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Abstract Hexagonal boron nitride (hBN) is an ideal candidate for vacu um ultraviolet (VUV) photodetection owing to its ultra-wid e
bandgap, ultrahigh band-edge absorption coe�cient, and ex cellent chemical and thermal stability, yet its intrinsic c arrier transport
anisotropy severely limits the performance of hBN-based ph otodetectors. In this work, the hBN nanosheet (BNNS) �lms we re prepared
via liquid-phase exfoliation and self-assembly technolog y, and three types of detectors with di�erentiated electrod e structures were
constructed: back interdigitated (PD 1), vertical interle aved (PD 2), and vertical cross (PD 3). The results show that P D 1 fully exploits
the high in-plane carrier mobility of hBN and its unobstruct ed photosensitive area, achieving the optimal comprehensi ve photodetection
performance with a responsivity of 1.03 mA/W at 185 nm and ris e/fall times of 148.75/107.69 ms. In contrast, the vertical ly structured
devices (PD 2 and PD 3) exhibit ultra-low pA-level dark curre nt due to the suppressed out-of-plane carrier transport of h BN, but su�er
from signi�cant attenuation of photocurrent and response s peed. DFT simulations reveal that in-plane electric �elds i nduce band bending
and charge delocalization in hBN to enable e�cient carrier d rift transport, while vertical electric �elds fail to enhan ce interlayer electronic
coupling owing to the weak van der Waals interactions betwee n hBN layers, which constitute the fundamental bottleneck f or out-of-plane
carrier transport. This study uncovers the microscopic ess ence of the anisotropic carrier transport in hBN, providing a clear scienti�c
paradigm for the structural optimization of high-performa nce VUV detectors.

Keywords hexagonal boron nitride, self-assembly, vacuum ultraviol et photodetector, �rst-principles calculations, photoca rrier trans-
port
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1 Introduction

Vacuum ultraviolet (VUV, 10{200 nm) photodetection technology p lays a vital role in frontier �elds such as space
science, radiation monitoring, electronic industry, and basic research [1{ 4]. Traditional wide-bandgap semiconductor
(e.g., SiC, GaN) based ultraviolet detectors are limited by the intrinsic material bandgaps and defect state densities,
su�ering from bottlenecks such as poor VUV band selectivity and high dark current [5{ 7]. As a typical two-
dimensional ultra-wide bandgap semiconductor, hexagonal boronnitride (hBN) possesses a graphene-like layered
crystal structure with an atomically 
at surface free of dangling b onds. Its intrinsic bandgap (� 6 eV) perfectly
matches the photon energy of the VUV band, with a band-edge absorption coe�cient as high as 7:5 � 105 cm� 1.
Moreover, hBN maintains structural stability under intense radiat ion environments, making it an ideal candidate
material to break through the performance limitations of tradition al detectors [8{ 11].

Despite the excellent intrinsic potential of hBN, its device fabrication process still faces two core challenges. First,
the low-cost, large-area controllable preparation of high-quality hBN �lms. Traditional chemical vapor deposition
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(CVD) requires high-temperature conditions (> 1500� C) with limited substrate compatibility and poor large-area
uniformity of the prepared �lms; although mechanical exfoliation can obtain high-quality few-layer hBN, it su�ers
from extremely low yield and di�culty in large-scale fabrication [ 12{ 14]. Second, the e�cient separation and
collection of photogenerated carriers. The inherent low carrier concentration and signi�cant transport anisotropy
of hBN lead to a high recombination probability and low collection e�cienc y of photogenerated carriers, resulting
in relatively low responsivity and detectivity of the detectors [15,16].

To address these challenges, relevant studies have been carried out successively. Doan et al. [17] fabricated wafer-
scale hBN epitaxial layers via MOCVD and systematically investigated their transport properties using variable-
temperature Hall e�ect and van der Pauw method. Their results indicated temperature dependence of hole mobility
follows � / T � � (� = 3 :02), a typical two-dimensional transport feature dominated by polar optical phonon
scattering. In another key study, Dahal et al. [18] �rst systematically quanti�ed in-plane and out-of-plane transpo rt
di�erences of hBN by fabricating self-supported hBN �lms and designing lateral/vertical MSM device structures,
with in-plane electron and hole �� values of 2:8 � 10� 5 and 4:85 � 10� 6 cm2=V, and out-of-plane values of only
5:8 � 10� 8 and 6:1 � 10� 9 cm2=V. Zhang et al. [19] prepared few-layer hBN nanosheets (BNNSs) via mechanical
exfoliation and demonstrated that bottom-contact MSM devices outperform top-contact counterparts in solar-blind
detection. However, the systematic correlation between structural design, anisotropic carrier transport dynamics,
and electronic structure essence has not been fully explored.

Targeting the intrinsic transport anisotropy of hBN, designing di�e rentiated electrode structures to match its
carrier transport properties is the key to breaking through the device performance bottleneck. Based on this,
high-quality hBN nanosheet �lms were prepared via liquid-phase exfoliation and self-assembly technology in this
work. Three types of MSM-type detectors with back interdigitated (PD 1), vertical interleaved (PD 2), and vertical
cross (PD 3) electrode structures were constructed. By combining experimental characterization (morphology, opto-
electronic performance, time-response dynamics) with �rst-principles density functional theory (DFT) calculations
(band structure, charge distribution, electric �eld modulation e�e ct), we systematically revealed the regulatory
laws of structural design on device performance and uncovered the microscopic essence of hBN's anisotropic carrier
transport.

2 Experimental section

2.1 Device fabrication

Preparation of BNNSs. Liquid-phase ultrasonic exfoliation was used to prepare BNNS aqueous dispersion from
bulk hBN powder. Incompletely exfoliated thick sheets were removed by centrifugation, and the supernatant was
collected to obtain single-layer and few-layer BNNS dispersions. Subsequently, liquid-phase self-assembly technology
was employed: n-hexane and anhydrous ethanol were sequentiallyadded to the BNNS dispersion to induce the self-
assembly of nanosheets at the oil-water interface, forming a continuous and dense �lm. After solvent evaporation,
the obtained free-standing hBN nanosheet �lm was transferred to the target substrate.

Fabrication of VUV detectors. All three types of devices used sapphire as the substrate, and 70-nm-thick
nickel (Ni) electrodes were prepared via standard photolithography and electron beam evaporation processes. The
core di�erence among the devices lies in the spatial arrangement ofthe electrodes.

� PD 1. Interdigitated electrodes were directly fabricated on the sapphire substrate, followed by transferring the
hBN �lm to cover the electrodes.

� PD 2. Bottom electrodes were �rst fabricated on the substrate, then the hBN �lm was transferred onto the
electrodes. Top electrodes were subsequently prepared on the �lm surface via secondary photolithography, forming
a vertical interleaved structure.

� PD 3. The fabrication process was similar to that of PD 2, except that the �nger direction of the top electrodes
was rotated by 90� relative to the bottom electrodes, forming a vertical cross grid structure.

Figure 1 shows the fabrication 
ow chart of the three types of BNNSs detectors.

2.2 Characterization

Field-emission scanning electron microscopy (SEM, FEI Quanta 250FEG) was used to observe the surface mor-
phology of BNNSs. Transmission electron microscopy (TEM, Lorenz) and high-resolution TEM (HR-TEM) were
employed to analyze the layered structure and lattice integrity of the nanosheets. A confocal Raman spectrom-
eter (LabRAM Soleil, HORIBA) was used to characterize the crystal quality. X-ray di�raction (XRD, Bruker
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Figure 1 (Color online) Fabrication 
ow chart of the three types of BN NSs detectors.

D8 ADVANCE) was utilized to analyze the crystal orientation. Fourie r transform infrared spectroscopy (FTIR,
PerkinElmer Spectrum 3) was used to characterize the chemical bond composition.

Photodetection measurements were performed at room temperature under atmospheric conditions with an Ag-
ilent 4155C semiconductor parameter analyzer combined with a probe station. Low-pressure mercury lamps with
wavelengths of 185, 254, and 365 nm served as the light sources, and the optical power density was calibrated using
an optical power meter (3A-ROHS, Ophir Optronics).

2.3 Theoretical analysis

Finite-element simulations were performed using COMSOL Multiphysics(AC/DC module, electrostatics). A sim-
pli�ed 2D model was constructed to illustrate the qualitative �eld dist ribution trends. Electrode length/spacing =
5 � m, electrode height = 1.5 � m, hBN thickness = 0.9 � m. Bias applied between the two electrodes: 90 V. The
hBN �lm was modeled as a dielectric layer with in-plane relative permittivit y " r = 5 :12 and out-of-plane" r = 3 :4. A
physics-controlled extremely �ne free triangular mesh with re�nement near the electrode edges was used to resolve
the steep �eld gradients. The electric �eld norm ( kEk) is plotted on a linear scale.

Electronic structure calculations were performed using the CASTEP software package based on DFT. The Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA) was adopted for the exchange-correlation func-
tional, combined with the D3-BJ correction to account for van der Waals interactions. Single-layer and 4-layer hBN
supercell models (lattice constantsa = b = 2 :504 �A, c = 3 :832 �A) were constructed, and the projector augmented
wave (PAW) method was used for atomic pseudopotentials. The electric �eld was applied using the Berry phase
method, with an in-plane electric �eld strength of 1 eV/ �A/e and a vertical electric �eld strength of 0.3 eV/ �A/e
(larger than the actual �elds in the devices, serving as theoretical probes to qualitatively reveal the electronic struc-
ture response of hBN to directional electric �elds). The e�ects of the electric �eld on the band structure, density
of states (DOS), and charge distribution of hBN were analyzed.

3 Results and discussion

3.1 Characterization of BNNSs

The SEM image of the hBN nanosheet �lm (Figure 2(a)) shows that the �lm is continuous and dense on a macro-
scopic scale, without obvious cracks or holes. The lateral size of the nanosheets ranges from hundreds of nanometers
to micrometers (Figure 2(a) inset), which is typical for liquid-phase exfoliated hBN [20, 21]. TEM (Figure S1(a))
and HR-TEM images (Figures 2(b) and (c)) further con�rm the layered structure of the nanos heets, revealing clear
lattice fringes with a lattice spacing of 0.33 nm corresponding to the (002) plane of hBN. The inset shows the inter-
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Figure 2 (Color online) Characterization of hBN nanosheet �lms. (a) SEM image, inset shows size distribution; (b) HR-TEM image, inset
shows interlayer spacing; (c) top-view HR-TEM image; (d) Ra man spectrum; (e) XRD pattern; (f) FTIR spectrum.

layer spacing distribution of BNNSs. The fast Fourier transform (FFT) pattern in Figure S1(b) exhibits well-de�ned
hexagonal symmetric spots, con�rming that the BNNS follows the standard AA' stacking con�guration.

The Raman spectrum (Figure 2(d)) exhibits a sharp E2g characteristic peak at 1369 cm� 1, corresponding to the
in-plane B-N-B bending vibration mode of hBN. The full width at half ma ximum (FWHM) is 25.5 cm � 1, close to
that of high-quality IBSD-grown hBN �lms (FWHM 23 cm � 1), indicating the high crystal quality of the prepared
nanosheets [22]. The XRD pattern (Figure 2(e)) shows a strong di�raction peak at 26.4� , corresponding to the
(002) plane of hBN, with a symmetric and sharp peak shape, indicating good crystalline orientation order of the
�lm.

The FTIR spectrum (Figure 2(f)) shows characteristic absorption peaks at 754 cm� 1 (B-N-B bending vibration)
and 1371 cm� 1 (B-N stretching vibration), which are slightly shifted from typical v alues of bulk hBN (� 780 cm� 1

and � 1380 cm� 1). No oxidation peaks (� 1000 cm� 1) or hydrolysis peaks are observed, con�rming the good
chemical stability of the hBN nanosheets [23]. These shifts originate from key factors related to nanoscale features
of hBN and the preparation process: weakened interlayer van derWaals interactions in exfoliated nanosheets relax
lattice vibration constraints, and residual stress from ultrasonicexfoliation and self-assembly modi�es the B-N bond
parameters.

3.2 Optoelectronic properties of BNNSs detectors

Figures 3(a){(c) show the physical photos and optical microscope images of the three types of detectors (PD 1{PD
3). The interdigitated electrodes (per half-side) are designed witha length of 1 mm, width of 15 � m, and spacing
of 45 � m (Figure S2). The calculated photosensitive areas are 1.38, 1.06, and 0.75 mm2, respectively. The dark
current-voltage (I -V ) characteristic of the devices is shown in Figure3(d) and Figure S3 (logarithmic coordinate).
At 90 V bias, the PDs (PD1, PD2 and PD3) exhibit the dark current of 15, 7, and 5 pA, respectively. Figure S4
shows the noise power spectral density (SI ) of PD1 to PD3, which is obtained by applying a Fourier transform to
the time-domain dark current. The noise current (i n ) is calculated by integrating the �tting curve of the SI as
follows [24]:

i 2
n =

Z B

0
SI (f ) df; (1)

where B is bandwidth. The i n values of PD1 to PD3 are 0.63, 0.17, and 0.29 pA. The high dark current of PD 1
is mainly due to the high in-plane carrier mobility of hBN, which promotes the transport of thermally generated
carriers. PD 2 has a longer transport path and is limited by the extremely low out-of-plane mobility of hBN,
resulting in hindered carrier transport and thus signi�cantly reduc ed dark current. The vertical spacing between
the upper and lower electrodes in the cross region of PD 3 is only the thickness of the nanosheets (� 50 nm),
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Figure 3 (Color online) Performance of hBN detectors with di�erent e lectrode structures. (a){(c) Physical photos and optical m icroscope
images of PD 1{PD 3; (d) dark current-voltage characteristi c curves; (e) current-voltage characteristic curves under 185 nm illumination;
(f) responsivity ( R ) and speci�c detectivity ( D � ) at di�erent wavelengths, inset shows local magni�cation o f responsivity at 185 nm.

leading to an extremely strong local electric �eld. However, direct tunneling of carriers across layers is extremely
di�cult and must rely on auxiliary transport at the nanosheet interf ace. Moreover, in the non-overlapping regions,
particularly the central area, the electric �eld is weak, suggesting that carrier collection there likely relies on a
slower di�usion mechanism.

Under 185 nm ultraviolet illumination (optical power density of 30 � W/cm 2), the photocurrent-voltage curves
of the devices are shown in Figure3(e). At 90 V bias, PD 1 exhibits the largest photocurrent (412 pA), bene�ting
from its largest photosensitive area and the known high in-plane mobility of hBN [ 17,18], achieving e�cient carrier
collection. The photocurrent of PD 2 is 320 pA, reduced due to the top electrode shading (� 25% area loss) and
the limitation of out-of-plane transport. PD 3 exhibits the lowest ph otocurrent (200 pA), which results from its
smallest photosensitive area combined with ine�cient carrier collection in the low-�eld regions, where transport
relies on a slow di�usion mechanism.

The formulas for responsivity (R) and speci�c detectivity ( D � ) of photodetectors are as follows [25,26]:

R =
I ph

Pin
= �

q�
hc

; (2)

D � =

p
AB

PNEP
=

R
p

AB
i n

; (3)

where I ph is the photocurrent of the detector under illumination of a speci�c wavelength, Pin is the incident optical
power, and � is quantum e�ciency; A is the active area of the detector, andPNEP is the noise-equivalent power.

The R and D � of the three types of devices are shown in Figure3(f), all exhibiting signi�cant selective response
to 185 nm VUV light. Under 254 and 365 nm illumination, the photocurrent of the devices is close to the dark
current (Figure S5), con�rming the intrinsic spectral selectivity o f the detectors for the vacuum ultraviolet band. At
185 nm illumination, the responsivities of PD 1, PD 2, and PD 3 are 1.03, 0.97, and 0.92 mA/W, with corresponding
speci�c detectivities of 6:09� 108, 1:83� 109, and 8:65� 108 Jones, respectively. The highD � of PD 2 originates from
its extremely low dark current, indicating the advantage of the vertical structure in low-noise detection scenarios,
while the high responsivity of PD 1 is more suitable for high-sensitivity detection requirements.

3.3 Time-response characteristics

Subsequently, the time-response characteristics of the photodetectors were studied. Under applied biases of 30, 60,
and 90 V, the current-time (I -t) curves of the three types of detectors were obtained by periodically switching the
185 nm light source, as shown in Figures4(a){(c). The test results show that the dark current of the dev ices is
extremely low, on the order of pA. When the light is turned on, the current rapidly rises to a stable value; when the
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Figure 4 (Color online) Time-response characteristics of photodet ectors. (a){(c) I -t curves of PD 1{PD 3 (185 nm); (d) I -t curve of the �rst
switching cycle of PD 1 under 90 V bias, inset shows local magn i�cation of the rising/falling edges; (e) comparison of I -t curves under 90 V
bias; (f) response time statistics.

light is turned o�, the current quickly returns to the initial level. Aft er multiple \on-o�" cycles, the photocurrent
and dark current of the detectors remain stable, showing good repeatability and operational stability.

To analyze the response speed in depth, the �rst switching cycle ofPD 1 was selected, and its rising and falling
edges were extracted for local magni�cation, as shown in Figure4(d). The calculated rise time (t r , de�ned as the
time required for the current to rise from 10% to 90% of the peak value) of PD 1 is 148.75 ms, and the fall time
(td, de�ned as the time required for the current to decrease from 90% to 10% of the peak value) is 107.69 ms,
demonstrating fast transient response capability. Figures4(e) and (f) further compare the I -t curves and response
times of the three types of detectors under 90 V bias. Among them, PD 1 exhibits the fastest response, reaching the
stable value in the shortest time with the highest photocurrent amplitude in the stable stage; the response speed
(199.93/120.68 ms) and photocurrent amplitude of PD 2 are both inferior to PD 1; PD 3 has the slowest response
speed (247.21/163.67 ms) and the smallest photocurrent amplitude.

The fast response of PD 1 bene�ts from the high in-plane carrier mobility of hBN, and its response time is
mainly limited by the interface transport process between nanosheets [23]; PD 2 has a longer carrier transport path,
resulting in a lower overall response speed compared to PD 1; the slowest response speed of PD 3 is mainly due to
the weak electric �eld in the non-cross regions of its structure (especially the central region), where carriers mainly
move through a slow di�usion mechanism, signi�cantly prolonging the response time.

Table 1 [19, 22, 23, 27{ 29] compares our BNNS-based detectors with representative hBN VUV photodetectors
from the literature. While epitaxial and mechanically exfoliated devices often exhibit higher responsivity or faster
response, they typically rely on high-temperature growth or su�er from poor scalability. Our solution-processed
PD 1 o�ers a moderate responsivity (1.03 mA/W) and response speed (148.75 ms), whereas the vertical-structured
PD 2 achieves an ultra-low dark current (7 pA) and a high detectivity (1:83� 109 Jones).

Figure 5 schematically illustrates the mechanism of the three types of detectors. PD 1 is dominated by an in-
plane transverse electric �eld, where carriers are e�ciently collected by electrodes via fast drift. The unobstructed
photosensitive area and high in-plane mobility synergistically yield the optimal photocurrent and response speed.
Notably, while the in-plane drift transport enables rapid carrier collection, the overall performance of PD 1 is
primarily limited by the junction barriers between adjacent BNNSs, r ather than the drift process itself [21]. PD
2 has a longer carrier transport path and is limited by the low out-of-plane mobility of hBN, showing moderate
photocurrent and response speed, while the dark current is signi�cantly suppressed. PD 3 features the smallest
photosensitive area, where only the central region between the two electrodes sustains a strong electric �eld. In this
narrow region, carriers can be collected by crossing the junction barriers between adjacent BNNSs. By contrast,
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Table 1 Performance comparison of hBN-based ultraviolet photodet ectors from recent literature.

Synthesis
Wavelength

(nm)
Bias
(V)

Responsivity
(mA/W)

Detectivity
(Jones)

Rise/decay time
(ms)

Ref.

IBSD 212 25 1.33 1 :8 � 1010 1.04/1.08 [ 22]

APCVD 220 20 3.4 3 :9 � 1010 120/160 [ 27]
Solid-state

reaction
210 5 5:022 � 103 6:1 � 1012 200/{ [ 28]

Mechanical
exfoliation

215 20 0.05767 1 :54 � 108 380/770 [ 19]

Mechanical
exfoliation

205 5 1.26 1 :28 � 1011 450/420 [ 29]

Self-assembly 185 80 1.09 3 :42 � 1011 20.97/17.69 [ 23]

Self-assembly
185 90 1.03 (PD 1) 6 :09 � 108 148.75/107.69

This work
185 90 0.97 (PD 2) 1 :83 � 109 199.93/120.68

Figure 5 (Color online) Schematic diagrams of the three types of dete ctors.

the electric �eld is rather weak in the remaining regions, where carrier transport is dominated by slow di�usion.
Such an inhomogeneous �eld distribution ultimately results in the lowest photocurrent, the smallest dark current,
and the slowest response speed.

To quantitatively verify the electric-�eld distribution in the three ele ctrode con�gurations, �nite-element simula-
tions were performed using COMSOL Multiphysics with a simpli�ed 2D model. As shown in Figure6, the simulated
�eld distribution clearly reveals that for PD 3, a strong electric �eld is con�ned to the narrow crossing regions of
the top and bottom electrodes, while the non-overlapping areas exhibit a �eld strength orders of magnitude lower.
In contrast, PD 1 shows a uniform in-plane �eld across the entire photosensitive area, and PD 2 presents a rel-
atively uniform vertical �eld with limited weak-�eld regions. These simu lation results quantitatively con�rm our
interpretation that carrier collection in PD 3 is dominated by slow di�us ion in the weak-�eld regions, leading to
lower photocurrent and slower response.

3.4 First-principles simulations

To understand the anisotropic carrier transport in the layer and between the layers of hBN from an electronic-
structure perspective, �rst-principles calculations were performed to elucidate how electric �elds along di�erent
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Figure 6 (Color online) Simulated electric-�eld distribution of (a ) PD 1, (b) PD 2, and (c) PD 3.

Figure 7 (Color online) Analysis of the e�ect of in-plane electric �e ld on single-layer hBN. (a) Atomic con�guration; (b) band st ructure without
electric �eld; (c) DOS without electric �eld; (d) schematic diagram of in-plane electric �eld application; (e) band str ucture under electric �eld;
(f) DOS under electric �eld; (g) charge density without elec tric �eld; (h) charge density with electric �eld; (i) di�ere ntial charge density.

crystal orientations modulate the band structure and charge distribution in hBN. Firstly, the atomic con�guration
of single-layer hBN is shown in Figure7(a), presenting a hexagonal ring planar structure with alternating B and N
atoms.



Fang W N , et al. Sci China Inf Sci July 2026, Vol. 69, Iss. 7, 170405:9

Figure 8 (Color online) Analysis of the e�ect of vertical electric �e ld on 4-layer hBN. (a) Atomic con�guration; (b) band structu re without
electric �eld; (c) DOS without electric �eld; (d) schematic diagram of vertical electric �eld application; (e) band str ucture under electric �eld;
(f) DOS under electric �eld; (g) side-view and top-view char ge density diagrams without electric �eld; (h) side-view an d top-view charge density
diagrams with electric �eld.

Without an external electric �eld, the band structure of hBN (Figu re 7(b)) shows a bandgap of 4.343 eV, which is
smaller than the experimentally reported value (� 5.7 eV) due to the known limitation of the GGA-PBE functional
used in our calculations [23, 30, 31]. The local DOS distribution (Figure 7(c)) indicates that the valence band
maximum (VBM) is mainly contributed by the 2p orbitals of N atoms, while the conduction band minimum (CBM)
is dominated by the 2p orbitals of B atoms, with electron transitions primarily occurring from B 2p to N 2p.

When an in-plane electric �eld (1 eV/ �A/e) is applied (Figure 7(d)), the band structure undergoes signi�cant
reconstruction: the bandgap shrinks to 2.579 eV, and the CBM andVBM tilt along the electric �eld direction,
forming obvious band bending (Figure 7(e)). The DOS distribution (Figure 7(f)) shows that the electric �eld
enhances the overlap of B and N atomic orbitals, expanding the electron delocalization range. Charge density
analysis reveals (Figures7(g) and (h)) that in the absence of an external electric �eld, the electron cloud is primarily
localized near the B-N chemical bonds. Under an applied in-plane �eld,the electron cloud becomes signi�cantly
elongated along the �eld direction, exhibiting enhanced in-plane delocalization. Di�erential charge density analysis
(Figure 7(i)) further elucidates this evolution. Calculated by subtracting th e charge density of the �eld-free system
from that under the applied electric �eld, it directly visualizes the �eld -induced charge redistribution, providing
an electronic-structure basis for the fast in-plane transport ofcarriers. This transport mechanism is dominant in
PD 1.

And then, the 4-layer hBN model (Figure 8(a)) simulates the transport properties of actual few-layer stacked
�lms. Without an electric �eld, the bandgap is 4.473 eV (Figure 8(b)), slightly higher than that of the single-layer,
which is attributed to the interlayer electronic state coupling induced by weak van der Waals interactions. The
DOS distribution (Figure 8(c)) shows low interlayer orbital overlap, indicating that electrons are mainly con�ned
within individual layers. After applying a vertical electric �eld of 0.3 eV / �A/e (Figure 8(d)), the bandgap decreases
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signi�cantly to 1.533 eV (Figure 8(e)). This reduction can be explained by the enhanced in-plane delocalization of
electrons under the vertical �eld, which increases wave function overlap and reduces the energy separation between
valence and conduction bands. Despite the bandgap narrowing, the charge distribution remains highly anisotropic.
The side-view and top-view charge density diagrams (Figures8(g) and (h)) reveal that while the electron cloud
maintains strong in-plane delocalization, the interlayer overlap remains minimal. This indicates that a vertical
electric �eld cannot e�ectively promote interlayer carrier transpo rt. These results elucidate, from an electronic
structure perspective, the origin of the out-of-plane transport bottleneck in hBN: weak van der Waals interactions
between layers result in insu�cient electronic state coupling. Even under a strong vertical electric �eld, carriers
cannot readily overcome the interlayer barrier to achieve e�cient vertical migration, consistent with the experimental
�nding that vertical-structure detectors (PD 3) exhibit lower pho tocurrent and slower response.

4 Conclusion

This work focuses on the intrinsic carrier transport anisotropy of hBN-based VUV detectors via experiments and
�rst-principle calculations. High-quality BNNS �lms were prepared by liquid-phase exfoliation and self-assembly,
with three detector types tailored to electric �eld orientations.

Bene�ting from the high in-plane mobility and the largest photosensit ive area, PD 1 achieves optimal overall
performance under 185 nm light: a photocurrent of 412 pA, a response speed of 148.75/107.69 ms, a responsivity
of 1.03 mA/W, and a detectivity of 6 :09 � 108 Jones, though with the highest dark current (15 pA); limited by
the low out-of-plane mobility and electrode shading, PD 2 shows a reduced photocurrent (320 pA) and slower
response speed, whereas its dark current is suppressed to 7 pA,endowing it with the highest detectivity of 1.83
� 109 Jones; with the smallest area and dominant low-�eld regions where slow di�usion prevails, PD 3 exhibits the
lowest photocurrent, slowest response, and lowest dark current.

DFT calculations reveal the microscopic mechanism: in-plane electric�elds induce band bending and charge
delocalization for e�cient transport, while vertical �elds fail to enh ance interlayer coupling due to weak van der
Waals interactions, limiting out-of-plane migration. These results explicitly link the structural anisotropy, electrode
design, and detector performance of hBN, providing a clear guideline for optimizing VUV photodetectors based on
2D ultra-wide bandgap semiconductors for targeted low-noise or high-sensitivity scenarios.
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