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  Figure    1  a shows the room-temperature, optical absorption 
spectra of bulk GaTe (p-type, 2.5 × 10 16  cm −3 , 20 cm 2  V –1  s –1 ) 
with increasing time of exposure to air. For an as-cleaved crystal 
the absorption edge corresponding to the direct band-to-band 
transition overlapping an excitonic absorption peak is observed 
at ≈1.65 eV. After exposure to air, strong absorption of photons 
with energies below the band edge occurs, and a new absorp-
tion edge emerges. The square root of absorbance versus 
photon energy shows a linear relationship (inset, Figure  1 a), 
characteristic of an indirect band-to-band transition. [ 22 ]  Extrapo-
lation of this new edge yields an onset of absorption of 0.77 eV, 
less than half of the bandgap of pristine GaTe. This new absorp-
tion edge cannot be attributed to the formation of the common 
oxide-decomposition products TeO 2  or Ga 2 O 3  as their bandgaps 
are ≈3.8 eV and 4.9 eV, respectively. [ 23,24 ]  

  Loss of the photoluminescence (PL) signal as the result of the 
exposure to air is seen in Figure  1 b. Exposure times longer than 
20 d lead to the complete disappearance of the peak. As expected 
for an indirect-bandgap semiconductor, the transformed layer 
does not show any photoluminescence in the photon energy 
range of 0.68–2.3 eV. Loss of the PL signal from pristine GaTe 
over time and the emergence of a sub-bandgap absorption edge 
are consistent with the formation of an indirect bandgap mate-
rial at the surface that grows over time. We note that the PL and 
optical absorption spectra associated with as-cleaved GaTe reap-
pear in samples upon removal of a surface layer via exfoliation. 

 Figure  1 c shows the evolution of the Raman spectrum of 
exfoliated, or cleaved, single crystals of GaTe after being exposed 
to air. The peaks at 112, 117, 164, 177, 210, 270, and 283 cm −1  
observed in the as-cleaved sample have been previously identifi ed 
for monoclinic GaTe. [ 25–27 ]  With an extended exposure to air, two 
new broad peaks at 131 and 145 cm −1  grow until they dominate 
the Raman spectrum. There is an additional weak peak at around 
280 cm −1 . Although these new peaks have not been identifi ed 
for GaTe, they have been attributed to defects or disorder since 
the peaks are broad. [ 17,28 ]  As with the PL and optical absorption 
spectra, the Raman spectrum associated with as-cleaved GaTe 
reappears in samples upon removal of a surface layer via exfolia-
tion. We note that a Raman spectrum such as the one in Figure 
 1 c (blue curve) was measured in thin, multilayered crystals. [ 14 ]  It 
is speculated that such a change in the Raman spectrum may be 
related to a reduced thickness effect; however, no physical basis 
for this explanation is provided. We will show that this trio of 
Raman peaks can arise from an oxygen-chemisorbed phase. 

 In order to confi rm that the aforementioned changes are 
caused by air, samples were stored in vacuum (<1 × 10 −7  Torr) 
for two weeks and characterized; all spectra (not shown) indicate 
no change from the as-cleaved condition and can be assigned 

  Layered semiconductors such as the transition-metal dichalco-
genide (TMD) MoS 2  have gained much attention as test beds for 
studies of 2D phenomena in the solid state as well as for alter-
native electronic device architectures. [ 1–7 ]  The layered nature 
of TMDs enables novel, otherwise unavailable approaches to 
address longstanding challenges in semiconductor science, 
including doping and surface pinning of the Fermi level, as the 
natural self-termination of each layer suppresses the formation 
of electronic surface states. Importantly, the surface offers a 
direct route to access and modify the bulk properties of these 
materials. Here we show that in the layered chalcogenide GaTe 
exposure to air induces a large reduction of its band gap from 
1.65 to below 0.8 eV. Oxygen chemisorbed to the Te-terminated 
surfaces produces signifi cant conduction band restructuring. 
Remarkably, such chemisorption process results in a crystal 
structure that is at once layered and disordered. 

 Gallium telluride can possess thickness-dependent prop-
erties similar to TMDs. [ 1,8–10 ]  It is a layered, direct-bandgap 
semiconductor, typically p-type with a gap of ≈1.65 eV at room 
temperature [ 11,12 ]  and with potential applications that range 
from radiation detectors to optoelectronic devices. [ 13–17 ]  Gallium 
telluride has a monoclinic structure (C2/m space group) with a 
metastable hexagonal phase. [ 18–21 ]  Its layers are composed of a 
Te Ga Ga Te assembly along the  c -axis (normal to the layer). 
In this study we use the ambient (air) as a source of interca-
lating adsorbate and monitor changes over time in the optical, 
electrical, chemical, and structural properties of GaTe. 
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to pristine GaTe. No change was observed either in crystals 
stored for extended periods in either dry air or water-vapor-
saturated nitrogen gas. Further, as-cleaved GaTe submersed in 
deionized water displays a strong dependence on the concentra-
tion of dissolved oxygen in water. A lower level of oxygen dis-
solved in the water leads to a slower rate of change in optical 
properties (see Figure S1, Supporting Information). Therefore, 
the spectral changes reported here require both oxygen and water. 
Oxidation of layered black phosphorus has been found to require 
both oxygen and water (and light). [ 29 ]  However unlike black phos-
phorus, which roughens due to decomposition from oxidation, 
GaTe remains smooth and layered after extended exposure to air 
as refl ected by only a small increase in root mean square (RMS) 
roughness from 0.3 to 0.7 nm. Based on these observations, we 
focus on a picture for GaTe whereby exposure to air induces a 
transformation into a disordered phase (henceforth referred to as 
GaTe O 2 ) in which oxygen chemisorbs to tellurium. 

 We used X-ray photoelectron spectroscopy (XPS) of 
air-exposed samples to identify possible changes in the oxida-
tion state of Ga and Te (see Figure S2, Supporting Informa-
tion). Spectra show the partial oxidation of Te and Ga similar 
to reports of Balitskii et al. [ 30,31 ]  This can be attributed to the 
formation of a native oxide at the surface and/or to the partici-
pation of oxygen in the proposed transformation. Importantly, 
even upon extended exposure to air, the peaks associated with 
unoxidized Te (at 583.5 and 573.5 eV) persist. Additionally, Hall 
effect and resistivity measurements indicate that the electrical 
properties are similar after the transformation. We have exfoli-
ated crystals (from many microns down to 20 nm in thickness) 
that have transformed fully. Measuring a fully transformed 
sample, we fi nd that it remains p-type with a hole concentration 
and mobility of 9 × 10 15  cm −3  and 17 cm 2  V −1  s −1 , respectively. 
Thus, while surface oxides may be present, the observed elec-
trical and optical properties cannot be explained by them alone. 

 The structural changes in GaTe as a function of exposure 
time were studied by X-ray diffraction (XRD). The crystals 
were oriented with the {2 0 1} family of planes scattering in 
the instrument’s out-of-plane direction. Given the layered 
nature of GaTe, we expect these planes to demonstrate the 
greatest structural change should species from air incorporate 

between layers. As a result, we focused on the most intense 
peak of this family, the (4 0 2) peak. 

 For a fully transformed sample the (4 0 2) peak displays a dif-
fraction intensity one order of magnitude lower than as-cleaved 
GaTe ( Figure    2  a). The loss in intensity is indicative of some 
structural transformation. Simultaneously, the (4 0 2) peak of 
the fully transformed sample is shifted to smaller 2 θ  values 
by 0.01°, suggesting that the transformation results in a small 
increase in interplanar spacing. High-resolution XRD scans of 
the (4 0 2) peak in multiple samples were measured as a func-
tion of sample exposure time to air. The data demonstrate a 
clear increase in the out-of-plane lattice spacing that reaches 
a lattice strain as high as 0.2% (Figure  2 b). This suggests the 
incorporation of species between GaTe layers, expanding the 
lattice in the [2 0   1 ]  direction. 

  To better visualize the reason for the loss in the (4 0 2) dif-
fraction intensity, reciprocal space maps in samples of different 
exposure times to air were obtained (Figure  2 c–e). Reciprocal 
space maps provide additional information about the orienta-
tion of the surface ( ω ) and distribution of lattice spacing within 
the crystal (2 θ ). We observed broadening of the surface orienta-
tion with increasing exposure time, creating an almost bimodal 
distribution after one year. Such a redistribution of orientation 
signifi es typically an increase in structural disorder as well as 
buckling or rippling. Finally, XRD characterization confi rms 
that the Te O bonds observed by XPS cannot be attributed 
exclusively to the presence of a TeO 2  phase (Figure S3, Sup-
porting Information). 

 The effect of oxygen chemisorption on the properties of GaTe 
has been explored by density functional theory (DFT). We begin 
with pristine GaTe followed by GaTe O 2 , GaTe H 2 O and 
GaTe OH. The calculated bandstructure of GaTe has a direct 
bandgap of 1.72 eV at the M-point ( Figure    3  a). This value is still 
below the extrapolated 1.8 eV at 0 K [ 12 ]  but is a better approxi-
mation than those reported elsewhere. [ 32–34 ]  The contribution of 
the orbitals to the partial density of states (PDOS) of GaTe can 
be seen in Figure S4a (Supporting Information). In addition, 
the GaTe Raman-active modes were calculated and agree with 
our experimental data (see Figure S5, Supporting Information) 
as well as published values. [ 26,27 ]  
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 Figure 1.    a) Optical absorption spectra of GaTe at a different exposure time to air: as-cleaved (black), two weeks (blue) and eight weeks (magenta). The 
excitonic absorption peak is observed around 1.65 eV. Oscillations in the sub-bandgap absorption arise from Fabry–Pérot interference. Inset: square 
root of the absorbance as a function of energy. Linear extrapolation of the square root of absorbance reveals an optical gap of 0.77 eV associated with 
an indirect bandgap material. b) Micro-PL spectra show that the peak intensity decreases over exposure time to air. c) Corresponding micro-Raman 
spectra show the emergence of two Raman peaks after sample exposure to air (each indicated by an asterisk for the spectrum measured after one week).
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  For the optimized GaTe O 2  structure, we fi nd that O 2  binds 
preferentially to the Te atoms whose lone pairs are less hin-
dered (perpendicular to the layer) as depicted in Figure  3 b. Iso-
surface charge density of GaTe O 2  for a plane passing through 
the oxygen atoms and their nearest neighbor Te clearly shows 
the interaction between GaTe and O 2 . In order to simplify the 
calculations, one chemisorbed oxygen molecule was added to 
each unit cell (GaTe O 2 ) although a less-concentrated random 
distribution of oxygen molecules could be expected. Figure  3 c,d 
shows the corresponding bandstructure and PDOS for GaTe O 2  
(for better details in the PDOS see Figure S4b in the Supporting 

Information); a signifi cant restructuring of the conduction band 
takes place. The new conduction band minimum is now located 
at the Γ-point, making GaTe O 2  a semiconductor with an indi-
rect bandgap of 0.86 eV. While it is rather fortuitous that the cal-
culated gap for GaTe and GaTe O 2  match remarkably well with 
the measured gaps, we focus on the consistency of the calculated 
and experimental bandgaps in indicating a transformation from 
direct to indirect and a reduction in the magnitude by about half. 
Further, although we expect that oxygen molecules chemisorb 
randomly over a Te-terminated surface, the salient features of our 
calculations are not expected to change with such randomness. 
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 Figure 2.    a) (4 0 2) X-ray diffraction peak before (black) and after (red) sample transformation in air. b) Lattice strain along the  c -plane as a function 
of time for several samples. Reciprocal space maps of the (4 0 2) diffraction peak for c) as-cleaved sample, d) sample exposed to air for three weeks, 
and e) for one year.

 Figure 3.    a) Calculated bandstructure of monoclinic GaTe along high-symmetry lines. Bandgap as a function of direction is shaded. The zero of 
energy was set to Fermi level. Calculations were performed in 2 × 1 × 1 supercell. b) Atomic structure and charge density profi le of oxygen molecule 
chemisorbed to GaTe. The new bond formed between a Te atom and an oxygen molecule is indicated by an arrow. c) Calculated band structure for 
O 2 -chemisorbed GaTe. d) Total and orbital-projected density of states of GaTe O 2  near the band gap, showing the new conduction sub-band.
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with the valance orbitals in GaTe contributes to the forma-
tion of two new sub-bands associated with the conduction 
band. These two new sub-bands are most relevant in giving 
GaTe O 2  its distinct optical properties. The low-lying sub-
band, which gives rise to the new conduction band minimum 
at the Γ-point, is composed mainly of Te 5p and O 2p states. 
Because oxygen chemisorption most strongly affects the con-
duction band, the oxygen-chemisorbed phase displays elec-
trical  p -type properties similar to as-exfoliated GaTe. We note 
that DFT calculations for GaTe H 2 O did not reveal any major 
changes in the bandstructure of GaTe, while calculations for 
GaTe OH (i.e., Te binding a hydroxyl group) reveal a metallic 
phase (see Figure S4c,d in the Supporting Information). 
However, fully transformed samples remain semiconducting; 
their electrical resistance increases by more than an order of 
magnitude upon cooling from room tem-
perature to 160 K. This electrical behavior is 
consistent with a semiconducting GaTe O 2  
rather than metallic GaTe OH phase. 

 The Raman-active modes of GaTe O 2  
were also calculated. Three of the Raman-
active modes found, located around 130, 
146, and 183 cm −1 , are in excellent agree-
ment with the three Raman peaks observed 
in the samples after the transformation 
(see Figure S5 in the Supporting Informa-
tion). The measured peaks are broad, sug-
gesting that oxygen induces a high level 
of disorder even as the transformed fi lm 
remains layered. This is consistent with XRD 
as discussed above. 

 If a species such as oxygen has been 
adsorbed between the layers of GaTe, one 
may expect thermal annealing to drive out 
such species thus restoring the proper-
ties of the sample to its as-cleaved state. To 
probe this possibility we annealed trans-
formed samples at 300 °C for 5 min in 
a nitrogen atmosphere. Such annealing 
results in the formation of bubble-like fea-
tures ( Figure    4  a,c) that are not observed in 
as-cleaved crystals that received the same 
thermal treatment (Figure  4 b,d) (and Figure 
S6, Supporting Information). In the pro-
posed scenario—in which O 2  chemisorbs 
to Te—bubbles may form by the unbinding 
and collection of O 2  present between 
the GaTe layers. We fi nd that prolonged 
annealing indeed causes the localized, par-
tial reversal of the transformation, spe-
cifi cally near edges, steps and bubbles that 
have burst. Measurement of the PL spec-
trum in the vicinity of a bubble that burst 
via extended annealing (450 °C for 12 h
in an argon atmosphere) reveals a partial 
recovery of the 1.65 eV peak that decreases 
in intensity with distance away from the 
burst bubble (Figure  4 e,f). The formation 

of the bubbles and the partial reversal around the burst ones 
further support the picture of the incorporation of a molecule 
like oxygen between the layers that modifi es the bandstruc-
ture of the GaTe host. 

  In summary, under typical ambient conditions multilayer 
GaTe should be treated as a narrow-gap semiconductor. 
We propose that the transformation of GaTe from a mate-
rial with a 1.65 eV bandgap to one with a bandgap below 
0.8 eV originates from the incorporation and chemisorp-
tion of oxygen to tellurium. The reversible surface-mediated 
electronic transformation in GaTe reported here is akin to 
that achieved irreversibly in conventional semiconductors 
by alloying and demonstrates a paradigm for bandgap engi-
neering that is accessible in layered chalcogenides through 
the rational design of adsorbates and their hybridization 
with surface atoms.  
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 Figure 4.    Optical microscopy image of a) transformed and b) as-cleaved fl akes of GaTe.
c) Optical microscopy image of (a) after rapid thermal annealing at 300 °C for 5 min in nitrogen. 
Several bubbles under the surface (indicated with red arrows in (c)) were formed during 
thermal annealing. d) Optical microscopy image of (b) after rapid thermal annealing under 
the same conditions as (c). No major change is observed. e) Optical microscopy image of an 
area around a bubble that formed and burst upon annealing. The burst bubble is surrounded 
by a green “halo”. f) Micro-PL spectra in different regions near the burst bubble in (e). The 
increase in the relative PL intensity confi rms the recovery of GaTe after annealing. The radius 
of the PL spot was 1.3 µm.
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  Experimental Section 
  Sample Preparation and Characterization : Gallium telluride samples 

were produced from millimeter thick single crystals by exfoliation using 
tape or by peeling with a razor blade. Repeating these procedures, we 
obtained fl akes with fresh surfaces on both sides. For samples stored 
in water, the removal of oxygen from water was performed using a 
prescribed process. [ 35 ]  Nitrogen gas was bubbled through deionized 
water for at least 45 min before samples were placed in it; the bubbling 
of nitrogen gas was then maintained to achieve the less oxygenated 
environment. The oxygen content of the water was measured using a 
dissolved oxygen meter before and after the introduction of samples. 

 The samples were investigated over time by optical absorption 
and photomodulated refl ectance spectroscopies. Raman and PL 
spectroscopies were performed using a laser wavelength of 488 nm. 
XPS was carried out using a nonmonochromatic Al Kα X-ray source 
(1486.6 eV) and a hemispherical-type multichannel analyzer in vacuum 
(base pressure of ≈1 × 10 −10  Torr). The binding energies are referenced 
by direct electrical contact to the Fermi energy of the spectrometer 
whose work function is 4.5 eV. Hall effect measurements were performed 
with a magnetic fi eld of 0.6 T. Samples were prepared in a van der Pauw 
geometry with Cr/Au contacts. The rapid thermal annealing of samples 
was carried out at 300 °C for 5 min in a nitrogen atmosphere, while the 
extended thermal annealing was carried out at 450 °C for up to 12 h in 
argon. All electrical and optical measurements were performed at room 
temperature. 

  First-Principles Calculations : First-principles calculations were 
performed in the framework of DFT. Structural relaxations and phonon 
calculations were carried out using the well-known Perdew–Burke–
Ernzerhof (PBE) exchange-correlation functional including van der Waals 
corrections. [ 36,37 ]  For band structure and density of states calculations, we 
used the Heyd–Scuseria–Ernzerhof (HSE) functional which is a screened 
hybrid functional introduced by Heyd, Scuseria, and Ernzerhof. [ 38 ]  
One quarter of the PBE short-range exchange was replaced by exact 
exchange while the full PBE correlation energy was included. This hybrid 
functional was shown to yield improved band gaps compared to PBE 
functional. [ 39 ]  The interaction between the ions and valence electrons 
are described by the projected augmented wave method with a plane 
wave cutoff of 340 eV. [ 40 ]  Brillouin-zone integrations were performed 
using (4 × 4 × 4) Monkhorst-Pack grids. All atomic positions and lattice 
constants were optimized using the conjugate gradient method in 
which total energy and atomic forces are minimized. Effects of oxygen 
intercalation were simulated by adding an oxygen molecule into 2 × 1 × 1 
supercell of monoclinic GaTe structure (which we denote henceforth as 
GaTe O 2 ) containing 12 Ga and 12 Te atoms. The same simulation cell 
was retained for pristine GaTe. The character of phonon modes, whether 
Infrared (IR) or Raman active, was determined according to IR-active 
mode intensities. DFT calculations were performed using Vienna 
Ab-initio Simulation Package (VASP) code. [ 41 ]   

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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