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A B S T R A C T

The study focuses on the optical and electrical properties of Tungsten Ditelluride (WTe2), a type II Weyl semi
metal, as well as the influence of its self-limiting oxide (SLO) layer that forms during natural oxidation. WTe2 
exhibits promising applications in photodetection and energy harvesting due to its unique gapless linear 
dispersion and Berry-field-enhanced nonlinear optical effects. However, surface oxidation poses a challenge as it 
degrades the performance of WTe2. By employing spectroscopic ellipsometry and Raman spectroscopy, the 
progression of the oxide layer’s thickness and its impact on the optical constants of WTe2 were examined. The 
results revealed a rapid increase in oxide thickness within the first 24 h, and it reached saturation at ~10 nm 
after 45 h of atmospheric exposure. Electrical properties were explored using Kelvin Probe Force Microscopy, 
uncovering a modification in surface potential and Fermi level following oxidation. Additionally, a SLO/WTe2 
heterojunction device exhibited a wide region of positive and negative coexisting photocurrent, highlighting the 
potential for logical operations in ambient air. Finally, the mechanism of operation of the device is discussed. The 
electrical and optical properties of the pristine, partially oxidized and fully oxidized WTe2 are analyzed using 
density functional theory calculations. It shows that the SLO layer has a significant effect on the optical and 
electronic properties, which is instructive for future wavelength-modulated device optoelectronic logic 
operations.

1. Introduction

Optical sensing and energy harvesting technologies, leveraging the 
distinctive properties and innovative working principles of quantum 
materials such as Weyl semimetals (WSMs), hold immense potential to 
transcend the inherent performance constraints of conventional photo
detectors and solar cells [1–4]. Td-WTe2, a type II WSM, exhibits 
promising applications in photodetection and energy harvesting due to 
its gapless linear dispersion and Berry-field-amplified nonlinear optical 
effects near the Weyl nodes [5,6]. Rano et al. [7] utilized reflectance 
spectroscopy to demonstrate that WTe2 and MoTe2 composites are 
excellent reflective materials across a broad energy spectrum, from 
infrared to ultraviolet, with effective ultraviolet radiation absorption 
capabilities. Wang et al. [8] found that, due to the crystal symmetry 

breaking along certain crystal fracture directions and strong Fermi arc- 
type surface states, Td-WTe2 exhibits a robust and universal edge current 
response across a wide wavelength range of laser illumination. How
ever, implementing an external bias on WSM-based photodetectors is 
impractical, as it can induce a significant dark current in conducting 
materials even in the absence of light. Fortunately, van der Waals (vdW) 
heterojunctions based on WSMs can effectively suppress the dark cur
rent, greatly extend the detection range, and improve the light absorp
tion efficiency and response speed. Feng et al. [9] proposed a self- 
powered Pd-WTe2-Ag photoconductive diode which was sensitive to a 
wide spectral range (λ = 320–1200 nm). Based on a 2D Dirac/Weyl 
semimetallic heterostructure, Liu et al. [10] reported graphene/WTe2 
phototransistors with a photoresponsivity of 8.7 A/W under 650 nm 
laser irradiation. Wang et al. [11] investigated a 1 T′-WTe2/bulk GaAs 
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vdW vertical Schottky diode, which has a rectification ratio of more than 
103 and can respond to the wavelength range of 400–1100 nm.

Despite these advancements, all aforementioned optoelectronic de
vices incorporate a protective layer to safeguard WTe2 from air-induced 
oxidation. Surface oxidation layers introduce disorder, impairing elec
tronic charge transport, suppressing the intrinsic properties of WTe2, 
and ultimately degrading device performance. Lee et al. [12] conducted 
experimental and theoretical studies on the electronic properties of 
WTe2, confirming that Td-WTe2 is prone to environmental oxidation. 
Hou et al. [13] combined atomic force microscopy (AFM), Raman 
spectroscopy, and ellipsometry measurements to report the formation 
and dynamics of surface oxides in WTe2 crystals. Their findings revealed 
the formation of a ~2.5 nm thick self-limiting oxide (SLO) layer after 
several hours of atmospheric exposure, generating WOx (2 < x < 3) and 
TeO2 as oxidation products. These oxidation products remain stable in 
air and thus effectively halt further spontaneous oxidation. While the 
SLO layer prevents further oxygen diffusion, its impact on the optical 
and electronic properties of WTe2 remains unexplored.

Therefore, it is necessary to analyze the effects of SLO Layer on the 
optical and electronic properties of WTe2 and explore its potential op
toelectronic applications in ambient air. In this paper, we address this 
gap by analyzing the effects of the SLO layer on electronic and the op
tical properties of WTe2, and optoelectronic response. Firstly, we employ 
spectroscopic ellipsometry and Raman spectroscopy to assess the evo
lution of the oxide layer’s thickness and its resultant influence on the 
optical constants of WTe2. Secondly, we delve into the electronic 
properties using Kelvin Probe Force Microscopy (KPFM), revealing 
modifications in surface potential and Fermi level post-oxidation. 
Furthermore, we test the photocurrent map of a SLO/WTe2 hetero
junction device in ambient air, aiming to explore its viability for opto
electronic logic operations.

2. Materials and methods

2.1. Device Fabrication

WTe2 flakes were mechanically exfoliated from the bulk material 
(SixCarbon Technology Shenzhen) and then transferred to 300 nm SiO2/ 
Si substrates. The exfoliated WTe2 flakes with different thicknesses were 
transferred to the top of metal electrodes by the dry-transfer method. 
Then, they were exposed to air for several hours to form the SLO layer 
and obtained the SLO/WTe2 heterostructures-based devices.

2.2. Characterizations

Spectroscopic ellipsometry (SE; J. A. Woollam Inc. M2000X-FB- 
300XTF) was employed in the wavelength region of 200–1000 nm at a 
fixed incident angle of 65◦ to explore the optical properties of the 
WTe2 before and after oxidation. The SE fitting process was achieved by 
CompleteEASE software. The Raman and photoluminescence (PL) 
spectra were conducted at room temperature with a 532 nm laser 
excitation on a WITec alpha300R Confocal Raman Microscope and a 
grating of 1800 lines/mm. The measurements were performed with a 
laser power of 1 mW and with a spot size of ~0.5 μm. The contact po
tential difference (CPD) between a Kelvin probe and a heterostructured 
optoelectronic device was examined using the MFP-3D atomic force 
microscope (AFM) system, produced by Asylum Research. The 
morphology was initially characterized using the AC Air Topograph 
mode, and subsequently, surface potential images were obtained using 
the Scanning Kelvin Probe Microscopy (SKPM) mode. During this pro
cess, a direct current (DC) voltage of + 3 V was applied to the tip. The 
probe model utilized was the ASYELEC-01-R2, which features a plat
inum/iridium (Pt/Ir) coating on the tip surface, a typical tip radius of 25 
nm, and a scan rate of 1 Hz. The photoelectrical characterization was 
done by using a home-built set-up with one Keithley 2636 source meter. 
The source meter was used for applying source-drain bias (Vds).

2.3. Computational methods

All first-principles calculations regarding the structural relaxation, 
electronic properties, and optical properties of both pristine and 
oxidized Td-WTe2 are performed by employing Density Functional 
Theory (DFT) as implemented in the plane-wave code CASTEP [14,15]. 
The exchange and correlation energies in our calculations are imple
mented using generalized gradient approximation (GGA) and Perdew- 
Burke-Ernzerhof (PBE) functionals [16]. Double numerical atomic 
orbital plus polarization (DNP) is chosen as the basis set, and the global 
orbital cut-off is set to 5.0 Å. To avert interlayer interactions, two 
adjacent slabs are separated by a perpendicular vacuum of 15 Å. Spin 
polarization is included in the computations. A 12 × 12 × 1 k-points 
mesh is utilized for geometric optimization and accurate calculation of 
electronic properties. The maximum energy force and convergence 
tolerance settings are 0.002 Ha/A and 1.0 × 10− 6 Ha respectively. All 
structures are fully relaxed using the conjugate gradient method until 
the convergence values of total energy and Hellmann-Feynman force are 
less than 10− 5 eV and 0.02 eV/Å respectively. For structure relaxation 
and reaction calculations, Monkhorst-Pack k-point meshes of 10 × 20 ×
5 and 4 × 2 × 1 are employed respectively. In terms of optical proper
ties, the plane wave energy cut-off value is set to 450 eV. In addition, the 
frequency-dependent dielectric matrix was calculated by using the 
Fermi golden rule within the dipole approximation. We calculated the 
imaginary part of the dielectric function (ε2) of monolayer WTe2 before 
and after oxidation, which relates to its optical properties and is defined 
as, 

ε2(ω) =
4π2e2

Ωω2

∑

k,c,v

⃒
⃒〈ψc

k|u • r|ψv
k〉
⃒
⃒2δ

(
Ec

k − Ev
k − E

)
(1) 

where Ω is the volume of the unit cell, ω is the frequency of the incident 
photon, e is electronic charge, ψc

k and ψv
k are the quantum states of 

electrons in the conduction and valence bands, respectively, with a 
momentum given by (h/2π)k.

3. Results and discussion

3.1. Self-limiting oxide (SLO) layer formation on the top of WTe2

To quantitatively determine the thickness of the surface oxide, 
spectroscopic ellipsometry measurements were conducted in ambient 
conditions, encompassing a wavelength spectrum ranging from 300 to 
2500 nm, with incremental steps of approximately 10 nm. These mea
surements were executed in terms of tanΨ and cosΔ. The phase shifts 
and amplitude fluctuations were respectively articulated through the 
angles Psi (Ψ) and Del (Δ). Subsequent to acquiring a freshly exfoliated 
WTe2 nanosheet via mechanical means, measurements were conducted 
at selected time intervals spanning from 0 to 200 h. Fig. 1 shows the 
evolution of the oxide layer thickness of WTe2 over time and the cor
responding optical constants. Fig. 1a illustrates the values of Ψ and Δ for 
the freshly peeled WTe2 sample as a function of wavelength at 0 h 
(measured immediately after exfoliations). Fig. 1b presents the subse
quently recorded data and its comparison with the initial data. The 
experimental data were fitted by the Cauchy model, assuming that no 
surface oxides were present on the freshly prepared surface. At the 
inception of oxidation, the thickness undergoes a relatively rapid 
change. It attains 9 nm after 24 h and reaches saturation at approxi
mately 10 nm after 45 h of atmospheric exposure. This aligns with 
previously reported trends, indicative of a typical self-limiting oxidation 
process. However, the thickness of SLO observed here surpasses that 
reported by Hou [13]. The thickness versus time data can be fitted with 
the following function: 

T(nm) = Tmax(nm)(1 − e− k1•t(h)) (2) 
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Here, Tmax represents the saturated thickness of the oxidation layer, 
while k1 denotes the time constant, reflecting the rate of change in oxide 
layer thickness. As depicted in Fig. 1c, Tmax is ~10 nm, and k1 is 0.1 h− 1.

Previous studies [13,17] have demonstrated that both the Raman 
peak intensity and light absorption of pristine WTe2 diminish over time, 
with surface oxidation identified as the underlying cause. For the 

purpose of comparatively analyzing the effect of oxidation in air on 
WTe2 with different thicknesses, four points (P1, P2, P3, and P4) of 
varying thicknesses were selected for Raman spectroscopy (see Fig. 2a). 
As depicted Fig. 2b, the Raman spectrum of the freshly exfoliated WTe2 
encompasses main Raman peaks A1

3, A1
4, A1

7 and A1
9 (in the range between 

100–250 cm− 1) [18–20]. The thicknesses of P1 − P4, as measured by 

Fig. 1. Evolution of the oxide layer thickness of WTe2 measured by spectroscopic ellipsometry in an ambient atmosphere and related optical constants. (a) Psi (Ψ) 
and Del (Δ) values of the freshly peeled WTe2 sample as a function of wavelength. (b) Comparison of Δ values measured at 0 and 24 h. The experimental data in (a) 
and (b) are fitted with the Cauchy model. (c) Thickness of the oxide layer as a function of time.

Fig. 2. WTe2 crystal structure and Raman spectra of WTe2 with different thickness. a) Optical microscope image of the fresh peeled WTe2 flake with different 
thickness. Scale bar: 10 μm. b) Measured Raman spectra of the fresh peeled WTe2 flake at positions of P1, P2, P3, and P4. c) AFM morphology images of the fresh 
peeled WTe2 flake. d) Corresponding thickness at positions of P1, P2, P3, and P4.
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AFM, are 113.7 nm, 11.8 nm, 10 nm, and 4.6 nm, respectively (see 
Fig. 2c and d). The A1

7 mode causes Te atoms to vibrate along the c-axis, 
while the A1

9 mode makes W atoms vibrate along the c-axis [21]. 
Obviously, the thicker the WTe2 nanoflake, the weaker the Raman 
signal. Fig. 3a and b show the Raman results for different thicknesses of 
WTe2 exposed to ambient conditions for 192 h, respectively. The in
tensity of all the samples decreased significantly after exposure to 
ambient conditions, indicating that WTe2 degraded during this time. 
Both of A1

7 and A1
9 modes are significantly influenced by surface degra

dation, the intensity of the peaks diminishes over time. Additionally, 
other Raman peaks A1

3, A1
4 (in the range of 100–150 cm− 1) completely 

disappear within a few hours after the start of the measurement.
Fig. 3e shows the Raman peak intensities for each thickness of WTe2 

with degradation time. All the samples showed no obvious Raman peak 
position shift at the beginning of the degradation process, and a small 
amount of oxide layers were produced without either obvious tension 
changes or interlayer van der Waals interactions. After 28 h, the Raman 
peaks were obviously red-shifted, indicating that the arrangement of 
atoms or molecules became disordered when the SLO layer was thick
ened, the vibration was less constrained, the vibration frequency was 
reduced, and the Raman peaks were red-shifted. We found that the in
tensities of both A1

7 and A1
9 modes decay significantly during the 

degradation process. We then fitted the peak intensities with the 
following exponential decay function, 

I(t) = I1e−
t
τ + I2 (3) 

where I1 is the initial Raman peak intensity, I2 is the intensity after 
saturation of degradation, t is the time interval between the current 
Raman measurement and the flake after fresh exfoliation, and τ is the 
characteristic time of intensity decay, respectively. The decay time of 
the samples at the thicknesses of P1-P4 is in the range of 18–25 h. After 
117 h, most of the Raman signals disappear, and combined with the 
ellipsometric spectroscopy results, it can be inferred that the degrada
tion of WTe2 occurs mainly on its surface, which is a self-limiting and 
saturating behaviour. These degradations are consistent with previous 
reports [13,22], which may be because the out-of-plane vibration mode 
of the topmost Te atoms is the most sensitive and may indicate the 
beginning of surface oxide formation.

3.2. The effect of SLO layer on the optical and electronic properties of 
WTe2

The refractive index (n) and extinction coefficient (k) were fitted 
based on the Cauchy dispersion model for wavelengths above 1200 nm: 

n(λ) = A+
B
λ2 +

C
λ4 (4) 

In this calculation, the following assumptions are made: WTe2 naturally 
undergoes oxidation to form a composite of W-oxide and Te-oxide, 
which optically behaves as a dielectric material. As time progresses, 
the oxides accumulate in thickness, while the optical constants, derived 
from the Cauchy model, remain consistent. Once the optical constants 
for a particular thickness are ascertained, the corresponding thicknesses 
for other time measurements can be deduced. These measurements are 
carried out prior to the surface layer’s oxidation, specifically when the 
oxide thickness is considered “0″. To obtain smoother optical constants, 
we utilize the Generalized Oscillator Model within the ellipsometry soft
ware as a fitting function. The comprehensive results regarding the 
optical constants are presented in Fig. 1d, which provides a clear visu
alization of the relationship between the refractive index (n), extinction 
coefficient (k), and the wavelength. The absorption can be calculated 
with α = 4πk/λ, the complex dielectric function (ε) can be obtained from 
ε = 2n・k, as shown in Fig. 4.

To investigate the electronic properties of WTe2 before and after 
oxidation, the KPFM mapping images of were measured comparatively, 
as shown in Fig. 5. WTe2 was transferred on the top of electrodes with 
space of 5 μm. In panel (a), WTe2 was exposure to the air, while in panel 
(b) WTe2 was encapsulated by hBN film. The contact potential difference 
(CPD) between the sample and the KPFM tip is calculated using the 
following equation [35]: 

CPDWTe2 =
WTip − WWTe2

− e
(5) 

CPDSLO/WTe2 =
WTip − WSLO/WTe2

− e
(6) 

where Wtip, WWTe2, and WSLO/WTe2 are the work function of the tip (Pt/ 
Ir-coated Si), WTe2, and SLO/WTe2, respectively. The variation in CPD 
between WTe2 and SLO/WTe2 is given by 

Fig. 3. (a-d) Evolution of Raman spectra of different thickness WTe2 in ambient conditions. Measured Raman results of different thickness WTe2 during degradation 
over 117 h. (e) Normalized intensities of peaks A1

7 and A1
9 vs time of different thickness WTe2 during degradation over 117 h.
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Fig. 4. (a) Optical constants for WTe2 after exposure in the air for 24 h. The optical constants (n, k) for the WTe2 were obtained by direct inversion of the ellip
sometric values Ψ and Δ. (b) The adsorption coefficient (α) and (c) the imaginary part of the dielectric function (ε) of the WTe2 after exposure in the air for 0, 5, 24, 
and 192 h.

Fig. 5. Morphological images of (a) SLO/WTe2 and (b) WTe2 encapsulated by hBN film, and corresponding KPFM maps of (c) SLO/WTe2 and (d) WTe2.

Fig. 6. a) Optical image of SLO/WTe2 heterojunction device. b) Photocurrent mapping of SLO/WTe2 heterojunction device under Vds = 0.1 mV, and Pin = 0.29 mW, 
532 nm laser. The excitation light was focused using a 100 × objective lens and the focused spot size was 3 μm. The yellow line indicates the area covered by the 
SLO/WTe2.
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ΔCPD = CPDSLO/WTe2 − CPDWTe2 =
WWTe2 − WSLO/WTe2

− e
= − 144 mV (7) 

From Fig. 5, it can be seen clearly observed that the surface potential of 
SLO/WTe2 is ~144 mV smaller than that of WTe2. Therefore, the Fermi 
level of SLO/WTe2 is 144 meV higher than that of WTe2. Oxidation alters 
the electronic structure and chemistry of the material’s surface, thereby 
enhancing the electron binding. Moreover, the variation of the work 
function affects the energy band structure and electron transport prop
erties of the SLO/WTe2 heterojunction.

3.3. Photoresponse of SLO/WTe2 heterojunction-based optoelectronic 
device

One few-layer WTe2 was transferred onto Au electrodes and then 
naturally oxidized in the air, leading to the formation of the SLO/WTe2 
heterojunction device, as depicted in Fig. 6a. Photocurrent measure
ments were performed on the oxidized device by applying a bias voltage 
of 0.1 mV and utilizing a 532 nm laser with a power of 0.29 mW. Fig. 6b 
shows the corresponding photocurrent mapping image, revealing a peak 
photocurrent of 55.6 nA at the interface between the electrode and the 
SLO/WTe2. This peak can be attributed to carrier accumulation due to 
the Schottky contact, a phenomenon well-documented in previous 
research on devices based on various 2D layered semimetals [8,23,24]. 
The regions exhibiting positive and negative photocurrents are broader 
compared to those in a standalone WTe2 device. This broadening is due 
to the fact that, as indicated by AFM results in section 3.3, the work 
function of the SLO/WTe2 heterojunction surpasses that of WTe2. 
Consequently, the electron binding energy is stronger after oxidation, 
causing more photogenerated carriers to accumulate within the SLO 
layer, resulting in an expanded distribution of positive and negative 
photocurrents. It shows great potential for the applications of 2D WSMs 
materials in logical operations in ambient air.

3.4. Mechanism analysis of SLO/WTe2 heterojunction-based device

According to the Raman test results, it is evident that the SLO layer, 
composed of WTeOx and TeO2 [13,25], forms after 117 h. We investigate 
the band structure of pristine, partially oxidized, and fully oxidized 
WTe2 monolayers. As shown in Fig. 7a-c, they are WTe2, WTeOx and 
TeO2, respectively. The energy band structure and the density of states 

(DOS), as illustrated in Fig. 7d and e, reveal that both WTe2 and WTeOx 
exhibit semimetallic characteristics. Notably, the highest valence band 
of WTe2 bends upwards while the lowest conduction band bends 
downwards forming an overlap of about 0.2 eV. This finding aligns with 
the observations made by Augustin et al. [26]. Upon full oxidation, TeO2 
forms, leading to a significant widening of the band gap.

Since the dielectric function and absorption coefficient play a crucial 
role in characterizing two-dimensional materials and their optical ap
plications, we discussed the optical properties of WTe2 monolayers, 
including pristine WTe2, WTeOx, and the fully oxidized product, TeO2. 
The calculated imaginary part (ε2) of the dielectric function and 
adsorption coefficient (α) of the WTe2 monolayer is similar to the 
calculated result of Wei et al. [27], indicating the reasonableness of our 
calculations. As shown in Fig. 7, due to the forbidden transition between 
the valence band maximum (VBM) and the conduction band minimum 
(CBM), the two peaks of the ε2 spectrum of the WTe2 monolayer are 
located at 1.06 eV and 3.53 eV respectively, indicating that WTe2 can 
achieve wide-spectrum light absorption from the ultraviolet to the 
infrared band. Upon partial oxidation, oxygen substitution shifts the ε 
towards the far infrared region, with peaks emerging at 0.99 eV and 
3.47 eV. Following complete oxidation to form TeO2, the change in 
crystal structure results in negligible infrared absorption and heightened 
ultraviolet light absorption. However, the ε2 value after oxidation is 
lower than that of the monolayer WTe2, indicating a weakened photon 
absorption capacity.

We compared the dielectric function and absorption coefficient of 
pristine WTe2, WTeOx, and TeO2 with spectroscopic ellipsometry mea
surements conducted at 0 h, 5 h, 24 h, and 192 h. As illustrated in Fig. 8, 
the simulation and experimental results are in good agreement, indi
cating that after 24 h, the top layer transforms into TeO2, exhibiting a 
preference for UV light absorption. This aligns with the ellipsometry test 
results. As the oxidation of WTe2 progresses, the material’s absorption 
coefficient decreases, and its absorption gradually narrows towards the 
UV band. This is attributed to TeO2′s bandgap of 3.6 eV, which enhances 
its responsiveness to UV light. Regarding the change in the dielectric 
function, the DFT calculation results at 0 h and the measured WTe2 
peaks both occur at 1 eV and 3.5 eV. Obviously, the intensity of the 3.5 
eV peak diminishes significantly after 5 h, while the 1 eV peak rises, 
mirroring the WTeOx simulation results. This confirms that partial 
oxidation has indeed occurred at this stage. The 24 h and 192 h results 
are similar, indicating that oxidation reaches saturation after 24 h, and 

Fig. 7. Top and side views of the (a) pristine WTe2, (b) partially oxidized WTe2 (WTeOx), and (c) fully oxidized WTe2 (TeO2). (d) Band structure and (e) density of 
state for WTe2, WTeOx, and TeO2.
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the dielectric function distribution shares characteristics with the 
WTeOx simulation results. Subsequently, the dielectric function distri
bution exhibits both WTe2 and TeO2 distributions, suggesting the for
mation of TeO2 on the upper surface. It shows that the SLO layer has a 
significant effect on the optical and electronic properties, which is 
instructive for future wavelength-modulated device optoelectronic logic 
operations.

4. Conclusions

In this study, the effects of the self-limiting oxide (SLO) layer on the 
optical and electronic properties of WTe2 and its implications for opto
electronic applications were investigated. Spectroscopic ellipsometry 
measurements showed that the oxide layer thickness on WTe2 reaches 
saturation at around 10 nm after 45 h of atmospheric exposure, 
following a self-limiting oxidation process. Raman spectroscopy analysis 
of WTe2 with different thicknesses before and after oxidation indicated 
the degradation behavior of the material, with decreasing peak in
tensities and red-shifted peak positions over time. The KPFM mapping 
images revealed that oxidation alters the electronic structure of WTe2, 
increasing the Fermi level of SLO/WTe2 compared to WTe2. In the 
photocurrent tests of the SLO/WTe2 heterojunction device, a wider 
distribution of positive and negative photocurrents was observed, sug
gesting potential applications in logical operations in ambient air. 
Density functional theory calculations further supported the under
standing of the changes in the electronic and optical properties of WTe2 
due to oxidation. Overall, this research provides valuable insights into 
the role of the SLO layer on WTe2 and offers guidance for the develop
ment of optoelectronic devices based on this material. Obviously, the 
SLO layer affects the optical and electronic properties significantly, 
which shows great potential in wavelength-modulated device opto
electronic logic operations. Future work could focus on optimizing the 
properties of the SLO/WTe2 heterojunction to enhance device 
performance.
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