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We report on the vibrational (Raman) spectrum and structural

transformation of semiconducting pseudo-1D GaTe and ZrTe3
nanomaterials driven by ambient molecular interactions at the

nanoscale by angle-resolved Raman spectroscopy, atomic force

microscopy (AFM), and environmental X-ray photoelectron (XPS)

measurements. The results show that tellurium containing

pseudo-1D materials undergo drastic structural and physical

changes within a week. During this process, new Raman peaks

start to emerge and surface roughness increases substantially.

Surprisingly, aged Raman spectra of GaTe, ZrTe3, and α-TeOx show

striking similarities suggesting that oxidation of tellurium takes

place. Careful, environmental tests reveal that the interaction

between GaTe and H2O molecules forms Te–O bonds at the outer-

most layers of GaTe which leads to newly emerging Raman peaks,

a much reduced Schottky junction current density, and an aniso-

tropic to isotropic structural transition. These findings offer fresh

interpretation of the aging mechanisms for these material systems,

provide new interpretation of the Raman spectrum of aged GaTe

which was previously presumed to be of the hexagonal phase, and

introduce an anisotropic to isotropic transformation effect

induced by molecular interactions on the surface.

Introduction

Pseudo-one-dimensional (pseudo-1D) materials are a new
class of anisotropic two-dimensional (2D) materials wherein

atoms are arranged within a 2D plane in such a way that they
form chains extending along a particular lattice direction.1–3

Some examples of these unique types of materials include,
black phosphorus,4,5 ReS2

1,2,6 and ReSe2
7,8 from transition

metal dichalcogenides (TMDCs), TiS3,
3,9,10 HfS3, and ZrS3

11

from trichalcogenides (TMTCs), and most recently GaTe12–14

from post-transition metal chalcogenides (PTMCs). While
most of the 2D layers such as MoS2 and graphene are structu-
rally isotropic with isotropic material properties, the presence
of strong structural anisotropy in these pseudo-1D materials
leads to direction dependent material properties wherein
high electronic conductivity,3,4,15 thermal conductivity,16 and
exciton recombination17,18 only occur for a given lattice direc-
tion. As such, the material properties and behavior of aniso-
tropic 2D materials bridge across 2D and 1D materials such as
nanowires, nanotubes, and other systems with a high geo-
metrical aspect ratio.

Most recently, our team and others have reported on the
anisotropic atomic arrangement, optical behavior, and Raman
scattering of GaTe from the 2D PTMC family.13,19 Despite its
attractive direction dependent material behavior,20 its environ-
mental stability under ambient and extreme conditions is cur-
rently not understood. This is particularly of concern since
other tellurium based 2D materials such as MoTe2

21,22 and
WTe2 have been previously suspected to suffer from environ-
mental instability. Indeed, vastly different Raman spectra have
been erroneously attributed to the same (anisotropic mono-
clinic) phase of GaTe by various teams.13,14,19,23 Since the
Raman spectrum is highly sensitive to surface chemistry and
structural characteristics, more studies are needed to gain a
fundamental understanding of their material stability and
interaction with molecular species that are commonly found
in air.

In this article, our results mark the very first fundamental
investigation on surface reaction mechanisms and environ-
mental stability of tellurium containing 2D anisotropic
systems like GaTe and ZrTe3. Results show that GaTe sheets
deteriorate in air within a few days and their Raman spectrum
rapidly transforms into a completely different spectrum.

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c7nr02397a

aSchool for Engineering of Matter, Transport and Energy, Arizona State University,

Tempe, Arizona 85287, USA. E-mail: sefaattin.tongay@asu.edu
bDepartment of Applied Physics, College of Engineering, Sookmyung Women’s

University, Seoul 04310, South Korea
cDepartment of Civil and Environmental Engineering, Princeton University,

Princeton, New Jersey 08544, USA
dAndlinger Center for Energy and the Environment, Princeton University, Princeton,

New Jersey 08544, USA
eMolecular Foundry, Lawrence Berkeley National Laboratory, Berkeley,

California 94720, USA

This journal is © The Royal Society of Chemistry 2017 Nanoscale

Pu
bl

is
he

d 
on

 2
0 

Ju
ly

 2
01

7.
 D

ow
nl

oa
de

d 
by

 P
ri

nc
et

on
 U

ni
ve

rs
ity

 o
n 

15
/0

8/
20

17
 2

0:
11

:1
7.

 

View Article Online
View Journal

www.rsc.li/nanoscale
http://orcid.org/0000-0003-0645-7231
http://orcid.org/0000-0001-8294-984X
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nr02397a&domain=pdf&date_stamp=2017-08-14
http://dx.doi.org/10.1039/c7nr02397a
http://pubs.rsc.org/en/journals/journal/NR


Interestingly, the same aged spectrum is also observed for
aged 2D anisotropic ZrTe3 nanomaterials suggesting that the
observed effects might be ubiquitous among other Te-based
2D systems. While monolayers remain intact, the surface
roughness increases suggesting the presence of strong mole-
cular interactions. By environmental Raman spectroscopy
measurements under different gaseous conditions and X-ray
photoelectron spectroscopy (XPS) measurements, we identify
that a minute concentration of H2O(g) (humidity) causes
strong surface chemistry changes while a high concentration
of strongly oxidizing O2(g) in air does not have any detrimental
effects on GaTe. Lastly, we discuss the effects of the surface
transformation process on the anisotropic material response
of GaTe by angle-resolved Raman spectroscopy (ARS) measure-
ments. Overall the findings significantly advance our under-
standing of surface transformation mechanisms, unravel the
molecular interactions that are responsible for surface degra-
dation, and investigate anisotropic to isotropic transformation.

Anisotropic GaTe nanomaterials were deposited onto
285 nm thick thermal oxide/undoped Si (SiO2/Si) substrates
using a conventional mechanical exfoliation technique from
the synthesized monoclinic phase GaTe crystals (Fig. 1a)
grown by the standard Bridgman growth technique.24 Here, we
note that results reported in this article were collected on more
than fifty (50) different samples and found to be mostly inde-
pendent of thickness. Results were also confirmed for GaTe
sheets exfoliated from the crystals obtained from commercial
sources. The monoclinic phase of GaTe sheets was identified
by nano-Raman spectroscopy measurements on exfoliated
sheets (Fig. 1c, black solid line). In this monoclinic phase,
GaTe monolayers crystallize in the anisotropic form as shown
in the side and top views of the atomic structure wherein chal-
cogen atoms arrange themselves in such a way that they form
a chain which extends in one particular axis as shown in

Fig. 1a. The presence of strong structural anisotropy and the
monoclinic phase can be clearly observed from our high-
resolution transmission electron microscopy (HRTEM) and
fast Fourier transform (FFT) images shown in Fig. 1b. The
presence of anisotropy can be further evidenced by ARS
measurements; previously, it has been established that the
most prominent 116 and 177 cm−1 peaks of the monoclinic
GaTe involve atomic vibrations along the b-axis.13

Consequently, angle resolved Raman spectroscopy ARS
measurements (polar plots) on these two peaks display
cos2(Θ)-like response wherein the Raman intensity is maxi-
mized (minimized) when polarization (E-field) makes 0° (90°)
degrees with the b-axis meaning parallel (perpendicular) to an-
isotropy direction. This, in return, allows one to determine the
anisotropy b-axis using a fast and non-destructive Raman spec-
troscopy technique as shown in Fig. 1e and f.

Surface and Raman transformation on the surface

A closer look at Fig. 1c shows that the Raman spectrum of exfo-
liated GaTe transforms quickly (within one week) into a vastly
different Raman spectrum as shown in Fig. 1 (red line): the
characteristic Raman peaks of the monoclinic GaTe located at
116, 163, and 177 cm−1 gradually disappear and instead two
new Raman peaks located at 126 and 142 cm−1 emerge and
dominate the overall spectrum. Interestingly, the same spec-
trum and Raman peaks are measured on aged 2D anisotropic
ZrTe3 nanomaterial (Fig. 1d). This suggests that the observed
phenomenon is not specific to GaTe but might be common
among other Te-based 2D sheets. When plotted together, the
Raman spectra of the aged GaTe and aged ZrTe3 almost match
with each other, indicating that the resulting two peaks are
from a certain tellurium based compound that originates from
the aging of both materials. Here, broad FWHM (δω ∼
11 cm−1) is likely related to the presence of many Raman

Fig. 1 Basic characterization of monoclinic GaTe. (a) Side view and top view of a single layer of monoclinic GaTe. (b) TEM image and FFT pattern
(inset) of monoclinic GaTe. (c) Raman spectra of freshly exfoliated GaTe (black line), aged GaTe (red line), and tellurium dioxide (blue line). (d) Raman
spectra of freshly exfoliated ZrTe3 (black line) and aged ZrTe3. Inset: Normalized Raman spectra of aged GaTe and aged ZrTe3. (e, f ) Polar plots of the
Raman intensity of 116 and 177 cm−1 peaks of GaTe.
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peaks located near each other and/or the formation of a semi-
amorphous non-native surface layer that lacks clear crystalli-
nity. A comparison among amorphous TeO2 (Te is known to
oxidize into TeO2 rather quickly), aged GaTe, and aged ZrTe3
shows striking similarities and is used as a reference (Fig. 1c
and d). This similarity between aged GaTe and aged ZrTe3
suggests that the new Raman features are probably due to the
presence of tellurium atoms in both materials. However, to
our knowledge, there exist tellurium containing materials that
are environmentally stable. Therefore, the environmental stabi-
lity of these materials is possibly dictated by their structure,
phase, and nature of chemical bonding, which is subject to
further study.

The surface transformation through molecule–surface
interaction

To understand the origin of large changes in the Raman
spectra with time, we have carried out detailed environmental
Raman spectroscopy measurements. Our efforts were focused
on GaTe sheets but similar results were also observed on ZrTe3
in more than 25 sample sets. Freshly exfoliated GaTe flakes
were kept in a certain gaseous environment to understand the
effects of different types of molecular interactions on the GaTe
surface, and their Raman spectra were collected before and
after exposure to these conditions for 1 week (Fig. 2a). When
GaTe sheets are kept under vacuum conditions (P < 1 mTorr),
the Raman spectrum remains remarkably similar to freshly
exfoliated ones suggesting that GaTe sheets are stable in a
vacuum and strong Raman transformation is likely to originate
from interactions with gas molecules in air (i.e., O2, N2, and
H2O). Indeed, the effect of some residual gases present in an
environmental chamber kept at 1 mTorr can be evidenced by a
small shoulder that appears in the 120–140 cm−1 range.

To determine the types of gas molecules responsible for
strong surface interaction, we have performed similar
measurements in air as well as in N2, O2, and H2O rich

environments. The samples kept in pure nitrogen or oxygen do
not show any peaks at 126 and 142 cm−1, but these new peaks
immediately develop when the samples are exposed to H2O
vapor. Although the native GaTe signals are still present in the
top two lines in Fig. 2a, we note that the TeOx peaks have
become clearly visible suggesting that the oxidation has
occurred on the surface. Based on these results (Fig. 2a), we
conclude that the Raman spectrum transformation originates
from the interaction with H2O molecules (as demonstrated by
our first principles simulations in ESI Fig. S1 and S2†) at the
surface while N2 and even the oxidizer O2 do not cause any
detrimental effects. Here, it is noteworthy that surface aging is
quite noticeable from AFM measurements shown in Fig. 3a
and b where the surface roughness of GaTe (blue dashed box)
increases from 0.5 nm to 0.75 nm by aging in air. The trans-
formation of the Raman spectra in different environments can
be clearly seen in our bar graph in Fig. 2c. In this figure,
I142/I163 in the ordinate takes the intensity ratio of the 142 cm−1

peak observed on aged GaTe and the 163 cm−1 peak that rep-
resent the contribution of aged (transformed) GaTe and pris-
tine GaTe, respectively, and therefore I142/I163 provides a
measure of degree of aging where a larger I142/I163 ratio
implies more severe transformation. While the I142/I163 ratio
remains mostly unchanged under vacuum, O2, and N2, the
I142/I163 ratio increases dramatically by 5–10 fold by aging
when the sheets are exposed to air and H2O vapor.

In addition to environmental Raman measurements, we
performed environmental laser induced aging effects to
observe the aging process in much shorter timeframes to gain
further understanding of molecular interactions at the surface.
The samples were exposed to a 488 nm laser focused down to
a 0.75 μm2 beam area and an ∼50 μW spot for ∼10 minutes in
different environments, and the Raman spectrum was col-
lected immediately after exposure. The results in Fig. 2b show
striking similarities to Fig. 2a which suggest that the laser
induced aging process also occurs only in the presence of H2O

Fig. 2 Environmental and laser induced aging of GaTe. (a) Raman spectra of GaTe before/after environmental aging in different gas environments.
(b) Raman spectra of GaTe before/after laser induced transformation in different gas environments. (c) Quantitative analysis of Raman spectra
before/after aging. (d) 3D surface and 2D contour plot of GaTe Raman spectra aged in an ambient environment. (e) 3D surface and 2D contour plot
of GaTe Raman spectra aged under laser exposure.
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and the aging process can be accelerated under constant laser
exposure. Acceleration of the aging process can be attributed
to the increased chemical reaction rates by the energy provided
by the external laser or photo-activated surface reaction mecha-
nisms and is subject to future research. Meanwhile, we discov-
ered that the pressure of gas, depending on the type, can also
affect the transformation process. For inert gases such as N2

and O2, their pressure has no impact: up to 600 Torr of N2 or
O2, the Raman spectrum of the as-cleaved GaTe remains
unchanged under laser exposure. In the case of air, a pressure
below 100 Torr only causes a minimum surface transformation
as evidenced by the Raman spectra, whereas the transform-
ation rate increases with pressure above 100 Torr. Due to the
constraints of our instrument we were unable to control the
pressure of pure water vapor in the environmental Raman
chamber. However, we suspect that the pressure of water vapor
will have a direct impact on the transformation rate of GaTe.
Overall, the laser induced technique simply allows one to
investigate environmental effects in much shorter timescales
and provides a quick and effective measurement tool to assess
the material stability in a select type of gaseous environment.

To understand the transition from pristine GaTe to the
aged GaTe Raman spectrum, we collected the Raman spectrum
during the course of the aging process in air (Fig. 2d) and
under laser exposure (Fig. 2e). The results convincingly show
that a transition from the monoclinic GaTe to aged GaTe
occurs gradually within a week in air or a few minutes under
laser exposure without any intermediate stages of surface reac-
tion as evidenced by the absence of other new Raman peaks
and new phases of GaTe. Most notable of all, the laser induced
aging process shows that the laser induced aging effect occurs
only in regions where the GaTe sheets were exposed to the
laser source. This finding is also along similar lines to increase
surface reactivity and the photo-activation process discussed in
the previous section. Other than GaTe and ZrTe3, we also
observed a similar degradation of few-layer MoTe2 and WTe2
where the Raman peak intensity of these two materials signifi-
cantly drops after aging under ambient conditions for one
week. The environmental Raman spectroscopy of few-layer

MoTe2 indicates that neither N2 nor O2 causes the degradation,
implying that water vapor could be the origin of MoTe2
degradation.

The origin of surface transformation and instability

Then the main question arises: what is the exact nature of the
interaction of water molecules at the GaTe surface? To under-
stand the fundamental mechanism behind this process, we
performed AFM, c-AFM, and XPS measurements on freshly
exfoliated, environmentally aged, and laser exposed samples.
AFM measurements performed on freshly exfoliated (pristine)
GaTe flakes clearly demonstrated that the GaTe surface quality
is significantly reduced as shown in Fig. 3a–d. During the
environmental aging process, the RMS roughness of the GaTe
surface increases by 50% from 0.5 nm to ∼0.75 nm while the
overall thickness increases by ∼5 nm. This finding suggests
that interaction with H2O molecules is a chemical process and
causes the surface to change its morphology. Similar findings
have also been observed for GaTe sheets aged by laser exposure
in a H2O rich environment. The AFM images in Fig. 3c and d
show that the local aging effect is rather local as anticipated,
and the Raman spectrum of this local spot displays two new
peaks as mentioned before. Interestingly, however, the laser
induced fast-track aging process causes these local regions to
increase in height up to ∼10 nm. This can be simply attributed
to GaTe → GaTe1−y + TeO2−x partial (or full) oxidation at the
surface since amorphization is known to cause material to
swell in volume.

In situ environmental XPS measurements of pristine and
environmentally aged samples make this point beautifully
clear in Fig. 3e; the tellurium peaks of pristine GaTe are
originally located at 572.8 eV and 583.2 eV for Te 3d5/2 and
Te 3d3/2, respectively, which is a commonly accepted value for
Te bonded in a non-oxide crystal.25 Once the pristine GaTe
surface is exposed to air inside the XPS chamber, new tellur-
ium related peaks develop within a few days. These new peaks
are located at 576.6 eV (3d3/2) and 587 eV (3d5/2) and closely
match with TeO2 and other Te oxide complexes. Here, the pres-
ence of both non-oxide and oxidized Te peaks on the aged

Fig. 3 Surface degradation effects on anisotropic GaTe interface AFM measurements on (a, b) freshly exfoliated and environmentally aged exfo-
liated GaTe sheets. Similar AFM measurements on (c, d) exfoliated and laser aged GaTe sheets. (e) Environmental XPS measurements on freshly
cleaved GaTe sheets. (f ) I–V curves of freshly exfoliated and aged flakes plotted on linear and semi-log scales respectively.
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GaTe surface clearly suggests that some of the Te remains
bonded to gallium atoms while a substantial amount of Te
gets oxidized strongly likely due to strong interactions with
H2O. Meanwhile, extended XPS data collected afterwards
showed no difference in comparison with the 14 day data,
suggesting that the surface transformation is a self-limiting
process. The effect of Te–O formation on the GaTe surface is
also seen in our Schottky junction devices characterized by
conductive AFM measurements (Fig. 3f) at the nanoscale.
A comparison between the GaTe/Pt Schottky junction charac-
teristics measured on a freshly exfoliated and aged GaTe shows
that the overall current density is due to the formation of a
tunnel junction like the Te–O surface layer.

Here, we note that a previous study26 has suggested an O2

intercalation scheme and a monoclinic to hexagonal phase
transition to account for the environmental instability of
m-GaTe. Our studies, however, show that the presence of O2

molecules does not impact the first order, instead a small
amount of H2O (humidity) induces surface transformations.
Our XPS, AFM, and Raman studies further suggest that the
surface undergoes GaTe + H2O (l,g) → TeOx + byproduct trans-
formation. To this end, other studies even erroneously identi-
fied an aged GaTe Raman spectrum – which is identical to
aged ZrTe3 – as pristine m-GaTe.13 Our data in Fig. 1d (inset)
and α-TeOx peaks in Fig. 1c convincingly demonstrate that
these emergent Raman peaks stem from amorphous tellurium
oxide complexes.

Anisotropic to isotropic transition

Lastly, we discuss how the environmental aging process and
H2O interactions on the GaTe surface impact their overall an-
isotropic properties by angle resolved Raman spectroscopy
measurements. In Fig. 4, we show the polar plots of Raman
peaks at 114 cm−1 and 177 cm−1 after aging for 1 and 2 weeks.
On day 0, which corresponds to freshly exfoliated GaTe sheets,

the Raman peak intensity is maximized at 180 degrees which
align with the b axis, meaning that the GaTe (010) direction is
extending along 0–180 degrees. Similar angle resolved
measurements on the same exfoliated sample show that an-
isotropy is gradually lost when the sample is kept under
ambient conditions. This finding suggests that GaTe sheets
kept under ambient conditions undergo an anisotropic
(pseudo-1D) to isotropic transition as newly emerging Raman
peaks (at 126 cm−1 and 142 cm−1) do not possess any aniso-
tropic response, and better surface protection post-processing
methods are required to assess their true potential as pseudo-
1D materials.

In summary, our results mark the very first investigation on
the surface reaction mechanisms and environmental stability of
tellurium containing 2D anisotropic systems like GaTe and
ZrTe3. Our environmental studies on anisotropic Te containing
nanomaterials demonstrated that freshly exfoliated GaTe layers
quickly deteriorate in air. During this process, the surface mor-
phology, Raman spectrum, structure, and surface chemistry
undergo drastic changes. Our environmental XPS and Raman
spectroscopy measurements suggest that H2O gas molecules
interact rather strongly on the surface while N2, O2, and inert
gases do not have any detrimental effects on the GaTe surface.
Importantly, much desired anisotropic properties of GaTe
gradually disappear during the aging process. The overall results
establish the environmental stability of newly discovered 2D an-
isotropic materials GaTe and ZrTe3, and offer deep insights into
surface reaction mechanisms on Te-containing 2D layers.

Methods
Sample preparation

GaTe and ZrTe3 sheets are prepared by standard mechanical
exfoliation with magic tape onto a Si wafer coated with a

Fig. 4 Angle resolved Raman spectra of GaTe during environmental aging. (a) Polar plots of 114 and 177 cm−1 peaks on day 0. (b) Polar plots of 114
and 177 cm−1 peaks on day 7. (c) Polar plots of 114 and 177 cm−1 peaks on day 14.
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285 nm SiO2 layer. Exfoliated samples are used directly for
measurements unless otherwise stated. GaTe and ZrTe3 crys-
tals were synthesized using a conventional Bridgman tech-
nique at high temperatures and low pressures.

Raman spectroscopy

Raman measurements were performed on a Renishaw inVia
Raman microscope with a 488 nm excitation laser in the back-
scattering configuration. All measurements were performed
under ambient conditions at room temperature unless other-
wise stated. The spot diameter of the laser is roughly 1 µm and
the spot size is ∼0.8 µm2. The laser power used is 37.5 µW for
measurements under ambient conditions and 375 µW for
laser induced environmental Raman measurements.

Laser induced environmental Raman spectroscopy

The GaTe sample is placed in a commercial cryostat chamber
and placed under the microscope of the Raman system. The
chamber is then pumped down and charged with gas to inves-
tigate until a certain pressure is reached. The Raman spectrum
of the sample is then collected.

Transmission electron microscopy

TEM characterization was performed on an FEI Titan TEM
operated at 300 kV. TEM samples were prepared by dispersing
the GaTe flakes in isopropyl alcohol (IPA) by sonication and
dropping the IPA onto copper grids with holey carbon films.

Atomic force microscopy

The samples are scanned by using a Dimension 3100 with
tapping mode. The scanning speed was set to 1 Hz and the
scanning size was 256 × 256. Conductive AFM was measured
on GaTe flakes exfoliated onto the ITO substrate by using a
Bruker Multimode 8 with a PtIr coated probe. The data were
analyzed by using Gwyddion software.

X-ray photoelectron spectroscopy

XPS measurement was performed using a non-monochromatic
Al Kα X-ray source (1486.6 eV) in an ultrahigh vacuum (UHV)
chamber (the base pressure was ∼10−10 mbar) equipped with a
hemispherical-type multichannel energy analyzer. Ar ion
milling was employed to remove native oxide layers and
surface contaminants of the samples before XPS scans.
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