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Abstract: Two-dimensional(2D) transition metal dichalcogenides(TMDs) and their heterostructures (HSs) exhibit
unique optical properties and show great promise for developing next-generation optoelectronics. However, the photo-
luminescence(PL) quantum yield of monolayer( 1L) TMDs is still quite low at room temperature, which severely lim-
its their practical applications. Here we report a PL. enhancement effect of 1L WS, at room temperature when con-
structing it into 1L-WS,/hBN/11L-MoS, vertical HSs. The PL enhancement factors (EFs) can be up to 4. 2. By using
transient absorption(TA) spectroscopy, we demonstrate that the PL enhancement effect is due to energy transfer from
1L MoS, to 1L WS,. The energy transfer process occurs on a picosecond timescale and lasts more than one hundred
picoseconds which indicates a prominent contribution from exciton-exciton annihilation. Furthermore, the PL en-
hancement effect of 1L WS, can be observed in 2L-MoS,/hBN/1L-WS, and 3L-MoS,/hBN/1L-WS, HSs. Our study
provides a comprehensive understanding of the energy transfer process in the PL enhancement of 2D TMDs and a fea-

sible way to optimize the performance of TMD-based optoelectronic devices.
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1 Introduction

Two-dimensional group VI transition metal di-
chalcogenides (TMDs) such as WS, and MoS,, have

attracted significant research attention for their dis-

3]

tinctive properties’™ and promising optoelectronic

[4-7]

applications In monolayer and few-layer TMDs,

the reduced dielectric screening and strong Coulomb
attraction between electrons and holes allow to form

tightly bound excitons with large binding energy at

1]

I6- .
room temperature In particular, monolayer

TMDs have a direct band gap at the high symmetry

[3.12

K/K’ points of the Brillouin zone™ and thus could

have high photoluminescence yield

(PLQY)™.

hold great potential for investigating fascinating

quantum

These optical properties make TMDs

properties of excitons at high temperature and devel-
oping light-emitting devices. However, mechanical-
ly exfoliated"” or CVD-prepared™” 1L TMDs usually
exhibit low PLQY, typically ranging from 0. 001% to
5%"", which is mainly due to the presence of struc-
tural defects and many-body effects (trion formation,
exciton-exciton annihilation, etc )"

A variety of approaches have been developed to
improve the PLQY of 1L TMDs, such as chemical treat-
ment™, strain engineering”, laser treatment™ and

[29-30]

hBN encapsulation Among these approaches,

chemical treatment wvia trifluoromethanesulfonimide
(H-TFSD"" or oleic acid (OA)"" has been used to im-
prove PLQY substantially. However, the use of those
acids is not ideal for practical applications in optoelec-
tronic devices because of their potential damage to
TMDs materials and electrical contacts. 1L TMDs en-
capsulated with hBN show suppressed exciton-exciton
annihilation (EEA) and homogeneous exciton PL
spectra at high excitation intensity consequently. How-
ever, the hBN encapsulation does not markedly en-
hance PLQY at low excitation densities. In addition,
monolayer TMDs can be integrated with different bulk
or 2D materials to form type [ or type I heterostruc-
tures (HSs) such as MoS,/Zn0", WS,/hBN/MoSe,™,
MoSe,/ReS,*. The PLQY of TMDs in these HSs can
be enhanced via the interlayer charge transfer (CT) or

energy transfer (ET).

The interlayer CT results from the electronic
band offset between different TMDs in HSs, and its ef-
ficiency highly depends on the interlayer distance.
Meanwhile, the interlayer ET shows two different
mechanisms, i. e. , the Forster resonance energy trans-
fer (FRET) and Dexter energy transfer (DET). The
FRET process™ ™ refers to the transport of electronic
energy from the donor to the acceptor via dipole-di-
pole coupling, and it can occur at a relatively long dis-
tance (up to a few tens of nanometers). In contrast,
the DET™ is based on electron exchange and hap-
pens only in close proximity (within a few nanome-
ters), similar to the CT process. Previous studies
have demonstrated that the FRET is more effective
than the DET and CT to improve the PLQY"™™ of 1L
TMDs in their HSs. The FRET process can be affect-
ed by the interlayer distance (8) and spectral overlap
acceptor-type  TMDs™,
Therefore, the PLQY of 1. TMDs is expected to be

between donor-type and

significantly enhanced by a proper selection of TMDs
combinations and a prudent design of their HSs.

In this work, we choose 1L WS,, exhibiting
higher PLQY
TMDs™, and build it into 1L-WS,/hBN/1L-MoS,

HSs. Since the B exciton resonance of 1L MoS, (do-

than other monolayer group VI

nor) strongly overlaps with the A exciton resonance
of 1L WS, (acceptor), efficient interlayer ET is ob-
served and results in up to 4. 2-fold PL. enhancement
of 1L WS, in the HSs at room temperature. More-
over, significant PL. enhancement of 1L WS, can also
be achieved in 2L.-M0S,/hBN/1L-WS, and 3L-MoS,/
hBN/1L-WS, HSs. By exploiting ultrafast transient
absorption spectroscopy (TA), we observed that the
FRET process occurred on a picosecond timescale,
and lasted for more than one hundred picosecond
(ps) owing to exciton-exciton annihilation. Our find-
ings provide a comprehensive understanding of the
FRET in improving the light-emission efficiency of
2D TMDs and pave the way for developing high-per-

formance optoelectronic devices.

2 Experiment

2.1 Fabrication of Heterostructure
HSs were fabricated using the PDMS-based dry



512

CHEN Pengyao, et al. : Energy Transfer and Photoluminescence Enhancement in WS,/hBN/MoS, -+ 2023

transfer technique. Monolayer TMDs and thin hBN
flakes were mechanically exfoliated from bulk crys-
tals onto PDMS films and then transferred layer-by-
layer onto quartz substrate in a nitrogen-filled glove-
box. After transfer processes, 1L-MoS,/hBN/1L-
WS,, 1L-WS,/hBN/1L-MoS, and hBN/1L-MoS,/1L-
WS, HSs were annealed at 200 °C for 2 h to remove
as much polymer residue as possible and make the
stacked flakes in good contact with each other.
2.2 Characterizations

We used an MFP-3D atomic force microscopy
(AFM) to obtain the high-resolution AFM image.
The differential reflectance, Raman and PL measure-
ments were performed using Jobin-Yvon HR800
micro-Raman spectrometer. A tungsten-halogen lamp
was used as the light source. The differential reflec-
e = RV
The CW solid-state 532 nm and 785 nm la-

substrate )

tance spectra are defined by (R
R e
sers and a 50X objective lens were used for single-
shot spectroscopy measurements at room tempera-
ture. PL mapping was conducted using the XploRA
Plus micro-Raman spectrometer, and the optical sig-
nals were collected with a 100X objective.

For femtosecond TA spectroscopy, the femtosec-
ond pulsed laser (FemtoYL® -Vary, 1 030 nm, ~
400 fs) was split into to two light beams using a
beamsplitter. One beam goes through a beta barium

borate (BBO) crystal to generate the pump laser

(a) (b)

== =i= EMOoS;

= :‘ S8 . ) hBN

(515 nm). The other beam was focused onto a YAG
crystal to produce the probe pulses covering a broad
range from 450 nm to 680 nm. A high-resolution mo-
torized delay stage was used to control the delay time
between the pump pulse and the probe pulse. And
both beams were focused onto the samples using an
objective lens. The transmitted probe beam was re-

corded at various delay time.

3 Results and Discussion

Fig. 1 (a) displays the optical image of a HS
sample. To eliminate the effect of interlayer CT, an
approximately 8 nm thick hBN (see Supporting In-
formation, Fig. S1) serves as a barrier layer between
1L MoS, and 1L WS,. The crystal structures of this
HS sample are illustrated in Fig. 1(b). Raman spec-
tra are obtained at room temperature with a 1. 58 eV
(785 nm) excitation for individual 1L MoS,, 1L WS,,
and the 1L-MoS,/hBN/1L-WS, HS, respectively, as
shown in Fig. 1 (¢). The characteristic Raman
modes E), (360 cm™) and A,, (420 c¢cm™') corre-
spond to the in-plane and out-of-plane lattice vibra-
tions for 1L WS,, respectively. For 1L MoS,, E;g is
observed at 386 cm™', while A is at 406 cm™', agree-

[371

ing well with the literature””. The Raman spectrum

of the HS shows four vibration modes, which are con-
sistent with those of individual 1L MoS, and 1L WS,,
suggesting the high quality of this HS sample.

ol

1L MoS,

1L WS, A A

200 300 400 500
i

(c)

Intensity/a.u.

Raman shift/cm™

Fig. 1 (a)Optical image of a 1L-Mo0S,/hBN/1L-WS, heterostructure (HS). The orange, white and blue line areas are 1L WS,,
hBN and 1L MoS,, respectively. (b) The schematic structure of the HS sample. (¢) Raman spectra of 1L WS,, 1L MoS,

and their HS measured with a 785 nm excitation

The differential reflectance spectra of 1L WS,,
1L MoS,, and the HS shown in Fig. 2(a) are defined
by (R -R /R . pue» Where R and R

sample substrate ) sample substrate

represent the reflected light intensities of the sam-

ples and the quartz substrate, respectively. The

differential reflectance spectra for few-layer TMD on
a transparent substrate can be related to its absor-

B4 The A exciton absorption peak of

bance spectrum
1L WS, is centered at 2. 0 eV”". For 1L MoS,, the

peak at 1.90 eV and the broad peak centered at
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2.04 eV correspond to A exciton and B exciton, re-

spectively™. Compared to 1L MoS, and WS,, the
p y p

redshift of exciton absorption peaks in the HS is

1

due to change of dielectric environment™”. Most im-

(a)

~i||np|(-_R~n|x~lmle)/R~n|1~lmle

(R
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Energy/eV

Fig. 2

portantly, the strong spectral overlap between B ex-
citon of 1. MoS, and A exciton of 1. WS, shown in
Fig. 2(a) could facilitate the interlayer FRET be-

tween them.

(b) 60000
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(a) Differential reflectance spectra of 1L WS,, 1L MoS, and their HS at room temperature. (b)PL spectra of 1L WS, on

hBN and in the HS region at room temperature measured with a 532 nm excitation

PL spectra of 1L WS, and 1L-MoS,/hBN/1L-
WS, HSs at room temperature (RT) are presented in
Fig. 2(b). Indeed, the PL intensity of 1L-WS, A ex-
citon in the HS is enhanced by a factor of ~4. 2 com-
pared to that of individual WS, under the same ex-
perimental conditions. The PLQY of 1L MoS, is two
orders of magnitude lower than that of 1L WS, (Fig.
S2), and therefore its PL spectrum is barely visible
in Fig. 2(b). In Fig. S3, we show that the PL peak
of 1L MoS, B excitons overlaps with the absorption
peak of 1L WS, A exciton, which is ideal for effi-
cient FRET process. In addition, we show that the
PL enhancement effect is robust at the HS region by
using PL mapping and excitation-power dependent
PL measurements in Fig. S4. The PL peak of 1L
WS, in the HS region did not show notable redshift
with increasing excitation power, indicating that the
heating effect from laser excitations is negligible.

In order to understand the underlying physics
of this PL. enhancement effect, we consider various
possible mechanisms. First, the PL contribution of
B excitons in 1L MoS, is excluded as it is three or-
ders of magnitude lower than that of A exciton of 1L
WS, under the same excitation conditions shown in
Fig. 2(b) and Fig. S2. Secondly, the interference ef-
fect and change of the dielectric environment of 1L

WS, are ruled out by checking HSs with different

stacking order, namely for 1L WS, as the top or bot-
tom layer (Fig. S5). Thirdly, the hBN/1L-MoS,/1L-
WS, HS is demonstrated to show strongly suppressed
PL of 1. WS, at the HS region as a result of interlay-
er charge transfer (Fig. S6), in agreement with previ-

1 Furthermore, the DET occurs in a

ous results
short-range interlayer distance (<1 nm) and in type
I HSs™. Therefore, the interlayer FRET from B exci-
tons of 1L MoS, to A excitons of 1L WS, is the most
possible mechanism for this PL. enhancement effect.
TA measurements were conducted to gain more
insights of FRET in 1L-MoS,/hBN/1L-WS, HSs. A
femtosecond laser pulse at a wavelength of 515 nm
serves as the pump beam to excite samples, while a
white-light probe pulse is used to monitor the change
of absorption as a function of delay times. The pump
fluence was kept at relatively low power to avoid any
possible damage to samples. The color plot of TA
spectra of 1L WS,, the HS and 1L MoS, region are
shown in Fig. 3(a)-(c), respectively. For individual
1L WS,, a prominent ground state bleaching (GSB)
signal centered at ~2. 03 eV is observed and mainly
attributed to photogenerated exciton population*,
The TA spectra of 1L MoS, show two GSB features
centered at ~1. 90 eV and ~2. 04 eV corresponding

[42]

to its A and B excitons™, respectively. It is worthy

of mention that the GSB intensity of A and B
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excitons in 1L MoS, is about one order of magnitude
smaller than that of A excitons of 1L WS, under the
same experimental conditions, which is probably due
to the high defect density in MoS, exfoliated from

natural crystals™”. Consequently, the TA spectra of

the HS region is dominated by the GSB of A excitons
of IL WS, in Fig. 3(b). In Fig. 3(d), the TA spec-
tra of the HS region extracted at 2. 1 ps are almost a
simple sum of those of individual 1L MoS, and 1L
WS,.

(a) ARIR (b) ARIR (e) ARIR
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Fig. 3 2D color plot of TA spectra for individual 1L WS, (a), 1L-MoSy/hBN/IL-WS, HS(b) and individual 1L MoS,(c). (d) TA

spectra of individual 1L WS,, individual 1L MoS, and 1L-MoS,/hBN/1L-WS, HS after the delay time of 2.1 ps, respectively.

(e) Normalized decay curves of A exciton of individual 1L WS, and that in the HS. Inset is a magnification of Fig.3(e) for

the first 3.0 ps

Fig. 3 (e) presents normalized decay curves
of A exciton of individual 1L WS, and that in the
1L-MoS,/hBN/1L-WS, HS extracted at 2. 02 eV.
Meanwhile, the buildup of exciton populations
happens within ~ 1 ps as shown in the inset of
Fig. 3(e), which is close to the time resolution of
our setup. The GSB signal of A exciton of 1L WS,
in the HS region is slightly higher than that in its
individual region, and this difference could be
larger in different samples (Fig. S7), suggesting
that interlayer FRET happens in a ps timescale.
More interestingly, the FRET process lasts more
than one hundred ps in Fig. 3(e). The decay dy-
namics are well fitted with a biexponential decay
function A,e™ + A,e™ (see Fig. S8 and Tab. Sl
for more details).

For individual 1L WS,, 7, and 7, are 5. 17 ps

and 41.6 ps, respectively. In comparison, 7, and

7, are 5. 19 ps and 60. 7 ps, respectively, for 1L WS,
in the HS. The fast decay component (z,) is identi-
cal and attributed to intrinsic radiative lifetime of ex-
citons in 1L WS,***", as shown in Fig. 4 (a). The
slow decay component (7,) in individual 1L WS,
The

[48]

arises from the Auger-type EEA process
EEA

is a nonradiative scattering process, in
which one exciton recombines nonradiatively by
transferring its energy and momentum to another
exciton, and thus generating hot electron and
hole at higher energy level shown in Fig. 4 (b).
The EEA process is efficient due to strongly en-
hanced Coulomb interaction in 1L TMDs™.
Those EEA-generated hot electrons and holes
could relax down and form A and B excitons
again. Therefore, we believe that the longer 7, for
1L WS, in the HS is caused by EEA assisted

FRET as illustrated in Fig. 4(b).
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The schematic illustration of fast interlayer FRET process(a) and slow EEA assisted FRET(b) in 1L-MoS,/hBN/

1L-WS, HS. EEA can happen for A/B excitons and even dark excitons in monolayer TMDs, and generates hot

carriers at high energy levels which could relax down and form A/B excitons. The EEA-regenerated B excitons

in 1L MoS, could transfer their energy to A excitons in 1L WS, repeatedly, resulting a longer 7, for 1L WS, in

the HS

We further prepared 2L-MoS,/hBN/1L-WS, and
3L-MoS,/hBN/1L-WS, to justify the robusiness of
FRET induced PL enhancement. The thickness of
the hBN spacer layer is ~ 10 nm in Fig. S9. The ab-
sorption peaks of A exciton of 1L, 2L, and 3L MoS,
are located at 1. 89, 1. 87, 1. 84 eV, respectively, as
shown in Fig. 5 (a). The PL peak of 1L MoS, A ex-
citon is located at 1. 89 eV in Fig. S10. For 2L and
3L MoS,, the PL peaks of the indirect bandgap are
stronger than those of A excitons in Fig. S10, which
located at 1.86 eV, and the peak at 1.58 eV and
1. 43 eV, respectively. The absorption peaks of B

excitons of 1L, 2L and 3L. MoS, are located at about

(a)

0.6 —— 1L-MosS,
—— 2L-MoS,
0.5 — 3L-MosS,

substrate

g 0.4
Z03h
)
o2t

0.1 ://\/‘\\M

0 1 1 1 1
1.8 1.9 2.0 2.1 22
Energy/eV

Fig. 5

2.03 eV and show weak dependence on their thick-
ness. The PL enhancement of 1L WS, in 2L-MoS,/
hBN/1L-WS, and 3L-MoS,/hBN/1L-WS, HSs is ob-
served with EFs of ~2 as shown in Fig. 5(b). 2L
and 3L MoS, are indirect bandgap semiconductors,
and thus photogenerated carriers are more inclined
to relax to the indirect bandgap edge and recom-
bine. However, as evidenced by the PL spectra in
Fig. S10, a certain population of B excitons can still
form in 2L and 3L MoS,, whose energy can transfer
to 1L WS, in the HSs through interlayer FRET, and
therefore leading to the PL enhancement effect in

Fig. 5(b).

(b)

1L-Ws, 1L-WS @21-MoS /hBN/1L-WS, | 1L-WS @31-MoS /hBN/IL-WS,

800+ F r

600 r r

400f L L

PL intensity/a. u.

200} L L

1 1 1 1 1 1 1 1 1 1 1 1

1.8192021 18 1.9 20 2.1 1.8 1.9 2.0 2.1

Energy/eV Energy/eV Energy/eV

(a) The differential reflectance spectra of 1L, 2L and 3L MoS, at room temperature. (b) PL spectra of A exciton of

IL WS, in individual 1L WS, (left) , in 2L-MoS,/hBN/IL-WS, HS (middle) and in 3L-MoS,/hBN/IL-WS, HS

(right)
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4  Conclusion

In summary, our study demonstrates an efficient in-
terlayer FRET process from 1L MoS; to 1L WS, in 1L-
MoS,/hBN/1L-WS, HSs, which leads to a significant PL
enhancement of 1. WS,. The interlayer FRET process
happened in a picosecond timescale as revealed by tran-
sient absorption spectroscopy, since the strong spectral
overlap and dipole-dipole interaction between B exci-

tons of 1L MoS, and A excitons of 1. WS,. Importantly,

we found that exciton-exciton annihilation plays a criti-
cal role in enhancing the interlayer FRET at a timescale
of around one hundred picoseconds. Our findings pave
a new way to regulate the emission properties of 2D
TMDs and provide more insight into the dynamics of in-

terlayer FRET in TMDs HSs.

Supplementary Information and Response Letter are
available for this paper at: http://cjl. lightpublishing.
cn/thesisDetails#10.37188/CJL.20240238
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