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A B S T R A C T

Broadband photodetection is crucial for a variety of advanced sensing applications like environmental moni
toring, optical communication, and optoelectronic synapses. The emerging van der Waals (vdW) optoelectronic 
materials become important complementary to the conventional semiconductors, which are mostly optimized for 
specific spectral ranges. In this work, we report a new strategy to realize broadband synaptic photoresponse by 
growing the vdW material Te on III-V semiconductor GaN as an epitaxial hybrid-heterojunction that contains a 
functional charged planar Te interlayer. Apart from the combined wide-bandgap of GaN and the narrow-bandgap 
of tellurium, the photoresponse of the heterojunction is also boosted by the charged planar Te interlayer due to 
the polarization charge on GaN surface, giving rise to a broadband light detection across the ultraviolet-infrared 
(UV-IR) spectrum (200–2500 nm). The samples are grown by physical vapor deposition (PVD), while the devices 
are fabricated by a shadow-mask-assisted electrode deposition technique, both in ultra-high vacuum (UHV) 
environment. The optoelectronic transport measurements confirm the self-powered broadband photodetection 
and synaptic behavior of paired-pulse facilitation (PPF). First-principles calculations reveal that the interfacial 
planar Te interlayer combined with spontaneous polarization of GaN modulated the electronic properties of the 
heterojunction, affecting carrier dynamics under light illumination. This work paves the way for the development 
of advanced photodetectors with applications in optoelectronics and neuromorphic computing.

1. Introduction

Wide-spectrum photodetection has garnered significant interest in 
various fields, such as optical communication [1–5], environmental 
monitoring [6], military [7], aerospace satellites [3], and biomedical 
imaging [8,9]. The traditional photodetectors typically target specific 
wavelength bands, limiting their utility for broadband detection 
[5,10,11]. Achieving a high-quality single broadband photodetection 
remains a significant challenge in material science and device engi
neering [4,12–14]. In recent years, researchers have turned to hetero
junctions as a promising solution to modulate bandgaps effectively 
[15–19]. For example, wide-bandgap materials such as GaN [20], AlN, 
ZnO, and Ga2O3 are sensitive to ultraviolet light, while narrow-bandgap 
materials like PbS, PbSe, InSb, HgCdTe, Ge, and SiGe exhibit a strong 
response to infrared light [21]. To extend the range of detectable 
wavelengths, heterojunctions combining materials with different 
bandgaps have been proposed in various dimensional configurations 
[14,22]. Heterojunctions with mixed-dimensional materials, such as 

0D/2D [23,24], 0D/3D [18], 1D/2D [25,26], 1D/3D [27], 2D/3D 
[22,28–30], and 0D/2D/3D [31–33], have demonstrated a broader 
wavelength range for effective photodetection.

In particular, the van der Waals (vdW) materials combined with 3D 
compounds have emerged as promising candidates for broadband pho
todetection due to their excellent optoelectronic properties [22]. In 
contrast to traditional materials, vdW heterostructures combine the 
distinctive properties of two-dimensional materials (also incorporate 1D 
materials through vdW interactions), such as large specific surface area 
[34] and the tunable bandgap [35,36], with the increasingly refined 
growth and device fabrication techniques of 3DMs [29]. This integration 
promises to enable the development of optoelectronic devices that are 
cost-effective, high-performance, low-power, and multifunctional. 
Despite these advancements, several key challenges remain in the 
fabrication of high-performance detectors, including understanding the 
underlying physical working mechanisms [37], optimizing device 
structures, and exploring the unconventional functionalities of vdW 
heterojunctions [15,29]. The three fundamental operating mechanisms 
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of optoelectronic detectors have been widely studied [38,39]. These 
include: the photoconductive effect [28,30,40], wherein an applied bias 
separates photo-generated electron-hole pairs to extract current; the 
photovoltaic effect [5,22,41], where the built-in electric field at the 
junction surface separates electron-hole pairs; and the photo-gating ef
fect [39], where photo-generated carriers are localized in states due to 
doping, defects, or bandwidth, acting as a local gate. The multifunc
tional operational mechanisms of photodetectors are further elucidated, 
such as the development of ultra-narrow band perovskite single crystals 
achieved through surface-charge recombination [42]. The charge 
collection narrowing mechanism is proposed, which can be realized by 
controlling the junction thickness [37,43]. Additionally, the charge 
separation reversion mechanism, which can be achieved by tuning the 
built-in electric field and the thickness, is presented for self-driven dual- 
band detection [19,44]. In particular, exploring the physical mecha
nisms underlying broadband detection in narrow- and wide-bandgap 
vdW heterojunctions, such as carrier dynamics, interfacial charge 
transfer, and band alignment, remains an urgent research problem yet to 
be fully addressed.

In this study, we propose a strategy for controlling the operation of 
self-powered broadband photodetectors based on polarization charge 
interlayer modulation at the heterojunction interface. This approach 
facilitates broadband (200–2500 nm) photodetection and has potential 
applications in neuromorphic computing. To realize this, we have 
employed physical vapor deposition (PVD) to fabricate a Te/GaN nar
row/wide bandgap heterojunction, where the interface of the Te layer is 
influenced by the polarized substrate, leading to enhanced photo
detection performance. The devices were fabricated using shadow mask- 
assisted electrode deposition in an ultra-high vacuum (UHV) environ
ment. The optoelectronic transport measurements show that the device 
exhibits a response time of up to 600 ms for both infrared (IR) and visible 
(VIS) light, indicating its potential for applications in neuromorphic 
computing and brain-machine interfaces (BMI) [45–47]. Additionally, 
we performed first-principles calculations based on density functional 
theory (DFT) to conduct a comprehensive study of the heterojunction 
interface structure and electronic properties. Theoretical and experi
mental analyses reveal that the redistribution of the 2D electron gas 
(2DEG) at the interface under illumination alters the interface electric 
field, leading to the accumulation of charge carriers in the interface 
potential well, thereby enabling efficient photodetector operation [10]. 
Our findings provide new insight into the design of low-cost, high-per
formance, and multifunctional photodetectors, offering a promising di
rection for the future development of optoelectronic devices.

2. Method

2.1. Experimental details

Te films (~74 nm) were epitaxially grown on p-doped GaN(0001) 
substrates (4.5 ± 0.5 μm GaN on sapphire, Mg-doped, Suzhou Nanowin 
Science & Technology) in a custom ultra-high vacuum (UHV) chamber 
with a base pressure of 1 × 10− 9 mbar. Prior to deposition, substrates 
underwent thermal degassing at 600 ◦C for 30 min. Tellurium was 
evaporated from a Knudsen cell containing 99.99 % purity Te powder 
(Alfa Aesar) at 283 ◦C, while maintaining the substrate temperature at 
100 ◦C. Film growth proceeded for 15–20 min, followed by in situ post- 
annealing at the growth temperature for 30 min to optimize 
crystallinity.

Photoresponsive devices were fabricated using a multi-source UHV 
physical vapor deposition system (base pressure: 1 × 10− 8 mbar). After 
removing the Te/GaN sample and installing the custom-designed 
shadow masks, the custom-shaped gold electrodes were deposited 
onto the Te/GaN in the vacuum chamber without the use of lithographic 
processing.

The sample surface morphology was analyzed using an optical mi
croscope (OM) and a MIRA3-LMH scanning electron microscope (Tyco 

Electronics) operated at 15 kV. The morphology was further charac
terized using atomic force microscopy (AFM, Shimadzu SPM-9700HT) 
for nanoscale topography mapping, and Kelvin probe force micro
scopy (KPFM) with Au probes for surface potential profiling. Raman 
spectra were collected at room temperature using a confocal Raman 
spectrometer (HORIBA) equipped with a 532 nm laser (Renishaw InVia 
Qontor).

Electrical transport properties were characterized using a Keithley 
2636B dual-channel source meter. A broadband Xe lamp (CME-SL300, 
Microenerg, 200–2500 nm) with bandpass filters provided wavelength- 
specific illumination (UV: 200–350 nm, VIS: 400–780 nm, IR: 780–2500 
nm). Additional 1550 nm pulsed illumination was generated using a 
laser diode coupled to a programmable mechanical shutter (10 ms–10 s 
pulse width).

2.2. Calculational details

First-principles calculations were performed using the Vienna Ab 
Initio Simulation Package (VASP) [48] within the framework of density 
functional theory (DFT) employing a plane-wave basis set. The 
projector-augmented wave (PAW) [49] method was used to describe 
electron–ion interactions. At the same time, the Perdew-Burke- 
Ernzerhof (PBE) [50] functional within the generalized gradient 
approximation (GGA) [51] was applied to treat electron–electron in
teractions. Convergence criteria for atomic forces and total energy were 
set to 0.01 eV/Å and 1 × 10− 4 eV, respectively. Energy cutoff values of 
400 eV (Te/GaAs) and 550 eV (Te/GaN) were selected through 
convergence testing. The Brillouin zone was sampled using the 
Monkhorst-Pack scheme with a 5 × 5 × 1 k-point mesh for all 3 × 3 
supercell structures. For GaAs(111) and GaN(0001), 13 × 13 × 1 and 9 
× 9 × 1 k-point meshes were used, respectively. All models were con
structed with a vacuum layer of approximately 20 Å to minimize in
teractions between periodic images. To simulate the bulk properties of 
the materials, the bottom six layers of the GaAs(111) and GaN(0001) 
substrates were passivated with 0.75 pseudo hydrogen atoms.

3. Results and discussion

3.1. Epitaxial growth of vdW Te on 3D GaN(0001) polar substrate

Fig. 1a illustrates the schematic diagram of the preparation of a Te/ 
GaN heterostructure using PVD. In a vacuum environment, tellurium 
(Te) powder was directly evaporated from a Te source and deposited 
onto the surface of a p-GaN (0001) substrate, facilitating epitaxial 
growth of the Te film. This method eliminates the need for sample 
transfer, thereby avoiding oxidation and impurity adsorption during the 
transfer process, resulting in a high-quality heterostructure. The specific 
growth details are provided in the method section. Fig. 1b is a photo
graph of a 3 × 12 mm2 heterojunction, showing a distinct Te nanolayer 
and clear boundaries on the substrate. The average thickness of the Te 
film is approximately 74 nm with a root-mean-square (RMS) roughness 
of about 6.27 nm, as shown in Fig. S1 and S2. Fig. 1c displays the typical 
Raman spectrum of the grown Te film under 532 nm laser excitation, 
featuring three distinct peaks at 94, 122, and 140 cm− 1, corresponding 
to the E1, A1, and E2 modes, respectively. The A1 vibrational mode is 
characterized as a chain expansion mode, where each atom oscillates 
within the basal plane of the lattice. In this mode, the collective atomic 
motions involve synchronous expansions and contractions along the 
plane. The E vibrational modes in the lattice primarily manifest as bond- 
bending around the direction perpendicular to the chain (E1) and 
asymmetric bond-stretching types along the helical chain (E2), with 
these characteristics being more pronounced in uniform thickness 
tellurium film [52,53].

We have conducted Raman spectroscopy measurements on the Te 
sample, focusing on six distinct points along the edge with varying 
thicknesses, as illustrated in the inset of Fig. 1c. As the thickness of the 
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Te films decreased, we observed a progressive attenuation of the E1 

vibrational mode. In contrast, the A1 and E2 modes remained prominent, 
exhibiting slight blue shifts with reduced thickness. This observed trend 
is consistent with findings reported in the literature [53]. Additionally, 
we propose that the diminishment of the E1 vibrational mode could be 
attributed not only to the vdW interactions that arise from the reduced 
film thickness and consequent electron overlap but also to the unique 
structural transition from the helical structure of the topmost layer to the 
planar Te of the bottom layer. This interface state of Te, characterized by 
its distinctive configuration, imposes constraints on atomic vibrations in 
the direction perpendicular to the Te chains. This alteration affects the 
electronic states, leading to the formation of a heterojunction transi
tional state.

We have performed scanning electron microscopy (SEM) analysis on 
the edge of the Te sample and energy-dispersive X-ray spectrometer 
(EDS) mapping to visualize the spatial distribution of Te and gallium 
(Ga) elements. The EDS mapping results revealed distinctly defined re
gions for Te and Ga, correlating with the respective locations of the Te 
film and the GaN substrate. Consequently, we obtained narrow- and 
wide-bandgap Te/GaN van der Waals heterojunction samples for device 
fabrication.

3.2. Self-powered broadband photodetector (PD) fabricated on Te/GaN

We employed a home-built multi-source stencil lithography system 
to deposit Au electrodes onto the sample surface in UHV. The electrode 
patterns were created using custom-designed metal shadow masks, as 
illustrated in Fig. 2a. The red dashed box in Fig. 2a highlights the spe
cific area observed under SEM, revealing distinct rectangle-shaped Au 
electrodes on the surface of the Te/GaN heterostructure (Fig. 2b). A 

magnified view of the corner edge of the Au electrode is shown in 
Fig. 2c, where EDS analysis was performed to obtain detailed insights 
into the photodetector’s structural composition (Fig. 2e-f). Fig. 2d pre
sents a schematic diagram illustrating the structure of the Te/GaN het
erojunction PD. We successfully fabricated vertical photodetectors with 
gold electrodes based on Te/GaN narrow- and wide-bandgap hetero
junctions designed for broadband optical detection.

As shown in Fig. 2g, we have measured the typical current–voltage 
(I-V) characteristics of the photodetector. Upon illumination, the device 
demonstrates a self-powered photovoltaic effect, generating a photo
current without external bias. The photocurrent response is most pro
nounced under UV illumination, while reasonably high photocurrents 
are observed under VIS and IR light. Under UV–VIS-IR illumination, the 
magnitude of the interface electric field is influenced by the dynamics of 
photogenerated carriers’ generation, separation, and transport at 
different wavelengths, which is explained in detail in Section 3.4. It 
provides valuable insight into the device’s optoelectronic response and 
potential for broad-spectrum photodetection.

The broad-spectrum photodetection capability of the Te/GaN PD can 
chiefly be attributed to the strategic selection of wide-bandgap 3D GaN 
and narrow-bandgap vdW material Te. The unique optical response and 
its applications are primarily driven by the interfacial electronic prop
erties of the heterojunction and the distinctive interface structure of Te. 
Fig. 2g-h illustrate the band structures and electronic density of states 
(DOS) of bulk GaN and Te, calculated using the VASP software. 
Although the bandgap values are underestimated due to the known 
limitations of the GGA-PBE approximation, the results clearly imply that 
the direct bandgap of GaN is significantly larger than that of direct 
bandgap Te by more than an order of magnitude. The direct bandgap 
facilitates efficient electron transitions and high absorption efficiency. 

Fig. 1. (a) Schematic diagram illustrating the vdW Te nanosheets grown on p-GaN substrate by PVD. (b) Digital photograph of a Te/GaN 3 × 12 mm2 sample. (c) 
Raman spectrum of Te nanofilm with different thicknesses at the boundary. The inset shows an optical microscopy image of the clean Te surface with the Te edge on 
the GaN. (d) SEM image of the Te edge on the GaN. (e-f) EDS elemental mapping of Te and Ga distributions in (d).
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The electronic states near the band edges for both materials are pre
dominantly composed of p-orbital contributions. The unique interface 
behavior of the heterostructure further amplifies the photodetector’s 
response, highlighting its potential for advanced optoelectronic appli
cations, such as environmental monitoring and night vision imaging.

3.3. PD performance with broadband synaptic photoresponse

We have measured the photoresponse performance of the Te/GaN 
photodetector with pulsed light of varying wavelengths. Under zero 
external bias, the photocurrent generated by light pulses (pulse width of 
4 s) of UV (200–350 nm), VIS (400–780 nm), and IR (780–2500 nm) 
(Different wavelengths were obtained through bandpass filters from a 
continuous-wavelength Xe lamp light source) as a function of time t is 
shown in Fig. 3a-c, respectively. The rise and decay times of the Te/GaN 
device under UV, VIS and IR light irradiation are presented in Fig. S4. As 
the optical power density (P) increases, the induced current rises, 
reaching the micro ampere range for UV illumination and the nano 
ampere range for VIS and infrared IR light. The dark current (Ioff) of 

photodetectors is measured in a dark box without illumination. Thus, 
the current mainly originates from thermally generated carriers and 
intrinsic noise within the material. The on/off ratio of the device, 
defined as the ratio of photocurrent under illumination to dark current, 
is directly dependent on the responsivity. In our fabricated Te/GaN 
photodetector, the dark current is below 0.5 pA. Under UV illumination 
at an intensity of 12.5 mW/cm2, the on/off ratio reaches 106, demon
strating a highly sensitive response. Meanwhile, under the illumination 
intensity of 27 mW/cm2 in the VIS and IR ranges, the on/off ratio ach
ieves 103.

The linear relationship between photocurrent (Iph = Ilig − Ioff) and 
incident light power density (P) under illumination (UV, VIS, and IR) is 
shown in Fig. 3d. Here, Iph and P can be described by a power function 
fit, I∝APα, where the fitting constant A represents the response intensity 
of the device at a specific wavelength, and α is the fitting exponent. A 
higher α value indicates a greater sensitivity of the photodetector to 
variations in light intensity, resulting in a more considerable output 
change in photocurrent. However, a higher α does not necessarily imply 
an increase in responsivity. Under UV illumination, the exponent α is 

Fig. 2. (a) Photograph of the Te/GaN PD device. (b) SEM image of the Te edge on the GaN with Au electrodes in the area enclosed by the red rectangular in (a). (c) 
Zoom-in SEM image of an Au electrode boundary on continuous Te film. (d) Schematic of the Te/GaN photodetector (PD) device with Au metal electrodes. (e-f) EDS 
elemental mapping of Au and Te distributions in the blue rectangle in (b). (g) Logarithmic plot of I-V curve of the Te/GaN photodetector obtained in the dark (dark 
line) and under the illumination of constant light power intensity with bandpass filters for infrared (red line), visible (green line), and ultraviolet (purple line) light. 
(h-i) Energy bands and electronic density of states (DOS) of (h) GaN and (i) Te calculated by DFT. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)
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0.57, while it increases to 0.86 for VIS light and reaches 0.95 for IR light. 
The progressively larger α values with longer wavelengths suggest 
enhanced sensitivity to light intensity changes in the IR range. With α ≈
1 under IR illumination, the device exhibits an almost linear response 
and closely approaches the characteristics of an ideal linear photode
tector. The intercept on the vertical axis represents the dark current, 
which is crucial for evaluating the signal-to-noise ratio (SNR) and per
formance under low light conditions. The variation in dark current 
observed under different illumination wavelengths is primarily attrib
uted to factors such as material absorption coefficient, defect state 
activation, surface state effects, and thermal impacts [54]. For example, 
ultraviolet light can induce significant band-to-band transitions, leading 
to an increased generation of photocarriers that elevate the “back
ground” component of the dark current. In contrast, IR light has a 
relatively minor impact (Table S1).

Based on the measured photocurrent values and the effective exci
tation area of the device, we calculated the key performance parameters 
of the Te/GaN photodetector, plotting the responsivity and detectivity 
(D*) as functions of light power density (P) across UV, VIS, and IR 
wavelengths in Fig. 3e–f (calculation details are provided in the Elec
tronic Supplementary Material). In Fig. 3e, UV light demonstrates a 
relatively higher response of 4.1 mA/W under 6.3 mW/cm2, indicating 
enhanced sensitivity to UV light due to more efficient photon absorption 
and carrier generation. In contrast, under longer-wavelength VIS and IR 
illumination, the lower-energy photons lack sufficient energy to excite 

electrons across the 3.4 eV bandgap of GaN, leaving only Te, with its 
narrow 0.3 eV bandgap, to contribute to the photoresponse. Conse
quently, the responsivities under VIS and IR illumination are relatively 
lower, reaching the few hundred picoampere level at 10 mW/cm2. In 
Fig. 3f, the detectivity under UV illumination remains relatively high, 
reaching up to 7 × 1010 Jones at 6.3 mW/cm2. This highlights the 
photodetector’s superior performance in detecting low-intensity UV 
signals with minimal noise contributions. Under VIS and IR illumina
tion, however, the photodetector’s performance is affected by factors 
such as thermal noise, photogenerated carrier noise, and electronic 
noise. For instance, infrared photons have relatively low energy but 
intense penetration, allowing them to reach deeper layers of the mate
rial, which leads to an overall temperature increase and generates 
thermal noise. We measured the detectivity of the Te/GaN photode
tector at room temperature in ambient pressure, where background ra
diation noise and thermal noise unavoidably impact the detection of 
low-intensity and distant infrared signals, potentially underestimating 
the signal-to-noise ratio (SNR) and detectivity. Under these conditions, 
we measured a detectivity of 109 Jones at 7.6 mW/cm2 VIS and IR 
illumination for the Te/GaN photodetector. These results demonstrate 
that the epitaxially grown vdW Te/GaN heterostructure device exhibits 
superior photoresponse performance compared to other Te-based pho
todetectors [55–57].

In particular, the PD shows prominent IR response up to the wave
length of 1550 nm, as measured with a laser diode light source. The 

Fig. 3. (a-c) Self-powered (zero bias) I-t curves obtained under shutter-controlled pulsed Xe lamp light illumination of different wavelength ranges, (a) λ = 200 −
350 nm, (b) λ = 400 − 780 nm, (c) λ = 780 − 2500 nm. (d) Photocurrent, (e) responsivity, and (f) detectivity (D*) as a function of the power density of the PD for the 
light of various wavelengths. (g) Self-powered I-t curve for 1550 nm light illumination. (h) PPF behavior triggered by two consecutive shutter-controlled light pulses 
(tp = Δt = 0.2 s). (i) Schematic diagram of the Te layer at the Te/GaN detector interface that binds the carriers and delays the response time under illumination.
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detector exhibits a photocurrent response of 15 pA under 4.6 mW/cm2 

infrared pulsed illumination, with the current–time relationship shown 
in Fig. 3g. It is observed that the decay time is significantly longer than 
the rise time, a trend consistently evident across multiple spectral bands 
in Fig. 3a–b. Notably, under IR and VIS illumination, the response time 
reaches approximately 600 ms, whereas the rise and decay times under 
UV illumination are only around 100 ms. (The response time is influ
enced by factors such as light power density, wavelength, pulse count, 
and pulse frequency. Detailed response times across different spectral 
bands are provided in Fig. S4.) Furthermore, under VIS and IR light, the 
decay time is prolonged with cumulative pulsing, as illustrated in 
Fig. 3b-c. Unlike applications that require rapid response times, such as 
photodetection and optical communication, the essence of memory in 
neuroscience and artificial intelligence lies in repetition. Synaptic con
nections between neurons are altered through repeated activation and 
stimulation, which plays a critical role in memory formation and 
maintenance. In this context, the extended decay times observed in Te/ 
GaN PD, caused by the interface characteristics, provide a distinct 
advantage for simulating short-term plasticity (STP) in neuromorphic 
applications. We performed paired-pulse facilitation (PPF) tests under 
infrared illumination, with the results presented in Fig. 3h. PPF de
scribes the response variation in synaptic transmission under consecu
tive pulse stimulations, characterized by excitatory postsynaptic current 
(EPSC). Two pulses, each with a width of 200 ms, were applied with a 
200 ms interval, approximately 33 % of the infrared decay time. The PPF 
index (defined as A1/A2) was calculated as 1.22, exceeding 1. This is 
because the second pulse accumulates the carriers released from the 
interface trap states during the decay time of the first pulse, resulting in 
an enhanced current response. Therefore, the second infrared pulse in
duces an enhanced synaptic-like response.

The Te/GaN photodetector exhibits differential responses across 
multiple spectral bands, with prolonged response times under VIS and IR 
illumination due to carrier trapping and accumulation, as illustrated in 

Fig. 3i. This effect arises from the interface Te layer, which is influenced 
by the polar GaN(0001) substrate and forms a potential well that traps 
carriers at the interface. The polar charges at the interface exhibit 
different distributions under varying illumination conditions, altering 
the interfacial electric field and affecting the decay time of the Te/GaN 
photodetector. The subsequent section provides a comprehensive 
explanation of the underlying operational mechanisms of the detector.

3.4. Photoresponse mechanism elucidated by first-principles calculations

To elucidate the photoresponse mechanism of the Te/GaN PD, the 
heterojunction was simplified as an interfacial system between the 3D 
GaN (GaAs) substrate and van der Waals (vdW) Te for DFT calculations. 
We constructed a six-bilayer 3 × 3 GaN(0001) substrate (a = 3.22 Å) to 
calculate the electronic states at both the substrate surface and hetero
junction interface. Based on the optimized Te-Te bond length of 2.90 Å 
and the preferred Ga atop adsorption site for a single Te atom, a Te layer 
was placed atop each Ga atom on the GaN(0001) surface for structural 
relaxation.

As shown in Fig. 4a, the fully relaxed configuration reveals that Te 
atoms form covalent bonds with Ga atoms, creating a flat Te layer. For 
comparison, a Te atomic layer was placed directly above the Ga atoms 
on a GaAs(111) surface (a = 4.07 Å), forming a flat yet stepped Te chain 
structure (Fig. S5). This difference arises because GaAs have a larger 
lattice constant than GaN, increasing the stretching distance during 
bonding and reducing the connectivity of the Te atoms. On GaN(0001), 
each Te atom forms bonds with five neighboring atoms in a net struc
ture, while on GaAs(111), each Te atom forms three bonds, leading to a 
less interconnected arrangement. Upon removal of the GaN and GaAs 
substrates, the flat Te layer, unaffected by the substrates, tends to 
recover its intrinsic helical chain configuration and transforms into a 
structure characterized by helical-like chains (details provided in the 
Electronic Supplementary Material). It is confirmed that Te undergoes 

Fig. 4. (a) The atomic structure model of 3 × 3 monolayer Te/GaN(0001). (b) The band structure and DOS of GaN(0001) with a new energy level near the Fermi 
surface (blue band line). (c) The average potential energy change of Te/GaN(0001) along the z-direction. (d-e) Comparison of the charge density difference (CDD) of 
the monolayer Te on the surface of (d) GaN(0001) and (e) GaAs(111). The yellow and cyan areas correspond to charge accumulation and depletion, respectively. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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surface reconstruction on GaN(0001), forming a planar Te buffer layer 
that minimizes interfacial defects while serving as an intermediate layer 
bridging the wide-narrow bandgap transition (Fig. S6).

Fig. 4b presents the band structure and density of states (DOS) for 
GaN(0001), where the primary electronic states arise from the p orbitals 
of N and Ga atoms. Unlike bulk GaN (Fig. 2h), an additional interface- 
induced energy level appears at the conduction band minimum, with a 
significantly increased contribution from the p orbitals of Ga atoms. This 
newly formed interface band aligns with previous reports in the litera
ture [58]. It synergistically couples with the narrow-bandgap Te layer to 
mitigate abrupt bandgap variations at the heterointerface. Fig. 4c shows 
the average potential profile of the Te/GaN(0001) heterojunction along 
the z-axis. The periodic oscillations observed in the plot typically 
correspond to the presence of atomic layers within the heterostructure, 
where each potential valley indicates the low-potential region sur
rounding an atomic nucleus. The valleys in the Te layer are noticeably 
lower than those in the GaN layer, reflecting differences in their crystal 
structures and electronic distributions. At the Te/GaN interface, a sharp 
potential well is observed, suggesting the presence of an intrinsic electric 
field introduced by the interface. Additionally, the GaN(0001) surface is 
inherently polar, further affecting the distribution of interfacial charges. 
This polarization and built-in electric field play a crucial role in the 
heterojunction’s conductive properties and the formation of a 2DEG at 
the Te interlayer, which is critical for potential electronic and opto
electronic applications [59]. Whether the bonding of additive molecules 
on the perovskite surface induces sub-bandgap trap states also is an 
interface issue of concern for the performance of inverted solar cells 
[60].

We conducted differential charge density mapping for the Te/GaN 
(0001) heterojunction, as shown in Fig. 4d, and calculated a similar 
differential charge density map for Te/GaAs(111) (Fig. 4e) for a 
comparative study to investigate the impact of spontaneous polarization 
on interfacial charge distribution. In both cases, the Ga atomic layer on 
the substrate surface exhibits an electron depletion of approximately 
0.005 e/Å3. In comparison, the covalent bond layer between the Te 
atomic layer and the substrate shows an electron accumulation of 0.01 
e/Å3. However, there is a notable difference in the electron accumula
tion on the Te layer. On the GaN substrate, the Te atomic layer accu
mulates over 0.01 e/Å3, which is more than twice the electron gain 
observed on the Te layer on the GaAs substrate. Such a discrepancy 
arises from the spontaneous polarization in GaN, which drives charge 
accumulation on the flat Te layer, forming 2DEG and effectively 
modulating the interfacial electric field.

We analyzed the band alignment to explore the photoresponse 
mechanism in the Te/GaN heterojunction device, considering its trans
mission and absorption characteristics across the UV–VIS-IR spectrum 
(Fig. S7). The I-V curve reveals that Te forms an Ohmic contact with the 
Au electrode (see Fig. S8), confirming that the undoped Te film exhibits 
p-type conductivity, thereby establishing a p-Te/p-GaN heterojunction. 
Before contact, the work function of p-Te is 4.95 eV [55,61], which is 
lower than that of p-GaN at 7.5 eV [62]. The work function difference of 
the Te/GaN heterojunction is 2.55 eV, which is close to the potential 
difference of 2.48 eV obtained from the KPFMcharacterization results 
(Fig. S3). Consequently, the Fermi level of Te is higher than that of GaN, 
prompting electron diffusion from Te to GaN. Upon contact, the Fermi 
levels of the two semiconductors align, establishing a thermodynamic 

Fig. 5. The band alignment of Te and GaN(0001). The photoresponse mechanism of PD under (a) dark, (b) UV, (c) VIS and (d) IR light condition.
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equilibrium, and a straddling gap (Type I) heterojunction is formed 
[63]. A built-in electric field (Ebuilt-in) is formed pointing from Te to
wards GaN. At this point, the band edges of GaN bend downward, while 
those of Te bend upward. The spontaneous polarization of GaN(0001) 
introduces polarization charges accumulation at the Te film interface 
(forming 2DEG), leading to additional downward bending of the band 
edges (Fig. 5). The downward-bending band edges at both sides of the 
heterojunction interface are asymmetric, with the GaN(0001) band 
dropping steeply, while the band edge on the Te film side decreases 
more gradually. This creates an interface potential well. The interfacial 
polarization field, directed from Te toward GaN (With the Ga-face ori
ented towards the Te film, the polarization direction is along the (0001) 
crystallographic axis), effectively enhances the strength of the Ebuilt-in 
(Fig. 5a). As a result, the interfacial field strength is the combined effect 
of the Ebuilt-in and the spontaneous polarization field (Esp).

Under UV illumination, the bulk GaN substrate provides more effi
cient photon adsorption (Fig. S7), which gives rise to a strong photo
response (Fig. 5b). The photogenerated electrons in GaN move toward 
the Te film under the interface electric field. In contrast, photogenerated 
holes are transported to the Au electrode, enabling the separation of 
photogenerated carriers. A portion of the photogenerated holes accu
mulate at the interface, in collaboration with the polarized positive 
charges in GaN, attract more electrons to accumulate at the Te film 
interface, lowering the Te conduction band and enhancing the interface 
electric field. This enhanced interface field further facilitates the sepa
ration of photogenerated carriers, preventing recombination of photo
generated holes with polarization charges at the Te film interface. Thus, 
the amplified interface electric field under UV illumination significantly 
contributes to the intense UV photoresponse of the Te/GaN hetero
junction PD (Fig. 2g).

Under IR and VIS illumination, only Te generates photogenerated 
electrons and holes (Fig. 5c, d). The rise time of the photoresponse is 
determined by the speed at which carriers reach saturation value, while 
the decay time is influenced by the trapping effect of accumulated car
riers. The Te film exhibits a lower transmittance rate for IR light 
compared to VIS light, resulting in higher absorption (Fig. S7). Due to 
the lower energy of IR photons, they penetrate deeper, leading to a large 
generation of photogenerated carriers at the Te film interface in the 
heterojunction (Fig. 5d). Under the effect of the interface electric field, 
the majority of photogenerated holes cross the interface barrier and 
move toward GaN (Some photogenerated holes neutralize the polari
zation charges). The photogenerated electrons, in addition to being 
trapped by the interface potential well which increases the decay time of 
the photoresponse (Fig. 3c, g, Fig. S4c), also participate in the polari
zation charge at the Te film interface, slightly enhancing the interface 
electric field. However, a disadvantage is that the carriers need to travel 
a long distance from the heterojunction interface to the Au electrode, 
leading to a high recombination rate and a low response rate (Fig. 2g, 
Fig. 3c, d).

VIS light has a lower absorption and penetration depth, which results 
in the generation of photogenerated carriers at the surface of the Te film 
(Fig. S7). The photogenerated electrons are rapidly captured by the Au 
electrode, while some diffuse with the photogenerated holes to the 
heterojunction interface (Fig. 5c). The interface potential well traps the 
photogenerated electrons, and then, under the interface electric field, 
they return to the Te film, extending the carrier lifetime and decay time 
(Fig. 3b, Fig. S4b). Photogenerated electrons also participate in interface 
charge accumulation, enhancing the electric field and promoting carrier 
separation.

Therefore, under UV illumination, the significantly enhanced inter
face electric field effectively drives carriers to the Au electrode, resulting 
in the shortest decay time for the Te/GaN photodetector, reaching only a 
hundred milliseconds (Fig. S4). In contrast, the response of PD to VIS 
and IR light exhibits decay times extending to several hundred milli
seconds (Fig. S4). The performance comparison of the Te/GaN device 
with other similar-type devices is shown in Table S2 and S3.

4. Conclusion

In summary, the hybrid-heterojunction between the vdW narrow- 
bandgap Te and 3D wide-bandgap GaN was grown via PVD under 
ultra-high vacuum, ensuring an ultraclean interface and flat surface 
growth, confirmed by OM, AFM, KPFM, Raman spectroscopy, SEM, and 
EDS. The Te/GaN photodetector, with Au electrodes deposited using a 
custom-patterned metal shadow mask, exhibits stable self-powered 
broadband photoresponse from 200 to 2500 nm. This device performs 
a UV response time of ~ 100 ms, significantly faster than the ~ 600 ms 
response for VIS and IR light. This discrepancy arises from the sponta
neous polarization of GaN(0001), where the polarization field dynami
cally modulates the interface electric field through charge redistribution 
at the wide- and narrow-bandgap heterojunction interface under vary
ing illumination conditions, thereby affecting carrier separation effi
ciency. The mechanism was further confirmed by first-principles 
calculations, which show that the Te layer forms a flat structure on the 
substrate surface, accumulating a significant amount of 2DEG at the 
interface. At the heterojunction interface, the Te interlayer acts as a 
buffer layer that regulates the photoresponse time. Our study provides 
new material options and insights into the working mechanisms for the 
development of broadband optical detection, imaging, environmental 
monitoring, and other applications.
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