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Abstract
Atomic sheets of bismuth (Bi) have been expected to yield exotic optoelectronic properties, holding
great promise for photodetector devices. However, existing Bi thin film photodetectors have
limited performance in terms of photoresponsivity or response time, hindering its practical
application. Herein, we report an experimental research progress on optoelectronic properties of
epitaxial 2D Bi grown on Si(111) substrate. Our 2D Bi/Si(111) heterolayer exhibits inspiring
photodetection performance, including a Vis-NIR broadband response with a responsivity up to
80 A W−1 and response time∼3 µs, which is attributed to promoted generation and
transportation of charge carriers in the heterojunction. 2D Bi/Si(111) here also demonstrates stable
and reproducible photo switching behavior. This work paves an avenue to develop photodetectors
based on heterointerface between group VA Xene and Si(111) with rapid switching behavior and
adequate photoresponsivity.

1. Introduction

2D mono-elemental materials (Xene), such as phos-
phorene, have attracted considerable attention
because of exceptionally electrical and optical prop-
erties [1–3] beyond graphene and transition-metal
dichalcogenides. As a cousin of phosphorene, 2D
Bi has emerged as a new family member of Xene
for microelectronic and optoelectronic applications.
Intensive research on systematic magneto transport
has proved that ultrathin bismuth (Bi) film is intern-
ally insulating but possesses highly conductive sur-
faces, suggesting that the conductive surface channel
is important for carrier transport [4, 5]. The cal-
culated carrier mobility of monolayer Bi is around
1000 cm2 V−1 s−1 under room-temperature, indic-
ating far-reaching application in logic transistors [6].
In addition, 2D Bi possesses relatively small indirect
bandgap and an optically active bulk layer that crucial

for the absorption of light [7]. In light of aforemen-
tioned properties, the rational utilization of 2D Bi in
device is able to foster carrier transport andmodulate
bandgaps, making versatile devices available.

Recently, there have been increasing numbers of
reports revolving optoelectronic property of Bi nan-
omaterials. The photo-electrochemical (PEC) per-
formance demonstrated that 4–15 nm Bi nanosheet
may possess a great potential as PEC-type photode-
tector with 1.8 µA W−1 responsivity [8]. Approx-
imate 13 nm Bi film photodetector fabricated on
flexible polyimide substrate exhibited fast rise time
∼30 ms and decay time ∼14 ms and reproducibility
after bending many times [9]. Moreover, more than
50 nm Bi film photodetector presented 250 mAW−1

responsivity and broadband detection range [7]. Cur-
rent photodetectors based on Bi thin film lack poten-
tial applications such as highly sensitive or ultrafast
detection.
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Figure 1. Atomic structure and phase characterization of 2D Bi. (a) Structure of bismuth rhombohedral under side view.
(b) Crystal structure of bismuth atoms under top view. (c) XRD pattern and (d) Raman spectra of 2D Bi.

To further improve the optoelectronic perform-
ance of Bi thin layer, it is promising to form the
heterojunction with semiconductors. For instance, Bi
(47 nm)/WS2/Si photodetector achieved 0.3 A W−1

photoresponsivity under 2 V voltage bias [10].
Although ultrathin films of Bi on Si(111) substrate
is available via molecular beam epitaxy (MBE) [11],
there is still a lack of experimental investigation on
photo response of epitaxial 2D Bi/Si(111) heterojunc-
tion until now.

Herein, we have carried out a comprehensive
study and revealed a dramatic enhancement on opto-
electronic properties of epitaxial 2D Bi on Si(111)
substrates [12]. The resultant 2D Bi/Si(111) hetero-
junction device is sensitive to a wide range illumina-
tion from visible to near-infrared with high respons-
ivity and fast response speed than single Bi thin film
alone. These findings could inspire intensive studies
of optoelectronic effects for other similar Xenes.

2. Results and discussion

Bi with rhombohedral crystal structure is formed by
stacking of (111)-oriented atomic sheets (figure 1(a))
in hexagonal arrangement (figure 1(b)) [13]. X-
ray diffraction (XRD) peaks in figure 1(c) agree
well with reported lattice-parameter values (JCPDS
44-1246), and consistent with rhombohedral struc-
ture lattice parameters (a = b = 4.55 ± 0.01 Å,
c = 11.86 ± 0.01 Å, α = β = 90◦ and γ = 120◦).
Moreover, it exhibits single-crystalline structure with
preferred orientation (00l) parallel to the film surface
[14]. Raman spectra (figure 1(d)) shows two char-
acteristic peaks: ∼62 cm−1 for Eg and ∼91 cm−1

for A1g mode that are in conformity with former
literature reports [13]. A1g and Eg phonon modes,
relevant to the thickness of 2D Bi, are parallel

and perpendicular to the trigonal axis respect-
ively. A blue shift of two peaks will occur once it
towards to bulk Bi (figure S1 (available online at
stacks.iop.org/2DM/8/035002/mmedia)) that can be
preliminarily attributed to phonon confinement in
2D Bi [15]. XRD and Raman characterizations both
confirm a successful growth of 2D Bi on Si(111) with
highly crystalline nature.

It exhibits a uniform and smooth surface for
2D Bi on Si(111) in this study. Energy-dispersive
x-ray spectroscopy (EDXs) reveals a uniform distri-
bution of Bi element without any detectable oxid-
ation peak (figure 2(a)). Atomic force microscope
(AFM) has observed a smooth surface with root-
mean-square roughness∼0.8 nm (figure 2(b)) on our
2DBi samples. A typicalmetal–semiconductor–metal
photodetector configuration is depicted in figure 2(c)
and detailed device fabrication process is shown in
section 3. The linear Id−Vd curve (figure 2(d)) indic-
ates an Ohmic contact between Bi and Ti/Au elec-
trodes. The sheet resistance can be calculated by
Rs = (R·w)/L, where L is the length of photodetector
channel at 5 µm, w is the channel width at 3 µm, and
R is the resistance. The obtained sheet resistance is 75
and 104 kΩ sq−1 for 8 nm and 30 nm 2D Bi respect-
ively. Higher electrical conductivity in thinner 2D Bi
can be ascribed to the increase of surface state induced
photocurrent generation as thickness decreases [16].

Electrical property of 2D Bi is further investig-
ated by Hall effect measurement (table 1). Carrier
mobility and concentration for 8 nm (or 30 nm)
epitaxial 2D Bi on Si(111) are 328 cm2 V−1 s−1

(or 254 cm2 V−1 s−1) and 1.69 × 1017 cm−3 (or
8.26 × 1016 cm−3) respectively, higher than counter-
parts made from pulsed laser deposition and other
methods [17, 18]. Furthermore, 8 nm 2D Bi possesses
larger carrier concentration (an increase of 104%)
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Figure 2. Surface and electrical characterization on 2D Bi/Si(111). (a) AFM and (b) SEM-EDXs images of 2D Bi. Inset: elemental
mapping of 2D Bi surface. (c) Optical image of fabricated device with designed Au electrodes. Inset: schematic illustration of
heterojunction device layout. (d) Linear output characteristic curve of 8 nm and 30 nm Bi.

Table 1.Hall measurements on 2D and bulk Bi.

Bismuth thickness Carrier mobility (cm2 V−1 s−1) Carrier concentration (cm−3) Electrical conductivity (S m−1)

8 nm 328 1.69× 1017 894.9
30 nm 254 8.26× 1016 335.6
Bulk 3690 8.7 × 1018 5.1× 105

and higher mobility than 30 nm sample. We pro-
pose that as thickness increases to 30 nm, the sur-
face to volume ratio reduces accompanied with a
diminishing metallic surface effect, thus leading to a
recession on electrical conductivity. However, when
further increasing thickness to bulk form, both car-
rier concentration and charge mobility increase due
to the absence of band gap and negligible scattering
effect [19].

The photoresponse properties of fabricated 2D
Bi/Si(111) photodetector (figure 3(a)) were invest-
igated by photodetection station at room temperat-
ure (see section 3 for measurement setup details).
Under 532 nm illumination, photocurrent map-
ping image (figure 3(b)) demonstrates distinct pho-
tocurrent stemmed around 2D Bi region between
two metal electrodes. The photocurrent generated
from 2D Bi/Si(111) heterojunction is much higher
than bare Si(111) (figures 3(c) and (d)) plus 2D
Bi (figures S2 and S3). Aforementioned perform-
ance of the 2D Bi/Si(111) heterojunction pho-
todetector can be ascribed to the following few
aspects: (a) enhanced photon absorption to promote
photogenerated charge carriers (figure S4). (b) Built-
in electric field at the interface to effectively trans-
fer photo-generated carriers. (c) Epitaxial nature of

2D Bi layer with less defects to allow efficient charge
transport.

Moreover, we investigate key optoelectronic para-
meters for 2D Bi/Si(111) heterojunction. Respons-
ivity (Rph) is an important parameter that reflects
the sensitivity to the incident light as defined by
Rph = Iph/PI, where Iph is the photocurrent and PI
is the incident light power. The power-dependent
responsivity of 2D Bi/Si(111) and control group
Si devices are plotted in semi-logarithmic scale
(figure 4(a)). The photoresponsivity tends to decrease
with an improvement of light intensity, which can
be attributed to the increase of carrier recombina-
tion [20]. Notably, photoresponsivity of ∼80 A W−1

under 0.1 µW outperforms the nanostructure sil-
icon photodetectors [21]. Based on above results of
responsivity, detectivity (D∗) and external quantum
efficiency (EQE) are depicted in figure 4(b). D∗ eval-
uates the capability of a photodetector to detect weak
light quantitatively. Assuming that the dark current is
dominated by shot noise which is independent of fre-
quency [22], D∗ can be calculated via the following
formula [23]:

D∗ =
A1/2Rph

(Idark2q)
1/2

. (1)
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Figure 3. Photocurrent generation in 2D Bi/Si(111) optoelectronic devices. (a) Schematics of the device layout. (b) Scanning
photocurrent image under 520 nm laser exposure at 300 µW. Photocurrent generation under (c) 532 nm laser exposure at
300 µW and (d) 800 nm and 1100 nm laser at 100 µW.

Figure 4. Optoelectronic performance of 2D Bi/Si(111) devices. (a) Extracted power dependence photoresponsivity for bare
Si(111) and 2D Bi/Si(111) at 1 V bias under ambient environment. (b) Detectivity (D∗) and external quantum efficiency (EQE) as
a function of laser power under 800 nm illumination. (c) Photoresponse of a 2D Bi/Si(111) detector to pulsed 850 nm light
irradiation with a frequency of 10 kHz. (d) Enlarged response time curve of 2D Bi/Si(111) heterojunction under 850 nm
illumination. The τ on and τ off are 3.08 µs and 3.34 µs respectively.
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Figure 5. Relationship between the photocurrent and light intensity. 8 nm Bi/Si heterojunction’s photocurrent output at 1 V bias
as a function of light intensity with (a) 800 nm and (b) 1100 nm laser illumination. The power law fitting indicates the
relationship of photocurrent with light intensity and the factor θ reveals the role of trap states.

where A represents the detector area, Rph is photo
responsivity as mentioned above and Idark is the
dark current. Under 800 nm illumination, D∗

increases when the laser power diminishes as
shown in figure 4(b) and reaches 1.9 × 1010 Jones
(cm Hz1/2 W−1). The relatively small detectivity can
be attributed to dark current ∼µA [24, 25]. EQE
exhibits the population ratio of collected charge car-
riers (NC) to incident photons NI, which can be
expressed as following [26]:

EQE=
NC

NI
= Rph

hc

qλ
. (2)

where h is the Planck constant, c is the speed of
light, q and λ refer to electron charge and wavelength
of incident light respectively. EQE (%) of our 2D
Bi/Si(111) heterojunction reaches its maximum up
to 140 (%) at the power of 0.1 µW (left axis of
figure 4(b)). Over 100 (%) EQE value results from
photo gain associated with trap states [27] that will
be discuss later.

For the practical use of a photodetector, response
time is a key parameter. Figure 4(c) shows the time
response when 850 nm light is switched on or off
by an acoustic optical modulator at a frequency of
10 kHz (figure 4(c)). The response behavior can be
well retained after several repeats. The magnified and
detailed response time (figure 4(d)) includes rise and
decay two components [28]. Dynamic characteristics
of our devices in response to illumination could be
well described by I(t) = I0 + Aexp(−t/τ ), where τ is
a constant indicating the lifetime of carriers, I0 is the
dark current, and A is a coefficient. According to the
fitting curve, rise (τ on) and decay (τ off) time of our 2D
Bi/Si(111) can be calculated as ∼3.08 and ∼3.34 µs
respectively.

We further investigate the role of trap states
that related with photo gain effect [29]. Response
performance under varied laser powers is displayed
in figure 5. Interestingly, photocurrent and light

intensity fits in a power law Iph = PIθ relation,
where PI represents power of incident light and θ
can be regarded as a result of trapping and recom-
bination of photoinduced carriers [30]. The fitting
curve shows that θ equals to 0.48 under 800 nm illu-
mination (figure 5(a)) while increasing to 1.1 under
1100 nm wavelength (figure 5(b)). We believe that
under 800 nm illumination, photo generated carri-
ers interact with trap states at Si interface [31], thus
leading to a photo gain with θ < 1. Nevertheless,
under 1100 nm illumination, carriers mainly trans-
port through the surface of MBE 2D Bi with less
impact of defect-induced trap states [12] accompany-
ing with θ > 1.

The mechanism for photocurrent generation in
our 2D Bi/Si(111) is depicted in figure 6. As 2D
Bi and Si form into type-I heterojunction according
to band gap of 2D Bi (figure S5), electrons tend to
transfer towards Bi layer (path I) if not trapped at
Si interface. After entering conductive 2D Bi, pho-
togenerated carriers transport and be collected to
electrodes under bias voltage (path II). Part of pho-
togenerated electrons recombine with holes during
the process (path III). By tuning thickness and other
parameters, it is desired to promote step I and II
while limiting step III for a better photocurrent
effect [7].

Table 2 summarizes several key parameters about
reported Bi-related materials [32, 33], and it shows
that 2D Bi/Si(111) heterojunction in this work out-
performed standalone Bi thin film or silicon photo-
detectors. Moreover, the heterojunction device has
achieved unprecedented performance in terms of
high responsivity and response speed compared with
typical Bi2 (Te, Se)3 photodetectors [34] while main-
taining a decent air-stability (figures S6 and S7).
Inspiringly, our first attempt of combining 2DBi with
Si(111) as a heterojunction device reveals that the het-
erojunction can achieve high responsivity and short
response time simultaneously. Similar coupling effect

5



2D Mater. 8 (2021) 035002 Z Dang et al

Figure 6.Working mechanism of 2D Bi/Si heterojunction optoelectronic devices. (a) Schematic band-alignment diagram of Bi/Si
junction (drawing not in scale for visualization purpose) with short red lines denoting the location of trap states. (b) Mechanism
of photo current generation in 2D Bi/Si heterojunction with black dots and circles referring to electrons and holes respectively.

Table 2. Performance of Bi based photodetector.

Materials Wavelength (nm) R (A W−1) τ rise (ms) Note

Bi2Te3/Si 635 1 100 [36]
Bi2Te3/Graphene 980 10 8.7 [37]
Bi2Se3 808 24.28 0.0025 [38]
Bi thin film (200 nm) 635 0.25 900 [7]
Porous silicon 1000 0.6 / [39]
2D Bi/Si(111) 800 80 0.003 This work

has also been found in some metal oxide material
systems [35].

In summary, we investigate the electronic char-
acteristics and photoresponse of 2D Bi grown on
Si(111) substrates. The 2D Bi/Si(111) heterojunc-
tion possesses a high responsivity up to 80 A W−1

and a rapid response around 3 µs, which are sev-
eral orders of magnitude higher than Bi-alone thin
film. Such improved performance is due to com-
bined light absorption, efficient carries transfer with
built-in field in epitaxial 2D Bi on Si(111). Our work
reveals that 2DBi/Si(111) heterojunction is feasible to
develop high-performance photodetectors and offers
a new strategy to integrate other group VA Xenes in
optoelectronic devices.

3. Methods

3.1. Material characterization
As-prepared samples are characterized by scanning
electron microscope (FEI Sirion) and AFM (Asylum
Research MFP-3D-SA) to confirm morphology and
thickness of 2D Bi. EDXs (FEI Sirion) is performed
to verify elemental composition. The crystallinity of
2D Bi is characterized by XRD (Smart Lab Cu Kα).
Ramanmeasurements (Horiba JYHR800) are carried

out under the wavelength of 532 nm laser with 50×
objective lens and a numerical aperture of 0.5.

3.2. Device fabrication
Metal electrodes are patterned via electron beam
lithography (FEI, FP2031/12 INSPECT F50) followed
by 5 nm Ti/50 nm Au deposition via electron-beam
evaporation (VNANO VZS-600Pro) and then a lift-
off process. Electrical transport measurements are
conducted with a semiconductor analyzer (Keithley
2612) under ambient conditions. Carrier mobility is
derived from Hall effect test system (HET-RT) under
600 mT magnetic field at 290 K.

3.3. Photodetector characterization
The photoresponse characteristics of NIR are meas-
ured using a He–Ne laser (CNI MRL-III-633) and
Chameleon with Compact OPO (Coherent Inc.) A
digital storage oscilloscope (Tektronix TDS 1012) is
used to measure the transient response of the photo-
current. The laser beam is focused on the sample with
a 50× objective lens to obtain a spot size of ∼2 µm.
Photocurrent mapping derives from a photocurrent
scanning test microscope system (Meta Corporation
MStarter 200). All the optoelectronic characterization
measurements are implemented at room temperature
under ambient conditions.
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