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ABSTRACT

Atomically thin two-dimensional transition-metal dichalcogenide materials with van der Waals integration provide various interesting
optoelectronic characteristics that can be used to realize highly efficient flexible solar cells and photosensors. We previously reported in-plane
lateral one-dimensional Schottky junctions (SJs) on few-atom-layer 2H-phase semiconductor-molybdenum disulfide by forming a 1T’ -metal
phase using laser beam (LB) irradiation and clarified their unique optoelectronic properties. Although the LB-derived 1T’/2H phase SJs pro-
vided efficient photocurrent generation, they had a large number of defects owing to the excess heat accumulation caused by the LB. Here,
we observe partial electric hysteresis properties in photogenerated currents (Iypo) on the SJs under reverse bias voltage regions and reveal
that they are very sensitive to the voltage sweep direction and its switching (holding) time. The properties persist under dark ambient con-
ditions for a few minutes, even after photo-irradiation is complete. The temperature dependence reveals that a defect-derived deep carrier
trap-center, which is unique to the present 1T’ phase, can be the cause of these phenomena. A larger Iphor and an increase in photogeneration
efficiency are obtained by eliminating this trap center through thermal annealing. In contrast, it is expected that these hysteresis properties
lead to atomically thin photo-memristor devices for opto-neuromorphic systems.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098198

The development of flexible and (semi)transparent  significantly beneficial (semi)transparent layers and high mechanical

optoelectronic devices (e.g., solar cells and photosensors) is crucial
to resolving problems in next-generation energy systems. It is well
known that semiconductor PN junctions and Schottky junctions
(SJs), on which a strong electric field concentrates under an
applied reverse voltage region, effectively produce excitons and
photocurrents, resulting in high-efficiency optoelectronic devices.
Among them, van der Waals (vdW)-assembled atomically thin
semiconductors [e.g., the two-dimensional (2D) transition-metal
dichalcogenide (TMDC) family of semiconductors] are attracting
significant attention because they offer optoelectronic devices with

flexibility.

Various optoelectronic characteristics that could be poten-
tially leveraged to develop highly effective photodetectors have been
reported in atomically thin TMDC PN junctions or SJs, such as
rapid exciton dissociation due to the lack of an extended deple-
tion region' and similar ultrafast charge transfer.” " Similar to
solar cells, atomically thin TMDC PN junctions have proven to
have good power conversion efficiencies (PCE).””” In contrast,
atomically thin (or few-layer) TMDC SJ solar cells are still
rare.'’
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However, the presence of defects and impurities at the junction
interfaces has hindered the realization of high-performing material
systems with excellent optoelectronic properties, which depend on
characteristics such as the activation energy, carrier capture cross-
section, and time constant.'' "> In particular, gate bias-induced
hysteresis and unpredictable threshold voltage remain unresolved
issues owing to defect traps at the interface of 2D material systems.
The vdW integration of atomically thin layers has resolved this issue
as it results in a clean interface at the layer junctions, especially if
graphene electrodes'® and MESFET structures'’ are utilized. Nev-
ertheless, because vdW integration allows for the formation of only
2D vertical PN junctions or SJs, such materials lack in-plane lateral
one-dimensional (1D) junctions.

In contrast, our previous electron beam (EB)-derived in-plane
lateral 1D SJs (i.e., junctions of the 2H semiconducting/1T metal-
lic phases) formed on few-layer MoS, resolved the above issue.””
However, because EB irradiation is costly and time-consuming,
it was not appropriate for industrial application. Moreover, the
1T-phase quickly returns to the 2H-phase (e.g., within 10 days).
Thus, we created the 1T’ -metallic phase by irradiating a laser beam
to the 2H semiconducting phase via in-plane heat, leading to the
1T'/2H-phase in-plane lateral 1D SJs, which is chemically and ther-
mally stable over a long time.'* ** The S] realized the highly efficient
generation of photocurrents (Iphoto) under its reverse voltage region,
which is widely available for industrial application because of the
simple and inexpensive fabrication methods.

However, the transition to the 1T’-phase caused by in-plane
heat (e.g., ~300 °C) degraded the crystal quality and, in some cases,
introduced a large number of defects because of the excess heat accu-
mulation.'® Therefore, an investigation of the defect-related inter-
face quality of the 1T'/2H phase in-plane 1D SJs is indispensable for
improving the efficiency of Ipho generation as a photosensor. The
present observation of electric hysteresis properties under photo-
irradiation with different holding times clarifies this via observation
of charge trapping and recombination through defect-based energy
levels.

In this paper, a 2H-phase n-type semiconducting MoS, flake
[Fig. 1(a)] is attached to an SiO,/Si substrate using a mechanical
exfoliation method of the bulk material (hq graphene) by Scotch
tape and is oxidized by exposure to air for n-type semiconducting
properties. The number of layers (~10) was confirmed by cross-
sectional atomic force microscopy and Raman spectroscopy
[Ezg and Ajg peaks in Fig. 1(c)]. An LB (wavelength of ~532 nm,
diameter of ~1 ym, power of ~4 mW, and time of ~10 s per point,
which gave the smallest number of defects'® ") was irradiated onto
the MoS; flake and scanned with an ~0.2 ym overlapping region
over an area of ~8 x 2 ym® [as indicated by the red dotted rectan-
gle in Fig. 1(a)], resulting in the creation of the 1T phase, following
our previous method."® The bottom-side 1T’ metallic layers per-
sisted after the LB irradiation from an in-plane lateral 1T/2H 1D SJ
[red arrow in Fig. 1(a)].”> LB non-irradiated (2H) and irradi-
ated (1T’) regions were confirmed by photoluminescence (PL) and
Raman spectroscopy.”®

The Iq-Vs characteristics [between electrodes A and B in
Fig. 1(a)] similar to those in our previous samples'® are con-
firmed under dark and light ambient conditions [solid curves in
Figs. 1(d) and 1(e)].”” The I4-V curve shows a weak asymmetric
feature in the dark at Vpg = =19 V (i.e., a slightly larger Iy in the
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FIG. 1. (a) Optical microscopy image of a few-layer 2H-MoS; flake fabricated
by mechanical exfoliation of the bulk material with an LB-irradiation region
(17" region shown in a red dotted rectangle), an in-plane lateral 1D 1T’/2H phase
SJ (indicated in a red arrow), and three Au/Ti electrodes. The irradiated regions
become semitransparent owing to the reduced thickness.?> Two electrodes
(A and B) are used for all the electrical measurements. (b) PL spectra of the
LB-irradiated 17" metallic and non-irradiated 2H semiconducting regions. The
measured wavelength is 640-700 nm and the size of each rectangle is 1 um?.
(c) Raman spectra of LB-irradiated and non-irradiated regions in (a). Inset: Expan-
sion of the main panel for the 100-350 cm~" region (shown in a dotted rectangle).
(d) Source—drain current (lsg) measured between electrodes A and B in Fig. 1(a)
under ambient light and dark conditions. Solid and dotted curves correspond to
the results before and after the high-vacuum annealing, respectively. All measure-
ments shown here are carried out before the annealing. A solar cell simulator with
standard test cell conditions (AM1.5G) was used. (e) Generation efficiency (l¢) of
the photocurrent (Iphoto); lpnoto NOrMalized by dark currents. Solid and dotted curves
indicate the same conditions as those in (d).

+V,q region), while Iy drastically increases in the —Vyq region
under light conditions [Fig. 1(d)]. This suggests the presence of
a 1D §J at the interface between the LB-irradiated and non-
irradiated regions (i.e., IT" metallic and 2H n-type semiconducting
MoS; regions, respectively) as mentioned above [see Fig. 4(a)], fol-
lowing our previous reports.m’ZS The photogenerated Isq (Iphoto)
normalized by dark current (L) demonstrates a drastic increase
of ~60 times [Fig. 1(e)].'® The drastic increase in Lg in the
—V,4 region [Fig. 1(e)] is also in good agreement with our previous
results,'® which revealed an effective generation of excitons by the
concentration of high electric fields at the 1D SJ within a
reverse-biased voltage region [Fig. 4(b)].*
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Here, we observe small hysteresis properties in the Iq-Vg
features (i.e., different I,q-Vsq depending on the direction of the
applied V) at Vg = =19 V in the dark [Figs. 2(a) and 2(b)]. Iy is
slightly reduced as V4 sweeps from the —Vq to +Vq regions (shown
as 2 by an arrow in each figure) after V4 is swept from +Vg to
—Vsq (shown as 1 by an arrow) [Fig. 2(a)]. However, this property
becomes unstable when Vg is swept from —Vy to +V and back
from +Vy to =V [Fig. 2(b)]. These properties are almost inde-
pendent of the switching time [holding time (t), i.e., 30, 60, 90,
and 120 s], in which a £V sweep is stopped and kept at a
constant Vgg = +1 V.

Such partial hysteresis properties become more significant
in the reverse Vg regions of the SJ under light irradiation
[Figs. 2(c) and 2(d)]. The Ippeto trends for the Vg sweep direction
are qualitatively the same as those in Figs. 2(a) and 2(b). However,
a strong t, dependence is observed in this case. When the voltage
is swept from +Vg to =V (shown as 1) and kept at a constant
Vsd = -1V for t,, the longer #, (e.g., 120 s; green dotted line) results
in a lower —Iphoto in the Vg sweep from the —Vq to +Vq regions
[dotted lines shown as 2 in Fig. 2(c) and the inset]. In contrast,

r"ll(c)vbg=-1g

vy
20— 2.0
—_ Vsd='1 —_
< | . < o« °
5015 . 30.15; .
- -
o® | gBe
"0 30 60 90 120 "0 30 60 90 120
t () t (S)

FIG. 2. (Partial) hysteresis properties in the ls;—Vsq plots at Vyg = =19 V in the
dark [(a) and (b)] and under ambient light [(c) and (d)] conditions. The arrows
indicate the V4 sweep directions. For (a) and (c), a constant Vsg = —1 Vis kept for
th (30, 60, 90, 120 s) after the voltage is swept from +Vgq4 to —Vgq (shown as 1;
solid lines) and, then, the voltage is swept back from —Vgq to +Vgq [shown as 2;
dotted lines; 30 s (black), 60 s (red), 90 s (blue), 120 s (green)]. For (b) and (d),
a constant Vsg = +1 Vis kept for t, (30, 60, 90, 120 s) after the voltage is swept
from —Vgq to +Vsg (shown as 1; solid lines) and, then, the voltage is swept back
from +Vs4 to —Vsq [shown as 2; dotted lines; 30 s (red), 60 s (blue), 90 s (green),
120 s (black)]. Black (swept from +Vs4 to —Vsq4) and yellow (from —Vgy to +Vsg)
dotted curves with t, = 120 s indicate the results after the high-vacuum annealing.
Insets of (c) and (d): Expansion of each main panel around the hysteresis curves
(Vsg < ~=0.5V). (e) and (f) —Isg values as a function of t, corresponding to the
dotted color lines in (c) and (d).

scitation.org/journal/adv

when the voltage is first swept from —V,q (shown as 1) and kept at a
constant Vg = +1 V, the shorter f;, (e.g., 30 s; red dotted lines) leads
to a lower —Ippoto in the Vg sweep from Vg to +Vgq [dotted lines
shown as 2 in Fig. 2(d) and the inset]. These characteristics are more
evident in Figs. 2(e) and 2(f) from quantitative viewpoints. Since the
application of Vg > +1 V electrostatically destroyed the SJs, owing
to the concentration of the excess high-electric fields, and resulted in
no current flow in the devices, V4q was applied within Vgq = +1V for
the present measurements.

Moreover, it is revealed that such partial hysteresis properties
with reduced Iy qualitatively persist even under dark ambient con-
ditions for at least + = 6 min after the above-mentioned Fig. 2
measurements under light conditions are completed, as shown in
Fig. 3(a) and the inset. Figure 3(b) shows the changes in the ratio of
I corresponding to Fig. 3(a) (i.e., the Iq values of solid lines/dotted
lines), depending on time (t) after the above-mentioned Fig. 2 mea-
surements are completed. The ratio decreases to half its value after
t = 2 min has passed (i.e., from a ratio of 4 at t = 0-2 at t = 2) and
reduces further below 1 after t = 4 min. However, it should be noted
that the ratio of 2 persisted in the dark for 2 min, even after the
measurements under ambient light conditions were completed.

We qualitatively discuss the observed hysteresis properties. The
observed hysteresis properties in the I;4—V,q features convention-
ally suggest the presence of defects, which act as trap centers for
photogenerated electrons or holes, at the (1D lateral) SJ interfaces.

Dark after Fig{.z ....... 4—s
O'measurement o= &, | LightFig2) Veg=-1
[e]
Q2L Dark
s “]
=1 Py
o i i 1 1
0 4 6
(b) t fmmutes)
— [N —
S 107 .\‘ng=19 _‘10)3
X - T - x
2 v LN 2
© « = ~0 o~
'é 10 VN V!xj_o Dark\"lo ‘T°
S [t =
'S_ 1A ert), ‘\E)ark | 'S_
F e Ve 3
—— -
c 12
) 1/T(X103 K1)

FIG. 3. (a) Partial hysteresis properties under dark ambient conditions, which are
the same as those in Fig. 2(c) (t, = 120 s), observed after the measurements
under ambient light conditions (Fig. 2) have been completed, depending on time
[t minutes; line colors in black (2 min), green (4 min), and red (6 min)]. Inset:
Expansion of the main panel around the hysteresis curves (Vsg < ~—0.5 V).
(b) Changes in the ratio of Iy corresponding to (a) (i.e., the ratios of solid
lines/dotted line values at Vsg = —1 V for each t; t = 0 corresponding to Fig. 2).
(c) Arrhenius plot of the normalized conductance vs temperature relationship at
two different Vi values, measured under dark ambient conditions following the
formalisms for the reverse voltage (i.e., —Vgq) region of a 2D Schottky model
[Egs. (1)=(3)]. Only the values represented by the red symbols are measured under
light after performing the measurements in Fig. 2(c) (i.e., t, = 120 s).
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When photo-irradiation is carried out to the lateral S] under high
electric fields caused by reverse V4, photogenerated electrons and
holes flow into the 2H semiconducting and 1T’ metallic regions,
respectively, resulting in a drastic increase in Iphoto [Fig. 4(b)]. How-
ever, a reduction in Iphoe can be caused when excess electrons are
trapped by many defects in the 2H region or when excess holes are
trapped by many defects in the 1T’ region close to the SJ interface
by applying a constant Vg4 for t, because sufficient charge trap-
ping relaxes the band difference and concentration of the electric
fields [Fig. 4(c)]. This is in good agreement with the I po reduc-
tion in the Vg sweeping to the +Vgy region after a longer
that Vgg=—-1V.

In the present structure, the 1T’ metallic area is formed by heat
accumulation due to LB irradiation, whereas the 2H semiconducting
area is unaffected by the LB. Hence, almost all defects should exist
only in the 1T’ region close to the SJ, and holes should be trapped by
many defects in the 1T’ region [Fig. 4(c)]. Indeed, the onset of the
forward-voltage current is more gradual than that in the EB-derived
SJ with fewer defects and free Fermi-level (Er) pinning, and the esti-
mated ideality factor 5 ~ 1.2 (meaning the generation/recombination
currents by defects at the SJ) is larger than that in the EB-derived
case (11 ~ 1.07) when the forward-voltage current is fitted by the for-
malism of the 2D SJ. The excess heat accumulation that causes the
IT" phase may yield a larger concentration of defect centers
compared with the EB-derived SJ case.

On the other hand, the Vy sweeping from the +Vg to -V
regions after the shorter t, at Vg = +1 V leads to a decrease in Iypoto,
and the longer t; results in a larger Iphot. This is because the trapped
holes recombine with electrons during f, at a constant Vg = +1 V
under ambient light conditions [Fig. 4(d)]. The shorter t, at +Vq is
not sufficient for this recombination, and the captured holes persist,
thereby reducing Ipoto.

Under dark ambient conditions, such carrier trapping and
recombination processes are caused only by the application of
Vid. Thus, Iyq decreases as Vg is swept from the -V to +Vq

High E Photo irradiation

Vrelaxation

(C) Vsd
After t,at V 4= -1

|
7 (d)
After t, ;t Veg= +q

FIG. 4. Schematic views of the energy band diagrams of the SJ for the reverse
SJ region (i.e., —Vsq) at (a) Vg = 0V, (b) —Vig, and [(c) and (d)] for Figs. 2(c) and
2(d) experiments.
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regions after it is swept from +V,q to —Vq, resulting in very small
hysteresis-like loops [Fig. 2(a)]. These loops become unstable as
Vs is swept from +Vg to —Vyq after being swept from -V to
+Via [Fig. 2(b)]. The independence of #;, under this dark condi-
tion suggests that the photo-active carrier trap centers yield the
above-mentioned large partial hysteresis properties under ambient
light conditions. Nevertheless, the partial hysteresis properties of
the reduced Iy persisted even in the dark for a few minutes after
Fig. 2 measurements were completed under ambient light condi-
tions [Fig. 3(a)]. This suggests the presence of residual carriers in
the defect centers, which may have strong carrier capturing and
maintaining characteristics.

To confirm this interpretation, the temperature dependence of
Iy is measured. Figure 3(c), an Arrhenius plot of the normalized
conductance vs temperature relationship, shows the measurements
obtained in the dark following the formalisms for the reverse voltage
(i.e., —Vsq) region of a two-dimensional (2D) Schottky model, which
are as follows:’

?5
Lp = WA*,pT/? _47% ) 1
2D 2D exp ksT ( )
A%op = qv/ 8mkg*m* [h2, )
m* = 0.45my, (3)

where ¢ is the SJ barrier height, A*;p is the 2D Richardson
constant, W is the junction length (~8 ym), kg is the Boltzmann
constant, m” is the effective mass of MoS,, and my is the electron
mass. All dependencies for two different Vyg values show linear rela-
tionships with slope values of ~0.14 and ~0.04 eV for Vg values
of 0 and 19 V, respectively. The slope values for Vps of 0 and
+19 V are almost the same as those for ¢p reported in our previ-
ous experiments using similar samples with the 1T/2H SJs, implying
that they can correspond to ¢, which suggests the presence of
1D lateral SJs.

However, no such distinct relationships are confirmed at
Vig of —19 V under dark ambient conditions. Thus, the same tem-
perature dependence measurement is performed after applying t, at
a constant Vgq = —1 V under ambient light conditions [i.e., Fig. 2(c)
experiment]. This measurement is similar to photoinduced current
spectroscopy (PICTS) measurements.”’ A linear relationship with a
much larger slope value of ~0.28 eV is reconfirmed, as shown by the
red symbols in Fig. 3(c). This result suggests that the reduction in
Iohoto after #, in Fig. 2(c) can be attributed to the hole capture and
accumulation caused by this deep trap center, as shown in Fig. 4(c).
Indeed, this relationship becomes ambiguous and almost disappears
by the measurement of Fig. 2(d) (i.e., after applying t at a con-
stant Vgq = +1 V under light). These results qualitatively support the
strong correlation between the observed hysteresis properties and
hole capture and recombination via the deep trap center (~0.28 eV),
as shown in Figs. 4(c) and 4(d).

This in-plane 1D SJ provides rapid dissociation of the
photogenerated excitons owing to the concentration of high elec-
tric fields under the reverse voltage regime. However, the deep trap
center in the 1T’ region close to the SJs can capture photogener-
ated holes rapidly before they diffuse into the electrodes. Moreover,

AIP Advances 12, 105210 (2022); doi: 10.1063/5.0098198
© Author(s) 2022

12, 105210-4


https://scitation.org/journal/adv

AIP Advances

because this trap center is quite deep, it can tightly maintain carriers
(i.e., memory effect) for a few minutes even after photo-irradiation
is stopped [Fig. 3(a)]. Because such a photosensitive deep trap center
has not been reported in MoS;, it is unique to the present 1T’ phase
yielded by the LB-derived excess heat.

The observed partial hysteresis properties in Ijho can be
eliminated by thermal annealing of the samples (at ~350 °C under
a high vacuum of ~10® Torr for 30 min), resulting in the increase
in Ippoto and Ieg [dotted curves in Figs. 1(d) and 1(e); black and
yellow dotted curves in Fig. 2(d)], which is four times higher than
that in our previous report. This realizes higher-efficiency photo-
sensors. In contrast, these hysteresis properties, which are caused
by the photo- and Vg-sensitive deep trap center, can open a
door to create atomically thin opto-neuromorphic devices, such as
SJ photo-memristors, in which the application of a pulsed +Vy to
the 1D SJs leads to the realization of consistent bipolar and analog
switching exhibiting synapse-like learning behavior, controlled by
photo-irradiation.”*
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251 B-generated heat accumulates over the regions scanned by the LB, and the tem-
perature of the regions reaches ~300 °C, resulting in a phase transition from 2H
to 1T’ starting from the top surface layer. Because excess heat accumulates from
the top surface, such layers burn out and become thinner, resulting in a change to
a (semi)transparent appearance [Fig. 1(a)].

28The PL signals demonstrate large and small peaks at high and low wavenum-
bers for the LB non-irradiated (2H) and irradiated (1T") regions, respectively
[Fig. 1(b)]. The former corresponds to the small band gap energy of bulk MoS,,
while the latter could be taken to mean that three layers of bottom-side MoS,
remained after the top-surface side burned out, and the remaining few-layers
transited to the 1T" metallic phase. The presence of the 1T’ metallic phase was
confirmed by Raman spectroscopy [peaks J;-J3 in the inset of Fig. 1( o)].>e
2"Two electrodes [indicated by A and B in Fig. 1(a)] consisting of Ti/Au
(20/500 nm), one of which is located in the 1T’ metal region (i.e., LB-irradiated
region), while the other is in the 2H region, were formed on both sides of the
junction for photocurrent measurements. A back-gate electrode was attached to
the back side of the Si substrate with a thick SiO, layer (~300 nm).

28Because the application of —Vyg depletes electrons in the n-type semiconduct-
ing region, I is significantly induced. In contrast, because electrons are heavily
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doped into the n-type semiconducting region by applying +Vy, in Fig. 2(d), and
the doped electrons significantly contribute to the detected currents, the current
increase in —Vq disappears.

29Fermi-level (Er) pinning free from defects and impurities was demonstrated
due to the concentration of excess electrical fields at the in-plane 1D SJ.”" In the
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EB-derived SJ, the 1T metallic phase was imprinted into few-layer
2H-semiconducting MoS, by EB irradiation, resulting in the formation of
in-plane lateral 1T/2H phase 1D SJs with a barrier height (¢p) in the range
of 0.13-0.18 eV.? The EB-derived 1T phase crystal had fewer defects because
EB irradiation caused less damage, resulting in a small number of defects at the SJ.
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