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Abstract

In this study, an in-depth photoluminescence (PL) analysis of Cu,GeS; microcrystals under pulsed
and continuous-wave (CW) excitation is performed to explore the optical properties and defect
structure of this promising novel absorber material for indoor photovoltaics. A rich
low-temperature (T = 8 K) PL spectra with multiple peaks was detected by both excitation sources
and analyzed in detail. The edge emission, including free and bound excitons as well as unique
trion emission at 1.575 eV, which becomes dominant under the pulsed laser excitation, enabling
clear detection of its properties. At higher temperatures also band-to-band emission is observed
under the CW excitation, and the donor-acceptor pair recombination with its phonon replica is
dominating the PL spectra revealing a shallow donor defect with an ionization energy of 35 meV
and a slightly deep acceptor defect with an ionization energy of 119 meV. In addition, from the
temperature dependencies of the PL peaks, an extremely weak electron-phonon coupling in CGS
was found. The observed edge emission and detected rather shallow defects emphasize the high
crystalline quality and the suitability of Cu,GeSs for photovoltaic applications.

1. Introduction

Advanced materials for photovoltaic (PV) applications are being investigated as a result of the global need for
sustainable energy solutions. Among these, indoor photovoltaics (IPVs) have attracted a lot of interest since
they make it possible to harvest energy from artificial light sources, providing a viable way to power
low-energy electronics and Internet of Things devices [1]. Choosing appropriate absorber materials that can
efficiently transform low-intensity light into electricity is a crucial part of creating effective IPV systems.

Because of their readily available raw materials, tunable optical characteristics, and low toxicity,
copper-based ternary and quaternary chalcogenides, such Cu(In,Ga)Se; and Cu,ZnSn(S,Se),, have
demonstrated significant potential in traditional PV applications. Cu,GeS; (CGS), a novel absorber material
with unique properties that make it ideal for indoor PV applications, has recently surfaced. This material is
better suited for absorbing the spectrum of indoor light sources like LEDs and fluorescent lamps since it has
a direct bandgap around 1.5-1.6 eV [2—4]. Its high absorption coefficient, p-type conductivity, and
outstanding stability further demonstrate its potential as a long-lasting and effective absorber material. It is
demonstrated that, despite the detection of orthorhombic and cubic phases, CGS preferentially exhibits a
monoclinic crystal structure (space group Cc) [5-7]. The investigation of Cu,GeS; for IPV applications is
still in its early stages, despite these benefits. There is a substantial information gap about its behavior and
optimization under interior lighting conditions because the majority of previous research has concentrated
on its synthesis, structural characterisation, and performance in outdoor PV systems. The highest efficiency
of CGS/CdS solar cell is reported to be only 2.67% [8]. However, as demonstrated in [9], CdS is not the ideal
buffer layer for CGS absorbers; instead, Cdg 5Zng 5S must be used for improved band alignment. Further
enhancement of the power conversion efficiency requires also a thorough comprehension of the fundamental
properties of CGS.

© 2025 The Author(s). Published by IOP Publishing Ltd
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To describe the optical characteristics of semiconductors, photoluminescence (PL) spectroscopy is
frequently employed. Free and bound exciton peaks, along with broader donor-acceptor pair (DAP) bands,
have been observed in the first low temperature PL measurements of CGS under continuous-wave (CW)
excitation [5]. All of these peaks displayed thermal activation energies below 23 meV, which is extremely low.
At T = 5K, the free exciton (FE) peak had a maximum at 1.5935 eV. Recently, a room-temperature PL of
Cu,GeS; microcrystals grown in molten Lil salt were analyzed [3]. There were two types of crystals found: A
and B. The PL spectra of type B crystals were composed of four distinct PL bands, whereas type A crystals
displayed a PL band at 1.57 eV and a weak band at about 1.68 eV. Two band gaps were discovered:

Eg1 = 1.564 eV and Eg, = 1.675 eV. They are linked to the spin-orbit split V2 valence band and the upmost
valence band V1, respectively. Spin-orbit splitting energy was determined to be 0.11 eV. The connection
between the V1 and V2 valence bands to the same acceptor level at a depth of 90 meV was shown. To gain a
better understanding of the excitonic emission and recombination processes involving deeper defect levels,
more research on the PL characteristics of CGS is required. It is well known that using pulsed or CW lasers
for excitation results in significant differences in PL characteristics. The binary compound Sb,Sejs is a nice
example, where FE and biexcitons were revealed by utilizing a pulsed UV laser (A = 266 nm, pulse width
0.6 ns) to exploit a high PL excitation density [9]. No biexcitons were found when CW laser was used for
excitation [10]. It was demonstrated that the multiexciton population scales nonlinearly with power;
therefore, under the identical experimental conditions, pulsed excitation should generate almost 150 times as
many multiexcitons as CW excitation [11].

In this study, we provide a comprehensive PL examination of Cu,GeS; microcrystals as an IPV absorber
material by using both CW and pulsed lasers for excitation. The results of this study help to develop
next-generation IPV technologies and facilitate the shift to more sustainable and energy-efficient methods of
powering electronic devices indoors.

2. Experimental details

The ternary Cu,GeS; microcrystallite powder was produced by combining commercially available Cu
powder (99.999%, Alfa Aesar), Ge powder (99.999%, Alfa Aesar), and S powder (99.999%, Alfa Aesar). The
precursor materials were weighed into graphitized quartz ampoule inside a glove box. The ampoule was used
to prevent any mutual reaction between Ge and quartz. The precursor mixture was degassed, the ampoule
was sealed, and then heated at a rate of approximately 0.5 °C min~! from room temperature to 700 °C over
20 h. The ampoule was subsequently maintained at 700 °C for two weeks, and then cooled in air.

The surface morphology and shape of the produced microcrystals were examined using the Zeiss
MERLIN high-resolution scanning electron microscope (SEM). Our microcrystals were, on average, around
20 pm in size (figure 1). Energy dispersive x-ray spectroscopy (EDX) was used to analyze the bulk
composition of the generated powder crystals using the Bruker EDX-XFlash 6/30 detector and an
accelerating voltage of 20 kV (the measurement error is around 0.5 at%). EDX analysis of the microcrystals
revealed an average composition of 35.2 at% of Cu, 16.2 at% of Ge, and 48.6 at% of S, i.e. it was slightly Cu-
rich (Cu, 2GeS3). The CGS microcrystals primarily have a monoclinic crystal structure, as we previously
reported in our recent paper [3]. The XRD pattern of 2 different measurements and the reference pattern of
monoclinic Cu,GeS; (ICDD 01-088-0827) were presented in figure S1.

The Raman measurements were carried out using a Horiba LabRAM HR800 Micro-Raman system with a
cooled multichannel CCD detection system in the backscattering configuration and a spectral resolution
better than 1 cm™!. For excitation, a second harmonics of Nd:YAG laser with a wavelength of 532 nm was
employed. The diameter of the laser spot was roughly 3 ym and the power density was as high as
30 kW cm™2. As seen in figure 2, the peaks in the deconvoluted Raman spectra of Cu,GeS; microcrystals
were resolved using a Lorentzian function. All of the Raman peaks belong to Cu,GeS; and have been
identified in numerous papers before [3, 8, 12-14].

Cu,GeS; microcrystals were positioned on the cold finger of the closed-cycle helium cryostat (Janis
CCS-150) in order to perform temperature-dependent PL measurements. After that, the temperature was
lowered to 8 K. A LakeShore Model 335 temperature controller was used to control the temperature up to
300 K. A second harmonics of Cobolt 08-DPL Nd:YAG laser operating at 532 nm was used to provide CW PL
excitation. CW laser maximum average power was P,.x = 37 mW. Neutral density filters were used to change
the incident laser beam’s power density from 0.04 to 0.3 Wem~2. A second harmonics of pulsed Q-switched
CryLaS FQSS266-Q2 Nd:YAG laser (532 nm) with a maximum average power P, = 7.5 mW, peak energy
1.1 pJ, and peak width <1 ns at 10 kHz was employed as a pulsed excitation source. The pulsed laser
intensity was also decreased using the same neutral density filters. For both lasers, the laser spot size was
approximately 1 mm. The PL signal was acquired using optical fiber, then sent to the same Horiba LabRAM
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Figure 1. SEM image of Cu,GeS; microcrystals. Additionally, larger sintered microcrystals are also visible.
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Figure 2. Typical Raman spectrum of Cu,GeS; microcrystals. Peak fitting results using a Lorentzian function are shown.

HR800 Micro-Raman system with a 600 lines per mm grating for recording using a cooled multichannel
CCD detection system in the backscattering configuration.

3. Results and discussion

The PL spectra of CGS sample measured at T = 8 K using CW and pulsed lasers are presented in figure 3.
There are a number of PL peaks shared by both excitation sources.

However, the T peak becomes dominant under pulsed excitation, while the DAP peak prevails under CW
laser excitation. All PL spectra were fitted using an asymmetric hyperbolic secant (AHS) function:

I(E) = Ip/ [exp ((E — Em) /Whe) + exp (— (E— Em) /Wie)], (1)

where Wy and W are related to the width of high and low energy sides of the PL band, respectively, while
Ej is related to the peak position Ep.x. Example of this fitting is presented in figure 4. The AHS function was
chosen because it gave the best fitting result. Peak parameters Ep,qy, full width at half maximum (FWHM),
and I . were numerically calculated from the fitting function. There is an unexpected spectral region from
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Figure 3. Normalized PL spectra of Cu,GeS3 microcrystals at T = 8 K measured with CW (black) and pulsed (red) laser
excitation. Peak positions are marked as vertical lines.

1.53 to 1.57 eV marked as phonon replicas in figures 3 and 4(a). Similar region was discovered also by Aihara
et al [12]. In this area, the PL spectra lack a distinct structure with distinct PL peaks and are probably a
combination of different phonon replicas of edge emission peaks FE, BE1, and BE2, as was first proposed by
Aihara et al [12]. However, further research is necessary to determine the true origin of this spectral region.
Although we fitted two broad peaks to this region in figure 4(a), it is unlikely that this fitting is completely
correct. It seems that different phonons are involved, and therefore we have such a unexpected spectral
region. Although LO-phonons frequently play a larger role in the electron-phonon interaction for PL peaks,
lower energy phonons can also be seen on occasion [15].

Unfortunately, when measured with a pulsed laser, the intensity of the FE peak at T = 8 K was very weak;
however, as the temperature increases, its presence will be more noticeable (see figure 7). As a result, we
excluded the FE peak from the fitting in figure 4(b).

Peak positions of all peaks at T'= 8 K are presented in table 1.

The FE position is 1.599 eV, which is marginally higher than what was found in [12]. Additionally, two
bound excitons, BE1 and BE2, are visible. The PL peak at 1.475 eV is most probably related to the first LO
phonon replica of the DAP peak. Thus, the LO phonon energy in Cu,GeS; is around 36—40 meV. This
phonon replica’s comparatively low intensity suggests that the electron-phonon interaction for DAP
recombination is extremely weak.

Figure 5 presents the excitation power dependence of the PL spectra of CGS measured at T = 8 K using
both lasers.

As the laser power increases, almost all PL peaks do not shift. On the other hand, the DAP peak clearly
displays a blueshift of 3-4 meV for every decade increase of laser power. This emission peak behavior is
typical of DAP recombination and results from the separation inhomogeneity (near and distant spacing) of
DAP. As the laser excitation power increases, the PL of more distant DA pairs will be saturated, and more
closely spaced pairs having a higher recombination probability are excited, which causes the band to blueshift
[16]. Unfortunately, when measured with a pulsed laser, the peak position shift of the DAP peak is not as
noticeable, as shown in figure 5. This peak’s extremely low intensity and overlap with the T peak are partially
to blame. For the excitonic region, we observed PL intensity saturation and even a decrease at higher CW
laser powers, whereas under pulsed laser excitation, all peaks displayed a steady rise with increasing laser
power. Consequently, we employed a lower laser power P = 0.3 P,,,, for temperature-dependent
measurements using CW laser.

Generally, the excitation power dependence of the PL intensity serves as a reliable indicator of the
characteristics of radiative recombination processes. In particular, the laser excitation power, P, exhibits a
power law dependence on the integral PL intensity, ®, as ® oc P"". When m is less than 1, it indicates a
recombination path with defects, and when m is close to 1, it indicates an exciton-like transition. Trions, in
which three particles are involved in the recombination process, should exhibit a P> dependence, meaning
that the intensity should increase superlinearly with laser power, and P? dependence is expected for
biexcitons [17, 18]. The dependence of integral intensity of PL bands on laser power is presented in figure 6.
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Figure 4. An illustration of fitting PL peaks with the AHS function for CW excitation (a) and pulsed excitation (b) at T = 8 K.

Table 1. Cu,GeS; main PL peak positions at T = 8 K.

PL peak Emax (eV) Laser

FE 1.599 CW, pulsed
BE1 1.589 CW, pulsed
BE2 1.579 CW

T 1.575 Pulsed
DAP 1.511 CW, pulsed
DAP(LO) 1.475 CW

The DAP peak with m = 0.86 is clearly related to defects, and therefore the DAP model is applicable. The
T peak with m = 1.5 indicates trion emission, while the BE1 peak is most likely associated with bound
exciton emission. A trion is formed when either an electron or hole binds to an exciton. Compared to
nanocrystals, quantum wells or monolayers, trion emission is less frequently seen in bulk crystals.
Consequently, it is surprising that the formation of trions in our CGS microcrystals is encouraged by pulsed
laser excitation with a pulse length of less than 1 ns. To the best of our knowledge, no papers have reported
the detection of trion emission in single crystals. The shape of almost all PL peaks is fairly symmetrical,
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Figure 5. Excitation power dependencies of Cu,GeS3 microcrystals PL measured at T = 8 K using CW and pulsed lasers.

however as seen in figures 4(b) and 5, the trion peak T exhibits a pronounced asymmetry, with the
high-energy slope being steeper than the low-energy one. There is an important difference between exciton
and trion emission in different compounds. While only zero-momentum exciton states are coupled to light,
radiative recombination of non-zero momentum trions is also allowed. This leads to an asymmetric
broadening of the trion spectral peak and the redshift of the emitted light with increasing temperature. The
trion spectral shape is therefore strongly affected by the trion momentum distribution and the
momentum-dependent trion decay rate [19]. When trions decay radiatively, they release an electron. All
trions can decay radiatively because the recoil electron removes all of the trion’s momentum. This causes the
trion PL peaks to have an asymmetric shape, with the low energy tail representing a Boltzmann distribution
of trion kinetic energies. The thermal distribution and effective electron and hole masses are thus revealed by
the low-energy tail. The low-energy tail widens with increasing temperature, and trions typically have this
asymmetric structure in different materials [20, 21].

Next, under excitation of both lasers, the temperature dependence of Cu,GeS; PL emission was
measured, as illustrated in figure 7.

The PL peaks’ thermal activation energies were derived from the Arrhenius plot (figure 8), where a
theoretical expression for discrete energy levels was used to fit the dependence of In ® (T') versus
1000/T [22]:
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equation (2).

Table 2. Thermal quenching activation energies E4 for different PL peaks.

PL peak BB T DAP CA
E4 (meV) 100 £ 15 6E3 35£5 119 £ 17
& (T) = 6o/ [1 4+ 41T/ + 4,7 exp (~Ex kT) )

where @ is an integrated intensity of the PL peak, A; and A are the process rate parameters and E, is the
thermal activation energy.

The two-stage quenching of the DAP peak is evident. At approximately T = 100 K, the second
recombination process begins to dominate with an activation energy E4 = 119 meV, whereas the lower
temperature region displays an activation energy E4 = 35 meV. Assuming that the shallow donor level of
DAP will be ionized at higher temperatures and that a straightforward conduction band to acceptor level
(CA) recombination will begin to manifest, this behavior can be explained. FE emission exhibits very similar
behavior, with FE recombination changing to band-to-band (BB) recombination at T & 50 K. The intensity
of the BB peak increases as a result of the FE dissociating. The activation energy of the BB peak is
E4 = 100 meV, and it is probably related to the activation of nonradiative recombination channels. The trion
peak (T') shows a thermal activation energy E4 = 6 meV. This value is less than what is typically found in
different compounds, mostly in 2D materials. Unfortunately, the fitting of the T peak quenching is far from
being perfect. The integrated intensity values show quite a big scattering at higher temperatures. The R
value of this fitting was only 0.964, and therefore the activation energy for T peak is somewhat doubtful.
Table 2 lists the thermal activation energies for four distinct recombinations.

It is highly likely that the ionization of the acceptor level is connected to the quenching of the CA
recombination. This level’s depth is then approximately 119 meV. The distance between the BB and CA peak
positions allows us to estimate this depth as well. Figure 9 shows that the separation is approximately 81 meV.
A very similar acceptor level (90 meV) was detected also in our previous paper [3]. Thus, considering
potential errors, it is highly likely that we are dealing with the same acceptor level resulting from an intrinsic
defect at a depth of about 90 meV.

Figure 9. Shows a temperature dependence of peak positions for different PL peaks. Experimental data
points of several peaks at T'= 8-300 K were fitted with O’Donnells expression [23]:

Ernax (T) = Emax (0) — S<Eph> [COth (<Eph>/2kT) — 1] (3)

where Epax(0) is the peak position at T = 0 K, S is a dimensionless coupling constant and <Ej},> represents
an average phonon energy. Fitting parameters are given in table 3.
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Figure 9. Peak positions of the PL bands as a function of temperature. Fitting with equation (3) results are given with solid lines.

Table 3. Fitting parameters obtained from the fitting with equation (3) for different PL peaks of Cu,GeS; microcrystals.

PL peak FE, BB T CA
Enmax (0) (eV) 1.5989 + 0.0002 1.5752 + 0.0001 1.519 + 0.001
S 1.42 £ 0.09 33+0.1 0.9+0.2
<Eph> (meV) 4442 29.0 £+ 0.1 2948

The temperature dependence of the bandgap energy is largely represented by the shift of the FE and BB
peaks. The phonon energy <E,,> 44 meV is very close to the LO phonon energy estimated from the
positions of DAP and DAP(LO) PL peaks. An indirect indication that lower-energy phonons are also
included in the electron-phonon coupling of PL peaks is the 29 meV phonon energy displayed by the CA and
T peaks. According to table S1, the phonon energies of about 40 and 29 meV correlate to Raman peaks 315
and 244 cm ™!, respectively. Compared to the FE (and BB) peaks, the trion peak T exhibits a redshift with
increasing temperature that is significantly faster. It was shown in [21] that the emitted photon energy of
trion Er is given by

Er = Ero— —XErg (4)
Me

where Ery is the zero-momentum trion energy, #x is the exciton mass, 1, is the effective electron mass, and

Erx is the trion kinetic energy. Increasing the temperature also increases the kinetic energy of trions, and this

leads to the redshift, which is faster than the redshift of bandgap energy Eg determining the shift of Er,.

As the temperature rises, the DAP band initially exhibits a blueshift. However, at around 100 K, when CA
recombination begins to take over, it will redshift at a rate that is comparable to that of the BB peak. This is
typical behavior for DAP recombination, where shallow donor defects will be ionized and the conduction
band to acceptor recombination appears. The estimated depth of this donor level is around 10 meV; see
figure 9.

Figure 10 shows the FWHM’s temperature dependence for the main PL peaks. The temperature
dependence of the FWHM for T peak was fitted using the relation proposed by Rudin and Reinecke [24]
given as

FWHM (T) = Wy + BT+ W1/ [exp ((Epn) /kT) — 1] (5)

where W) is the width at T = 0 K including also inhomogeneous broadening, 5 is a coefficient for the
interaction of excitons with acoustic phonons and the last term represents the interaction with optical
phonons, <Ey,> is the phonon energy. The interaction with acoustic phonons was neglected because it is
usually very small. The obtained phonon energy <Ep,> 26 meV is very similar to the value determined by
the temperature dependence of the trion peak position E,,,, (see table 3). This provides further evidence that
at least two phonons are involved in the radiative recombination in Cu,GeS; microcrystals. The temperature
dependence of half-width at half-maximum (HWHM) values for the T peak is displayed in the inset of

9
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figure 10. This behavior—where the low-energy wing widens more quickly than the high-energy wing—was
predicted theoretically and found experimentally in a variety of systems. It is attributed to the Boltzmann
distribution of trions’ kinetic energies [20, 21, 25, 26]. Due to the overlap of both peaks, the FWHM
temperature dependencies of the DAP and CA recombinations was rather complex. Consequently, we skip a
fitting for these peaks. The behavior of the FE and BB peaks was quite different. The FE recombination is
transformed into BB recombination with a perfect linear increase of FWHM with temperature starting at

T = 50-60 K. It is known that the shape of the BB emission in nearly perfect crystals can be calculated as

118 x B~ Fo) exp (- ) ©)

i.e. it is a combination of density of states function for carriers and a Boltzmann distribution function. The
theoretical width of this emission band is FWHM = 1.8kT. In reality, the density of states function often
deviates from the theoretical model, and the electron-phonon interaction along with defects contribute
additional complexity to the shape of the BB peak and to the FWHM value. For example, in order to account
for the experimentally measured shape of the high-energy wing, the carrier temperature T¢c > T is used in
the Boltzmann distribution part of equation (6). Therefore, the 1.8kT dependence can be slightly different.
In our case we have FWHM = 1.63kT, i.e. it is quite close to the theoretical value. The linear trend of FWHM
provides evidence that the Boltzmann distribution function is primarily responsible for the widening of the
BB band and suggests that the electron-phonon coupling in CGS must be extremely weak.

4, Conclusions

In conclusion, the PL spectra of Cu,GeS; microcrystals measured at T = 8 K showed a variety of peaks under
both CW and pulsed Nd:YAG laser excitation (532 nm), with the unique trion (T) peak at 1.575 eV
dominating under pulsed excitation and the DAP peak at 1.511 eV prevailing under CW excitation. The FE
position was 1.599 eV, and two bound excitons, BE1 and BE2, were at 1.589 and 1.579 eV, respectively. The
spectra revealed interesting features such as phonon replicas in the region 1.53-1.57 eV, likely a mix of
different phonon replicas, but further research is needed to fully understand their origin. The excitation
power dependence of the PL spectra of CGS measured at T = 8 K with both lasers showed that the DAP peak
exhibited a blueshift of 3—-4 meV for every decade increase in laser power, consistent with DAP
recombination. In contrast, the T peak displayed behavior typical of trion emission and the BE1 peak is
associated with bound excitons.

The temperature dependence of the Cu,GeS; PL emission revealed important insights into the thermal
activation energies and recombination processes. The DAP peak undergoes two-stage quenching, with
activation energies of 35 meV at lower temperatures and 119 meV at higher temperatures, indicating
ionization of shallow donor levels and transition to conduction band to acceptor recombination. Similarly,
the FE emission transition to BB recombination at around 50 K was detected. The trion peak exhibited a low

10



10P Publishing

J. Phys. Energy 7 (2025) 035003 J Krustok et al

thermal activation energy of 6 meV, suggesting unique behavior compared to other materials. The
temperature dependence of peak positions and widths was consistent with electron-phonon interactions,
with the FE and BB peaks showing linear broadening, and the trion peak exhibiting a faster redshift than the
redshift of bandgap energy Eg. These findings provide valuable understanding of the temperature-driven
behavior of recombination processes in Cu,GeS3, particularly the weak electron-phonon coupling and the
influence of phonons in the radiative recombination.
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