spectroscopy. PL spectra of the 
post-annealed CZTS with different Li content are shown in Fig. 4a. All PL 
spectra consist of at least two asymmetric PL bands regardless of Li 
content. The spectra were fitted using a split Gaussian function (Fig. 5). 

The first peak, at around 1.27 eV (#D2) is present in all materials, 
thus it is not linked to the Li. The other peak around 1.33 eV (#D1) is 
present for both, the CZTS material without Li (Fig. 5a) and for CZTS 
materials with different Li content (Fig. 5b and c). At higher Li con-
centrations (x = 0.2 and x = 0.4), the peaks #D2 and #D1 shift to higher 
energies (Fig. 4b) and an additional asymmetrical PL peak at 1.33 eV 
(#D1*) appears (Fig. 5c). 

The #D1* peak seems to be associated to the Li and can be connected 
to the formation of solid solution. To determine the type of recombi-
nation, the laser power dependencies of the PL emission were measured 
(figure not shown). It is known, that the integrated intensity Φ(P) of PL 
band depends on the excitation laser power P as Φ ~ Pm. The power 
coefficient m can be found as the gradient of the Φ(P) plot on a log-log 
scale. All samples showed values m = 0.8–0.9 and this is a direct indi-
cation, that defect levels are involved in the recombination process [28]. 
All samples showed also a peak position shift with laser power in the 
range of 10–15 meV per decade of laser power, i.e. electrostatic 

Fig. 2. RT Raman spectra of post-annealed CZTS monograin powders with 
different Li concentration in the input composition and the inset graph shows 
A1 Raman peak position and FWHM for A1 mode depending on x value. 

Fig. 3. SEM images of as-grown CZTS materials grown in a) pure KI and b-d) in different Li-KI flux mixtures with x as the Li concentration in the input composition 
of CZTS. 
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potential fluctuations affect radiative recombination [29]. 
Next, the temperature quenching analysis of PL emission band #D2 

was performed. Arrhenius plot of the resulting integral intensity was 
fitted using a model of single recombination channel and assuming the 
temperature dependence of the hole capture cross section proposed in 
Ref. [30]: 

Φ(T)=Φ0
/ [

1+ α1T3/2 +α2T3/2 exp(− EA / kT)
]

(1)  

where φ0 is the integral intensity of the PL band at 0 K, α1 and α2 are 
process rate parameters and EA is the activation energy. Thermal 
quenching activation energy EA of PL emission as a function of Li content 
x in the input composition of (Cu1-xLix)1.84Zn1.09Sn0.99S4 in presented in 
Fig. 6. The activation energy EA is increasing with increasing the value x 

and this can be an indication that the depth of acceptor defects is 
increasing with Li concentration. This is possible in case of deep donor- 
deep acceptor (DD-DA) pair model [31,32], where the distance between 
very close donor and acceptor defects determines the position of energy 
levels. It is known, that the PL peak energy for every single DA pair 
recombination is expressed as: 

Ei(r)=Eg − (Ed +Ea) +
e2

εri
(2)  

where Eg, Ed and Ea are the band gap energy, and the donor and acceptor 
ionization energies, respectively, ri is the distance between the donor 
and acceptor defects, and ϵ is the static dielectric constant [33]. Close 
pairs have shallower acceptor levels (and donor levels) than pairs with 
larger distances due to a Coulomb term in Eq. (2). As the lattice pa-
rameters of CZTS are increasing with Li concentration, the distances 
between possible acceptor and donor defects are also increasing leading 
to the increase of acceptor level ionization energy. 

The post-annealed CZTS monograins with different Li concentration 
were used as absorber layers in MGL solar cells. The J–V characteristics 
of the devices measured under illumination and obtained output pa-
rameters are presented as box plots in Fig. 7. The average value is 
calculated from 15 solar cells. The mean values of VOC increase from 700 
to 742 mV by increasing the Li content from x = 0 to x = 0.4 in the input 
composition of (Cu1-xLix)1.84Zn1.09Sn0.99S4. The highest VOC of 784 mV 
was obtained with device based on solid solution containing Li 1.22 at% 
(measured by AAS). This is in good correlation with literature [24], that 
Li can be incorporated within the kesterite phase in much higher 
quantities than K forming solid solutions, which offers a way for tuning 
the CZTS bandgap. 

The mean values of short circuit current density (JSC) fluctuate in the 
range of 17.8 mA/cm2 (x = 0) to 18.7 mA/cm2 (x = 0.002). The highest 
JSC of 21.8 mA/cm2 was obtained with device based on CZTS co-doped 
with K and Li (both 0.01 at% measured by AAS). The values of FF 
decreased by increasing the Li content in the input composition of (Cu1- 

xLix)1.84Zn1.09Sn0.99S4. 

Fig. 4. (a) PL spectra of post-annealed CZTS monograins with different Li concentration in the input composition of CZTS and (b) the corresponding PL peak po-
sitions together with the bandgap values determined by EQE analysis. 

Fig. 5. Split Gaussian function fittings of the PL spectra of the CZTS monograin powders a) without Li (x = 0), and with different Li concentration in the input 
composition b) x = 0.002 and c) x = 0.4. 

Fig. 6. Thermal quenching activation energy EA of PL emission as a function of 
Li content x in the input composition of CZTS. 
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CZTS monograin layer solar cell based on powder grown in KI (no Li) 
showed the highest power conversion efficiency (PCE) of 8.4% with 
following parameters: the open circuit voltage (VOC) value of 702 mV, 
short circuit current density (JSC) of 20 mA/cm2 and fill factor (FF) of 
59%. The best performing solar cell with PCE of 9.4% was obtained with 
Li and K co-doped CZTS powder (x = 0.002 in the input (Cu1- 

xLix)1.84Zn1.09Sn0.99S4) showing output parameters: VOC = 718 mV, JSC 
= 20.9 mA/cm2 and FF = 62.5%. 

It is highly possible, that with higher Li content in the CZTS, the 
conduction band offset changes, thus leading to a mismatch between 
CdS buffer layer and absorber layer. The other option is that the 
absorber material needs different post-treatment conditions before the 
buffer layer deposition and therefore further optimization is needed in 
the future or an alternative buffer layer would be more suitable. 

External quantum efficiency (EQE) measurements were performed to 

determine the bandgap of the studied absorber materials. Fig. 8 shows 
the EQE spectra for the solar cells with different Li content CZTS. Near 
the absorption edge the bandgap energy determination can be done 
using the following equation [34]: 

EQE ≈KαLeff ≈ A
(

E − E∗
g

)1
2
/

E, (3)  

where Eg* is an effective bandgap energy and constant A includes all 
parameters that do not depend on E. Therefore (E*EQE)2 vs. E curves 
(inset graph in Fig. 8) should have a linear segment from which one can 
find a value for Eg*. According to EQE measurements, the effective 
bandgap Eg* was determined to be ~1.52 eV for CZTS powders with x =
0 to 0.02 in the input composition of (Cu1-xLix)1.84Zn1.09Sn0.99S4. The 
bandgap of absorber material increased to 1.560 eV and to 1.575 eV by 
increasing the Li content x ≥ 0.2 in the input composition. These results 
confirm the XRD, Raman and PL results that CZTS powders x = 0 to 0.02 
in the input composition of (Cu1-xLix)1.84Zn1.09Sn0.99S4 are containing K 
and Li at the doping level, but further increase of Li will lead to for-
mation of solid solution. 

The formed solid solution enlarges the band gap of absorber mate-
rial, both VBM and CBM shift to lower energy, but the downshift of CBM 
is less pronounced, which leads to this band gap enlargement [10]. So, it 
is expected to improve the VOC of CZTS solar cells. The highest VOC 

Fig. 7. Box-plot diagram of CZTS solar cell parameters a) open circuit voltage (VOC), b) current density (JSC), c) efficiency (ηactive) and d) fill factor (FF) with different 
Li concentration in the input composition of CZTS. 

Fig. 8. EQE curves of MGL solar cells based on CZTS monograins with different 
Li concentration in the input composition of CZTS. Inset graph shows bandgap 
extraction by plotting (E*QE)2 vs. photon energy. Solid lines are fitting results 
using Eq. (3). 

Table 2 
The highest VOC of CZTS solar cells, absorbers effective bandgap values (Eg*), 
VOC deficit, activation energies (φB ), charge separation (τ1) and minority carrier 
lifetime (τ2) from TRPL measurements.  

Sample VOC(max), 
mV 

Eg*, 
eV 

Eg/q-VOC, 
mV 

φB, 
eV 

τ1, ns τ2, ns 

x = 0 721 1.525 804 1.289 0.15 ±
0.008 

0.53 ±
0.1 

x =
0.002 

729 1.523 794 1.268 0.14 ±
0.001 

0.48 ±
0.01 

x = 0.02 734 1.526 792 1.264 0.14 ±
0.002 

0.48 ±
0.01 

x = 0.2 761 1.560 799 1.306 0.14 ±
0.002 

0.51 ±
0.01 

x = 0.4 784 1.575 791 1.259 0.18 ±
0.006 

0.64 ±
0.07  
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values and calculated VOC deficits are presented in Table 2. The VOC 
deficits are calculated in this paper with respect to the effective band gap 
energy values from EQE. Then, VOC def = Eg*/q-VOC. It is seen that 
although the VOC values increase with Li addition, the VOC deficit 
remained still large. 

The temperature dependence of VOC is often used to determine the 
dominating recombination processes in solar cells. It is known, that the 
behavior of the VOC of the cells as a function of the temperature VOC (T) 
can be described by Eq. (4) [33]: 

VOC =
φB

q
−

AkBT
q

ln
(

J00

JL

)

, (4)  

where φB is the activation energy, q is the elementary charge, A is the 
ideality factor, kB is the Boltzmann constant, T is the temperature, J00 is 
the reverse saturation current pre-factor and JL is the light generated 
photocurrent density. At temperatures T > 200 K, the VOC versus T 
shows linear behavior. The extrapolation of this linear part to T = 0 K 
indicates the activation energy φB . The calculated φB of all devices 
according to Eq. (4) are given in Table 2 and all these values are smaller 
than the bandgaps gained from EQE. This means that the interface 
recombination dominates in all our solar cells and it does not depend 
much on added Li concentration. 

TRPL analysis offers an efficient contactless method to explore 
recombination and minority carrier lifetimes in absorber layers. Previ-
ous studies have found that the PL decay from thin film absorbers may 
be described using a double-exponential function [35]. 

I(t)= α1 exp
(

− t/τ1

)

+ α2 exp
(

− t/τ2

)

(5)  

where I(t) is the PL intensity as a function of time after a fast laser pulse, 
α1 and α2 are intensity coefficients, and τ1 and τ2 are decay times, which 
correspond to the initial and final section of the decay curves, respec-
tively. The first decay time τ1 is usually considered as an effect of charge 
separation, while the carrier lifetime is related to τ2 [36]. The obtained 
τ1 and τ2 values are given in Table 2 and the PL decay curves of K and Li 
co-doped CZTS monograins are shown in Fig. 9. It is evident that the 
minority carrier lifetime (τ2) stays relatively stable. 

4. Conclusions 

In this study was shown that by controlling the LiI content in LiI-KI 
flux mixture during the synthesis-growth of Cu2ZnSnS4 monograins, it 
is possible to control the incorporation of Li into Cu2ZnSnS4 monograins 
leading to K and Li co-doping. According to AAS analysis, the concen-
tration of K was 0.01 at% in all synthesized materials independent of 
used flux mixtures. Li content of x = 0.2 and x = 0.4 in the input 
composition of (Cu1-xLix)1.84Zn1.09Sn0.99S4 resulted in Li concentration 
about 1 at% in synthesized CZTS material and led to the formation of 
solid solutions with chemical formulas (Cu1-xLix)1.96Zn1.09Sn1.02S4 (x =
0.0331) and (Cu1-xLix)2.0Zn1.07Sn1.02S4 (x = 0.0494), respectively. 

Structural analysis by XRD and Raman also confirmed the formation 
of solid solutions if added Li content x in precursor mixture was 0.2–0.4. 
XRD diffraction peaks shifted to lower diffraction angles and the lattice 
parameters increased. Also, Raman analysis showed a slight shift of A1 
mode and broadening of A1 peak FWHM with increasing Li content x in 
CZTS. According to EQE measurements, the effective bandgap Eg* was 
determined to be ~1.52 eV for CZTS powders with x = 0 to 0.02 in the 
input composition of CZTS. The bandgap of absorber material increased 
to 1.575 eV by increasing the Li content x ≥ 0.2 in the input composi-
tion. PL spectra consisted of two peaks at around 1.27 eV (#D2) and 
1.33 eV (#D1) for K-doped CZTS and for K and Li co-doped CZTS. At 
higher Li concentrations (x > 0.2), the peaks #D2 and #D1 shifted to 
higher energies and an additional asymmetrical PL peak at 1.33 eV 
(#D1*) appeared. It was shown that the PL emission of all samples was 
most probably dominated by the same deep donor-deep acceptor 

complex. 
The photovoltaic characteristics showed that the addition of Li into 

CZTS absorber mostly affected the VOC value, which increased from 721 
mV to 784 mV. The highest efficiency monograin layer solar cell of 9.4% 
was achieved with absorber material, which was co-doped with K and Li 
at the level 0.01 at% in the synthesized CZTS. 
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