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The exciton dynamics in a WS, monolayer with strain are studied by transient absorption measurements. We mea-
sure the differential transmission signal from monolayer WS, as a function of the probe wavelength at different levels of
strain applied to the sample. The differential transmission spectrum has a positive maximum value at about 614 nm and
shows no significant strain dependence. By time-resolving the differential transmission signal, we find that the strain has
a minimal effect on the exciton formation process. However, the exciton lifetime is significantly reduced by strain. These
results provide useful information for applications of WS; in flexible electronic and optoelectronic devices where strain is

inevitable.
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1. Introduction

Since graphene was successfully exfoliated in 2004, it
has attracted a lot of attention, owing to its excellent elec-
tronic properties that are attractive for many applications. >3]
Due to the lack of a bandgap of graphene, which is desirable
for logic electronics and optoelectronics, the interest in two-
dimensional (2D) materials has expanded to other layered ma-
terials such as transition metal dichalcogenides (TMDs).[4-0!
TMDs are layered materials with a formula of MX,, where
M denotes a transition metal atom (Mo, W) and X refers
to a chalcogenide atom (S, Se, Te).[”#! With their ultra-
thin bodies and unique thickness-dependent bandgaps, TMDs

are expected to be widely used in electrical circuits,*-!1]

photodetectors, ['>~14 and photovoltaic devices.!!>-17]

WS, is one of the representative semiconducting TMDs,
with a bandgap in the range of 1.3 eV-2.0 eV.[!%1°1 Bulk WS,
exhibits an indirect bandgap of 1.3 eV. With the number of
layers decreasing, monolayer WS, becomes a direct semicon-
ductor with a bandgap of 2.0 eV.!?°! Theoretical calculations
predicted that WS, has high charge mobility among the semi-
conducting TMDs due to the reduced effective mass.!?!! The
high photoluminescence (PL) yield of monolayer WS, is at-
tractive to applications in optoelectronic devices demanding
high quantum efficiency.!??! With these excellent optical and
electronic properties, WS, is expected to be widely used in
electronic and optoelectronic devices.!?>~27]

The physical properties of TMDs depend on the band

structure. As such, the strain can be used to modulate the band

DOI: 10.1088/1674-1056/28/8/087201

structure and thus tune the physical properties of TMDs. [28:29]

Recently, the effect of strain in TMDs has been investigated
extensively both theoretically and experimentally.**-3% The-
oretical calculations show that for TMD monolayers with 1T
structures, such as HfS, and HfSe,, the uniform isotropic
strain in a range from —5% to 5% of their bandgap can in-
crease, while for 2H TMDs the bandgap decreases linearly
as the lattice constant increases.!*>] When applying a uniax-
ial strain, the results are similar but have a smaller modulation
of the bandgap.**! Recent experiments indicated that the A-
exciton exhibits a redshift under a rate of 46 meV/% strain for
WS,.3%1 The PL yield for bilayer WSe, is improved dramati-
cally under uniaxial strain, making it comparable to unstrained
monolayer WSe; due to an indirect-to-direct bandgap transi-
tion for strained bilayer WSe,.*%) TMD field-effect transistors
(FETs) have been fabricated on flexible substrates and the ef-
fect of strain has been studied.?7-3%!

Exciton dynamics in monolayer TMDs play an impor-
tant role in determining their electronic and optical prop-
erties, and have been studied using transient absorption

39431 However, the effect of strain on exci-

measurements.
tons dynamics has been less explored. In this paper, we re-
port a transient absorption measurement of exciton dynam-
ics in monolayer WS, that is subjected to various levels of
strain. These results provide useful information for applica-
tion as TMDs in flexible electronic and optoelectronic devices

are inevitably subjected to strain.
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2. Experiment

Monolayer WS, samples were obtained by micromechan-
ical exfoliation of bulk material on a thin polydimethylsilox-
ane (PDMS) flexible substrate. Their monolayer thickness was
confirmed by using optical contrast and PL yield. The PL
spectrum was measured using a confocal microscope system
(LabRAM HR Evolution) with a 50x objective lens, and un-
der the excitation of a 532-nm continuous-wave laser.

The exciton dynamics in monolayer WS, samples were
studied using a transient absorption technique. The differential
transmission setup for the transient absorption measurements
is shown in Fig. 1(a). An 80-MHz mode-locked Ti:sapphire
laser is used to generate 100-fs pulses with a central wave-
length of 820 nm. The output of the Ti:sapphire was di-
vided into two parts by a beamsplitter. The majority of the
Ti:sapphire output was used to pump an optical parametric os-
cillator and thus generate a signal output with a central wave-
length in the range of 490 nm—750 nm, which was used as the
probe pulse. The other part was focused onto a beta barium bo-

820 nm
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objective
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rate crystal to generate its second harmonic at 410 nm, which
was used as the pump pulse. The pump and probe pulse were
focused onto the sample surface through a microscope objec-
tive lens with a spot size of 1.66 um and 2.04 pum in full width
at half maximum, respectively. The transmitted probe was col-
limated by another microscope objective lens and was sent to a
silicon photodiode. A set of filters was used to block the pump
pulse in front of the photodiode. A lock-in amplifier was used
to measure the voltage output of the photodiode. The pump
pulse was modulated by a mechanical chopper at 2 kHz. The
voltage measured by the lock-in amplifier was proportional to
the differential transmission of the probe, AT /Ty. This quan-
tity is defined as AT /Ty = (T — Ty) /To, where T and Ty are the
transmission coefficient of the sample with the pump presence
and without it, respectively. The differential transmission was
measured as a function of the probe delay, which is defined
as the time delay of the probe pulse with respect to the pump
pulse and can be controlled by changing the length of the pump
path with a linear motor stage.

(b)
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Fig. 1. (a) Schematics of differential transmission setup for transient absorption measurements. (b) Schematic drawing of two-point bending apparatus
along with the method to calculate strain. Setup of bending apparatus (c) without and (d) with strain corresponding to gray dashed box in panel (a).

A two-point bending apparatus 3644

was used to apply
uniaxial tensile strain to the monolayer WS, flakes as shown
in Fig. 1(b). The monolayer WS, flakes and small PDMS film
were located at the central part of a polycarbonate (PC) flexi-
ble substrate. The PC substrate was located between two screw
posts. The PDMS substrate was attached to the PC substrate
and therefore had uniaxial tensile strain on its top surface.
It can be shown that the applied strain was € = 7/2R,13%]
where 7 is the thickness of the PDMS substrate and R the ra-
dius of the PDMS substrate as shown in Fig. 1(b).

The setup of the bending apparatus without strain and

with different levels of strain in the transient absorption sys-
tem are shown in Figs. 1(c) and 1(d), respectively. Uniaxial
tensile strain was obtained by changing the distance between
the two translation stages. When the substrate was bent, the
entire sample mount was moved so that the sample remained
at the focal plane of both objective lenses. By using this setup,
we could measure the differential transmission with various
values of strain. All the measurements were performed under

ambient conditions.
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3. Results and discussion

Figure 2(a) shows an optical microscope image of a WS,
flake. The monolayer region, indicated in the figure, is identi-
fied by its green channel contrast of 8.3%, according to previ-
ously established values for TMD monolayers on thick and

[46] Furthermore, figure 2(c) shows a

transparent substrates.
PL spectrum measured from the monolayer region. Its yield
and spectral shape are both consistent with previously reported

18.47-491 When the laser spot is lo-

spectra of monolayer WS,.!
cated in other thin regions of the flake, no PL is detected under

the same conditions.
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Fig. 2. (a) Optical microscope image of the WS, sample. (b) Optical
contrast of green channel along red dashed line in panel (a). (c) PL
spectrum of monolayer WS, sample without strain.

We study the exciton dynamics in monolayer WS, with
different probe wavelengths and different levels of strain.
Firstly, the monolayer WS, sample and the PDMS film (with a
size of 2 cmx2 c¢cm and a thickness of 0.092 cm) are mounted
on the central part of the PC substrate (with a length of 12 cm)
as shown in Fig. 1(c) without strain. A 410-nm pump pulse

with a peak fluence of 9.9 pJ-cm™2 injects photocarriers into

the monolayer WS, via interband absorption. The dynamics
of the injected carriers are monitored by a probe pulse with
a photon energy near the PL peak. To apply uniaxial tensile
strain to the monolayer WS, flake, we change the distance
between the two translation stages shown in Fig. 1(d). The
distance is changed from 12 cm (without strain) to 11.6 cm,
11.2 cm, and 10.8 cm. According to the length of the PC sub-
strate and the distance between the two translation stages, we
can calculate R based on geometrical relations. For example,
when the distance is 11.6 cm, R is 13.35 cm. According to
the formula € = 7/2R, the applied strain is 0.345%. When
the distances are 11.2 cm and 10.8 cm, strains are 0.489% and
0.603%, respectively.

Figure 3 shows the peak differential transmission, ob-
tained with probe delay being near zero, from the monolayer
WS, as a function of the probe wavelength at different levels
of strain (symbols, left axis). For comparison, the PL spectrum
is also plotted there. Both positive (photobleaching) and neg-
ative (photoinduced absorption) signals are observed around
the A-exciton resonance, which is consistent with previous
studies.[9591 At all the levels of strain studied, the peak dif-
ferential transmission has a positive maximum value at about
614 nm, showing no significant strain dependence. This is,
however, reasonable, since the expected change of the opti-

cal bandgap is on the order of 10 meV with strains of these

levels.[33]
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Fig. 3. Peak differential transmission from the monolayer WS, as a
function of probe wavelength without strain and with different strain
(symbols, left axis) and PL of the same sample without strain under
532-nm laser excitation.

Next, we use a 410-nm pump pulse with a peak flu-
ence of 4.95 uJ-cm~2 to inject photocarriers and a 614-nm
probe to study temporal dynamics of the photocarriers. The
results are summarized in Figs. 4(a) and 4(b) for long and
short time ranges, respectively. The decay of the signal can be
fitted by bi-exponential functions, AT /Ty = Ajexp(—t/71) +
Asexp(—t/T2) + B as indicated by the red lines in Fig. 4(a).
The decay time constants obtained from the fits as a function
of strain are shown in Fig. 5. The ratio of the amplitudes,
A1 /A, is from about 2.1 to 3.4 for all levels of strain. The
short time constant 7; is about 0.8 £0.1 ps and is nearly in-
dependent of strain. The long time constant 7, changes from

about 90 ps without strain to about 45 ps with 1.545% strain.
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Fig. 4. (a) Differential transmission signals of monolayer WS, measured with a 410-nm pump and 614-nm probe pulses without strain and
with different strains. The red lines are fitted by bi-exponential functions. (b) The same signal but in a smaller range of the probe delay.
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Fig. 5. Decay time constants as a function of strain, obtained from the
fits shown in Fig. 4(a).

Previous studies have established that the short and long
decay time are associated with the exciton formation and re-
combination process in TMD monolayers, respectively.!3!-52]
The 410-nm pump pulse injects free electron—hole pairs. Due
to the enhanced Coulomb interaction with reduced dielectric
screening in monolayer WS,, the electrons and holes form ex-
citons rapidly. Since the free electron—hole pairs produce a
stronger transient absorption than excitons of the same den-
sity, the signal decreases initially as reflected by 7;. Our re-
sults suggest that the strain has a minimal effect on the exciton
formation process. The long decay constant determines the
exciton recombination lifetime. Hence, our results show that
even with a relatively small strain, the lifetime is reduced by
about half. The physics mechanism of the exciton lifetime
reduction by strain can be attributed to the funneling of exci-
tons to sample locations with higher strain, where they become
localized with an enhanced recombination rate. Since exci-
ton lifetime is a key parameter determining the performance

of optoelectronic devices, such as the power conversion effi-

ciency of photovoltaic devices, detectivity and response time
of photodiodes, and efficiency of LEDs, our results provide
important information for the application of TMDs in flexible
devices and other devices with strain.

4. Conclusions

In summary, we have performed transient absorption
measurements of exciton dynamics in TMDs with strain. We
measured differential transmission signals from monolayer
WS, as a function of the probe wavelength in cases with strain
at different levels and without strain, respectively. At all the
levels of strain studied, the peak differential transmission had
a positive maximum value at about 614 nm, showing no sig-
nificant strain dependence. By time-resolving the differential
transmission signal, we found that the results suggest that the
strain has a minimal effect on the exciton formation process;
however, even a strain of about 1.5% reduces the exciton life-
time by a factor of about two. These results provide useful in-
formation for applications of TMDs in flexible electronic and
optoelectronic devices.

References

[1] Novoselov K S, Geim A K, Morozov S V, Jiang D, Zhang Y, Dubonos
SV, Grigorieva I V and Firsov A A 2004 Science 306 666

[2] Geim A K and Novoselov K S 2007 Nat. Mater. 6 183

[3] TianH, Tan Z, Wu C, Wang X, Mohammad M A, Xie D, Yang Y, Wang
J,LiLJ, XuJand Ren T L 2014 Sci. Rep. 4 5951

[4] Wang Q H, Kalantar-Zadeh K, Kis A, Coleman J N and Strano M S
2012 Nat. Nanotechnol. 7 699

[5] Jariwala D, Sangwan V K, Lauhon L J, Marks T J and Hersam M C
2014 ACS Nano 8 1102

[6] Kozawa D, Kumar R, Carvalho A, Kumar Amara K, Zhao W, Wang S,
Toh M, Ribeiro R M, Castro Neto A H, Matsuda K and Eda G 2014
Nat. Commun. 5 4543

087201-4


https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/srep05951
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1021/nn500064s
https://doi.org/10.1038/ncomms5543
https://doi.org/10.1038/ncomms5543

Chin. Phys. B Vol. 28, No. 8 (2019) 087201

(71

(8]

(9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]

[17]

[18]

[19]

[20]

[21]
[22]
[23]

[24]

[25]

[26]

[27]

Wilson J A and Yoffe A D 1969 Adv. Phys. 18 193

Ataca C, Sahin H and Ciraci S 2012 J. Phys. Chem. C 116 8983
Radisavljevic B, Whitwick M B and Kis A 2011 ACS Nano 5 9934
Baugher B W H, Churchill H O H, Yang Y and Jarillo-Herrero P 2014
Nat. Nano 9 262

Cheng R, Jiang S, Chen Y, Liu Y, Weiss N, Cheng H C, Wu H, Huang
Y and Duan X 2014 Nat. Commun. 5 5143

Yin Z, Li H, Li H, Jiang L, Shi Y, Sun Y, Lu G, Zhang Q, Chen X and
Zhang H 2012 ACS Nano 6 74

Lopez-Sanchez O, Lembke D, Kayci M, Radenovic A and Kis A 2013
Nat. Nanotechnol. 8 497

Cui SM, PuH H, Wells S A, Wen Z H, Mao S, Chang J B, Hersam M
C and Chen J H 2015 Nat. Commun. 6 8632

Tsai M L, SuS H, Chang J K, Tsai D S, Chen CH, Wu C I, Li L J,
Chen L J and He J H 2014 ACS Nano 8 8317

YunJM,Noh YJ,Lee CH,NaSI LeeS,JoSM,JohHIand KimD
Y 2014 Small 10 2319

Gourmelon E, Lignier O, Hadouda H, Couturier G, Bernede J C, Tedd
J, Pouzet J and Salardenne J 1997 Sol. Energy Mater. Sol. Cells 46 115
Gutierrez H R, Perea-Lopez N, Elias A L, Berkdemir A, Wang B, Lv
R, Lopez-Urias F, Crespi V H, Terrones H and Terrones M 2013 Nano
Lert. 13 3447

Braga D, Lezama I G, Berger H and Morpurgo A F 2012 Nano Lett. 12
5218

Elias A L, Perea-Lopez N, Castro-Beltran A, Berkdemir A, Lv R T,
Feng S M, Long A D, Hayashi T, Kim Y A, Endo M, Gutierrez H R,
Pradhan N R, Balicas L, Houk T E M, Lopez-Urias F, Terrones H and
Terrones M 2013 ACS Nano 7 5235

Liu L, Kumar S B, Ouyang Y and Guo J 2011 IEEE Trans. Electron.
Dev. 58 3042

Weijie Z, Zohreh G, Leigiang C, Minglin T, Christian K, Ping-Heng T
and Goki E 2013 ACS Nano 7 791

Sang Y H, Zhao Z H, Zhao M W, Hao P, Leng Y H and Liu H 2015
Adv. Mater. 27 363

Perea-Lopez N, Elias A L, Berkdemir A, Castro-Beltran A, Gutierrez H
R, Feng S M, Lv R T, Hayashi T, Lopez-Urias F, Ghosh S, Muchharla
B, Talapatra S, Terrones H and Terrones M 2013 Adv. Funct. Mater. 23
5511

Shanmugam M, Bansal T, Durcan C A and Yu B 2012 Appl. Phys. Lett.
101 263902

Cui Y, XinR, YuZH, Pan Y M, Ong Z 'Y, Wei X X, Wang J Z, Nan H
Y, NiZH, Wu Y, Chen T S, Shi Y, Wang B G, Zhang G, Zhang Y W
and Wang X R 2015 Adv. Mater. 27 5230

Lan CY,LiC, Yin Y and Liu Y 2015 Nanoscale 7 5974

(28]
[29]

(30]
[31]

(32]
(33]
[34]
[35]
[36]
(371

[38]
[39]

[40]

[41]
[42]

[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]

[51]
[52]

087201-5

Wang Y L, Cong C X, Yang W H, Shang J Z, Peimyoo N, Chen Y,
Kang J Y, Wang J P, Huang W and Yu T 2015 Nano Res. 8 2562
Zhang Q, Chang Z, Xu G, Wang Z, Zhang Y, Xu Z Q, Chen S, Bao Q,
LiuJ Z and Mai Y W 2016 Adv. Funct. Mater. 26 8707

Kou L, Du A, Chen C and Frauenheim T 2014 Nanoscale 6 5156

Yu S, Zhu H, Eshun K, Shi C, Zeng M and Li Q 2016 Appl. Phys. Lett.
108 191901

Li M, Dai J and Zeng X C 2015 Nanoscale 7 15385

Guzman D M and Strachan A 2014 J. Appl. Phys. 115 243701
Maniadaki A E, Kopidakis G and Remediakis I N 2016 Solid State
Commun. 227 33

He X, Li H, Zhu Z, Dai Z, Yang Y, Yang P, Zhang Q, Li P, Schwingen-
schlogl U and Zhang X 2016 Appl. Phys. Lett. 109 173105

Desai S B, Seol G, Kang J S, Fang H, Battaglia C, Kapadia R, Ager J
W, Guo J and Javey A 2014 Nano Lett. 14 4592

Lee GH, Yu Y J, Cui X, Petrone N, Lee CH, ChoiM S, Lee D Y, Lee
C, Yoo W J and Watanabe K 2013 ACS Nano 7 7931

Shen T, Penumatcha A V and Appenzeller J 2016 ACS Nano 10 4712
He J Q, He D W, Wang Y S, Cui Q N, Ceballos F and Zhao H 2015
Nanoscale T 9526

Cui Q, He J, Bellus M Z, Mirzokarimov M, Hofmann T, Chiu H Y,
Antonik M, He D, Wang Y and Zhao H 2015 Small 11 5565

Cui Q N, Ceballos F, Kumar N and Zhao H 2014 ACS Nano 8 2970
Kumar N, Cui Q N, Ceballos F, He D W, Wang Y S and Zhao H 2014
Phys. Rev. B 89 125427

Kumar N, Cui Q, Ceballos F, He D, Wang Y and Zhao H 2014
Nanoscale 6 4915

Isl, J O, Kuc A, Diependaal E H, Bratschitsch R, van der Zant H S,
Heine T and Castellanos-Gomez A 2016 Nanoscale 8 2589

Schmidt R, Niehues I, Schneider R, Driippel M, Deilmann T, Rohlf-
ing M, de Vasconcellos S M, Castellanos-Gomez A and Bratschitsch R
2016 2D Materials 3 021011

Cui Q, Muniz R A, Sipe J E and Zhao H 2017 Phys. Rev. B 95 165406
Zhao W J, Ribeiro R M, Toh M L, Carvalho A, Kloc C, Neto A H C
and Eda G 2013 Nano Lett. 13 5627

Peimyoo N, Shang J Z, Cong C X, Shen X N, Wu X Y, Yeow E K L
and Yu T 2013 ACS Nano 7 10985

He J, Kumar N, Bellus M Z, Chiu H Y, He D, Wang Y and Zhao H
2014 Nat. Commun. 5 5622

Pan S, Ceballos F, Bellus M Z, Zereshki P and Zhao H 2016 2D Mate-
rials 4 015033

Ceballos F, Cui Q, Bellus M Z and Zhao H 2016 Nanoscale 8 11681
Ceballos F and Zhao H 2017 Adv. Funct. Mater. 27 1604509


https://doi.org/10.1080/00018736900101307
https://doi.org/10.1021/jp212558p
https://doi.org/10.1021/nn203715c
https://doi.org/10.1038/NNANO.2014.25
https://doi.org/10.1038/NNANO.2014.25
https://doi.org/10.1038/ncomms6143
https://doi.org/10.1021/nn2024557
https://doi.org/10.1038/nnano.2013.100
https://doi.org/10.1038/nnano.2013.100
https://doi.org/10.1038/ncomms9632
https://doi.org/10.1021/nn502776h
https://doi.org/10.1002/smll.201303648
https://doi.org/10.1016/S0927-0248(96)00096-7
https://doi.org/10.1021/nl3026357
https://doi.org/10.1021/nl3026357
https://doi.org/10.1021/nl302389d
https://doi.org/10.1021/nl302389d
https://doi.org/10.1021/nn400971k
https://doi.org/10.1109/TED.2011.2159221
https://doi.org/10.1109/TED.2011.2159221
https://doi.org/10.1021/nn305275h
https://doi.org/10.1002/adma.201403264
https://doi.org/10.1002/adma.201403264
https://doi.org/10.1002/adfm.201300760
https://doi.org/10.1002/adfm.201300760
https://doi.org/10.1063/1.4773525
https://doi.org/10.1063/1.4773525
https://doi.org/10.1002/adma.201502222
https://doi.org/10.1039/C5NR01205H
https://doi.org/10.1007/s12274-015-0762-6
https://doi.org/10.1002/adfm.201603064
https://doi.org/10.1039/C3NR06670C
https://doi.org/10.1063/1.4947195
https://doi.org/10.1063/1.4947195
https://doi.org/10.1039/C5NR04505C
https://doi.org/10.1063/1.4883995
https://doi.org/10.1016/j.ssc.2015.11.017
https://doi.org/10.1016/j.ssc.2015.11.017
https://doi.org/10.1063/1.4966218
https://doi.org/10.1021/nl501638a
https://doi.org/10.1021/nn402954e
https://doi.org/10.1021/acsnano.6b01149
https://doi.org/10.1039/C5NR00188A
https://doi.org/10.1039/C5NR00188A
https://doi.org/10.1002/smll.201501668
https://doi.org/10.1021/nn500277y
https://doi.org/10.1103/PhysRevB.89.125427
https://doi.org/10.1103/PhysRevB.89.125427
https://doi.org/10.1039/C3NR06863C
https://doi.org/10.1039/C3NR06863C
https://doi.org/10.1039/C5NR08219F
https://doi.org/10.1088/2053-1583/3/2/021011
https://doi.org/10.1103/PhysRevB.95.165406
https://doi.org/10.1021/nl403270k
https://doi.org/10.1021/nn4046002
https://doi.org/10.1038/ncomms6622
https://doi.org/10.1088/2053-1583/4/1/015033
https://doi.org/10.1088/2053-1583/4/1/015033
https://doi.org/10.1039/C6NR02516A
https://doi.org/10.1002/adfm.201604509

	1. Introduction
	2. Experiment
	3. Results and discussion
	4. Conclusions
	References

