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ABSTRACT: We study the in situ electro-conductance in nano-
scale electronic devices composed of suspended monolayer WS,
with metal electrodes inside an aberration-corrected transmission
electron microscope. Monitoring the conductance changes when
the device is exposed to the electron beam of 80 keV energy reveals
a reversible decrease in conductivity with increasing beam current
density. The response time of the electro-conductance when
exposed to the electron beam is substantially faster than the
recovery time when the beam is turned off. We propose a charge
trap model that accounts for excitation of electrons into the
conduction band and localized trap states from energy supplied by
inelastic scattering of incident 80 keV electrons. These results show
how monolayer transition metal dichalcogenide 2D semiconductors
can be used as transparent direct electron detectors in ultrathin
nanoscale devices.
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B INTRODUCTION

characterization of electrical performance and atomic structure.
Recent works on nanowires have made use of STEM:TEM in

2D semiconductors, such as WS, and MoS,, have recently
attracted significant attention due to their direct band gap,
which makes them suitable for semiconductor electronic and
optoelectronic applications including transistors, photodetec-
tors, and light-emitting devices." The ultrathin monolayer has
enabled a variety of different device structures to be explored,
including lateral and vertical geometries. Electronic applications
from diodes with homojunctions and heterojunctions,™ to
transistors and logic circuits have been reported.*”® Photo-
detectors making use of the photoconductivity of single
material or photoinduced current in pn junctions have also
been realized.”® The former device generally exhibits a large
photoresponsivity but slow response time due to the existence
of trapped states.” "'

Despite the intensive work on 2D photodetectors,
investigations on electron detection using 2D materials is
limited. Part of the reason is the challenge of experimentally
implementing electron irradiation compared to optical
excitation of devices. In situ electrical measurements of devices
inside a transmission electron microscope (TEM) using
specialized electrical biasing holders enable simultaneous
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situ TEM holders that utilize piezo controlled shar}o metal tips
as electrodes to direct contact suspended wires,'”'® but this
approach is not ideal for making uniform contacts with 2D
materials that have a larger surface area as compared to
nanowires. Electron beam lithography to pattern and fabricate
nanoscale electronic devices containing graphene has proved to
be a more effective approach to achieve in situ electrical
measurement of 2D materials. The conductivity change of
graphene as a nanoribbon, or as an atomic carbon chain, has
been studied by different groups.'*™'® A Schottky junction
between §raphene nanoribbons and a bulk region has also been
reported. ? When graphene is placed under hi(gh electrical bias,
crack propagation has been shown to occur.”’ More advanced
lithographic methods have shown that in situ gating of graphene
nanoribbons can be achieved using side gates within in situ
TEM experiments.”' More recently, the in situ electrical biasing
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Figure 1. Experimental setup of in situ electrical biasing within the AC-TEM. (a) Photograph of the electrical in situ biasing TEM holder. (b)
Schematic image of the nanoscale electronic devices with bond pads to connect to the biasing holder with electrical feedthroughs. (c, d) SEM images
of the electrodes on the chip. Electrodes are produced on the silicon nitride (SiN) insulating layer covering the silicon substrate for in situ electrical
measurement.

Figure 2. Characterization of CVD WS,. (a) Optical microscope image of as-grown WS, on a silicon substrate. (b) SEM image of a WS, domain. (c)
Low-magnification TEM image of suspended WS, within the in situ TEM electrical holder. Inset is the electron diffraction pattern of WS,. (d) AC-
TEM image of the hexagonal WS, lattice with black atom contrast. (e) Histogram of PL spectra from WS,. The black curve is the average spectrum
of WS, over all spots. Orange curves are the trion and exciton peaks that comprise the PL spectrum. (f) Histogram of Raman spectra from WS,. The
black line is the average spectrum of WS, over all spots in the statistic. Orange curves are phonon modes that contribute to the Raman spectrum.
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Figure 3. Current response of WS, to incident electron beam exposure. (a) IV sweep under different electron illumination conditions. Nonlinear IV
curve is typical for WS, devices with a Schottky contact. DC current decreases with increasing electron beam intensity (Iye,,) and density (Joeam)-
(b—f) Time-resolved response of device to incident electron beam at low bias (Vi3 = 0.5V). The on/off state of the incident electron beam is
indicated by the color of the background (green background for beam off, red background for beam on). (g—k) Time-resolved response of device to
incident electron beam at high bias (V4 = 2V). The on/off state of the incident electron beam is indicated by the color of the background (green

background for beam off, red background for beam on).

TEM studies of 2D materials has been extended from graphene
to MoS,, where conductivity changes induced by electron beam
damage was reported.”

The atomically thin nature of 2D semiconductors (e.g., WS,)
makes them interesting candidates for applications in electron
detection. In electron detectors made with 3D bulk materials,
nearly all the incident electrons are stopped by the detector,
making the detector opaque and the mechanisms behind the
electro-conductance response relatively complex. 2D materials
such as WS, are highly transparent to an electron beam due to
their monolayer thickness and thus offer the opportunity for
electron detectors that are effectively electron transparent,
enabling the majority of the electron beam to propagate
through the device and proceed to other multifunctional
detectors.

In this report, we examine the electron detection ability of
suspended monolayer WS, nanoelectronic devices using an in
situ electrical biasing holder within an aberration-corrected
TEM (AC-TEM). An accelerating voltage of 80 kV is used to
provide electrons with reduced knock-on damage, and
therefore, holes or damage will not rapidly occur in the
ultrathin WS, monolayer. Changes in conductivity of WS, as a
function of electron beam current density are studied, along

with switching of the electron beam on and off to demonstrate
nondestructive cycling of the electro-conductance.

We fabricated nanoelectronic devices using electron beam
lithography methods on a thin silicon chip with 100 nm silicon
nitride (SiN) thin film. Gold electrodes are aligned to a 10 ym
X 50 ym suspended SiN observation window in the center of
the chip. The slits in the electrodes are produced using focused
ion beam (FIB) irradiation, using similar methods as we
previously reported.”” The introduction of the slit in the gold
wire separates the source from the drain to produce a two-
electrode structure. Six devices in total are fabricated on one
chip and are categorized into two groups. Devices in the same
group are co-sourced (Figure 1d). The SEM images of the as-
fabricated chip are shown in Figure 1c,d. The channel length of
our device is 250 nm, with a 2 ym channel width. The large
aspect ratio between channel width and length provides a
uniform electrical field through the channel material (WS,) and
guarantees that most of the current flows directly through the
WS, between the electrodes when biased. Details are described
in the Supporting Information.

B RESULTS AND DISCUSSION

We characterized the chemical vapor deposition (CVD) grown
WS, before carrying out in situ electrical measurements to
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Figure 4. Characterization of the device to incident electron beam. (a) Electro-responsivity of the WS, device. The electro-responsivity is defined as
the ratio between change of IV current and incident electron beam, which increases with increasing source—drain bias as well as incident beam
current. (b) Relative change in conductance of the device due to incident electron beam. The conductivity of WS, decreases down to 10% of its
original value when illuminated by the electron beam. (c) Dependence of response time on incident beam density. Both the response and recovery
times do not strongly rely on the source—drain bias. The response time decreases with increasing beam density, while the recovery time keeps almost
unanged. (d—f) TEM images of WS, in this experiment. (d) Low-magnification TEM image of WS,. Small clusters appear on the WS, after Joule
annealing. (e) AC-TEM image of one cluster on WS, lattice. (f) AC-TEM image of clean region of WS,.

ensure its quality. Single crystal domains of CVD grown WS,
(Figure 2a,b) are used for the in situ measurement in this study.
The low-magnification TEM image in Figure 2¢ shows the WS,
after transfer onto the in situ TEM chip and reveals the
suspended region. Selected area electron diffraction was taken
from this suspended region of WS, and shows only one set of
electron diffraction spots, confirming the single crystallinity of
WS, across the electrode gap (inset of Figure 2c). Despite the
small amount of amorphous residue on the surface, the
transferred WS, is clean enough to resolve the atomic lattice in
AC-TEM images (Figure 2d). We find that, if the WS, contains
excessive amounts of surface contamination, then the measure-
ment of the electro-conductance becomes unstable. The quality
of WS, used in this experiment is further evaluated by
photoluminescence and Raman spectroscopy. Since only a
small portion of WS, is across the device, we take hundreds of
different measurement spots to get statistical information on
overall quality of WS, in this experiment. Panels (e) and (f) in
Figure 2 are the histograms of spectra of CVD grown WS,. In
each image, the color reflects the counts and the black curve
marks the average spectrum. Both photoluminescence (PL)
and Raman spectra are measured with a 532 nm laser. The PL
spectrum consists of a trion peak and an exciton peak. The
energy of the trion and exciton is measured as 1.98 and 2.01 eV,
respectively, which is in accordance with previously reported
values.””** The CVD grown WS, used in our work is n-doped
according to our previous measurements,” similar to other
reports.””*> The doping is likely to arise from either S
vacancies, oxidization, surface adsorbates, or substitutional
impurities. Many secondary resonance peaks appear in the
Raman spectrum of our sample, similar to previously reported

works.”””” The peak shift and height ratio between the Epy
(356.5 cm™) peak and the Ay (4144 cm™) peak are 57.9
cm™' and 3.16, respectively. This confirms the single layer
nature of the CVD WS,.”®

Figure 3 shows the change in current of the biased WS,
device upon exposure to the electron beam. The monolayer
single crystal CVD grown WS, in our experiment exhibits a
negative electro-conductivity; ie., the conductance of WS, is
lowered by the incident electron beam. By varying the incident
electron beam density, we measure a change in the IV curve of
WS,. It should be noted that, due to the nonuniformity of the
electron beam, especially when the beam size is comparable to
the size of the slot covered by WS,, the total current is not
linearly dependent on the beam density. Before carrying out the
electro-conductivity measurements, the device is annealed by
Joule heating. Similar to previous reports on electronic
measurement of WS,,”” we find that a long period of Joule
annealing is necessary to get stable device performance.
Inspection of the device by high-resolution TEM imaging
confirms that this procedure does not damage the WS,.
Although this cannot fully rule out defects caused by Joule
annealing, the effect of newly created defects by the annealing is
expected not to be significant. The IV sweep of WS, under
different electron beam current densities is shown in Figure 3a.
When the electron beam is off, “dark” current up to ~100 nA is
measured under 2 V bias. This results in a conductivity of 6.1
nS (by assuming channel length = 250 nm, channel width =
2000 nm), which is typical for single layer WS, in vacuum.”” ™'
The nonlinear IV curve is due to the Schottky contact between
WS, and the gold electrode contact. When the electron beam is
switched on and is incident onto the WS, device, the DC
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Figure S. Schematic illustrating the mechanism of negative electro-conductance in suspended WS,. (a) Artistic image and (b) band diagram of WS,
with trapped center before e-beam illumination. (c) Artistic image and (d) band diagram of WS, with trapped center being illuminated by incident
electron beam. Hot charge carriers (electrons) fill the trapped states quickly. (e) Artistic image and (f) band diagram of WS, with trapped center
right after the incident beam is shut off. The trapped center slowly discharges.

current drops down to less than 10% of the dark current. For
example, the current passing through WS, at a 2 V bias
decreases from 90 to 8.7 nA when the beam current density
increases from 0 to 457 A/m” (Figure 3a).

An intriguing response and recovery process of WS, to
incident electron beam is revealed in Figures 3b—f and 3g—k.
DC current flow in WS, decreases sharply when the device is
exposed to the electron beam, but increases slowly after the
beam is shut off. Hereafter, we call the decreasing of DC
current when turning on the electron beam as the “response”
process and the increasing of DC current due to turning off the
electron beam as the “recovery” process. The cyclic response
and recovery processes are measured multiple times by
manually controlling the beam valve to switch the electron
beam on and off. One cycle of each measurement is shown in
Figure 3 to illustrate the behavior. The current recovers to its
original value when the beam is turned off again (as seen in
Figure 3b—g).

To further understand the DC response of WS, to the
incident electron beam, we define the electro-responsivity as
following

I-1
Responsivity = —dark

Ibeam

where I is the measured source—drain current when the
electron beam illuminates the device, Iy, is the dark current
(i.e., the current of the device when the electron beam is off),
and I, is the incident beam current. The electro-responsivity
defined here can be seen as an analogy to the photoresponsivity
and represents how sensitive the device is to the incident
electron beam. The electro-responsivity at each bias and
electron beam density is calculated and shown in Figure 4a.
Within our experimental range, the electro-responsivity
increases monotonically with increasing bias and incident
beam current.

The dependence of electro-responsivity on source—drain bias
indicates that our device acts as an “electro-conductor”,
analogous to a photoconductor, of which conductance changes
when exposed to light. The change of conductance is plotted in
Figure 4b. The conductance of the device varies for different
source—drain biases due to its Schottky contact with the gold
electrodes. However, the trend of decreasing conductance with
increasing beam density is clear (Figure 4b). When the beam

current density reaches 457 A/mz, the conductance of WS,
decays to only 9.8% of its conductance in the dark.

Besides the change in conductance, the reaction speed of
WS, to the external electron beam is also studied. Two factors
prohibit us from further increasing the electron beam intensity:
First, the electron-beam-induced damage to WS, becomes
significant with higher electron beam density. Additionally, the
uniformity of the electron beam becomes nonperfect, which
increases the measurement error. By fitting a time dependence
curve in Figure 3b,c, with a formula describing an exponential
decay

I=1,+ L exp(—t/7)

where I is the measured current, Iy and I, are two fitting
parameters, and 7 is the characteristic response time of the
device, we can extract the response (or recovery) time of our
device (Figure 4c). Both the response time and the recovery
time are found to be independent of source—drain bias.
However, the response time varied from the range of 10° to 10"
s in our experiment, while the recovery time is stable at around
10% 5. The response time is about 1 order of magnitude smaller
than the recovery time (Figure 4c), which means the device
reacts much quicker to the turning on of the electron beam
compared to turning off. The time scale of response and
recovery is similar to TMD high-gain photodetectors using
CVD grown material,”*” but slower than most photo-
detectors.”** The recovery time is almost constant regardless
of the density of the beam illumination on the device. On the
contrary, the response time significantly depends on the beam
density.

Although negative electro-conductance is rarely reported,
there are several mechanisms that could help to understand the
experimental results. We start by considering the electron-
beam-induced damage, which is found to alter the conductivity
in graphene and MoS,.***” It is known that electron beam
damage to WS, can introduce sulfur vacancies and other
defects.”**> Some of the vacancies recombine into line defects
at high temperature, which can serve as a 1D conductive
channel when infinitely long.** We do find small holes and
vacancies after long periods of electron beam radiation, which is
similar to references as mentioned. However, no line defects
were observed during the experiment (Figure 4e,f), though
Joule heating effect may increase the temperature of the device.
Besides, all IV measurements are repeated by several cycles to
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rule out the possibility that beam damage dominates the
changes in conductance as we observed. In this way, it is
unlikely that our observation is due to structure change.

Another possible explanation for negative electro-conduc-
tance is the decreasing of charge carrier mobility due to
formation of charged electron—hole clusters (like trion) when
an abundance of free electrons and holes exist in the system.
This mechanism explains the transient negative photo-
conductivity in monolayer MoS, at low temperature.”
However, our experiment is different in both measurement
time scale (second vs picosecond) and temperature (room
temperature vs cryogenic temperature). In this way, formation
of electron—hole combinations is unlikely to account for our
experiment results.

One mechanism that may explain the negative electro-
conductance of WS, is the trapping of hot charge carriers. A
similar mechanism is widely used to explain the negative
photoconductance phenomenon.”*™*° The 80 keV electron
beam energy in our experiment is much higher than the band
gap of WS, (~2 eV). Inelastic scattering leads to the transfer of
energy from the electron beam to the WS, that can cause a
large number of electrons to be promoted to the conduction
band as hot charge carriers. Previous studies reveal that
structural defects,”™** surface nanoclusters,>”*® or even
absorbed molecules* can act as charge traps for electrons in
the conduction band. This will result in a negatively charged
trap center surrounded by a positively charged local region of
the WS,. These negatively charged trap centers may scatter the
charge carriers in WS,. Another way to view the process is to
consider the charged trap centers as a local negative gate bias
applied to WS,, which results in a p-doping of the originally n-
doped WS,. A lot of small p—n junctions may then be formed
inside the WS, sheet and thus reduce the conductivity. This
mechanism is schematically illustrated in Figure S.

Our experimental results fit well with the process discussed
above. According to this mechanism, when increasing the
incident beam density, the trapped states should be charged
more quickly. In our experiment, the response time negatively
depends on the incident electron beam density (Figure 4c),
which is as expected. On the other hand, the time to discharge
the trap (recovery time) should not rely on beam current
density that the device is previously exposed to, but only on the
energy barrier between the trap centers and WS,. In addition,
hot electrons stimulated by the incident electron beam can
easily overcome the energy barrier around the traps and lead to
a quick response time (Figure Sc,d). When the traps are
discharged, trapped electrons can only slowly tunnel through
the barrier and thus the recovery time is much slower than the
response time (Figure Sef). All of these phenomena are
supported by our experiments (Figure 4c). The electron
response in Figure 3 is actually measured for several cycles,
shown in the Supporting Information. Both the response and
recovery times are unchanged during the measurement, and
thus the density of trapped states is unlikely to change
significantly.

”

B CONCLUSION

In situ nanoscale electronic devices containing suspended
monolayer WS, are demonstrated to exhibit negative electro-
conductivity. The conductance of the WS, is tuned by external
electron beam exposure up to an order of magnitude. The
response of the device to an external electron beam is found to
be of the time scale of seconds, which is slower than the state-

of-art electron detectors, which have frequencies around 100
frames per second.” Further studies on improving the electron
detection speed would be beneficial. These fundamental results
may help the future development of transparent ultrathin direct
electron beam detectors based on 2D transition metal
dichalcogenides.

B METHODS

Fabrication of the Chip. Si wafers (P-doped, 200 um in thickness
and 4 in. in diameter) are cleaned through an RCA standard cleaning
process. The Si-rich silicon nitride (SiN) thin film (100 nm in
thickness) is then deposited on both sides of the cleaned Si wafers by
the low-pressure chemical vapor deposition (LPCVD) method. During
the deposition process, substrate temperature is fixed at 850 °C and
the reaction gas ratio between SiH,Cl, and NHj is kept at 100:25. The
observation window is patterned by photolithography on one side of
the SiN film, then etched away by reactive ion etching. Subsequently,
silicon inside of the observation window is etched by wet etching (45%
w/w KOH as the etching solution at 80 °C), leaving suspended SiN
covering on the observation window.

Fabrication of the Device. The chip for in situ electrical
measurement is patterned by e-beam lithography (EBL), followed by
the metallization and lift-off process. The electrode is aligned to the
observation window in the suspended silicon nitride thin film by direct
imaging with SEM inside of the EBL facility. 90 nm Au is thermally
evaporated onto the chip with a 10 nm Cr adhesion layer. The
electrodes are then cut by focused ion beam (FIB) to separate the
source from the drain. All three devices on one side are cogrounded in
the measurements. WS, is transferred onto the device by a PMMA
assisted wet transfer method.

Electrical Measurement. Samples prepared on specialized Si
TEM chips were mounted onto an in situ electrical biasing holder and
loaded into the TEM. Electrical measurements are made using a
Keithley 2400LV semiconductor measurement unit. The Keithley
2400 SMU has a response time better than 50 s, which is far below
the characteristic time in this experiment. Given this, we do not need
to consider the influence of IRF to the measurement results.

Transmission Electron Microscopy. Aberration-corrected TEM
was performed using Oxford’s JEOL 2200MCO with a CEOS image
corrector. Accelerating voltage was set to 80 kV. Beam current density
was calibrated by using a Faraday cage to measure total beam current
and then imaging the condensed beam to determine its size. This
enables the CCD counts to be correlated to electron dose.
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