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34 Abstract

We have developed a method of evaluating the photoinduced carrier dynamics of
39 nanostructures by combining optical technologies with multiprobe microscopy techniques. Using
41 multiple probes, measurement cam be carried out even for a small sample without complicated
43 pretreatments, such. as,attaching electrode structures. Using transition metal dichalcogenides
(TMDCs) as a sample.and a.continuous laser or an ultrashort pulse laser as the light source, we
48 demonstrated analyses of the carrier dynamics related to trap levels in a millisecond to second

50 time domain and the altrafast photoexcited carrier dynamics in the picosecond region.
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1. Introduction

The development of electronics to date has been promoted by the miniaturization of
functional devices. Molecular/atomic-level devices are expected to be realized in the futures
However, as the size of devices decreases, it becomes more important to control phenomena,such
as carrier scattering due to nanoscale crystal irregularities and atomic-scale impurities. Therefore,
there has been a strong desire for the development of measurement methodi that can locally
evaluate these effects. Scanning tunneling microscopy (STM) is one of the promising candidates
for this purpose. STM was developed by Binnig and Rohrersin 1982" and has contributed to
numerous achievements in nanoscale science. In STM, a yery sharp tip is brought close (within
about 1 nm) to the surface of a conductive material or-atoms/molecules adsorbed on the surface.

4
Then, by measuring the tunnel current flowing between'the sample and the tip, atomic structures
or local electronic states can be analyzed at the nanoscale. However, only physical information
immediately below the tip can be obtainedsing an ordinary STM system with a single tip.

Therefore, multiprobe (MP) microscopy techniques were introduced®™”, which can accurately
control the positions of multiple”probes,on the um- to -nm scale. For example, local in-plane
electrical conduction, includinganisotropy, can be directly measured. Furthermore, by combining
MP microscopy with optical technologies, it becomes possible to investigate local photoinduced
characteristics of materials®* ', In particular, when MP microscopy system is combined with a
pump-probe method using an ultrashort pulse laser, time-resolved measurement is possible even
in the fs region® 4715 while maintaining the spatial resolution of STM. Therefore, laser-combined
MP microscopyshas become a particularly powerful measurement method for evaluating
photoinduced properties in a wide range of time and space regions®.

Layered materials such as transition metal dichalcogenides (TMDCs) have recently been

attracting considerable attention'®'®. TMDCs are two-dimensional sheetlike materials having a
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structure in which transition metal atoms are sandwiched between chalcogen atoms (S, Sej Te).
They have a wide range of functions due to the variety of choices of elements. For exampleya
TMDC which has 2H structure with Mo or W as the transition metal is a semiconductor with a
bandgap in the visible light region'” and a TMDC with Zr or Hf is agswide bandgap
semiconductor®. It has also been reported that Nb-containing ~TMDCs exhibit
superconductivity?). Besides, TMDC semiconductors with Mo or W have, electron mobilities
~

comparable to that of Si*?>%?, their monolayer (ML) films have a (direct-transition-type band
structure and show a strong light-matter interaction. Accordingly, TMBDC semiconductors are
being actively studied for applications to logic electronic circuits and.optoelectronics/photonics
devices.

Here, using our developed laser-combined MP microscopy,?he following three experiments
were conducted on TMDC semiconductors Wwith an-atomic layer thickness: (i) transport

characteristic evaluation using two probes, (ii) ms-scale trap capture/emission analysis using a

continuous light source, and (iii) ps-scale dynamics evaluation with a femtosecond pulse laser.

2. Laser-combined m{JItiprobe microscopy

Figure 1a shows the system we have developed. Four probes can be used in the ultrahigh
vacuum chamber (~10*Pa). Each probe scanner can be equipped with an ordinary STM probe or
a conductive AFM (cAFM) cantilever as a contact probe for the electrode. Using a cAFM probe
for contact/can minimize:damage during the contact process, even for ultrathin film samples such
as TMDC MLsuyThe probes and sample can be aligned by observing the optical microscope
(resolution ~1/um), and repeated local conduction measurements can be performed on a small

sample without the need to form electrodes by lithography. It is also possible to introduce liquid
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He into the cryotank and carry out an experiment in a low-temperature environment down¢to 40
K.

For photoexcitation, light beams are introduced and focused through the objective lens,of the
optical microscope. It is possible to irradiate any position without being hindered by,the MP
structures. If the probe/sample position fluctuates with respect to the light irradiation point, the
effective light intensity at the measurement point will change, making the use of a vibration

~
isolation system important. The eddy current damper in the chamber and the active air spring
system enable stable measurements. A continuous light laser that can be €lectrically turned on
and off or an ultrashort pulse laser with the modulation system we developed® was used as the
light source in this study. By combining these laser systems with the MP system, the measurement
of local photo-induced dynamics under operating conditions was realized. Examples of

experimental setups are shown in Fig. 1b. In this,work, all'probes were used in contact with the

sample.

3. Evaluation of transport characteristics using multiple probes

Back-gated FET (BG-FET)sstructures have been used to investigate the carrier transport
characteristics of low-dimensional semiconductors/semimetals of interest>*?>. A general structure
is a three-terminal device'in which a channel material is placed on a substrate such as SiO,/Si,
and fixed electrodes are formed using a lithography process. However, since various chemical
treatments /are performed,using a resist mask and a solvent in the lithography processes, some
residues remain on'the sample surface. Such residues greatly affect the conduction characteristics
of low-dimensional semiconductors. Also, the spatial resolution of the analysis using the system

18 limited.
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On the other hand, in measurements using MP techniques, some of the probes can beyused
to contact the sample without the need to form fixed electrodes. This has the advantages thatmo
pretreatments are required and that the conduction characteristics can be measured while freely
changing the electrode positions. Furthermore, the spatial resolution is in the nanoscale range.

Figures 2a and 2b show the sample and experimental setup used in our study, respectively.
As shown in the optical microscopy image in Fig. 2a, a ML/bilayer (BL) WSe; film grown by
chemical vapor deposition (CVD) on a SiO»/Si substrate’® was used for the\sample. A cAFM
cantilever (spring constant 0.2 N/m, Ptlrs coating) was placed in contact,with the sample. It has
been reported that when an electrode is placed on WSesichannely. the structure becomes a
Schottky-type FET?’?®. Information on Schottky barrierSand carrier densities can be obtained by
measuring the gate voltage (V) dependence of the drain-source current (1ss). As shown in Fig. 2b,
the position of the source probe was fixed, and the /i, image was measured while scanning the
position of the drain probe across the ML/BL. interface. The red cross in Fig. 2a shows the source
probe position, and the drain probe was scanned for measurement in the red point

indicated by the red arrow.

Figure 2c shows the /s (currint between source and drain) image obtained in the red
point in Fig. 2a under the conditions of V., =50 V and V4 =9 V, where V,; is the gate voltage
applied between the gate.and the source, and Vi, is the bias voltage applied between the drain and
the source. A discontinuous change in current was clearly observed at the ML/BL interface. To
analyze the characteristic in more detail, we stopped the scan every 120 nm while scanning the
same area and swept the gate voltage Vy from -80 V to +80 V to measure the current Iy flowing
between the source and the drain. Through the process, we obtained the lu- Vg property. The
typical 14V, curves obtained in the ML and BL regions are shown in Fig. 2d on semi-logarithmic

axes. The broken line in the figure shows the noise level of the current. Both graphs behave
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exponentially in the region of V= 0-50 V. This indicates that the sample is an n-channel-type
FET and that the main carriers are electrons. The slope of the semi-log plot is almost the same for
the two curves, but the increase in V, in the ML region is shifted to the positive side by about 10
V from that in the BL region.

It has been reported that Schottky-type FETs exhibit exponential /4-V,s characteristics when
TMDC MLs of up to several layer are used as samples*’2®. This could not.be explained by the
conventional model but is now understood to involve a mechanism that conside\rs the effect of the
electric field applied between the source and gate electrodes whereby, electrons entering the
channel from the electrode are produced by tunneling or thetmal eXecitation above the Schottky
barrier. This is consistent with our results as follows.

First, the bandgaps of ML and BL. WSe, are about 2.4 eV, and 1.8 eV, respectively, and the
electronegativity of the BL is about 0.2 eV larger than that of the ML>*. Therefore, the band
structure when the probe is not in contact can be expressed as shown in Fig. 2e. If the probe is
placed in contact in this state, the Schottkysbarrier will be lower on the drain side than on the
source side (Fig. 2f). Thus, the rising,voltage of the BL will become smaller than that of the ML
because the electronegativity in\the BL region is large, and the effective Schottky barrier is
lowered accordingly. As shown in Fig. 2d, the slope of the semi-log plot did not change and only
a shift in V, that depended on the Schottky barrier height was observed, which is also consistent
with the model.

We succeeded innshowing that the change in characteristics caused by the differences in
Schottky bartier height can be evaluated with nanoscale spatial resolution by MP-STM. It has

thus become possible to evaluate the characteristics of FETs together with the information of local

structures'such as atomic-scale defects observed by STM.
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4. Analysis of millisecond-range optical transient response

4-1  Examination of the measurement method

TMDCs have a strong light-matter interaction and exhibit up to 10% light absorption in their
MLs. Therefore, TMDCs exhibit high responsivity when used as a photodetector as compared
with three-dimensional (3D) semiconductors such as Si. On the other handy'the response time of
Siis ~ 108 s, whereas that of TMDC materials is 10°3-10" s, and the gain bandwgth when TMDCs
are used as a photodetector is almost the same as that of the conyentional 3D’ semiconductors.
The slow optical response of TMDC-based materials is due/to the trap levels existing in the
substrate and channels. Therefore, it is very important/to analyze this response so that the
performance of TMDCs can exceed that of conventional'photodetectors. We attempted to develop

4
a method of measuring the dynamics of the photoconductive response at the nanoscale using the
MP microscopy.

First, we carried out an experiment using the MP-STM system combined with a continuous
light source to measure the ms-scale optical response. Figure 3a shows the measurement setup.
After the two probes were brought in centact with any desired point on the sample, continuous
light with on-off modulation"was intermittently irradiated between the probes. The electrical
connection was a BG-FET striicture using two conductive AFM cantilevers, as in the case of Fig.
2. We introduced three laboratory-built preamplifiers for multiprobe measurement so that the
currents flowing through the drain probe, source probe, and gate electrode could be detected
independently. If there is\a large difference in the response bands of the three preamplifiers, an
artifactwill occurwhen the difference in the time response of each preamplifier is taken. To avoid
such.a problem, the phase compensation capacitor of the current-voltage conversion circuit of

each preamplifier was adjusted to make the response band uniform. From the step response time,

it was confirmed that the band was ~1 kHz. A semiconductor laser (wavelength 532 nm) that can
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be electrically switched on and off was used as the light source. The analog modulation band/of
the light source was 250 kHz, which is sufficiently faster than the response of the preamplifier:

Figure 3b shows the measurement sequence of ms optical response dynamics. (i) Fizst, Vs
or V, is changed to the set value. When V,/V, is changed, a pulse current flowssto the parasitic
capacitance of the system and the capacitance component of the sample. Thusswe must wait for
a certain period until the current reaches a steady value. (ii) Next, measurements are carried out

~
repeatedly to acquire the time response of Iy while turning the light on'and off at aregular interval.
(iii) Thus, a transient response curve can be obtained by integrating and averaging the data. Then,
returning to (i), Vas/ Ve is changed to a different value and the'measurement is repeated.

First, the transient optical response of ML-WSe, on a SiO,/Si substrate prepared under the
same conditions as the experiment shown in Fig. 2 was analyz%d. Figure 3¢ shows the results
when the light irradiation positions were set to. 1.and 3"in'Fig. 3a. The experimental conditions
were Vg =10 V, Vi =0 V, a drain-source probe distance of ~7 um, light intensity = 0.5 mW, and
a light spot diameter of ~2 um. When the contact on the source side was irradiated, both currents,
Iy and I, increased when the light was,turned on, but a sharp peak occurred only in /;. On the other
hand, the opposite tendency was observed when the drain side was irradiated. The difference in

N
noise level between /s and I is due'to the fact that no voltage was applied to the preamplifier
measuring /;, where no noise originated from the voltage source.

When measurement is,performed in a steady state and there is no leakage current to the gate,
Iq and I; should be equivalent. However, as shown in Fig. 3c, when the light was on, a pulselike
current peak occurred in the probe near the light spot, whereas when the light was turned off, the
current slowly decayed in the probe far from the light spot. The reason for the difference between

1 and I is.considered to be the presence of capacitance components in the channel, which cause

charging and discharging.
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The origin of this phenomenon is considered to be the change in conductivity around the
probe due to light irradiation. Figure 3d shows the in-plane potential distributions when a positive
voltage is applied to the drain without (upper) and with light illumination at the.source probe. A
nonlinear potential distribution is formed in the two-dimensional channel, and ajlarge potential
gradient is generated in the vicinity of the probes. The resistances near thesdrain,and source
contacts are respectively written as Rs and R, and contact resistance is\not considered for

~
simplicity. When the vicinity of the source probe is irradiated, a large number of electron-hole
pairs are generated. In this case, electrons flow to the channel side and holes flow to the source
probe side owing to the in-plane electric field produced by«Vg In-addition, screening occurs in
the irradiation spot, and the resistance R; near the probe decreases owing to the increase in carrier
density. As a result, the voltage drop near the soutrce probe decreases, and the potential of the
entire channel drops (Fig. 3d, lower figure). Thereby, the'potential difference between the gate
and the channel also changes, and the.capacitance between the gate and the source is charged so
that a peak displacement current is generated from the source probe side with low resistance.
When the light is turned off, the potential distribution returns to that before light irradiation, but
Is slowly decreases because the'charged electrons are extracted from the drain side.
N

Figure 3e shows a simple gquivalent circuit and the electron path. The difference in transient
response time constant when the source and drain sides were irradiated with light, shown in Fig.
3c, is considered to be dueito the difference in contact resistance. Namely, the RC coupling time
constant increased owing'to the large contact resistance of the drain probe.

Figure 3f'shows the results obtained when the center of the channel between the probes was
irradiated. The currents /3 and I; are almost the same, which means that when the center of the

channel i$, irradiated, the potential of the entire channel does not change owing to the effect

mentioned above, and the effect of the displacement current due to capacitive coupling can be
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minimized. Therefore, to correctly evaluate the photoconductive response in the photoexcited
multiprobe system, it is necessary to perform photoexcitation symmetrically with regard:to the
probe arrangement. This relationship holds even when the width of the light spot is, large
compared with the distance between the probes, provided that the light excitation is carried out
uniformly on both probes. Thus, by reducing the distance between the probes;te the.xnm scale, it

is possible to measure the light conduction response more locally.

4-2 Application of the developed method

Next, keeping the photoirradiation at the central part between the.probes, transient responses
in Iy and I, were measured while changing V. The light intensity was 10 uW with Vg = 10 V.
The transient response up to 600 ms was measured at a gampling rate of 5 kHz after
photoirradiation was stopped at 0 ms. Figure 4a'shows a typical result. Figure 4b shows plots of
14 as a function of time for various Vg values, which were obtained from all the measured data
shown in Fig. 4a. V, was changed within the range possible in this experiment. When V,, higher
than this range was applied, current leakage occurred and the sample was destroyed. As shown in
Fig. 4a, two different features wit\h different slopes were observed in regions (i) # < 1 ms and (ii)
t>1ms.

First, we consider the dynamics observed for (i) t < 1 ms. For ML-WSe, it has been reported
that optical carrier recombination occurs on a time scale of ps to ns. Therefore, the 1 kHz band of
the preamplifier usediis‘considerably slower than the carrier recombination dynamics and all
excited carriers were already recombined 1 ms after the illumination was turned off. Therefore,
to examine in detail the photoexcited carriers lq, on - /4, 1ms, the drain current Iy, 1ms measured 1 ms

after the dight was turned off was subtracted from the drain current /s - measured during light

irradiation for all the data similar to those in Fig. 4b. The results are shown in Fig. 4c¢. I4,on- La, ims

10
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increased as V, became increasingly positive. From the /4-V, characteristics in the dark state /as
shown in Figs. 2d and 2e, this sample is slightly of the n-type for V, = 0 V, and the Fermi level
Er is close to the conduction band. In the V range of this experiment, the amount of electron
doping increases as V, becomes increasingly positive. It has been reported that electrical doping
reduces the binding energy of excitons in a ReSe, sample formed on a graphene®®. Figure 4d
shows schematics of the band structures for positive and negative gate voltages under the dark
~
condition. For simplicity, the trap levels are not shown here. Band bending due to the Schottky
junction appears between the electrodes and the sample, and the sign of the gate voltage changes
the direction of the electric field?V. Therefore, when the number of free€lectrons increases with
Ve in the positive region, the screening is considered to-weaken the Coulomb binding force of
excitons. This effect should also be reflected in thé chafge inrthe intensity of the photocurrent
response to Vg in region (i) of Fig. 4a.

Next, we consider the dynamics,in (ii) t > 1 ms. Photoexcited free carriers have already
disappeared at # = 1ms, and the emission of carriers captured by the trap levels immediately after
the light has been turned off determines the subsequent dynamics of the current response. Such
responses have been analyzed by macroscopic measurement methods such as deep-level transient
spectroscopy (DLTS)* and photoinduced current transient spectroscopy (PICTS)*® and other
related techniques. Defect levels have been evaluated using these methods, and the large variation
in response time for photoelectric devices using MoS; is a major problem to be solved for their
application'’#% Tf the multiprobe method can be used to investigate the transient response in time
domain_(ii), vit is expected to become an important technology indispensable for device
miniaturization and further performance improvement.

When, photoexcitation is stopped, the excess electrons generated by photoexcitation are

captured by the trap levels in the bandgap. It has been reported that carriers are emitted from the

11
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trap levels after turning off the light, and a long-lived response (ms-s) is observed!'’**3>, Therefore,
by measuring the V,, dependence of the /s and /; dynamics, the characteristics of the trap levelsiin
this system can be analyzed. Figures 5a, 5b, and 5c show the dependences of I, I, and the
difference between them I - Is on V, and time. The color scale represents the intensity,of each
current. As can be seen, there is a region where /- I; has a measurable value, indicating that there
are holes emitted from the trap levels in this region and that there is a transient response of the
~
holes in addition to that of the electrons. The value decreases as V,; decreases and falls below the
noise level at Vs <-90 V.

Figure. 5d shows the spectra of /; obtained at Vy = + 38V, +60, V4 and +100 V, where the
solid blue lines are the fitting curves for the data shown inred. The fitting was performed using a
two-component exponential function, and the agreéement with-the experimental results is very
good. Figure S5e shows the fitting curves as afunction of Ve, with the intensity shown by the color
scale. A graph similar to that shown in Fig. 5b was obtained. Figure 5f shows the V,, dependence
of the lifetimes of the two components. The,variation in the small-V,, region is attributed to the
weak signal and the low signal-to-noise ratio, as shown in Fig. 5d. The shorter lifetime (~20 ms)
is that of the holes, and the long\er one (~200 m) is that of the electrons. The slow component
appears to become slightly longer with V.

Next, the results,obtained forregion (ii) shown in Fig. 4 are discussed. Figure 6 shows model
diagrams of the time dependence of the band structures for different V, values. In accordance
with the discussion thuss'the time axis ¢ is divided into the dark state, the excited state, and the
time when excitation has stopped, i.e.,0 <7< 1 ms, 1 ms < ¢ <30 ms, and 30 ms < ¢, respectively.
The gate voltage is divided into Vi, < -90 V, where only the dynamics of photoexcited current is

observedgiand -90 V < V,,, where the dynamics of holes and electrons captured at the trap levels

are observed. The table on the left shows model diagrams of the carrier dynamics at trap levels

12
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under various conditions. The figures on the right show the change in band structure caused by
V.

At Vg <-90 V, the Fermi level Er is close to the valence band, and the trap levels at energies
higher than E; are empty, as shown in Fig. 6. Also, almost no steady current flows. The band is
convex upwards. Therefore, the photoexcited electrons and holes reach the electrodeé:and become
the current observed in the region of # <1 ms as shown in Fig. 4a. Furthermore, no trapping occurs;

~
thus, the carrier dynamics observed in region (ii) do not occur.

On the other hand, at -90 V < Vy, the acceptor levels are filled with electrons under the dark
condition. When the sample is photoexcited, the trapslevels become empty, and when
photoexcitation is stopped, the electrons in the valence band start to be trapped, thereby holes
start to be emitted to the valence band. Then, the in-plane electric field drives the holes to the
source electrode, causing the current dynamics of /; - Iy, @s shown in Fig. 5c. The emission of
electrons captured at the trap levels also occurs after the photoexcitation is stopped. A change in
the number of electrons trapped in the trap levels affects the potential in the light spot area and
mobility of electrons*~9, causing a change in steady current’’?®. To provide a deeper and
quantitative insight, it is necessary. to evaluate the temperature dependence and other dependences.

N
This is beyond the scope of this study and is left as a future task.

It has been shown that the Taser-combined multiprobe system enables the analysis of the ms-
scale photoinduced carrier, dynamics related to trap levels. In low-dimensional semiconductor
devices, the effect of trap‘levels existing at the surface and interface is large and there is a marked
variation among samples, limiting the application of TMDCs!73%. Laser-combined MP-STM has
enabled us to locally and repeatedly measure the photoconductive response without difficult

pretreatments such as lithography, making it an effective analysis method for solving the above

problems. Furthermore, by combining the method with the observation and imaging techniques

13
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of STM itself, it becomes possible to evaluate the dynamics of electronic states as compared,with

the nanoscale structures.

5. Evaluation of ps-scale carrier dynamics by time-resolved MP

microscopy

Thus, we have evaluated the photoinduced conduction dynamicsfin the \range of ms to s.
Since carrier dynamics in the ultrahigh-speed region of low-dimensional materials are greatly
affected by phenomena such as atomic-scale defects, the evaluation ofythe ultrafast carrier
dynamics on the nm scale is also strongly required. Using/the MP.microscopy system, the probe
position can be determined with nm accuracy, and it.ds'pessible to evaluate carrier dynamics in

4
the ultrahigh-speed region even for a sample placed on an insulating material. Thus, measurement
results in the ms region have been shown, but here we show results obtained for the measurement
of carrier dynamics in the ps region.

For CVD-grown ML WSe; 0n SiO»/Si, the,time-resolved measurement of the ps region was
performed using the laser-combified MP-STM. Figure 7a shows an optical microscopy image of
the measurement setup. Twer€AEM. cantilevers were brought into contact with the sample. The
distance between the probes\was set to 34 um, and one of them was irradiated with a femtosecond
laser pulse for measurement.

A delay time modulation method with pulse picking was used for the optical pump-probe
system for time-resolvedimeasurement®'?. The light source used was a Ti:sapphire laser with a
wavelength of 800mm, a pulse width of 150 fs, and an average intensity of ~30 mW. The voltages

applied to the AFM probes were Vg =20 V and V, = 0 V. Figure 7b shows the band structure

under the measurement condition.

14
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Figure 7b shows the obtained time-resolved spectrum. The time-resolved signal in the range/of
0-400 ps was fitted by a two-component exponential function. The early component was 17£0.4
ps and the slow component was 114 + 4 ps. Experiments using the conventional optical pump-
probe method have already been reported, and the two lifetimes we obtained arerin good
agreement with the previous results**#?. The origin of the dynamics in the pssegiomis attributed
to a mechanism involving very shallow trap levels*” and Auger processes*". Using the laser-

~

combined MP microscopy system we have developed, we demonstrated that time-resolved

measurements at the ps level are possible.

6. Conclusion

By combining multiprobe microscopy techniques with optiaal measurement technology, we
have realized a method of investigating the transient response of the electronic state of a sample
to a light stimulus over a wide time range. Using STM, it is also possible to analyze the electronic
state in comparison with the nanoscale structure. This method is expected to play an important

role in developing new functional materials and devices in the future.
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Figure Captions

N

Fig. 1 Time-resolved multiprobe STM system. (a) Schematic diagram of the system. t:: delay

time, Atz; modulation width of delay time. (b) Examples of measurement using multiple probe

system: (i) conduction dymamics (upper-left), (ii) carrier dynamics in TMDC

(lower left) 4and (iii) carrier dynamics in nanostructures (lower right).

Fig. 2 (a) Optical photograph of the sample. ML: monolayer, BL: bilayer. The red cross point is

the source probe position, and the drain electrode probe was scanned in the red pint area-

allred indicated by the red arrow. (b) Schematic diagram of the experimental setup. (c)
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I image obtained in the red point in (a). (d) V, dependence of I on ML and BL avhen
irradiating the probe position on the source side. () Energy relationship between the probes and

sample. (f) Band structure in the junction form.

Fig. 3 (a) Schematic diagram of the measurement setup. (b) Measurement sequence. (c) The light

irradiation positions were set to 1 and 3 shown in (a). Measurement results of /; and /4 transient
~

responses with and without light irradiation. Vs = 10 V, Vi = 0 V. (d)/Potential distribution

between source and drain with and without light irradiation to the position 1 shown in (a). (e)

Circuit diagram corresponding to the configuration of the measuring unit. (f) Time dependences

of I; and I when the light irradiated to the center of the channel between the source and drain was

turned on and off. v

Fig. 4 (a) Time dependence of Iy after lightiirradiation was stopped. (b) V. dependence of Iy at
the time of light irradiation and /4 at each time after stopping light irradiation. (c) V, dependence
of /-1, obtained by subtracting the I, after, 1 ms from that immediately after light irradiation was

N
stopped. (d) Band structures when Vg is negative (left) and positive (right) with Vg, = 0.

Fig. 5 V. dependences of\the (a) drain current /4, (b) source current /;, and (c) the difference
between them /-I; on the gate voltage and time. (d) Time-resolved spectra of I at Vs =+ 38 V,
+60 V, and +100 V /where the red lines are the experimental values and the solid blue lines are
the fitting curves. (e) Fitting curves as a function of V,,, with the intensity shown by the color

scale. Alltime-resolved data were used. (f) V. dependence of the lifetimes of the two components.
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Fig. 6 Model diagrams showing the time dependence of the band structures for different V, values.

oNOYTULT D WN =

E.: conduction band edge, Er: Fermi energy, E,: valence band edge, blue arrows: current flow,
1 green arrows: electric field produced by Vi, blue square: trap states for electrons, red squate: trap
13 states for holes, filled electrons/holes are shown by blue and red colored regions./The schematics
15 on the right show the band structures for different Vq values.

19 ~

20 Fig. 7 (a) Optical microscopy image of the measurement setup. (b) Schematic diagrams of the
22 band structure under measurement condition. (c¢) Time-resolved signal‘obtained for CVD-grown
24 ML WSe; on SiO,/Si. The time-resolved signal in the rangerof 0-400ps was fitted by a two-

component exponential function.
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