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SPECIAL TOPIC — Optical field manipulation
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Layered ReS; with direct bandgap and strong in-plane anisotropy shows great potential to develop high-performance
angle-resolved photodetectors and optoelectronic devices. However, systematic characterizations of the angle-dependent
photoresponse of ReS; are still very limited. Here, we studied the anisotropic photoresponse of layered ReS, phototransis-
tors in depth. Angel-resolved Raman spectrum and field-effect mobility are tested to confirm the inconsistency between its
electrical and optical anisotropies, which are along 120° and 90°, respectively. We further measured the angle-resolved pho-
toresponse of a ReS, transistor with 6 diagonally paired electrodes. The maximum photoresponsivity exceeds 0.515 A-W~!
along b-axis, which is around 3.8 times larger than that along the direction perpendicular to b axis, which is consistent with
the optical anisotropic directions. The incident wavelength- and power-dependent photoresponse measurement along two
anisotropic axes further demonstrates that b axis has stronger light-ReS; interaction, which explains the anisotropic pho-
toresponse. We also observed angle-dependent photoresistive switching behavior of the ReS; transistor, which leads to the
formation of angle-resolved phototransistor memory. It has simplified structure to create dynamic optoelectronic resistive
random access memory controlled spatially through polarized light. This capability has great potential for real-time pattern
recognition and photoconfiguration of artificial neural networks (ANN) in a wide spectral range of sensitivity provided by

polarized light.

Keywords: ReS,, in-plane anisotropy, anisotropic photoresponse, phototransistor

PACS: 85.60.Dw, 84.32.Ff, 85.25.Hv

1. Introduction

Planar single/multi-layer structure of layered materi-
als, such as graphene and transition metal dichalcogenides
(TMDs), is of great promise for optoelectronic and spintronic
applications.['3] In this category of two-dimensional (2D)
systems, ReS, has recently gained attention for its unique op-
tical and electrical properties. Due to the lack of interlayer
registry and weak interlayer coupling, ReS, behaves electron-
ically and vibrationally decoupled, leading to a retention of
direct bandgap of 1.5 eV from bulk to monolayer.[* Ac-
cording to the previous works, few-layer ReS,-based transis-
tors show n-type behavior with electron mobility of around
40 cm?-V~!.s~! while the photodetectors exhibit gate-tunable
photoresponsivity up to 16.14 A-W~! and external quantum
efficiency reaching 3168%.[%7! Besides, the unique 1-T struc-
ture of ReS; results in high anisotropic carrier mobility and
matter—light interaction along different crystal axes.!*! How-
ever, the controversial inconsistency between the priciple axes
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of electrical and optical anisotropies causes many confusion
in developing angle-resolved opto-electronic devices, such as
polarization sensitive photodetectors, photo-modulated neu-
romorphic devices.!”#] Therefore, a systematic study on the
anisotropic photoresponse of ReS; is highly demanded.

In this report, we aim to understand the photoresponse
anisotropy of ReS,, as well as its relationship with the electri-
cal and optical anisotropies, to provide helpful information to
design polarization-sensitive optoelectronic devices. Firstly,
polarizd Raman spectroscopy is used to identify the two op-
tical priciple axes of exfoliated ReS; flake, which is along
b axis and the direction perpendicular to the b axis, respec-
tively. Then, a field-effect transistor (FET) is fabricated based
on the same ReS; flake with 12 electrodes (6 pairs of diag-
onal electrodes), to identify its two electrical priciple axes,
which is along b and a axes, respectively, demonstrating the
inconsistency of optical and electrical anisotropy. We further
test the photoresponses of the ReS,-based 12-electrode tran-
sistor along different directions under light illumination with
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different wavelengths and incident power. The results indi-
cate that the photoresponse anisotropy agree with the opti-
cal anisotropy, which may be attributed to the fact that the
light-matter interaction plays a major role in the photore-
sponse. Finally, we demonstrate a angle-resolved neromorphic
device stimulated by polarized light, the preliminary results of
which suggests the ReS; a promising material for multi-bit in-
memory computing devices. Compared with most of the neu-
romorphic devices with synaptic functions using electric sig-
nals to stimulate, photonic signals possess many advantages,
such as high bandwidth and ultrafast propagation speed.[®~1?]
Combining photonic stimuli with electric ones in synaptic de-
vices has numerous advantages; it leads to the development of
novel optoelectronic devices with mixed-electro-optical oper-
ations, such as synthetic retinas and optoelectronic interfaces

for integrated photonic circuits. [13:14]

2. Results and discussion

Figure 1(a) shows the schematic diagram of a ReS;
FET, which was fabricated by mechanically exfoliating a few-
layered ReS, flake from its bulk counterpart and transferring
onto a Si/Si0; substrate (the thickness of the SiO, is 90 nm).
E-beam lithogrophy, metal evaporation, and lift-off processes
are sequentially perfomed to deposit 12 electrodes compris-
ing 5-nm Cr/45-nm Au on the ReS, flake. The 12 electrodes
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are spaced 30° apart from each other, which enable the col-
lection of photo-generated carriers along 6 pairs of diagonally
paired electrodes. Figure 1(b) presents the optical image of
the fabricated ReS, transistor device, in which the b axis of
the ReS, flake is labled as the direction of 90°. We distin-
guishe the crystallographic orientation of ReS, by angle re-
solved polarized Raman spectroscopy, which is a nondestruc-
tive techniques widely used in a variety of applications includ-
ing studying strain-induced changes in the electronic structure
of graphene and determining the orientation of BP.[!>:16] Fig-
ure 1(c) shows the Raman spectra of the ReS; flake excited
by a linearly polarized light, as it is polarized along differ-
ent directions. Along all directions, the Raman spectra exhibit
feature modes of ReS,, which are consistent with previous re-
ports. However, by shifting the polarization angle of the in-
cident light, the intensity of the Raman modes changes sig-
nificantly such as mode V, which represents the out-of-plane
vibrations of the sulfur atoms along with in-plane vibrations
of the rhenium atoms in the direction of the b axis.!'6] Fig-
ure 1(d) plots the intensity of mode V in the polar coordinate.
It exhibits a maximum intensity at the angle of ~ 90°, which
is parallel to the b axis of the ReS, flake as shown in Fig. 1(b),
while it has the minimum intensity at an angle of 180°, which
is perpendicular to the b axis. This result indicates the promi-
nent optical anisotropy of the ReS, flake with an anisotropic
angle of 90°.
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Fig. 1. Raman spectra for ReS; transistors with 12 electrodes: (a) schematic diagram of ReS; transistor with 12 electrodes, (b) optical image of the
ReS; transistor with 12 electrodes spaced 30° apart, (c) detailed Raman spectra of the ReS, sample with different rotation angles under 514.5-nm laser
excitation, (d) polar plots of angle-resolved polarized Raman scattering intensities of mode V under 514.5 nm.
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Fig. 2. Angle-resolved DC conductivity of the ReS transistor. (a) Room temperature transfer curves of the ReS, transistor measured by the diagonally
paired electrodes along different directions. (b) Output characteristics of the device measured by the diagonally paired electrodes along different
directions. (c) Angle-resolved polarized Raman scattering intensities and field-effect mobilities (purple dots) of the same ReS, device plotted in polar

coordinates.

To quantify the orientation-dependent mobility, the elec-
trical transport measurement of the ReS, FET was carried out
at room temperature. Figure 2(a) presents the transfer curves
of the device along 6 orientations defined by each diagonally
paired electrodes. Along all the 6 directions, strong negative
gate bias depletes the n-type ReS, flake and decreases the
channel current, while strong positive gate voltage shifts the
ReS, channels into the accumulation region and increases the
channel current, resulting in a current on-off ratio exceeding
10*. However, the on-state current varies with directions, with
the maximum and minimum values achieved at 90° and 150°,
respectively. The output characteristic curves are plotted in
Fig. 2(b), in which the channel current changes linearly with
the source—drain bias, indicating Ohmic contact at the ReS;
and Cr/Au interfaces. Additionally, the value of the chan-
nel current also changes with the crystal orientations, which
is completely consistent with the trend of the transfer curves.
We further extract the field-effect mobilities along each direc-
tion, which achieves the maximum and minimum values of
25.62cm?V~'s71and 16.13 cm?-V~ s~ at 90° (b axis) and
150° (a axis) respectively, by

L dl
T W,y Vs vy’

15 ey

where L = 13 pm is the channel length, W = 1.5 pum is the
channel width, and Cy is the capacitance between the channel
and the back gate per unit area, which is calculated by

&
COX = 77

where & is the vacuum permittivity, & is the relative permit-

2

tivity, and d = 90 nm is the thickness of SiO; layer, respec-
tively. Figure 2(c) plots the field-effect mobility of the ReS;
device in a polar coordinate. Combining the results of po-
larized Raman spectra and electrical measurement, it can be
concluded that the b axis of ReS; crystal has the maximum
intensity of Raman shift and the highest field-effect mobility.
The direction of the minimum intensity of Raman separates
30° away from the direction with the lowest field effect mo-
bility (a axis). These results are consistent with previous work

reported by Liu et al.,l'7-'°! and consistent with the views of
crystal fracture shown in Fig. 1(b).

Figure 3(a) presents the photocurrent (I,) of the ReS;
transistor as a function of gate bias along different crystal
orientations, by substracting the channel current value under
dark condition (I4ax) from the value under light illumination
(Liitumination)- The original transfer characteristics of the ReS,
device under both the dark and illuminated states along b axis
are shown in the Supporting information. The incident light
is 550 nm with incident power of 1.096 mW. When V; is
swept from —60 V to 60 V (V43 = 200 mV), the photocur-
rent of the device increases to a maximum value and then de-
creases. By comparing the peak photocurrent along different
directions, the highest photocurrent is reached at 90° (b axis),
while the minimum photocurrent is appeared at 180°, which
is consistent with the optical anisotropic direction. Such vari-
ation of photocurrent with gate bias can be illustrated by the
band alignment modulation in Figs. 3(e)-3(g). Firstly, when
gate voltage is —60 V, the Fermi level Er of ReS; shifts to the
middle of its bandgap, resulting in increased Schottky barrier
height between the electrodes and the ReS, flake to suppress
the transport of the generated photo carriers, and thus, the pho-
tocurrent (see Fig. 3(e)). As the gate voltage increases, Ef
moves to the conduction band of the ReS»,, and thus, the Schot-
tky barrier height decreases as shown in Fig. 3(f), which leads
to easier carrier transport from ReS, to electrode and increase
photocurrent until it reaches the maximum value. By contin-
uously increasing the gate bias, Er approaches the conduction
band, and the dark current is so high that limits the number
of photo-generated carriers and thus photocurrent. The high
concentration of carriers also decreases the transport speed of
the photon generated carriers due to the increased scattering,
which further decreases the photocurrent. The generated pho-
tocurrent can be attributed to two mechanisms: 1) the source—
drain bias separates the photon-generated electron-hole pairs,
and forms the photocurrent; 2) the photon excited carriers are
partially traped by the defect states at both the ReS, and the
interface between ReS, and Si/SiO; substrate, generating the
photogating effect to modulate the photocurrent of the chan-
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nel. In Fig. 3(a), the gate voltage corresponding to the max-
imum carrier mobility is larger than the gate voltage corre-
sponding to the peak photocurrent in the case of the carrier
without lightunder illumination. It demonstrates that photo-
gating is the dominant effect. Figure 3(b) presents the pho-
tocurrent along different directions as a function of source—
drain voltages with gate voltage of —40 V to maintain rela-
tively high photocurrent as compared to the dark current. As
expected, the photocurrent differs along different directions,
which achieves a maximum difference factor of 3.8 along 90°
and 180° . This trend is also consistent with the ReS; optical
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anisotropic angle. We then calculate the photoresponsivity R,
of the ReS, transistor, which is defined as

Rp = Ip/Plighta

where R), is the photoresponsivity and g, is the power of the
illumination laser. Figure 3(c) shows the photoresponse under
drain voltages of 200 mV as a function of different diagonally
electrode angles. The data can be fitted by a sinusoidal func-
tion and the highest photoresponsivity is around 0.515 A/W
along b axis.

(b) gof
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60} — 90°
- —120°
—150°
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2
=~ 20}
0
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Fig. 3. Photocurrent generation mechanism in ReS, field-effect transistors. (a) Room temperature angle-resolved photocurrent measured as a function
of back-gate voltage under illumination. (b) Room temperature angle-resolved photocurrent measured as a function of Vg at —40-V back gate voltage.
(c) Photoresponsivity as a function of the angle defined by diagonally paired electrodes. (d) The photocurrent change as a function of Vg5 under different
polarization light illuminations. Inset: Optical image of the transistor used in polarized illumination test. (e), (f), (g) Schematics of device band profiles

for Vo < Vin, Vg = Vi, and Vy > Vi, respectively. Ef, Fermi level.

To verify the anisotropic photosensitivity, we fabricate a
two-electrode ReS, device with the diagonally paired elec-
trodes along b axis. Figure 3(d) plots the source—drain current
of this device as a function of source—drain bias under illumi-
nation of light polarized along different angles. The optical
image of the device is shown in the inset of Fig. 3(d). The
polarization of the light is controlled via the combination of
one half wave plate and a polarizer. By rotating the polar-
izer and keeping the incident power constant, the photocur-

rent of the device changes dramatically. The variation trend of

the photocurrent with the incident light polarization angle is
consistent with the trend tested by 12-electrode device, which
reaches the maximum and minimum photocurrents along the
90° (b axis) and 180°, respectively. [20-2%]

We further probe the photoelectric nature of the ReS,
FET by performing /3;—V,ys measurements at room temperature
under light illumination of different wavelengths and power,
In Figs. 4(a) and 4(b), a standard

wavelength-tunable laser is iluminated at a 4-electrode ReS;

as presented in Fig. 4.

device (two diagonally paired electrodes are along 90° and
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180°, respectively) with incident power kept at 1.096 mW. The
Vs 1s 200 mV and gate voltage is swept from —60 V to 10 V.
In this gate bias regime, the photocurrent keeps increasing, and
gradually becomes saturated. Channel current increases differ-
ently when incident light ranged from 450 nm to 750 nm. The
wavelength-dependent transfer curve groups are also different
along 90° and 180°. In addition, both channel currents reach
the maximum value when the incident wavelength is 550 nm,
which matches the bandgap of ReS,;. However, the effect
of the wavelength of incident light is more prominent on the
channel current along 90° than along 180°. Figures 4(c) and
4(d) show the I3s—Vgs plots of the device measured along 90°
and 180°, respectively, with different powers of illumination.
As expected, the channel current increases with the incident
power along both 90° and 180°, showing a strong dependence
on the laser power. Again, the current along 90° has a larger
change with incident power than the current along 180°, due
to the stronger light-cyrstal interaction along 90° than 180°.

240 450 nm 450 nm
90} — 500 nm
— 550 nm
650 nm
2 60} — 750 nm,
£ 180°
< 30
0
—-60 —40 —20 0
Ve (V)
120
— 1096 nW
— 1014 nW
90 915 nW
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<<
£ 60
=
30
0
—-60 —40 —-20 O —60 —40 —20 0

Ve (V) Ve (V)

Fig. 4. Wavelength- and power-dependent photoelectric properties of ReS;
transistor. (a), (b) The I~V curves of the device, when the ilumination
light is polarized along 90° (a) and 180° (b), respectively, with incident
wavelength varying from 450 nm to 750 nm. The incident power is set
at 1.096 mW. (c), (d) The Igs—V, curves of the device, when the ilumina-
tion light is polarized along 90° (c) and 180° (d), respectively, with incident
power varying from 827 nW to 1096 nW. The incident wavelength is fixed at
550 nm.

The above anisotropic optoelectronic behaviors of the
ReS, device indicate that it a promising anistropic optoelec-
tronic memory, which can be programmed by polarized op-
tical stimuli and read out by orientation-dependent electri-

cal measurements. 2320

1 ReS, phototransistor with two diag-
onally paired electrodes along 90° and 180° is fabricatated as
shown in Fig. 5(a). The electrodes paralleled to the b axis is as-
signed as parallel direction, while the other pair of electrodes
is assigned as perpendicular direction. Figure 5(b) shows the
AFM image of the ReS, flake with thickness around 8 nm. The
presence of surface contamination as shown in the AFM image

may come from the contamination during fabrication process

and ambient environment, which may provide trap states to
trap photon excited carriers.?’->°! Figures 5(c) and 5(d) show
the dynamic photoresponse of this ReS, FET to weak fluores-
cent lamp with the source—drain bias voltage of 2.0 V and gate
bias Vpg at —50 V (to reduce the dark current). By turning on
and off the fluorescent lamp at one-second intervals, source—
drain currents along both directions increase under illumina-
tion and decrease without illumination. However, the final
channel current level becomes higher than the level before
light illumination. Therefore, after applying around 25 identi-
cal light illumination pulses successively, the channel current
increases steadily to a level that can be easily distinct from the
original level, and exhibits non-volatile behavior. As expected,
after 25 light pulses stimuli, the current along 90° is much
higher than that along 180° due to the stronger light—ReS, in-
teraction along 90° than 180°. In this way, the ReS, photo-
transistor can be used as multi-bit flash memory and synaptic
transistor. In a synaptic transistor, the drain terminal can be
used to imitate the postsynaptic neuron. The synaptic weight
can be represented by Iy, which is named postsynaptic cur-
rent (PSC) in the synaptic transistor context. From results in
Figs. 5(c) and 5(d), the PSC gradually increased with the in-
crease of the number of pulses, which suggests that the chan-
nel conductance can be gradually modulated to higher states.
As mentioned in Fig. 3(b), when the spikes were removed,
the PSC values returned to lower states, but not completely
disappeared. As a result, the synaptic weights can be further
enhanced by increasing the number of pulses. In this way, the
photonic stimuli can be used to set the state of the device, and
the electric stimuli can be used in the reset process which is
shown in Fig. 5(e). It should be noted that the minimal width
and interval of the photonic pulses is 1 s due to the limitation
of our light source. At first, the current is relatively low, then
on application of a series of consecutive light pulses, the cur-
rent of the ReS, transistor increases gradually due to the pho-
togating effect, which can be used to mimic the potentiation of
the synaptic strength. In this process, the gate voltage kept on
—50 V to reduce the dark current. Afterward, under the posi-
tive electric pulse of 50 V, the photocarriers which are located
in the trap state are released. When the electric stimuli dis-
appears, the current in the ReS, gradually is decreased to the
initial state voltage corresponding to the habituation behavior.
It also should be noticed that we finished the reset process by
applying the same electric stimuli with different time interval
(2's, 35, 4 s) due to the lack of the electric pluses genera-
tor. Finally, the memory function with optical write—electric
erase can be realized in the ReS; transistors. Those properties
of our s photogating effect 3-terminal device could provide
the potential to simulate signal communication between a sen-
sory afferent neuron and a neuron in the central nervous sys-
tem. Besides, the additional gate voltage provided by trapped
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photo-generated carriers enablesour ReS, FET to be a poten-
tial memory device. Furthermore, the different conductances
of different directions reflect the FETs can be promising can-
didates for the multi-bits memory device.
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Fig. 5. Time-dependent Iy of the ReS, transistor with laser illumination po-
larized along different directions. (a) and (b) AFM images of the ReS; flake.
(b) Enlarged AFM image of the ReS, flake in panel (a). Inset is the height
profile of the ReS;. The height was 8 nm. (c), (d) The real-time response
characteristics of the ReS, FET in panel (a) with the bias voltage of 2.0 V.
Vpg is fixed at —50 V. The polarized angles of the incident light is at 180° (c)
and 90° (d), respectively. (e¢) Photonic potentiation and electric habituation
in the ReS, synaptic transistors. Set: photonic pulse (fluorescent lamp and
width: 1 s). Reset: electric pulse (50 V). Reading voltage: —50 V.

3. Conclusions

With the combination of polarization Raman spec-
troscopy and angle-resolved electrical measurements, we
successfully revealed the in-plane optical and electrical
anisotropies of 2D layered ReS,. The ratio of anisotropic
photo-electronics can reach as high as 3.8, which holds great
promise for the development of angle-resolved optoelectronic
and electronic devices. The systematic photoresponse exper-
iments performed on ReS;-based 12-electrode FET demon-

strated the anisotropic axes of photoresponse agree with the

optical anisotropic axes due to the key role of light—matter in-
teraction played in the generation of photocurrent. Further-
more, an angle-resolved synaptic transistor is developed based
on the ReS; device stimulated by polarized light, which shows
potential applications in simulating nervous systems and arti-
ficial intelligent chips.
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