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Cu,CdGeSe, monograin powders were synthesized by molten salt method for photovoltaic applications. The
effects of salt material (CdI, and KI), synthesis temperature and time on the structural, morphological, com-
positional and optoelectronic properties were investigated. Phase analysis by Raman spectroscopy and X-ray
diffraction methods showed that the Cu,CdGeSe, powder crystals synthesized at 500 °C had tetragonal structure
and those synthesized at 600 °C and 700 °C had orthorhombic structure. The band gap values determined from

external quantum efficiency measurements were 1.27 eV for orthorhombic Cu,CdGeSe, and 1.14 eV for tetra-
gonal Cu,CdGeSe, powder crystals. The monograin layer solar cell on the base of orthorhombic Cu,CdGeSe,
powder showed the best conversion efficiency of 4.21% (active area), with an open-circuit voltage of 0.46 V, a
short-circuit current density of 23.3 mA/cm? and fill factor of 39%.

1. Introduction

There is a large group of ternary and quaternary copper chalco-
genide compounds that have attracted considerable attention due to
their suitable properties for thin film solar cell absorbers. Among them
Cu(In,Ga)Se, (CIGSe) based thin film solar cells have been studied for
several decades and resulted in power conversion efficiency (PCE) of
22.9% [1]. Another semiconductor material which responds to the re-
quests of using only low-cost, non-toxic and earth-abundant elements is
the kesterite Cu,ZnSn(S,Se)4. The PCE of the kesterite-based devices has
stagnated at a level lower than 13% [2-4] in the last few years, which is
much lower than the predicted value from the Shockley-Queisser limit.
This difference between CIGSe and kesterite-based solar cell devices has
also motivated research on the other quaternary copper chalcogenide
compounds with suitable band gap energy for solar cell absorber.
Among them the Cu,CdGeSe, compound is less studied, although it has
p-type conductivity and the band gap energy about 1.20-1.29 eV [5].

There have been number of reports on the synthesis of the
Cu,CdGeSe4 compound by various methods like the horizontal gradient
freezing method [6,7]; directional solidification method [8]; Bridgman
method [9,10] and solid-state reaction method in sealed evacuated
quartz ampoules [5,11,12].

Cu,CdGeSe, exists in two modifications of crystal structure such as a

* Corresponding author.
E-mail address: marit.kauk-kuusik@ttu.ee (M. Kauk-Kuusik).

https://doi.org/10.1016/j.tsf.2018.09.025

tetragonal structure with an I-42m space group and an orthorhombic
structure with a Pmn2; space group [5]. According to [5], the tetra-
gonal structure appears at temperatures lower than 400 °C and/or
cooling the samples after synthesis very slowly (~5-10°C/h) to room
temperature (RT). In the earlier studies [13], the optical band gap for
tetragonal (t-Cu,CdGeSe4) was found to be 1.29 eV, but later in the
study [9], there was experimentally shown that band gap of
Cu,CdGeSe,4 at RT is 1.20 eV. Orthorhombic structure (o-Cu,CdGeSe,)
has been obtained by cooling the material from 900 °C to 400 °C fol-
lowed by quenching in cold water [5,11]. The optical absorption
measurements showed the band gap of synthesized o0-Cu,CdGeSe,
compound ~1.2¢€V [6].

The transformation from tetragonal to orthorhombic structure in
Cu,CdGeSe, was studied in [5]. It was shown that the transformation
proceeded slowly and metastable modifications could be persistent for a
long time. The t-Cu,CdGeSe4 modification with a tetragonal unit cell
has the lattice parameters a = b = 0.57482(2) nm and ¢ = 1.10533(3)
nm. The o0-Cu,CdGeSe; modification has lattice parameters
a = 0.80968(9), b = 0.68929(6) and ¢ = 0.66264(6) nm [5].

So, there have been made several studies about preparation of two
polymorphous modifications of the Cu,CdGeSe, compound, but the
transformation temperature is not exactly determined and different
band gap values have been reported, also these materials have not been
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used as absorber materials in solar cells.

The aim of this study was to synthesize Cu,CdGeSe, with two dif-
ferent crystal structure modifications in the monograin powder form in
the liquid phase of molten salts and apply these powders as absorber
materials in monograin layer (MGL) solar cells.

2. Experimental

In this study Cu,CdGeSe, powder materials were synthesized from
commercially available CdSe, self-synthesized CuSe, elemental Ge
powder and Se shots in the liquid phase of flux materials in evacuated
quartz ampoules. Two different salts — cadmium iodide (CdI,) and po-
tassium iodide (KI) - were used as fluxes. A major technological ad-
vantage of the usage of these salts as flux materials is the possibility to
remove them after the growth process very easily by a simple dissolu-
tion process in water. An additional advantage of the usage of CdlI, is
the low melting temperature of it (Tper = 387 °C [14]) that allows to
synthesize of Cu,CdGeSe, monograin powders in Cdl, flux at lower
temperatures. In the present study we performed synthesis-growth
process in CdI, at 500, 600 and 700 °C for 120 h. As the melting tem-
perature of KI is Tper = 681°C [14], the synthesis-growth of
Cu,CdGeSe4 monograin powders in KI flux was performed at 700 °C,
varying synthesis time- 60 and 120 h.

The precursors for synthesis of Cu,CdGeSe, were weighted in the
molar ratio of elements 2:1:1:4, after that the used flux salt was added
with the mass ratio of Mpecursors/Maux = 1:1. The mixture was degassed
and sealed into quartz ampoules and heated at different synthesis
temperatures. After cooling down and opening the ampoules the salt
was removed from solid powder particles by leaching with deionized
H,0. Then, the powder was dried in thermostat at 50 °C and sieved into
narrow size fractions by sieving system Retsch AS 200.

The morphology of synthesized powder crystals was studied by
high-resolution scanning electron microscope (HR-SEM Zeiss Merlin).
The bulk composition of the synthesized 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. Compositional analysis was made from polished in-
dividual crystals.

The crystalline structure was studied by X-ray diffraction (XRD)
with a Rigaku Ultima IV diffractometer with monochromatic Cu Ka
radiation A = 1.54056 A at 40kV and 40 mA, using a D/teX Ultra si-
licon strip detector.

Cu,CdGeSe, powders were also analyzed by RT micro-Raman
spectroscopy using Horiba's LabRam HR 800 spectrometer equipped
with a multichannel CCD detection system in the backscattering con-
figuration using a 532 nm laser line with a spot size of 5um.

As the MGL technology [15] requires powder grains of nearly equal
size, the sieve analysis was used to determine the particle size dis-
tribution. The particle size distribution helps to determine the suitable
growth conditions for the synthesis process of Cu,CdGeSe, monograin
powders in different fluxes. The most valuable fractions for making
MGL's manually in the lab conditions are between 45 and 112 pm. Sieve
analysis is used to divide the particulate material into size fractions and
then to determine the weight of these fractions. In this way a relatively
broad particle size spectrum can be analyzed quickly and reliably.
Cu,CdGeSe4 powders were implemented as absorber materials in MGL
solar cells, the scheme of device is shown in Fig. 1. Cu,CdGeSe, powder
crystals were covered by CdS buffer layer (~45nm) deposited by the
chemical bath deposition method to form the heterojunction and em-
bedded into a thin epoxy layer. i-ZnO and conductive ZnO:Al layers
were deposited by RF sputtering. The formed structure was glued onto a
glass plate. Conductive graphite paste was used to make back contacts
and Ag-paste was used to make front collector.

Device current-voltage (J-V) characteristics were measured under
AM 1.5G (100mW/cm?) using a Newport Class AAA solar simulator
system. J-V characteristics were recorded by a Keithley 2400 source
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Fig. 1. Scheme of monograin layer solar cell.

meter. A typical solar cell had an active area of approximately 4mm?.
External quantum efficiency (EQE) was measured in the spectral region
of 350-1235nm using a computer controlled SPM-2 prism mono-
chromator. The generated photocurrent was detected at 0V bias vol-
tage at room temperature, a 250 W standard halogen lamp was used as
a light source.

3. Results and discussion
3.1. Morphology and particle size distribution

In the molten salt synthesis, a large amount (typically almost equal
to the precursor's weight of precursors) of a flux salt is used to provide
liquid medium between solid particles that conduces to recrystallization
and avoids sintering of solid particles. This liquid phase as solvent
controls the characteristics (size, shape, etc.) of the forming powder
crystals. Molten medium enhances the rate of solid-state reactions.
During the heating up of the mixture of CuSe-Ge-Se-CdSe-CdI, to the
synthesis-growth temperature, the firstly formed liquid phase is ele-
mental Se (Tpee = 221 °C [14]). It means that liquid Se can act as a flux
at this temperature, but the volume of this flux is not enough to repel
separate solid particles from each other and they start to sinter together.
This sintering process arises in heating material below the melting point
of the main flux material CdI, and continues until CdI, melts at 387 °C.
Then the volume of the liquid phase exceeds the volume of voids be-
tween precursor particles and repelling forces [16] between solid par-
ticles arise. In this case, the formed liquid phase is sufficient to repel
both, the solid precursor particles and the formed Cu,CdGeSe, particles
from each other and to avoid sintering caused by the contracting ca-
pillary forces arising in the solid-liquid phase boundaries. The sintered
together particles are seen in Fig. 2a and Fig. 2b. The sharp edges of the
crystals synthesized at 500 °C and 600 °C indicate to the crystal for-
mation mechanism by sintering process and to insufficient re-
crystallization of crystals in conditions of low solubility of CuyCdGeSe,
in CdI,.

The growth of crystals by Ostwald ripening is characterized by a
normal (Gaussian) distribution of grain sizes (see Fig. 3a). The transport
of material occurs from smaller to larger grains because of the differ-
ence in surface energy and in solubility between the grains of different
size. Therefore, small grains dissolve, large grains grow and average
grain size increases. High solubility of synthesized material in flux re-
sults in spherical grains as seen in Fig. 2c. Rounded grains are synthe-
sized at 700 °C irrespective of the used flux material due to the higher
solubility at higher temperatures.

Fig. 3b shows the lognormal plot of the accumulative weight per-
centage of the particles under a specific particle size versus the particle
size for the powder samples synthesized at different temperatures in
CdI, flux and powders grown in KI flux for different times at 700 °C. The
black solid horizontal line marking 50% shows the powder median
grain size values (Dso) calculated from weight percentage. The Dsy is
the size in micrometers that splits the distribution in half above and half
below this diameter. The sieving analysis revealed that median particle
size of produced powder crystals increased with increasing synthesis
temperature and duration. By increasing the synthesis temperature
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Fig. 2. SEM images of CuyCdGeSe, powder crystals (fraction size 63-75 pm)
synthesized at a) 500 °C; b) 600 °C and c) 700 °C for 120 h in the CdI, flux.

from 500 to 700 °C the median size of particles grown in CdI, increases
from 25 to 139 um. Median size of particles for powders synthesized in
KI flux at 700 °C increased from 112 to 132um by increasing the
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Fig. 4. XRD patterns of Cu,CdGeSe, powder synthesized at a) 500 °C; b) 600 °C
and ¢) 700 °C in CdI, flux.

Table 1

Lattice parameters of Cu,CdGeSe, powders.
Samples Space group a, A b, A ¢, A
Powder 1 (500 °C) [-42 m- tetragonal 5.7476 5.7476 11.0511

Powder 2 (600 °C) Pmn21-orthorhombic 8.0726 6.8855 6.6118
Powder 3 (700 °C) Pmn21- orthorhombic 8.0634 6.8793 6.6035

synthesis time from 60 to 120 h. Results show that the median size of
particles grown at 700 °C does not depend much on the flux material.
The most applicable fractions of crystals for monograin membrane
preparation in lab conditions are between 45 and 112 um, the highest
yield in this range was gained by synthesizing the Cu,CdGeSe4 mono-
grain powder in CdI, flux at 600 °C for 120 h.

3.2. Composition

Bulk composition of the Cu,CdGeSe, powders synthesized in CdI,
flux at different temperatures was characterized by EDX. The atomic
concentrations of Cu and Se remained almost the same with increasing
synthesis temperature, while the atomic concentrations of Cd increased
and that of the Ge decreased probably by the reason that CdI, is not
inactive in the synthesis [18]. By increasing the synthesis temperature
from 500 °C to 700 °C, the bulk composition became Cd-rich (the ratio
of [Cd]/[Ge] increases from 0.99 to 1.07). The ratio of [Cul/
([Cd] + [Ge])~1.0 for CuyCdGeSe, powders synthesized in CdI, at
500 °C and 700 °C, but powders synthesized at 600 °C have Cu-poor (the
ratio of [Cul/([Cd] + [Ge]) = 0.93) composition probably due to the
shape of single phase area of the phase diagram [12]. Bulk composition
of the Cu,CdGeSe, powders synthesized in KI flux for different times
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Fig. 3. a) A normal distribution of grain sizes for
powder synthesized in KI at 700°C for 120h; b)
Particle size distribution curves for powders synthe-
sized in CdI, and KI at different temperatures for
different times. D5y marks the median size of parti-
cles — written in red (at the peak of Gaussian dis-
tribution). (For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.)
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Fig. 5. RT-Raman spectra of Cu,CdGeSe, before and after KCN etching - a) with orthorhombic structure and b) with tetragonal structure.
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Fig. 6. a) J-V characteristics and b) EQE spectra of MGL solar cell prepared from t-Cu,CdGeSe, and o-Cu,CdGeSe, powders.

was also Cd-rich (the ratio of [Cd]/[Ge] = 1.03) and did not depend on
synthesis time. But the ratio of [Cu]/([Cd] + [Ge]) decreased from 1.0
to 0.96 by increasing the synthesis time.

3.3. XRD analysis

The Cu;CdGeSe; powders synthesized in Cdl, flux at different
temperatures were investigated by XRD as shown in Fig. 4. The XRD
pattern of the powder synthesized at 500 °C showed peaks corre-
sponding to the tetragonal crystal structure (01-070-9042) with the
space group I-42m of the main phase and the presence of CdSe sec-
ondary phase. The main peak is attributed to (112) plane of
Cu,CdGeSe,. The powders synthesized at 600 °C and 700 °C revealed
the presence of the orthorhombic phase (01-074-3115). Calculated
lattice parameters a, b, c of all the samples are presented in the Table 1.

3.4. Raman analysis

Raman spectroscopy was used to analyze the phase composition of
all the synthesized Cu,CdGeSe, monograin batches. Unfortunately
there is no Raman data published for this compound in the literature.
The most intensive peak in the spectra of Cu,CdGeSe, is observed at
203 cm ™! and it is not depending on the phase structure. The additional
characteristic Raman modes for the 0-Cu,CdGeSe, phase were detected
at 162, 187, 271 and 277 cm ™' (see Fig. 5a) and for t-Cu,CdGeSe,
phase, the characteristic peaks were at 175, 263 and 292cm™!
(Fig. 5b).

All the as-grown powders had an additional peak in Raman spectra
at 260 cm ~ !, which has been assigned to Cu,_.Se phase [20]. In order to
remove selectively the Cu,,Se phase from the surface of as-grown
Cu,CdGeSe4 powders, chemical etching with 10% KCN+ 1% KOH so-
lution for 30 min was performed. The Cu,,Se Raman scattering peak at
260 cm ™! disappeared completely after the KCN etching while no
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change was observed in the Cu,CdGeSe, peaks.

3.5. MGL solar cell device properties

Sieving analysis showed that the yield of the applicable size of the
crystals synthesized at 500 °C for monograin layer solar cell preparation
was very small. So, to produce MGL solar cells, the powder synthesized
at 700 °C in KI flux was used for the different post-annealing procedures
providing the both possible structural modifications of Cu,CdGeSe, as
solar cell absorber materials. In order to produce 0-Cu,CdGeSe,, the
powder was post-annealed at 500 °C for 1 h and cooled by quenching
into water. t-Cu,CdGeSe, modification was obtained by applying the
same annealing conditions at 500 °C for 1h, but powder was cooled
slowly to room temperature (~0.5°C/min). XRD patterns of these
powders confirmed the formation of different respective modifications.

To investigate the effect of the crystalline structure of Cu,CdGeSe,
on device performance, J-V curves of the solar cell devices were mea-
sured under AM1.5 illumination, as shown in Fig. 6a. For the device
based on t-Cu,CdGeSe, absorber, the highest obtained power conver-
sion efficiency (PCE) was 2.16% with V,. of 315mV, J,. of 14.7 mA/
cm?, and FF of 35%, while for the 0-Cu,CdGeSe, solar cell, a PCE of
4.21% was achieved, with a V,, of 464 mV, J,. of 17.5 mA/cm? and FF
of 39%. These initial results indicate that both - +-Cu,CdGeSe, and o-
Cu,CdGeSe, materials are potential candidates for absorber material in
photovoltaic devices. However, more information on the dependence of
the optoelectronic properties as well as the structural properties on the
composition and material preparation conditions is needed in order to
optimize the technology.

EQE analysis was used to estimate the effective bandgap energy
(E;*) of the synthesized absorber materials [21] since the evaluation of
E, from the optical absorption or reflectance spectra of the monograins
is rather challenging. The EQE of Cu,CdGeSe, solar cells was measured
as a function of the wavelength of the incident light at room
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temperature (see Fig. 6b). From the linear segment of the low-energy
side of the construction (E*QE)? vs. E curves, the E,* can be evaluated.
The E,* values obtained from EQE measurements was found to be
1.27 eV for orthorhombic Cu,CdGeSe, powders and 1.14 eV for tetra-
gonal CuyCdGeSe, powders.

4. Conclusions

Cu,CdGeSe,4 powders for photovoltaic applications were synthe-
sized by molten salt method in CdI, and KI. Phase analysis by Raman
spectroscopy and X-ray diffraction showed that Cu,CdGeSe; powder
synthesized at 500 °C had tetragonal structure and powders synthesized
at temperatures 600°C and 700 °C had orthorhombic structure re-
gardless of the used molten salt. The results of compositional analysis
indicated that Cu-poor and Cd-rich powders were synthesized in KI flux
at 700 °C and in CdI, flux at 600 °C. The band gap values determined
from EQE measurements were found to be 1.27 eV for orthorhombic
Cu,CdGeSe4 and 1.14 eV for tetragonal Cu,CdGeSe, material. The best
PCE of 4.21% was achieved by using the orthorhombic structured
Cu,CdGeSe4 powder as absorber material.
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