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Infrared (IR) photodetectors (PDs) are crucial for medical imaging, optical communication, security surveillance, remote
sensing, and gas identification. In this Letter, we systematically investigated a room temperature IR PD based on two-
dimensional b-Asq 5Py, a relatively unexplored component of b-AsP alloys. We synthesized high-quality b-AsgsPg 5 flakes
via the chemical vapor transport (CVT) method with precisely controlled conditions. The fabricated b-AsqsPg 5 PD exhibits
excellent photoconductivity, high responsivity, and a fast response in the visible and near-infrared (Vis-NIR) band. It
achieves a responsivity of ~0.209 AW~ and a response time of ~16.6 ps under 1550 nm IR illumination. High-resolution
single-pixel point optical imaging and high-speed optical communication were realized by the b-AsysPg 5 PDs. This study
confirms that b-As, 5Py 5 materials are highly promising for advanced IR optoelectronic applications.
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1. Introduction

Infrared PDs show a series of unique advantages in applications
such as IR imaging, target identification, and temperature detec-
tion!" ), Infrared PDs can be classified into two types: photon
(typically cooled) and thermal (typically uncooled) PDs!*),
Photon PDs work by generating electron-hole (e-h) pairs in
the detector material when exposed to infrared (IR) radiation.
They are the most sensitive and fastest form of IR detection,
but they must operate at cryogenic temperatures to reduce ther-
mally induced e-h pairs, which necessitates the use of cooling
systems, adding to the system’s size and cost. On the other hand,
thermal PDs convert IR light by sensing a temperature-depen-
dent physical property. These PDs do not require cooling, mak-
ing them smaller and more power-efficient, but they are less
sensitive and slower in response compared to photon PDs.
However, with the emergence of 2D materials, uncooled photon
PDs have been greatly developed. 2D materials have attracted
significant attention due to their unique atomic hierarchical
structure. Graphene (Gr) is the first extensively studied 2D
material. Gr consists of a single layer of carbon atoms, charac-
terized by very high carrier mobility and excellent electrical con-
ductivity, along with strong light absorption across a wide range
of wavelengths'®~”). Due to these outstanding properties, Gr is
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considered an ideal candidate for the next generation of PDs.
However, Gr has its limitations. While its excellent conductivity
makes it highly suitable for electrical applications, Gr lacks an
intrinsic bandgap, which restricts its effectiveness in certain
optoelectronic applications, particularly in detectors requiring
a high bandgap. Additionally, the fabrication cost of Gr is high,
and the manufacturing process is complex, further limiting its
large-scale commercial application®),

In addition to Gr, another 2D material that has garnered sig-
nificant attention is black phosphorus (BP). BP is composed of
phosphorus atoms, whose bandgap can be tuned from narrow
(0.3 eV) to wide (2 eV) by adjusting its number of layers*'),
BP exhibits very high carrier mobility, which demonstrates its
significant potential in photodetection and electronic devi-
ces!'!. However, BP is unstable in air and prone to oxidative
degradation, resulting in a rapid decline in performance!'?),
which significantly limits its practical applications. To address
the instability of BP, researchers have conducted numerous
modification studies, with the fabrication of black arsenic-phos-
phorus (b-AsP) through arsenic doping being a significant
breakthrough!">~'®!. b-AsP retains the superior properties of
BP, including its adjustable bandgap (0.15 to 0.3 eV) and
high mobility while significantly enhancing environmental
stability and extending its service life!"”). b-AsP alloys with
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varying arsenic-phosphorus ratios exhibit enhanced optoelec-
tronic properties, making them strong candidates for PD
applications!'®?*. For instance, the hBN/b-As,g;Py;,/hBN
sandwich-structure PD, developed by Yuan et al., uses hexago-
nal boron nitride (hBN) and exhibits broad photoresponsivity
(90 mA - W) in the middle infrared (MIR) range and remark-
able long-term air stability*®). The advent of b-AsP has opened
new avenues for the development of novel uncooled IR detec-
tors, particularly for PDs requiring long-term stable operation.

However, the b-AsP alloys with the b-AsysPy5; component
have not been deeply studied. Thus, this Letter seeks to investi-
gate the b-Asy ;P 5 component systematically. First, b-Asy 5P 5
material was synthesized using the chemical vapor transport
(CVT) technique. During the CVT process, reaction conditions,
such as precursor gases, temperature, pressure, and gas flow,
were precisely controlled to obtain high-quality and homo-
geneous b-AsysPys. At room temperature, PDs based on
b-Asy 5Py 5 demonstrate a broad spectral photoresponse from
520 to 1650 nm, with high responsivity (1.182-0.199 A - W~1),
high external quantum efficiency (282.1%-15.0%), and high
detectivity (1.47 x 108-2.48 x 107 Jones). By employing a con-
focal optical system, the photoconductive effect (PCE) was con-
firmed as the photoresponse mechanism of b-AsysP,s PDs.
Moreover, the b-AsysPy5 PD exhibited fast response time of
~16.6 ps under 1550 nm IR illumination, showing high-speed
real-time IR optical communication and high-resolution and
high-sensitivity imaging capabilities. Our work, specifically
focuses on the b-AsysPy5 component, contributes to the study
of b-AsP, and it offers deeper insights into its applications in
communications and imaging. This study demonstrates that
b-Asy 5P s is a promising material for broad-spectrum IR pho-
todetection, capable of meeting future high-performance
requirements for IR optoelectronic applications.

2. Results and Discussion

The synthesized b-AsysPys material is shown in Fig. 1(a).
Arsenic and phosphorus atoms are alternately distributed in
the b-Asy;P5 single-atom layer, forming identical valence
bonds in a 1:1 ratio. The larger radius of the arsenic atoms com-
pared to the phosphorus atoms leads to an orthorhombic lattice
with a wrinkled cellular structure. Each b-As, 5P, s layer is held
together by weak van der Waals (vdW) interactions, forming a
bulk crystal. However, the weak interlayer forces make the
b-Asy 5Py s crystals highly susceptible to exfoliation into mono-
layers. To verify the composition and crystal quality, the Raman
spectra of the b-AssP, s were analyzed, as shown in Fig. 1(b).
Raman modes for b-As,sP,; were observed at 230.7, 245.4,
254.7, and 358.7, 417.2, 436.6cm™!, corresponding to the out-
of-plane Ay, in-plane B, ,, and out-of-plane A7 modes for the

“As,” and the A}, B, ,, and A modes for “P.” These results align
with previous reports?’!. The X-ray diffraction (XRD) pattern
in Fig. 1(c) reveals the crystallographic information of the
b-Asy 5P 5 flake layer, with diffraction peaks at approximately

17°, 34°, and 51°, corresponding to the (020), (040), and (060)
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Fig. 1. (a) Crystal structure of the 2D b-AsysPqs layers. First row: top view and
right view; Second row: side view. (b) Raman spectra of the 2D b-AsysPys
layers. (c] XRD pattern of the 2D b-AsgsPgs layers. (d) Atomic force micro-
scopic image of the PDs. White dashed line: metal electrode; red dashed line:
b-Asy5Pg s material. (e) Height profile obtained along with the white line in (d).
(f) Tauc plot of the b-Asq 5Py 5 PDs. The inset shows the FTIR spectra of the PDs.

crystal planes, respectively. These diffraction results are consis-
tent with previous reports'**), confirming good crystallinity of
the material. Figure 1(d) presents an atomic force microscopic
image of the surface of b-As 5P 5, revealing a layered structure,
which suggests the potential formation of stepped growth fea-
tures during b-AsysP,; fabrication. Figure 1(e) presents the
height profile obtained along the white line in Fig. 1(d), indicat-
ing a b-Asy 5Py 5 thickness of approximately 30 nm, as b-AsP
becomes more difficult to exfoliate with increasing arsenic con-
tent. To study the absorption properties and bandgap of
b-AsysPy5, we obtained its absorption profile using a Fourier
transform infrared (FTIR) spectrometer, as depicted in the inset
of Fig. 1(f). This absorption profile was then used to generate the
Tauc plot, as shown in Fig. 1(f),

(ahv)'/" = A(hv — E,), (1)

where a is the absorption coefficient, & is the Planck’s constant, v
is the frequency, A is a constant, E, is the semiconductor
bandgap, and # is related to the type of semiconductor!*®*”},
Since b-AsysPy5 is a direct bandgap semiconductor, n=1/2.
Based on this, the estimated bandgap of b-As 5P, 5 is approxi-
mately 0.23 eV, consistent with previous reports®®!. This narrow
bandgap enables b-As; ;P 5 to respond to longer-wavelength IR
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photons, corresponding to ~5.4 um, which extends into the  b-AsysPys comes into contact with a metal electrode, electron
mid-wave infrared band, offering broad potential applications redistribution occurs from the b-Asy 5P, 5 to the metal due to
in IR detection. the difference in their work functions. This electron movement
The synthesized black arsenic-phosphorus was mechanically ~ aligns the Fermi levels, leading to band bending in the
exfoliated to generate high-quality flake samples. The b-AsysPys  b-AsysP, 5 near the interface. Figure 2(e) depicts the generation
flakes were subsequently processed using photolithography and ~ and propagation of photogenerated carriers under a forward
deposition to prepare the b-As, 5Py 5 PDs. Figure 2(a) illustrates bias voltage. Under IR light illumination, an electron is excited
the device structure, comprising Cr/Au electrodes (50 nm Auon by an incident photon and transitions from the valence band to
the top and 5 nm Cr on the bottom), SiO, (300 nm), and Si ~ the conduction band, forming an e-h pair. This pair is rapidly
(500 pm) substrates, with a b-As, 5P 5 flake positioned between separated at the interface and injected into the electrodes, gen-
the electrodes. Additionally, due to the presence of phosphorus-  erating a photocurrent. As shown by the output curve in Fig. S1
phosphorus and arsenic-phosphorus bonds in b-AsysPys, the  in the Supplementary Material, Ohmic contact has been
performance of the device degrades over time. To mitigate  achieved by our device.
this and improve long-term stability, the device was encapsu- For a more objective evaluation of our PD, we numerically
lated with hBN to protect itself and enhance its electrical  calculated the performance of the devices. Figure 3(a) displays

performance!®”’, the fast time response across different wavelengths (520 to
We further examined the variations in photocurrent at differ- 1650 nm) at a fixed power of 382 pW. Under near-infrared
ent power levels and bias voltages (V). Figure 2(b) shows a sig- (NIR) illumination, despite a decrease in the switching ratio,

nificant increase in the photocurrent with increasing bias voltage ~ the photocurrent shows a significant and rapid transition
and laser power, indicating that the b-AsysPys PDs are highly =~ between the dark state and laser illumination. To analyze the
sensitive to both laser power and bias voltage, exhibiting strong
photoresponse characteristics. Moreover, scanning photocur-

rent mapping was obtained by employing a confocal optical sys- @ —som|  ®
. . 638 nm = 10°
tem to reveal the photocurrent generation mechanisms of our . Bom |
PD, as shown in Fig. 2(c). It illustrates the position-dependent = 1064 E
photocurrent distribution across the entire channel undera 1 V = 15500 g
bias and 1550 nm IR illumination. The photocurrent originates : g
from the entire channel of the PD, confirming PCE as the 0 ‘ ‘ I <
response mechanism for the b-As, 5Py s PDs. Figure 2(d) shows 00 04 __ 08 12 s W0 900 1200 1500
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the energy band diagrams of the b-Asy ;P 5 and the metal elec- © O —
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Fig. 2. (a) Schematic diagram of the hBN-encapsulated b-AsqsPgs PDs under (d) Rising and falling times for the PDs under a 1550 nm laser illumination at

IR illumination. (b) The 2D mapping plot of the current under 638 nm laser V4 = 1V. (e) Comparison of the wavelength detection range and the respon-
ilumination as a function of the Vs and the incident laser power. (c) The  sivity of our device with other IR PDs (b-P™3% b-AsygsPo*®, 6r%" Gr/
3D mapping plot of the photocurrent at Vs =1V under 1550 nm laser illumi-  GaAs®®®!, MaTe,®, MoTe,/Si*Y. MoS,/BP™! MoS,/CdTe™ ptSe, ) pts,/
nation. (d) Energy band diagram of the b-AsysPgs and the electrode metal PtSe,*! and Tellurene™). (f) Comparison of 1 and e of our device with
(before and after contact). &, Fermi level; CB, conduction band; VB, valence other IR PDs under a 1550 nm laser illumination [b—P["B], b-ASg_gsPO_WBB],
band. (e) Energy band diagram of the b-AsysPq s PD at a bias voltage Vs under  Bi,0,5e/BP, BP/WSe,*®,  Gr/Ge™  Gr/inGaas®™.  Gr/1T'-MaTe,/Sit™",
illumination. f, photoconductive current. MoS,/BP1*? PhSe-CQDs™), PdTe,/Si™, WSe,/SnSe,™, and ZnSh!®).
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wavelength-dependent optical response, the responsivity (R) of  is another key advantage of PDs. Therefore, the photoresponse

the detector was calculated as shown in Fig. 3(a), time of the device was measured under 1550 nm IR laser illumi-
nation. Figure 3(d) shows that the device exhibits a rise time

R = Ipn S _ Ilight_IdarkE’ @) (74se) Of ~16.6 us and a fall time (zgy) of ~23.5 ps (defined as

" PA p A the time to transition from 10% to 90% and vice versa of the

steady photocurrent), demonstrating a rapid response to IR

where Ij;g,, is the photocurrent, I,y is the dark current, P is the light. This fast response is attributed to the high carrier mobility

incident laser power, S is the illuminated area, and A is the device and short carrier lifetime of the b-As 5P, 5, enabling rapid sep-
area™. The device area is 24 pm’, the illuminated area i aration of photogenerated carriers and their recombination after
229%10°pm?, and the incident laser power is 382 pW.  pe light is turned off, accelerating signal response. As shown in
Thus, high responsivities (1.182 t0 0.199 A - W™!) were obtained Figs. 3(e) and 3(f), the responsivity and response time of our
in the visible and near-infrared (Vis-NIR) range. To quantify the  device were compared with other IR PDs at 1550 nm. Our device
light-to-current conversion efficiency, we calculated the external  demonstrates an excellent short response time and is capable of
quantum efficiency (EQE), defined as the ratio of charge carriers  detecting low-intensity optical signals while maintaining a rapid
excited by light to the number of incident photons, response. This makes it highly advantageous for high-frequency

optical signal detection and NIR wavelength light detection.
(3) Compared to other detectors, b-As;P, s PDs offer a well-bal-

anced trade-off between responsivity and response time, making

where h is the Planck’s constant, ¢ is the speed of light, 1 is the then'1 .s1.1itable for photodetection ?p P lica'tions requiring high
wavelength of the incident laser, and e is the electron chargel*!], ~ Sensitivity and fast response. In particular, in the 1550 nm band,
The EQE decreases from ~282.1% to ~15.0% as the wavelength 4T device has apprgmmately 25 times the responsivity and 0.1
increases. At 1550 nm laser illumination, the calculated EQE ~ H™M®S th.e response time compared to'b.lack phosphorus.

reaches ~16.7%, indicating a satisfactory performance in the Considering the fast response capability of the b-AssPos PDs

NIR range. In our device, noise (I,,) was estimated based on ther- at. 15.50 nm, we lev.eraged this property for NIR. oP t.ical commu-
mal noise (I;) and shot noise (I.y) nication studies. Figure 4(a) presents a schematic diagram of the
t sh/»>

NIR optical communication system at 1550 nm. After inputting

T the target information “AsP” into the computer, the characters

L= /(i) + (&) = \/ RB Af + 2qIAf, 4) “A” “s,” and “P” were converted into “65,” “115,” and “80,”
d respectively, based on the American Standard Code for

Information Interchange (ASCII). These were then encoded into
binaries as “01000001,” “01110011,” and “01010000.” The
encoded result was transmitted to a signal generator to modulate
the V4 of the PDs between 0 and 1 V, generating a pulsed square
wave. Simultaneously, a 1550 nm IR laser continuously

Rihc
Je ’

EQE, =

where kjp is the Boltzmann constant, T is the temperature, R is
the resistance, Af is the operating bandwidth, g is the electron
charge, and I is the mean current intensity[32]. (i) =779 %
1072 A% . Hz™! is obtained at Af = 1Hz, at R; =21.3kQ for
the 1 V bias, and at T=300K. At V4, =1V, I =45.8 pA and
Af =1Hz, and (i3) =147 x 107> A? - Hz™!, which is two
orders of magnitude higher than the thermal noise level. @ [0
Therefore, I, =3.93x107'2A% . Hz"!. The noise-equivalent o
power (NEP) indicates the minimum illumination power that MesigeToput
can be detected by the PD, and the specific detectivity (D") .
normalizes the effect of the bandwidth and active area of the m

PDs with different geometries, enabling better comparison of -

performance. Thus, the NEP and D" of our device were calcu- Messagereecived Oscllidscope Rhiotadetector
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Figure 3(c) shows that the NEP gradually increases from 3.3 to
19.7 pW - Hz™!/2 over the wavelength range of 520 to 1650 nm,
indicating the ability to detect weak optical signals up to
19.7 pW - Hz~'/2. Additionally, as the wavelength increases, the
specific detectivity decreases from 1.47 X 108 to 2.48 X 107 Jones,
reaching up to 1.47 X 108 and 2.61 X 107 Jones for 520 and Fig. & (a) Schematic diagram of an IR optical communication application.
1550 nm lasers, respectively. This performance surpasses that  [b] Transmitted ASCIl code of "AsP" under a 1550 nm laser illumination.
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illuminated the PDs at a constant power of 7.53 mW. The device =~ b-Asy;Py5s PDs for the development of highly sensitive,
then converted the modulated pulse bias voltage into a current ~ room-temperature, and high-resolution NIR image sensor
signal, which was transmitted to a terminal computer via an  systems.

oscilloscope. Then, the photocurrent was calculated by sub-

tracting the dark current (I3, = 50 pA) from the light current,

and the ASCII code for “AsP” was generated by normalizing the 3. Conclusion

photocurrent and was subsequently decoded back to
“AsP”*+7-%91  Eigure 4(b) displays the input, transmitted,
and received signals, respectively, and the comparison shows
that the received square wave closely matches the original input.
This confirms the successful NIR optical communication at
1550 nm, highlighting the great potential of our detector for
IR optical communication applications.

Given the excellent IR detection capability of b-AsysPy5 PDs
at 1550 nm, we further explored their application in IR imaging
at room temperature (T = 300 K). Figure 5(a) presents a sche-
matic diagram of the IR imaging measurement system, which
uses a single b-Asj ;P 5 PD as a sensing pixel without the need
for cryogenic cooling. The 1550 nm IR signal was emitted from a
laser, passing first through a diaphragm to limit the beam size ~ 19-7pW - Hz™'/?, and the specific detectivity ranged from
and range, and then through a hollow “ACSIT” mask [Fig. 5(b)] 1.47 x 10® to 2.48 X 107 Jones in the range of 520 to 1650 nm.
fixed to a 2D translation stage, before illuminating the Notably, the device achieves a response time of ~16.6 ps at
b-AsgsPgs PDs. The b-AsysPys PDs converted the IR optical 1550 nm and real-time optical communication and high-reso-
signals into electrical signals, and the corresponding photocur- ~ lution, high-sensitivity single-pixel IR optical imaging at
rent magnitudes were recorded by a computer. To achieve 1550 nm were successfully demonstrated. With its broad-spec-
single-pixel imaging, the 2D translation stage continuously ~ trum response, high responsivity, and fast response time, the
moved the “ACSII” mask, allowing the IR signal to scan across b-AsysPys PDs show great promise for applications in optical
the entire mask. The corresponding photocurrents at 1550 nm ~ communication and imaging. For infrared detection, infrared
were then mapped using the computer-recorded photocurrents filters can be used to block visible light, thus ensuring that the
at various positions. As depicted in Figs. 5(c)-5(e), different im- detector mainly responds to the infrared signal and avoids the
aging results were obtained by varying the V4, applied to the ~ impact of ambient background light on the measurement
b-Asy5Pg5 PDs. With higher bias voltages, such as Vg, =1V, results. In future work, a b-Asy5Py5/MoS, heterojunction can
the imaging resolution is significantly improved by the be constructed to redugg the dark current and further increase
b-Asy 5Py 5 PDs. As the bias voltage increases, the imaging results the specific detectivity!*.
transition from blurred to clear, with character outlines and
details approaching those of the original mask image. These
NIR imaging experiments demonstrate the great potential of ~ Acknowledgements

In conclusion, high-quality b-As, 5P, 5 was synthesized using the
CVT method and by precisely controlling the growth
conditions. The fabricated b-Asj ;P 5 PDs show a broad photo-
response in the range of 520 to 1650 nm, and the photoresponse
is confirmed to be governed by the photoconductive effect. Due
to the superior properties and photoconductivity of b-Asj ;P s,
the PDs demonstrate outstanding performance. In the Vis-NIR
band, the b-AsysPys PD achieves high responsivities of
L182A-W™' at 520 nm, 0.829A-W~! at 638 nm,
0.209 A - W~ at 1550 nm, and 0.199 A - W~! at 1650 nm, with
corresponding EQEs of 282.1%, 161.4%, 16.7%, and 15.0%.
Additionally, the noise-equivalent power ranged from 3.3 to
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