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Group-IV monochalcogenides, such as germanium selenide (GeSe), are strongly anisotropic semi-
conducting van der Waals crystals isoelectronic to black phosphorus, with superior stability in air
conditions. High optical absorption, good conductivity, and band gap ranging from 1 to 2 eV make these
materials suitable for various optoelectronic applications; however more in-depth investigation of their
fundamental properties is required. We present a comprehensive study of bulk GeSe by means of optical
absorption and modulation spectroscopy, supported by theoretical density functional theory (DFT)
calculations of the electronic band structure. Our experimental results reveal that the optical properties
of GeSe are dominated by direct transitions; however the fundamental band gap might in fact be
indirect and could not be observed in the experiment due to low oscillator strength. Such interpretation
is in agreement with our calculations, providing the picture of the first Brillouin zone with multiple band

Received 8th September 2021, extrema in close energy proximity. In order to investigate the anisotropy of the material, polarization-

Accepted 28th September 2021 resolved measurements have been performed, revealing a strong dependence of the observed optical
transitions on light polarization. Photogenerated current measurements resulted in reasonably high

photoconversion efficiency and fast response time, implying that GeSe is a promising material for
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Introduction

Since the interest in two-dimensional (2D) materials and hetero-
structures has been boosted by the first successful exfoliation of
atomically thin graphite flake, graphene,"” a variety of other
layered van der Waals crystals have been rediscovered as poten-
tially more suitable for certain applications than semimetallic
graphene. One of them is black phosphorus (BP), a promising
direct band gap semiconducting material, which in analogy to
graphene is called phosphorene in its monolayer form. BP is
known to fill the gap between graphene and transition metal
dichalcogenides (TMDs) - it combines open energy gap, charac-
teristic for TMDs, with excellent conductivity, nearly comparable
to graphene.®>” Unfortunately, despite being the most stable
phosphorus allotrope, BP is prone to oxidation in air conditions,
which severely limits its applications.®’
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Group IV monochalcogenides (MX, where M is a group IV
element, such as Ge, Sn or Pb, and X is a chalcogen atom, such
as S, Se, or Te) are a family of van der Waals crystals iso-
electronic to black phosphorus, which are also known as
phosphorene analogues,”® as they share the most important
features, but exhibit superior stability. MXs are semiconductors
with an orthorhombic crystal structure (space group Pcmn).
Atomic arrangement along main in-plane crystallographic
directions is strongly anisotropic, which affects the material’s
fundamental properties.”** An open band gap tunable from
the near infrared to visible spectral range, high carrier mobility,
and strong optical absorption make MXs perfect candidates for
application in two-dimensional optoelectronics (photovoltaics,
light detectors and emitters).”>™*° They do, however, exhibit
other properties that can be exploited in different areas of
technology, such as nonlinear optics,’*® transistors,>*?®
piezotronics,?*™?® multiferroics-based devices,?*** or photo-
catalytic water splitting.*37°

Germanium selenide (GeSe) has attracted the particular
interest of researchers focused on photovoltaics.">'®*”~*° The
material exhibits low toxicity and is composed of earth-
abundant elements. In its bulk form, the band gap of GeSe is
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most often reported between 1.1 and 1.3 eV (dependent on the
experimental or theoretical method), which is close to the
optimal value for maximum photoelectric conversion, according
to the Shockley-Queisser detailed balance limit.*' Moreover, it is
possible to combine GeSe with other van der Waals crystals,
especially group IV mono- and dichalcogenides, to form hetero-
structures,*>”*> which can be exploited as p-n-like junctions, due
to relative band offsets,*® or in the construction of tandem solar
cells. With the selenium-rich analogue of GeSe, GeSe,,"”*® such
heterostructure can be grown in one reaction chamber using the
same precursors but by adjusting only the stoichiometric ratio,
which allows the avoidance of impurities and unintentional
doping, as reported for the SnSe/SnSe, heterostructure.*® The
CVD technique can also be exploited, which is important for
large-scale device integration.

To date, there are a lot of discrepancies in the literature
concerning the optical and electronic properties of GeSe,
particularly the character and exact width of the fundamental
band gap, crucial for the design of any semiconducting device.
Based on the experimental investigation of the optical activity
in GeSe, the majority of authors report an indirect fundamental
band gap of ~1.2 eV at room temperature.”’®>* However, there
are also reports of a direct band gap at slightly higher energies.*”
The reason for numerous various interpretations can be found in
the electronic band structure, featuring flat bands and multiple
band extrema within close energy proximity, characteristic of the
whole MX family.®">*® Unfortunately, density functional theory
(DFT) calculations do not provide the unambiguous answer as
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well, as the width of the fundamental band gap of GeSe and its
position in the Brillouin zone (BZ) are sensitive to lattice para-
meters and the computation method in general.®37>0»%55

In this work we present a comprehensive study of GeSe
focused on its optical properties, anisotropy, and photoelectric
conversion efficiency. The samples were characterized by high
resolution transmission electron microscopy (HRTEM),
selected area electron diffraction (SAED), electron energy loss
spectroscopy (EELS), and Raman spectroscopy. The optical
properties of GeSe were investigated using polarization- and
temperature-resolved optical absorption and photoreflectance
(PR), one of the methods of modulation spectroscopy. Optical
absorption reveals the fundamental band gap of the material
(either direct or indirect), while PR allows observation of
energetically higher features, but it is only sensitive to direct
optical transitions. Therefore, the two methods are considered
complementary. Ab initio calculations of the electronic band
structure have been performed to support experimental results
and enable assignation of the measured optical transitions to
certain BZ points. Eventually, the photoelectric conversion
efficiency of a simple GeSe zero-bias photodetector has been
studied, by means of photogenerated current measurements.

Results and discussion

Germanium selenide crystallizes in the orthorhombic phase
(Pcmn), schematically presented in Fig. 1a. The lattice constants
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(@) Schematic illustration of the GeSe orthorhombic crystal structure and atomic arrangement along main in-plane directions (armchair and

zigzag), (b) HRTEM image of the GeSe flake with crystallographic directions and spacings between crystal planes marked, (c) SAED pattern with labeled
reflexes corresponding to certain crystal planes, (d) EELS spectrum with labeled edges related to Ge and Se atoms, and (e) Raman scattering spectrum,
acquired for a bulk GeSe sample with the excitation of a 532 nm laser beam, at room temperature.
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are @ = 0.444 nm, b = 0.386 nm, and ¢ = 1.081 nm,”® where @ and
b are in-plane unit cell dimensions, and c is the lattice para-
meter perpendicular to the layer plane. DFT calculations yield
a = 0.442 nm, b = 0.389 nm, and ¢ = 1.092 nm, in excellent
agreement with measured values. The atomic structure within a
single layer is anisotropic. In the x (100) direction, called
armchair, the layer is puckered, while in the orthogonal y
(010) direction, called zigzag, the atoms are arranged in a
ladder-like pattern. As can be seen in the HRTEM image and
the SAED pattern presented in Fig. 1b and c, respectively, the
investigated sample exhibits high crystallinity. In the HRTEM
image the atomic sites are clearly visible, and an arrangement
characteristic of the orthorhombic phase can be observed. The
spacings between crystal planes in (100), (010), and (110)
directions are 0.44, 0.36, and 0.29 nm, respectively. The atomic
composition of the sample was determined by EELS measure-
ments (Fig. 1c). In the obtained spectrum edges related to Ge
and Se can be distinguished. The positions of the observed
L-Ge edges, along with L-Se edges, are in perfect agreement
with reference values.’” The exact energies are listed in Table S1
of the ESL.¥ No other significant EELS features have been
observed, indicating a low level of impurities in the crystal
structure. In the Raman scattering spectrum (Fig. 1f) two peaks
at frequencies of 152 ecm ™" (19 meV) and 189 cm™* (23 meV) are
clearly visible. These modes can be assigned to Bz, and A,
symmetries, corresponding to in-plane shear vibrations of
adjacent layers in the y and x directions, respectively.”® Two
other Raman peaks at frequencies of 81 and 176 cm™ " are often
reported,””® but have not been observed in our measurements.

Experimental investigations of the optical properties of GeSe
reported in the literature exploit mostly optical absorption
measurements, and the results are commonly perceived as
the evidence of the indirect fundamental band gap between 1.10
and 1.25 eV (at room temperature).”®>® Such interpretation is
supported by the lack of photoluminescence emission from bulk
GeSe, although other mechanisms may be responsible for photo-
luminescence quenching, such as intrinsic defects, creating paths
of nonradiative recombination. However, Murgatroyd et al.*” claim
that the low-energy region of the absorption coefficient spectrum,
previously attributed to the fundamental band-gap, in fact origi-
nates from defect-related absorption. The actual absorption edge
occurs at ~1.3 eV, and above this energy the absorption coefficient
spectrum is dominated by direct optical transitions due to higher
oscillator strength. Nevertheless, the authors do not negate the
presence of energetically close indirect transitions or state the
character of the fundamental band-gap.

In our research, in order to experimentally verify the band
gap nature of GeSe, along with optical absorption a comple-
mentary spectroscopic method, photoreflectance, was exploited.
In Fig. 2, photoreflectance and optical absorption spectra
collected at 20 K (panel a) and 300 K (panel b) are presented.
The shaded areas correspond to moduli of observed PR reso-
nances. Low-temperature PR spectra exhibit three strong opti-
cal transitions, namely Ej, E,, and E;. At room temperature only
two closely lying transitions can be distinguished. The step-like
shape of the absorption curve also indicates the contribution of
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Fig. 2 Photoreflectance and optical absorption spectra of GeSe obtained
at a temperature of 20 K (a) and 300 K (b), with assigned optical transitions.
The darker solid lines over the PR plots are the curves fitted with the
Aspnes formula (eqn (1)), and the colored areas beneath are the PR
resonance moduli, calculated using eqn (2).

multiple optical transitions. The sharp rise of the absorption
coefficient at an energy of ~1.3 eVat20Kand ~1.2 eVat 300K
coincides with the energetically lowest PR resonance. Since
photoreflectance is a method sensitive only to direct transi-
tions, such agreement suggests the direct character of the
band-gap of GeSe, or that a weak absorption edge from the
fundamental indirect band-gap is predominated by a stronger
signal from closely lying direct optical transition.

The exact energies of the observed PR resonances were
determined by fitting the Aspnes formula® to experimental data,

%R(hw) — Re (Z Ciei (ho — E; + iF,«)””), (1)

where C; is the amplitude of the i-th PR resonance, ¢; is the
phase, I'; is the broadening and E; is the energy. The parameter
m is related to the type of the transition and is equal to 2 for
excitonic and 2.5 for band-to-band transitions. The choice of the
m parameter value does not affect the energy of the resonance,
and therefore m = 2 was assumed as a good approximation,
provided that van der Waals crystals often exhibit high exciton
binding energies, even in the bulk form. Nevertheless, in the case
of GeSe, the character of observed optical transitions may not be
excitonic and need to be further investigated. Fitted curves
are shown in the figure as smooth solid lines over the PR spectra.
The energies of the transitions are as follows: E; = 1.29 €V,

This journal is © The Royal Society of Chemistry 2021
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E,=1.52¢eV,E;=1.58 eVat 20K, and E; = 1.21 eV, E, = 1.30 €V
at 300 K. The uncertainties of the determined values are
~0.01 eV for E; and E;, and ~0.05 eV for E,. The PR resonance
moduli (shaded areas under PR spectra in Fig. 2) were calculated
from the equation

Ap(E)=—1GL )

<(E . E,»)2+Fl?)5

The area under the modulus curve, given by A; = =n|C;|/T';, is
proportional to the transition oscillator strength.

In order to further investigate the influence of temperature
on optical properties of GeSe, both PR and optical absorption
were measured at different temperatures, covering the range
from 20 up to 300 K. The results are presented in Fig. 3
(in panels a and b every second measured spectrum is plotted
for clarity). The temperature dependence of PR (Fig. 3a) reveals
that the energetically highest transition E;, narrow and well
defined at 20 K, diminishes rapidly with increasing tempera-
ture, to vanish completely at 100-120 K. Such a shape and
behaviour suggest excitonic transition and allows one to esti-
mate an exciton binding energy of 10 meV; however other
factors can affect the transition strength (such as slightly
band-nesting character of the transition, which will be dis-
cussed later) and the exciton binding energy may actually be
higher. Above 120 K E; could still be optically active as a weaker
band-to-band transition, with intensity below the detection
threshold. Transitions E; and E, are still visible at room
temperature, although due to increased broadening and a
significantly larger E, temperature coefficient (see Fig. 3c), they
blend together and become hard to distinguish.

In the absorption spectra (Fig. 3b) two sharp edges are visible.
The energies of the edges were determined from extrapolation of
linear approximation of a Tauc plot for direct allowed optical
transitions ((«hv)® vs. h)® (see Fig. S1 in ESIT). Both values and
temperature dependence of lower and higher absorption edge

View Article Online
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energies are in good agreement with transitions E; and E;
observed in photoreflectance, as can be seen in Fig. 3c. The reason
why E; is visible in absorption spectra throughout the whole
temperature range may be due to the fact that only the signal
from the band-to-band component was detected (no characteristic
excitonic features are present in the absorption spectra). The same
phenomenon could be responsible for the shift between E;
energies determined from PR and absorption (however only at
low temperatures; above 180 K the uncertainty of the PR resonance
energy increases rapidly due to noise and proximity of E,).

The temperature dependencies of each transition energy were
approximated by Bose-Einstein® (solid lines in Fig. 3c) and
Varshni® (not shown in the figure) formulas. The B-E approxi-
mation is derived from the Bose-Einstein distribution and is
defined as

_ 2613
exp (073) — 17

where E(0) is the energy at a temperature of 0 K, ag is the strength
of the electron-phonon interaction, and 05 is the average phonon
temperature. The Varshni formula is semi-empirical and is
given by

®)

B aT?
B+T

E(T) = E(0) 4
where o and f are the Varshni coefficients.

The Varshni equation is commonly used for temperature
dependence approximation; however the parameters in the
formula have no direct physical interpretation and can only
be used for empirical comparison. On the other hand, the B-E
formula includes parameters that are dependent on material
properties and follow the low-temperature experimental data
with better accuracy. The fitting parameters from both methods
are listed in Table 1. It is worth noting that the average phonon
temperature between 202 and 205 K, corresponding to a
thermal energy of 18 meV, coincides perfectly with the first
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Fig. 3 Photoreflectance (a) and optical absorption (b) spectra measured at different temperatures from 20 to 300 K, and the temperature dependence
of the optical transition energies observed in PR (diamond symbols) and absorption (circles), fitted with the Bose—Einstein formula given by egn (3)

(solid lines) (c).
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Table 1 Temperature coefficients for transitions Ej, E;, and Ez determined from fitting the dependencies with Varshni (egn (4)) and Bose—-Einstein

(egn (3)) formulas

Varshni Bose-Einstein
Transition E(0) (eV) o (107" eVK™) B (K) E(0) (eV) ag (meV) 0z (K)
Ey 1.451 + 0.039 9.91 + 0.45 245 + 51 1.448 + 0.036 76.4 + 7.7 206 + 32
E, 1.583 + 0.013 9.20 £ 0.69 229 + 39 1.580 + 0.010 71.5 £ 7.2 202 + 10
Es 1.292 + 0.012 5.01 £ 0.14 225 + 45 1.290 + 0.013 40.0 £ 4.1 205 + 16

Raman peak in the measured spectrum (Fig. 1e) and is close
to average phonon energy determined using other methods
(phonon dispersion calculations, Raman scattering).’®®>%”

To explore the anisotropy of the optical activity of GeSe, a
series of polarization-dependent measurements were performed.
Photoreflectance and optical absorption were measured as a
function of the linear polarization angle of the incident light
parallel to the sample surface. In the orthorhombic crystal
structure of GeSe two main in-plane orthogonal directions can
be discerned - armchair and zigzag. As can be seen in Fig. 4a, in
the PR spectrum acquired for armchair polarization only two out
of three optical transitions are visible - E; and E;. While rotating
the polarization towards zigzag, E; and E; weaken to disappear
entirely, and E, emerges. The polarization dependence is best
visible in Fig. 4c, where the polar plot of the area under PR
modulus curve (calculated using eqn (2)) is presented for transi-
tions Ej, E, and E;. The dependence was fitted with a formula
derived from Malus’ law,

(5)

where ¢ is the polarization angle of the incidnet light, ¢, is the
polarization direction of the transition, and f; and f, are the
parallel and perpendicular components of the transition intensity,
respectively. Using these parameters, the degree of polarization
(DOP) can be defined as

f(@) = ficos™ (¢ — @o) + fLsin’(p — @o),

where DOP = 100% indicates a fully polarized transition. Polariza-
tion degrees (and directions) for transitions Ej, E,, and E; are 80%
(armchair), 73% (zigzag) and 76% (armchair), respectively.

Absorption spectra are sensitive to polarization as well, as
shown in Fig. 4b. The energetically lower absorption edge,
corresponding to transition E,, is best visible for the armchair
polarization. The second component, attributed to transition E3
based on temperature-dependent measurements, does not
change significantly with the polarization, which is inconsis-
tent with the PR results. Assuming the interpretation that in
absorption spectra the band-to-band transition is visible, while
the PR resonance is of excitonic nature, such discrepancy can
be explained if the polarization selection rules do not apply to
inter-band transition as strictly.

The experimental results can be further analysed and inter-
preted in terms of the electronic band structure of GeSe, in
order to assign the observed optical transitions to certain
Brillouin zone points and determine the position of the funda-
mental band gap. The DFT study revealed two competing
valence band maxima (at the I' point and on the I'-X path)
and three conduction band minima (at the I" point, on the I'-X
and I'-Y path), with relative energy dependent on the choice of
the computation method and parameters.®*”**%3% In this
work, theoretical calculations of the GeSe band structure were
performed with the use of the mBJ-TB09 potential, which is
proven to give satisfactory results for similar materials.®®

DOP _h-A % 100% (6) In Fig. 5a the Brillouin zone of GeSe is presented, with high
Y 05 . . . .
JI L symmetry points and directions marked. Fig. 5b shows the
: : : : 8 — ; : ;
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Fig. 4 Photoreflectance (a) and optical absorption (b) spectra acquired for light polarized linearly from 0° (along the armchair crystallographic direction)
to 90° (along the zigzag direction). Polarization dependence of transition oscillator strength, calculated as the integrated area under the PR resonance

modulus curve (c).
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Fig. 5 (a) Schematic illustration of the BZ, with high symmetry points

marked, (b) electronic band dispersion simulated with the mBJ-TB09
potential, along the high-symmetry path in the BZ, with optical transitions
marked by arrows, (c) squared transition matrix element components in
armchair (green areas) and zigzag (orange areas) directions, and the
calculated distance between the valence and conduction band (solid dark
blue line).

electronic band dispersion on high symmetry paths in the
Brillouin zone. The valence band maximum (VBM) occurs on
the I'-X path, while the conduction band minimum (CBM) is at
the I' point. As a consequence, the fundamental band gap of
GeSe (yellow arrow labelled E, in the figure) is indirect, with an
energy of 0.99 eV. No absorption close to this energy was
observed in the experiment, indicating that either the energy
is underestimated, or the transition is not optically active.
Optical transitions measured experimentally and discussed in
this work were assigned to certain BZ points, based on their
energy and polarization. To determine the theoretical polarization

View Article Online
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of each transition, the square of the transition matrix element
(P.”) between the topmost valence and lowermost conduction
bands was calculated on a path in the BZ. Its components in
armchair and zigzag directions are presented in Fig. 5¢ as green
and orange areas, respectively. The theoretical DOP can be
calculated using eqn (6), treating fj and f, as matrix element
components parallel and perpendicular to the transition polariza-
tion direction. In Fig. 5c¢ additionally the distance between the
valence and conduction band (direct band gap) is plotted (solid
dark blue line, right axis), to better illustrate the critical points of
the electronic band structure.

The lowest direct transition £, (blue arrow in the figure) was
assigned to the point close to the VBM, on the I'-X path, where
the armchair component of the matrix element is high. The
theoretical energy of this transition is 1.26 eV, which is very
close to the experimental value of 1.29 eV (at 0 K, extrapolated
from the temperature dependence). Although a similar energy
is observed at I', the matrix element around this point is nearly
zero. The second direct transition E, (red arrow) was assigned
to a point on the I'-Y path, due to the high zigzag matrix
element component. The distance between bands at this point
is 1.78 eV. In this case, the experimentally determined energy of
1.52 eV is significantly smaller; however it is the lowest allowed
transition with confirmed zigzag polarization in the BZ. The
discrepancy is most likely due to underestimation of the
valence band energy by the calculations or high exciton binding
energy. A similar observation has been reported and discussed
for GeS.°® Transition E; (green arrow), based on its armchair
polarization, can be assigned to both Y-S and Z-U paths,
although the energy matches the latter better. In the Z-U
direction the distance between bands is 1.68 €V, slightly higher
than the experimental energy of 1.58 eV. Experimental and
theoretical energies and polarizations of each transition are
presented in Table 2. Worth noting is also the band-nesting
(van Hove singularity of the second type) character of each
direct transition - valence band maxima and the corresponding
conduction band minima do not occur at exactly the same
energy, as can be seen in Fig. 5b. The difference is not
significant at 0 K (as provided by DFT calculations); however
it may extend and have serious consequences when the influence
of the temperature is considered. One of them can be the
aforementioned vanishing of the PR resonance corresponding
to transition E; at ~120 K.

Additional DFT calculations of transition energies were
performed with the HSE06 hybrid functional. Table S2 (see ESIY)
presents comparison of experimental and calculated transition

Table 2 Experimental and theoretical energies and polarizations of measured and predicted optical transitions, along with their assignation to certain BZ
points. The experimental values correspond to a temperature of O K and are determined from the extrapolation of the temperature dependence

Energy (eV) Polarization, DOP
Transition Assignation Experiment Calculation Experiment Calculation
E, r-y—r 0.99 — —
E, r-y 1.29 1.29 Armchair, 80% Armchair, 90%
E, r-x 1.52 1.78 Zigzag, 73% Zigzag, 83%
E; zZ-T 1.58 1.68 Armchair, 76% Armchair, 93%

This journal is © The Royal Society of Chemistry 2021
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energies. It is clear that HSE06 significantly overestimates all the
energies, while mBJ-TB09 yields much better agreement with
measured values. This is in line with previous observations for
another orthorhombic monochalcogenide, GeS.®

In order to investigate the functionality of GeSe in photo-
conversion applications, photocurrent (PC) measurements have
been performed. In Fig. 6a the spectral dependence of gene-
rated photocurrent is presented (solid line), along with optical
absorption (dashed line), measured at 20 K. The incident light
power density used for the measurement was ~600 mW cm™ 2,
resulting in a photocurrent of an order of magnitude of pA.
As can be seen in the figure, the absorption edge and step-like
profile are in excellent agreement for both spectra. In PC a wide
extremum occurs below the absorption edge, which can be
attributed to ionized defects. Such conclusion has been made
based on polarization dependent measurements (Fig. S2a in
ESIY), revealing that above the absorption edge PC follows the
optical absorption dependence on polarization, while in the
energetically lower region the signal remains unchanged. It is
best visible in panel b of Fig. S2 (ESIt), where the degree of
polarization of the photocurrent is plotted. Below 1.3 eV the
DOP is close to zero (the negative values originate from
measurement artefacts and are not physical), indicating that
there are no polarized features in this spectral region. As the

View Article Online
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optical properties of GeSe are strongly anisotropic (which is
confirmed by theoretical calculations of the matrix element
components across the Brillouin zone, presented in Fig. 5b),
only defect states, insensitive to polarization, can contribute to
light absorption and photocurrent generation. For energies
above the absorption edge the polarization degree increases
rapidly up to ~80%, which coincides with the value of DOP
extracted from the photoreflectance spectra analysis. In Fig. 6b
time-resolved photocurrent response obtained for three illumi-
nation powers (10 mW, 5 mW, and 1 mW) is plotted. The
532 nm laser beam was modulated at a frequency of 80 Hz.
In the bottom panel of Fig. 6b a close-up of the photocurrent
decay is presented. As can be seen from the figure, after the
illumination is turned off, the photocurrent drops down to 10%
of its maximal value in less than 80 ps. Such rapid decay is
evidence of the fast response of the device (compared to other
reports for this material system'®>*%), Fig. 6¢ and d show the
photocurrent dependence on the illumination power density
and modulation frequency, respectively, measured for two laser
wavelengths: 405 nm and 532 nm. The power density depen-
dence (panel c) follows the power law in nearly the whole
investigated range. Above ~1 W cm™ > the experimental data
drift from the trend, as the photocurrent saturates at the value
exceeding 100 nA (for an excitation wavelength of 532 nm),
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Fig. 6

(a) The comparison of the spectral characteristics of the photocurrent (solid line) and optical absorption (dashed line) of the GeSe sample under

illumination with a monochromatic light of power density ~600 mW cm~2, (b) the photocurrent time response measured under illumination with a
532 nm laser beam modulated at a frequency of 80 Hz, at an excitation power of 1, 5, and 10 mW. In the bottom panel the decay of the photocurrent can
be seen more closely, allowing the estimation of the decay time. The dependence of photocurrent on (c) light power density and (d) frequency, measured

for excitation wavelengths of 532 and 405 nm.
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which is an excellent result for a measurement in zero-bias
conditions. The photocurrent generated under 405 nm laser
illumination is generally lower, due to the descent of the
spectral characteristics. In the PC vs. frequency plot (panel d)
the current is reduced by half at a frequency of ~ 50 kHz. This
value is in good agreement with the estimated decay time
(within the order of magnitude).

From the photocurrent measurement results, parameters
commonly used to describe the efficiency of photoelectric
conversion can be derived: photoresponsivity (R) and external
quantum efficiency (EQE). Photosensitivity is defined as the
photocurrent generated per unit illumination power and is
given by

_ I
R= p77 (7)

where I, is the photocurrent, p is the light power density, and
A is the illuminated area. External quantum efficiency is defined
by the equation

EQE = hc—?, (8)

el

where & is Planck’s constant, ¢ is the speed of light, e is the
elementary charge, and 4 is the excitation wavelength. Under
the illumination of a 532 nm laser beam of 1 mW power,
R = 0.63 mA W' and EQE = 0.15%. The values cannot be
directly compared with the corresponding results from the
literature due to the fact that the reported measurements have
been performed for thin flakes or nanosheets, under a fixed
bias of 2-5 V, typically resulting in considerably higher
photoresponsivity.>>%%3%° To the best of our knowledge, no
reports of comprehensive photocurrent studies of bulk GeSe
under zero-bias conditions are available.

Conclusions

In conclusion, the optical activity and anisotropy of a group-IV
monochalcogenide, GeSe, have been investigated experimentally,
exploiting two complementary methods of optical spectroscopy —
optical absorption and photoreflectance. The measurements
have been supported by density functional theory (DFT) calcu-
lations of the electronic band structure. The experimental study
exposed that the absorption properties of GeSe are dominated
by direct optical transitions, suggesting the direct character of
the fundamental band gap, at an energy of (1.21 + 0.05) eV
at room temperature. Additionally, two energetically higher
optical transitions have been observed. Polarization-resolved
measurements revealed strong anisotropy of the acquired
spectra, with the polarization degree of each observed transi-
tion exceeding 70% in one of the main in-plain crystallographic
directions. The experimental results are in agreement with the
theoretical study, although according to DFT calculations the
fundamental band gap of GeSe is indirect, at slightly lower
energy than that of the lowest direct transition. Such incon-
sistency can be explained by the fact that the indirect transition
is significantly weaker and in the experiment may not be

This journal is © The Royal Society of Chemistry 2021
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possible to discern from the closely lying direct transition,
characterized by higher oscillator strength. Therefore, the
fundamental band gap of GeSe may in fact be indirect, but
with the lowest direct transition within close energy proximity.

Finally, we performed an investigation of the photoelectric
properties of GeSe, by means of photocurrent measurements.
The obtained photoresponsivity of 0.63 mA W' and external
quantum efficiency of 0.15% are satisfactory, considering the
experimental conditions (zero-bias) and the simplicity of the
exploited setup. The fast response of the device (both rise and
decay time of the photocurrent) is an excellent result, promising
for application in photodetection technology.

We believe that our research will contribute to the general
knowledge of the fundamental properties of van der Waals
crystals and provide the background essential for future devel-
opment of two-dimensional optoelectronics.

Methods

Experimental details

The investigated samples were bulk GeSe crystals, grown by the
flux method, and were purchased from the 2D Semiconductors
company (USA).>® Crystals’ purity was over 99.995%, as con-
firmed by XRD and EDX data provided by the manufacturer. For
optical measurements flakes of thickness between 10 and 100
pm and lateral dimensions of ~2 mm were selected. The top
layer of each sample was exfoliated with Kapton tape in order to
obtain a clear surface. For photocurrent measurements a larger
(5 mm) and thicker (500 pm) sample was used.

Structural characterization of GeSe samples was performed
using high resolution transmission electron microscopy, selected
area electron diffraction, and electron energy loss spectroscopy.
HRTEM images and SAED patterns were acquired using a double-
aberration corrected FEI Titan3 60-300 (S)TEM microscope. GeSe
crystals were mechanically exfoliated onto a carbon lacey grid and
subsequently imagined at an accelerating voltage of 300 kV, with
spherical aberration correction. EELS analysis was performed in
the STEM mode, using a Gatan Continuum (model 1077) EELS
spectrometer, under the following experimental parameters:
operating voltage 300 kV, beam current 120 pA, 5 mm of EELS
aperture size, and dispersion of 0.3 eV ch ™.

Raman scattering measurements were performed on the
micro-PL setup, consisting of a 550 mm focal length grating
monochromator coupled with a liquid nitrogen cooled CCD
array detector camera and a 532 nm laser line (output power
50 pW). A 50%, NA = 0.55 magnifying objective lens was used to
focus the laser beam and collect the light scattered at the
sample surface. Raman characterization was conducted in the
backscattering mode at room temperature and under ambient
conditions.

Photoreflectance (PR) and optical absorption measurements
were performed using dedicated optical setups. The sample was
mounted inside a cryostat connected to a closed-cycle helium
cryocooler, to allow measurements from room temperature
down to 20 K. For both measurements a quartz tungsten
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halogen (QTH) lamp was used as the white probing light source.
The signal was detected with a Si photodiode and a lock-in amplifier
(Stanford Research Systems SR830). For PR measurements, a
405 nm laser modulated by a mechanical chopper at a frequency
of ~300 Hz was employed. For polarization-resolved measurements
a Glan-Taylor calcite linear polarizer and an achromatic half-wave
plate were placed in the optical axis.

In order to investigate the photoelectric response of GeSe,
photocurrent measurements were performed. The sample was
mounted on a sapphire substrate (1 mm thick) to provide good
thermal conduction (allowing low-temperature measurements)
and electric insulation from the cold head. Four silver electric
contacts were deposited on each corner of the sample. The
measurements were performed under zero-bias conditions,
with a Stanford Research Systems SR570 transconductance
preamplifier to convert the generated photocurrent to a corres-
ponding voltage signal, further demodulated with a lock-in
amplifier. For spectral dependence measurements a mechan-
ical chopper was used to modulate the incident light. For
power, frequency, and time dependence, laser beams (405 and
532 nm) were modulated with acoustooptic modulators (AA
Optoelectronics). The photocurrent time response was acquired
using a high-resolution (10 bit) digital signal oscilloscope (Rohde
& Schwarz RTB2000 series).

Computation details

Calculations employing DFT were performed with the use of the
Vienna 4b Initio Simulation Package (VASP).”® Atomic cores were
represented by relativistic projector-augmented wave (PAW)
datasets’" within the Perdew-Burke-Ernzerhof (PBE) parametri-
zation of the generalized gradient approximation (GGA) to the
exchange-correlation functional.””> The geometric structure was
optimized until interatomic forces were lower than 0.01 eV A™"
which resulted in stress tensor components lower than 0.5 kbar.
A semi-empirical vdW correction of Tkatchenko and Scheffler
was used.”® Convergence tests revealed that a plane wave basis
cutoff of 650 eV combined with a 10 x 8 x 4 Monkhorst Pack
k-point grid is sufficient for convergence of lattice constants up to
0.01 A. The PBE functional is commonly known to underestimate
the electronic band gap; therefore the modified Becke-Johnson
(mBJ-TB09) exchange potential’* and Heyd-Scuseria-Ernzerhof
(HSE06) hybrid functional”® were used. Spin-orbit coupling was
employed during all the calculations. Polarization of direct
optical transitions was determined from the matrix elements of
the transitions obtained within Density Functional Perturbation
Theory.”®
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