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A B S T R A C T

We have investigated the structural and electronic properties of the α-GeSe surface using atomic force micro-
scopy, scanning tunneling microscopy and density functional theory calculations. GeSe belongs to the group-VI
transition metal monochalcogenides and occurs in two polymorphs, α-GeSe and β-GeSe. The most redundant
polymorph, α-GeSe, has a structure that is very similar to black phosphorene. The α-GeSe surface has a centered
rectangular unit cell with dimensions a=3.8 Å and b=4.4 Å, respectively. In scanning tunneling microscopy
images only the Se atoms are resolved owing to the substantial transfer of electrons from the Ge to the Se surface
atoms. This experimental finding is fully in line with density functional theory calculations. Scanning tunneling
spectroscopy reveals that the α-GeSe surface is a p-type semiconductor with a band gap of 1.0 eV. The GeSe
surface is stable at ambient conditions, which makes this material very appealing for technological applications.

1. Introduction

Sparked by the discovery of graphene [1,2], a single layer of sp2

carbon atoms arranged in a honeycomb structure, tremendous attention
has been paid to other two-dimensional materials, such as the elemental
group IV materials [3–10] and the transition metal dichalcogenides
[11–13]. More recently also, black phosphorene, a monolayer material
composed of phosphorus atoms with a puckered structure, attracted
much attention because of its extraordinary properties. Black phos-
phorene is a semiconductor with a direct band gap of 1.5 eV and a high
hole mobility [14,15]. Unfortunately, black phosphorus is very sus-
ceptible to the adsorption of oxygen and water [16,17], which can se-
verely degrade the performance of black phosphorus based electronic
devices. Although different passivation methods have been developed
to protect the surface, the intrinsic properties of black phosphorus are
also affected by the protection.

New air-stable two-dimensional materials with a “phosphorene-
analog” puckered structure, such as GeS, GeSe, SnS and SnSe, have been
predicted to possess properties very comparable to black phosphorus
[18–22]. The very good performance of these materials, including ul-
trahigh charge carrier mobility with strong anisotropy [23–25], high
thermoelectric ZT value [26,27], giant piezoelectricity [28], high
photoresponsivity [29], and sensitivity for various gases [30] make
these class of materials of great potential interest for a broad range of

applications.
In this work we will study GeSe, a material which occurs in two

polymorphs, α-GeSe and β-GeSe, respectively. GeSe consist of six-
membered rings of 3 Ge atoms and 3 Se atoms. The six-membered ring
of α-GeSe has a chair configuration, which makes the structure α-GeSe
very comparable to black phosphorene. The six-membered ring of β-
GeSe exhibits a boat configuration [31]. α-GeSe is the most abundant
polymorph, whereas β-GeSe is only found at high pressures and high
temperatures. Both GeSe polymorphs are semiconductors. Bulk GeSe is
a p-type semiconductor with a rather complicated electronic band
structure revealing closely placed direct and indirect band gaps
[32–35]. A monolayer of α-GeSe is predicted to have a direct band gap
of ∼1.1–1.2 eV [33,36,37], which makes this material an appealing
candidate for optoelectronic applications, such as near-infrared photo-
detectors. Density functional theory calculations [33] revealed that
there are no imaginary phonon modes, implying that a monolayer of α-
GeSe is stable. The band gap of other polymorph, i.e. β-GeSe, is sub-
stantially smaller and amounts about 0.5 eV for the bulk phase and
0.9 eV for a monolayer.

The orthorhombic unit cell of α-GeSe involves two atomic layers.
Each of these layers consists of four three-fold coordinated atoms,
which form zig-zag chains (see Fig. 1(d)). The bond between these
Ge–Se atoms has a polar-covalent character. The layers are held to-
gether by weak van der Waals interaction and therefore the material
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can easily be mechanically exfoliated.
Here we will study the structural and electronic properties of α-

GeSe surfaces using scanning tunneling microscopy and atomic force
microscopy. Our experimental study is inspired by a recent density
functional theory study by Hu et al. [33], which revealed that the
electron density is very high at the Se atoms and very low at the Ge
atoms. α-GeSe has a centered rectangular surface unit cell, but in the
scanning tunneling microscopy images only a primitive cell is resolved.
This experimental finding is in excellent agreement with the afore-
mentioned density functional theory calculations. In addition, the α-
GeSe surface, which is prepared by exfoliation under ambient condi-
tions, is remarkably defect- and impurity free. This is in marked con-
trast to black phosphorus, which is very susceptible to the adsorption of
water and oxygen. The outstanding properties of α-GeSe make this
material a very appealing candidate for future electronic, optoelec-
tronic, thermoelectronic devices.

2. Experimental

The α-GeSe crystal was purchased from HQ Graphene (Groningen,
The Netherlands). The lattice parameters of GeSe have been determined
by X-ray diffraction measurements and are given by a=3.8 Å,
b=4.4 Å and c=10.8 Å (a,b are in-plane and c is out-of-plane). Before
the GeSe samples were transferred into the load-lock of our ultra-high
vacuum system, a few layers of the GeSe crystal were peeled off using
mechanical exfoliation. The main chamber of our ultra-high vacuum
system is equipped with a room temperature Omicron scanning tun-
neling microscope (STM) and has a pressure of ∼3×10−11 mbar. The
topographic STM images were recorded in the constant current mode
using electrochemically etched Pt/Ir STM tips. The dI/dV and dI/dz
signals were obtained by a lock-in amplifier. The sample bias (dI/dV) or
the z-piezo (dI/dz) were modulated with a small high frequency
(1.89 kHz) sinusoidal signal with an amplitude of 18mV and 10mV,
respectively. After the STM measurements, the sample was taken out of
the ultra-high vacuum system and transferred to an ambient Bruker

atomic force microscope (AFM). Kelvin probe force microscopy was
used to determine the work function of GeSe. In order to obtain an
accurate absolute value for the work function of GeSe we have used
several reference materials (Si, Au and Al) with well-defined work
functions. We have used silicon tips with a force constant of 0.4 N/m, a
resonance frequency of 70 kHz and a tip radius of about 2 nm.

The calculations were performed using the first-principles calcula-
tion method based on density function theory (DFT) implemented in the
CASTEP (Cambridge Serial Total Energy Package) code [38,39]. The
electron-core interaction and exchange-correlation potentials were
treated using ultrasoft pseudo-potentials and the generalized gradient
approximation (GGA) using the PW91 formula [40,41], respectively.
The valence electrons of Ge and Se are given by 4s24p2 and 4s24p4,
respectively. The k-point meshes in the first Brillouin zone were ob-
tained using the special k-point sampling of the Monkhorst-Pack
scheme [42]. Furthermore, the thresholds for energy change per atom,
maximum force, maximum displacement and maximum stress of con-
verged structures were less than 5×10−6 eV/atom, 0.01 eV/Å,
5× 10−4 Å and 0.02 GPa, respectively. To model the surface structures
of GeSe, we have used the plane slab method, in which periodic
boundary conditions are applied to the surface supercell including a
10 Å thick vacuum region and a slab consisting of several atomic layers
[43].

3. Results and discussion

In Fig. 1(a) a large scale AFM image of an α-GeSe surface is shown.
Several step edges, which mainly run from the top of the image to the
bottom of the image, can be discerned. The heights of these steps are
∼0.5 nm, or multiples thereof. In Fig. 1(b) a line profile across a single
layer GeSe step with a height of 0.5 nm is shown [37]. A small scale
atomically resolved STM image recorded at room temperature is dis-
played in Fig. 1(c). A rectangular unit cell with dimensions 3.8 Å by
4.4 Å is clearly visible. A schematic model of the surface of α-GeSe is
shown in Fig. 1(d). Fig. 1(d) illustrates the structure model of α-GeSe,

Fig. 1. (a) Atomic force microscopy (AFM) image of an α-
GeSe surface. Scanning size: 20 µm × 20 µm. (b) Height pro-
file of the inserted AFM image. (c) Atomically resolved scan-
ning tunneling microscopy image of α-GeSe. Sample bias is
−0.8 V and tunneling current is 0.5 nA. (d) The schematic
structure model of α-GeSe, with the top and side views.
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including a top view and a side view. The surface unit cells is outlined
by the red dotted line. The primitive unit cell is comprised of two
puckered layers, which are stacked on top of each other. The yellow and
blue circles refer to the Se and Ge atoms, respectively. In the inset of
Fig. 1(c) a fast Fourier transfer pattern of the topographic STM data is
shown. The surface lattice constants are a=3.8 Å and b=4.4 Å re-
spectively, which is in good agreement with experimental X-ray data
[44]. Since we do not observe a centered rectangular unit cell, but only
a primitive rectangular unit cell in our filled-state STM images we
conclude that only Se (or Ge) atoms are resolved. In order to determine
which of the two types of atoms shows up in the filled-state STM images
we first have a look at the electronic configurations of both atoms. Ge
atoms and Se atoms have electronic configurations given by [Ar]
3d104s24p2 and [Ar]3d104s24p4, respectively. Since (1) Se atoms have
more valence electrons than Ge atoms and (2) Se is more electro-
negative than Ge, we anticipate that the Se atoms appear more pro-
minent in filled-state STM images than Ge atoms. Therefore, we arrive
at the tentative conclusion that the observed primitive rectangular cell
reflects the positions of the Se atoms. This finding is in excellent
agreement with our density functional theory calculations (see Fig. 2).
In Fig. 2a simulated scanning tunneling microcopy image at a sample
bias voltage of −1 V using the CASTEP code is displayed. As shown in
Fig. 2 the electron density at the Se atoms is very high, whereas the
electron density at the Ge atoms is much lower.

In Fig. 3(a) an atomically resolved filled-state STM image of an area
of 40 nm by 25 nm is shown. The sample bias is −0.7 V and the tun-
neling current is 400 pA. The α-GeSe surface is remarkably free of
defects and impurities (see supplementary information for data).
Moreover, it should be emphasized here that the α-GeSe surface is re-
markably stable against oxidation and water adsorption since even after
being exposed to ambient conditions for three weeks the surface is still
defect- and impurity free (see supplementary information for an STM

image). The small amplitude large scale waviness that is present in
Fig. 3(a) is very common for exfoliated two-dimensional materials. Si-
multaneously with the topography we also recorded the differential
conductivity by modulating the sample bias with a small sinusoidal
voltage (18mV). The differential conductivity, dI/dV, image exhibits a
slightly lower resolution than the topographic image. It is worthwhile
to note that protrusions (depressions) in the topographic image show up
as depressions (protrusions) in the differential conductivity. The reason
for this inversion effect has to do with the apparent barrier height,
which is larger at a protrusion than at a depression resulting in a
smaller effective decay length at a protrusion. The spatial variation of
the apparent height will show up in the differential conductivity as a
‘background’ that is proportional to the inverted topographic image.

Fig. 4(a) shows a large-scale STM topographic image. A dim, bright
and flat region on the crystal surface is labeled by black, red and blue
dashed contours, respectively. The scanning tunneling spectra recorded
at these regions are displayed in Fig. 4(b). All three regions are semi-
conducting with a band gap of about 1 eV, which agrees pretty well a
gap of 0.88 eV that we obtained by density functional theory calcula-
tions (see supplementary information). The differential conductivity
curves of the three regions are shown in Fig. 4(c). As noted before the
dim regions exhibit a higher differential conductivity, i.e. higher local
density of states, than the bright regions at the set point voltage
(−0.7 V), which can be explained by the aforementioned inversion
effect.

The work function of the α-GeSe substrate has been determined by
Kelvin probe force microscopy. In order to determine the absolute value
of the work function of α-GeSe we have first measured the contact
potential difference between the AFM tip and three reference samples,
(Si, Al and Au), which have well-defined work functions (see supple-
mentary information and ref. [45]). We found a work function of 4.7 eV
for α-GeSe, which agrees well with earlier measurements by Song et al.
[46].

Although the α-GeSe surface is surprisingly defect- and impurity

Fig. 2. Simulated filled-state scanning tunneling microscopy image of the α-
GeSe surface. The electron density at the Se atoms is substantially higher than
that at the Ge atoms.

Fig. 3. (a) STM topographic image of α-GeSe surface. Sample bias is −0.7 V
and tunneling current is 0.4 nA. (b) Simultaneously recorded the dI/dV map
using a lock-in amplifier (modulation voltage 18mV and oscillation frequency
1.89 kHz).
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free we occasionally observe tiny depressions (see Fig. 5(a), where two
of these tiny depressions are outlined by a blue circle). These tiny de-
pressions are located in the center of the rectangular unit cells, i.e. at
the location of a top layer Ge atom. In Fig. 5(b) a spatial map of dI/dz of
the same area as depicted in Fig. 5(a) is shown. Following the theory
from Tersoff and Hamann [47], the tunneling current I and probability
T(V, E, z) are given by,

∫= −I C ρ E eV ρ E T V E z dE( ) ( ) ( , , )
eV

t s0 (1)

and

⎜ ⎟= ⎛
⎝

− + − ⎞
⎠

T V E z m z φ eV E( , , ) exp 2 2
ℏ 2A

(2)

respectively.
C is a proportionality constant, e is the elementary charge and V is

the applied voltage between the tip and sample. ρt and ρs are the density
of states of the tip and sample, respectively. E and z are the electron
energy and the tip-sample distance, respectively. m is the electron mass
and φA is the local apparent barrier height. Using Eqs. (1) and (2) it is
straightforward to derive an expression for dI/dz,

∫= − ≈dI
dz

C ρ E eV ρ E T V E z
dz

dE m I φ( ) ( ) ( , , ) 2 2
ℏ

eV
s s A0 (3)

where, = +φ φ φ( )/2A s t , φs and φt are the work functions of the sample
and tip, respectively. Since the tunneling current is kept constant the
dI/dz signal is directly proportional to the local work function, .i.e. the
apparent barrier height. Interestingly, the two tiny defects do not show
up in the dI/dz map. Based on these observations we arrive at the
conclusion that the tiny depressions are caused by missing Ge atoms in
the top layer. This ‘invisibility’ of the Ge atoms in the scanning tun-
neling microscopy measurements is in line with the density functional
theory calculations of Hu et al. [33].

4. Conclusions

The structural and electronic properties of the α-GeSe surface has
been investigated with atomic force microscopy, scanning tunneling
microscopy and spectroscopy. Filled-state scanning tunneling micro-
scopy images only reveal the Se atoms in the top layer resulting in a
primitive rectangular surface unit cell with lattice constants of 3.8 Å
and 4.4 Å, respectively. These findings are supported by density func-
tional theory calculations. Scanning probe spectroscopy measurements
reveal that α-GeSe is a p-type semiconductor with a band gap and work
function of 1.0 eV and 4.7 eV, respectively. The surface of α-GeSe is
surprisingly defect and impurity free. The most abundant defect that we
found is a missing Ge atom in the top layer. The moderated band gap,
the high quality of the α-GeSe surface and stability in air makes this

Fig. 4. (a) STM topographic image of an α-GeSe surface. Scanning size: 50 nm × 50 nm. (b) STS spectra of a dim, bright and flat region. All spectra were averaged
over 200 spectra (c) differential conductivities of the dim, bright and flat regions.

Fig. 5. (a) Atomically resolved STM topographic image of an α-GeSe surface with two vacancies. Scanning size: 9 nm × 9 nm. (b) dI/dz map of the same area as in
panel (a) with a modulation voltage of 10mV. Sample bias is −0.8 V and tunneling current is 0.5 nA.
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two-dimensional material an appealing candidate for technological
applications.
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