Electric-field-induced optical hysteresis in
single-layer WSe»

Cite as: Appl. Phys. Lett. 115, 161103 (2019); https://doi.org/10.1063/1.5123514
Submitted: 07 August 2019 . Accepted: 29 September 2019 . Published Online: 14 October 2019

Zheng Sun (), Jonathan Beaumariage, Ke Xu 0, Jierui Liang ®, Shaocong Hou, Stephen R. Forrest,

Susan K. Fullerton-Shirey ), and David W. Snoke
AT *
& & @

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Reduced dislocation density and residual tension in AIN grown on SiC by metalorganic
chemical vapor deposition
Applied Physics Letters 115, 161101 (2019); https://doi.org/10.1063/1.5123623

Coherent phonon dynamics in diamond detected via multiphoton absorption
Applied Physics Letters 115, 161104 (2019); https://doi.org/10.1063/1.5119056

7))
G
()
ajd
i
()
—d
(7))
.2
7))
)
L
al
O
.9
e
Q
<

Surface-induced thickness limit of conducting La-doped SrTiOz thin films
Applied Physics Letters 115, 161601 (2019); https://doi.org/10.1063/1.5111771

Challenge us.

What are your needs for periodic
signal detection?

N # Zurich
N\ Instruments =)

Appl. Phys. Lett. 115, 161103 (2019); https://doi.org/10.1063/1.5123514 15, 161103

© 2019 Author(s).



https://images.scitation.org/redirect.spark?MID=176720&plid=1006954&uid=aaa_QBULEQF-KfyGxl43w&setID=378288&channelID=0&CID=325912&banID=519757255&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=7b77d7a0588f01438b6815777d9cbe7d53151a93&location=
https://doi.org/10.1063/1.5123514
https://doi.org/10.1063/1.5123514
https://aip.scitation.org/author/Sun%2C+Zheng
https://orcid.org/0000-0002-5209-2563
https://aip.scitation.org/author/Beaumariage%2C+Jonathan
https://aip.scitation.org/author/Xu%2C+Ke
https://orcid.org/0000-0003-2692-1935
https://aip.scitation.org/author/Liang%2C+Jierui
https://orcid.org/0000-0003-1207-8959
https://aip.scitation.org/author/Hou%2C+Shaocong
https://aip.scitation.org/author/Forrest%2C+Stephen+R
https://aip.scitation.org/author/Fullerton-Shirey%2C+Susan+K
https://orcid.org/0000-0003-2720-0400
https://aip.scitation.org/author/Snoke%2C+David+W
https://doi.org/10.1063/1.5123514
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5123514
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5123514&domain=aip.scitation.org&date_stamp=2019-10-14
https://aip.scitation.org/doi/10.1063/1.5123623
https://aip.scitation.org/doi/10.1063/1.5123623
https://doi.org/10.1063/1.5123623
https://aip.scitation.org/doi/10.1063/1.5119056
https://doi.org/10.1063/1.5119056
https://aip.scitation.org/doi/10.1063/1.5111771
https://doi.org/10.1063/1.5111771

Applied Physics Letters ARTICLE

scitation.org/journal/apl

Electric-field-induced optical hysteresis in

single-layer WSe,

Cite as: Appl. Phys. Lett. 115, 161103 (2019); doi: 10.1063/1.5123514
Submitted: 7 August 2019 - Accepted: 29 September 2019 -

Published Online: 14 October 2019

@ th

Export Citatior

®

View Online CrossMark

Zheng Sun, @) ¢

Susan K. Fullerton-Shirey,” (%) and David W. Snoke"”

%) Jonathan Beaumariage,"® Ke Xu,” (%) Jierui Liang,” (¥) Shaocong Hou,” Stephen R. Forrest,”

AFFILIATIONS

'Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
?Department of Chemical and Petroleum Engineering, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA
*Department of Electric Engineering and Computer Science, University of Michigan, Ann Arbor, Michigan 48109, USA

@ Contributions: Z. Sun and J. Beaumariage contributed equally to this work.
P Authors to whom correspondence should be addressed: zhengsun@pitt.edu and snoke@pitt.edu

ABSTRACT

We demonstrate that the exciton energy of a monolayer of tungsten diselenide on an SiO,/Si substrate can be tuned by an applied in-plane
electric field for two samples with different dielectric capping materials. The exciton energy can be either red- or blue-shifted by up to
20 meV based on the polarity of the applied electric field. We argue that a piezoelectric effect creates a large internal electric field, which is
either partially aligned or partially antialigned with the external electric field. Additionally, optical hysteresis is observed on cycling of the

external electric field due to trapped charges.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123514

The many possible configurations of van der Waals hetero-
structures make transition-metal dichalcogenides (TMDs) promis-
ing for next-generation electronic and optoelectronic devices." * A
monolayer of TMD with the form MX, (e.g., M = Mo or W; X=S§
or Se) is a direct bandgap semiconductor.”® TMD monolayers also
have extraordinarily strong optical oscillator strengths and large
exciton binding energies (0.3-0.5 eV).?

Strong light-matter coupling leads to polariton states, as reported
in optical microcavities at both room and cryogenic temperatures.” "
To the best of our knowledge, however, optical nonlinearities and
spontaneous coherence have not yet been observed in these systems.
These phenomena require resonance between the cavity photon
energy and the TMD exciton energies, either via tuning of the micro-
cavity thickness or via tuning of the exciton energy by an electromag-
netic field or other external means. Control of the microcavity
thickness can be obtained by growing TMD layers over a wide area
using chemical vapor deposition (CVD) or molecular beam epitaxy
(MBE), and then a gradient, or wedge, of the microcavity spacer thick-
ness can be used to tune the cavity photon energy, as done in III-V
polariton structures at a low temperature.” Although many research
groups are investigating wide-area growth of TMD layers, to date, the
optical quality of these samples is still poor in comparison to small-
area samples created via exfoliation. Therefore, various methods to

tune the exciton energy of exfoliated samples may provide an alterna-
tive route. Prior work has shown that the bandgap of TMDs can be
tuned by strain, either by bending a soft substrate’” " or applying an
external force through a stressor.” Unfortunately, neither of these
techniques can be easily applied in practical devices. Vertical electric
field tuning has been used with spatially indirect excitons in bilayer
structures, ”*’ but indirect excitons have a much lower oscillator
strength, making them less useful as candidates for strong light-matter
coupling. We therefore focus on shifting the energy of the excitons in
monolayers.

Here, we measure the Stark shift predicted in 2D TMD mate-
rials due to an applied in-plane electric field.”' This method has
been used previously with TMD layers, including using an electric
field to modify the exciton-polariton coupling strength in a micro-
cavity.”” However, a systematic investigation of tuning the exciton
energy in monolayer TMDs has not yet been reported. In this
paper, we report a systematic experimental study of the exciton
energy in monolayer tungsten diselenide (WSe,) under continuous
tuning by an in-plane electric field. To avoid arcing between con-
tacts (which occurs around 10 kV/cm), thin layers of the dielectric
materials hBN and SiO, were used as a protective capping layer of
the TMD flakes. This approach can be extended to other TMDs
with optical bandgaps.
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Isolated monolayer flakes of WSe, (bulk crystals purchased from
2D semiconductors) with a typical size of 5 x 15 um* were mechani-
cally exfoliated and transferred to the surfaces of two separate p-doped
silicon substrates with 90 nm of SiO, (purchased from the Graphene
Supermarket). The transfer was performed in air. The thicknesses of
the flakes were characterized by micro-Raman spectroscopy, in which
we observe the main typical lattice vibration mode AL}; (252cm™Y)
(supplementary material, Sec. 1), consistent with the reported values
for a monolayer.”* Two contacts were written on top of each flake via
e-beam lithography, to give an electric field parallel to the surface; this
was followed by e-beam deposition of Ti/Au 3/100 nm. The metals
were deposited at a pressure of 10~ Torr. Device 1 was capped with a
15-nm film of exfoliated hBN (bulk crystal purchased from 2D semi-
conductors), and device 2 was capped with 90 nm of SiO, grown via
plasma-enhanced vapor deposition (PECVD). The contacts were then
wirebonded. In device 1, the wirebonds were in direct contact with the
gold pad, while in device 2, the wirebonds were separated from the
gold pads by 90 nm of SiO,. Figure 1(a) illustrates the design of each
device.

The photoluminescence (PL) spectra of monolayer WSe, were
measured by nonresonantly pumping the devices at room temperature
with a 632-nm HeNe laser with a spot size of 5um at normal
incidence through a microscope objective while the substrate was
grounded. The PL spectra were collected by the same microscope
objective and directed towards a spectrometer equipped with a charge
coupled device (CCD) camera. The reflected He-Ne laser light was
removed using several long-pass filters. Even though some of the
pump laser overfills the sample, the monolayer region is responsible
for the vast majority of the signal due to the efficient optical transition
at the K point in the Brillouin zone. The PL spectra of the capped sam-
ples are shown in Fig. 1(b). The measurement in Fig. 1(b) (blue curve)
was performed on uncapped samples. Before capping, both samples
exhibit a main peak due to exciton A (ex4) centered at 1.668 eV with
an FWHM of 65 meV. After capping device 1 with hBN, the ex, peak
significantly narrows and red shifts, resulting in an FWHM of 37 meV
centered at 1.630eV, while the measured PL intensity does not
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FIG. 1. (a) Schematics of two samples capped with (top, device 1) a 15nm film of
exfoliated hBN and (bottom, device 2) 90 nm of SiO, grown by PECVD. Ti/Au
source/drain contacts were on the WSe, monolayer flake prior to the addition of the
capping layer. (b) Typical photoluminescence emission spectra of the WSe,
excitons in the uncapped sample (blue curve), the sample capped with hBN (gray
curve), and the sample capped with SiO, (red curve) with the Lorentz fit (green
curve). The insets are the optical microscope images of the devices with hBN and
SiO, capping, respectively. Capping the samples red shifts the excitons. Note that
the sample capped with SiO, shifts the furthest, in agreement with another study.””

scitation.org/journal/apl

significantly change. After capping device 2 with SiO,, the linewidth
broadens to 75 meV and further red shifts to 1.597 eV, with the inten-
sity of the PL dropping by a factor of 4500 which was fit by the
Lorentz function. The red shift of TMD exciton energies due to the
presence of capping and substrate materials has been previously
observed and was attributed to the change of the dielectric environ-
ment, resulting in a change of both the exciton binding energy and a
shift of the bandgap.””’

Electrical characterization without optical pumping was carried
out using a Keysight BI500A semiconductor parameter analyzer in a
Lakeshore cryogenic vacuum probe station (CRX-VF) at a pressure of
2 x 10" Torr. Figure 2 shows the electrical response of the source-
drain current as a function of the source-drain voltage for device 1.
The sharp rise in current at around 10V for both positive and negative
voltages indicates that the current is crossing a tunneling barrier. The
hysteresis observed here has been reported previously and was attrib-
uted to the behavior to the trapping states induced by absorbed water
molecules on the TMD surface.”® The authors of that work also noted
that the photosensitivity of the TMDs significantly increased the hys-
teresis when it was exposed to white illumination, which also indicates
the presence of trapped charge excited by high-energy photons.

Device 1 was wire-bonded to a chip carrier, which in turn, was
connected to a Keithley 2326B. Keeping the substrate grounded, the
source-drain voltage was ramped from 0 to 40 V, then down to —40V,
and back to 0V, all at 1V increments. After cycling several times, the
PL was collected as described above, and the center of the dominant
peak position was recorded and plotted vs the bias voltage, as shown
in Fig. 2(b).

As seen in Fig. 2, hysteresis is observed in both the electrical cur-
rent and the exciton energy in the optical signal. The optical signal
shows two additional features. The first is that the energy of the
exciton at 0V is permanently blue-shifted relative to its value (from
1.63 to 1.644eV) before the voltage was applied; thus, the red shift
originally induced by the capping layer has been decreased. The sec-
ond is that we found the Stark shift of the exciton is not always of
lower energy, which is unexpected.

The overall red shift of the exciton energy relative to the
uncapped sample is likely due to the internal electric field that arises
when the capping layer is added, which we attribute to the result of
piezoelectric effects from the strain between the TMD and the cap.
This internal electric field is larger than the external electric field,
which either partially cancels or augments it. The permanent, slight
blue shift after voltage cycling is presumably the result of the applied
electric field relaxing the strains, and hence the internal electric field.

The Stark shift is predicted to be quadratic with the total electric
field and is always of lower energy.”' We can write this as the sum of
the internal and external electric fields,

1 1
AE = Ean = Ea(Fint + Fext)zv )

where the energy shift AE is given in terms of the polarizability of the
excitons o and the electric field strength F. By taking the externally
applied electric field as the bias voltage divided by the S/D contact sep-
aration distance (5 um), Eq. (1) predicts a quadratic dependence for
the data in Fig. 2(b). Because the measured shift is linear with the
applied electric field, we conclude that the internal field is much larger
than the externally applied field. We approximate the above equation
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FIG. 2. (a) Source-drain current as a function of the source-drain voltage in device 1; the substrate is set to the ground. Optical pumping was not used while these data were
collected; the ramping speed is 20 mV/s. (b) The maximum photon energy of the PL of ex, as a function of an externally applied source-drain voltage in device 1, after cycling
through the voltage loop several times. The exciton energy at 0 applied voltage switches between 1.644 and 1.641 eV based on the location in the loop. Both of these values
are between the exciton energies before and after adding the capping layer. The red shift due to capping with hBN was permanently reduced, as found by remeasuring the
sample one week later. The inset shows two typical PL spectra under the applied voltages.

to the first order in Fey, and then take the derivative with respect to
the external field to compare to the slope of the data in Fig. 2(b),

dE  Fime
AV  d’

where d is the S/D separation distance of 5 um and Ve = Feyd. Fitting
our data to a straight line, we find that & = 5 x 1075 meV cm?/kV?,
which is reasonably close to the predicted values for other TMD materi-
als.”! Additionally, we find that the internal electric field is 1220 kV/cm,
corresponding to about 0.06% strain for a piezoelectric-constant value
of 5pm/V,””* which is much larger than our externally applied electric
field of 80 kV/cm, justifying our approximation above.

When the same measurement was done on device 2, some key
differences were observed. In device 2, cycling through the voltage
loop did not permanently reduce the initial red shift introduced
when the capping layer was added. It has been shown that WSe, in
contact with SiO, experiences a larger surface strain.”” Thus, we
expect that the surface bonds are stronger and so a larger applied
electric field would be necessary to relax them. Additionally, we
note that the shifting of the PL in the SiO,-capped sample saturates
at an applied voltage of 10 V. The SiO, layer between the gold wire
bond on the top and the gold contact on the bottom is about

@)

90 nm thick. Given that the applied voltage is 10V, we see that an
electric field of 1.1 MV/cm is plausible in this region, which is near
the breakdown limit of SiO,. It is therefore likely that a small
leakage current is present, preventing a larger energy shift and
resulting in the observed saturation.

When we attempted to obtain an I-V curve for device 2; we
found that the DC was always well below the noise threshold of our
equipment. It should be noted that device 2 has two capacitors formed
by the layer of SiO, between the top metal contacts and the buried
metal pads as shown in the lower illustration of Fig. 1(a). By measuring
this capacitance (see the supplementary material), we calculated
the applied electric field as a function of the source-drain voltage
[Fig. 3(b)]. The graph shows a linear relationship with respect to the
external voltage, but with the absolute maximum value of 100 kV/cm
for positive polarity and 30kV/cm for negative polarity. From
Fig. 3(a), we see the exciton energy changes by 9meV for negative
polarity and by 21 meV for positive polarity. We attribute the asym-
metric energy shifts in Fig. 3(a) to the asymmetric behavior of the in-
plane electric field in the WSe,. These polarity-dependent differences
are due to the different contact resistances at the two metal/WSe,
interfaces. It has been reported that the Schottky barrier heights
between the metal and WSe, can be different on the same device
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FIG. 3. (a) Photoluminescence of ex, in
device 2, as a function of an externally
applied source-drain voltage, after cycling
through the voltage loop several times.
Unlike device 1, the initial red shift does
not change after voltage cycling. The exci-
ton energy at 0 applied voltage switches
between 1.586 and 1.597 eV based on the
location in the loop. Note that the graph is
asymmetric in polarity. (b) The applied
electric field in the plane of the WSe, flake
as a function of the source-drain voltage.
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despite using the same contact metal; this is due to the effect of Fermi-
level pinning””” or interfacial residue.”’

Tuning the exciton energy inside TMD monolayers is essential
for creating microcavities to study strong light-matter coupling. The
in-plane method of applying the electric field demonstrated here lends
itself to integration with microcavity devices, because there is no need
to dope the mirrors. Here, we have shown that the exciton energy of
monolayer WSe, can be tuned using an externally applied electric
field. About 10 and 20 meV of the total tunable range are demon-
strated in hBN- and SiO,-capped samples, respectively, with the SiO,
capped sample showing a larger tunability but a reduced PL intensity.
The ability to both red and blue shift the exciton energy suggests the
presence of an internal electric field, consistent with a piezoelectric
effect due to the strain from the capping layer. The hysteresis observed
in the voltage-dependent PL is presumably due to trapped charges.
Our methods may be extended to tuning the exciton energy of a TMD
monolayer inside a microcavity, eventually leading to novel devices for
studying strong coupling in TMD systems.

See the supplementary material for the complete study of the
capacitor charging measurements and temperature-dependent photo-
luminescence of a monolayer WSe, capped with hBN.
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