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ABSTRACT
Thin films of Cu2GeS3 are grown by annealing copper layers in GeS and S gaseous atmosphere above 460°C. Below 500
°C the cubic polymorph is formed, having inferior optoelectronic properties compared to the monoclinic phase, formed
at higher temperature. The bandgap of the cubic phase lies below that of the monoclinic phase: they are determined from
absorption measurements to be 1.23 and 1.55 eV respectively. Photoluminescence measurements are performed and only
the monoclinic Cu2GeS3 shows a photoluminescence signal with a peak maximum at 1.57 eV. We attribute this
difference between cubic and monoclinic to the higher quasi fermi level splitting of the monoclinic phase. Wavelength
dependent photoelectrochemical measurements demonstrate the Cu2GeS3 to be p-type with an apparent quantum
efficiency of less than 3 % above the band gap.
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1. INTRODUCTION
The ternary semiconductor compound Cu2GeS3 (CGS), showing p-type character1 and an absorption coefficient
higher than 104 cm-1 directly at the band edge2, has become a new potential absorber layer for thin film photovoltaics. A
first working device reaching a power conversion efficiency of 1.7%2 has been reported, also showing the compound to
be worthy of more investigation for its optoelectronic properties. The few reported optical bandgaps at this early research
stage vary between 1.3 and 1.6 eV 2-4, which is in the vicinity of the Shockley-Queisser maximum. However the
deviations in measured bandgap should be clarified. For this, consensus on the crystallographic nature of the formed
compounds and the existence of possible secondary phase(s) is required.
Cubic1, tetragonal5 and monoclinic6, 7 crystallographic structures have all been presented in the literature as
possible configurations of the CGS lattice, from both single crystal or thin films x-ray studies. However, there is no
agreement on secondary phases or consistency on the existence of polymorphs and the temperature range in which the
polymorphs and secondary phases are formed. Additionally, the overlap between most of tetragonal and monoclinic xray peaks at the lowest incidence angles means that the selected measurement range is often too narrow to allow a fair
differentiation of the two polymorphs. Reported Raman spectroscopy data suggest a variation of the signal with different
annealing temperatures4, 8. We hypothesize that different CGS polymorphs and/or secondary phases are formed at
different process temperatures. Recently we showed for the related Cu2SnS3 that a polymorph transition occurs at
500°C9.
This paper aims to verify the polymorph character of CGS as a function of synthesis temperature, starting from
a simple method to produce the thin films. They are usually prepared by annealing stacked Cu-Ge precursors in S and
GeS2 atmosphere2, 4. The method developed previously in our group 10 uses the high vapor pressure of GeS to grow CGS
by annealing single films of copper in GeS and S gaseous atmosphere. We have shown that annealing the copper film at
525°C for 30 minutes leads to formation of monoclinic CGS. Change of the annealing temperature allows to study the
polymorphism of the ternary.
The study of the possible polymorphs of CGS is relevant for device applications, if one can prove that the quasifermi level splitting varies with the crystallographic structure and therefore the annealing temperature. The splitting gives
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the upper limit for the solar cell’s open circuit voltage and therefore its performance. A major crystallographic change is
observed when the annealing temperature is decreased below 500°C, showing CGS with a cubic structure.
Photoluminescence measurements are thus performed on finalized absorbers. They luminesce only after annealing at
temperatures above 500°C, with a peak maximum at 1.57 eV which we assume is the band to band transition. Light
absorption measurements show the cubic phase to have a lower bandgap at 1.21 eV determined from the inflection point,
where no photoluminescence signal was recorded. Only monoclinic absorbers are studied via photoelectrochemical
means, as shown previously in our group11, 12 .The latter can predict the device short-circuit current from analysis of the
absorber layer/CdS in contact with a suitable electrolyte redox couple under short light pulses of variable wavelengths.

2. EXPERIMENTAL
A thin layer of metallic Cu (≈ 250 nm) is electrodeposited from a basic aqueous bath of CuSO4 (Sigma Aldrich,
≥ 98%) on 45×50 mm2 molybdenum-coated soda lime glass slides (Mo: target source > 99.95%, AJA International Inc ;
SLG: Thermos Scientific, 2 mm thick). The synthesis details of the electrodeposition are given by Scragg et al13. Each
layer is plated galvanostatically using a platinum counter electrode. The as-deposited Cu precursor is subsequently cut
into four equal pieces and annealed in a tubular furnace at temperatures between 480 and 525°C for 30 minutes. The inch
square sample is placed in a graphite box with 100 mg of elemental Sulphur S powder (Alfa Aesar, 99.9995%), and 10
mg of germanium sulfide GeS (Sigma Aldrich, 99.99%). The background pressure of 1 mbar is set via input of forming
gas N2/H2 (90/10) around the graphite box.
Crystallographic study is performed via grazing incidence X-ray diffraction (GI-XRD: ϴ = 0.5°, Bruker D8,
CuKα(1+2) X-ray source). Photoluminescence is measured on the annealed thin films with a 514.5 nm Argon laser line of
around 80 microns diameter. The measurements were spectrally corrected using a calibrated halogen lamp. Transmission
and reflection measurements were performed with a LAMBDA 950 UV/Vis/NIR spectrophotometer: in this aim, a wetchemical method is used to deposit Cu directly on SLG, as described for Cu2SnS39. The copper layer is further annealed
in GeS/S atmosphere, as for the samples on Mo.
The photoelectrochemical measurements (PEC) are performed on a 0.83 cm2 surface of CGS absorber
immediately after 30 s etching in 5 wt.% KCN aqueous solution and further chemical deposition of CdS for surface
passivation 12. The PEC is performed with a three electrode setup (Ag/AgCl reference and Pt wire counter electrodes) in
a 0.2 M aqueous solution of K4 [Fe(CN)6]. They consisted in chrono-amperometric analysis in reverse bias (-0.29 V vs
Ag/AgCl) under pulsed illumination from a white light emitting diode (LED) source with light intensity corresponding to
approximately 1‰ of AM1.5. LED sources with 530, 590, 660, 735, 780 and 850 nm are used to perform wavelength
dependent measurement in the full range where CGS absorbs from just above CdS absorption (512 nm) to just below the
bandgap (800 nm). The PEC photocurrents are translated into apparent quantum efficiency (AQE) by means of
normalization against a calibrated Si photodiode.
2.1 Cu2GeS3 synthesis and crystallography
The films are produced from a thin film of copper deposited on Mo and further annealed at high temperature with
two solid powder supplies, GeS and S. As shown previously by our group10, the high vapor pressure and diffusion
coefficient of germanium monosulfide (GeS) allow sufficient gas generation and diffusion from the GeS solid supply to
the copper. We showed that incorporation of Ge only happens above 450 °C and hence this is the minimum temperature
required to make CGS via this method. Several annealings are done at 480, 500 and 520 °C and the resulting crystal
structure is determined with GI-XRD. The XRD diffractograms of the resulting thin films are presented in figure 1.
Up to 500°C only cubic CGS is formed. At 480 °C a pure cubic phase is formed. Between 480 and 500 °C a
crystallographic transition from the cubic to the monoclinic polymorph is revealed, as shown by the arrows on b). A
single signature of the Cu rich Cu8GeS6 is present in the shoulder of the main reflection at 30°. The film annealed at
520°C was etched in potassium cyanide to remove existing Cu-S related phases. The etched sample presented in c)
shows the CGS monoclinic phase. Additionally the same feature of the Cu8GeS6 indicates the presence of the minor
secondary phase.
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Cu2GeS3 is thus shown to be a polymorphic compound, with similar behavior as the Sn-based related ternary Cu2SnS3 9
whose crystallographic structure depends on the synthesis temperature. Assuming that the polymorph type affects also
the optoelectronic properties of the compound as shown for CTS9, those should be investigated. Light absorption
measurements are done to estimate the bandgap energy for the different polymorphs.
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Figure 1. GI X-ray diffractograms of the Cu2GeS3 after annealing at a) 480, b) 500, c) 520. The blue pattern corresponds to
the cubic CGS (PDF 03-065-5562), the red to the monoclinic CGS (PDF 04-010-4292) and the black to the Mo
substrate (PDF 00-001-0059). The (x) on b) and c) indicates the reflection that remain in the diffractogram also after
KCN etching, belonging to the Cu8GeS6 phase. The arrows on b) show the transition of the diffractogram from the
cubic to the monoclinic polymorph at 500°C when the main reflections double.

2.2 Estimation of the bandgap energy of the two polymorphs
Light transmission and reflection measurements are performed on CGS absorbers directly deposited on SLG substrates
and annealed below and above 500°C. The films show the same crystallographic structures as the ones synthesized on a
Mo substrate (cf XRD in fig.1). In this manner, assuming an average film thickness of 1 micron, the absorption
coefficients α of the cubic and monoclinic polymorphs are estimated and shown in figure 2.a) in the range from 0.8 to
1.8 eV. The absolute values of the absorption coefficient are not of interest due to the high number of pinholes within
those layers. However, the optical transitions allow determination of the bandgap energies of the material. The inflection
points of the absorption spectra are known to give the onset of the optical transitions and should give a fair estimation of
the bandgap energy14. Comparison of the standard Tauc plot (αE)2=f(E) to determine the bandgap energy15 and the
inflection points is made in figures 2.b) and c). It can be seen that the cubic sample only shows one inflection point at
1.23 eV while the monoclinic shows two at 1.55 and 1.68 eV. The two bandgaps present in CGS are attributed to the
valence band splitting16 but this will not be investigated in this paper and the lowest value is assumed to be the band to
band transition of interest. It should be noted that the cubic and monoclinic polymorphs have different bandgaps. From
the Tauc plot, a bandgap of 1.06 eV is determined for the cubic polymorph and 1.41 eV for the first transition of the
monoclinic polymorph. The second transition cannot be determined with Tauc as it lies above the fundamental gap.
Despite the offset between the two methods, the cubic polymorph can be thought of having a bandgap below 1.3 eV and
the monoclinic above 1.4 eV. After estimation of the bandgap energies, photoluminescence measurements are performed
on each polymorph.
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Figure 2. a) experimental absorption spectrum of cubic CGS (black) and monoclinic CGS (blue), b) first derivative of the
two absorption spectra, with the three vertical lines showing their respective inflection points, (c) Tauc plot of the
experimental data. Only the first transition could be determined from the Tauc plot, while the second transition gives a
value below the main band gap.

2.3 Photoluminescence and quasi fermi level splitting extraction
Photoluminescence is a powerful tool to examine properties of the semiconductor materials. A description of
the photoluminescence of semiconductors is given by Wurfel17. He showed that band to band emission from the
semiconductor depends on the concentration of electrons in the conduction band and holes in the valence band. The
photoluminescence yield Ф is expressed as function of the photon energy E and given as:
Ф (E) ∝ (E)2 * [exp((E – μ)/kT) – 1 ]-1

(1)

with µ the chemical potential of the photons (the difference between the quasi fermi levels for electrons and holes), k the
Boltzmann constant and T the temperature.
The photoluminescence yield is mainly determined by the exponential decay of the second multiplicative term. Higher
higher photoluminescence yield Ф of the band to band transition results in larger QFLS, and a higher device open circuit
voltage (Voc) can be expected. Photoluminescence measurements (Fig. 3) are performed on the set of films presented in
the previous section, which have been shown to contain cubic and monoclinic polymorphs of CGS.
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Figure 3. Photoluminescence yield of the Cu2GeS3 after annealing at T = 480, 500 and 520°C. The line shows the maximum
of the 520°C sample at 1.57 eV.

Fig. 3 shows the photoluminescence yields obtained from the bare films after annealing. The samples annealed below
500°C (a film annealed at 460°C has the same characteristics as the film annealed at 480°C) present no measurable
photoluminescence yield between 1.0 and 1.7 eV, while those annealed above 500°C show a clear peak at 1.57 eV. This
energy is close to the inflection point of the monoclinic polymorph at 1.55 eV as determined from the absorption
spectrum. If we assume that this corresponds to the band to band transition, monoclinic absorbers are the most possibly
giving the highest QFLS. The large tailing unfortunately does not allow quantification of the QFLS by fitting of the high
energy side of the signal and therefore does not allow comparison between the 500 and 520°C-samples. However, one
can conclude that annealing at temperatures above 500°C is absolutely required for synthesis since the QFLS gives the
highest limit for the open circuit voltage that we want as close as possible to the bandgap. An additional broad feature is
recorded at lower energies below 1.5 eV and could refer to the existence of secondary phase(s). However due to its too
broad width the estimation of the CGS bandgap energy is not possible precisely.
2.4 Determination of conductivity type and relation to device current
The absorbers with the highest photoluminescence, i.e the monoclinic sample obtained by annealing the copper
films at 520°C, is retained as possible thin film semiconductors for solar cell devices. Photoelectrochemical (PEC)
analysis allows simple characterization of semiconductors doping type, band gap, and ability to transport current. The
method requires only a semiconductor-electrolyte Schottky junction and no device completion. Further, it was shown
that the efficiency of Cu(In,Ga)Se2 solar cells could be predicted by PEC analysis of only the Cu(In,Ga)Se2 films on a
Mo substrate 12. A further refinement of this method was to deposit CdS on the Cu(In,Ga)Se2 before the PEC
measurement was proved to prevent oxidation of the film and additionally passivate defect states at the semiconductor
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surface. Therefore similarly here, the monoclinic CGS absorber is passivated with a layer of CdS and immersed in a
ferri/ferrocyanide electrolyte K4[Fe(CN)6]/ K3[Fe(CN)6]. This electrolyte has been demonstrated to be suited to analyze
the properties of several CdS-coated absorbers11, and we assume that CdS has a good band alignment to the CGS
After immersion of the semiconductor in the electrolyte, the electrochemical potential varies across the solid-to-liquid
interface. Equilibration of the electrochemical potential requires charge transfer between both phases until their Fermi
levels are aligned. This process induces band bending for the semiconductor energy levels. It is assumed that due to a
much larger concentration of acceptor and donor species in solution (1020 cm-3) compared to the standard doping of a
chemical bath deposited CdS and CGS layers (1016), the Fermi levels equalize at levels very close to the electrolyte
standard redox electrochemical potentials. The net charge accumulated at the interface forces the energy bands of a ptype semiconductor to bend downwards while they bend upwards for a n-type semiconductor. Under illumination of the
solid liquid junction, the photogenerated carriers in a bulk p-type semiconductor are diffusing to the electrolyte and
reduction of the redox species in solution happens. Therefore the recorded photocurrent is negative. The opposite
phenomenon happens for a bulk n-type semiconductor with upward band bending. Here we assume that the CdS is fully
depleted since it is much thinner than the CGS layer, and that its bands follow the slope and direction of the CGS. When
white light illuminates our electrolyte/CdS-CGS junction, a negative photocurrent is recorded, demonstrating the p-type
character of the CGS semiconductor (data not shown). Light of different wavelengths in the range 530-850 nm,
corresponding to energies below the bandgap of CdS, allow for measurement of the apparent quantum efficiency (AQE)
as a function of photon energy. The photoelectrochemically assessed AQE of the absorber is shown by the black circles
in Fig. 4.
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Figure 4. External quantum efficiency (black circles, left y axis) measured as a function of the rated LED wavelength on the
CdS-coated CGS absorber immersed in the electrolyte. The red curve (right y axis) is the 850 nm LED rated power as a
function of wavelength. The shaded area corresponds to the wavelength range where the CGS band gap was reported in
the literature 2-4, while the dashed vertical lines correspond to the band edge of CdS and to the PL maximum identified
in Fig. 3.
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The PEC analysis reveals an AQE of the CGS/CdS sample below 3 % for photon energies well above the CGS bandgap.
This shows that minority carrier collection is rather poor. At this point it is unknown whether it is the CGS absorber layer
itself that is responsible for the poor current collection or its combination with CdS. The photocurrent onset is consistent
with the PL measurement, in that a very small EQE is recorded with the 850 nm rated LED. Seen the broad wavelength
distribution of the LED (red curve in Fig. 4), photons from the high energy tail of the LED are obviously absorbed by the
material, giving rise to a small but detectable photocurrent.

3. CONCLUSION
The ternary Cu2GeS3 is a polymorphic compound whose crystal structure varies with the synthesis temperature. A
transition from the cubic to the monoclinic crystalline structure is observed when the temperature is increased to 500°C.
Absorption spectra show that the bandgap of the cubic polymorph lies below 1.3 eV and is different from the monoclinic
which shows two optical transitions with the main band to band transition at 1.57 eV. Only the latter shows a
photoluminescence peak at the expected bandgap position and is therefore adequate for making solar cell devices.
Photoelectrochemical measurements on the monoclinic absorbers show p-type characteristics but with poor carrier
collection efficiency, predicting low power conversion device efficiencies. Additionally photoelectrochemistry is in
accordance with the band gap predictions from photoluminescence and absorption measurements. However,
investigation of low carrier collection should be made in the aim to produce good working solar cell devices.

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]

Ramasamy, P. and Kim, J., “Wurtzite Cu2GeS3 Nanocrystals: Phase- and Shape-Controlled Colloidal
Synthesis,” Chem Asian J 10(7), 1468-1473 (2015).
Araki, H., Chino, K., Kimura, K., Aihara, N., Jimbo, K. and Katagiri, H., “Fabrication of Cu2GeS3-based thin
film solar cells by sulfurization of Cu/Ge stacked precursors,” Japanese Journal of Applied Physics, 53(5S1),
05FW10 (2014).
Tsuji, I., Shimodaira, Y., Kato, H., Kobayashi, H. and Kudo, A., “Novel Stannite-type Complex Sulfide
Photocatalysts A2I-Zn-AIV-S4 (AI = Cu and Ag; AIV = Sn and Ge) for Hydrogen Evolution under Visible-Light
Irradiation,” Chemistry of Materials, 22(4), 1402-1409 (2010).
Htay, M. T., Mandokoro, T., Seki, H., Sakaizawa, T., Momose, N., Taishi, T., Hashimoto, Y. and Ito, K.,
“Influence of Ge composition in the Cu2Sn1-xGexS3 thin-film photovoltaic absorber prepared by sulfurization of
laminated metallic precursor,” Solar Energy Materials and Solar Cells, 140, 312-319 (2015).
Hahn, H., Klingen, W., Ness, P. and Schulze, H., “Ternäre Chalkogenide mit Silicium, Germanium und Zinn,”
Naturwissenschaften, 53(1), 18-18 (1966).
M. Khanafer, O. G. a. J. R., “Etude des propriétés électriques des phases : Cu2GeS3, Cu2SnS3, Cu8GeS6 et
Cu4SnS4,” Mat. Res. Bull., 9, 1543-1552 (1974).
deChalbaud, L. M., deDelgado, G. D., Delgado, J. M., Mora, A. E. and Sagredo, V., “Synthesis and singlecrystal structural study of Cu2GeS3,” Materials Research Bulletin, 32(10), 1371-1376 (1997).
Khadka, D. B. and Kim, J. H., “Study of structural and optical properties of kesterite Cu2ZnGeX4 (X = S, Se)
thin films synthesized by chemical spray pyrolysis,” CrystEngComm, 15(48), 10500-10509 (2013).
de Wild, J., Robert, E. V. C., Adib, B. E., Abou-Ras, D. and Dale, P. J., “Secondary phase formation during
monoclinic Cu2SnS3 growth for solar cell application,” Solar Energy Materials and Solar Cells, 157, 259-265
(2016).
Robert, E. V. C., De Wild, J. and Dale, P. J., “Reaction chemistry of group IV copper chalcogenide
semiconductors ” submitted to Journal of Alloys and Compounds, (2016).
Colombara, D., Dale, P. J., Kissling, G. P., Peter, L. M. and Tombolato, S., “Photoelectrochemical Screening of
Solar Cell Absorber Layers: Electron Transfer Kinetics and Surface Stabilization,” The Journal of Physical
Chemistry C, (2016).

Proc. of SPIE Vol. 9936 993607-7
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/30/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

[12]
[13]
[14]
[15]
[16]
[17]

Colombara, D., Crossay, A., Regesch, D., Broussillou, C., de Monsabert, T. G., Grand, P.-P. and Dale, P. J.,
“Prediction of photovoltaic p–n device short circuit current by photoelectrochemical analysis of p-type CIGSe
films,” Electrochemistry Communications, 48, 99-102 (2014).
Scragg, J. J., Berg, D. M. and Dale, P. J., “A 3.2% efficient Kesterite device from electrodeposited stacked
elemental layers,” Journal of Electroanalytical Chemistry, 646(1-2), 52-59 (2010).
Siebentritt, S., Rey, G., Finger, A., Regesch, D., Sendler, J., Weiss, T. P. and Bertram, T., “What is the bandgap
of kesterite?,” Solar Energy Materials and Solar Cells.
Tauc, J., “Optical properties and electronic structure of amorphous Ge and Si,” Materials Research Bulletin,
3(1), 37-46 (1968).
de Wild, J., Kalesaki, E., Wirtz, L. and Dale, P. J., “Low energy optical transitions in Cu2(Sn,Ge)S3 and
Cu2ZnSnS4: effect on band gap measurements and solar cell performance,” submitted to Solar Energy Materials
and Solar Cells (2016).
Würfel, P. and Ruppel, W., “The chemical potential of luminescent radiation,” Journal of Luminescence, 24,
925-928 (1981).

Proc. of SPIE Vol. 9936 993607-8
Downloaded From: http://proceedings.spiedigitallibrary.org/ on 09/30/2016 Terms of Use: http://spiedigitallibrary.org/ss/termsofuse.aspx

