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Abstract: 
 
In this study, two quaternary diamond-like semiconductors (DLSs) in the Cu-Zn-Ge-Se system, 

the known Cu2ZnGeSe4 (also referred to as CZGSe) and the new Cu4ZnGe2Se7, are compared in 

terms of their crystal structures, electronic structures and physicochemical properties. Both 

compounds were prepared by high-temperature, solid-state synthesis at 800°C. Single crystal X-

ray diffraction was used to determine the structure of Cu4ZnGe2Se7. The structures of both 

Cu2ZnGeSe4 and Cu4ZnGe2Se7 can be considered as derivatives of cubic diamond. Cu4ZnGe2Se7, 

with a reduced symmetry due to the cation ordering pattern, adopts the Cu4NiSi2S7 structure 

type, with space group C2. The corner-sharing tetrahedra in Cu4ZnGe2Se7 are slightly distorted 

because the charge for some of the S2- anions is not compensated by the first-nearest-neighbor 

cations. Rietveld refinements using synchrotron X-ray powder diffraction data were used to 

assess the phase purity of the samples and confirm the bulk structural behavior. Diffuse 

reflectance UV/Vis/NIR spectroscopy shows that Cu2ZnGeSe4 and Cu4ZnGe2Se7 have direct 

optical bandgaps of 1.38 and 0.91 eV, respectively. Electronic structure calculations 

implementing density function theory confirm the direct bandgap for Cu4ZnGe2Se7, with a 

calculated value of 0.62 eV. Both compounds are air stable, thermally stable up to relatively 

high temperatures, undergo phase transitions and have wide windows of optical clarity. The 

Kurtz-Perry powder technique was used to determine the second harmonic generation (SHG) 

responses using a commercial AgGaSe2 standard. While Cu4ZnGe2Se7 displays a weak SHG 

response, Cu2ZnGeSe4 exhibits a response that is greater than several benchmark materials, 

with a large SHG coefficient, (2), of 436 pm/V at   = 2900 nm. 

 

Keywords: inorganic materials; crystal structure; nonlinear optics; X-ray diffraction; optical 

properties  
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1. Introduction 

Nonlinear optical (NLO) materials serve many purposes, such as wavelength converters and 
optical amplifiers, in the ultraviolet (UV) to the terahertz (TZ) regimes. In particular, there is a 
great demand for infrared (IR) NLO materials, which have many important military, medical and 
environmental applications. For example, current IR counter measure systems attached to 
military aircraft employ ZnGeP2 (ZGP) optical parametric oscillators (OPOs)[1]. Trace detection 
of explosive vapors and chemical warfare agents can be carried out in the field using all solid-
state laser systems with wavelengths generated by IR NLO crystals [2]. New devices employing 
different wavelengths for high-precision laser surgery have been explored to minimize 
collateral damage to surrounding healthy tissue and to quicken patient recovery times [3]. 
Analysis of breath biomarkers using molecular spectroscopy can be exploited for noninvasive 
medical diagnostics and monitoring [4]. Additionally, trace sensing of atmospheric gas 
pollutants can also be carried out using molecular spectroscopy devices [5]. Despite all of these 
and many other uses, there is a scarcity of ideal IR NLO materials. 
 
Like many fields of materials science, nonlinear optics is an area where the model material must 
simultaneously meet a number of complex criteria, some of which are negatively correlated [6]. 
A desirable NLO material should exhibit extreme optical transparency in the region of intended 
use, adequate birefringence for phase matching (PM), a large NLO coefficient, high laser-
induced damage threshold (LIDT), high thermal conductivity, environmental stability and 
adequate mechanical properties that allow for cutting and polishing, among others. Moreover, 
researchers must be able to grow large, crack-free single crystals of the material with minimal 
absorption losses [7,8]. 
 
The current commercially available IR NLO crystals, most of which belong to the family of 
diamond-like semiconductors (DLSs), have both strengths and weaknesses. ZGP has an 

extremely high second-order NLO coefficient, (2), of 150 pm/V; however, it suffers from 

multiphoton absorption (MPA) effects around 8.5 m [9]. While AgGaSe2 (AGSe) can be used at 

longer wavelengths than ZGP, with transparency from the visible out to 19 m [10], it is 

nonphasematching (non-PM) at 1 m [8]. AgGaS2 (AGS) is transparent and PM at 1 m [8], yet 

it has a lower (2) than that of ZGP and AGSe [7]. Furthermore, the large-scale crystal growth 
for all of the commercially available IR NLO materials is nontrivial. Thus, a search for improved 
materials is warranted.  
 
While many researchers have been looking for new, next-generation IR NLO crystals among 
chalcogenides [11-24], our design strategy has been to specifically target quaternary 
chalcogenides with diamond-like structures because their compositions are predictable [25-28], 
their structures are inherently noncentrosymmetric, and they have demonstrated sizeable 
second harmonic generation (SHG) responses. Indeed, several outstanding quaternary DLSs 

with a good balance of (2) and LIDT have been recently identified by our group and others, for 

example Li2MnGeS4 [29], Li2ZnSiS4 [30], -Li2ZnGeS4 [31], -Li2ZnGeS4 [32], Li2CdSiS4 [33,34], 
Li2CdGeS4 [35], Li4CdSn2S7 [33], Li2HgSiS4 [36] and Li4HgGe2S7 [37]. 
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In spite of the recent discoveries of promising DLSs, the relationships between structure, 
composition and properties in these systems are still being developed. Additionally, researchers 
are continually striving to achieve the best balance between the characteristics of the requisite 
materials. Currently, the nonlinear optical properties of many known diamond-like 
chalcogenides have not been studied. Additionally, there are still many DLSs that have yet to be 
discovered. In this paper, we report on two such compounds. Cu2ZnGeSe4 (also referred to as 
CZGSe) is a known, I2-II-IV-VI4 DLS first reported in 1960s [38, 39] that has recently been 
evaluated for use in solar cells [40,41] and thermoelectric applications [42,43], yet its NLO 
properties have not been investigated until now. Cu4ZnGe2Se7 is a novel DLS of the I4-II-IV2-VI7 
family, for which there exist only a few members, [33,37,44-48]. Here we present the synthesis, 
crystal structure, thermal analysis, optical bandgaps, IR transparency and SHG for these two 
DLSs. Electronic structure calculations have also been carried out for Cu4ZnGe2Se7 and 
compared to those previously published for Cu2ZnGeSe4 [49-52]. 
 
2. Materials and Methods 
 
2.1 Reagents 
 
Copper powder (99.999%), germanium powder (99.999%), selenium powder (99.99%), and zinc 
powder (99.999%), all purchased from Strem (Newburyport, MA), were used without further 
purification. 
 
2.2 Synthesis 
 
Stoichiometric amounts of the elemental reagents, with the exception of selenium that was 
added in 5% excess, were weighed and combined (not ground) in an argon-filled glovebox in 
order to make ca. 2 mmol of product. The reagent mixtures were placed into small, ~5 cm long, 
9 mm o.d. fused-silica tubes, which were subsequently inserted into longer, ~18 cm long, 12 
mm o.d. fused-silica tubes. The tubes were removed from the glovebox, connected to a vacuum 
line, evacuated to a pressure of ~10-3 mbar and sealed to an approximate length of 10 cm using 
an oxy-methane torch. The reaction vessels were inserted into computer-controlled furnaces. 
For Cu2ZnGeSe4, the reaction vessel was heated to 800 °C at a rate of 65 °C h-1, held at that 
temperature for eight days, cooled to 400 °C at a rate of 7.5 °C h-1 and subsequently cooled to 
room temperature ambiently. In the case of Cu4ZnGe2Se7, the same heating profile was 
conducted with the exception that the hold time at 800 °C was only four days.  After the 
reaction, the tubes were split open and the contents were inspected under an optical 
microscope. The products were grayish-black microcrystalline powders. Needle-like and 

irregular polyhedral-shaped crystals on the order of tens to several hundred m on an edge 
were observed. Single crystals of Cu4ZnGe2Se7 were selected for single crystal X-ray diffraction 
and the rest of the samples were ground to fine powders for subsequent characterization. Both 
compounds are air and moisture stable. 
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2.3 Physical Property Measurements 
 
2.3.1 Single Crystal X-ray Diffraction 
 
A dark, needle-like single crystal, having dimensions of 0.23 x 0.03 x 0.02 mm, was selected 
under an optical microscope and mounted to a glass fiber using KrazyTM glue. Using the SMART 
software, diffraction data were collected for 40 s per frame at room temperature on a Bruker 
Smart APEX2 CCD single crystal X-ray diffractometer operating with a tube power of 50 kV and 

40 mA under Mo K radiation. Data reduction and the final unit cell refinement were carried 
out using SAINT [53]. The absorption correction was performed via SADABS and files were 
generated for SHELX using XPREP [54a]. The structure was solved by direct methods and refined 
as a racemic twin using SHELXL97 [54b]. The final Flack parameter was refined to 0.10(3), 
indicating the correct absolute structure. It should be noted that the systematic absences 
indicated three possible space groups, C2, Cm and C2/m; however, the structure could only be 
solved and refined in C2. The noncentrosymmetric space group was expected, because all DLSs 
are inherently noncentrosymmetric, and confirmed by the SHG response. Full and abbreviated 
lists of crystallographic data, data collection parameters and structure refinement details for 
Cu4ZnGe2Se7 are given in Table S1 and Table 1, respectively. Atomic coordinates, atomic 
displacement parameters, bond distances, and bond angles are given in Tables S2-S5. The CIF 
file is deposited with the Cambridge Structural Database, CSD 2098273. 
 
2.3.2 Synchrotron X-ray Powder Diffraction and Rietveld Refinement 
 
High-resolution synchrotron X-ray powder diffraction data for Cu2ZnGeS4 and Cu4ZnGe2Se7 
were collected at room temperature using an energy of 27 keV, wavelength of 0.4590 Å, at the 
high-resolution powder diffractometer, beamline 11-BM, of the Advanced Photon Source at 
Argonne National Laboratory. Details of the instrumental setup have been described elsewhere 
[55]. 
 
Rietveld refinements were performed utilizing TOPAS Academic v6 [56]. Both the stannite-type 
structure determined by Parasyuk et al. [57] and the kesterite-type structure [58] were used as 
the starting models in the case of the Cu2ZnGeSe4 sample. The kesterite-type structure with a 
moderate degree of Cu-Zn disorder was more recently established by Schorr and her team by 
applying an average neutron scattering length analysis [58]. The data collected for the 
Cu4ZnGe2Se7 sample was fit well with a two-phase model using the single crystal X-ray structure 
reported here and the structure determined by Schorr and coworkers [58] for Cu4ZnGe2Se7 
(major phase) and Cu2ZnGeSe4 (minor phase), respectively. However, due to X-ray diffraction 
techniques not being sensitive to the difference between Cu and Zn, attributable to their similar 
X-ray scattering cross-sections, we cannot rule out the structure proposed by Parasyuk [57]. 
The model used by Schorr’s group [58] was chosen due to that model being based on neutron 
diffraction, which is sensitive the differences of Cu and Zn. Lattice parameters, atomic 
coordinates and isotropic displacement parameters were refined for both sets of data and 
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phase fractions were additionally refined for the sample that was primarily Cu4ZnGe2Se7. 
Selected Rietveld refinement details for both samples are provided in Tables S6 and S7. 
 
2.3.3 Sample Morphology and Elemental Analysis 
 
2.3.3.1 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS) 
 
Samples were prepared for SEM by pressing crystals onto double-sided carbon tape that was 
attached to an aluminum specimen holder. Secondary electron images of the crystals were 
obtained using a Hitachi S-3400N scanning electron microscope operating with an accelerating 
voltage of 5 kV. The SEM was equipped with a Bruker Quantax model 400 energy dispersive 
spectrometer that uses an XFlash 5010 EDS detector. To collect semi-quantitative energy 
dispersive spectroscopy data, the accelerating voltage, data collection time and working 
distance were set to 15 kV, 5 min live time and 10 mm, respectively. Multiple measurements 
were obtained for the crystals and the results were averaged. 
 
2.3.3.2 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
 
Quantitative elemental analysis via ICP-OES was performed by RJ Lee Group Inc. in Monroeville, 
PA. For each compound, 50 mg of sample was prepped for ICP-OES using a standard 
microwave-assisted acid digestion protocol in high-pressure XP1500 vessels with a MARS Xpress 
CEM Microwave system. After digestion, the samples were evaluated for Cu, Zn, Ge and Se 
using a Varian 730ES ICP-OES. 
 
2.3.4 Differential Thermal Analysis (DTA) 
 
Roughly 20 mg of each sample was added to a carbon-coated, fused-silica ampoule and flame-
sealed at ~10-3 mbar. For each sample, another ampoule containing an alumina reference of 
comparable mass was prepared. Alumina is used as the reference material because it does not 
undergo any thermal events in the investigated temperature range. Data were collected using a 
Shimadzu DTA50 differential thermal analyzer that was calibrated using a three-point 
calibration curve. Under the flow of N2, the sample and the reference were heated from room 

temperature to 1000 C at a rate of 10 C min-1, held at 1000 C for 1 min and cooled to 100 C 
at the same rate. This heating profile was continuously carried out in duplicate in order to 
ascertain the reversibility of the thermal events. 
 
2.3.5 Diffuse Reflectance UV/Vis/NIR Spectroscopy 
 
To prepare for measurements, each of the ground samples was pressed onto a compacted 
barium sulfate standard (100% reflectance) that was preloaded into the sample cup. Diffuse 
reflectance data were collected using a Varian Cary 5000 with the Harrick praying mantis 
attachment. Data were collected from 2500 nm to 200 nm, which corresponds to 
approximately 0.5-6.2 eV, at a scan speed of 600 nm min-1.  Using the Kubelka-Munk 

transformation, KM/s = (1-R)2/(2R), the raw reflectance (R) data were converted to relative 
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absorption (KM), since the scattering coefficient, s, is unknown [59]. The Urbach energy was 
obtained using the functional form α = A•exp[(E-Eg)/Eu], where A is a constant, E is the photon 
energy in eV, Eg is the band gap energy, and Eu is the Urbach energy [60]. 
 
2.3.6 Attenuated Total Reflectance (ATR) Fourier Transform Infrared (FT-IR) Spectroscopy 
 
Data were collected with a Thermo Nicolet 380 FT-IR spectrometer outfitted with an 
attenuated total reflectance (ATR) accessory. The spectra are made up of 64 scans, from 400 
cm-1 to 4000 cm-1. This FT-IR set up utilized a diamond crystal that is in optical contact with the 

sample; therefore, the depth of penetration into the sample is approximately 2 m and near 
the lower limit of the sample particle size. This renders the effect of thickness dependence on 
the intensity of the obtained spectrum insignificant [61]. 
 
2.3.7 Second Harmonic Generation (SHG) 
 
Approximately two grams of Cu2ZnGeSe4 and Cu4ZnGe2Se7 were prepared for SHG 
measurements by sieving the microcrystalline powders into specific particle-size ranges with 

diameters (d) of < 20 m, 20-45 m, 45-63 m, 63-75 m, 75-90 m, 90-106 m, 106-125 m, 

and 125-150 m, to examine the PM behavior of the samples [62]. The powders of distinct 
particle-size ranges were closed up in fused-silica tubes to preclude exposure to air and 
moisture during experiments. Each tube was lodged into a homemade sample holder that was 
subsequently mounted on a Z-scan translation stage. The SHG efficiencies of the samples were 
directly compared with that of AGSe, a benchmark reference material that was obtained by 
grinding an optical-quality single crystal, obtained from G&H Cleveland, to a powder and 
preparing discrete particle-size ranges, as described above for the samples under investigation.  
 
Wavelength-dependent SHG responses were determined at ambient temperature conditions. 
To irradiate broadband tunable laser pulses, coherent light of 1064 nm was first produced using 
an EKSPLA PL-2250 series diode-pumping picosecond Nd:YAG laser with a pulse width of 30 ps 
and a repetition rate of 50 Hz. The Nd:YAG laser pumped an EKSPLA Harmonics Unit (HU) H400, 
where the input beam was frequency tripled by a successive cascade of NLO wave mixing. The 
1064 nm and frequency-tripled radiation (355 nm) from the HU entered an EKSPLA PG403-SH-
DFG OPO composed of four main parts: a double pass parametric generator, a single-pass 
parametric amplifier, a second harmonic generator and a difference frequency generator [63]. 
The selected output fundamental wavelengths used in the experiments ranged from 2900 nm 
to 3900 nm in 200 nm increments. SHG at lower wavelengths was not measured because of the 
narrow bandgaps of the samples and thus absorption of the beam. The measured SHG 

wavelength, half the fundamental wavelength, corresponds to SHG = 1450-1950 nm. 
 

The incident pulse energy was tuned to 10 J before being delicately focused onto the samples 
with a spot size of ~0.5 mm in diameter by a CaF2 lens (f = 75 mm) far away from the Z-scan 
focus to avoid sample damage. The SHG signal from the samples was collected using a 
reflection geometry by a fiber-optic bundle, which was coupled to a selective-grating 
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spectrometer, set to 300 grooves/mm and equipped with an InGaAs IR detector. The spectrally 
resolved SHG responses at each fundamental wavelength were accurately calibrated with the 
known and measured quantum efficiencies of the system. 
 
2.4 Electronic Structure Calculations 
 
Electronic structure calculations, including the electronic band structure, total density of states 
(DOS) and partial density of states (pDOS) for Cu4ZnGe2Se7 were performed with the CASTEP 
program [64]. CASTEP implements the plane-wave pseudopotential method within density 
function theory to calculate the total energy using the Kohn-Sham equations [65]. The Perdew-
Burke-Ernzerhof generalized gradient approximation (PBE-GGA) was used to treat the exchange 
and correlation effects [66]. In this method, the interactions between the ionic cores and the 
electrons are described by norm-conserving pseudopotentials to allow for proper numerical 
convergence [67]. The following configurations, 3p63d104s1, 3p63d104s2, 4s24p2 and 4s24p4, were 
considered as the valence electrons for copper, zinc, germanium and selenium, respectively. An 
energy cutoff of 800 eV was used to establish the number of plane-waves comprising the basis 
set. The numerical integration of the Brillouin zone was performed using a 3x3x3 Monkhorst-
Pack k-point sampling in reciprocal space. Convergence for the total energy was attained when 
the difference between iterations was 1x10-6 eV atom-1 in the self-consistent field (SCF). For the 
other parameters, the suggested values given in the CASTEP program were utilized. The single 
crystal X-ray structure for Cu4ZnGe2Se7 obtained in this study was used as input.  
 
3. Results and Discussion 
 
Table 1. Select crystallographic data and structure refinement details for Cu4ZnGe2Se7. 

Formula weight 1017.43 

Temperature (K) 296(2) 

 (Å) 0.71073 

Space group C2 (No. 5) 

a (Å) 12.3443(4) 

b (Å) 5.6195(2) 

c (Å) 8.7904(3) 

 (°) 98.693(2) 

V (Å3) 602.77(4) 

Z 2 

Density (g cm-3) 5.606 

 (mm-1) 34.875 

Reflections collected/unique 4254/1344 

GOF on F2 1.079 

Absolute structure parameter 0.10(4) 

R1, wR2 [I > 2(I)] 0.0301, 0.0778 

R1, wR2 (all data) 0.0337, 0.0808 

Peak and hole (e Å-3) 0.834, -1.333 
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3.1 Crystal Structure 
 
While earlier reports of Cu2ZnGeSe4 reported it to crystallize in the stannite structure type with 
space group I-42m (No. 121) [38,39,57,68-71], more recent Raman [72] and neutron diffraction 
[58] studies indicate that Cu2ZnGeSe4 crystallizes with the kesterite-structure type in the 
tetragonal space group I-4 (No. 82). Cu4ZnGe2Se7 is a new compound with the more complex 
Cu4NiSi2S7 structure type [44] crystallizing in the monoclinic space group C2. Below the 
structure of Cu4ZnGe2Se7 will be described in detail and compared to both the stannite and 
kesterite structures reported for Cu2ZnGeSe4. 

 
Figure 1. The crystal structures of sphalerite-type ZnSe, stannite-type Cu2ZnGeSe4, kesterite-type Cu2ZnGeSe4 and 
Cu4ZnGe2Se7 displayed from left to right (from higher symmetry to lower symmetry) and viewed along the 
crystallographic b axes. All four structures can be considered derivatives of cubic diamond, space group Fd-3m (No. 
227). As more cations are incorporated and the cation ordering pattern becomes more complex, the unit cells 
grow larger and the symmetry drops from cubic to tetragonal to monoclinic, from left to right. It should be noted 
that the C2 space group is a subgroup of I-4, which is a subgroup of I-42m. 

 
The structure of Cu4ZnGe2Se7 contains eight crystallographically unique atoms, two copper, one 
zinc, one germanium and four selenium. All atoms are located on general positions with the 
exception of the Zn and Se1 atoms that lie on two-fold axes, sites 2a and 2b, respectively. 
Figure 1 shows the structure of Cu4ZnGe2Se7 in comparison to sphalerite-type ZnSe [73] and 
both structure types reported for Cu2ZnGeSe4, viewed along the b axis. Sphalerite-type ZnSe 
can be considered as a derivative of the cubic diamond structure where the carbon atoms have 
been replaced with Zn2+ cations and Se2- anions in an organized fashion, such that every cation 
is surrounded by four anions and vice versa. Upon going from cubic ZnSe to Cu2ZnGeSe4, three 
cations are distributed over the Zn site of sphalerite, the unit cell doubles in the c-direction and 
the symmetry drops from cubic to tetragonal, due to the different metal-Se bond distances. A 
relatively simple cation ordering pattern exists in Cu2ZnGeSe4. For the stannite type there are 
rows of Cu1+ cations separated by rows of alternating Zn2+ and Ge4+ along the a-axis. For the 
kesterite type there are rows of alternating Ge4+ and Cu11+ separated by rows of alternating 
Zn2+ and Cu21+ along the a-axis. It should be noted that in the kesterite structure model a 
moderate degree of Cu-Zn disorder was noted by Schorr and her team [58]; <15% Zn resides on 
the mainly copper, 2c, site and <15% Cu sits on the predominantly Zn, 2d, site. The cation 
ordering pattern in Cu4ZnGe2Se7 is more complicated, Figure 1. Due to the different 
stoichiometry and, therefore, more intricate cation-ordering pattern, the unit cell volume of 
Cu4ZnGe2Se7 is ~1.7x that of Cu2ZnGeSe4. 
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Figure 2. The Cu-Se frameworks in stannite-type Cu2ZnGeSe4, kesterite-type Cu2ZnGeSe4 and Cu4ZnGe2Se7 
displayed from left to right and viewed along the crystallographic b axes. The zinc and germanium atoms have 
been omitted for clarity. The CuS4 tetrahedra share corners to form layers in the ab plane for stannite-type 
Cu2ZnGeS4 and a three-dimension framework in the cases of kesterite-type Cu2ZnGeSe4 and Cu4ZnGe2Se7. 

 
The structures of Cu2ZnGeSe4 (either stannite or kesterite type) and Cu4ZnGe2Se7 can be 
thought of as distorted “cubic closest-packed” arrays of Se2- anions in which the cations, Cu+, 
Zn2+ and Ge4+ occupy ½ of the tetrahedral holes. In these structures the ZnSe4 tetrahedra are 
isolated from one another. The GeSe4 tetrahedra are also isolated from one another in both the 
stannite- and kesterite-type Cu2ZnGeSe4; however, in the case of Cu4ZnGe2Se7, two GeSe4 units 
share a corner to create (Ge2Se7)6- dimers. The CuS4 tetrahedra alone create a three-
dimensional network in both kesterite-type Cu2ZnGeSe4 and Cu4ZnGe2Se7, Figure 2. This in 
contrast to the stannite structure, where the CuSe4 tetrahedra form layers in the ab plane. The 
corner-sharing network of tetrahedra in both Cu2ZnGeSe4 and Cu4ZnGe2Se7 gives rise to 
noncentrosymmetric structures, because all of the tetrahedra are aligned along one 
crystallographic direction, Figure 3. 
 
Pauling’s second rule [74] states that the charge of each anion in the structure should be 
compensated by the valence bonds of the nearest neighbor cations in order for regular 
coordination polyhedra to exist. This is the case in both the kesterite- and stannite-type 
structures of Cu2ZnGeSe4, while some of the selenide ions in Cu4ZnGe2Se7 do not have their 
charge compensated within the first coordination sphere. Pauling’s second rule goes on to 
predict that in this situation, the structures will undergo some distortions; metal-anion bonds 
will lengthen in the case of anions that are overcompensated in terms of charge and shortened 
for those that are undercompensated. Of the four crystallographically unique selenium atoms 
in Cu4ZnGe2Se7, only Se2 and Se4 have their charge compensated by first-nearest neighbors, 
Figure 4. Both Se2 and Se4 are bound to two Cu+, one Zn2+ and one Ge4+. Because each of these 
cations is also connected to three other selenium atoms, the charge of the first nearest 
neighbors surrounding Se2 and Se4 sums up to 2 (1/4 +1/4 +2/4 + 4/4 =2). Therefore, the net 
charge on Se2 and Se4 is zero. This local charge neutrality suggests that metal-Se2 and metal-
Se4 bond distances will be more-or-less regular. In contrast, the Se1 atom is connected to two 
Cu1 atoms and two Ge atoms and its charge is overcompensated by +0.5. On the other hand, 
the Se3 atom has, two Cu1, one Cu2 and one Ge atom in its first coordination sphere, resulting 
in an undercompensation of charge by -0.25. For Se1 and Se3, Pauling’s second rule predicts a 
lengthening and shortening of the bonds, respectively. 
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Figure 3. Polyhedral representation of stannite-type Cu2ZnGeSe4, kesterite-type Cu2ZnGeSe4and Cu4ZnGe2Se7, 
displayed from left to right, demonstrating the lack of an inversion center in these structures, as all tetrahedra are 
aligned along the same crystallographic direction. 

 

Figure 4. Each of the four crystallographically unique selenium atoms in the structure of Cu4ZnGe2Se7 with the 
average metal(M)-Se bond length provided. Se1 lies on a two-fold axis, while Se2, Se3 and Se4 reside on general 
positions. The individual electrostatic bond strengths are given next to each cation. The difference between the 
charge of selenium (-2) and the sum of the electrostatic bond strengths is equal to zero for the Se2 and Se4 atoms 
(i.e. local charge compensated). 

 
Indeed, some subtle differences are noted in the metal-Se bonds in the Cu4ZnGe2Se7 structure. 
Se1 responds to its overcompensated-charge environment by lengthening the bonds with its 
cation neighbors. Se(1) has the longest average metal-Se distance in the structure. The Se1-Cu1 
distances are the longest Cu-Se distances in the structure. Likewise, the Se1-Ge1 distances are 
~0.08 Å longer than the next shortest Ge-Se bond distance. Because only a minor degree of 
charge undercompensation exists for the Se3 atom, a shortening of metal-Se3 bond distances is 
not observed. The average metal-Se3 bond distance is, within estimated standard deviations, 
identical to that of metal-Se2. 
 
It should be noted that Cu+, Zn2+ and Ge4+ are isoelectronic and, consequently, nearly 
indistinguishable by X-ray diffraction due to their highly similar X-ray scattering cross sections. 
With this in mind, some other options were considered in the structure refinement. Switching 
Ge with either Cu1, Cu2 or Zn resulted in higher refinement statistics with R1/wR2 values of 
0.0536/0.1863, 0.0489/0.1639 and 0.0369/0.1216, respectively. Therefore, we are relatively 
confident in the position of the Ge atom. In fact, close examination of this site shows that it is 
rather unique, see Figure 5. While the average Ge-Se bond distance is similar to the Cu-Se and 
Zn-Se average, the Ge site clearly has the three shortest metal-Se bond distances. The one 
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longer Ge-Se bond is associated with the Se1 that serves as the bridge between germanium 
atoms in the [Ge2S7]6- unit. 
 
Cu/Zn disorder is common among related diamond-like materials, such as Cu2ZnSnS4 (CZTS), 
and Cu2ZnSnSe4 (CZTSe) [58,75-78]. However, the introduction of Cu/Zn disorder to the Cu1 site 
in Cu4ZnGe2Se7 resulted in an unstable refinement. On the other hand, the allowance Cu/Zn 
disorder on the Cu2 site resulted in similar R values to the current structural model reported 
here. Simultaneously permitting Cu/Zn disorder on both the Cu2 and Zn1 sites also resulted in 
similar refinement statistics. However, the chemical formula that resulted after the refinement 
of disorder on these two sites was unreasonable, Cu3.1Zn1.9Ge2Se7, as there is +14.9 charge from 
the cations and -14 charge from the anions. Therefore, considering the above refinement 
attempts, the EDS data and the ICP-OES results, we conclude that the current formula and 
structural model is the best one. Yet Cu/Zn disorder cannot be ruled out for the Cu2 and Zn1 
sites. This is the limit of X-ray diffraction data; neutron diffraction would be more telling and is 
planned for the future because this requires a significantly large single crystal or relatively-large 
quantities of high-quality, microcrystalline powder on the order of several grams. 
 

 
Figure 5. Each of the four crystallographic unique cations in the structure of Cu4ZnGe2Se7. Zn lies on a two-fold axis, 
while Cu1, Cu2 and Ge are situated on general positions. The metal-selenium bond distances are provided for each 
tetrahedron. The Se3 atoms, shown in red, are undercompensated in terms of charge and are predicted by 
Pauling’s second rule to participate in shorter bond distances. The charge of the Se1 atoms, displayed in blue, is 
overcompensated. Pauling’s second rule predicts metal-Se1 bonds should be relatively long. 

 
To further evaluate the structures, the bond valence sums (BVSs) and global instability index (G) 
were determined for Cu4ZnGe2Se7, as well as Cu2ZnGeSe4 in both reported structure types, 
Table 2. The BVS is the sum of the bond valences (sij) around each ion in a compound, and is 
approximately equal to expected oxidation state of that ion. Each sij is calculated by using the 
experimentally determined bond distance, Rij, and two constants, R0 and B, for a particular 
cation-anion pair, according to Equation 1 [79-83]. The BVS values were found to be similar and 
in reasonable agreement with the expected valencies of each ion in all cases, see Table 2. The G 
value for a compound, determined using Equation 2, represents the “plausibility” of a crystal 
structure and it gives a measure of how different the calculated BVS values are from the 
expected valencies (Vi). A G value in the range of 0-0.05 reflects the expected experimental 
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uncertainties in the BVS values. Reasonable steric strain is indicated by a G value between 0.05 
and 0.2. It is commonly accepted that, a G value greater than 0.2 indicates an unstable or 
possibly incorrect structure determination [80,84]. The G value for Cu4ZnGe2Se7, as well as 
those calculated for stannite-type Cu2ZnGeSe4 and kesterite type Cu2ZnGeSe4, were in the 
range that indicates stable structures with moderate levels of structural strain, Table 2.  

 

BVS = ∑ 𝑠𝑖𝑗𝑗  ; sij = exp[(R0-Rij)/b]  (1) 

 

G = √
∑ (BVS -Vi)

2N
i=1

N
   (2) 

 
Table 2. Bond valence sums, provided for each crystallographically unique ion, and global 
instability index (G) values for Cu2ZnGeSe4 and Cu4ZnGe2Se7. 
 

Compound Space 
Group 

Bond Valence Sums* G 
values 

Structure 
Reference Cu+ Zn2+ Ge4+ Se2- 

Cu2ZnGeSe4 I-42m Cu (4e)  0.97 Zn (2d)  2.17 Ge(2b)  3.77 Se(8i)    1.97 0.10 [57] 

Cu2ZnGeSe4 I-4 Cu1(2a) 0.91 
Cu2(2c) 1.00 

Zn(2d)   2.17 Ge(2b)  3.87 Se(8g)   1.99 0.08 [58] 

Cu4ZnGe2Se7 C2 Cu1(4c) 1.00 
Cu2(4c) 0.97 

Zn(2a)   2.27 Ge(4c)   3.66 Se1(2b) 1.96 
Se2(4c) 2.07 
Se3(4c) 1.76 
Se4(4c) 1.96 

0.18 this work 

*R0 values for the specified oxidation states were used in all cases. Note that the R0 value for Ge4+-Se2- bond is 
listed as “unchecked”[83].   

 
3.2 Synchrotron X-ray powder diffraction and Rietveld refinements 
 
Analysis of laboratory X-ray powder diffraction data obtained for Cu2ZnGeSe4 and Cu4ZnGe2Se7 
samples was hindered by the fact that the X-ray powder diffraction patterns have many similar 
overlapping, or near overlapping, peaks as both compounds are DLSs with structures derived 
from cubic diamond. To further complicate matters, the two compounds contain isoelectronic 
ions, Cu+, Zn2+ and Ge4+, that are nearly indistinguishable by X-ray diffraction. Therefore, high-
resolution, synchrotron X-ray powder diffraction data were collected for both samples at 
beamline 11-BM at the Advanced Photon Source of Argonne National Laboratory.  
 
For the Cu2ZnGeSe4 sample, all of the reflections in the powder diffraction pattern could be 
indexed to either the stannite-type or kesterite-type structure; no other reflections were 
present, indicating that Cu2ZnGeSe4 was prepared in phase-pure form. Reflections belonging to 
Cu4ZnGe2Se7 were specifically looked for and no evidence was observed for any Cu4ZnGe2Se7 in 
the Cu2ZnGeSe4 sample. Unfortunately, we could not distinguish between the stannite and 
kesterite structure types for Cu2ZnGeSe4; adequate and similar refinement statistics were 
obtained in either case. Based on the fact that the neutron scattering cross sections of the 
cations in question are sufficiently different, we have a higher level of confidence in the 
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kesterite-type structure put forward by Schorr and team [58]; therefore, the refinement of 
Cu2ZnGeSe4 with the kesterite structure using our data, is presented in Figure 6 left. It should 
be noted that one cannot rule out the existence of polymorphs for Cu2ZnGeSe4 and we are not 
implying that the stannite structure is incorrect, as diamond-like materials are notorious for 
crystallizing in different structures, e.g. there are ~200 polymorphs of ZnS [85,86]. Furthermore, 
even slightly different preparation conditions may account for the presence of polymorphs. 
 
In the case of the Cu4ZnGe2Se7 sample, the majority of the reflections in the powder diffraction 
pattern could be indexed to the intended phase; however, the high-resolution, synchrotron 
data clearly showed additional small peaks that were not distinguishable in the laboratory X-ray 
powder diffraction of the same sample, due to the overlap of peaks inherent in the laboratory 
X-ray powder diffraction measurement. These extra peaks could be indexed to Cu2ZnGeSe4 
(stannite or kesterite type) and, therefore, the refinement for the Cu4ZnGe2Se7 sample was 
carried out using a two-phase model of Cu4ZnGe2Se7 and the kesterite-type Cu2ZnGeSe4, Figure 
6 right. The final Rietveld refinement resulted in ~70.6 and ~29.4 wt% for Cu4ZnGe2Se7 and 
Cu2ZnGeSe4, respectively.  
 
 
 

 
Figure 6. The results of Rietveld refinements for Cu2ZnGeSe4 (left) and Cu4ZnGe2Se7 (right) samples using high-

resolution synchrotron X-ray powder diffraction patterns collected with 27 keV X-rays,   = 0.4590 Å. The collected 
data are drawn using a black dotted line, the pattern calculated from the model is traced in red, and the difference 
between these two is given in black below on the same scale. Expected Bragg reflections for the primary phase are 
indicated with tic marks (|). 
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3.3 Synthesis, Morphology and Composition 
 
Cu2ZnGeSe4 could be prepared as a single phase but this result took many trials. Reactions were 
carried out with the highest temperature ranging from 700 to 850 °C and hold-times spanning 
two days to two weeks. Both Cu2GeSe3 [87] and ZnSe were frequently encountered as 
secondary phases, in addition to Cu2ZnGeSe4. It should be noted that the success of the 
reaction was also sensitive to other conditions besides temperature and time. Using the 
conditions given in the experimental section and additionally grinding the reactants before 
placing them into the fused-silica tube clearly resulted in noticeable secondary phases. 
Additionally, halving the reaction also resulted in secondary phases. This leads one to believe 
that proper stoichiometry is important to achieving a pure sample, as halving a reaction 
magnifies weighing errors and the grinding of reactants may preferentially leave some 
reactants stuck to the mortar and pestle. As selenium is the most volatile of the elemental 
reactants, it seems logical that a 5% excess of selenium was needed to achieve the best results 
presented in Figure 6 left. Additionally, an excess of selenium has also been used by other 
researchers to achieve phase-pure Cu2ZnGeSe4 [69,71]. 
 
Unfortunately, a phase-pure sample of Cu4ZnGe2Se7 could not be achieved, despite many trials. 
Using only stoichiometric amounts of selenium in attempt to prepare Cu4ZnGe2Se7 resulted in 
increased secondary phase formation. Because the sample of Cu4ZnGe2Se7 appeared phase 
pure using laboratory-grade XRPD and the minor amount of the Cu2ZnGeSe4 secondary phase 
could only be detected using synchrotron data, it was determined that the sample would be 
acceptable for further characterization. 
 
Interestingly, the Cu4ZnGe2Se7 phase was not observed during the Cu2GeSe3-ZnSe phase 
diagram study conducted by Parasyuk et al. [57], although the Cu4ZnGe2Se7 phase corresponds 
to 33.33 mole % ZnSe. A 70/30 mole% Cu2GeSe3-ZnSe sample was investigated in Parasyuk’s 

study; however, the elemental reagents were heated to 1270 K (~1000 C), which is 

considerably higher than our synthesis temperature of 800 C. Additionally, Parasyuk and 
coworkers annealed the samples for nearly 21 days. As both increased temperature and time 
resulted in less of the Cu4ZnGe2Se7 phase and more of the Cu2ZnGeSe4 in our reactions, it is, 
perhaps, not surprising that the Cu4ZnGe2Se7 phase was not discovered in Parasyuk’s 
investigation. Additionally, a small amount of Cu4ZnGe2Se7 could be difficult to detect in the 
samples due to the striking similarity between the Cu4ZnGe2Se7 X-ray powder diffraction 
pattern and that of Cu2ZnGeSe4 (either the kesterite and stannite type). 

 
The visually similar samples of Cu2ZnGeSe4 and Cu4ZnGe2Se7 contained dark, grayish-black 
polyhedral crystals of various shapes, including rods, Figure 7. The crystals varied in size 

between 10 m to 200  m on an edge. Semi-quantitative elemental analysis using EDS gave an 
average formulae of Cu2.1(1)Zn1.0(1)Ge1.1(1)Se4.2(3) and Cu4.1(2)Zn1.0(1)Ge2.1(1)Se7.1(3) for Cu2ZnGeSe4 
and Cu4ZnGe2Se7, respectively, in relatively close agreement with the expected results. To 
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further corroborate the compositional results, quantitative ICP-OES was also performed, giving 
the formulae of Cu2.0(2)Zn1.0(1)Ge1.1(1)Se3.9(4) and Cu3.9(4)Zn1.0(1)Ge2.2(2)Se6.8(7). 
 

 
Figure 7. Representative secondary electron images of Cu4ZnGe2Se7 crystals. The white scale bar drawn in the 

bottom right corner of each micrograph corresponds to 100 m (left) and 50 m (right). 

 
3.4 Thermal analysis. 
 

In 2000, Matsushita et al. reported that Cu2ZnGeSe4 melts congruently at 1163 K (~890 C); 
however, the DTA diagram was not provided in that publication and the authors did not explain 
how the congruency of melting was determined [70]. Parasyuk et al. [57] observed a more 
complex thermogram indicative of incongruent melting. They reported that Cu2ZnGeSe4 

undergoes a polymorphous transformation at 1071 K (~798 C) and a peritectic decomposition 

at 1168 K (~895 C). They also noted an additional exothermic event at higher temperature in 
the cooling curves that was assigned to the crystallization of ZnSe (liquidus). Unfortunately, the 
temperature for this event was not provided and the thermograms in the manuscript did not 
display a temperature axis. 
 
The complete DTA diagram for Cu2ZnGeSe4 is displayed in Figure 8. In the first cycle, one 

endothermic event is clearly visible at 868 C upon heating and one obvious exothermic event 

is apparent at 885 C upon cooling. A second event in the cooling curve at ~788 C is barely 

visible. In the second cycle, one obvious endothermic event is evident at 881 C and an 

additional, barely visible event seems to appear at 788 C. Upon cooling, two exotherms are 

apparent at 885 C and 796 C. These results are similar to those that were observed by 

Parasyuk and coworkers [57]. We did not, however, observe any events higher than 885 C. 
Because the two cycles of DTA are nearly identical this suggests that the events are reversible. 
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Figure 8. Differential thermal analysis diagrams for Cu2ZnGeSe4. The two plots above represent the heating (red) 
and cooling (blue) curves for cycle 1 (top) and cycle 2 (bottom) of the same experiment. 

 
The DTA diagram obtained for a Cu4ZnGe2Se7 sample is plotted in Figure 9. Upon heating in the 
first cycle of the experiment, three endothermic events are observed: one barely noticeable 

event at 753 C and a two closely spaced events at 876 C and 882 C. Upon cooling, two 

exothermic events are observed, two obvious peaks at 879 and 781 C. In the second cycle, two 

endothermic events are noted at 762 and 877 C and two exothermic events are recorded at 

878 and 781 C. It is interesting to note that just as in the case of Cu2ZnGeSe4, we did not 

observe any transitions higher than 885 C for Cu4ZnGe2Se7. 
 
It should be noted that the DTA diagrams for Cu2ZnGeSe4 and Cu4ZnGe2Se7 are very similar with 
the events for Cu4ZnGe2Se7 occurring at slightly lower temperatures. In the study by Matsushita 
et al., it was found that the melting point temperature of quaternary diamond-like materials 
decreased linearly with increasing mean atomic weight. By digitizing the data in the Matsushita 

paper, the slope could be calculated as ~9 C g-1 mol-1. For Cu2ZnGeSe4 and the Cu4ZnGe2Se7 
only a small difference in the temperatures of the thermal events is expected because the title 
compounds mean atomic weights vary only slightly, 72.62 and 72.69 g/mol, respectively.  
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Figure 9. Differential thermal analysis diagrams for Cu4ZnGeSe7. The two plots above represent the heating (red) 
and cooling (blue) curves for cycle 1 (top) and cycle 2 (bottom) of the same experiment.  

 
It seems reasonable to propose an incongruent melting behavior for Cu4ZnGe2Se7, similar to 
that which was proposed by Parasyuk et al. [57] for Cu2ZnGeSe4, see Table S8. Upon heating, 
Cu4ZnGe2Se7 undergoes a solid-solid phase transition, next the high-temperature phase 
undergoes a peritectic decomposition to Cu2GeSe3 liquid and ZnSe solid. Although we do not 
observe a peak in the thermogram for ZnSe melting into the Cu2GeSe3 liquid, this event cannot 
be ruled out, as the occurrence of melting may not be a rapid event, but rather a prolonged 
process occurring over a relatively broad temperature range. It should be noted that solid-solid 
phase transitions are common among diamond-like materials. Upon cooling, the crystallization 
of ZnSe (liquidus) may occur followed by the peritectic formation of the high-temperature form 
of Cu4ZnGe2Se7 and finally Cu4ZnGe2Se7 transforms to the C2 structure. In light of the novel 
Cu4ZnGe2Se7 compound reported here, the DTA data and the data available from the literature, 
we propose a new (Cu2GeSe3)1-x(ZnSe)x phase diagram, see Figure 10. While this diagram is an 
improvement from that previously presented [57], we speculate that the temperature-x phase 
diagram for the (Cu2GeSe3)1-x(ZnSe)x system may be even more complicated than that 
presented here. There are several hypothetical compounds that, if stable, should possess 
structures derived from diamond. These materials are predicted using two valence electron 
rules: 1) the average number of valence electrons must equal four, and 2) the number of 
valence electrons per anion must equal eight. As a consequence, the number of cations must 
equal the number of anions in the formula. Further work in this system to target these possible 
compositions, such as Cu6ZnGe3Se10 (where x=1/4) or Cu2Zn2GeSe5 (where x=2/3) may provide 
additional information. 
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Figure 10. A new, proposed phase diagram for (Cu2GeSe3)1-x(ZnSe)x based on the data presented here as well as 
that reported by Parasyuk et al. [57], Stok et al.[88], and Kulakov et al. [89]. The rhombohedral (R) and tetragonal 
(T) phases of Cu2GeSe3 crystallize in space groups Imm2 (No. 44) and I-42d (No. 122) respectively [90,91]. The 
vertical dashed line, from the blue circle to the vertical dashed line at x=1/3 is only speculative.  

 
3.5 Optical Bandgaps 
 
Optical diffuse reflectance spectra converted to absorption for powdered samples of 
Cu2ZnGeSe4 and Cu4ZnGe2Se7 are displayed in Figure 11. Before estimating the optical bandgaps 
of semiconductors, the Urbach tail regions should be identified because it permits the 
homogeneity of the sample to be gauged and gives the lower limit for the bandgap energy [92]. 
The Urbach tail near the optical absorption edge generally arises from defects and disorder in 
semiconductors that manifests itself in a “smearing” of the density of states near the valence 
band maximum and conduction band minimum [93,94]. In order to pinpoint the Urbach tail 
region of each spectrum, the logarithm (log) of the absorption versus photon energy was 

plotted and the linear region of the curve was fit using the equation   = A · exp[(E-Eg)/Eu], 
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where A is a constant, E is the photon energy, Eg is the bandgap energy and Eu is the Urbach 
energy. Once the Urbach tail regions were recognized, they were excluded from the bandgap 
determinations. 
 
Sharp optical absorption edges are observed for direct bandgap semiconductors, whereas 
indirect bandgap semiconductors generally display a more gradual onset of absorption [93]. 
Data at energies higher than the Urbach tail region were fit to the functions for a direct and an 
indirect bandgap semiconductor. For both compounds a wider linear region was distinguishable 

when the data were plotted as (E)2 versus E, as opposed to (E)1/2 vs. E, indicating that the 
bandgaps are direct in nature. Extrapolation of this linear region of the absorption edge to the 
x-axis gave bandgap values of 1.38 and 0.91 eV for Cu2ZnGeSe4 and Cu4ZnGe2Se7, corresponding 
to ~ 900 and 1364 nm, respectively.  
 
The bandgap of Cu2ZnGeSe4 has been measured by several research groups in the past. Our 
bandgap value agrees relatively well with that obtained by Schleich and Wold, 1.29 eV, for 
crystals prepared by iodine vapor transport [68]. The value obtained by Lee and Kim for crystals 
grown by I2-transport is somewhat larger at 1.518 eV (direct) and they propose that the 
discrepancy between the bandgap that they obtained and that obtained by Schleich and Wold 
is likely due to crystal quality, more specifically we believe that they are referring to 
stoichiometry [69]. Matsushita et al. reported a value of 1.63 eV obtained for crystals grown by 
the horizontal gradient freeze method [70]. Furthermore, values of 1.49 and 1.63 eV (direct) 
have been reported for Cu2ZnGeSe4 thin films [71,95]. 
 

 
Figure 11. Optical diffuse reflectance data converted to absorption using the Kubelka-Munk function is plotted 
against the left-hand y-axes for Cu2ZnGeSe4 (left) and Cu4ZnGe2Se7 (right). The log of the absorption data is 
displayed on the right-hand y-axes. The discontinuity around 1.55 eV is due to a detector change. 

 
3.6 Electronic Structure 
 
In order to investigate the origin of the bandgap, electronic structure calculations were carried 
out using density functional theory (DFT) within the CASTEP code. Figure 11 displays the 
electronic band structure, total DOS and pDOS for Cu4ZnGe2Se7. Since Cu2ZnGeSe4 is a 
promising solar cell absorber material, electronic structure calculations have previously been 
reported by several research groups [49-52]. The electronic structure of Cu4ZnGe2Se7, which is 
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presented here for the first time, will be described in detail and compared to that of 
Cu2ZnGeSe4. 
 

In the electronic band structure of Cu4ZnGe2Se7 a direct bandgap occurs at the  point with a 
value of 0.62 eV, see Figure 12. This value is underestimated due to the limitations of DFT 
methods. Likewise, previous electronic structure calculations for kesterite-type Cu2ZnGeSe4 
have also resulted in underestimated bandgaps [49-52]. The states at the valence band 
maximum, VBMax, for Cu4ZnGe2Se7 possess mainly copper d and selenium p character, which is a 
common feature of ternary and quaternary copper-containing diamond-like chalcogenides. 
These states have been attributed to an antibonding interaction between copper and the 
chalcogen. There is very little involvement from the germanium p orbitals to the states at the 
VBMax. The atomic orbitals of zinc chiefly donate to the states in the valence band below -5 eV. 
The conduction band minimum, CBMin, is majorly influenced by the [Ge2Se7]6- units, with the Ge 
s, Se s and Se p orbitals providing the greatest contributions to those states. The germanium p 
orbitals play a significant role in the conduction band between 2 and 5 eV. Higher in the 
conduction band, the copper s and p orbitals notably impact the states above 5 eV. 
 
Chen and Ravindra calculated the electronic structure of Cu2ZnGeSe4 in both the stannite and 
kesterite structures [50]. They noted a great likeness between the results and plotted only the 
data for the kesterite structure, as it was determined to be the lower energy phase. The general 
shape of the DOS calculated by Chen and Ravindra for Cu2ZnGeSe4 is strikingly similar to that 
shown in Figure 11 for Cu4ZnGe2Se7, see supporting information Figure S1. 

 
Figure 12. Electronic band structure, total density of states (DOS) and partial DOS displayed from left to right for 
and Cu4ZnGe2Se7. 

 
3.7 Transparency 
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Both title compounds were analyzed using attenuated total reflectance (ATR) FT-IR 
spectroscopy. The ATR data were transformed to percent transmittance and stitched together 
with the diffuse reflectance UV/Vis/NIR data that was also converted to percent transmittance, 
Figure 13. Cu2ZnGeSe4 demonstrates a potentially wide window of optical clarity; beyond its 

bandgap, 0.9  m (1.38 eV), Cu2ZnGeSe4 is >70% transparent. Cu4ZnGe2Se7 shows some 

absorption even past the band edge ~1.4 m (0.91 eV), but still displays high transparency, 

>80%, from 3-25  m. Although the limit of our instrumentation is 25  m, the transparency of 
the title compounds likely extends well into the far-IR. While oxide materials tend to absorb in 
the infrared and are, therefore, better suited for visible and UV NLO applications, these 
selenides are prime candidates for IR NLO devices due to their wide transparency range in the 
infrared, including the two major atmospheric transparency windows. 
 

 
Figure 13. Transmittance (%) for Cu2ZnGeSe4 (top) and Cu4ZnGe2Se7 (bottom). These plots were created by 

stitching together the diffuse reflectance UV/Vis/NIR spectra (0.2-2.5 m) and the attenuated total reflectance FT-

IR spectra (2.5-25 m), both converted to transmittance. 
 

3.8 Second Harmonic Generation 
 

Second-order nonlinear optical susceptibility,  (2), is the lowest-order optical nonlinearity of a 
noncentrosymmetric material. Generally, rotational and/or the Maker fringes method [96,97] 

are employed to determine the (2) of a material; however, these techniques are only viable for 
thin film and single crystal samples. Here we present SHG responses from powdered samples by 

employing the Kurtz-Perry powder technique [62] when   is tuned over a broad range.  
 
Firstly, the SHG response was measured for an optical-quality reference material, AGSe. Figure 

14a displays the broadband SHG response from AGSe for d in the range of 20-45 m, when the 

incident  was tuned from 2900 to 3900 nm. Within our excitation intensity, multiphoton 
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absorption (MPA) was negligible in this region. The -dependent SHG response indicates a 
constant stagnant regime [98]. Figure 14b provides the particle size dependence of the SHG at 

=2900 nm. The experimental PM trend is rather unclear; however, AGSe at this wavelength is 

not PM with a long coherence length of ~120 m. Such a long coherence length indeed 
indicates a boundary between PM and non-PM, where the PM onset of AGSe is 3100 nm [99]. 

We determined the NLO coefficient of Cu2ZnGeSe4 at =2900 nm, where both the sample and 
the reference are non-PM with limited MPA influence. The absolute value of the second order 

NLO coefficient of the sample, 𝜒𝑆
(2)

, is determined based on exact comparison with the 

reference value of AGSe, 𝜒𝑅
(2)

= 66 pm/V for non-PM case [98];  

𝜒𝑆
(2)

= 𝜒𝑅
(2)

|
𝐼𝑆(2𝜔)

𝐼𝑅(2𝜔)
|
1/2 𝑙𝑅

𝑙𝑠
,         (3) 

where 𝐼𝑆(2𝜔) and 𝐼𝑅(2𝜔) correspond to SHG counts from the sample and the reference, 
respectively, and 𝑙𝑠 and  𝑙𝑅 are the corresponding SHG coherence lengths of the sample and the 

reference, respectively. Here 𝑙𝑠= 32 m was experimental determined by the average particle 
size corresponding to the maximum SHG response in Figure 15a, whereas 𝑙𝑅 was computed 

from  𝑙𝑅 =
𝜆

4[𝑛2𝜔−𝑛𝜔]
~120 m, where 𝑛2𝜔 = √3.3132 +

3.3616𝜆2

𝜆2−(0.38201)2 +
1.7677𝜆2

𝜆2−1600
~2.631 at  = 

1.45 m and 𝑛𝜔 = √3.9362 +
2.9113𝜆2

𝜆2−(0.38821)2 +
1.7954𝜆2

𝜆2−1600
~2.625 at  = 2.9 m are refractive 

indices at SHG and fundamental wavelengths, respectively [99]. Here 𝑛2𝜔  and 𝑛𝜔 correspond 

to extraordinary and ordinary refractive indices since AGSe is a negative uniaxial crystal and  is 
given in microns [99].

 
Figure 14. (a) Broadband SHG response of the AGSe reference, plotted in terms of SHG wavelength (incident  = 

2900 – 3900 nm). (b) Particle size dependence of SHG for AGSe at  = 2900 nm, which is near the boundary 
between PM and non-PM for the reference. 

 

In Figure 15a, the SHG counts as a function of particle size for Cu2ZnGeSe4 are shown for  = 
2900 nm. The decrease in SHG counts with an increase in particle size demonstrates that the 
material is non-PM at this wavelength. In fact, Cu2ZnGeSe4 was not phase matchable within our 
observation range, Figure S2. The blue dots in Figure 15b correspond to the wavelength-

dependent SHG counts for Cu2ZnGeSe4 with d=20-45 m plotted on a semi-log scale. The 
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wavelength-dependent SHG counts from AGSe of the same particle size are plotted as red dots 

for direct comparison. A leveling trend of the SHG counts with increasing  indicates that the 
SHG response of Cu2ZnGeSe4 is also static within the observation range. Using Eq(3) yields that 

the (2) for Cu2ZnGeSe4 is ~436 pm/V at  = 2900 nm. 
 
The SHG response of Cu4ZnGe2Se7 is significantly small as compared to AGSe and Cu2ZnGeSe4 
and was only measurable at two wavelengths, 2900 and 3100 nm, Figure S3. For example, for 

d=20-45 m, the SHG efficiency of Cu4ZnGe2Se7 is 980 and 1120 times weaker than that of 

AGSe at 2900 and 3100 nm, respectively. The larger sized particles, d > 100 m, produced 
nearly no signal. The nominal SHG response of Cu4ZnGe2Se7 could be attributed to absorption 
effects of both the fundamental and SHG light (see Figure 13 bottom), coupled together with 
the large Urbach tailing effects (see Figure 11 right). 
 
Second-order NLO properties are utilized in NLO devices in frequency doubling/SHG and 
difference frequency generation (DFG). As a result, a noncentrosymmetric material with a large 

(2) like that of Cu2ZnGeS4 would be excellent for second-order NLO applications. Yet the 
relatively narrow bandgaps of Cu2ZnGeSe4 and Cu4ZnGe2Se7 render them susceptible to two-

photon absorption within the framework of the Nd:YAG laser line ( = 1064 nm) that 
compromises their LIDT and, therefore, limits practical applications for high-power NLO devices. 
However, Cu2ZnGeSe4 could still be viable for low-power NLO applications. 
 

The (2) of Cu2ZnGeSe4 is significantly higher than several of the benchmark NLO materials and 
other DLSs that we have measured previously [14,35,29]. For example, AgGaS2 with a bandgap 

of 2.62 eV [10] has a (2) value of only 36 pm/V [6]. Furthermore, it should be noted that 
because the “homemade” microcrystalline samples prepared in this study were assessed using 

an optical-quality AGSe reference, the (2) value may be underestimated and can be considered 

as a lower bound on the (2). In fact, our “homemade” microcrystalline sample of AGSe gives 
an SHG response less than half that of the optical quality sample [35]. Therefore, it is quite 

possible that Cu2ZnGeSe4 could have a higher (2), perhaps even greater than AGSe (66 pm/V 
[99]), if it could be prepared as a commercial-grade, optical-quality single crystal.  
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Figure 15. (a) Particle size dependence of SHG for Cu2ZnGeSe4, indicating a non-PM case at  = 2900 nm.  (b) 

Relative SHG efficiencies of Cu2ZnGeSe4 (blue) and AGSe (red) as a function of SHG wavelength (incident  = 2900 – 
3900 nm). 

 
4. Conclusion 
 
The known Cu2ZnGeSe4 and the new Cu4ZnGe2Se7 differ in terms of their stoichiometry and 
their space group symmetry, but they are both DLSs with crystal structures that can be 
considered as derivatives of cubic diamond. Additionally, they both possess wide windows of 
optical clarity in the infrared, relatively high thermal stability, and SHG responses. Moreover, 
the electronic structures are also very similar with the states near the EF being dominated by 
contributions from the Cu d orbitals and Se p orbitals at the valence band maximum and 
conduction band minimum, respectively, a hallmark of copper-containing DLS chalcogenides. 
However, the SHG responses of the two materials are significantly different; Cu4ZnGe2Se7 
displays a weak SHG response, while Cu2ZnGeSe4 gives rise to the strongest SHG response that 
our group has measured for a quaternary DLS. While the mediocre SHG response of 
Cu4ZnGe2Se7 could be intrinsic to the material, the large Urbach tailing observed in the optical 
absorption spectrum suggests that the material may be plagued with appreciable defects 
and/or disorder that could detract from its response. Although Cu2ZnGeSe4 is non-PM within 
our experimental range, it may be PM at longer wavelengths into the far-IR. While its relatively 
narrow bandgap precludes use in high-powered laser applications, Cu2ZnGeSe4 is a good 

candidate material for low-powered NLO applications due to its high (2) value of 436 pm/V, 
which exceeds that of several commercially available IR-NLO crystals, for example LiInS2, 
LiInSe2, LiGaS2, LiGaSe2, and AgGaS2 [99]. Our work here demonstrates that it is likely 
worthwhile to reinvestigate other long-known DLSs that have not been studied in terms of their 
NLO properties.  
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