
Vol:.(1234567890)

https://doi.org/10.1007/s10853-026-12930-6

J Mater Sci (2026) 61:17980–17986

Chemical routes to materials 

Polymorphism in high‑temperature GeS2: 
identification and characterization of two distinct 
polymorphs

Masaru Nakamura1,*   and Yoshitaka Matsushita1 

1 National Institute of Materials Science (NIMS), 1‑1 Namiki, Tsukuba, Ibaraki 305044, Japan

ABSTRACT
High-temperature (HT-) GeS2, a promising layered 2D material, has long been 
considered a single crystallographic phase. Here, we report the definitive identifi-
cation of two distinct polymorphs, designated Polymorph A and B. A comprehen-
sive structural and optical characterization revealed their contrasting properties. 
X-ray diffraction analysis showed that while both polymorphs possess a layered 
structure, their fundamental stacking periodicities are significantly different, 
with Polymorph B being approximately 6.1% shorter than that of Polymorph A. 
Furthermore, their Raman spectra, which primarily probe intra-layer vibrations, 
are completely dissimilar. Intriguingly, Polymorph A aligns with the crystal-
lographically established structure, while the Raman spectrum of Polymorph B 
matches that widely reported in the literature. This finding resolves a long-stand-
ing discrepancy where crystallographic and spectroscopic reports have likely 
been examining different polymorphs unknowingly. Despite these pronounced 
structural differences in both inter-layer stacking and intra-layer arrangements, 
their optical band gaps were found to be nearly identical at ~ 3.32 eV. This work 
necessitates a fundamental reassessment of the GeS2 material system and high-
lights the complex interplay between structure and electronic properties in this 
layered 2D material.

Introduction

High-temperature (HT-) GeS2, a promising layered 
two-dimensional (2D) material, has attracted consid-
erable attention for its potential applications in elec-
tronics and optoelectronics [1–3]. For decades, it has 
been widely accepted that this material crystallizes in 
a single, well-defined monoclinic structure with space 

group P21/c [4, 5]. Consequently, the existing spectro-
scopic studies [6–9], particularly Raman spectroscopy, 
have been conducted under the implicit assumption 
that they were probing this very P21/c structure.

However, this fundamental assumption has never 
been critically examined. To our knowledge, no 
prior work has explicitly confirmed that the material 
used for spectroscopic analysis possesses the same 
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before and after a 90° in-plane rotation of the crystal. 
The laser power on the sample was set to 10% of its 
maximum, which provided a sufficient signal-to-noise 
ratio without any observable sample degradation.

Optical transmittance spectra were recorded using 
a PerkinElmer Lambda 900 UV/Vis/NIR Spectropho-
tometer in the wavelength range of 200–2500 nm. The 
optical band gap (Eg) was estimated from these spec-
tra using the Tauc plot method.

Results and discussion

In our routine crystal growth of HT-GeS2 using the 
Bridgman method, we typically obtained crystals cor-
responding to the established P21/c structure. We des-
ignate this standard phase as Polymorph A. Figure 1 
compares the typical XRD patterns of the two poly-
morphs discussed in this study. As shown by the black 
line in Fig. 1, Polymorph A’s strongest XRD reflection 
consistently appears at 2θ = 15.5°, a position in excel-
lent agreement with the established crystallographic 
data for HT-GeS2 (e.g., PDF Card No. 01–071–0366, 
ICSD: 1947).

Additionally, for direct comparison, the reference 
XRD pattern from the ICDD Powder Diffraction File 
(PDF Card No. 01–071–0366, ICSD: 1947) is overlaid 
in Fig. 1 as blue vertical bars. This reference pattern 
provides the expected peak positions and intensities of 
the established monoclinic P21/c phase, allowing clear 
visual verification of the correspondence between Pol-
ymorph A and the standard structural data.

However, during our investigations, we made the 
surprising discovery that some growth runs yielded 
crystals with a distinctly different XRD pattern, fea-
turing their strongest reflection at a different position, 
2θ = 16.5°, as shown by the red line in Fig. 1. We have 
designated this novel, reproducibly obtained phase as 
Polymorph B. While the precise conditions that favor 
the formation of Polymorph B are the subject of ongo-
ing research, this paper focuses on the fundamental 
structural and optical characterization of these two 
distinct polymorphs.

The most striking difference between the two poly-
morphs is the position of their strongest reflection. 
For Polymorph A, this peak is located at 2θ = 15.5°, 
whereas for Polymorph B, it appears at 16.5° (Fig. 1). 
This substantial difference of 1.0° in 2θ, observed at 
such a low angle region, is particularly significant and 
unequivocally indicates a major change in the lattice 

crystallographic structure reported in diffraction stud-
ies. This overlooked yet critical issue forms the central 
motivation for our work.

In this letter, we resolve this long-standing issue by 
providing definitive evidence for polymorphism in 
HT-GeS2. We have identified two distinct polymorphs, 
designated Polymorph A and B. Our comprehensive 
analysis reveals that Polymorph A corresponds to the 
crystallographically reported phase, while Polymorph 
B, whose Raman spectrum matches previous spectro-
scopic studies, is a hitherto unidentified polymorph 
with a significantly shorter stacking periodicity. Fur-
thermore, we report the intriguing finding that despite 
their pronounced structural differences, their optical 
band gaps are nearly identical. This work provides a 
new, precise framework for understanding the GeS2 
system and highlights the complex structure–property 
relationships in this layered 2D material.

Experimental section

Crystal growth

Single crystals of HT-GeS2 were grown by the verti-
cal Bridgman method, as described previously [10]. 
All characterizations were performed on as-grown, 
cleaved single crystals with two parallel surfaces. The 
preparation of a randomly oriented powder sample 
is extremely difficult for this material due to its pro-
nounced preferential orientation, excellent cleavabil-
ity, and ductility.

Characterization

All structural and optical properties were character-
ized at room temperature.

X-ray diffraction (XRD) patterns were collected 
on a Rigaku SmartLabIII diffractometer with CuKα 
radiation (λ = 1.54056 Å). To ensure the reliability 
of the observed peak positions, the measurements 
were cross-validated using a different diffractometer 
(Rigaku MiniFlex600).

Raman spectra were acquired using a Renishaw 
inVia confocal Raman microscope with a 532 nm laser 
excitation. The laser was focused onto the cleaved 
surface (the ab-plane) through a 5 × objective lens, and 
the backscattered light was collected. For polarization-
dependent measurements, the spectra were recorded 
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spacing, far beyond any possible instrumental mis-
alignment. To ensure the reliability of this observa-
tion, we cross-validated these peak positions using a 
different diffractometer (Rigaku MiniFlex600), verify-
ing that this difference in peak position is an intrinsic 
property of the material and not an artifact of a single 
instrument.

The entire series of reflections for Polymorph A can 
be perfectly indexed as (00 l) reflections (l = 2, 4, 6,…). 
This indexing and the corresponding peak positions 
are in excellent agreement with the established crys-
tallographic data from the ICDD Powder Diffraction 
File (PDF Card No. 01–071–0366, ICSD: 1947) for the 
monoclinic P21/c phase of HT-GeS2.

In stark contrast, the peak positions for Polymorph 
B, starting at 16.5°, do not match this established pat-
tern, indicating a different stacking periodicity along 
the c-axis direction.

To quantitatively evaluate this difference, we 
determined the fundamental lattice spacing, d, for 
each polymorph from the positions of all observed 
peaks (Table 1). This parameter corresponds to the 
repeating period of the layered structure. As detailed 
in Table 1, the series of peaks for each polymorph can 
be perfectly described as higher-order reflections of 
a single fundamental spacing: dA = 5.72 Å for Poly-
morph A and dB = 5.39 Å for Polymorph B.

Figure 1   XRD patterns of Polymorph A (black line) and Poly-
morph B (red line). The pattern for Polymorph A is indexed 
according to the known P21/c structure (PDF Card No. 01–071–
0366, ICSD: 1947). For reference, the PDF pattern (blue vertical 
bars) is also overlaid, providing the expected peak positions for 

HT-GeS2. Both patterns exhibit a series of sharp, intense peaks, 
confirming their highly oriented, layered nature. The fundamental 
lattice spacing (d), corresponding to the stacking periodicity, is 
determined for each polymorph from all observed reflections, as 
detailed in Table 1.

Table 1   Observed 2θ 
positions for Polymorph 
A and B, and their 
corresponding lattice 
spacings

Polymorph A (15.5° phase) Polymorph B (16.5° phase)

Observed 2θ (Degrees) d-spacing (Å) Observed 2θ (Degrees) d-spacing (Å)
15.48 5.72 16.44 5.39
31.32 2.85 (≈ d/2) 33.24 2.69 (≈ d/2)
47.62 1.91 (≈ d/3) 50.82 1.80 (≈ d/3)
65.46 1.42 (≈ d/4) 69.42 1.35 (≈ d/4)
84.56 1.15 (≈ d/5) 91.30 1.08 (≈ d/5)
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This analysis unequivocally reveals that the fun-
damental spacing of Polymorph B is approximately 
6.1% shorter than that of Polymorph A. This signifi-
cant contraction in the stacking period unequivocally 
demonstrates that Polymorph B possesses a novel lay-
ered structure with a more compact stacking along the 
c-axis direction. To the best of our knowledge, a lay-
ered structure with this fundamental spacing has not 
been previously reported for the GeS2 system.

The structural differences between the two poly-
morphs are further, and more dramatically, illumi-
nated by their Raman spectra. Figure 2 displays the 
Raman spectra of both Polymorph A and B, which 
reveal their distinct vibrational “fingerprints.” Raman 
spectroscopy is a highly sensitive probe of local atomic 
arrangements and lattice vibrations, making it an 
ideal tool to distinguish between different crystalline 
phases.

Figure 2   Raman spectra of 
the two distinct polymorphs 
of HT-GeS2. a The spectrum 
of Polymorph B, which is 
consistent with previous 
literature reports for “crystal-
line HT-GeS2.’ b and c shows 
the spectra of Polymorph 
A measured at two in-plane 
orientations 90° apart. The 
dramatic difference in the 
spectral patterns between 
a and b, along with the strong 
polarization anisotropy 
observed for Polymorph A 
(cf. b and c), indicates a fun-
damental difference in their 
vibrational properties and 
underlying crystal structure.

(a)

(b)

(c)

17983



	 J Mater Sci (2026) 61:17980–17986

In layered materials such as GeS2, the Raman spec-
trum can be broadly divided into two regions. The 
high-frequency region (typically > 50 cm−1) is domi-
nated by intra-layer modes originating from the strong 
covalent bonds within the layers. In contrast, the low-
frequency region (< 50 cm−1) typically features weaker 
inter-layer modes, such as shear and layer-breathing 
modes, arising from the van der Waals interactions 
between the layers. For instance, in the case of HT-
GeS2, such rigid-layer modes have been experimen-
tally identified at 28, 32, 39, and 44/49 cm−1 [6]. Thus, 
by analyzing the spectrum, we can gain insights into 
both the internal structure of the layers and their stack-
ing arrangement.

Intriguingly, the spectrum of Polymorph B (Fig. 2a) 
is in excellent agreement with what has been widely 
reported in the literature as crystalline HT-GeS2 [6–9]. 
In contrast, Polymorph A, which corresponds to the 
crystallographically established phase, exhibits a com-
pletely different Raman signature (Fig. 2b). Instead of 
the rich, multi-peak structure of Polymorph B, the 
spectrum of Polymorph A is strikingly simple, con-
sisting of only a few principal peaks at entirely differ-
ent positions. The clear distinction between these two 
spectral “fingerprints,” particularly in the number and 
positions of the peaks, is unequivocal evidence that 
they originate from different structures.

Furthermore, a significant difference in their opti-
cal anisotropy is revealed by polarization-dependent 
measurements. Polymorph A shows a strong polariza-
tion anisotropy, where a 90° in-plane rotation of the 
crystal leads to a dramatic change in the relative peak 
intensities (cf. Figure 2b and 2c). This behavior was 
not observed for Polymorph B, highlighting a distinct 
difference in the polarization response of their lattice 
vibrations.

It is worth noting that we also investigated the 
low-frequency region to search for the inter-layer 
vibrational modes reported by Popović and Stolz 
[6]. For this purpose, the spectrometer’s grating 
was switched from the standard 3000  l/mm to a 
1000 l/mm grating to access the region close to the 
laser excitation line. However, even with this con-
figuration, the weak signals expected below 50 cm−1 
were below the detection limit of our experimental 
setup, likely due to the lower spectral resolution 
and overall sensitivity in this specific measurement 
condition. This finding, while being a limitation of 
our current measurement, does not contradict our 
main conclusion. Since the prominent and dramatic 

spectral differences between Polymorph A and B are 
observed in the high-frequency region (> 100 cm−1), it 
is reasonable to attribute them primarily to the dis-
parities in their intra-layer structures. The detailed 
assignment of each vibrational mode is beyond the 
scope of this letter and remains a subject for future 
theoretical studies, but the stark spectral differences 
themselves serve as definitive proof of polymor-
phism in this material.

To investigate how the observed structural differ-
ences affect the electronic properties, we measured 
the optical transmittance of both polymorphs. The 
measurements were performed on samples with 
nearly identical thicknesses (0.181  mm for Poly-
morph A and 0.184 mm for Polymorph B). Figure 3a 
displays the resulting transmittance spectra, where 
the black line corresponds to Polymorph A and the 
red line to Polymorph B. The spectra are remarkably 
similar for both samples. From these transmittance 
data, we derived Tauc plots to estimate the optical 
band gap (Eg), as presented in Figs. 3(b) and (c). In 
this Tauc method, (αhν)2 is plotted against the pho-
ton energy (hν), where α is the absorption coefficient. 
For a direct band gap semiconductor, the Eg can be 
determined by extrapolating the linear portion of the 
plot to the (αhν)2 = 0 axis.

The Tauc plot analysis led to an intriguing and 
unexpected finding regarding their electronic prop-
erties. As shown in Figs. 3(b) and (c), the extrapola-
tion from the linear portion of the plots, assuming 
a direct band gap, yields a value of approximately 
Eg = 3.32 eV for both polymorphs. Thus, despite their 
pronounced structural and vibrational differences, 
Polymorph A and Polymorph B exhibit a nearly 
identical optical band gap.

This remarkable result is in reasonable agreement 
with previously reported values for HT-GeS2, which 
range from 3.2 to 3.425 eV [11–13]. The most strik-
ing finding of this work, however, is not the abso-
lute value of the band gap itself, but this unexpected 
invariance. It suggests that the structural modifica-
tions between Polymorph A and B, which are sig-
nificant enough to alter both the inter-layer stack-
ing periodicity and the intra-layer lattice vibrations, 
have a surprisingly negligible effect on the electronic 
transitions that define the fundamental band gap. 
This, in turn, implies that the electronic states at the 
valence band maximum and conduction band mini-
mum are remarkably robust against these particular 
structural variations.
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Conclusions

In summary, we have unambiguously identified two 
distinct polymorphs of HT-GeS2, designated as Poly-
morph A and B. A comprehensive characterization 
revealed their contrasting features:

	 (i)	 XRD analysis demonstrated a significant differ-
ence in their inter-layer stacking periodicity.

	 (ii)	 Raman spectroscopy highlighted fundamental 
disparities in their intra-layer structures.

	 (iii)	 Surprisingly, despite these pronounced struc-
tural differences, their optical band gaps were 
found to be nearly identical at approximately 
3.32 eV.

Our findings provide a new framework for under-
standing the HT-GeS2 system and resolve a long-
standing discrepancy in the literature, where crys-
tallographic and spectroscopic studies may have 
inadvertently focused on different polymorphs. The 
unexpected invariance of the band gap, despite clear 

structural and vibrational changes, poses a new and 
interesting question regarding the structure–prop-
erty relationships in this layered material.

The definitive determination of the crystal struc-
ture of Polymorph B through single-crystal X-ray 
analysis, therefore, remains the most critical future 
work. Such a study will be essential to fully unravel 
the intricate interplay between stacking, intra-layer 
structure, and electronic properties in this fascinat-
ing 2D material.
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