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ABSTRACT

Self-powered flexible solar-blind photodetectors based on WSe,/f}-Ga,O3 2D/3D van der Waals (vdW) heterojunctions were manufactured,
which exhibit brilliant optoelectronic performances with a low dark current of 136 fA at 0V, a Lssnm/Idark ratio of 10°, and rise (t, =9 ms)
and decay (t; = 18 ms) times. In a further step, a solar-blind communication system was fabricated with a good information transmission
capability and low energy consumption. Furthermore, “AND” and “OR” optoelectronic logic gates have been realized, which can be applied

to signal processing in the field of solar-blind communication.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0145228

Radio frequency (RF) and optical communication systems are
widely used in military and commercial wireless communication fields."
Compared with RF communication, optical communication has the
advantages such as bigger bandwidth, lower power-consumption, higher
power densities, smaller size, etc.'’ Optical communication systems trans-
mit information through optical signals with a wavelength range from
infrared (IR) to ultraviolet (UV). IR technology has been reported to be
used in wireless communication systems.”'' However, solar radiation and
fluorescence noise will interfere with IR detectors, which limits the devel-
opment of IR wireless communication.'’ Fortunately, the communication
system based on UVC (280-100nm) could overcome the above chal-
lenges since the UVC radiation is almost absorbed by ozone and cannot
reach the earth surface (i, solar-blind).” In addition, UV links can be
used in combination with optical or RF links."’ The solar-blind photode-
tectors (SBPDs) based on Ga,0s,” * AIN,"” GaN,"”"” AlGaN,'* " and
diamond” are used as the signal receivers of the solar-blind communica-
tion systems. Among them, Ga,O; has attracted intensive attention due
to an ultra-wideband gap (~4.9¢€V), high critical breakdown field
(~8MV/cm), high electron mobility, high chemical/thermal stability,
simple preparation process, etc.” *

Fabricating heterostructures is an effective method to improve
the optoelectronic performance of the SBPDs. It is reported that the

B-Ga,O3/WOj; heterojunction exhibits record low noise with ultralow
dark current of 6.5 fA, Lss nm/Igar ratio of 6.4 x 10°, and rise/decay
time of 168 ms/171 ms at 0V."” Zhao et al. reported that the Ga,Os/
Bi,Se; heterojunction presents a low dark current of 3.12 pA, detectiv-
ity of 6.2x 10" Jones, and an ultrafast rise (0.6ms) and decay
(1.2ms) response time.”” Unfortunately, defects and dislocations in
traditional 3D/3D heterostructures are easily generated due to lattice
mismatch and incompatible crystal structure.”" In order to overcome
the challenge, 2D/3D mixed-dimensional vdW heterostructures have
been fabricated. For example, the PtSe,/f-Ga,O; heterojunction
achieves a high responsivity of 76.2 mA/W, a large on/off current ratio
of 10°, and an ultrafast response time of 12 us.”” The GaSe/Ga,O5 ver-
tical heterojunction shows a nonlinear rectifying characteristic with a
high rectification ratio of 2500, specific detectivity of 1.6 x 10 Jones,
and photoresponsivity of 70mA/W.”" Flexibility, portability, and
wearability are important development directions of next generation
optoelectronic devices, and various flexible optoelectronic devices have
been developed.”””* In our previous work, a stamp-based printing
technique was applied to transfer the $-Ga,O; films grown by pulsed
laser deposition (PLD) from Si substrates onto flexible PET (polyethyl-
ene terephthalate) substrates. It is demonstrated that the f-Ga,Os-
based flexible SBPDs exhibit brilliant optoelectronic performances
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with a low dark current (1.7 pA) at 10V and a high Lsy ym/Igark ratio
(>10%.”" However, flexible SBPDs based on 2D/3D mixed-
dimensional vdW heterojunctions are rarely reported.

In this work, self-powered flexible SBPDs based on WSe,/
f-Ga,05 2D/3D vdW heterojunctions were manufactured, which
exhibit brilliant optoelectronic performances and stability under differ-
ent bending stresses. In a further step, a solar-blind communication
system was fabricated, which demonstrates a good information trans-
mission capability and low energy consumption. Finally, “AND” and
“OR” optoelectronic logic gates (OELGs) have been realized with accu-
rate signal processing capability, which can be applied in the field of
solar-blind communication.

The $-Ga,0; films (~186 nm) were grown on Si(100) substrates
by PLD and then transferred onto flexible PET substrates by a stamp-
based printing technique. More details can be found in Refs. 24 and
25. The 100 nm-thick Au pads were deposited on f-Ga,Os films by a
thermal evaporator with a mask. The WSe, flakes were mechanically
exfoliated from the bulk single crystal by a scotch tape, and then it was
transferred onto the -Ga,Oj films with the help of polydimethylsilox-
ane (PDMS). Electron beam lithography (EBL, Pioneer Two, Raith)
was used to realize electrode patterns on WSe, flakes. After develop-
ing, Ni/Au (2/50 nm) electrodes were thermally evaporated onto the
WSe, flakes. Due to process difficulties, we did not insert an insulating
spacer between 3-Ga,05 and the metal electrode, resulting in a parallel
current path. The optoelectronic performance of the self-powered flex-
ible SBPDs based on WSe,/f-Ga,05 2D/3D vdW heterojunctions was
tested by an accurate semiconductor parameter analyzer (Keithley
4200-SCS) with a 254 nm-light source.

As shown in Fig. 1(a), the x-ray diffraction peaks of the as-
deposited Ga,O; films nearby 18.9°, 38.4°, and 59.1° correspond to
the (201), (402), and (603) crystal planes (JCPDF Card: No. 43-1012),
respectively.”* Tt indicates that the Ga,O; films transferred from Si
onto PET substrates are polycrystalline with the f§ phase. The typical
Raman spectra of WSe, sheets consist of two main phonon vibration
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FIG. 1. (a) XRD of the PET and f-Ga,04/PET. (b) Raman spectra of the 5-Ga,03/
PET and WSe,/[3-Ga,04/PET. (c) PL spectra of the WSe,/}-Ga,04/PET. (d) SEM
image and (e) corresponding EDS elements (W, Se, Ga, and O) mappings images
of the WSe,/3-Ga,05 2D/3D vdW heterojunction.
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modes, which can be assigned to the E;g (247cm™) and Ajq
(254 cm ') modes.”® The characteristic peak of f-Ga,Oj; at 200 cm s
assigned to the A 3 Raman-active mode [cf. Fig. 1(b)]. The PL spectra
[Fig. 1(c)] show a peak at 751 nm, indicating a bandgap value of
1.65eV. Figure 1(d) is the SEM image of a WSe,/f-Ga,0; 2D/3D
vdW heterojunction (scale bar: 5 um). The area enclosed by green dots
is a WSe, sheet, and the areas enclosed by yellow dashes are Ni/Au
electrodes. According to the corresponding EDS elements mappings
images exhibited in Fig. 1(e), W and Se elements are only located on
the mechanically exfoliated flake, while Ga and O elements are distrib-
uted on the whole substrate surface. The results indicate the formation
of WSe,/f}-Ga,0; 2D/3D vdW heterojunctions.

Kelvin probe force microscopic (KPFM) was employed to further
understand the band structure of the WSe,/f-Ga,O; heterojunction.
Figure 2(a) shows the AFM topography of a lateral WSe,/f-Ga,0;
heterostructure, and the thickness of the WSe, flake is about 9.26 nm
(~12 layers). The contact potential difference (CPD) between the
probe tip and the sample surface can be expressed as”’

CPDWSez - (Wtip - WWSez)/ev

(1)
CPDga,0, = (Wiip — Waa,0,)/e,

where Wyp, W wse,> and Wg,,0, are the surface work function of the
KPEM probe tip, WSe,, and Ga,Os, respectively. The distinction between
the Fermi levels of WSe, and [3-Ga,O3 can be calculated from the CPD
difference:”" AEp = Ep,, — Erg,, = ¢(CPDwse, — CPDgy,0,). The
surface potential distribution was fitted by the sigmoidal function as
shown in Fig. 2(b). It indicates that the work function of WSe, is 0.3 eV
larger than that of f-Ga,Os. Hence, the work function difference is
0.3eV, which is similar to previous reports (Wwse, =44¢eV,
Waa0, =4.1 eV).””?" The lateral depletion region width can be esti-
mated as 650 nm. Furthermore, the distribution of built-in electric
field can be obtained by differentiating the sigmoid fitting profile
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FIG. 2. (a) An AFM image (scanning range: 4 x 4 um) and (b) the corresponding
surface potential distribution. Inset: KPFM image. (c) Built-in electric field distribu-
tion and (d) the energy-band diagram of a WSe,/f-Ga,0; 2D/3D vdW
heterojunction.
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(¢ = =V ). As an abrupt junction, the built-in electric field &(x)
can be defined as follows:”’

Na(x — x,
Swse, (%) = Nalx — %) (% < x < x0),
EWSe, €0 )
N, _
a0, (%) = Np (¥ = x) (%0 < x < x),
6Ga, 05 €0

where & is the vacuum permittivity. The ewse, and &g,,0, are the rela-
tive permittivities of the WSe, and f-Ga,0;, whose values are 11.7
and 10.2, 1respectively.3"3 > N, and Np, are the carrier concentration of
the WSe, and f-Ga, 05 derived by linearly fitting the built-in electric
field distribution. The values are 2.02 x 10! cm > and 2.19 x 10"
cm >, respectively, which are within a reasonable range compared to
previous reports (WSe,: 2.99 x 10 cm ™ and Ga,03: 3.1 x 10%
cm).”"! In addition, the maximum electric field is estimated to be
1.2 V/um. The x;, xo, and x,, are the boundaries of the depletion layer.
Meanwhile, the total depletion width (Wp) and each depletion width
in the WSe, (W,) and -Ga,O5 (W,,) can be calculated as follows:™

Wy = 2&wse, £Ga, 05 €0 (Na + ND)ZVD
gN4Np(ewse,Na + €Ga,0,Np)’
W, = \/ 2&wse, £Ga,0,€0Np Vi 7 (3)
gNa (ewse,Na + £Ga,0,ND)
_ \/ 2Ewse, £Ga,0,0N4 VD
" gNp(ewse;Na + £6a,0,Np)’

The calculation results show that W, =302, W,=278, and
Wp =580 nm, which is consistent with the previous estimated results.
The energy-band diagram is shown in Fig. 2(d), which presents a
type-II band alignment at the interface of the heterojunction.”® Due to
the difference between the Fermi levels, the electrons diffuse from
p-Ga,O; to WSe,, causing hole accumulation (i.e., acceptor state) on
the Ga,O5 side with an upward band bending and electron accumula-
tion (i.e., donor state) on the WSe, side with a downward band bend-
ing.”> When the heterojunction is exposed to UVC light, electron-hole
pairs are generated and then quickly separated by the built-in electric
field, resulting in a large photocurrent and fast response.

Responsivity (R) is an important parameter for SBPDs, which is
defined as R = I hoto/(Pin % S). Here, Iphoto is the photocurrent, P, is
the power density of the incident light, and S is the effective working
area of SBPD.” In Fig. 3(a), the response spectrum of the SBPDs
reveals that the response wavelength region is about 200-280 nm,
which coincides with the solar-blind region. In Fig. 3(b), the I-V
curves of the WSe,/f-Ga,O; 2D/3D vdW heterojunctions under dark
condition exhibit a typical rectification characteristic with a rectifica-
tion ratio of about 50 at =5V. At the bias voltage of 0V, the flexible
SBPDs based on WSe,/f-Ga,03 2D/3D vdW heterojunctions have a
low dark current (I,q) of 136 fA, a Lsynm/Liar ratio of about 10%, and
an open circuit voltage (Voc) of about 0.2 V, which indicates the pho-
tovoltaic effect and self-powered operation of the SBPDs.'” The rise/
decay time of the SBPD is defined as the current increases/decreases
from 10% to 90% or from 90% to 10%, as shown in Fig. 3(c). It reveals
that the SBPDs have a fast response with rise (7, =9 ms) and decay
(tg =18 ms) times. Figure 3(d) depicts that Ijpe increases as the
power density of incident light (P;,) increases since more carriers are
generated. Due to the trapping and detrapping effects caused by
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FIG. 3. (a) Response spectrum of a SBPD based on the WSe,/-Ga,03 2D/3D vdW
heterojunction as a function of illumination wavelength. Inset: the diagram of a SBPD.
(b) -V and (c) It curves of the SBPD under dark condition or UVC illumination
(4 =254nm). (d) |-t curves at different pulsed light power densities of P;,=0.1, 0.2,
0.4, and 0.8 mW/cm?. (e) -t curves at different bending states (more than 1000 bend-
ing cycles). Inset: photographs of single bending cycle from 0° to 180° and back to 0°.

interface states, anomalous transient photocurrent behaviors can be
observed at large P,..”" % As shown in Fig. 3(e), the Irsqnm and Igap
are almost unchange during repeated bending between 0° and 180°,
which indicates that the SBPDs work stably under strains of
0%—0.31% (measured by a strain gauge). Table I shows a comparison
of our work with some other Ga,O5-based flexible SBPDs.

TABLE I. Comparison of the key parameters of flexible Ga,0O3-based PDs.

Substrate Active Igark  ON/OFF R T,
material material (pA) ratio (A/W)  (ms)
PET® B-Ga,05/WSe, 0.1 ~10° 0.03 9
Mica™ B-Ga,03/MoS, 2 ~10° 0.02 700
Hastelloy®  -Ga,03/NiO 10 ~ 10% 0.6 490
Mica™ B-Tm:Ga,O; 36 ~10° 0.4 20
PET” B-Ga,0; 1.7 ~ 103 0.9 90
PEN"’ a-Ga,05 6 ~10*  <10° 02
pr" a-Ga,O5/Pbl, 0.1 ~10* 0.1 2
Mica™ a-Ga,05/ZnO > 10° <10 12 >10°
*This work.
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In a further step, a solar-blind communication system has been
fabricated, and the self-powered SBPDs based on WSe,/f-Ga,05 2D/
3D vdW heterojunctions are used as the signal receivers, as illustrated
in Fig. 4(a). In Fig. 4(b), the “ECNU” is transferred to test the solar-
blind communication system. The input signals encrypted by Morse
code were sent by the UVC light source (254 nm, 0.8 mW/cm?) with a
shutter and then transmitted wirelessly in the free space. Finally, the
signals were recognized by the SBPDs. Note that the signals are com-
posed of dots (-) and dashes (-). The time length of a dash is three
times than that of a dot. Within a word, the interval between each dot
or/and dash is the time length of a dot. On the other hand, the interval
is the time length of seven dots between different words.”’ The
“ECNU” can be clearly recognized after decoding, which means that
the solar-blind communication system has excellent information
transmission capability and low energy consumption.

In order to further study the potential application of SBPD in
optoelectronic logic operation, the “AND” and “OR” optoelectronic
logic gates were manufactured [cf. Fig. 5(a)]. The light source OFF and
ON are defined as logic “0” and “1” of the input signals, respectively.
Correspondingly, I < 5pA and I> 50 pA represent logic “0” and “1”
of the output signals, respectively. The truth table of OELGs is shown
in Fig. 5(b). For the case of “AND” OELG, two SBPDs are arranged in
series. The current in the circuit will be larger than 50 pA only when
both SBPDs are illuminated by UVC. The corresponding output cur-
rent is shown in Fig. 5(c). For the case of “OR” OELG, two SBPDs are
arranged in parallel. The current in the circuit will be larger than
50 pA when one or both SBPDs are exposed to UVC. The correspond-
ing output current is shown in Fig. 5(d). The OELGs demonstrate
accurate signal processing capability, which may be applied in the field
of solar-blind communication.

In summary, self-powered flexible SBPDs based on WSe,/f-
Ga, 05 2D/3D vdW heterojunctions were manufactured, which exhibit
brilliant optoelectronic performances with a low dark current of
136 fA at 0V, a Lisynm/Iark ratio of 10, and rise (t, = 9 ms) and decay
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FIG. 4. (a) Schematic diagram of a solar-blind communication system. (b) The out-
put signals encrypted by Morse code “ECNU,” which are the current value of the
SBPDs.
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FIG. 5. (a) Schematic diagram and the corresponding photograph of the “AND”
and “OR” optoelectronic logic gates. (b) Truth table of the “AND” and “OR” gates.
The -t curves of (c) “AND” and (d) “OR” gates in response to different input signals
(AB).

(t4 =18 ms) times. In a further step, solar-blind communication sys-
tem was fabricated, which demonstrates a good information transmis-
sion capability and low energy consumption. Furthermore, the “AND”
and “OR” OELGs have been realized with an accurate signal process-
ing capability.
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