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This study investigates the effect of interfacial electric field redistribution caused by interfacial

metal phase transition on the performance of Te-Se alloy-based shortwave infrared photodiode

under high interfacial stress conditions. Microscopic analysis of the Te0.6Se0.4/ZnO interface

reveals that stress at the boundary induces the diffusion of Se atoms into the ZnO region, leading

to the formation of a new Te-rich metallic phase of Te0.75Se0.25. This metallic phase would

significantly impede carrier migration and negatively impact the photoelectric performance of the

device. The incorporation of a TeO2 modified layer would reduce interface stress, and avoid the

formation of the metallic phase, which notably reduces dark current and enhances quantum

efficiency. This study explores how interfacial stress influences the structure-property relationship

of TeSe/ZnO heterojunctions, offering a novel approach to optimizing interface engineering for

Te-based infrared detectors.
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Abstract

This study investigates the effect of interfacial electric field redistribution caused by

interfacial metal phase transition on the performance of Te-Se alloy-based shortwave infrared
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photodiode under high interfacial stress conditions. Microscopic analysis of the Te0.6Se0.4/ZnO

interface reveals that stress at the boundary induces the diffusion of Se atoms into the ZnO region,

leading to the formation of a new Te-rich metallic phase of Te0.75Se0.25. This metallic phase would

significantly impede carrier migration and negatively impact the photoelectric performance of the

device. The incorporation of a TeO2 modified layer would reduce interface stress, and avoid the

formation of the metallic phase, which notably reduces dark current and enhances quantum

efficiency. This study explores how interfacial stress influences the structure-property relationship

of TeSe/ZnO heterojunctions, offering a novel approach to optimizing interface engineering for

Te-based infrared detectors.

1 Introduction

Tellurium (Te), an elemental p-type semiconductor with one-dimensional helical chains

bonded via van der Waals interactions, addresses a critical challenge in semiconductor

technology—the scarcity of high-performance p-type materials. Unlike conventional p-type oxides

limited to mobilities below 20 cm2·V-1·s-1, the unique chain structure of Te significantly

contributes to its high hole mobility (exceeding 1000 cm2·V-1·s-1) at room temperature with

anisotropic electronic properties[1]. Furthermore, this chain structure enhances thermoelectric

performance by reducing thermal conductivity, improves mechanical properties thanks to the

inherent flexibility of the chains, and boosts optoelectronic performance by enabling strong light

absorption and efficient photocarrier generation across a wide spectral range.[2-9]. Consequently,

Te holds significant potential for applications in electronics, optoelectronics, and thermoelectrics[4,

10, 11]. However, its narrow bandgap (~0.35 eV) makes it easier to generate electron-hole pairs

through thermal excitation at room temperature, resulting in high dark current in photodetectors,

which limits its device performance.

To address this issue, the formation of TexSe1-x alloys, utilizing wide bandgap selenium (Se,

1.9 eV), has emerged as a viable strategy to enhance the device performance[12, 13]. The TexSe1-x

alloys have been reported to show several advantages: i) The bandgap can be tuned between 0.35

and 1.95 eV by adjusting the Te/Se ratios, allowing bandgap flexibility while retaining strong

optical absorption and high hole mobility[3, 13]. ii) The TexSe1-x alloys retain the unique
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one-dimensional helical chain structure, which reduces the presence of dangling bonds, lowers

defect density, and enhances mechanical flexibility, which would further improve its

adaptability[14-16]. iii) TexSe1-x alloys have low melting point (220 – 450 °C) and low

crystallization temperature (< 165°C), making them compatible with deposition techniques like

thermal evaporation and physical vapor deposition (PVD), which supports large-scale integration

and compatibility with silicon-based device manufacturing[17-19]. Thus, the TexSe1-x alloy

exhibits notable features, including an adjustable band gap, high mobility, and low-temperature

manufacturing capabilities for infrared detection. Its overall performance generally surpasses that

of organic materials, quantum dots, and perovskite materials in key metrics for infrared detection.

Additionally, the flexibility of Te-Se alloys, the stability achieved through defect control, and their

compatibility with silicon circuits enable high-speed, broad-spectrum applications (ranging from

300 to 1800 nm) in cost-effective imaging and wearable devices. Early developments in Te-based

photodetectors demonstrated both the promise and challenges of this material platform. In 2014,

He et al. pioneered Te photoconductive devices by growing Te nanoplates on flexible mica

substrates, achieving a dark current of 25 A cm-2 under 1 V bias[20]. In 2022, Hu et al. developed

a photovoltaic heterojunction device combining Te with graphene[21], reducing the response time

to 28 μs but still exhibiting a high dark current of 45 A cm-2 under -0.1 V bias. To facilitate the

integration of Te-based photodetectors with complementary metal-oxide-semiconductor (CMOS)

technology, our group initially proposed a thin-film Te-Se alloy photodiode and verified its

compatibility with CMOS processes, demonstrating low-power operation and potential for

integration with active-matrix substrates. In 2023, Fu et al. reported that the dark current of these

thin-film Te-Se alloy photodiodes had been reduced to 3.6 × 10-4 mA cm-2 under -0.1 V bias, with

a response time of 1.2 μs[14]. Subsequently, Lin et al. achieved a response time of 850 ns by

further optimization, but the dark current was about 50 × 10-4 mA cm-2 under -0.1 V bias[6].

Obviously, the high dark current of TexSe1-x alloy remains a significant challenge that must be

addressed to advance the practical application of related CMOS readout circuits. Despite

theoretical predictions that built-in electric fields at heterojunction interfaces should effectively

separate photogenerated carriers and reduce dark current, these experimental results consistently

demonstrate that interface-related phenomena fundamentally limit device performance, regardless

of advances in material synthesis or device architecture.
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For now, the persistent challenges in pure Te devices have motivated the development of

Te-Se alloys, which offer improved bandgap tunability and enhanced stability over elemental Te.

However, even these material advances remain constrained by interface defect-induced excessive

dark current in practical applications. A fundamental limitation lies in the unexplored atomic-scale

mechanisms governing interfacial stability within TeSe/oxide heterojunctions. This critical

knowledge gap has impeded the development of rational interface engineering strategies, leading

to a reliance on empirical device-level optimizations that fail to address the root causes of

performance limitations. Critically, the absence of systematic atomic-resolution studies on TeSe

alloy interfaces represents a major barrier to advancing photodetector technology. Without a

comprehensive atomic-scale understanding of structure-property relationships, interface

engineering persists as a trial-and-error approach- a constraint that becomes increasingly acute as

the field approaches the performance ceiling achievable through conventional optimization

methods.

This study bridges the critical knowledge gap through the first atomic-resolution

investigation of Te0.6Se0.4/ZnO heterointerfaces under interfacial stress. By combining advanced

electron microscopy (HAADF-STEM, DPC) and first-principles calculations, we uncover a

stress-driven interfacial metallization mechanism: lattice mismatch and thermal stress induce Se

diffusion into ZnO, forming a metallic Te0.75Se0.25 phase that distorts local electric fields and

elevates dark current. To counteract this, we develop an amorphous TeO2 modification strategy

that simultaneously functions as a strain-relief buffer and diffusion barrier. This approach

suppresses phase transformation, achieving reduction in dark current (1.65×10-2 mA cm-2 at -0.1

V) and 7-fold enhancement in quantum efficiency (35% at 1300 nm). These findings establish

atomic-scale interface strain engineering as a universal paradigm for high-performance Te-based

infrared photodetectors.

2 Experimental

2.1 Material Preparation

0.53 g of Se powder (99.99%, Sigma Aldrich) and 0.8 g of Te powder (99.999%, Sigma

Aldrich) were individually loaded into two separate quartz crucibles. An additional 0.1 grams of
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TeO2 was placed in a third crucible. To ensure uniform heating, all powders in crucibles were

thoroughly shaken.

2.2 Device Fabrication

The ITO glass (Liaoning Best New Energy Technology Co. Ltd) was subjected to ultrasonic

cleaning with acetone, isopropanol, and ethanol, each for a duration of 15 minutes. Then, a zinc

oxide layer of approximately 200 nm thick was deposited on the ITO glass using magnetron

sputtering. The deposition of TeO2 thin films was carried out selectively based on whether surface

modified had been implemented. TeO2 thin films, with a thickness of 0.3 nm, were deposited

through thermal evaporation, employing TeO2 powder as the raw material (3 × 10−4 Pa, 0.1 Å s−1).

Subsequently, the prepared Se powder and Te powder served as raw materials for the preparation

of Te0.6Se0.4 thin films. These films were created via thermal evaporation (1.5 × 10−4 Pa; Se ≈ 1.6

Å s−1, Te ≈ 2.4 Å s−1), resulting in films with a thickness of 400 nm. The as-deposited Te0.6Se0.4

thin films were subjected to annealing at 260 °C for 5 minutes using a hot plate (JW-600DG,

Wuhan JunWei Co. Ltd). This annealing process was conducted within a nitrogen glove box to

mitigate the risk of oxidation of the Te0.6Se0.4 film. Following this, an 80 nm gold electrode was

thermally evaporated (using TEMD-600, Technol Science) onto the annealed Te0.6Se0.4 film to

fabricate a complete infrared photodetector.

2.3 Device Characterizations

C-V measurements were conducted at 25 °C within an electromagnetic shielding box,

employing a frequency of 100 kHz and an AC amplitude of 30 mV. The DC bias voltage was

swept from -1.0 to 1.0 V. The EQE values were determined using a semiconductor analyzer

(Agilent B1500A) and a quantum efficiency measurement system (Enlitech QE-R).

2.4 Materials Characterizations

The cross-sectional TEM samples of the devices were sliced by focused ion beam (FIB)

using Helios 5. The HRTEM images, HAADF-STEM images for structural characterization and

DPC maps for electrical analysis were obtained by the JEM-ARM200CF with double Cs-corrector

and segmented STEM detector operated at 200 kV. XRD spectra were measured with an X-ray

diffractometer (Bruker, D2 Phaser with Cu-Kα (λ = 1.5405 Å) radiation) at room temperature in

the 2θ range of 20°–80°.

2.5 Theoretical calculation
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First-principles calculations were conducted using the Vienna Ab-initio Simulation Package

(VASP). The interactions between the core ions and valence electrons were modeled using the

projector augmented-wave (PAW) pseudopotential, while the exchange-correlation functional was

approximated using the generalized gradient approximation (GGA) within the

Perdew-Burke-Ernzerhof (PBE) framework. For the self-consistent calculations, k-point sampling

was performed using the Monkhorst-Pack scheme, with a grid of 9 × 9 × 9. The plane-wave

energy cutoff was set to 600 eV. The convergence criteria for the total energy were set to a

tolerance of 1 × 10⁻ ⁷ eV per atom, with a maximum force tolerance of 1.0 × 10⁻ ³ eV·Å⁻ ¹.

3 Results and discussion

3.1 Interface Stress Problems and Solutions

The integration of mismatched materials in semiconductor heterostructures presents a

fundamental challenge for interface engineering. When forming high-quality heterojunctions,

interfacial stress — originating from disparities in thermal expansion coefficients and lattice

parameters between constituent materials — often compromises device integrity. Such stresses

drive atomic diffusion, phase transformations, and defect formation, ultimately degrading

performance through increased recombination centers and altered band alignments.

In TeSe alloy-based photodetectors, interface-related challenges are particularly pronounced

due to the unique one-dimensional chain structure of these materials and their growth on

conventional oxide buffer layer. Previous research has demonstrated that thermal processing

induces significant interfacial reactions and atomic diffusion at TeSe/oxide interfaces, leading to

degraded device performance. To systematically investigate these phenomena, this study focuses

on the Te0.6Se0.4/ZnO heterointerface as a model system, examining the fundamental mechanisms

of stress-induced structural transformations and their impact on photodetector performance.
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Figure 1 Interface Stress Problems and Solutions. (a) The atomic model of Te-Se alloy/ZnO
hetero-interface (left), the atomic models of the Te-Se alloy/ZnO interface with (lower) or without
(upper) TeO2 modified layer, focusing on the effects of Se diffusion and interface defect. (b,c)
Dark current density versus different voltages (Jd–V curve) and the external quantum efficiency
(EQE) spectra of devices with and without TeO2 modification.

The interfacial stress in thin-film heterojunctions is predominantly composed of thermal

stress and lattice mismatch stress[22, 23]. Thermal stress arises at the interface due to differences

in the thermal expansion properties of the constituent materials. When subjected to a temperature

gradient during annealing and cooling processes, ranging from 260°C to room temperature,

significant thermal stress differences are observed between the Te0.6Se0.4 alloy and ZnO

polycrystalline material. Specifically, the thermal stress in the Te0.6Se0.4 alloy is as high as 72 MPa,

whereas that in ZnO polycrystalline material is much higher, reaching 249.6 MPa[24-28]. For

detailed calculations, please refer to Note S1. This disparity is primarily attributed to the

considerably higher elastic modulus of ZnO, despite the relatively small difference in their thermal

expansion coefficients. The resulting stress difference at the interface has a substantial impact on

the performance of the heterojunction.

Lattice mismatch is another major source of interfacial stress in thin-film heterojunctions.

Through the analysis of X-ray diffraction (XRD) spectra (as shown in Fig. S1), the lattice

parameters of the materials are determined, and the Te0.6Se0.4 alloy is assumed to have a hexagonal

structure with space group of P3121 (152) and lattice parameters of a = b = 0.4420 nm and c =

0.5534 nm. The calculated lattice mismatch between Te0.6Se0.4 alloy and ZnO ranges from a
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minimum of 5.89 % to a maximum of 31.9 %. The estimated interfacial stress is between 3.08 and

16.69 GPa. For detailed calculations, please refer to Note S2. However, due to phenomena such as

dislocation development, elastic relaxation, and plastic deformation, the actual stress caused by

lattice mismatch is typically much lower than these estimates[29, 30]. This lattice mismatch stress

plays a critical role in stability and performance of the heterojunction.

The combined thermal and lattice mismatch stresses create a complex stress field that

fundamentally alters the interfacial structure and composition, as shown in Fig. 1a. This

stress-driven instability manifests in several critical ways: (i) atomic diffusion across the interface,

leading to compositional gradients and phase separation; (ii) formation of structural defects

including dislocations and grain boundaries; and (iii) development of new phases with altered

electronic properties. These phenomena collectively degrade photoelectric conversion efficiency

and increase dark current through enhanced recombination pathways.

To address these fundamental interface challenges, we developed an amorphous TeO2

interlayer approach that simultaneously tackles both stress relief and atomic diffusion. The

amorphous TeO2 layer serves multiple functions: (i) providing stress accommodation through its

inherent structural flexibility; (ii) acting as a diffusion barrier to prevent Se migration.

Device characterization demonstrates the effectiveness of this approach (Fig. 1b,c).

Compared to unpassivated devices, TeO2-passivated photodetectors exhibit dramatically improved

performance: dark current reduction from 2.36 mA cm-2 to 1.65×10-2 mA cm-2 at a bias of -0.1 V,

and external quantum efficiency enhancement from ~5% to 35% at 1300 nm illumination at 1300

nm. This substantial performance improvement validates the critical role of interface engineering

in realizing high-performance TeSe alloy-based photodetectors and establishes design principles

applicable to broader TeSe alloy/oxide heterostructure systems.

3.2 Interface strain analysis

The crystal lattices at the interfaces of the two devices are analyzed to investigate the

interfacial strain conditions. Fig. 2a presents a high-resolution transmission electron microscopy

(HRTEM) image of the interface between Te0.6Se0.4 and ZnO, with the TeSe alloy occupying the

upper half and the ZnO located in the lower half. The regions of the TeSe alloy with perfect crystal

lattices serve as reference regions to facilitate the comparative strain analyses. Additionally, the
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HRTEM image and corresponding FFT of the TeSe alloy are also depicted in Fig. S3. It can be

concluded that the crystal structure of the TeSe alloy belongs to hexagonal system, consistent with

previous studies. The structure of TeSe alloy can maintain its stability under minimal or no applied

stress.

Figure 2 Interface strain conditions with or without the amorphous TeO2 layer. (a) The HRTEM

image of TeSe alloy/ZnO heterojunction. (b,c) The FFT and strain map related to (a). (d) The

HRTEM image of the heterojunction with the introduction of an amorphous TeO2 layer. (e,f) The

FFT and strain map related to (d).

However, the crystal lattice of TeSe alloy at the TeSe/ZnO interface differs from that in the

bulk region, as evidenced by the HRTEM image at the TeSe-ZnO junction (Fig. 2a). As depicted

in Fig. 2b of the associated FFT, the diffraction spots for TeSe �◠೪◠�೪�and ZnO �◠೪◠�೪� are labeled

by red and green dotted lines, respectively. Upon subtracting the primary diffraction spots from

the FFT, Fig. S4 presents the lattice information obtained from the inverse Fourier transform of

the residual diffraction spots. It is evident that significant defects emerge in the TeSe alloy near the

interface due to lattice mismatch induced strain. These defects include disordered crystal

orientations and crystal twisting, which are commonly observed in regions with high level strain.

Geometric phase analysis is employed to quantitatively characterize the interface strain
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distribution, with the assumption that the region of TeSe alloy far from the interface in Fig. 2b

serves as the reference region with zero strain field. This strain distribution defines the

displacements of the deformed lattices relative to the selected reference region, as illustrated in

Fig. 2c. The normal strain components are displayed along the vertical (i.e., the out-of-plane

component εyy) and horizontal (i.e., the in-plane component εxx) directions. Noticeable

fluctuations in both strain line profiles of TeSe alloy are observed near the interface. Figure 2d

presents the high-resolution transmission electron microscopy (HRTEM) image of the TeSe/ZnO

interface, which is characterized by a 0.3 nm amorphous TeO2 passivation layer. The presence and

thickness of the TeO2 layer were further verified through high-angle annular dark-field (HAADF)

imaging, which revealed the presence of 1-3 amorphous atomic layers at the interface (Fig. S5).

The corresponding FFT in Fig. 2e shows much less diffuse diffraction spots as compared to that

lacking the TeO2 layer, indicating higher level of single crystallinity of the interfacial structure.

Fig. S4b is the inverse Fourier transform of the diffuse diffraction spots, it is evident that the ZnO

region located in the lower right corner of Fig. 2d is the main contributor to the disordered crystal

structures. Additionally, the corresponding strain maps and line profiles in Fig. 2f also present

much lower levels of interfacial strain. Thus, it can be concluded that the amorphous TeO2 layer

serves to release the interfacial strain due to lattice mismatch, and maintain the original atomic

arrangements of TeSe alloy at the interface.

3.3 Atomic structure of the stress-affected interface region

It is well established that lattice mismatch would induce strain field at the TeSe/ZnO

heterointerface. However, the effects of the strain field at the atomic level remain inadequately

understood. Figs. 3a and 3d are atomic-resolution high-angle annular-dark-field (HAADF) images

of the TeSe region along two different crystal orientations. The interface can be broadly

categorized into three distinct regions—upper, middle, and lower—based on the overall atomic

arrangements and elemental distributions, as depicted in Figs. 3g, 3h, and S6. Specifically, the

lower section corresponds to the ZnO region, while the upper and middle sections correspond to

the TeSe region.

The HAADF images obtained in scanning transmission electron microscopy (STEM) mode
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reflect the Z-contrast of each atomic column. The atomic arrangements along the hexagonal TeSe

�◠೪◠�೪� and �◠d��d� zone axes are depicted in the upper half of Figs. 3a and 3d, respectively. The

corresponding FFTs of the blue dashed box regions are presented in Figs. 3b and 3e, respectively.

The diffraction spot indexing was based on d-spacing measurements obtained from HR-TEM

lattice imaging, with detailed analysis provided in Figure S7. For the lower half region, the atomic

resolution HAADF images and corresponding FFTs of the purple dashed box regions reveal

different atomic configurations as compared to those of the upper region, and this novel phase of

TeSe has not been found in existing literature. To assess the repeatability of the experiment,

additional experimental data from two independent Te0.6Se0.4 / ZnO heterostructure samples,

prepared under identical conditions, have been included in the supplementary information(Fig. S8).

At the intermediate region between the original and new phase of TeSe, several dislocations are

observable to alleviate internal stress within the material. The formation of the new TeSe phase is

also a direct consequence of the high-level interfacial stress.

Figure 3 Atomic structure and elemental distribution at TeSe/ZnO heterojunction. (a) The atomic
resolution HAADF image of the TeSe/ZnO interface with the TeSe alloy of hexagonal structure
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along �◠೪◠�೪� zone axis. (b,c) The corresponding FFTs of the blue and purple dashed box regions
in (a), respectively. (d) The atomic resolution HAADF image of the interface region with the
hexagonal TeSe along �◠d��d� zone axis. (e,f) The corresponding FFTs of the blue and purple
dashed box regions in (d), respectively. (g,h) Elemental distribution of Te and Se at the interface as
determined by EDS. i The red, blue and yellow bands label the original TeSe region, Se-deficient
region and Se-rich region, respectively. (j) Line profile showing the composition ratio of
Se/(Se+Te) at the interface.

Furthermore, the concentrations of Te and Se are quantitatively analyzed across the

TeSe/ZnO hetero-interface based on the data extracted from the EDS elemental maps of Te and Se

(Figs. 3g-h). This approach facilitates calculation of the compositional ratio of Se/(Te+Se) present

at the interface, as depicted in Fig. 3j. The ratio of Se/(Te+Se) within the red region of Fig. 3i,

which corresponds to the hexagonal structure of TeSe, is determined to be 0.4. The concentration

ratio of Se in the blue region of Fig. 3i gradually decreases to approximately 0.25, which coincides

with the region associated with the new TeSe phase. Conversely, the ratio increases abruptly in the

yellow area corresponding to the adjacent ZnO, which reflects the diffusion of Se to the ZnO

region with Te left behind.

It is apparent that Se atoms are inclined to diffuse in the interface region, which is beneficial

for the formation of the new TeSe phase. Substantial strain fields exist at the interface due to the

considerable lattice mismatch between TeSe and ZnO. To alleviate this high-level strain, Se atoms

are driven to diffuse into the ZnO region, leading to the formation of the new TeSe phase.

3.4 Analysis of TeSe's novel phase

This section primarily focuses on the unit cell structure of the novel phase. The FFTs of the

novel phase in the white dashed box regions in Figs. 3a and 3d are depicted in Figs. 3c and 3f,

respectively. The angle between the two primary crystal planes in Fig. 3c is measured to be 95o,

while the angle between the two principal crystal planes in Fig. 3f is 90o. Additionally, the �◠೪◠�೪�

direction is perpendicular to the �◠d��d� direction for the hexagonal TeSe in the upper regions of

Figs. 3a and 3d, with �೪◠◠�◠� crystal planes parallelling to both zone axes. Thus, Fig. 3d can be

derived from Fig. 3a by rotating the crystal 90o around the normal axis of �೪◠◠�◠� plane. The
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reciprocal lattice vectors indicated by the yellow arrows in Figs. 3c and 3f are perpendicular to the

�೪◠◠�◠� crystal planes of hexagonal TeSe. Based on the above analysis, the unit cell structure of

the novel phase is characterized as belonging to the monoclinic crystal system.

Figure 4 Analysis of the Novel Phase Structure of TeSe. (a) Amplified image of the newly
identified phase structure region of TeSe in Fig. 3a. (b) The corresponding FFT of (a). (c)
Simulated diffraction pattern of the [100] zone axis based on the computed lattice parameters of
the unit cell. (d) Amplified image of the newly identified phase structure region of TeSe in Fig. 3d.
(e) The corresponding FFT of (d). (f) Simulated diffraction pattern of the [001] zone axis based on
the computed lattice parameters of the unit cell. (g,h) The schematic diagrams depicting the
atomic arrangements along the [100] and [001] zone axes of the newly identified TeSe phase
structure, respectively. (I) Three-dimensional atomic model showing the unit cell structure of the
newly identified TeSe phase.

The interfacial region of the Te0.6Se0.4/ZnO heterojunction was examined using HAADF
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imaging to uncover the structural changes induced by interfacial strain. As shown in Fig. 4a, the

atomic arrangements in the interfacial region deviate significantly from the hexagonal symmetry

observed in the bulk TeSe alloy. The HAADF image reveals alternating bright and dim atomic

columns, corresponding to Te-rich and Se-rich regions, suggesting a periodic modulation of the

Te/Se stoichiometry. Fast Fourier transform (FFT) analysis of this region (Fig. 4b) confirms the

presence of additional diffraction spots not observed in the bulk material, indicating the formation

of a new crystallographic phase. Similarly, the HAADF image in Fig. 4d, taken from a different

zone axis, further supports the existence of this new phase, with the corresponding FFT pattern

(Fig. 4e) showing distinct diffraction features.

To precisely determine the structural parameters of the new phase, the FFT patterns were

compared with simulated diffraction patterns derived from the assumed unit cell model. The

simulated diffraction patterns for specific crystallographic directions (Figs. 4c,f) exhibit excellent

agreement with the experimental FFT patterns (Figs. 4b,e), enabling the determination of the unit

cell parameters: a = 0.474 nm, b = 0.314 nm, c = 0.440 nm, with angles α = 95°, β = γ = 90° (Fig.

4i). The interplanar spacing of 0.317-0.318 nm of the {010} planes (Fig. 4a) exceeds the covalent

bond length of Te (0.283 nm), suggesting that van der Waals interactions would dominate the

interlayer stabilization-a feature contrasting sharply with the covalent bonding in conventional

hexagonal TeSe alloys.

Atomic projection models along the [100] and [001] directions (Figs. 4g,h) demonstrate

periodic arrangement of Te and Se atoms. The three-dimensional unit cell structure (Fig. 4i)

highlights the monoclinic symmetry and unique stacking sequence of the new phase. It is expected

that the stoichiometric change, driven by the diffusion of Se atoms into the ZnO layer, destabilizes

the hexagonal TeSe structure and promotes the formation of the monoclinic phase. The new phase

acts as a structural buffer to relieve the interfacial strain, but its presence would have profound

implications for the electronic properties of the heterojunction, as discussed in subsequent

sections.

3.5 Optimized interface atomic arrangements
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To determine if the formation of the novel phase is directly linked to the strain field at the

interface, it is necessary to analyze the interfacial atom arrangements of the optimized device with

a thin TeO2 layer insertion. HAADF images of the hexagonal TeSe/ZnO interface, with the TeSe

regions captured along the [0001] and �d◠��೪� zone axes, are presented in Figs. 5a and 5c,

respectively. The corresponding FFTs of the blue dashed boxes are illustrated in Figs. 5b and 5d.

Both Fig. 5a and Fig. 5c clearly indicate that no novel phase of TeSe is present at the hexagonal

TeSe/ZnO interface. This observation illustrates that the thin TeO2 layer provides effective

physical separation, thereby reducing interfacial strain.

Figure 5 Characterization of the atomic arrangements at the interface of the optimized device. (a,c)
HAADF images of hexagonal TeSe/ZnO interfaces, with the TeSe regions along [0001] and
�d◠��೪� zone axes, respectively. (b,d) The corresponding FFTs of the blue dashed boxes in (a) and
(c), respectively. (e-g) HAADF image of the interfacial region and corresponding EDS elemental
maps of Te and Se. (h) The line profile showing the composition ratio of Se/(Te+Se) in the blue
box illustrated in (e).

The HAADF image of the hexagonal TeSe/ZnO interface, and the EDS elemental maps of Te

and Se, are presented in Figs. 5e-g, and the elemental signals for Te and Se have been normalized.

As illustrated in Fig. 5h, although the diffusion of Se into the ZnO region still exists, the

concentration of Se in the TeSe region remains consistent near the interface. This phenomenon can

be attributed to the ability of the TeO2 layer to largely inhibit Se atom diffusion. Moreover, the
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amorphous nature of the TeO2 layer would mitigate the interface strain, which would otherwise

facilitate Se diffusion. Thus, this again proves that the strain field experienced by the interface and

the generation of the novel phase are interconnected, and the diffusion of Se could be a critical

factor in the formation of the novel TeSe phase.

3.6 Electrical properties of the novel TeSe phase at atomic resolution

Figure 6 Analysis of electrical properties of the interfaces at atomic resolution. (a) Schematic

diagram of DPC-STEM technique. (b,c) The distribution of electric fields at the TeSe/ZnO

interface without and with the insertion of the TeO2 layer, respectively. (d) The energy band

diagram of Te0.75Se0.25 (new phase structure) obtained by first-principles calculations. (e,f) The

interface energy band structure without and with the TeO2 layer, respectively.

As depicted in Fig. 6a, when the electron beam traverses a sample, the internal electric field

of the sample would modulate the phase of the electron wave through quantum mechanical

interactions. This phenomenon arises from the Aharonov-Bohm effect, where the phase shift (Δφ)

of the electron wave is proportional to the integral of the electrostatic potential (V) along the beam

path, enabling direct correlation between phase gradients and electric field distributions. The

detection system employs a quadrant-segmented annular detector to capture differential signals
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from beam deflection. Through real-time differential phase contrast (DPC) analysis, phase

gradient maps are derived by calculating the normalized intensity differences between opposing

detector segments (I1-I2)/(I1+I2). Subsequent integration of these phase gradients can reconstruct

the sample's electric potential landscape at nanometer resolution. The vacuum reference region

provides baseline calibration, with pseudocolor maps encoding both direction (hue) and magnitude

(saturation) of the electric field, while the vector arrow maps quantitatively represent field

orientation (direction) and strength (length)[31-33].

When P-type and N-type semiconductor materials form contact, carrier exchange occurs

through electron diffusion from the N-type region (high electron concentration) to fill holes in the

P-type region, accompanied by hole migration in the reverse direction for recombination. This

process generates a built-in electric field oriented from the N-type to P-type region across the PN

junction. In the original device, DPC characterization reveals an anomalous electric field

distribution at the TeSe/ZnO interface (Fig. 6b). Although the overall field direction remains from

the N-type ZnO to the P-type TeSe, localized field deflections are observed within newly formed

TeSe phase domains. This abnormal field distribution is presumed to originate from the emergence

of a new phase within the TeSe region. Band structure simulations indicate that this new phase

corresponds to a metallic Te0.75Se0.25 interlayer at the heterojunction interface, whose zero-bandgap

characteristic confirms its metallic nature (Fig. 6d).

The conductive metallic phase fundamentally alters the interface electric field through two

interrelated mechanisms: First, its inherent screening effect redistributes the built-in electric field,

creating non-uniform field lines that deviate from the ideal PN junction configuration (Fig. 6b).

Second, the abrupt transition from semiconductor (TeSe/ZnO) to metal (Te0.75Se0.25) introduces

unpassivated interface states, enabling direct carrier tunneling between ZnO and TeSe with

reduced activation energy (Fig. 6e). Although the metallic layer provides low-resistance in-plane

conduction, its presence establishes competing transport pathways—vertical carrier transport

becomes dominated by Schottky-like barriers at the metal/semiconductor interfaces, while lateral

currents preferentially flow through the metallic phase. This spatial anisotropy induces carrier

scattering and recombination at defect sites, ultimately degrading both vertical charge collection

efficiency and overall junction rectification.

Ju
st

 A
cc

ep
te

d



In contrast, the amorphous TeO₂ modification layer in the optimized device suppresses Se

diffusion and interfacial stress, thereby preventing metallic phase formation (Fig. 6c). The restored

semiconductor-semiconductor junction exhibits three synergistic improvements in device physics:

Continuous built-in electric field enhances drift-dominated carrier transport; preserved P-type

TeSe/ZnO band alignment minimizes interfacial states (Fig. 6f); and reduced defect density

mitigates recombination losses. Consequently, the TeO2-modified interface demonstrates superior

carrier separation and collection characteristics compared to the metallic phase-dominated original

device.

4 Conclusion

This study reveals the crucial role of interface engineering in improving TeSe alloy-based

infrared photodetectors, focusing on the impact of Se diffusion and interface strain on device

performance. Our results show that thermal stress and lattice mismatch significantly contribute to

interfacial strain, promoting Se diffusion into the ZnO region and forming a new metallic phase

Te0.75Se0.25, as confirmed by atomic-scale structural analysis and differential phase contrast

analysis. This metallic phase alters the electrical properties at the interface, presenting both

opportunities and challenges for performance improvement. The introduction of an amorphous

TeO2 modified layer effectively mitigates interfacial strain, reducing dark current and improving

external quantum efficiency. This strategy physically separates the TeSe alloy from the ZnO

substrate, limiting Se diffusion and preserving the crystal structure's integrity. Comparative

analysis of passivated and unpassivated devices indicates that the TeO2 layer stabilizes the atomic

structure at the interface, which is critical for maintaining photodetector performance under high

level strain.

Our findings offer new insights into the behavior of the TeSe alloy/ZnO interface, particularly

under high strain conditions. The monoclinic phase appearing at the interface suggests that

strain-induced phase transformation may affect local carrier dynamics, highlighting the potential

of strain control for enhancing device performance. Further research on the atomic arrangement

and electronic structure of this phase, along with alternative modified strategies, may provide
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better solutions to optimize device stability and efficiency. This study emphasizes the importance

of atomic-level control in developing high-performance TeSe alloy-based photodetectors and

paves the way for future advancements in semiconductor and optoelectronic devices.

Data availability

All data needed to support the conclusions in the paper are presented in the manuscript and the
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Figure S1 XRD spectra of TeSe alloy/ZnO heterojunctions, the standard PDF spectra for Te, Se,
and ZnO are listed below for reference.

Figure S2 The fundamental characterization of the device. a The schematic representation of each
functional material layer in a TeSe alloy-based infrared photodiode. b TEM image depicting the
cross-sectional view of the device.

Figure S3 HRTEM image and corresponding FFT of the TeSe alloy projected along [1010] axis.
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Figure S4 After removing the principal diffraction spots relating to TeSe alloy and ZnO from Fig.
2b and Fig. 2e, the residual lattice information is generated via inverse Fourier transform, with (a)
corresponding to the original Fig. 2b and (b) to the original Fig. 2e, respectively.

Figure S5 High-resolution HAADF confirmation of TeO2 interfacial layer.

Figure S6 EDS Elemental map of Zn and O at the TeSe/ZnO interface.
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Figure S7 Detailed d-spacing analysis for diffraction spot indexing in Figure 3. (a, b) Enlarged
views of the blue dashed box regions from Figure 3(a) and (d), respectively.

Figure S8 Repeatability verification of the formation of new TeSe structural phases.
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Note S1：

The formula for calculating thermal stress is:
ΔTαE  σ  (Equation S1)

In this context, σ represents the thermal stress, E denotes the elastic modulus of the material,

α is the thermal expansion coefficient, and ΔT is the temperature difference. During the annealing

process, ZnO and Te0.6Se0.4 crystallize simultaneously at an annealing temperature of 260 °C. The

room temperature is 20 °C, resulting in a temperature difference of 240 °C. Based on the

differences in thermal expansion coefficients and elastic moduli, the thermal stress in Te0.6Se0.4

alloy is calculated to be 81.6 MPa, while that in ZnO polycrystalline is 249.6 MPa. Although the

thermal expansion coefficients of Te0.6Se0.4 and ZnO are relatively close (with the thermal

expansion coefficient of Te0.6Se0.4 alloy being approximately 10 × 10⁻ ⁶ K⁻ ¹ and that of ZnO

being 5.2 × 10⁻ ⁶ K⁻ ¹), the thermal stress in ZnO is substantially higher due to its significantly

greater elastic modulus (around 200 GPa, compared to 34 GPa for Te0.6Se0.4 alloy).

Note S2：

The stress arising from lattice mismatch is examined next. The structural parameters of each

material were determined using X-ray diffraction (XRD), as presented in Fig. S1. The Te structure

belongs to hexagonal crystal system with the space group P3121 (152), and the lattice constants

are a = b = 0.4456 nm and c = 0.5921 nm. Se also crystallizes with hexagonal structure, with a = b

= 0.4367 nm and c = 0.4954 nm, and shares the same space group, P3121 (152). The ZnO structure

belongs to hexagonal system with the space group P63mc (186), having lattice constants a = b =

0.3351 nm and c = 0.5226 nm. The Te0.6Se0.4 alloy, which also adopts hexagonal crystal structure,

belongs to the space group P3121 (152), with assumed lattice constants a = b = 0.4420 nm and c =

0.5534 nm. The lattice mismatch is then calculated using the appropriate formula:

� � ��沠׶坐ݏ���ݑ������
���ݏ���ݑ��

(Equation S2)

ZnO is used as the substrate in this work, and the TeSe alloy film is deposited on ZnO via

thermal? evaporation. For ZnO and Te0.6Se0.4, the lattice parameters a and c were calculated. The

least lattice mismatch is 5.89 %, while the largest can reach 31.9 %. The Stoyn formula can be

used to estimate the stress at the heterojunction.

� � ��沠׶坐
1���沠׶坐

� � (Equation S3)
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Efilm and vfilm stand for the film's Young's modulus and Poisson's ratio, respectively. According
to verification studies, Te has a matching Poisson's ratio of νTe ≈ 0.22. The Poisson's ratio for Se is
νSe ≈ 0.2. Based on the composition of the alloy, the estimated Young's modulus for the Te0.6Se0.4
alloy is ETe0.6Se0.4 = 34 GPa and the Poisson's ratio is νTe0.6Se0.4 ≈ 0.21. Rough estimates place the
interface stress in the range of 2.53-13.73 GPa.
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