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ABSTRACT

CuzZnGeSey is of interest for the development of next-generation thin-film photovoltaic technologies. To understand its
electronic structure and related fundamental optical properties, we performed first-principles calculations for three
structural variations: kesterite, stannite, and primitive-mixed CuAu phases. The calculated data are compared with the
room-temperature dielectric function € = &, + i, spectrum of polycrystalline Cu,ZnGeSe4 determined by vacuum-
ultraviolet spectroscopic ellipsometry in the photon-energy range of 0.7 to 9.0 eV. Ellipsometric data are modeled with
the sum of eight Tauc-Lorentz oscillators, and the best-fit model yields the bandgap and Tauc-gap energies of 1.25 and
1.19 eV, respectively. A comparison of overall peak shapes and relative intensities between experimental spectra and the
calculated € data for three structural variations suggests that the sample may not have a pure (ordered) kesterite phase.
The complex refractive index N = n + ik, normal-incidence reflectivity R, and absorption coefficients ot are calculated from
the modeled € spectrum, which are also compared with those of Cu,ZnSnSe,. The spectral features for Cu,ZnGeSe, appear
to be weaker and broader than those for Cu,ZnSnSes, which is possibly due to more structural imperfections presented in

CuyZnGeSe, than CusZnSnSea.
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|. INTRODUCTION

CusZnSnSeq has been of interest for its application in next-generation thin-film photovoltaic technology [1]. Although
the power conversion efficiency (PCE) of CuzZnSnSe, devices has increased rapidly over the past few years, the record PCE
(11.6%) [2] s still much lower than those of CdTe (21.0 %) and Cu(In,Ga)Se, (21.7 %) solar cells [3]. The optimum
bandgap energy Eq of an absorber material for high-performance solar cells is known to be in the range of 1.1t0 1.4 eV
[4]. Thus, it has been attempted to increase the Eq of Cu,ZnSnSe, (0.97 V) [5] by alloying it with S and forming the
CuzZnSnS,Seqy quinary compound, which indeed made a noticeable improvement of the PCE to 12.6% [6].

CuzZnGeSe, formed by replacing Sn in Cu,ZnSnSe, with Ge can be considered another way to increase the Eg. Use of
Ge rather than S, to expand the Eo, also possesses a few additional advantages. First, the (Ge,Sn) alloy has lower formation
energy than the (S,Se) alloy, so it can be formed more easily [7,8]. Second, the Eq expansion with Ge alloying is caused
mostly by the upward shift of the conduction-band minimum (CBM)[7], whereas 30% expansion of the Eg achieved with S
alloying is due to the downward shift of the valence-band maximum (VBM)[8]. Consequently, the alternate alloying
approaches enable a comparison of devices with a similar Eq but different conduction band offsets to the buffer, which will
help us better understand the carrier recombination mechanisms at the buffer/absorber interface. Third, use of Ge allows
the Eq expansion without preferential segregation of the alloying elements to a secondary phase. There is widespread
agreement in the literature that excess Zn (Zn/Sn ~ 1.2) is needed to make high-performance Cu,ZnSn(S,Se),-based solar
cells [9]. However, the excess Zn results in a measurable amount of Zn(S,Se) precipitates even in the highest-quality
absorbers[10,11,12,13,14]. The formation of ZnS is thermodynamically more favorable than that of ZnSe because its
formation energy is substantially more negative. Therefore, it is likely that the Zn-binary compound preferentially
displaces S from the crystal lattice sites in a Cu,ZnSn(S,Se)s absorber, which possibly leads to the observed harmful local
fluctuations of Eg[15]. Ge-induced enhancement in device performance has indeed been demonstrated from nanocrystal-
based CuzZn(Sn,Ge)(S,Se)s devices with a PCE of 9.4% [16] and hydrazine-based Cu,Zn(Sn,Ge)Se, devices with a PCE of
9.1%[17].

To optimize solar cell structure and improve the device performance through bandgap engineering, it is important to
understand a material's electronic structure and related fundamental optical properties such as complex dielectric
function € = &, + ig; and complex refractive index N = n + ik [18,19]. Accurate optical information can be obtained from

a systematic comparison study of the electronic structure calculations and spectroscopic measurements [20,21].



Here, we present the electronic energy band structure and complex dielectric function € = &, + ie; spectra of
CupZnGeSe, obtained from first-principles calculations for three structural variations: kesterite (KS), stannite (ST), and
primitive-mixed CuAu phases (PMCA). The calculated data are compared with the € spectrum of a polycrystalline
CuzZnGeSe, thin film determined by spectroscopic ellipsometry (SE) over the photon-energy range of 0.7 to 9.0 eV. SEis
known to be a highly suitable method of determining € and N spectra of semiconductors [22], and therefore, it has been
used to characterize the optical properties of many solar cell absorber materials including CdTe [23,24], CulnGaSe,
[25,26,27], CuzZnSnS4[28,29], and CuzZnSnSe4 [5,30,31,32]. For CuZnGeSes, Ledn et al. [33] reported room-
temperature optical function spectra of bulk crystals. Due to the limited spectral range (1.2-4.6 V), however, no bandgap
onset was resolved and only three optical structures were analyzed using Adachi's Model Dielectric Function (MDF)
method [34]. Our SE data exhibit multiple optical structures associated with the electronic interband transitions and the
optical gap where the &, and k vanish. Complex refractive index N = n + ik, normal-incidence reflectivity R, and
absorption coefficients ot are also calculated from the modeled € spectrum, which are compared with the published data

for CupZnSnSeq [5].

[1. DENSITY-FUNCTIONAL THEORY CALCULATIONS

It has long been considered that Cu,ZnSnSey crystals form with the KS phase and are still called simply “kesterite
solar cells" mainly because electronic structure calculations show that the KS is thermodynamically the most stable phase
for Cu,ZnSnSe, [35,36]. However, the formation energy for ST and PMCA phases are higher than that for the KS phase by
only a few meV/atom [35,36]. Thus, in practice, Cu,ZnSnSeq thin films can form with a mix of the three structural phases
(KS, ST, and PMCA) or their disordered version, depending on the growth methods and conditions [37]. In fact, there are
several experimental evidences [38,39,40] showing that the crystal structure of typical Cu,ZnSnSey thin films is not the

pure (ordered) KS phase.

(a) Kesterite (b) Stannite (c) PMCA

Figure 1. Atomic structure of kesterite (KS), stannite
(ST), and primitive-mixed CuAu (PMCA) phases. Blue,
purple, gray, and green colors represent Cu, Zn, Ge,
and Se atoms, respectively. The KS and ST phases have
the body-centered tetragonal unit cell, whereas the
PMCA phase has the tetragonal unit cell.




Owing to its structural and chemical similarities with CuzZnSnSeq, Cu,ZnGeSey is also expected to grow in one of the
three possible structures, KS, ST, and PMCA, shown in Figs. 1(a) through 1(c), or their disordered form. As for Cu,ZnSnSey,
itis also predicted that KS is thermodynamically the most stable phase and the PMCA is the least stable phase for
CusZnGeSes. We found that the formation energies for the STand PMCA phases are higher than that for the KS phase by 7
and 19 meV/atom, respectively. Our results are slightly higher than the values reported in previous study (5 and 11
meV/atom)[41], but the trend is the same.

The electronic structure and € spectrum for each phase of Cu,ZnGeSe4 were obtained by first-principles density-
functional theory (DFT) calculations using the hybrid functional proposed by Heyd, Scuseria, and Ernzerhof (HSE) [42] as
implemented in the VASP code [43]. The screening parameter of @ = 0.2 A" and the exchange parameter of o = 0.25 are
used. The cutoff energy for the plane-wave basis is 295 V. The lattice parameters and the internal coordinates are fully
relaxed until the residual force becomes smaller than 0.05 eV/A. For the relaxation of the atomic structure, an 8x8x8 k-
point grid is used for Brillouin zone (BZ) integration. To calculate the €, data, a denser k-point grid was used: 10x10x 10
for KS and ST phases, and 12x12x12 for the PMCA phase. The & was then calculated by the Kramers-Kronig (K-K)

transformation of the &, with a small complex shift of 0.1 eV to make the spectrum smooth for the given k-point meshes.
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Figure 2. The electronic band structures of (a) KS-, (b) ST-, and (c) PMCA-phase Cu,ZnGeSe,. The dashed horizontal lines correspond to
the band edge positions (i.e., conduction-band minimum and valence-band maximum). Red, green, and blue colors represent the
contributions from Cu, Ge, and Zn characters, respectively, among the cations. Valence band maximum is set to 0 eV.

The calculated electronic energy band structures of Cu,ZnGeSe, with KS-, ST-, and PMCA-phase are presented in Figs.
2(a) through 2(c). ForKSand ST phases, the bandgap is direct as VBM and CBM collocate at the T point of BZ. The

calculated Eq values for KS and ST phases are 1.180 and 0.954 eV, respectively. However, the PMCA phase has an indirect



bandgap because the CBM is at the A point whereas the VBM is at the T point. The difference between the calculated
direct (0.761 eV) and indirect (0.356 V) bandgaps is 0.405 eV. The direct-indirect bandgap transition in Cu,ZnGeSe, has
also been predicted in a previous theoretical study [7]. The details of the ordering-induced direct-indirect bandgap
transitions are discussed elsewhere [44]. The lattice parameters used in our calculations and the resulting E, for three
structural phases are summarized in Table I. Our calculated lattice parameters are approximately 1% larger than the

reported values [45].

TABLEI. The in-plane (a) and out-of-plane (c) lattice parameters used in the density-functional theory calculations, and the calculated
bandgap energies (Eo) of Cu,ZnGeSe, for three structural phases. The KS and ST phases possess direct bandgaps whereas the PMCA
phase has an indirect bandgap.

Structural phase a(h) (R Eo (eV)
KS 5.621 11.145 1.180 (direct)
ST 5.580 11.286 0.954 (direct)
0.356 (indirect)
. .64
PMCA 5573 2643 0.761 (direct)
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Figure 3. The calculated € = & + ig, data for (a) kesterite (KS), (b) stannite (ST), and (c) primitive-mixed CuAu (PMCA) phases of
CuzZnGeSey. Real (1) and imaginary (€,) parts are shown as solid red and blue lines, respectively.

Figures 3(a) through 3(c) show the calculated € spectra for KS-, ST-, and PMCA-phase Cu,ZnGeSe,. These spectra are a
mathematical average of the € components along the three principal axes, (2¢, + €)/3, so that the optical function spectra
of the polycrystalline material are properly described. Overall, the &, spectra for three structural phases shown in solid
blue lines are similar and they all consist of a relatively weak but distinct structure at around 2.5 eV and a main broad

structure spanning from 5to 12 eV. However, one major difference in the €, spectra between the KS phase and the other



two phases is the relative intensity of optical structure at ~2.5 eV with respect to the main broad structure. Although it
appears as a bump-like feature for the ST and PMCA phases, this structure is more prominent for the KS phase.

The observed variation in transition strength of the structure at ~2.5 eV can be understood by the differences in
electronic energy band structure among the three structural phases. As expressed in Eq. (1), the joint density of electronic
states D; increases as the denominator |V (E. - E,)| decreases. The term |V(E - E,)| vanishes mathematically when the
conduction and valence bands have the same tangent at the same k-point. Those highly symmetric points in the BZ are

called the Van Hove singularities or critical points [46].
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In Figs. 4(a) through 4(c), the energy differences between the various E. and E, bands (E. - E,) are plotted. The dashed
horizontal line in each figure indicates the energy difference of 2.5 eV. The KS phase shown in Fig. 4(a) has several flat
segments near the horizontal line between the Y and P points of BZ, which suggests multiple transitions occurring at
around 2.5 eV. This is probably the origin of the relatively strong optical structure at ~2.5 eV observed in the €, spectrum
for the KS phase. For the other two phases (Figs. 4(b) and 4(c)), not many transitions are seen near the horizontal line

other than just a few at the I" point.
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Figure 4. The energy difference between conduction and valence bands, AE = E. - E, for (a) KS-, (b) ST-, and (c) PMCA-phase
Cu,ZnGeSeq. The dashed horizontal lines indicate the AE of 2.5 eV.



[11. EXPERIMENTS

A polycrystalline Cu,ZnGeSey thin film was grown by thermal co-evaporation of elemental Cu, Zn, Ge, and Se. The
deposition uses the same equipment and method as that detailed for device-quality Cu,ZnSnSe, growth [47], with two
modifications: 1) GeSe source material replaces Sn in one thermal evaporation boat, and 2) the substrate temperature is
limited to 385°C due to the high vapor pressure of GeSe compared to SnSe. It is well known that Cu,ZnGeSey,
CuzZnSnSey, CuaZnSnSy and related alloys require overpressure of chalcogen and the group-IV chalcogenide, such as SnSe
and GeSe, to be stabilized with applied heat under vacuum [48,49]. The high rejection rate of GeSe from the sample and
the maximum rate at which our evaporation sources can supply GeSe thus limit the substrate temperature to 385°C. The
sample used in this study was grown to a 4.3 m on the roughened surface of soda-lime glass. Chemical composition
was determined by X-ray fluorescence that was pre-calibrated by inductively coupled plasma optical emission
spectrometry. The film measured 22.6 atomic % Cu, 15.1% Zn, 11.8% Ge, and 50.2% Se, which is typical of the slightly
Cu-poor Zn-rich films used for kesterite solar cells [50].

Solar cells were fabricated using similar films (thinner but same process) on standard molybdenum-coated soda-lime
glass substrates. The finished devices exhibited an open-circuit voltage V. of ~420 mV, a substantial fraction of the
bandgap, which is another positive indication of the film quality. A typical diode current-voltage curve from one of these
CuzZnGeSe, devices is shown in the supplemental materials document [51].

Structural properties of the film were characterized by X-ray diffraction (XRD) and Raman scattering (RS) spectroscopy.
The XRD measurements were done using a Rigaku DMAX instrument with a rotating Cu anode operated at 40 kV and 250
mA. Slit collimation and a graphite post-monochromator were used to select diffracted Cu-Kox radiation. Calculated data
were obtained by using the CrystalMaker® 8.7.5/CrystalDiffract® 6.0.0 software platform. Raman scattering (RS) spectra
were taken at room temperature using a Renishaw inVia reflex microscope system equipped with a Peltier-cooled charge-
coupled device array. The excitation wavelength was 532 nm and the power was lower than 2.5 mW.

Arthin film grown on a roughened surface becomes a bulk crystal optically because the rough surface suppresses the
reflection of probing light from the film/substrate interface. The main benefit here is that no thickness fringe appears in
the raw SE data, and the optical information around the bandgap can be assessed directly without a mathematical
correction of data in the ideal case. Details of this pseudobulk method are given in Ref. 5. Prior to SE measurements, the
surface of the Cu,ZnGeSe, film was chemo-mechanically polished using a colloidal silica suspension with 0.02-um

particles in an attempt to reduce the microscopic roughness of the surface [5,38]. A cross-sectional scanning electron



micrograph of the polished CuZnGeSe, film grown on the roughened glass substrate is provided in the supplemental
materials document[51].

Vacuum ultraviolet (VUV) SE data were collected in the photon-energy range of 0.7 to 9.0 eV with the sample
maintained at room temperature by using a spectroscopic rotating analyzer-type ellipsometer equipped with a computer-
controlled MgF, Berek compensator (VUV-VASE model, J.A. Woollam, Co., Inc.). The system was continuously purged with
dry nitrogen gas to avoid the absorption of light above 6.5 eV by oxygen and water vapor in the ambient. Each data point

was recorded after a minimum of 300 analyzer revolutions to improve the signal-to-noise ratio. The spectral resolution is

0.01 eV and the angle of incidence was 70°.

IV. EXPERIMENTAL RESULTS AND DISCUSSION
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Figure 5. (a) X-ray diffraction data collected on the polished Cu,ZnGeSe,
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The measured XRD curve is presented in Fig. 5(a) as black solid circles. The 26 angles for the observed diffraction
peaks were used to extract the lattice parameters of a = 5.608(7) Aand ¢ = 11.077(2) A, which are slightly smaller than
the calculated values listed in Table I but are in good agreement with previously reported data [45,52,53]. Our
experimental curve matches well with the calculated diffraction curve, shown as a red solid line, for Cu,ZnGeSes. The
diffraction peaks for all three phases, KS, ST, and PMCA, appear at very similar angular positions. Only the KS-phase
diffraction curve is included in Fig. 5(a) for clarity. Unlike the case of Cu,ZnSnSey, the diffraction peaks for Cu,ZnGeSe, are
clearly separated from those for ZnSe (blue solid line). No ZnSe diffraction peak is seen in our experimental XRD data.

The non-polarized room-temperature RS spectrum of Cu;ZnGeSe, taken at the excitation wavelength of 532 nm is
shown in Fig. 5(b). The observation of two dominant peaks at 176.5 and 205.5 cm’'is consistent with the results from
previous RS studies [54,55] of Cu,ZnGeSe,. The two peaks have been identified as the A symmetry modes from a
polarization-dependent RS study [54]. A weak signal at 92.7 cm " is attributed to the E? (TO + LO) symmetry mode, and
multiple contributions observed between 250 and 300 cm ™ are attributed to the E and B symmetry modes [54]. No
secondary phases were detected by XRD and RS. However, since the Raman cross-section of ZnSe for non-resonant Raman

is small, the presence of ZnSe secondary phase cannot be completely excluded from the RS data.
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Figure 6. (a) Data (dashed color lines) and the best-fit curves (solid gray lines) for <e> of Cu,ZnGeSe,. The best-fit curves were
obtained by analyzing the data with the three-phase model (ambient/surface roughness/Cu,ZnGeSey). (b) The modeled € spectrum of
CuzZnGeSe, with the eight constituent Tauc-Lorentz oscillators.



Results from SE measurements are displayed in Fig. 6. The SE data were analyzed with the three-phase model
consisting of the ambient, a surface overlayer, and the Cu,ZnGeSe, crystal, which is essentially the same as modeling SE
data of bulk crystals. The optical function data of soda-lime glass (substrate) and the thickness of Cu,ZnGeSe, film are not
required in our model because the reflections from the film/substrate interface are effectively suppressed by the use of the
pseudobulk method [5], as mentioned in Sec. Ill.

A'surface overlayer is presumably composed of microscopic roughness and native oxides, whose optical response can
be represented by the Bruggeman effective medium approximation (BEMA) [56] using a 50-50 mix of the underlying
material and void. The best result with minimum discrepancy between the experimental data and the model was
obtained with a 3.1-A-thick BEMA layer. As pointed out by Nelson et al. [57], the contributions from microscopic
roughness and native oxides to a very thin BEMA layer are indistinguishable in practice.

The € spectrum of CupZnGeSe, was constructed by the sum of eight Tauc-Lorentz (T-L) oscillators and the fit-

determined g4(c0). The &, of an individual T-L oscillator is expressed by [58]:

AEC(E-E,) 1
e, = (E*-E}))+C’E* E
0 (E<E,)

(E>E,) 2

where A'is the oscillator strength, C is a broadening parameter, Eq is the resonance energy, and Eg is the Tauc gap (the
onset of absorption). The Eq was obtained from the best-fit parameters for oscillator No. 1 and set to be the same for all the
other T-L oscillators. The Eq was constrained to be smaller than the Eq by definition. The mathematical expression for the
corresponding €, can be calculated by the K-K integration of €;. As seen in Fig. 6(a), the experimental data
(pseudodielectric function <e> = <g;> + i<g,>) and the best-fit curves are in excellent agreement. The modeled &
spectrum is presented in Fig. 6(b) with the constituent T-L oscillators. Several above-bandgap optical structures observed
in the € spectrum are associated with the electronic interband transitions [46]. We note that, for many semiconductors,
the broad optical structure appearing in the high-energy region consists of several contributions from different regions in
the BZ. In particular, at room temperature or higher, thermal broadening makes it difficult to resolve individual
contributions. Thus, the broad optical structure corresponding to the 8" oscillator may consist of multiple structures. The

fit-determined parameters A, C, and Eq for all eight T-L oscillators are listed in Table 1.
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Our & spectrum is similar to the data reported in a previous SE study [33] of a polycrystalline Cu,ZnGeSeq bulk in the
spectral range of 1.2 to 4.6 eV. Three optical structures, assigned as the Eq, Eq5, and Eqg transitions, have been analyzed
there and the transition energies were determined to be 1.41, 2.46, and 3.67 eV, respectively. Although their E;,
transition energy is close to our second oscillator energy (2.51 eV), the Eq and E+g transition energies are apparently
different from our results of 1.25 eV (Eg) and 4.00 eV (Osc. #3). The observed small discrepancies in fit-determined
transition energies between the two studies may be caused, in part, by the limited spectral range used in the previous SE
study [33]. Their modeled spectrum deviates somewhat from the experimental data for both below 2.0 eV and above 3.5

eV, which possibly makes the extracted transition energies less accurate.

TABLE II. Best-fit parameters for the eight Tauc-Lorentz oscillators used to construct the € spectrum of Cu,ZnGeSe,. The Tauc gap Eqin
Eq. (2)is set to be the same, 1.19£0.01 eV, for all the oscillators. The fit-determined g4(e0) is 1.18 £ 0.01.

Osc. No. AleV] CleV] Eq[eV]

1 20.73+6.79 0.92+0.05 1.25+£0.11
2 12.07+£0.32 1.01£0.02 2.51£0.00
3 8.18+0.65 1.11£0.03 4.00+0.01
4 7.97+1.52 1.39+0.12 4.79+0.03
5 3.15+1.00 1.09£0.10 5.36+0.02
6 3.00+£0.36 1.18+0.05 6.42+0.01
7 1.70£0.23 1.29+0.06 7.27+0.01
8 30.80+1.77 6.20+0.07 7.54+0.13

In fact, determination of the Eq has been an issue for kesterite solar cell materials [59]. In the case of Cu,ZnSnSes, for
example, a large discrepancy has been found among the reported Eo (0.8 - 1.6 eV) depending on the sample preparation
method and characterization technique. The Eq of Cu,ZnSnSey is now believed to be ~1.0 eV based on several
experimental studies and electronic structure calculations. In our previous temperature-dependent SE study [5] of
CuzZnSnSe,, we employed the pseudo-bulk method and accurately determined the Eqof 0.97 eV at room temperature.

In part due to a relatively small number of studies as well as the same problems encountered with Cu,ZnSnSey, the Eq
of Cu,ZnGeSeq has not yet been well established. The reported Eq of Cu,ZnGeSe, from previous studies and this work are
compared in Table Ill. Some of the previous experimental studies estimated the Eq by extrapolating the linear section of
the absorption (ctE)’ spectrum to zero. However, the linear section of the absorption curve can be defined somewhat
ambiguously, which often leads to a large uncertainty in the estimated Eo. In our study, application of the pseudobulk

method, which has been successfully used to determine the Eq of Cu,ZnSnSe, (Ref. 5) and Cu,SnSe;, [60] makes the

N



bandgap onset visible at ~1.2 eV even in the <g,> spectrum as shown in Fig. 6(a). The Eq was then obtained from the

analytical modeling of the data, which improves the accuracy of result.

TABLE I1l. Bandgap energies in eV for Cu,ZnGeSe, reported by this work and previous studies.

Bandgap energy (eV) - Experiment

1.25° 1.35° 1.6° 14-143 129 15" 14
Bandgap energy (eV) - Theory

1.18 (KS)’ 1.60(K$){' 152 1.5(KS) 1.1 (KS)"

0.954 (ST)* 1.32(ST) 1.32(ST) 0.76 (ST)"

0.761 (PMCA) 1.21 (PMCA)

This work; ° Ref. 33; “Ref. 61: ° Ref. 62 © Ref. 53; ' Ref. 63; Y Ref. 52: " Ref. 64: 'Ref. 65; Ref. 66; *Ref. 7;' Ref. 41: ™ Ref. 67

The overall shape of the experimental € spectrum (Fig. 6) shows good agreement with the calculated data shown in
Figs. 3(a) through 3(c). However, the optical structure at ~2.5 eV appears much smaller than the main broad structure,
and the main broad structure shows a “plateau”-looking top. Both features make the experimental € spectrum look
slightly different from the KS-phase € data shown in Fig. 3(a). This suggests that the Cu,ZnGeSe, crystal used in this study
may not have a pure (ordered) KS phase. Asimilar discrepancy between the experimental spectrum and calculated KS-
phase data has also been found for Cu,ZnSnSe, [38]. However, differences in the calculated € data among three structural
phases are insignificant. Therefore, positive identification of the structural phase of Cu,ZnGeSe4 would require more
systematic studies using other structural characterization techniques such as neutron scattering.

The optical structure at 2.51 eV is attributed mainly to the transition from the valence band characterized by the Cu 3d
- Se 4p anti-bonding states to the Ge 5s - Se 4p anti-bonding states derived conduction bands. In fact, this transition is
one of the noticeable characteristics of the optical function spectra for Cu,ZnSnSe, and related compounds, and it has also
been observed in the € spectra for Cu,ZnSnSe, [5,30,31,32,38], CuzZnSnS,[28,29], and Cu,SnSe; [31,60]. For the main
broad structure, however, multiple transitions occur within a narrow spectral range, which makes it complicated to
unambiguously assign individual electronic origin.

Complex refractive index N = n + ik, normal-incidence reflectivity R, and absorption coefficients o spectra can be
calculated from the modeled € data and are shown in Figs. 7(a) through 7(c). For comparison, the data for Cu,ZnSnSe, are
also included, which are obtained by modeling the room-temperature <e> spectrum shown in Ref. 5. In addition to

lower Eq, Cu,ZnSnSe, data also exhibit slightly sharper optical structures (dashed lines in Figs. 7(a) and 7(b)). Observation

12



of relatively weak and broad optical structures may suggest that Cu,ZnGeSe, has a more disordered and/or defective

structure than Cu,ZnSnSey, which is not surprising considering the similar atomic sizes of Cu, Zn, and Ge.
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Figure 7. Fundamental optical function spectra for Cu,ZnGeSe, calculated from the modeled € data. (a) Complex refractive index N =
n + ik, (b) normal-incidence reflectivity R, and (c) absorption coefficients o.. For comparison, the spectra for Cu,ZnSnSeq (dashed lines)
are also included.

V. CONCLUSIONS

We studied the electronic structure and related fundamental optical properties of Cu,ZnGeSe,. The electronic energy
band structure and complex dielectric function € = &; + ie; spectra of Cu,ZnGeSe, are obtained from first-principles
calculations for kesterite (KS), stannite (ST), and primitive-mixed CuAu (PMCA) phases. Our calculations predict that the
PMCA phase possesses an indirect bandgap (Es™ - Eg™ = 0.405 eV) whereas the other two phases show a direct-bandgap
transition. For the calculated € spectra, all three phases show a similar shape composed of a weak but distinct structure at
~2.5 eV and a main broad structure spanning from 5 to 12 eV. However, the calculated electronic energy band structure
shows that the KS phase has multiple interband transitions at ~2.5 eV between the Y and P points of the Brillouin zone,
which may explain why the associated optical structure appears relatively strong in the €; spectrum for the KS phase
compared to the other phases. The calculated data were compared with the experimental € spectrum determined by
spectroscopic ellipsometry (SE). The experimental spectrum agrees well with the calculated ones but also implies the
presence of disorder or mixed phases in the polycrystalline Cu,ZnGeSe, film used in this work. By modeling the
ellipsometric data with the sum of eight Tauc-Lorentz oscillators, we obtained the bandgap (Eo) and Tauc-gap (Eo) energies
of 1.25and 1.19 eV, respectively. Complex refractive index N = n + ik, normal-incidence reflectivity R, and absorption

coefficients o were also calculated from the modeled € spectrum, which were compared with the results of CuzZnSnSes.
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The overall N, R, and ot spectra are similar between Cu,ZnGeSes and Cu,ZnSnSey, as expected; however, the optical
structures for Cu,ZnGeSe, appear to be slightly weaker and broader than those for Cu,ZnSnSey, in addition to the
difference in the Eq. The weaker and broader characteristic of optical structures may suggest that Cu,ZnGeSe, contains an
increased number of structural imperfections such as Gez,, Gezo+2Cuz, as well as Cuz,+Znc, defect complexes, which is,
in part, due to the similar atomic sizes of Cu, Zn, and Ge. The results from our comparison study of experimental data
analysis and first-principles calculations help to better understand the electronic structure of Cu,ZnGeSe, and related
physical properties. The fit-determined bandgap energy and fundamental optical function spectra reported in this work
can also be used to design Ge-alloyed Cu,ZnSnSes-based solar cells with the optimum bandgap and model their

performance.
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