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Volatile organic compound (VOC) sensors have a broad range of applications in-
cluding healthcare monitoring, product quality control, and air quality manage-
ment. However, many such applications are demanding, requiring sensors with 
high sensitivity and selectivity. 2D materials are extensively used in many VOC 
sensing devices due to their large surface-to-volume ratio and fascinating elec-
tronic properties. These properties, along with their exceptional flexibility, low 
power consumption, room-temperature operation, chemical functionalization 
potential, and defect engineering capabilities, make 2D materials ideal for high-
performance VOC sensing. Here, a 2D MoS2/Te heterojunction is reported that 
significantly improves the VOC detection compared to MoS2 and Te sensors  
on their own. Density functional theory (DFT) analysis shows that the MoS2/Te 
heterojunction significantly enhances the adsorption energy and therefore 
sensing sensitivity of the sensor. The sensor response, which denotes the 
percentage change in the sensor’s conductance upon VOC exposure, is further 
enhanced under photo-illumination and zero-bias conditions to values up to 
≈7000% when exposed to butanone. The MoS2/Te heterojunction is therefore 
a promising device architecture for portable and wearable sensing applications. 

1. Introduction 
Volatile organic compounds (VOCs) are organic molecules pri-
marily composed of carbon and hydrogen atoms that can read-
ily evaporate at room temperature and atmospheric pressure.[1] 
VOCs can be emitted from both biological and industrial 
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sources that can affect indoor and outdoor 
air quality.[2] Long-term exposure to VOCs 
can be harmful to human’s health, result-
ing in various health problems and diseases 
such as cancer, skin irritation, impairment 
of the nervous system, and lung damage.[3,4] 

By monitoring VOC levels, proactive mea-
sures to improve indoor air quality can be 
taken, ensuring healthier living and work-
ing conditions. 
Human metabolic pathological processes 
also release VOC molecules to the en-
vironment. These VOCs can be used as 
biomarkers associated with our clinical and 
nutritional status to diagnose and moni-
tor the onset of diseases using noninva-
sive methods.[5] Research has shown a con-
nection between certain VOCs such as 2-
butanone and acetone to various health 
conditions or diseases including lung can-
cer and diabetes.[6,7] An elevated concen-
tration of the VOCs in patient samples 
such as exhaled breath or sebum can 
therefore be used to non-invasively screen 

patients for diseases, potentially leading to better preventive 
strategies and early treatments.[8] Considering the adverse effects 
of VOCs on air quality, human health, and their potential associa-
tion with diseases, the development of highly sensitive and selec-
tive VOC sensors has potential to improve workplace safety and 
healthcare. 
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There are a number of methods for detecting VOC molecules 
including gas chromatography-mass spectrometry (GC-MS) and 
infrared spectrometry. However, these methods are expensive 
and have limited portability. Chemiresistive sensors prepared by 
scalable microfabrication techniques are miniature, portable, and 
have low power consumption, making them suitable for next-
generation applications such as wearable internet of things (IoT) 
devices.[9,10] 

One class of materials that have inspired many research areas 
over the past decade in electronics, optoelectronics, energy stor-
age, catalysis, and chemical sensing is 2D materials.[11–13] Bene-
fiting from a crystalline ultrathin structure, high carrier mobility, 
and surface-sensitive tunable electronic band structure, 2D ma-
terials can offer exceptional sensitivity and selectivity in chem-
ical sensing applications, which is particularly crucial for diag-
nostic applications.[14,15] Moreover, they can operate at room tem-
perature, making them a low-power consumption alternative to 
conventional sensing materials such as metal oxides, which typ-
ically operate at elevated temperatures. The 2D materials family 
encompasses a diverse range of materials including graphene, 
transition metal dichalcogenides (TMDs), hexagonal boron ni-
tride (h-BN), transition metal carbides/nitrides (MXenes), and 
black phosphorus (BP).[16] As one of the most outstanding classes 
of the 2D material family, TMDs including MoS2, WS2, MoSe2, 
and WSe2 have shown exceptional promise in gas sensing field. 
Among TMDs, molybdenum disulfide (MoS2) is the most ex-
tensively studied TMDs in gas sensing application.[17] Besides 
MoS2’s unique thickness-dependent electrical/chemical proper-
ties and high adsorption coefficient, its remarkable mechanical 
properties of enduring high strains up to 11% and its potential 
to be integrated into conventional integrated circuits (ICs) make 
it suitable for flexible electronics devices and advanced wearable 
sensors.[18] 

2D tellurium (Te) is the new member of the monoelemental 
2D materials family that has shown promising potential in next-
generation electronic and optoelectronic applications owing to 
its unique quasi-1D atomic chain structure, high carrier mobility 
(up to 1000 cm2V−1s−1 at room temperature), strong light-matter 
interaction, and better environmental stability.[19] Moreover, the 
surface of 2D Te is free of dangling bonds, which is ideal for 
making heterostructures of different 2D materials that have di-
verse energy band alignments.[20] Although there are booming 
research endeavors on 2D Te-based field effect transistors (FETs) 
and optoelectronic devices, the research on 2D Te in gas sensing 
applications is still in its early stage. 
Heterojunctions between appropriate 2D materials have been 

investigated for the detection of inorganic gases such as NO2 or 
NH3.

[21–26] For example, Niu et al. achieved the detection of very 
low concentrations of NO2 in parts-per-billion (ppb)-level using 
a photovoltaic sensor based on a MoS2/GaSe heterojunction.[27] 
However, to the best of our knowledge, sensitivity enhancement 
using a heterojunction device architecture based on 2D materi-
als and its influence on sensor adsorption energy have yet to be 
reported for the detection of VOCs. 
In this work, we demonstrate a photovoltaic VOC sensor based 

on a MoS2 (n-type)/Te (p-type) heterojunction. The mechanically 
exfoliated 2D MoS2 crystals were transferred on the hydrother-
mally synthesized 2D Te nanoflakes to create a type I p-n junc-
tion at the interface. Alternatively, a bottom-up approach, such 

as chemical vapor deposition (CVD), physical vapor deposition 
(PVD), ultra-high vacuum (UHV)-assisted synthesis, atomic layer 
deposition (ALD), and E-beam evaporation, can be employed to 
prepare the heterostructure.[28] In these bottom-up approaches, 
the layered structure of MoS2 and Te can be deposited layer by 
layer on the substrate with an atomic precision by controlling sev-
eral parameters including precursor concentration, carrier gas, 
temperature, and distance from the substrate.[29] While bottom-
up approaches ensure consistency in the number of layers and 
the dimensions of the heterostructure across different devices, 
top-down approaches such as mechanical, chemical, or liquid ex-
foliation can produce high-quality materials at low cost for proof-
of-concept studies. The flakes obtained through these approaches 
generally maintain their structural integrity and are less prone to 
defects although some variation in properties between exfoliated 
flakes may occur.[29] The efficient carrier transport modulation 
between the two materials and stronger adsorption of VOCs on 
the heterojunction, supported by density functional theory (DFT) 
simulations, result in excellent sensing performance toward six 
different VOCs. The MoS2/Te device exhibited its best VOC sens-
ing sensitivity under illumination at zero bias voltage, demon-
strating a response of up to ≈7000% (i.e., the sensor’s initial 
conductance increased by 7000%) when exposed to 100 ppm bu-
tanone, the highest reported in the literature for zero-bias room-
temperature VOC sensors. 

2. Results and Discussion 
The van der Waals MoS2/Te heterojunction was fabricated by 
stacking mechanically-exfoliated MoS2 nanoflakes on hydrother-
mally synthesized 2D Te nanosheets as illustrated in Figure 1a. 
The first Cr/Au electrode was deposited on top of the multilayer 
Te flake. The multilayer MoS2 flake was then transferred onto 
the substrate, overlapping with the Te nanoflake, and electrically 
contacted with a second deposited Cr/Au electrode. Figure 1b 
illustrates the optical microscopic image of the fabricated het-
erojunction device. A scanning electron microscopy (SEM) im-
age shown in the inset of Figure 1b provides a magnified view 
of the overlapping region between the MoS2 nanosheet and 
Te flake. Atomic force microscopy (AFM) measurements deter-
mined a MoS2 thickness of ≈30 nm and Te thickness of ≈89 nm 
(Figure 1c). The chemical composition and surface chemistry 
of the synthesized Te samples were investigated using X-ray 
photoelectron spectroscopy (XPS). The XPS spectra shown in 
Figure 1d, have two strong peaks at 584.8 and 574.4 eV corre-
sponding to Te 3d5/2 and Te 3d3/2, respectively, which are in-
dicative of pure and clean Te growth without any residual metal 
atoms. The slight oxidation of Te on the surface, however, re-
sulted in the two weak peaks at 571.1 and 581.5 eV, which cor-
respond to the binding energy of the Te4+ cations to the oxy-
gen atoms.[30] The Raman spectra of 2D Te and MoS2 flakes are 
shown in Figure  1e,f, respectively. The two peaks of degenerate 
E mode at 91 and 143 cm−1 and a dominant peak at 121 cm−1 re-
lated to the A1 mode are the fingerprint peaks of multilayer Te.[31] 
The two prominent peaks observed in the Raman spectrum of the 
MoS2 flake correspond to the in-plane mode (E2g) at 384 cm−1 

and the out-of-plane mode (A1g) at 408 cm−1 , confirming its 2H 
semiconducting phase.[32] 
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Figure 1. MoS2/Te VOC sensor and characterization of the device. a) 3D schematic illustration and cross-sectional view (inset) of heterojunction device; 
b) top-view optical microscopy image of the fabricated MoS2/Te sensor; SEM image of the top view of the MoS2/Te heterojunction is shown in the inset; 
c) AFM height map and height profile (inset) of the MoS2 and Te flakes; d) XPS spectra of the-as synthesized Te crystal; Raman spectra of e) the Te and 
f)  MoS2 crystals. 

2.1. VOC Sensing Properties Under Dark Conditions 

The VOC sensing characteristics of the heterojunction were first 
measured at 2 V reverse bias voltage under dark conditions as 
shown schematically in Figure 2a. The time-resolved sensor re-
sponse of the device toward ethanol is shown in Figure 2b, 
where the sensor response 

(
ΔG∕G0

) 
is defined as a ratio be-

tween the change in conductance (ΔG) due to VOC exposure and 
its original conductance before VOC exposure (G0). As shown in 
Figure 2b, the response toward ethanol monotonically increases 
from 11 to 26 as the VOC concentration rises from 50 to 300 
parts per million (ppm). The device shows a high response of 
1500% (i.e., ΔG∕G0 = 15) when exposed to 100 ppm ethanol, 
which is higher than other 2D materials-based VOC sensors re-
ported in the literature.[33] The time-resolved device responses 
to other VOCs, including acetone, 2-propanol (IPA), 1-propanol, 
and butanone, at different concentrations are shown in Figure S1 
(Supporting Information). 
The response time, defined as the duration of time from the 

introduction of the VOC to when the response reaches 90% of 
its peak value was measured to be 80 s when exposed to 50 ppm 
of ethanol under dark conditions (Figure 2c). Similarly, the re-
covery time, or the duration of time required for the device to 
reach 10% of its maximum response value after the VOC was 
removed was 26 s. The response and recovery times of VOC 
sensors depend on adsorption/desorption kinetics, the physical 
and chemical properties of VOCs, and experimental conditions. 
Adsorption, the primary mechanism affecting sensor response, 

includes physisorption and chemisorption, each involving dif-
ferent binding forces and kinetics.[34,9] Physisorption, involving 
van der Waals forces and hydrogen bonding, occurs rapidly but 
weakly, while chemisorption, forming valence bonds, is stronger 
and less reversible, impacting sensor recovery times.[35,36] Fac-
tors like operating temperature and VOC concentration further 
influence these kinetics, with temperature increases accelerat-
ing both processes.[10,37,38] Additionally, the physical and chem-
ical properties of VOCs, such as molecular weight and diffusion 
coefficients, significantly affect sensor response times.[39–41] Ex-
perimental conditions, including the design of the measurement 
setup and whether a dynamic or static method is used, also play 
crucial roles in determining response times. 
The selectivity characteristics of the heterojunction were in-

vestigated by comparing the sensor response toward 100 ppm 
of 1-propanol, butanone, ethanol, 2-propanol, and acetone. As 
shown in Figure 2d, the device exposed to six different VOCs un-
der dark condition exhibited its highest response to polar-protic 
molecules such as ethanol and 1-propanol compared to the polar 
aprotic VOC, acetone.[42] Ethanol generally has stronger binding 
affinities to the surface than a monopolar molecule such as ace-
tone since the bipolar hydroxyl group in ethanol (OH) can possi-
bly donate more charge to the surface than the carbonyl group in 
monopolar acetone molecules.[43] 

We also compared the sensing performance of the heterojunc-
tion device with sensors consisting of only MoS2 and only of Te 
shown in Figure 2e. Under the same test conditions (50 ppm 
ethanol under dark conditions), the response amplitude of the 
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Figure 2. Heterojunction device response to VOCs while reverse biased at 2 V and under dark conditions. a) Schematic configuration of VOC sensing 
characterization; b) time-resolved response (ΔG/G0) of the device when exposed to ethanol at different concentrations in dark environment. The gray 
bars represent the combined response and recovery times of the device at each concentration; c) enlarged response toward 50 ppm of ethanol showing 
the response time (80 s) and recovery times (26 s); d) amplitude of the device response in dark environment to different VOCs each at 100 ppm; e) 
VOC sensing comparisons between individual MoS2 (blue-dash dot), individual Te (black-solid), and MoS2/Te heterojunction (red-dash) toward 50 ppm 
ethanol under dark conditions; f) Side and top views of the optimized structures of ethanol adsorbed on MoS2 (left) tellurene (middle), and MoS2/Te 
heterojunction (right), respectively. Magenta, yellow, golden, brown, red, and light pink balls represent Mo, S, Te, C, O, and H atoms, respectively. 

heterojunction was >17× higher than that of the MoS2 only sen-
sor and >50× higher than of the Te only sensor. The enhanced 
VOC detection sensitivity agrees with the enhanced sensitivity 
reported in NO2 and other gas sensors based on 2D-material 
heterojunctions.[22,27,44] The enhanced sensing performance of 

van der Waals MoS2/Te heterojunction to VOCs was further in-
vestigated by calculations of adsorption energies using DFT sim-
ulations as shown in Figure 2f. First, theMoS2/Te heterojunction 
comprising of relatively large supercells of MoS2 and tellurene 
was simulated. (Further details of the simulation parameters and 
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Figure 3. The optoelectronic characteristics of the MoS2/Te heterojunction. a) Schematic configuration for optical characterization; b) I-V curves of the 
device under illumination of different wavelengths (350–1300 nm); c) I-V curves of the heterojunction and corresponding photocurrents (inset) under 
different light intensities and d) photocurrent versus time under 2 mW-cm−2 light intensity at a constant wavelength of 𝜆 = 470 nm. 

optimized values are discussed in Figures S2–S4, Supporting 
Information). The lowest energy configuration was obtained by 
considering the different orientations of and varied binding dis-
tances of ethanol on MoS2/Te heterojunction. The binding en-
ergy (Eb) was calculated by using the relation, 

Eb = E ethanol@MoS2∕Te − E MoS2∕Te − Eethanol (1) 

where E ethanol@ MoS2/Te, E  MoS2/Te, and Eethanol represent the total en-
ergies of ethanol adsorbed on MoS2/Te, bare MoS2/Te, and iso-
lated ethanol molecule, respectively. In the lowest energy configu-
rations of ethanol adsorbed on MoS2/Te heterojunction, a strong 
Eb value of −2.96 eV was obtained. The optimized binding dis-
tance of ethanol with MoS2/Te heterojunction was found to be 
2.19 Å. We then performed additional calculations to study the 
adsorption mechanism of ethanol on MoS2, and Te monolayers 
separately and compare them with that of the heterojunction. The 
corresponding Eb values of ethanol were found as −0.315 eV on 
MoS2, and  −0.250 eV on tellurene with the optimized binding 
distance of 2.85 and 2.93 Å, respectively. It is evident from the 
Eb values that MoS2/Te heterojunction adsorbed ethanol much 

stronger than those of isolated MoS2, and Te monolayers. Com-
putational analysis of the adsorption of the representative VOC, 
ethanol, agrees with the experimental findings. 

2.2. Optoelectronic Characteristics of the Heterojunction 

The formation of a p-n heterojunction generates a built-in elec-
tric field, which facilitates operating the sensor in photovoltaic 
mode without an external bias (also referred to as self-powered 
mode). The optoelectronic characteristics of the heterojunction 
devices were investigated under incident light illuminated by 
light-emitting diodes (LEDs) of different wavelengths (𝜆 = 350, 
470, 660, 880, and 1300 nm) as depicted in schematic Figure 3a. 
The current–voltage (I-V) curves of the heterojunction in dark 
and under constant intensity of 2 mW-cm−2 illumination at dif-
ferent wavelengths ranging from 350 to 1300 nm are illustrated 
in Figure 3b. Under dark conditions, the device showed a high 
diode rectification ratio, defined as |I(−1 V)/I(1 V)|  of  >105 as a 
result of the p-n junction formed across the interface of n-type 
MoS2 and p-type Te. Under light, the MoS2/Te heterojunction 
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device exhibited a broadband photoresponse. The photorespon-
sivity, R = Iph/P , defined as the ratio of the photocurrent (Iph) 
and the incident light power (P), had a maximum value of 4.7 
A/W at 𝜆 = 470 nm under 2 mW-cm−2 light intensity. 
The optoelectronic performance of the heterojunction was fur-

ther characterized at a single wavelength of 470 nm with increas-
ing power densities from dark condition to 2 mW cm−2 as shown 
in Figure 3c. The photocurrent rose exponentially with increas-
ing light intensity as shown in the inset of Figure 3c due to the 
generation of the photogenerated electron-hole pairs (photocon-
ductive generation mechanism).[45] The photocurrent increased 
from 4 × 10−14 A (dark) to 2  × 10−10 A at 0 V bias under 2 mW-
cm−2 of 470 nm light. The time-dependent photocurrent (I-t) of 
the heterojunction device at 𝜆 = 470 nm under 2 mW-cm−2 light 
intensity at zero bias is plotted in Figure 3d. The MoS2/Te device 
exhibited a stable and repeatable response with an I(light)/I(dark) ra-
tio of ≈1000. 

2.3. Sensitivity Enhancement under Photovoltaic Zero-Bias 
Conditions 

During operation in photovoltaic mode under illumination with-
out external bias (self-powered mode), the sensitivity of the 
MoS2/Te heterojunction for VOC detection can be enhanced fur-
ther than under dark conditions. The photovoltaic VOC sens-
ing characteristics of the heterojunction were investigated under 
light (𝜆 = 470 nm at 20 mW-cm−2) as illustrated in Figure 4a. 
Note that 470 nm corresponds to blue light, which could be har-
vested from sunlight or indoor lighting, or supplied by an LED 
light source. 
Figure 4b illustrates the dynamic response of the sensor when 

exposed to 20–300 ppm concentration of butanone in photo-
voltaic mode without an external bias. The sensor response 
(ΔG∕G0) to the lowest concentration of butanone (20 ppm) was 
as high as 40 which increased to 110 when the concentration 
was increased to 300 ppm. As the plotted responsivities for dif-
ferent concentrations of butanone shown in Figure 4c suggest, 
the photo-illumination-assisted sensing resulted in a significant 
enhancement in the device performance. For example, the re-
sponse to 100 ppm of butanone increased from ≈500% under 
dark conditions with an applied reverse bias of 2 V (the exact 
value can be read from the bar chart in Figure 2d) to  ≈7000% 
with illumination with zero bias. Therefore, photo-illumination-
assisted VOC detection is a promising strategy to enhance VOC 
sensor sensitivity while potentially lowering power consumption. 
As shown in Figure 4d, the response and recovery time upon ex-
posure to 20 ppm of butanone were measured to be 25 and 75 
s, respectively, which is one of the shortest response times to 
butanone at room temperature reported for 2D material-based 
VOC sensors.[46] Although the primary mechanism influencing 
response and recovery times in gas sensors is still the adsorp-
tion and desorption of analyte molecules onto and from the sen-
sor surface, illumination generally enhances the response and 
recovery times of heterostructure sensors by accelerating reac-
tion kinetics, improving charge carrier dynamics, and facilitating 
gas adsorption/desorption processes. Different wavelengths and 
intensities of light can further optimize these effects, leading to 
improved sensor performance.[47] 

Signal-to-noise-ratio (SNR) and the theoretical limit of detec-
tion (LOD) of the heterojunction were calculated to assess the sig-
nal quality and its immunity to the background noise in the pho-
tovoltaic mode of operation (Methodology is in Supporting Infor-
mation). The SNR of the self-powered VOC sensing upon expo-
sure to 300 ppm of butanone was calculated to be 2289.74, which 
is quite comparable with the reported heterojunction-based gas 
sensors.[27] The theoretical LOD for detection of butanone was 
also calculated to be 386 parts per billion (ppb) in photovoltaic 
zero-bias condition, which is comparable to the lowest concen-
tration of butanone measured by biased sensors at room temper-
ature reported in the literature.[46,48,49] 

2.4. Environmental Effects and Stability Test 

The effect of illumination power on the self-powered VOC sens-
ing performance was also investigated. The transient response 
of the heterojunction toward 150 ppm of ethanol and 1-propanol 
under 470 nm light with three different intensities are illus-
trated in Figure S5 (Supporting Information). The response to-
ward ethanol and 1-propanol monotonically increased from ≈3 
to ≈8 and from ≈4 to  ≈19, respectively, when the illumination 
intensity increased from 0.5 to 20 mW-cm−2 . At greater light in-
tensities, the stronger built-in electric field can efficiently sepa-
rate the photogenerated electron-hole pairs, reducing recombina-
tion rates and increasing charge carrier lifetimes. The facilitated 
charge separation along with more charge carriers enhances sen-
sitivity to VOC-surface interactions, ultimately leading to the ob-
served enhancement of sensing performance.[44] It should be 
noted that the observed trend is not monotonic, that is, the max-
imum sensitivity is associated with an optimum light intensity 
value beyond which the responsivity starts declining, which may 
be due to the desorption rate surpassing the adsorption rate at 
very high intensities.[50] 
Moreover, the effect of environmental conditions on the sensor 

time-resolved response was investigated. Figure S6a (Supporting 
Information) shows the device average response when exposed 
to 100 ppm ethanol in photovoltaic mode without an external 
bias under 470 nm illumination at an intensity of 20 mW-cm−2 . 
Throughout a 35-day exposure to the air, the average response de-
clined by ≈14% from its initial value, suggesting good long-term 
stability in air. The effect of relative humidity, another impor-
tant environmental factor on sensor response, is shown in Figure 
S6b (Supporting Information). The sensor response to 50 ppm 
of Butanone under 470 nm light at an intensity of 20 mW-cm−2 

and 0 V bias monotonically decreased as the relative humidity 
(RH) increased from 35% to 90% at room temperature. The water 
molecules occupy the available active sites on the heterojunction 
and act like a barrier between the VOC molecules and the surface, 
lowering responsivity of the heterojunction device toward the tar-
get VOC. The observed effect agrees with the results previously 
reported for 2D material-based gas sensors.[38] 

2.5. VOC Sensing Mechanism 

The mechanism of the self-powered VOC sensor can be ex-
plained using the band diagrams of MoS2/Te heterojunction 
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Figure 4. Photovoltaic zero-bias (self-powered) VOC sensing of the device under illumination of 𝜆 = 470 nm. a) Schematic illustration of photovoltaic 
VOC sensor measurement setup; b) time-resolved response of the device toward different concentrations of butanone. The gray bars represent the 
combined response and recovery times of the device at each concentration; c) the device response comparison between dark conditions with an applied 
reverse bias of 2 V and photovoltaic mode at zero bias voltage when exposed to butanone at different concentrations from 20 to 300 ppm; d) the response 
time (25 s) and recovery times (75 s) of the device toward 20 ppm of butanone. 

schematically illustrated in Figure 5. The isolated multilayer Te 
and MoS2 are semiconductors with bandgap energies of ≈0.40 
and ≈1.3 eV, and electron affinities of ≈4.7 and ≈4.3 eV, respec-
tively (Figure 5a).[38,51,52] When the two materials are brought into 
physical contact (Figure 5b), both the conduction and the valence 
bands bend at the interface due to the difference in the position 
of their Fermi levels. A downward band bending near the Te sur-
face and an upward band bending near the MoS2 surface align the 
Fermi levels of the MoS2/Te p-n junction, achieving equilibrium 
as illustrated in Figure 5b. A built-in electric field is then created 
in the junction, and a type-I (straddling gap) heterostructure is 
formed in the equilibrium state since the conduction band (CB) 
of MoS2 is higher, and the valence band (VB) is lower than the 

corresponding bands of Te as illustrated in the band alignment 
in Figure 5a. 
Upon illumination as shown in Figure 5c, the photogenerated 

electron-hole pairs are separated by the built-in electric field of 
the p-n junction; as a result, the photogenerated electrons mi-
grate to n-type MoS2 and the photogenerated holes to p-type Te, 
generating short-circuit current, Isc, at zero bias voltage. This pro-
cess increases the potential of the n-type region and decreases 
the potential of the p-type region, creating an opposing voltage 
to the internal built-in electric field, equivalent to a forward bias. 
This results in a decrease in the depletion region width, poten-
tial barrier, and p-n junction resistance, and increase in diffusion 
current.[53] 
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Figure 5. The energy band diagram and VOC sensing mechanism. a) energy band diagram of MoS2 and Te before forming the junction; b) energy band 
diagram of MoS2/Te heterojunction; c) separation of photogenerated charge carriers; d) charge transfer between VOC molecules and the heterojunction. 

Adsorption of VOC molecules increases the carrier concen-
tration in the junction (Figure 5d) since the adsorbed VOC 
molecules contribute extra charge carriers and hence increase 
the conductance (G) of device.[27,44] Therefore, the initial conduc-
tance of the sensor (G0) undergoes a change (ΔG) when the VOC 
molecules are introduced and recovers to near its initial conduc-
tance as the VOC molecules desorb from the heterojunction sur-
face. The high sensitivity of heterojunctions is associated with 
band alignment modulation at the interface.[54] The electron den-
sity at the junction interface increases as VOC molecules donate 
electrons, shifting the Fermi level of MoS2 upward and reducing 

the barrier height at the MoS2/Te interface. The current across 
the heterojunction can be described by the following equation 
based on thermionic emission model[53 ] 

I = AA∗ T2 exp 
(
− 
e𝜑 
kT 

) [
exp 

( eV 
nkT 

)
− 1

] 
(2) 

where I, e, V, n, k, T, A, A*, and 𝜑 . denote heterojunction current, 
electron charge, applied voltage, diode ideality factor, Boltzmann 
constant, absolute temperature, effective junction area, Richard-
son’s constant, and junction barrier height, respectively. 
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Using Equation (2), the change in the barrier height upon ex-
posure to VOC molecules can be determined by comparing the 
heterojunction current before VOC exposure, Iwithout_VOC, and  af-
ter VOC exposure, IVOC: 

eΔ𝜑 = −kT ln 
( 

IVOC 

Iwithout_VOC 

) 
(3) 

From Equation (3), we can calculate the changes in junction 
barrier height with varying butanone concentrations from 20 to 
300 ppm, as represented in Table S1 (Supporting Information). 
The lowered barrier height due to butanone adsorption, as indi-
cated by the dotted red line in Figure 5d, increases electrical cur-
rent across the junction by allowing more photogenerated carri-
ers to overcome the barrier at the MoS2/Te interface. 
Due to the exponential dependence of heterojunction cur-

rent on the barrier height, even a minor change in barrier 
height significantly affects the current, leading to a highly sen-
sitive response to VOC molecules compared to individual MoS2 
and Te VOC sensors. Feng et al. simulated the band diagram 
of a BP/MoSe2 heterojunction with bandgap energies of 0.35 
and 1.2 eV, respectively.[54] This heterojunction exhibited a band 
alignment similar to that of the MoS2/Te heterojunction. The 
calculations of BP/MoSe2 band bending revealed that a 10% de-
crease in carrier concentration due to NO2 adsorption (where 
NO2 captures electrons from the heterojunction, unlike VOCs) 
can increase the barrier height from 0.26 to 0.34 eV, resulting in 
a sharp current drop of an approximate factor of two. In contrast, 
a MoSe2 only device, experiencing the same decline in carrier 
concentration upon NO2 adsorption, would have exhibited only 
a ≈10% current drop. Their findings align with the observed sig-
nificant improvement in the MoS2/Te heterojunction response 
shown in Figure  2e compared to the MoS2 only sensor and the 
Te only sensor responses. 
To further assess the VOC sensing performance of MoS2/Te 

heterojunction and to compare it with that of the 2D-material-
based heterostructures reported in the literature, their key perfor-
mance indicators including operating temperature, responsivity, 
and response/recovery time are listed in Table 1. 

3. Conclusion 
In summary, the photovoltaic MoS2/Te heterojunction-based 
VOC sensors were fabricated by transferring mechanically-
exfoliated MoS2 crystals onto 2D hydrothermally synthesized 
Te flakes. The VOC detection sensitivity was enhanced by the 
MoS2/Te heterojunction under dark conditions as compared 
to the individual MoS2 and Te VOC sensors. The sensitivity 
was further enhanced by photoillumination at zero bias volt-
age demonstrating VOC detection with superior response, and 
relatively short response and recovery times. In particular, the 
response of the device toward butanone was ≈7000% at room 
temperature. The self-powered sensing is attributed to the built-
in electric field at the junction and its ability to effectively sep-
arate photogenerated carriers. The VOC sensing performance 
of the MoS2/Te heterojunction shown by experimental mea-
surements and DFT simulations suggests that it holds poten-
tial as low-power-consumption sensing platform for wearable or 

portable applications including hazardous environmental moni-
toring, non-invasive diagnostic screening, and process control. 

4. Experimental Section 
Synthesis of Te Nanoflakes: A hydrothermal process was em-

ployed to synthesize 2D Te nanoflakes using TeO2, NaOH, and 
glucose as the process precursors. At room temperature, 0.4 g 
of NaOH, 0.2 g of glucose, and 0.4 g of TeO2 were dissolved in 
80 mL of deionized (DI) water. A uniform solution was then ob-
tained through 20 min sonication of the mixture. Subsequently, 
the solution was transferred to a Teflon-lined autoclave with a ca-
pacity of 100 mL and heated for 1 h at 180 °C to synthesize 2D 
Te nanoflakes. Te nuclei gradually form in a pressurized auto-
clave reactor as TeO3 anions were reduced by C2H6O. Glucose 
acts as a surfactant agent to limit the anisotropic growth of Te 
crystals in [001] direction.[65,66] Finally, the as-synthesized Te crys-
tals were collected by centrifugation and underwent three rounds 
of washing with ethanol and 2-propanol to eliminate any chemi-
cal residues. 
Fabrication of MoS2/Te Heterojunction: A p-type (100) Si wafer 

of resistivity ≤0.005 Ω-cm with 300 nm thermally oxidized SiO2 
was cleaned in acetone, 2-propanol, and DI water ultrasonica-
tion baths for 10 min each. The Te precursor solution was then 
drop-casted on SiO2/Si substrates and baked at 100 °C. The drop-
casted flakes were inspected under an optical microscope to iden-
tify a trapezoid-shape flake with proper thicknesses. To fabricate 
the electrode contacting Te flake, the SiO2/Si substrate with Te 
nanoflakes was coated with Microposit S1813 photoresist and 
underwent through a photolithography process, thermal evap-
oration, and lift-off in an acetone bath to deposit the electrode 
with thicknesses of 10 nm Cr and 60 nm Au on the Te flake. 
MoS2 flakes were mechanically exfoliated from a bulk MoS2 crys-
tal (SPI supplies) using Nitto SPV224 tape and transferred onto 
a new SiO2/Si substrate. After inspection and selecting the de-
sired flake, a standard PMMA-assisted method was employed to 
transfer the MoS2 flake onto the target substrate where the thin 
PMMA film attached to the MoS2 nanoflake was aligned under 
an optical microscope so that the transferred MoS2 precisely over-
lapped with the Te nanoflake. Finally, the PMMA was removed in 
acetone bath, and the second 10/60 nm Cr/Au electrode was pat-
terned and deposited in the same fashion as the first one. 
Device Characterization: The thickness of the nanoflakes was 

measured in an atomic force microscopy MFP-3D AFM (Asy-
lum Research, Santa Barbara). Raman spectroscopy (Renishaw, 
514 nm excitation laser) was employed to verify the MoS2 and 
Te crystals using a Renishaw inVia confocal Raman microscope 
under a 514 nm continuous-wave excitation laser. XPS character-
ization was done employing a monochromatic aluminum source 
(Al K, 1486.6 eV) running at 150 W in a Kratos Analytical Axis UL-
TRA spectrometer with a DLD spectrometer. The electrical and 
photovoltaic characterizations of the heterojunction device were 
carried out using a semiconductor characterization system con-
nected to a probe station (Keithley 4200-SCS) along with a spec-
trometer (Thorlabs, PM100D, USA) and different wavelength 
LEDs. 
VOC Sensing Measurement: All the VOC sensing tests were 

performed in a home-built gas sensing setup. The heterojunc-
tion device was fixed inside an enclosed chamber stage (Linkam, 
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Table 1. A comparison of the VOC sensing performances of 2D-material heterojunctions. 

Target VOCs Operating 
Temperature [°C] 

Sensing Sensitivity [%] 
(VOC and 

concentration) 

Response/Recovery time [s] Self-Powered Reference 

MoS2/Graphene Toluene RT 12.5 (Toluene, 10% 
Saturated Vapor) 

NA N [55] 

rGO/Co3O4 Ethanol, Acetone, 
Methanol, 

Toluene, Xylene, 
and n-butyl 
alcohol 

200 °C 2100 (Ethanol, 100 ppm) ≈30/≈60 N [56] 

MXene/SnO2 Ethanol, Methanol, 
Acetone, and 
Formaldehyde 

RT 3.12 (Ethanol, 
concentration not 

reported) 

NA N [57] 

SnS2/SnS Ethanol RT 11 (Ethanol, 4 ppm) ≈500/≈1200 N [58] 

MoS2/TiO2 Ethanol and 
Methanol 

150 °C 1420 (Ethanol, 100 ppm) ≈15/≈15 N [59] 

GO/ZnO Ethanol, Acetone, 
and 

Ethylbenzene 

RT 32 (Ethanol, 1 ppm) ≈190/≈200 N [60] 

rGO/SnO2 Phenol, Methanol, 
Benzene, 

Methylbenzene, 
and Ethanol 

RT 1.6 (Phenol, 60 ppb) 2.4/1.06 N [61] 

Ti3C2Tx /WSe2 Ethanol, Methanol, 
Acetone, 
Hexane, 

Benzene, and 
Toluene 

RT 9.2 (Ethanol, 40 ppm) 9.7/6.6 N [62] 

La@MoS2 Acetone, 
Chloroform, 
Ethanol, 

Isopropanol, and 
Methanol 

RT 20.1 (Acetone, 500 ppm) 48.5/43.2 N [63] 

WS2/ZnS Ethanol, Methanol, 
Toluene, and 
Acetone 

RT 63 (Toluene, 1% Saturated 
Vapor) 

NA N [64] 

MoS2/GaSe Methanol, Ethanol, 
and Acetone 

RT ≈5 (Ethanol, 500 ppm) NA Y [27] 

MoS2/Te Acetone, 
2-propanol, 
1-propanol, 

Butanone, and 
ethanol 

RT ≈7000 (Butanone, 
100 ppm) 

25/75 Y This work 

HFS350EV-PB4) using tungsten probes that were connected to 
the outlet of a gas sampling bulb. A flow controller regulated the 
flow of N2, used as the carrier gas, to the inlet of the gas sam-
pling bulb. The desired VOC concentrations, Cppm, were calcu-
lated using the following formula, and the corresponding volume 
of liquid VOC was injected into the gas sampling bulb using a 
syringe.[38] 

C ppm = 
T (K) × 𝜌 × R × V Liquid 

p ×M Liquid × V chamber 
(4) 

p (kPa) and T (K) denotes the pressure and temperature inside 
the chamber, 𝜌 (g.mL−1) is the density of VOCs, R is the gas con-

stant, M (kg.mol−1) is the molecular weight of liquid VOC, and 
VLiquid and Vchamber are the volume of injected liquid VOC and the 
volume of the chamber, respectively. 
All the sensing measurements were performed at room tem-

perature (25 °C). Before any VOC measurements, the devices 
were exposed to approximately a 10-min flow of N2 for stabi-
lization. LED lights of different wavelength were mounted on 
the top window of the gas-sensing chamber and directly illumi-
nated the sensor. In self-powered mode, no external bias voltage 
was applied to the sensors while the device was illuminated with 
470 nm LED light source. The real-time current signal was mea-
sured using a Keithley 2400 source meter. The sensor response 
was defined as ΔG/G0, which  ΔG and G0 denote the change in 
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conductance due to VOC and the initial conductance before ex-
posure to VOC, respectively. 

5. Computational Methods 
In order to study the atomic-scale sensing mechanism of VOCs 
on MoS2/Te heterojunction, first principles DFT calculations 
were performed with projected augmented wave method and the 
generalized gradient approximation (GGA).[67,68] Spin-polarized 
GGA within Perdew–Burke–Ernzerhof (PAW-PBE) were em-
ployed for the exchange-correlation functionals, as implemented 
in VASP code.[67,69,70] Well known underestimation of the bind-
ing mechanism caused by GGA-PBE was corrected through the 
inclusion of van der Waals interactions at DFT-D3 method as 
proposed by Grimme.[71] While studying the sensing of VOCs, 
specifically ethanol, on tellurene (Te), and MoS2/Te heterojunc-
tion, vacuum space of 30 Å was inserted along the vertical direc-
tion to avoid unwanted interactions between the periodic images. 
The sampling of Brillouin zone was executed under Monkhorst-
Pack scheme with the KPOINTS mesh of 5 × 5 × 1.[72] Energy 
cut-off value of 550 eV was used through the calculations for 
the plane wave basis set. Ground state geometries were obtained 
by relaxing the atomic positions and keeping the cell volume 
fixed. We used a convergence criterion between two ionic steps 
as 10−6 eV, whereas the forces were converged at 0.01 eV Å−1 . 

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