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ABSTRACT

Germanium (Ge) plays a crucial role in setting up important functionalities for silicon-compatible photonics. Diamond cubic germanium is
an extensively studied semiconductor, although its other exotic forms, like BC8, ST8, ST12 phases, may possess distinct electronic properties.
We have fabricated stable ST12-Ge nanowires via a self-seeded bottom-up three phase growth in a confined supercritical toluene environ-
ment. Here, we report on the direct evidence of the presence of the ST12 phase by a combination of Raman spectroscopy and first-principles
calculations using density functional theory (DFT). It is important to remark that the DFT calculation predicts all the Raman active optical
phonon modes of the P 432, structure, and it is in very good agreement with the experimental results. The phonon dynamics as a function of
temperature is investigated through Raman measurements at temperatures varying from 80 to 300 K. First-order temperature coefficients for
all the observed Raman modes are estimated from the linear temperature dependence of the phonon shifts. A complete set of isobaric
Griineisen parameters is reported for all Raman modes of ST12-Ge nanowire, and the values are lower compared to the same for Si, dc-Ge

bulk, and Ge nanowire. These results have important implications for understanding thermal properties of ST12-Ge nanowire.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0066744

Group IV elements have drawn great attention because of their
potential applications in present-day consumables and devices.'
Germanium (Ge) is one of the widely used group IV materials for the
development of photonics, nanoelectronics, and optoelectronics.” '’
Though the diamond cubic (dc) Ge is mostly studied and used, Ge can
also be found in some other exotic forms, which are potentially very
useful in photovoltaics, transistors, and superconducting devices."" **
These phases can be procured on the suitable tuning of thermody-
namic condition especially pressure."” However, most of the phases
are metastable and can only be realized under a definite decompres-
sion condition of compressed Ge.'® > Under pressure, dc-Ge under-
goes a series of transformations. At 10-11 GPa, it converts into
metallic § — Sn Ge, which transforms into the orthorhombic Imma
phase around 75GPa and then simple hexagonal structure around
90 GPa.””*® Around 100 GPa, it transforms to a Cmma phase, which
changes into the hcp structure around 160-180 GPa. When hcp Ge is
decompressed, it does not follow its previous path. Moreover, it forms
various allotropes depending on the rate of pressure release. It is

reported that on decompression, Ge can take various structures, such
as BC8, R8, and ST12.”*°°* The f — Sn phase readily transforms
into the BC8 phase and then hexagonal Ge on very fast release of pres-
sure, “?7**°% while slow decompression results in the metastable ST12
structure.”'*”" Some reports also suggest that metallic amorphous
Ge, formed by pressure, can be transformed to both BC8'*'**” and
ST12 phase”’ on depressurization.

Among all the Ge allotropes, ST12 is kinetically more stable at
ambient conditions. It contains 12 atoms per unit cell in the space
group P 432,2 (D$)”” and possess distorted tetrahedral arrangement
with atoms placed in fivefold, sixfold, and sevenfold rings.””"" Thus,
the electronic property of the ST-12 Ge is expected to be semiconduct-
ing and can be also realized as a superconductor at low temperature by
doping.'*"* Moreover, due to the stronger binding interaction of Li
atoms within the ST12 Ge lattices, it shows higher Li intercalation
compared to the dc-Ge and demonstrates as a promising candidate for
energy storage applications.’' Theoretical and experimental efforts
have been devoted to explore the electronic band structure and
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thermal stability of the ST12-Ge.'>*1%**° However, studies on lattice
dynamics, which is responsible for thermal properties of a material,
are limited. Malone and Cohen have calculated phonon dispersions
for bulk ST12-Ge using local density approximation (LDA)."” Raman
scattering is among the most conventional and fundamental techni-
ques for studying lattice dynamics of materials in an easy and nonde-
structive manner. The structural and vibrational properties of the
various phases of Ge under pressure have been studied using Raman
spectroscopy. Very recently, Zhao et al reported optical phonon
modes of bulk ST12-Ge via Raman analysis and calculation.”” The
reported results, however, are limited to the bulk system, and no one
has observed all the Raman active optical modes of the ST12-Ge crys-
tal. Downscaling the dimension of ST12-Ge to a nanometer regime
may lead to potential functionality and device concepts. We are aware
of few reports on nanocrystalline ST12-Ge fabricated through thermal
annealing of amorphous nanoscale Ge™ and evaporation.”**
However, no one synthesized the quasi one-dimensional nanostruc-
tures, which are used as the building blocks for several technologies
including electronics,”” optoelectronics,” energy storage device,”*""""
and sensor.”>***

Here, we demonstrate the synthesis of ST12-Ge nanowires
(NWs). The phase and purity of the NW are confirmed from x-ray dif-
fraction (XRD) and high-resolution transmission electron microscopy
(HRTEM). We have conducted a systematic Raman study and
observed almost all the Raman-active optical phonon modes. Density
functional theory (DFT) calculations were also performed. Combining
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calculated Raman frequencies and their intensity with the experimen-
tal results enable us to clearly identify all the observed modes. Finally,
temperature dependent Raman measurements have been performed
on ST-12 Ge, allowing us to estimate first-order temperature coeffi-
cients and isobaric Griineisen parameters.

The ST12-Ge NW synthesis procedure and the methods used for
characterization are given in the supplementary material. Figures 1(a)
and 1(b) show representative low magnification SEM image and high
magnification TEM image of ST12-Ge NWs. (Methods used for char-
acterization can be found in the supplementary material.) Figure 1(a)
exhibits the formation of high yield of reticulated NWs, which are sev-
eral micrometers long. Ge NWs assembled together to form a uniform
continuous Ge film over the Si substrates. SEM analysis become lim-
ited for accurate estimation of the morphological quality of the NW
and the NW surface due to the reticulation of the NWs. Thus, detailed
morphological analysis of the NWs is performed via TEM. The pres-
ence of an amorphous carbonaceous structures can be spotted along
the Ge NW as an uneven coating [Fig. 1(b)]. The formation of the car-
bonaceous structure was confirmed via x-ray photoelectron spectros-
copy (XPS), with the presence of Ge-C, C-C, C=C, C-0, and CO;
bonds in the Cls spectrum (see Fig. S1 in the supplementary material).
The formation of the carbonaceous compound is aided by the decom-
position of the Ge precursor (DPG) to form Ge adatoms and liberating
very reactive phenyl groups.” The in situ formation of Ge nanoparti-
cle seed and the carbonaceous compound on NW surface, and its
interaction with the Ge is a key for the formation of the ST-12 NW

FIG. 1. (a) SEM micrographs of ST12-Ge
NW. (b) Low magnification TEM image
showing the uniform diameter nanowire
formation with amorphous shell. (c) XRD
pattern of the nanowire sample showing a
ST12-Ge crystal structure obtained after
subtracting the Si (100) substrate peaks.
(d) Latticed-resolved HRTEM image and
corresponding FFT (in the inset) of ST12-
Ge nanowires.

Zone axis <110>
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structure. We have delegated details of the growth mechanism of
ST12-Ge NW to a different study as this paper is primarily focused on
the Raman analysis of these structures. The diameter of Ge NWs was
found to be uniform with an average diameter of 9.0 (*+ 1.4) nm.

XRD on the as-grown NW was performed to confirm the crystal
structure and the phase purity of the NWs [Fig. 1(c)]. The pattern
shows a sharp peak at 20 of 33.29°, after subtracting the reflection
peaks from the Si pattern of the substrate. The XRD pattern matches
well with the calculated and experimental XRD pattern of ST12-Ge
(JCPDS No. 72-1089, a = 5.93 A, and ¢=6.98A).""° We have
assigned the peak in the XRD pattern to the reflection from the (112)
plane as this is the closest match with the 20 value. Peaks correspond-
ing to dc-Ge were not observed in the XRD pattern. The single peak
observed in the XRD corresponds to the strongest (112) reflection
from the ST-12 Ge sample and associated with the crystallographic
orientation of the one-dimensional NW. Due to the bulk crystalline
nature of the sample, Zhao et al. have observed several diffraction
peaks in their powder x-ray diffraction (PXRD) data associated with
the different lattice planes of the ST-12 crystal.”” HRTEM and Fast
Fourier Transform (FFT) were used to further confirm the formation
of ST12-Ge crystalline phase in the NWs and also verify the structural
quality of the ST12-Ge NWs [Fig. 1(d)]. In general, NWs are single
crystalline and free of any crystalline defects such as twin boundaries
and stacking faults. HRTEM image recorded with (110) zone axis
alignment reveals an interplanar spacing (d) of 0.21 nm corresponding
to the (220) plane of the ST12-Ge crystal structure (JCPDS No.
72-1089). A hexagonal symmetry was observed in the FFT pattern
where the spots are associated with the (111) and (220) planes [inset
of Fig. 1(d)] where (110} is the growth direction of the ST12-Ge NW.
The Selected Area Electron Diffraction (SAED) observed from the sin-
gle crystalline bulk structure (in Zhao et al. paper’”) shows multiple

scitation.org/journal/apl

spot pattern from different crystalline planes. They have observed this
from [310], [100], and [210] zone axis.

First-principles calculations using DFT have been performed to
study the vibrational properties of both ST12-Ge and dc-Ge. The details
of the computational method are given in the supplementary material.
The DFT-Perdew—-Burke-Ernzerhof [PBEO is combination of the PBE
(Perdrew-Burke-Ernzerhof ) generalized gradient functional with a pre-
defined amount of exact exchange.”’]/triple-zeta valence with polariza-
tion (TZVP) optimized lattice parameters are a = b = 5.92 A, c="7.03
A for ST12-Geanda = b = ¢ = 5.70 A for dc-Ge, which are in good
agreement with experimental lattice parameters a = b = 5.93 A,
c=698 A for ST12-Ge,” and a = b = ¢ = 5.66 A for dc,”** respec-
tively. For ST12-Ge, there are 36 vibrational modes observed. Among
them, three are acoustic, and thirty-three are optical modes. The optical
vibrational modes belong to the following irreducible representations:
I'yiy = 4A, + 4A; + 5B, + 4B, + 8E. A, and B, are totally symmetric
and totally anti-symmetric phonon modes, respectively. E is doubly
degenerate phonon modes. A, (B;) is symmetric (anti-symmetric) with
respect to principal axis of symmetry and anti-symmetric (symmetric)
with respect to a C, axis. The modes A, and E are infrared-active mode,
whereas A;, By, B,, and E are Raman-active modes. Our DFT calcula-
tions predict 21 (4A; + 5B; + 4B, + 8E) Raman active optical modes,
which is in accordance with group theoretical analysis of the P 452,
structure’” and previously reported DFT calculations.'” This agreement
is consequence of imposing space group constrain on the crystal struc-
ture during optimization. The Raman frequency and the symmetry of
the modes estimated from the calculation are presented in the second
column of Table I. For comparison, we have calculated Raman spec-
trum of dc-Ge, which shows that the Raman active mode (E,) origi-
nates from a degenerate LO-TO phonon mode (see Fig. S2 in the
supplementary material).

TABLE I. Calculated Raman frequency and symmetry of ST12-Ge, measured Raman frequency of ST12-Ge NW, reported (experimental) Raman modes of ST12-Ge from other
works, first-order temperature co-efficient (3) and isobaric mode Griineisen parameter (7).

Calculated Raman Reported Raman frequency

Peak frequency (cm ™ ') and Experimentally measured of ST12-Ge from

number symmetry of ST12-Ge Raman frequency (cm™) Zhao et al.”” (cm™") Bi(cm 'K Vip = — ﬁ b
1 66.1 (By) 65 (*2) 55 —0.00107 (+0.00049)  0.39 (*0.19)
2 90.5 (E) 84 (+3) 85, 90 ~0.00681 (£0.00071)  1.90 (+0.30)
3 96.9 (A,), 101.3 (E) 93 (+3) 100 ~0.00052 (£0.00023)  0.13 (+0.06)
4 102.0 (B,), 104.5 (B,) 100 (=3) ~0.00256 (+0.00034)  0.60 (+0.10)
5 1132 (A,) 116 (+3) ~0.00333 (£0.00051)  0.68 (+0.13)
6 166.5 (E) 155 (+5) —0.02328 (£0.00921)  3.56 (*1.49)
7 196.1 (E) 183 (+5) 190 —0.02159 (£0.00263)  2.80 (£0.49)
8 199.5 (A,) 194 (+3) 200 —0.01587 (£0.00128)  1.93 (+0.20)
9 203.6 (B,) 209 (+4) —0.01560 (£0.00241)  1.77 (+0.33)
10 227.3 (By) 225 (*4) 210 —0.00071 (%0.00021) 0.07 (£0.02)
11 229.3 (B,) 232 (*£2) 230 —0.00057 (+0.00023) 0.05 (%=0.02)
12 234.7 (E), 237.0 (B,) 242 (*4) ~0.00465 (£0.00025)  0.45 (+0.03)
13 254.5 (E) 261 (*4) 257 ~0.00886 (+£0.00011)  0.81 (+0.02)
14 282.7 (E), 285.4 (A;) 275 (£5) 275 ~0.01171 (£0.00602)  1.01 (+0.07)
15 291.3 (E) 289 (+3) ~0.01288 (£0.00191)  1.06 (+0.16)
16 297.5 (B,) 300 (*4) ~0.01427 (£0.00607)  1.12 (+0.49)
17 305.7 (B,) 307 (+3) ~0.01756 (£0.00227) 135 (*0.18)
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FIG. 2. Deconvoluted Raman spectrum of ST12-Ge NW measured at 83K fitted
with 17 Lorentzian functions. Inset shows the Raman spectrum of ST12-Ge NW at
295K.

Figure 2 displays a typical Raman spectrum in 50-325cm '

range measured from the ST12-Ge NW sample at 83K. A similar
Raman spectrum measured from the same NW sample at room tem-
perature is shown in the inset of Fig. 2. Both the spectra show identical
line shapes. However, a better resolution is observed in the spectrum
recorded at low temperature. In ST12-Ge NWs with average diameter
~9 nm, the quantum confinement effect is very obvious. The confine-
ment of phonon relaxes the g =0 selection rule in the Raman scatter-
ing and results in the change in phonon mode frequency and
linewidth broadening. Moreover, the scattering of phonon in the low
dimensional system provided additional linewidth broadening.
Therefore, the Raman spectra are broad in the present work compared
to the data reported by Zhao et al.”* Analysis of the spectra was per-
formed very carefully. Out of 21 predicted modes from DFT calcula-
tion some modes are extremely weak and closely spaced [96.9 cm ™!
(A1) and 101.3cm™" (E), 102.0cm™" (B2), and 104.5cm™" (B1),
234.7cm ™" (E) and 237.0cm ™" (B1), 282.7cm ™" (E), and 2854 cm™"
(A1)]. Thus, for deconvolution of the spectrum, we consider a single
peak at the average position of two closely positioned weak peaks.
Therefore, to fit the experimental spectra, we have used 17 modes with
the peak position, intensity, and width as free fitting parameters. The
reference values of peak position are taken from the DFT calculation.
The experimental spectrum is nicely fitted with 17 Lorentzian line
shapes. The fitted data in the range 50-325cm ™' are displayed in Fig.
2, and their positions are presented in Table I. To obtain the error in
the fitting, we fit the spectrum five times and estimated error for peak
position, which are given in Table L.

Out of 17 observed Raman modes for ST12-Ge NWs, only some
are previously reported™ (see Table I). In this report of Raman analy-
sis on ST12-Ge NW, the calculated Raman spectrum is almost fully
matched with the experimental spectrum. The calculated intensities of
the Raman modes also match nicely with the intensity pattern of the
experimental spectrum as displayed in Fig. 3, further adding credibility
to our mode assignment.

To get the information about the Raman selection rule, polarized
Raman spectroscopy was performed on a single ST12 Ge NW

ARTICLE scitation.org/journal/apl

Intensity (a.u.)

50 100 150 200 250

300
Raman shift(cm’l)

FIG. 3. Experimental Raman spectrum of ST12-Ge NW and calculated Raman
modes (blue bars) with undefined FWHMs. Height of each bar is the measure of
intensity of corresponding Raman mode.

transferred on a substrate. The measurements were performed in
backscattering geometry. The light is incident on the NW along z-
direction and scattered along the z-direction. The polarization of the
incident light lies in the xy plane. The experiment was carried out in
two different configurations. According to the Porto notation, the
Raman spectra are marked as z(x, x)z where the polarization of the
incident and scattered light both are parallel to the x axis and z(x, y)z
where the polarization of the incident and scattered light are in crossed
polarization configuration. We have divided the measured spectra into
two segments (Fig. 4). The modes below 125 cm ™' show strong polari-
zation sensitivity, but the modes above 125cm™ ' exhibit nearly
polarization-independent behavior. The modes at 66cm ™' (B;) and
90.5cm™ ' (E) are allowed in a crossed polarization configuration
[z(x, y)z], whereas the modes around 100cm ' [(A;) and (E)] and
102 cm ™ '[(B,) and (B,)] are week in the z(x, y)z configuration, and
become stronger in z(x, x)Z scattering geometry.

Furthermore, to get greater insight into lattice dynamics, we have
performed temperature dependent Raman study between 80 and
300 K. Raman spectra measured at different temperatures are shown
in Fig. 5(a). For a more accurate analysis of the temperature-
dependent Raman results, we have fitted the spectra with the
Lorentzian functions. The estimated peak positions, which are plotted
as a function of temperature, are shown in Fig. 5(b). All the ST12-Ge
phonon modes show a redshift with the increase in the temperature.
The Raman peak shift with temperature is mainly caused by the
anharmonic phonon-phonon interaction and thermal expansion. In
order to analyze the temperature dependent phonon softening, we
have used a simplified phonon decay model, originated from
Balkanski’s approach,*’

or = wg + BT, (1)

where ), is the Raman frequency at 0K and f is the first-order tem-
perature coefficient. In this model, the higher-order temperature coef-
ficients have not been taken into account as they are not significant in
the studied temperature range.
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FIG. 4. (a) lllustration of the scattering geometry for polarized Raman measurements. Light is incident and scattered along z and z axes, respectively. The polarization of the

=i

light lies in the xy plane. (b) and (c) Deconvoluted Raman spectra for two polarization configurations as labeled in the figure ranging from 50 to 125 and 125 to 325¢cm ™,

respectively.

We fitted the experimental result with the expression (1), and the
obtained values of f§ are given in Table I. The f value for dc-Ge NW
(—0.0147 cm™ ' K1) has also been estimated from the data presented
in Fig. S4 (see the supplementary material), and it is in good agree-
ment with the previous work.”’ The estimated 8 values for most of the
Raman modes of ST12-Ge are lower than the same for dc-Ge. The
observed differences in the f indicate that phonon anharmonicity
caused by the scattering is lower in the ST12-Ge NW compared to the
de-Ge NW.™!

Griineisen parameter (y) is an important thermo elastic value of
solid, which describes the changes in unit cell volume caused by tem-
perature and pressure. This parameter relates the property of a mate-
rial to its vibrational energy and indicates the anharmonic effects on
the phonon spectrum under temperature and pressure. The isobaric

mode Griineisen parameter (y;,) is related to the f by means of the fol-
lowing equation:””

Yip = — 067(,0, B, (2)
where ®; is the Raman frequency of the i;, phonon mode and « is the
thermal expansion coefficient.

To calculate Vipr We have taken the value of o for ST12-Ge from
Ref. 53. Using Eq. (2), a complete set of y;, calculated from experimen-
tally obtained f3; values for the entire observed optical phonon modes
is reported in the last column of Table I. To compare the present
results with the dc-Ge, we have estimated Vip for dc-Ge bulk and NW
from the temperature dependent Raman data, which are presented in
Figs. S3 and $4 in the supplementary material, respectively. The
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obtained Vip for dc-Ge bulk and NW are 11.92 and 8.25, respectively,
which are higher than the y;, of ST12-Ge NW (3.56). It is to be noted
that the y;, values for both the NWs are lower than the same for bulk.
With the decrease in the size of nanostructured materials, the bond
length increases,”” which reduces the lattice interaction and lowers the
lattice vibration. As a result, less anharmonicity vibration gives lower
values of the Griineisen parameter.””* High 7;, value indicates lower
thermal conductivity (k).”" Hence, it is expected that the ST12-Ge
NWs show low optical phonon scattering as well as high electrical and
thermal conductivity compared to dc-Ge bulk and NW. Moreover, y;,
values of the ST12-Ge are also lower than the y;, of silicon (7.00).”
Therefore, the result implies that the ST12-Ge NW can be useful as a
potential candidate for the thermal and electrical conductive material.

In summary, we have fabricated ST12-Ge NWs and confirmed
the existence of this uncommon allotrope by XRD, HRTEM, and
Raman study. In particular, we have performed detailed Raman spec-
troscopy and DFT analysis to pinpoint the ST12 phase of the nano-
structure and to explore the phonon dynamics in this material. The
experimentally measured Raman spectra are in agreement with the
DFT calculations. Furthermore, the temperature dependent lattice
dynamics of ST12-Ge NWs is investigated through temperature
dependent Raman study. From the temperature dependent study, we
have estimated first-order temperature coefficients and isobaric
Griineisen parameter for all the observed modes of ST12-Ge and the
values are lower than the Si, dc-Ge bulk, and NW. Thus, our study not
only provides the fundamental information that are important for
technological applications of ST12-Ge but also attracts attention for
further investigations on the role of dimension in polymorphism and
in the thermal/vibrational properties of low-dimensional polymor-
phism of Ge, Si, and other semiconductors.

See the supplementary material for methods of nanowire synthe-
sis, characterization, computational methods, XPS of ST12-Ge NW,
calculated Raman spectrum of dc-Ge, and temperature dependent
Raman study of bulk dc-Ge and dc-Ge NW.
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