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Photodetectors based on vertical junctions between 2D materials and

silicon offer enhanced sensitivity, reduced size, and better integrability with
other systems. In these detectors, 2D materials are typically grown on metallic
crystalline substrates and then transferred onto silicon to form a van der Waals
junction between the 2D and silicon. In this work, y;-phase borophene is
directly grown on single-crystal silicon wafers, resulting in excellent Schottky
junctions between borophene and silicon. This approach eliminates impurities
often introduced during the transfer process, which is commonly performed
using polymethyl methacrylate, ensuring a smooth fabrication process and

a reliable electrical junction. Optoelectronic measurements of the borophene-
based detector on n-type silicon demonstrate high sensitivity, reaching
several amps per watt across a wide wavelength range from ultraviolet

to infrared. This sensitivity is approximately ten times higher than that

of detectors fabricated by transferring 2D materials onto silicon. Additionally,
the response times of the fabricated detector are measured at 35 ps for the
rise time and 225 ps for the fall time. These exceptional results are attributed
to the superior junction formed through direct borophene growth on silicon,
paving the way for advanced photodetectors with enhanced light-matter
interaction efficiency in integrated silicon-based circuits and technologies.

based on these materials.'””! In par-
ticular, the use of 2D materials can
play an important role in enhancing
the performance of photodetectors,
due to their high mobility and tunable
optical properties.®1°1  However, 2D
materials have rather low light absorp-
tion efficiency due to the small volume
of interaction with light, resulting in
significantly-reduced  sensitivities.['!]
Therefore, the idea of combining 2D
materials with bulk materials opened
up new avenues for researchers. In this
type of photodetector, light absorption
occurs through both the 2D material and
the bulk material, leading to increased
absorption efficiency.'>13]  Essentially,
the bulk material is primarily responsible
for light absorption and the generation
of electron-hole pairs, while the 2D
material acts as a highly mobile charge
carrier transporter. This approach effec-
tively improves the absorption efficiency

1. Introduction

After the successful growth of graphene and post-graphene 2D
materials, numerous electronic devices have been fabricated
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of photodetectors based solely on 2D
materials.

Silicon, as a crucial material in the electronic and optoelec-
tronic device fabrication process, is an ideal choice for the bulk
material. Consequently, several reports have highlighted the fab-
rication of photodetectors based on the electrical junction be-
tween silicon and 2D materials.['*'*] In such photodetectors, spe-
cific types of 2D materials are selected to create either p-n or
Schottky electrical junctions with the silicon substrate. For metal-
lic 2D materials, the Schottky junction is created, and the dop-
ing type of silicon and the work function of the semiconducting
material play crucial roles in forming an effective Schottky junc-
tion. Since the efficient generation of electron—hole pairs occurs
in the depletion region of the electrical junction, vertical junc-
tions are considered one of the best types of electrical junctions.
In this configuration, the entire detector area corresponds to the
depletion region and, consequently, the active area. Light passes
through the thin 2D material and enters the depletion region cre-
ated at the interface, resulting in the production of electron-hole
pairs.

In the past, transferring 2D materials on silicon has been
used to create vertical connections. Chemical vapor deposition
(CVD) is a high-quality and cost-effective method for growing
2D materials.®%] Typically, to establish vertical connections be-
tween silicon and 2D materials, researchers first grow the 2D
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material via CVD on single-crystal metal substrates. Then, us-
ing conventional techniques involving polymethyl methacrylate
(PMMA) coating and etching the metal substrate, they transfer
the 2D material onto silicon.['®] Nevertheless, growing 2D mate-
rials directly on other substrates and transferring them to silicon
introduces challenges in the photodetector fabrication process.
The transfer process involves introducing impurities at the inter-
face, which can hinder an effective functionality of the desired
electrical junction, mainly due to the presence of the polymer
residues and scattering of the charge carriers by the impurities.
In addition, PMMA residues consistently affect the Fermi level
of the 2D material, directly impacting the photodetector perfor-
mance. The direct growth of 2D materials on silicon has not been
reported so far. In this work, we report, for the first time, the di-
rect growth of y;-phase borophene on silicon and demonstrate
that this structure represents one of the most efficient types of
electrical junctions for optoelectronic applications.

Borophene, a 2D monolayer of boron atoms with diverse
applications, 129 poses significant challenges for its synthesis.
The existing methods often yield borophene with a heteroge-
neous thickness, a poor quality, or a small size. Moreover, some
methods necessitate costly or incompatible substrates, extreme
vacuum conditions,[??2] or lead to thick structures.?*] There-
fore, an improved synthesis method is essential to investigate
the intimate properties and the potential of borophene. Recently,
the growth of atomically-thick borophene sheets has been per-
formed by some of us by employing diborane (B,H) pyrolysis in
a CVD chamber.[*] This method produces monolayer borophene
that can be transferred to different substrates, enabling empirical
studies on borophene electrical and optical properties and fabri-
cation of electronic devices.

Borophene, in comparison to graphene, possesses unique
properties that have led scientists to conclude that it could be
an excellent alternative for graphene in future device applica-
tions. Similar to graphene, borophene exhibits excellent electrical
conductivity and superior thermal properties.l**?] Additionally,
it is theoretically predicted to exhibit superconductivity.l?®] Com-
pared to graphene, borophene also exhibits high flexibility and
a higher stiffness-to-weight ratio.?’! One remarkable feature of
borophene is its ability to catalyze the decomposition of molec-
ular hydrogen into hydrogen ions and water into hydrogen and
oxygen ions. This property, coupled with its lightweight nature,
positions borophene as a hopeful contender for constructing su-
percapacitors and batteries.['®! Recent studies have highlighted
the anisotropic memristor behavior of borophene.[?®] These find-
ings reveal that borophene sheets exhibit volatile memory behav-
ior in the vertical direction and non-volatile memory behavior in
the planar direction. This dual behavior significantly broadens
the potential applications of borophene-based memories, partic-
ularly in information storage and in-memory computing. The sta-
bility challenge of borophene has also been overcome, making it
suitable for future applications in electronic devices.?]

Recently, we have observed anisotropic optical properties along
with the excitation of in-plane hyperbolic polaritons in free-
standing y;-phase borophene.*”) These findings indicate that
borophene has promising optoelectronic applications. Based on
these findings, we create here high-quality vertical Schottky junc-
tions between y, borophene and silicon for the fabrication of
photodetectors with an excellent figure of merit. To achieve this
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objective, we employ a specific technique for borophene growth
using the CVD method, which will be further explained in the
subsequent sections. This technique enables the direct growth
of x,; borophene on silicon, which is crucial for creating gap-
less vertical contact between borophene and silicon, resulting in
a perfect electrical junction. Developing this kind of junction,
rather than relying on van der walls-type stacking of 2D materi-
als, has allowed us to fabricate a high-speed and high-responsivity
photodetector. Previous works on 2D/3D junctions typically in-
volved transferring 2D materials onto the surface of 3D materi-
als. This transfer process often introduces unwanted residues at
the 2D/3D interface, leading to electrical junctions with subop-
timal performance and ideality. Our findings demonstrate that
the direct growth of y,; borophene with exceptional optoelectrical
properties on n-type silicon creates a promising electrical junc-
tion for photodetection. The photodetector based on this junction
achieves an exceptionally high responsivity ranging from 260-
2700 mA W-! across a broad spectrum of 365-1025 nm. This per-
formance surpasses previously reported boron-based photodetec-
tors.

2. Results and Discussions

2.1. CVD Growth and Characterization

The fabrication process of the photodetector based on the di-
rect growth of the borophene on silicon will be discussed in the
Experimental Section in more details. Figure 1a (left to right)
schematically illustrates the evolution of borophene growth from
lithographically defined edge regions toward the silicon area,
forming a borophene/Si junction at the photodetector’s active
area. Borophene begins to grow in regions containing aluminum
and gradually extends to cover the square-shaped active area
on silicon, which serves as the photodetector’s active area. In
this configuration, borophene forms a connection with silicon
in one area while resting on insulating silicon oxide outside the
square region. This arrangement allows making a contact to the
borophene from top side and an electrical connection from the
back of the silicon wafer to the silicon. Consequently, two con-
tacts are established for the borophene/silicon Schottky junc-
tion. To characterize the fabricated structures, a comprehensive
morphological and structural analyses have been performed us-
ing different techniques. First, a field-emission scanning elec-
tron microscope (FESEM) is utilized for investigating the geom-
etry of the synthesized borophene sheets (see Figure 1f,g and
Figure 2a). Surface morphology of the borophene/silicon demon-
strates Al aggregates (bright area) and borophene sheets (grey re-
gions) between the Al aggregates (Figure 2a). Energy-dispersive
X-ray spectroscopy (EDS) of the position marked by the red cir-
cle in Figure 2e, clearly depicts the presence of boron atoms.
Trace of aluminum and oxygen are also seen in this spectrum.
The scattered distribution of aluminum is attributed to the pres-
ence of aluminum traces. Additionally, the presence of oxygen
traces in this spectrum can be attributed to the native oxide on
silicon substrate and the partial oxidation of borophene. More-
over, EDS of the aluminum-rich aggregates marked by the blue
circle shows higher atomic weights of aluminum and oxygen
along with borophene. The high concentration of boron atoms
on the aluminum islands is due to the top deposition of the
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Figure 1. Direct growth of borophene on silicon and the realization of the photodetector structure. a) Schematic of the process flow starting with the
deposition of SiO, and Al layers on silicon and photolithography of the layers to define the device active area, and following by direct growth of borophene
on the prepatterned structure. During the growth step Al layer becomes aggregated. Then the borophene sheet grow from lithographically defined edge
regions toward the silicon area. b) Optical images showing the Al/SiO,/Si after photolithography (left), aggregation of Al layer at the beginning of the
growth (second image), progression of borophene growth toward the silicon area (third image), and the total coverage of the silicon area (right). c—
e) AFM images showing the topography of the different parts of the sample. f,g) SEM images showing the final structure of borophene-Si Schottky

junction.

boron atoms. Previous reportsi®!l have shown that the forma-
tion of boron oxide is mainly limited to the aluminum aggre-
gates and edges, while the borophene configuration in the area
marked by the red circle remains intact. Based on first-principle
density-functional theory (DFT) calculations,!] this is due to the
electronic interaction between the aluminum aggregates and the
boron atoms at the edges of the borophene sheet, which can
inhibit oxidation and helps to preserve the borophene sheets
for extended periods. The polygonal borophene domains, sepa-
rated from the Al islands by sharp edges, are highlighted by yel-
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low dashed lines, depicting the crystalline structure of the syn-
thesized sheets. The atomic force microscope (AFM) images in
Figures 1c and 2b also illustrate the aggregation of aluminum
layer into clustered islands. Moreover, it can be observed in these
figures that borophene sheets have grown in the regions between
the aluminum islands, and the boundaries of the interconnected
borophene sheets are clearly visible in this image.

It is crucial to analyze the crystalline structure and chemical
component of borophene in the silicon regions where aluminum
aggregates are absent. Our previous publication extensively
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Figure 2. Morphological and structural characteristic. A) FESEM image showing the grey regions, which represent borophene sheets, and the bright
areas indicating Al islands on the silicon substrate. B) AFM image illustrating the aggregation of aluminum and the borophene sheets which have grown
in the regions between the aluminum islands. ¢) HRTEM image showing the borophene’s lattice image. The inset is a magnified view of the HRTEM
along with the superimposed y;borophene atomic structure. D) SAED pattern with the Miller indices determined by comparing the theoretical values of
the d-spacing of y; borophene with a standard deviation of 0.005. E,F) EDS spectra showing the elements involved in the position marked by red (E),
and blue (F) circles in panel a. G) The Raman spectra of the grown sample depicting a prominent fingerprint of the presence of the y; phase borophene.
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studied the effects of aluminum and silicon substrates on
borophene growth using scanning photoemission spectroscopy
(SPEM).3!l Our pioneering work demonstrated that borophene
growth initiates at the edges of aluminum aggregates and ex-
tends between aluminum islands. Initially, the inter-island areas
were minimal, but in this study, we significantly expanded the
growth area on silicon, forming the active region of the detec-
tor. SPEM analysis, as reported in our published paper,?! re-
veals that borophene on silicon not only exhibits an excellent
crystalline structure but also superior oxidation resistance com-
pared to borophene on aluminum. Here, we also investigate
the crystalline structure of borophene sheets grown on silicon.
The borophene sheets transferred onto the copper grid were an-
alyzed using high-resolution transmission electron microscopy
(HRTEM). The images are depicted in Figure 2c, while the cor-
responding selected area electron diffraction (SAED) pattern is
illustrated in Figure 2d.

In the HRTEM image, parallel lattice strips align excellently
with the distance between parallel strip-like regions of high
atomic concentration in the y; phase borophene. The interstrip
distances in the y; phase borophene is calculated to be 4.4
angstroms. The inset of Figure 2c contains a magnified view of
the HRTEM along with the superimposed y; borophene atomic
structure. Additionally, we have observed a remarkable consis-
tency between the obtained diffraction pattern and the primary
reciprocal lattice of y; borophene. The Miller indices related to
the observed diffraction pattern are provided in Figure 2d. These
Miller indices are determined by comparing the theoretical val-
ues obtained from the real-space interplanar spacings with a stan-
dard deviation of 0.005.

The Raman spectra of the grown sample provided in Figure 2e
reveals a prominent fingerprint of the presence of the y, phase
borophene in the sample. The spectrum predominantly exhibits
surface B-B vibrations at (B§(176 cm™), Bé(X’) (240 cm™!), A (Y)
(305 cm™), B;(425 cm™), and A; (1135 ecm™"), consistent with
previous reports of Raman spectra for the y; phase.['*32] Un-
like graphene, borophene is anisotropic, lacking identical sym-
metry axes, which results in the splitting of the scattering modes
and consequently it leads to an increase in the number of Ra-
man peaks. Another peak at around A%, (865 cm™') indicates the
presence of a small amount of the f,, borophene phase. Further-
more, since silicon is used as a substrate for the growth, a main
silicon peak is clearly observable at around 520 and 940 cm™!.
The presence of alumina and boron oxide is identified at 375 and
620 cm™!, respectively.

2.2. Optoelectrical Measurements of Borophene/Silicon
Photodetector

Schematic diagram of the borophene/silicon-based photode-
tector is illustrated in Figure 3a and the mechanism of the
process through which the y; borophene/Si Schottky junc-
tion detects light using the photovoltaic effect is depicted in
Figure 3b. The Schottky barrier height created at the interface
of the y; borophene/Si Schottky junction is obtained as the dif-
ference between the work function of y; borophene, ¢y, and
the electron affinity of the n-type silicon, yg. When the y,
borophene/Si Schottky junction absorbs incident photons, it gen-
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erates electron—hole pairs, resulting in an increase in carriers.
These carriers are to be separated under an external reverse bias
to generate photocurrent. To determine the band structure and
band-bending at the borophene-silicon junction, DFT calcula-
tion is utilized (see Experimental Section). In this method, a slab
model of the material is constructed in a super-cell approach, in-
cluding a sufficiently thick vacuum region to avoid interactions
between periodic images. After optimizing the geometry of y,
borophene, the electrostatic potential is calculated along the di-
rection perpendicular to the surface. The vacuum level is deter-
mined by identifying the flat region of the electrostatic potential
far from the surface. The work function is then obtained by sub-
tracting the Fermi energy of the material, derived from the DFT
calculation, from the vacuum level. Considering the work func-
tion of y;-borophene as 4.83 eV (determined via DFT calcula-
tions in Figure S1, Supporting Information, and confirmed ex-
perimentally in Figure S4, Supporting Information) and the elec-
tron affinity of the n-type silicon under study as 4.05 eV,**] the
Schottky barrier height is estimated to be 0.78 eV.

To evaluate the rectifying behavior and the charge transport
across the y, borophene/Si vertical junction, the I —V character-
istic of the junction is investigated in a dark room (Figure 3c).
Considering the thermionic emission mechanism for this junc-
tion, which is typically dominant for van der Waals junctions
between 2D materials and silicon at temperatures above room
temperature,'l the current density through the junction can be
expressed as follows

— A T (T -1 1
J= e kT (et 1)

where A%, T, ¢, and 5 are the Richardson constant, the tem-
perature, the Schottky barrier height, and the ideality factor, re-
spectively. In this equation, V represents the voltage directly ap-
plied to the junction and can be expressed as V; — IR, where
V; is the externally applied voltage, I denotes the current pass-
ing through the junction, and R, signifies the series resistance.
By fitting Equation (1) to the I —V characteristics of the junction
in the absence of light (Figure 3c), we can determine A%, 5, ¢y,
and R, as follows: A* = 133 Acm K2, = 3.68, ¢, = 0.78 ¢V,
and R, = 2.25 kQ.

According to the DFT calculations (see Figure S1, Supporting
Information), y; borophene exhibits anisotropic electronic be-
havior. The crystal structure of y, borophene (Figure Sla, Sup-
porting Information) has some strip-like regions of high atomic
concentration parallel to the crystallographic y-direction, which
make the electronic behavior of y; borophene anisotropic. The
band structure of y; borophene obtained by DFT calculation is
provided in Figure S1b (Supporting Information). This electronic
band structure depicts the distinct anisotropy of y; borophene.
In certain directions, such as M—X, the electron bands near the
Fermi level are relatively flat, suggesting more localized elec-
tronic states and directional variation in electronic properties
(Figure Slc, Supporting Information). In contrast, the electron
energy bands through the direction such as N-Y cross the Fermi
level, indicating metallic behavior (Figure S1d, Supporting In-
formation). Therefore, y; borophene exhibits metallic behavior
with strong anisotropy, and the electrical conductivity is con-
fined along the atomic strips parallel to the Y direction. The
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Figure 3. Optoelectrical characteristics of the y3 borophene/silicon-based photodetector. A) Schematic representation of the y3 borophene/Si photodi-
ode and the measurement setup. B) Diagram showing the formation of Schottky junction at the interface of 3 borophene/silicon. The Schottky barrier
height created at the interface of the y3 borophene/Si Schottky junction is obtained as the difference between the work function of y3 borophene,
¢g, and the electron affinity of the n-type silicon, ys;. The generated electron—hole pairs are separated by the interface’s electric field, leading to the
injection of holes into borophene and electrons toward silicon. C) I —V characteristic of the junction in the absence of optical radiation (dark 1-V curve)
and the corresponding fitted curve according to Equation (1). D) The | —V characteristic of the junction under UV light, compared to the dark -V
curve, demonstrating a transition from a rectifying behavior to an almost linear behavior. E) Real-time optical responses of the detector under varying
illumination wavelengths and power levels. F) Semi-logarithmic |-V characteristic of the detector under different intensities of 450 nm illumination.
G) Semi-logarithmic -V characteristic of the detector under different intensities of 740 nm illumination. H) Photocurrent versus incident power at
different reverse bias voltages under 740 nm illumination showing the linear behavior at higher voltages.

calculated permittivity of y, borophene, shown in Figure Slef
(Supporting Information), confirms that the real part of the per-
mittivity along the y-direction, Re(e,,), becomes negative, indi-
cating the metallic behavior. The important feature of Figure Sle
(Supporting Information), is that the permittivity is near zero at
the wavelengths ~#450 nm. It means that above this wavelength
x5 borophene is metallic, and below this, it behaves as a non-

metallic material. The evidence for this important behavior is
provided in Figure 3d. As shown in this figure, the [-V character-
istic of the y; borophene/silicon junction under UV light illumi-
nation changes to an almost linear characteristic like an Ohmic
junction.

To assess the performance of the y; borophene/Si photode-
tector, the time-resolved response of the detector is evaluated.

Adv. Mater. Interfaces 2025, 12, 2400894 2400894 (6 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BAIERID 3|ed! dde 2u} Ag peusnob o Sap1Le YO @SN JO S9N 10} AXe1g 1T 8UIIUO A1/ UO (SUORIPUOD-PUR-SWRYWOY B 1M ARe1q 1)U UO//SANY) SUORIPUOD PUE SLB L U3 885 *[S20Z/0T/9T] U0 ARigiT8ulluO AB1IM ‘1IN NZ BISRAIUN-SIYSRI]|V-UeIISUUD Ad 168007202 IWPR/Z00T OT/I0p/Wo A8 1M AJeld U1 U0 PeaURADE//SANY WOJj PapeojuMoq ‘8 ‘GZ0Z ‘0SELIBTZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

A Gold contact

www.advmatinterfaces.de

(@]

w
o

Borophene/Si £

-
o

Photocurrent (pA) w
N
o

g ]

B
o

w
o

- N..
1.5 W 1.5 yW

-
o

Photocurrent (uA)
N
o

—_— I

2 15 1 05 0 2 15 1 05 0 05

Voltage (V) Voltage (V)

P E

1.2 1 7 1 10 5
E 1] 225 S _6 ] P
§ 08 §,5 @ Detectivity 52
B 06 ] 24 ] B Responsivity [ 6 5
g 00 > " ] 2
E 0.4 §3 -4 3
= 0.2 227 -
i ] [ O
£ o, 1 -2 2
T o F 8

- ] ] [
02 == —— 0 +— — —— ——t 0 &

0 300 600 900 1200 1500 300 500 700 900 1100
Time (uS) Wavelength (nm)

Figure 4. Photodetection figures of merit of the y; borophene/silicon junction. A) Schematic and optical image of the device under study. Photocurrent
versus bias voltage for the different power of B) 450 nm and C) 740 nm illumination. D) y; Borophene/silicon photodetector’s response time. E) De-
tectivity and responsivity of the y3; borophene/Si photodetector under revere-bias voltage of 1V across a broad range of wavelengths from UV-vis to IR,

showing a peak at around ENZ.

Rapid and consistent light responsiveness plays a crucial role
in optimizing the performance of photodetectors for practical
applications. In Figure 3e, real-time optical responses of the de-
vice are depicted under varying illumination wavelengths and
power levels. The photo response of the jy, borophene—Si pho-
todetector illustrated in Figure 3e, demonstrates cyclic on-and-
off switching of illumination over a 10-s duty cycle undera 1 V
reverse bias. Various LED light sources, ranging from ultravio-
let to infrared with wavelengths of 365, 460, 520, 595, 630, 740,
850, 940, 980, 1000, and 1025 nm, are employed for illumination.
Notably, discernible photoelectric response is observed across
all LED illuminations with different wavelengths. This response
over such a wide range of wavelengths indicates an exceptionally
broad band responsivity in this type of detector which has not
been reported in similar detectors made with 2D materials so far.

Next, we study the y,; borophene—silicon photodetector’s I —V
characteristics at various irradiance levels and compared it with
its dark current. These measurements are conducted at all men-
tioned wavelengths. Figure 3f,g illustrates the measured output
I —V characteristic at wavelengths of 450 and 740 nm, respec-
tively. As depicted in Figure 3f,g, with increasing light intensity,
the photocurrent intensity increases. The rectification ratio of the
diode, which is defined as RR = |If yard /Lieverse| 2t 1V, is around
51. The effective rectifying behavior confirms the establishment
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of an exceptionally high-quality electrical junction through the
direct growth of borophene on silicon, positioning it as a promis-
ing candidate for electronic devices. According to the results of
Figure 3f, the rectifying ratio drops to 6.5 with 10 uW of light at
450 nm. At 740 nm, the ratio at the same light intensity drops
to 16.5. These big changes at very low light levels, highlight the
high sensitivity of the y, borophene—silicon photodetector.

Figure 3h illustrates the photocurrent (Ipc = Iy — Ip,u) @sa
function of incident light intensity. Since photocurrent changes
with bias voltage, we display the photocurrent at various voltage
levels. In this plot, it is evident that at lower bias voltages, the
photocurrent saturates with increasing the optical powers. How-
ever, as the reverse bias climbs to 1 V and beyond, the saturation
region gradually diminishes, leading to a linear variation in pho-
tocurrent across all tested intensities. Consequently, the linear dy-
namic range (LDR = 20log (P,,,,/P..in )) €xpands from 18.7 dB
at zero bias to 26 dB at V|, = — 1 V. Notably, bias voltage serves
as an effective means to modulate photocurrent at higher opti-
cal powers. Moreover, utilizing the same dataset, the differential
photocurrent responsivity of the detector is determined by assess-
ing the slope of the photocurrent versus intensity.

The photodetection figures of merit of the y,
borophene/silicon junction (Figure 4a) are collected in Figure 4.
In panel b and c of this figure, the photocurrent is plotted against
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Table 1. Comparison between the optoelectronic parameters of the fabricated photodetector with the reported boron-based photodetectors.

Materials Spectral range [nm] Best Responsivity [A/W] Detectivity [x10""Jones] Response time [ms] Refs.
B;,-borophene/Si 365-850 0.48 4.39 115 n7
Boron 365-700 91.7 x 1076 1.6 x 1073 1800 [38]
a-borophene/Mica 400-700 1.04 1.27 400 18]
85 — 2PhC _ zinc oxide 365 0.102 1.43 x 1072 2800 39]
o —4H — 940 31x107° 103 117 [40]
borophene on gallium arsenide
J3-borphene/Si 365-1025 2.7 9.3 0.035 This work

(direct growth)

bias voltage. We assessed the photoelectric characteristics un-
der illumination of 450 and 740 nm LEDs at varying power
intensities. The photocurrent exhibits a notable increase with
rising intensity, a trend attributed to the increased generation
of photogenerated carriers. At a constant light intensity, the
photocurrent initially rises as the bias voltage increases, even-
tually reaching a saturated plateau at higher reverse voltages.
Increasing the reverse bias voltage expands the depletion region
width, facilitating the collection of photogenerated carriers.

To assess the device’s broad-spectrum sensitivity, Figure 4e il-
lustrates the detectivity and responsivity of the photodetector. At
450 nm, the detector achieves peak values of 2.7 A W~ for re-
sponsivity and 9.8 x 10'! Jones for detectivity. Several factors
contribute to the high responsivity and internal quantum effi-
ciency exceeding 100% in the borophene/silicon detector. The
borophene/Si junction forms an ultra-shallow junction, ideal for
detecting light absorbed near the Si surface, generating charges
close to the silicon surface. This junction reduces the diffu-
sion path and prevents rigorous surface recombination typical in
traditional junctions, leading to high responsivity. Additionally,
borophene’s unique absorption property at 450 nm results in a
long carrier lifetime for hot electrons, contributing to the pho-
tocurrent or potential carrier multiplication, thereby boosting in-
ternal quantum efficiency beyond 100%.

The quantum efficiency exceeding 100% in the
borophene/silicon photodetector suggests electronic gain
consistent with a photoconductive gain mechanism.** This
mechanism is fundamentally achieved by preventing recombi-
nation, allowing carriers to pass over the circuit multiple times.
The low recombination rate in the borophene/silicon junction
is due to the higher conductivity of borophene compared to
silicon. Injected electrons in the silicon layer transport slowly
due to lower charge mobility and diffusivity, influenced by
localized states from dopants. Conversely, the borophene sheet’s
high conductivity allows injected holes to rapidly transit to the
electrodes. This results in electrons being trapped in long-lived,
localized states in silicon, while hole carriers flow freely through
borophene, leading to photoconductive gain. This gain can be
expressed as G = Ti where 7 is the average time spent by trapped

electrons, and r, is the average transit time for free-flowing car-
riers through borophene. The responsivity of borophene/silicon
detector decrease as the wavelength increases, reaching 260 mA
W-! and 9.5 x 10 Jones at 1025 nm. The exceptionally high
responsivity ranging from 260-2700 mA W~! across this wide

Adv. Mater. Interfaces 2025, 12, 2400894 2400894 (8 of 13)

spectrum, attained by the y, borophene—silicon photodetector,
surpasses previously reported boron-based detector performance
(Table 1) by approximately an order of magnitude. This enhanced
responsivity enables satisfactory performance even at higher
wavelengths up to 1025 nm, a range where borophene and
silicon traditionally exhibit low absorption efficiency. According
to Figure 4e, the responsivity shows a peak around 450 nm which
is matched with the epsilon-near—zero (ENZ)35! region of the
3 borophene. As discussed before, the metallic behavior of the
X borophene arises from the permittivity along the y-direction.
Consequently, ENZ wavelength is the wavelength at which the
real part of the permittivity along y-direction becomes near
zero. Furthermore, at the ENZ wavelength the absorption rate
of the electromagnetic energy in the material is enhanced due
to the dissipation, leading to significant light absorption.[353¢]
The plasma energy in materials aligns with the wavelength
at which the permittivity approaches zero, whereas surface
plasmon resonances occur when the permittivity is equal to
—1.571 This enhanced absorption at around ENZ wavelengths
results in a significant enhancement in the responsivity of the
3 borophene/silicon junction.

One of the crucial aspects of photodetectors is their response
time, reflecting how quickly a detector reacts to an excitation. In
Figure 4d the photodetector’s response time is illustrated for the
X borophene/silicon photodetector. Calculated rise times (7, =
Togee — T1o9) and fall times (7p = 7,50, — 7T499) are 35 and 225
us, respectively. The efficient separation and collection of photo-
generated carriers at the Schottky junction interface are essential.
This fast response and low recovery time are indicative of a low
trap concentration, attributed to the direct growth of borophene
on silicon and the rapid release of trapped electrons from vacan-
cies and trapped states (See Table 1 for comparison). These find-
ings suggest that employing direct borophene growth on silicon
enhances the quick and efficient separation and collection of pho-
togenerated electron—hole pairs, crucial for monitoring ultrafast
optical signals.

2.3. Investigation of the Origin of Responsivity Peak via CL
Analysis

To analyze the y; borophene as a metallic 2D material and to in-
vestigate the origin of the peak responsivity observed in Figure 4e,
we conducted spectrally and spatially resolved cathodolumines-
cence (CL) spectroscopy measurements on y, borophene sheets
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Figure 5. Cathodoluminescence measurements. A) Experimental setup featuring a CL mirror and the radiation emitted from the borophene, that is
gathered using a parabolic mirror and sent to the analyzing path. B) SEM image of the sample under study. C) Wavelength—distance CL intensity maps,
acquired along the scanning directions of purple ribbon shown in panel b. D) CL spectrum extracted from the location marked by the colored dots in
panel b. E) CL hyperspectral image at depicted wavelengths showing the anisotropic propagation of the hyperbolic surface plasmon polariton.

transferred onto a holey gold substrate (Figure 5b). CL spec-
troscopy is chosen due to its ability to capture the highly confined
plasmonic response of borophene flakes, due its high-spatial res-
olution of 1 nm.2%*1-431 A holey gold substrate is used to avoid
charging caused by the penetration of the electron beam into
the nonconducting silicon substrate and the incoherent CL re-
sponse caused by silicon.[**! The analysis here can demonstrate
the broadband plasmonic response of borophene. The details of
the CL experiment, schematically shown in Figure 5a, are dis-
cussed in the Experimental Section. The excitation of in-plane po-
laritons at the different wavelengths can be seen in Figure 5e. As
expected from the DFT calculations, anisotropy can be observed
in the CL map, confirming the propagation of in-plane plasmon-—
polaritons in a specific direction (indicated by the black arrow in
Figure 5e). The CL spectra within the wavelength range of 500
to 900 nm and acquired from various positions marked by col-
ored dots and the purple ribbon in Figure 5b, are provided in
Figures 5c,d respectively. The main CL peaks are located at 550
and 800 nm. The bulk plasmon energy is ~450 nm (according
to Figure Sle, Supporting Information), and therefore CL signal
is enhanced at all wavelengths longer than this wavelength, due

Adv. Mater. Interfaces 2025, 12, 2400894 2400894 (9 of 13)

to the excitation of plasmon polaritons. The wavelength at which
the permittivity of a metal is zero (the bulk plasmon wavelength)
is typically shorter than the wavelength of our CL detector; nev-
ertheless, surface plasmon resonances associated to the localized
plasmon resonances of borophene confined in the hole geometry
is perfectly captured.

Due to the plasmonic behavior of the y, borophene, max-
imum light absorption occurs at the wavelength where the
permittivity of borophene in the metallic direction approaches
zero. At longer wavelength, plasmon polaritons are excited and
the electric field intensity within the borophene layer is en-
hanced, forming short-range hyperbolic surface plasmon polari-
tons. These polaritons have a strongly dissipative nature as well
up to the wavelength of ~1050 nm. Consequently, the respon-
sivity peak at 450 nm arises from the enhanced light absorp-
tion caused by bulk plasmon excitations. However, for wave-
lengths shorter than 450 nm, the real part of the permittivity
becomes positive, leading to nonmetallic behavior. As a result,
the Schottky junction at the y, borophene/silicon interface disap-
pears, causing a loss in the efficient collection of photogenerated
electrons.
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Figure 6. FDTD simulation results. A) Carrier generation rate profile (below) of the device under study (top) extracted from FDTD for A = 450 nm.
B) Comparison between the normalized responsivities of the y3; borophene/Si-based photodetector obtained by simulation and experiment. Photocur-
rent density versus reverse-bias voltage obtained by the simulation for C) 450 nm, and D) 740 nm illuminations. E) Response time of the photodetector

obtained by the simulation.

2.4. FDTD Simulation of the Responsivity

When light hits the y3 borophene/Si sample, it is predominantly
absorbed by the silicon, with some absorption also occurring in
the borophene sheet. The absorption power density can be deter-
mined using the following equation

P, = % w)E)Z Im{e} 2)

where, E is electric field, o is the angular frequency of the inci-
dent light, and e represents the permittivity at a given frequency
w. By utilizing the permittivity of the y, borophene obtained
with DFT calculations, and solving Maxwell’s equations for the
3 borophene/Si configuration using the finite-difference time-
domain (FDTD) method, the density of photon absorption rate
can be calculated from the above equation as

Pabs
¢= hv G)

By integrating the resulting photon rate over the simula-
tion spectrum and assuming perfect quantum efficiency, the
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electron-hole generation rate can be determined (see the profile
in Figure 6a).

The separation of electrons and holes at the interface of y,
borophene/Si leads to free electrons and holes with concentra-
tions n, and p, respectively, which are equal (n = p). The [ -V
characteristics of the y3 borophene/Si junction is obtained using
the Poisson and drift-diffusion equations. First, we solve for the
Poisson’s equation to obtain the potential distribution (V) within
the structure and the carrier density distribution (p) using

—V . (eVV)=ep, “4)

In the second step, the current density distributions for both
electrons (J,,) and holes (J,) are obtained as

Jo =eupE+eD,Vp, ()
and
J, =eu,pE—eD,Vp, (6)

where e is the elementary charge and, u,, and p, are the mobility
of electrons and holes, respectively. D,, and D, are the diffusion
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coefficient of electrons and holes, respectively.[*>*¢] The total cur-
rent is finally obtained as J =, + J,.

The electrostatic properties of the device across a bias volt-
age range of —1 to 1 volts under both dark conditions and il-
lumination are simulated in this study. Rigorous testing of the
simulations is conducted across diverse parameters to ensure re-
sult reliability. Based on these simulations, we determined the
responsivity of the junction and compared it with experimen-
tal results (Figure 6b). The responsivity of the device depends
on its active area, but due to limitations in the size of the sim-
ulation domain, we normalized the responsivity to the high-
est value at 450 nm. The comparison revealed that this nor-
malized responsivity peaks around 450 nm and decreases to
zero for wavelengths above 1025 nm, consistent with experimen-
tal findings. The responsivity approaches zero at longer wave-
lengths due to the vanishing of the surface plasmon polaritons
at wavelengths longer than 1050 nm (Figure S2, Supporting In-
formation), as well as the negligible material absorption at those
wavelengths. Therefore, the responsibility of the photodetector
at the wavelength ranges between 300 and 1050 nm is affected
by two processes, namely, the material absorption and surface
plasmon polariton excitation, resulting in the fluctuating pho-
toresponsivity efficiency versus the wavelength of the incoming
light.

To further validate our results, we compared the photocurrent
density versus applied reverse-bias voltage obtained from simula-
tions for 450 and 740 nm illumination (Figures 6¢,d respectively).
According to the simulation results, the photocurrent densities at
10 uW intensity are 0.415 mA cm=2 (450 nm) and 0.035 mA cm =2
(740 nm), while experimental values for a device with a 0.04 cm?
active area are 0.675 and 0.25 mA cm~2, respectively. Some of the
discrepancies between theoretical and experimental results arise
from the fact that the assigned wavelengths for experimental data
correspond to the peak of the LED optical spectrum, while LEDs
typically have a spectral bandwidth of ~50 nm (full wave half
maximum). For example, the experimental responsivity value at
A = 740 nm is approximately equal to simulation’s normalized
responsivity value at A = 700 nm. Notably, the responsivity for
longer wavelengths is nearly an order of magnitude higher than
predicted for monolayer and pure borophene on silicon. This can
be associated with the existence of grain boundaries and strains
in the practical device, leading to further enhancement of the
light absorption.

Another important characteristic of the photodetector is its re-
sponse time (Figure 4d). The simulation results, which are il-
lustrated in Figure 6e, show that the predicted response time
is ~2.5 us, which is one order of magnitude smaller than the
rise time obtained in the experiment and two orders of mag-
nitude smaller than the fall time. Although the response time
of the fabricated detector is much better compared to similar
reported detectors!'>1718] that mainly exhibit response times in
the range of milliseconds, simulations indicate that there is still
room for improving the response speed for such a structure. It
is still possible to enhance the response time by reducing im-
purities and defects. However, the presence of a small amount
of impurities, which may lead to higher sensitivity and the gen-
eration of color centers, could be beneficial for the high sensi-
tivity of this detector, even if it slightly increases the response
time.
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3. Conclusion

The direct growth of 2D jy; borophene on silicon was success-
fully achieved, leading to the formation of a high-quality verti-
cal Schottky junction that exhibited excellent optoelectronic per-
formance. The photodetector fabricated based on this Schottky
junction demonstrated a broadband responsivity ranging from
390 to 1025 nm, demonstrating commendable sensitivity across
this broad spectrum of wavelengths. While conventional detec-
tors made of 2D materials/silicon junction typically sensitive up
to wavelengths ~900 nm, our fabricated photodetector exhibited
remarkable sensitivity, delivering a satisfactory performance even
at extended wavelengths up to 1025. Notably, this detector sur-
passed other counterparts based on various 2D materials and sil-
icon in terms of sensitivity. Additionally, the very fast response
time of this detector, with rise and fall times of 35 and 225 ps, re-
spectively, outperformed traditional 2D material detectors signif-
icantly. Simulation results validated the optoelectronic behavior
observed experimentally at this electrical junction, hinting those
further enhancements to this structure could yield even speed-
ier response times. This study illustrates that employing the di-
rect growth technique of borophene on selected substrates using
the Al-activated CVD method could pave the way for researchers
in high-performance borophene-based electronic device fabrica-
tion.

4. Experimental Section

Device Fabrication: The fabrication process, illustrated schematically
in Figure S3 (Supporting Information), starts by cleaning an n-type (100)
silicon wafer using RCA-1 solution. This solution consists of deionized wa-
ter, oxygenated water, and ammonia in a 5:1:1 ratio. Following the cleaning
step, a 200 nm silicon dioxide (SiO,) was deposited onto the silicon wafer
through a thermal oxidation process at 1100 °C. Then, a 20-nm aluminum
layer was deposited using physical vapor deposition (PVD) with a base
pressure of 3 x 1078 torr. Standard photolithography technique was then
employed to create square patterns with a width of 50 um on the deposited
layers. These squares define the regions for selective etching, where both
the aluminum and SiO, layers were removed. The active area of the de-
tector includes numerous squares within a 2 X 2 mm? region. The optical
image depicted in Figure 1b exhibits one of these etched areas.

Subsequently, the patterned sample was placed inside a CVD cham-
ber. The chamber was evacuated to a pressure of 2 x 10~2 torr, and the
temperature was raised to 600 °C over 15 min. During a 10-min anneal-
ing step in the presence of H,, aluminum begins to aggregate (as seen
in the optical image of Figure 1b). A continuous flow of hydrogen gas (20
SCCM) was maintained throughout this stage. Following this, the hydro-
gen flow rate was increased to 40 SCCM, and diborane (B,Hg) was in-
troduced into the chamber with the flow rate of 15 SCCM. Diborane was
produced from sodium borohydride and sulfuric acid according to the pro-
posed technique of reference.['®]

The role of aluminum was crucial for borophene growth. Boron atoms
in borophene exhibit electron deficiency, necessitating the presence of a
metallic layer (such as aluminum) to supply electrons. Upon introduc-
ing B,Hg, borophene growth initiates in regions where aluminum islands
have formed on the silicon dioxide. As the growth process continues,
borophene layers become larger, pushing back the aluminum islands and
extending toward the silicon region. Finally, the diborane flow was ter-
minated, and the chamber gradually cools to room temperature over 3
h. The borophene layers continue to grow on the silicon, now free from
aluminum. AFM images (Figure 1c—e) show the evolution of borophene
growth from lithographically defined edge regions toward the silicon area.
After the growth, gold and Al layers were deposited as top and bottom
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contacts using PVD system. As shown in Figure 1f,g, at the end of
the growth step, the active area of the detector was almost covered by
borophene.

Structural and Morphological Characterizations: Field-emission scan-
ning electron microscope (FESEM-4160, Hitachi, Japan) and an AFM (NT-
MDT) were used for morphological analyses. Lattice images and elec-
tron diffraction patterns to study the atomic structure of the synthesized
borophene were acquired by HRTEM (Hitachi 4160) at accelerating volt-
age of 80 kV. For HRTEM characterizations, 2D borophene sheets were
transferred onto carbon-coated Cu grids using the transferring method
reported in reference.l’] Structural analyses were also investigated by Ra-
man spectroscopy (Raman Takram P50COR10). A continuous-wave green
solid-state laser at the power of 20 mW, carefully filtered, served as the
Raman excitation source (wavelength 4 =532 nm).

Optoelectronic ~ Characterization: Optoelectronic  characterizations
were performed at room temperature using a source unit IVM-2.10.15
(Nano Pajouhan Raga Co., Iran). The acquisition time for measuring
photocurrent was set to 100 ms, and averaging was performed over 100
data points to increase the signal-to-noise ratio. Light emitting diodes
with different peak intensities from 360 to 1025 nm were used as light
sources.

CL Measurements: CL measurements were performed using CL de-
tector (DELMIC SPARC system) and optical analyzers integrated with a
Zeiss-SIGMA field-emission SEM. As shown schematically in Figure 5a,
the generated photons from the interaction between the electron beam
and borophene sheets were gathered using a parabolic mirror and then
directed toward the CL detector. To an optimal photon collection, the sam-
ple was carefully positioned at the focal point of the mirror. For CL spectral
mapping, the electron beam spot size, acquisition time, and beam current
were set to be 20 nm, 200 ms, and 9nA, respectively. The collected data
were analyzed using ODEMIS, a Python-based freeware. The data were
then exported as CSV files and imported into MATLAB for further analysis
and visualization.

DFT Calculations: In this study, DFT calculations was conducted us-
ing Quantum ESPRESSO. The electron—ion interactions were modeled
with optimized norm-conserving Vanderbilt pseudopotentials. For the ex-
change and correlation energies, the generalized gradient approximation
was utilized following the Perdew—Burke—Ernzerhof method. All calcula-
tions were performed with a plane wave cut-off energy of 50 Hartree. The
relaxation process employed an 8 x 8 X 1 k-point mesh and a force thresh-
old of 107°. To calculate the dielectric tensor, these steps were followed:
initially, a self-consistent field (SCF) calculation was performed using an 8
% 8 X 1k-point mesh and 16 bands. Next, the calculation was refined with
a 32 x 32 x 1 k-point mesh and 1000 bands for the non-self-consistent
field (NSCF) calculation. Finally, a post-processing step was carried out to
obtain the dielectric tensor.

FDTD Simulations: The computational model employed in this study
utilizes the FDTD method. Through simulations, the optical absorption
and carrier generation rates of the device across the spectrum ranging
from 310 to 1250 nm were investigated. Subsequently, the carrier genera-
tion rate data for electrical simulations were utilized. The unit cell of the
structure was assumed to have periodic boundary conditions in the +x
directions, while perfectly matched layers were implemented along the y
direction. The size of the unit cell is 5 X 150 um?2. The borophene sheet
was considered to be uniform and a monolayer. For precise results and
numerical convergence, a fine mesh was applied with d, = 0.1 nm (in the
y-direction) and d, = 0.2 um (in the x-direction) for borophene, and d, =
0.2 um and d, = 0.2 pum for silicon. The optical source, which illuminates
the top surface of the device, emits a monochromatic optical plane wave
with a fixed intensity at each wavelength.

In FDTD simulations, the permittivity tensor at each frequency of w,
obtained from DFT, was diagonalized for simplifying computations as fol-
lows

ep = UeU’ 7)

where U is a unitary matrix, Uf is the complex conjugate transpose
of U, and e is the diagonalized permittivity matrix. The grid attribute in
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FDTD was used to apply the material’s transformation matrix to the sim-
ulation grid. When working with anisotropic materials, the grid attribute
ensures that the electric field components were aligned with the principal
axes of the diagonalized permittivity tensor. This alignment allows the sim-
ulation to correctly model the anisotropic behavior of the material. To that
end, the diagonal values of e, were entered into the materials database,
after which a matrix transformation grid attribute was added using the cal-
culated U matrix.

In the next step, the absorption power was calculated in every wave-
length to produce the carrier generation rate data utilized for further elec-
trical simulations. Finally, the carrier generation rate was obtained by inte-
grating the generation rate over the simulation spectrum. These genera-
tion rates calculated for each angular frequency to obtain electrical proper-
ties such as the current—voltage plots of the simulated system under dark
and illuminated conditions.
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