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Photoinduced Orientation-Dependent Interlayer Carrier
Transportation in Cross-Stacked Black Phosphorus

van der Waals Junctions

Wei Xin, Hao-Bo Jiang, Xiao-Kuan Li, Xiang-Feng Zhou, Jin-Long Lu, Jian-jun Yang,
Chunlei Guo,* Zhi-Bo Liu,* and Jian-Guo Tian

A combination of different 2D layered materials by van der Waals (vdW)

2D layered materials, such as graphene,
hexagonal boron nitride, and transition-

stacking or lateral splicing provides the basic building blocks for dynamic metal ~ dichalcogenides  (TMDs), have

behavior researches of interlayer carriers. Anisotropic materials, recently, have
further attracted attentions in this field because of their supply of freedoms
for regulating the performance of electro-optical devices, whereas detailed
characteristics and mechanisms of interlayer carrier transportation in these

attracted great attentions due to the
amazing electrical and optical properties
modification in low-dimensional space.l'?]
Recently, these tuning possibilities were
increased thanks to vertical stacking of

materials need remain to be revealed. Here, by using the photoassisted field different 2D  materials, layer-by-layer,

effect and scanning photocurrent imaging measurements, it is demonstrated
that the photoinduced interlayer carrier transportation in cross-stacked black
phosphorus (BP) vdW junctions is strongly dependent on the crystal orienta-
tion and stacking morphology. Type-I and 1l band alignments are respectively
predicted in the BP junctions with parallel and vertical crystal orientation
stacking. The interlayer carrier transportation with both vertical and lateral
modes is observed within only one sample. Combined first principle calcula-
tion with band theory analyses, the small band offset for holes and tunneling
effect play key roles during the interlayer transportation. These results high-
light the importance of crystal orientation of materials in vdW junctions and
provide insights, both experimentally and theoretically, into engineering and

design of orientation-based nanodevices.
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to form van der Waals heterostructures
(vdWHs), or splicing in-plane to form lat-
eral ones. The new paradigms emerge with
respect to both architectures to research,
engineer, and manipulate the properties of
interlayer carriers.>* However, the influ-
ence of crystal structure of materials in
these architectures has rarely been inves-
tigated intensely, which will be magnified
especially in low-dimensional anisotropic
materials, black phosphorus (BP) for
instance.>® As a new 2D layered mate-
rial with puckered structures, BP recently
unveiled highly desirable properties for
application such as high carrier mobility,
thickness-dependent tunable direct band
gap, broad spectrum absorption, and the
unique in-plane anisotropic properties.”# Large anisotropy,
which can be observed through effective mass, band structure
etc., was found along different crystal orientations.*'?l This
offers another degree of freedom for the design of novel vdW
nanodevices.'¥ Therefore, an in-depth understanding of the
influence of both crystal structure and vdW stacking morphology
on the photoelectric properties is highly desirable for further
development.

In this paper, we present the photoelectric properties of BP,
with or without another piece on it, using both the photoassisted
field-effect and scanning photocurrent imaging (SPI) methods.*
The SPI measurement provides detailed information about the
spatial distribution of the built-in electric field and the generation
and recombination of photoinduced carriers, which is helpful for
the analysis of interaction of interlayer carriers.I'”! In our experi-
ments, the orientation of top BP (IBP) in vdW structures has
been changed from vertical to parallel to the bottom BP (BBP).
Although the photoresponse, as indicated in the current-voltage
(I-V) curves, is almost the same among the three samples, the
response region shown in photocurrent image varies consider-
ably, which strictly depends on the crystal orientation and the
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stacking morphology. Especially in the BP vdW junctions with
vertical orientation stacking (V-BPJ), both vertical and lateral
interlayer carrier transportation are observed within only one
sample for the first time. Using first principle calculation and
band theory analysis, we attribute the interesting phenomena to
the small band offset and tunneling effect.'®'”] These results will
not only help clarify details about interlayer photoinduced carrier
transport but also be expanded into other anisotropic low-dimen-
sional materials, such as ReS, and GeP.['81%]

A proof-of-concept V-BP] sample was prepared on Si/SiO,
substrate (see Figure 1a), using two pieces of exfoliated few-
layered BP (=5.2 and 4.8 nm) to produce a vertical architecture.
Metal electrodes (5/50 nm Ti/Au) were then deposited using
photoetching and magnetron sputtering, and marked as T1,
T2, B1, and B2, respectively. The corresponding optical micros-
copy (OM) and schematic of the cross section of V-BPJ] from
different perspectives are also presented. We only connected
the opposite electrodes of one of the BP samples as source and
drain in the circuit, and the other sample just played a contact
role. Although only one sample is connected to the circuit,
another contact one is enough to have a critical effect on the
optoelectronic performance of the vdW junction.?! Carriers
transport between electrodes needs to be affected by different
crystal structures and thicknesses of BP, which is the main dif-
ference from conventional BP electrical devices. The interaction
between TBP and BBP will affect the entire system under such
conditions. The detailed preparation process and corresponding
characterizations of V-BPJ are shown in Figures S1-S4 in the
Supporting Information.
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For deep insights into the electrical and optical characteris-
tics of V-BPJ, measurements were carried out with and without
laser irradiation. Figure 1b,c respectively shows the source—
drain [-V curves and the p-type switching behaviors (inset)
with the connection of T1 and T2, B1 and B2. Near lineariza-
tion at low voltage (<1 V) and relatively high mobility in both
connections (smaller than 578 and 450 cm? V! s71, Figure S5,
Supporting Information) have been observed.?!l When the
sample was exposed to the laser illumination (532 nm, 1 mW),
the typical dark and photocurrent measurements as a function
of the source—drain bias in different circuit connection can be
obtained, suggesting the photovoltaic effect plays a key role
during this process, as shown in Figure le,f, where an inset
presents normalized temporal photoresponse features.[?223 The
response time is only on the order of hundred milliseconds,
and the rise time is generally shorter than the fall time. Then, if
we change the polarization state and the power of the incident
light, the photocurrent intensity can also be tuned gradually.*
Due to the unique band structure and optical selection rules,
the armchair (AC)-polarized incident light (the polarization
is parallel to the BP’s AC crystal orientation) can be absorbed
totally, whereas the zigzag (ZZ)-polarized light can only be
absorbed partially.?! This results in the optical linear dichroism
of BP and in turn leads to strong in-plane anisotropic photocur-
rent characteristics. The photocurrent anisotropy ratio (o) and
photoresponsivity along T1-T2 direction are respectively 0.24
and 2.1 mA W, while along the B1-B2 direction are 0.41 and
0.8 mA W~ (Figure S6, Supporting Information). Interestingly,
since the orientation of TBP is perpendicular to BBP in V-BP]
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Figure 1. Schematic illustration, optical image, and photoelectric properties of V-BP). a) Up: Schematic illustration of V-BP]. The few-layer BPs (FL-BPs)
are respectively depicted in green (TBP) and pink (BBP). The crystal orientations along armchair (AC) and zigzag (ZZ) directions are marked. The
opposite electrodes are defined as source and drain, and the silicon substrate is defined as back-gate. Down left: Optical image of V-BP). The TBP and
BBP are outlined in green and pink just corresponding to the schematic. The gold electrodes are marked as T1, T2, B1, B2, respectively. Scale bar is
5 um. Down right: Side views of V-BP) along the directions of T1-T2 and B1-B2. The top-down materials are gold electrodes, TBP, BBP, SiO, and Si,
respectively. The TBP (BBP) is composed of green (pink) phosphorus oxide film and BP (Figure S1, Supporting Information). b,c) The gate tunable
linear |-V characteristics (main) and transfer curves (inset) of V-BP] under different connections. d) Electrical properties comparison between V-BP|
and conventional BP junction (Figure 3a). e,f) Main: |-V characteristics of V-BP) with and without laser illumination (532 nm, 1 mW) under different
connections. Inset: Normalized temporal photoresponse intensity features. All the photoresponse shown here are the maximum values obtained after
adjusting the polarization states of incident light.
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samples, the absorption of the same incident light will be dif-
ferent between TBP and BBP. Hence, different from traditional
phenomena occurring on BP-only field-effect transistors (FET,
named as BP junction), the polarization-dependent photo-
response of V-BPJ here is a “whole” effect for consideration both
the response of TBP and BBP. The incident polarization states
will affect V-BP]’s interlayer carrier transportation. The strong
interlayer coupling in overlapping domain has attenuated the
current by one order of magnitude, as shown in Figure 1d.

Moreover, in order to further explore the photoinduced ori-
entation-dependent interlayer carrier transportation in V-BP]
geometry, SPI was performed to obtain the spatial distribution
of photoinduced carriers generation and recombination.!'#1°]
The scanning area focused on the same position including the
overlap between TBP and BBP as well as the connection area
between BP and electrodes, as shown in Figure 1a. Only T1 and
T2 electrodes and B1 and B2 are connected as source and drain
in the circuit, which are corresponding to the scanning results
shown in Figure 2a,b. The polarization states of incident light
have been marked as white arrows.
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By comparing the experimental data, some points have
caught our attentions. First, the photocurrent intensities
are unevenly distributed within the same scanning area. The
strongest position is mostly concentrated around the inter-
face, no matter between TBP and BBP, or BP and electrodes.
This phenomenon has been reported in previous works. The
photocurrent distribution is mainly affected by the surface
charge transfer doping effect, which relies on the interfacial
interaction caused by the energy band bending.”! However,
without extra voltage application, the most interesting results
are the discrepant SPI images when the same samples are just
connected between different electrodes. The strongest photo-
response occurs covering the TBP/BBP overlapping domain
when connecting T1 and T2, whereas the strongest signals
were observed at the TBP/BBP interface for B1-B2 connection
(red dotted frames in Figure 2a,b). The latter phenomenon has
been seen in most vertical vdWHs but the former is almost
never reported.[26-27]

To illustrate the effect of gate and bias voltage on V-BPJ,
the first principles calculation and energy band theory are
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Figure 2. SPI measurements and band analysis of V-BPJ. a,b) SPI measurements of V-BP] with different gate and source—drain bias voltages under
B1-B2 and T1-T2 connections, respectively. The scanning area is almost identical to the position of the image in Figure Ta. The wavelength and power
of incident laser is 532 nm and 1 mW. The polarizations are also marked as white arrows. The focused SPI images without voltages treatment are
outlined with red dotted lines. ¢) Main: Band structure of single-layer BP calculated by HSEQ6 function. The blue and red lines represent the conduc-
tion and valence band, respectively. Inset: The variable band gap as a function of the thickness of few-layer BP. d—f) Schematic and band diagrams of
V-BP) under different conditions. Type Il band alighment is shown at the TBP/BBP interface.
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considered. With the HSE06 functional (optB88-vdW), a direct
band gap of 1.51 eV at I point of single-layered BP and signifi-
cant asymmetric band dispersion along I'-X and I'-Y branches
could be observed.'>!] When the BP layer number increases
from one to five, the gap decreases rapidly to about 0.57 eV,
as shown in Figure 2c (Figures S7 and S8, Supporting Infor-
mation). However, when the layer increases further, the vari-
ation trend of band gap becomes weak. Both calculations and
transport measurements have already confirmed this feature.?8!
Therefore, even if the thicknesses of the BP samples are slightly
different in our experiments, it does not hinder the theoretical
predictions. To simplify the analysis, the BP samples used here
are all considered to consist of five layers.

Figure 2d illustrates the schematic and band diagrams of
V-BP] under zero bias and gate application, respectively. At the
BP/metal interface, a work function of BP that is about 0.15 eV
higher than the Ti/Au electrode produces lower electronic
energy and forms a Schottky barrier after connecting.'!l The
band bending can occur here and generates a built-in electric
field pointing from BP to electrodes. Similar bending at the
overlapping region in V-BPJ] can also be seen. Somewhat
differently, the variation of thickness and crystal orientation
should be taken into account at this point. Based on previous
reports, the orientation barrier (OB) that is caused by the
anisotropic band distribution along different orientations in
BP, plays a more important role.l'*l The type II band alignment
forms and results in a built-in potential pointing from AC to
ZZ directions. The band offset caused by OB is about 0.05 eV.
Despite all this, the back-to-back junction structures result
in a symmetric band distribution, which still limits the uni-
directional transport of carriers when there is no extrinsic
stimulus.?*3% This balance cannot be broken until the sample
is exposed under the laser stimulation. The photoinduced car-
riers generate and can be driven by the built-in electric field
to enhance the photoresponse. Due to the small barriers no
matter at the interface of BP/metal or TBP/BBP, tunneling
effect can play a key role. Therefore, under the interaction of
OB and tunneling, no matter majority carriers (holes) transport
along B1-B2 or T1-T2 directions, similar transport process
(AC-ZZ-AC) needs to be experienced. When the V-BPJ is irra-
diated under the connection between T1 and T2 electrodes,
the generation and recombination of photoinduced carriers
mainly distributes in the overlapping domain, mainly resulting
in the vertical interlayer carrier coupling.!*3! But in the cases
of B1-B2 connection in V-BPJ, the photocurrent enhancement
mainly occurs near the interface between TBP and BBP, which
more likes a lateral coupling.’233 Due to the different stacking
morphology along different directions, the carrier transporta-
tion paths change, which further leads to a discrepant photo-
current distributions.

In addition to the aforementioned property, the voltage tun-
able phenomenon should also be emphasized. When we tuned
the gate (V,) and source-drain voltages (Vq), the SPT results
could also be changed slightly. In general, as for gate voltage,
it can directly modulate the carrier density and the Fermi level
distribution of samples, which can result in a total higher or
lower barrier formation.’* Unlike gate tuning, the variation of
bias voltage can provide a directional electric field to the sample
and push the carriers to move directionally (Figure 2e,f).
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Meanwhile, it also changes the contact potential difference
at the interface causes a considerable change of the built-in
electric field. That means when you increase the bias voltage
gradually, the energy band will move up (forward) or down
(reverse).[13]

Here, we found that the effect of the gate and bias voltage
has a great influence on the photocurrent distribution of V-BPJ,
even if the applied voltage is small (-1 to 1 V for Vg, —2to 2 V
for V). This is mainly because the height of the Schottky barrier
at the BP/metal interface is much larger than OB. Under the
action of the voltage, the influence of OB has been weakened.
As a result, the bias voltage makes the photocurrent distribu-
tion move toward the electrodes and the gate voltage causes a
little rectification (Figures S9 and S10, Supporting Information).
This also illustrates from another side that the effect of crystal
orientation is an “intrinsic” factor affecting the interlayer carrier
transportation in the vdW structures. In addition, apart from the
photovoltaic, tunneling, influence of barriers and applied voltage
mentioned above, the photogating effect may also need to be
considered.’! It can modulate the source-drain channel con-
ductance and further influence the interlayer carriers transpor-
tation of VBP by inducing an additional ‘electric field" just like
another gate voltage. The comprehensive interaction of multiple
effects leads to the complex interlayer carrier transportation.

In order to verify the above hypothesis, similar SPI measure-
ments were conducted on another two types of BP samples.
One sample is the BP device which is based on a traditional
back gate FET configuration (BP junction).?!l It is beneficial for
us to clarify the impact of stacking morphology on the genera-
tion and recombination distribution of the photoinduced car-
riers. Another sample is also the BP vdW junctions but with
parallel crystal orientations between TBP and BBP (P-BPJ).
This discrimination helps to reveal whether the interlayer car-
rier transportation is affected by a change in the orientation of
2D anisotropic materials. The preparation procedure, circuit
connection, and laser illumination conditions are similar for all
the above samples.

Figure 3a,b shows the schematic diagram, OM image, and
SPI results of BP junction, respectively. Unlike the SPI meas-
urements in V-BPJ, only two photocurrent peaks with opposite
signs can be observed at the interface between BP and elec-
trodes at different gate voltages. We attribute this to the affec-
tion of local electric fields caused by Schottky barrier.’! The
detailed band analysis is shown in Figure 2d. Because of the
back-to-back structure, photoinduced carriers can be driven
by the built-in electric field to enhance the photoresponse
but cannot change the current transmission. This is why
the photoresponse enhancement with opposite signs can only
be observed at the interface in SPI images, but the rectified
I-V curves cannot be obtained. The effect of the barrier here is
clearly highlighted in BP junctions but overwhelmed in V-BPJ.
That means that the energy band alignment is significantly
affected by stacking morphology.

This conclusion can be further verified with the SPI measure-
ments in P-BPJ, as shown in Figure 3d. The corresponding OM
images and schematic are presented in Figure 3c. The strongest
positions with regard to photoresponse for different gate volt-
ages are all focused near the interface between TBP and BBP
rather than the metal-BP edges. However, the photoresponse
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Figure 3. Schematic, OM images, and SPI measurements of BP junction and P-BP). a,c) Schematic and photos of BP junction and P-BPJ with 532 nm
laser irradiation under different circuit connections. The electrodes and crystal orientations of BP are marked. The FL-BP is also presented as pink.
In order to distinguish the difference between V-BP] and P-BP), the other FL-BP is presented as blue (BBP in P-BPJ). The samples in OM images are
also outlined in corresponding colors. All the scale bars are 10 um. b,d) SPI measurements of BP junction and P-BPJ at different gate voltages. The

incident polarization states are also marked.

enhancement at TBP/BBP junction domain cannot be observed
any more regardless of carrier transport conditions. This indi-
cates that crystal orientation is a non-negligible factor, which can
greatly affect the transportation of the interlayer photoinduced
carriers in anisotropic material-based vdW structures. Detailed
preparation process and photoresponse information about the
BP junction and P-BPJ is shown in Figures S1 and S11 in the
Supporting Information. Furthermore, the band distribution is
considered. Figure S8c in the Supporting Information shows
the structure and band diagram of the overlapping domain,
respectively. Because the crystal orientation between TBP and
BBP are almost the same, the differences in thickness are the
only factor for consideration regardless whether the carriers
transport in the direction of B1-B2 or T1-T2.3% After the band
theory analysis based on previous studies, a band offset about
0.14 eV for holes forms at the TBP-BBP interface (Figure S8,
Supporting Information).'%1%37] This results in a type I band
alignment and both electrons and holes are injected into the
overlapping domain. Similar conclusion has also be drawn
in previous study (all-BP lateral heterojunction diode).?”! The
current driven by the external electric field flows mostly via

the BBP.®l However, if the P-BP] is exposed to laser illumina-
tion, the balance is no longer maintained due to the dramatic
increase of photoinduced carriers. The smaller band offset at
the overlapping domain makes it possible to permit holes to
tunnel from multilayer to few-layered BP.

As a result, from above analyses we can draw the following
conclusion: the BP’ crystal orientation and stacking morphology
in its vdW structures have a great influence on the interlayer car-
rier transportation. For P-BPJ, the built-in electric field caused
by the thickness-dependent barrier plays a major role in carrier
migration. For V-BPJ, the interlayer carriers transportation will
be more affected by the “OB,” which may result in the selec-
tive transport routes of carriers. Figure 4a,b shows the ideal
interlayer carrier transportation modes in P-BPJ and V-BP] on
cross-sectional and 3D view, respectively. The carriers will pass
through the entire sample of P-BP] no matter what circuit
connection, whereas experience a different process in V-BPJ.
When the B1 and B2 electrodes are connected, at the overlapping
region, carriers will mainly transport in the TBP. When T1 and
T2 are connected, carriers will transport through the interface
from TBP to BBP more easily. This discovery is a constructive

@ Photo-induced Hole

' Transport direction

(Im

Figure 4. a,b) The ideal interlayer carrier transportation modes in P-BP] and V-BP) under cross-sectional and 3D view.
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inspiration for us to regulate the properties of anisotropic mate-
rial-based devices by changing the crystal orientations. Combine
with the existing regulation techniques and the construction of
special structures, new approaches for the development of 2D
material-based photoelectric devices have been provided.(3%40)

In conclusion, by using SPI measurements, we have dem-
onstrated that crystal orientation has a great effect on the inter-
layer transportation of photoinduced carriers in cross-stacked
BP vdW junctions. Based on first principle calculation and band
theory analysis, type I and II band alignments were predicted
in P-BPJ and V-BPJ, respectively. A small band offset for holes
and the interlayer tunneling effect provide theoretical sup-
port for the different carrier transport modes. Our work sheds
light on the photoinduced interlayer charge transportation for
the family of anisotropic materials-based vdW junctions. The
results may open pathways for the design and preparation of
novel optoelectronic nanodevices.

Experimental Section

Device Fabrication: The few-layered BP materials were all mechanically
exfoliated using 3M tapes onto SiO,/Si (285 nm) substrates from
bulk materials (XFNANO, XF161). Traditional wetting transfer method
was operated for making the vdW structures. Subsequently, metal
electrodes (5/50 nm Ti/Au) were deposited by using the photoetching
and magnetron sputtering technology. The thermal annealing
treatment (340 °C for 1 h) in vacuum was also operated for close
contact. The morphology, thickness and crystal orientation of samples
were characterized by optical, atomic force microscope (Nanoscope
Dimension 3100) and Raman spectrometer (RENISHAW RM2000,
514 nm), respectively.

Orientation Determination of BP Samples: The crystal orientation of BP
sample is mainly determined by ahomemade polarized optical microscope
measurement system. The principle is based on the anisotropic optical
absorption of BP. The experimental light path is similar to the Raman
measurement. The only difference is that a charge coupled device (CCD)
camera is used for recording the morphology of materials and an image
software (Image]) is used for analyzing the polarization-dependent
color contrast the samples. The detailed information can be seen in
Figures S3 and S4 in the Supporting Information.

Photoelectric Properties Measurement: The photoelectric properties of
different BP samples were measured by a homemade four-point-probe
system.3] The incident light source was provided by a continuous
semiconductor laser (CNI, MGL-111-532, 532 nm). The polarization can
be tuned gradually by a polarizer and A/4 wave plate in the optical path.
The laser was incident through a x50 objective lens, which can focus
the beam size is less than 5 pm. The scanning position was precisely
controlled and monitored by a galvanometer (SUNNY TECHNOLOGY,
S-8316D) and a commercial digital camera CCD (OPTEC, TP310),
respectively. The electrical signals were measured by digital source-
meters (KEITHLEY 2400, 2450), which were also verified by another
semiconductor characteristic analyzer (AGILENT, B1500A).

The First Principle Calculation: The first principle calculation was used
the Vienna ab initio Simulation Package code. The generalized gradient
approximation was used for density functional theory calculation. The
optB88 exchange (optB88-vdW) and HSEO06 hybrid functional were used
for results optimization.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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