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Brightening and Control of Spin-Forbidden Dark Excitons in

a Strained Monolayer Semiconductor

Shuo Du, Feng Jin, Xinbao Liu, Xin Huang, Yang Yang, Haifang Yang, Junjie Li,
Qingming Zhang, Sheng Meng, Yang Guo,* and Changzhi Gu*

Dark excitons are fascinating for condensed matter physics, quantum
information processing, and optoelectronics due to their long lifetimes.
However, direct optical access to dark excitons is still challenging due to the
violation of the spin selection rule. Here, a new scheme for the brightening of
spin-forbidden dark exciton in WS, monolayers by creating artificial
out-of-plane shear strain that induces an effective in-plane pseudo-magnetic
field is proposed. To reveal dark excitons, low-temperature
magneto-photoluminescence experiments on the strained WS, monolayers
are performed. It is found that the dark excitons appear at 59 meV below the
bright ones and exhibit an asymmetric magnetic field dependence, which is in
agreement with the model taking into account the effect of the out-of-plane
shear strain on spin-flip processes of exciton states. The fieldless scheme has
great potential in the application of dark excitons for new quantum

edges are located at the K and K’ val-
leys of the hexagonal Brillouin zone,
and the combined action of broken in-
version symmetry, time reversal sym-
metry, and strong spin-orbit coupling
(SOC) brings out valley-contrasted spin
splitting in both of conduction and va-
lence bands. Similar to spin polariza-
tion, valley polarization associated with
pseudospin indices could be utilized as
a quantum information carrier.['2*-7] Ey-
idencing this point, valley polarization
of TMD-MLs has been extensively stud-
ied in the past decade, and the possi-
bility of the spin-allowed bright exciton
states as a quantum bit has been demon-

information processing devices.

1. Introduction

Since the discovery of atomically thin Van der Waals materials
such as graphene and transition metal dichalcogenide monolay-
ers (TMD-MLs), interest in valley physics at energy band extrema
in momentum space has been rekindled, due to its potential ap-
plication on quantum information.['*] In a TMD-ML, the band
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strated through optically pumping val-

ley polarization along with generating

and detecting valley coherence.?>¢l De-

spite the progress on manipulating valley
polarization degree, the relatively short radiative lifetime (<1 ns)
has prevented the bright excitons of TMD-MLs from a long-lived
qubit in quantum devices. In contrast, the recombination time
of spin-forbidden dark exciton states composed of electron-hole
pairs with parallel spin is several orders of magnitude longer
than that of bright ones in TMD-MLs,[#1% which make them one
of promising candidates to continue the valleytronics version of
qubit for quantum information.!]

Due to the violation of spin selection rules, however, the
dark excitons in TMD-MLs are difficult to be directly accessed
optically.'>!3] According to the former studies, the spin-flip pro-
cesses are required to induce the radiative decay of dark excitons,
and the mechanism of achieving dark exciton optical brightening
with conventional far-field optical techniques could be summa-
rized into two types.l'*15] One mechanism is due to the Rashba
spin—orbit coupling that arises whenever the reflection symme-
try in the ML plane is broken. A virtual transition in the conduc-
tion band attributed to the SOC mixing will facilitate an intrinsic
spin flip, inducing an out-of-plane dipole transition that can be
effectively excited by an out-of-plane optical field®1*16-22] (Note
S1, Supporting Information). Another mechanism of spin-flip is
spin mixing of excitons by applying a strong in-plane magnetic
field, which induces a weakly allowed in-plane optical transition
by the Zeeman effect.*?3-2¢] Using a large field of >14 T, a ra-
diative decay rate of dark excitons I ~ 10~ I'; can be obtained
in MoS,-MLs with in-plane optical transition,?°! where Iy, is the
radiative decay rate of the bright excitons. However, these mech-
anisms usually require a complicated experimental framework
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Figure 1. Dark excitons in nonstrained and out-of-plane shear strained WS,. a,b) Schematic illustration of the lattice structures and band structure at K
valley of nonstrained WS,-ML. ¢,d) Schematic illustration of the lattice structures and band structure at K valley of out-of-plane shear strained WS,-ML.

such a strong parallel magnetic field or in-plane light with illumi-
nation along a single atomic-layer thick sheet of TMD-MLs. The
mechanism and realization method of brightening dark exciton
still need to be explored.

Apart from these two approaches, recently, a new one of spin-
flip induced with lattice deformation has been theoretically in-
vestigated on TMD-MLs,!?”%] especially the shear deformation
which results in a mixing of the orbital structure of the Bloch
bands caused by out-of-plane strain structures.*?] Strain breaks
the mirror inversion symmetry of the crystal lattice and intro-
duces spin-lattice coupling, which manifests itself as an effec-
tive in-plane magnetic field that couples to spin, or a Rashba-
like coupling with a magnitude proportional to the mean cur-
vature of the TMDC lattice.’®] However, there is still a lack of
definite experimental evidences proving strain induced spin-flip
in TMD-MLs, let alone the brightening of spin-forbidden dark
excitons by strain. In addition, the exploration of strain effect
strongly relies on the ability to synthesize nanoscale objects with
a targeted geometric shape, while construction of on-demand fic-
titious gauge fields induced by artificial strain distributions on
TMD-MLs within micro- or even nanoscale yet represents a chal-
lenge.

Here, we present a new approach for brightening of spin-
forbidden dark exciton into WS,-MLs by creating artificial out-
of-plane shear strain (OSS). To reveal the dark exciton emission,
low temperature magneto-photoluminescence experiments are
conducted for strained WS,-MLs. Our observations show that the
dark excitons appear at 59 meV below the bright ones under zero
magnetic field, while they become split into two nondegenerate

Laser Photonics Rev. 2023, 2300185

2300185 (2 of 8)

spin states under nonzero out-of-plane magnetic field and exhibit
an asymmetric dependence on it. These results can be well ex-
plained by our model taking into account the effect of the OSS
on spin-flip processes of exciton states.

2. Results and Discussion

2.1. Spin-flip Mechanism Induced by Strain

Figure 1a,b exhibits schematics of the lattice structure and band
structure at the K valley of a WS,-ML. Owing to the large spin-
splitting in the valence band (VB) compared to the conduction
band (CB), the direct band-edge features are characterized by
spin-split electron states |1), and || ), with the SOC energy A from
CB and spin-specific hole state | 1), from the highest lying VB at K
valley. The corresponding exciton states of unstrained TMD-MLs
can be dark with parallel electron and hole spins |D) = |1,1),, and
bright with antiparallel spins |B) = |{,1),,- Next, we introduce an
out-of-plane perturbation by strain into the system (Figure 1c,d),
which could mix the spin components of the quantum states of
excitons. Focusing the contribution of shear component of strain,
the spin-effective Hamiltonian can be described by!?”!

_ | B oeoss
He L <1>

where E, is the lowest exciton energy under no strain and the
magnitude of €555 = €, + i€, is presumed to remain in the har-

monic regime (€55 < 1). The off-diagonal terms within H result
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Figure 2. Characterization of strained WS,-MLs at room temperature. a) Schematic of strain direct writing by using a focused electron beam on a
WS,-ML covering on a HSQ layer. b) AFM topography images of the strained bulge region, the difference between min and max in height is 57 nm. ¢)
Microscopic image of strained WS,-ML, and the strained bulge region is in the white dashed box. d) Raman peak mapping image of the E’ mode of
WS,-ML at room temperature in the strained bulge region. e) PL peak mapping image of WS,-ML at room temperature in the strained bulge region. f)

Simulated OSS and IBS profile along the red dashed arrow in (b)/(d)/(e).

from the spin—orbit coupling between different d orbitals,!?’! rep-
resenting intravalley strain—spin coupling mechanism, and the
strength of the coupling depends on e, which is weighted by
the deformation potential a. The eigenvalues of the spin-effective
Hamiltonian matrix are given by

\/ A2 + |2a€055]° (2)

It is clear that the out-of-plane perturbation leads to an anti-
crossing of spin-split electron states |1), and |!),, and the cor-

Ei

1R

E, +

N | D>

=+

N =

responding energy splitting becomes A s = 1/ A% + |2a¢e 55|

From the viewpoint of inversion symmetry breaking, the strain-
induced off-diagonal perturbation to spin sub-bands is equivalent
to an in-plane magnetic field in terms of its effects on changing
the spin characteristics of band-edge states,*’! and such strain
effect can be quantitatively converted into the magnitude of in-
plane pseudo-magnetic field B(T) = ;—Zeoss, where yp is Bohr
magneton and g is the transverse electron g-factor.!! In addi-
tion, the spin mixing states of bright and dark exciton, which
correspond to the two eigenvectors of the spin-effective Hamilto-
nian matrix, can be expressed with noninteraction basis vectors
|D) and |B) as

|D>mix=clc |D> + Cf |B> (3)

B)ix = 5 IB) + ¢, ID) )

mix
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where ¢ and ¢/ (n = 1, 2) are spin-conserving and spin-flipping
coefficient, respectively, which can be mathematically formulated
(Note S2, Supporting Information) as

WZ
1+ W?

1
14+ w2’

e = e and)] =

)

where the out-of-plane spin coupling factor W is equal to %

0Oss
So, itis clear that, with the increase of €5, the |cf|? is close t0 0.5,
which indicates the OSS-induced brightening of dark excitons.

2.2. Characterization of Strained WS,-MLs at Room Temperature

To introduce such OSS, our samples of strained WS,-MLs are
prepared as shown in Figure 2a. First, an unstrained WS,-ML
is obtained by mechanical exfoliation from a bulk WS, crystal
and transferred to a silicon substrate covered with a spin-coated
300 nm-thick hydrogen silsesquioxane (HSQ) layer that serves
as an electrosensitive deformable material (Note S3, Support-
ing Information). And then, a focused electron beam is used
to illuminate two adjacent areas without overlap in the WS,-
ML in sequence, giving rise to local collapse of WS,-ML due
to decomposition of HSQ layer beneath it (Note S4, Supporting
Information).??] As a result, a bulge will appear between two ad-
jacent irradiated areas after the squeezing of these two collapsed
ranges, which is attributed to in-plane stress on its both sides
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(white dashed arrow). This can contribute to the pure OSS on
WS,-MLs, avoiding other the electron bombardment effect of ir-
radiated areas (Note S5). The atomic force microscopy (AFM) im-
age (Figure 2b) shows that the local area marked with the white
square in the microscopic picture (Figure 2c) exhibits the shape
of valley-ridge-valley, and the cross-section of height profile along
the white dashed line is shown in Figure S7c (Supporting In-
formation). Accordingly, there exist obvious lattice deformation
in this local area, which can be observed from the 2D mapping
image of Raman shift, as shown in Figure 2d. Compared with
an unstrained WS,-ML (Note S7, Supporting Information), the
Raman mode E’ becomes softening in the collapsed ranges of
the strained WS,-ML while it becomes stiffening in the central
bulge range, which correspond to tensile strain and compressive
strain respectively.**] In particular, there is a gradient of com-
pressive strain in the bulge along the direction marked by the
red dashed line in Figure 2c. Moreover, the exciton emission at
the band edge exhibits the matched change with strain, as shown
in Figure 2e that is the 2D mapping image of photoluminescence
(PL) peak position at room temperature. The red dashed arrow in
the Figure 2e tells the direction of compressive strain increase,
where the PL peak moves from about 2.009 to 2.017 eV. The typ-
ical experimental value for WS,-ML exciton energy shifts as a
function of biaxial strain at room temperature is about +90 meV
% 71,1303 50 compared with the PL peak of unstrained WS,-ML
(2.006 eV) in Note S7 (Supporting Information), the maximum
compressive strain on the bulge can be calculated as —0.12%.
Figure S6 (Supporting Information) shows the profile line of
PL peak positions across the shape of valley-bulge-valley marked
by the while dashed line in Figure 2e, indicating a sharp strain
change from tensile to compressive strain there. Different from
in-plane biaxial strain (IBS), there is no general agreement on
how to calculate OSS from PL spectra. For this reason, the finite-
element method (FEM) is used to calculate the OSS of the bulge
region (detailed in Notes S9 and S10, Supporting Information).
The simulated results match well with the measured AFM topog-
raphy and the peaks-shift-calculated IBS in Figure 2b,e, and the
simulated OSS along the red dashed arrow is shown in Figure 2f,
with the maximum |eqg4| reaching 0.063%. Meanwhile, it also
shows that both of the OSS and the compressive IBS increase
along the red arrow in the bulge region.

2.3. Low-temperature PL of a Strained WS,-ML

Temperature can affect the energy distribution and intensity of
exciton emission.[?23%] In order to reduce thermal disturbance
and investigate the dark exciton emission of strained WS,-MLs, a
low-temperature PL experiment is conducted at 1.8 K, using the
standard geometry configuration where the excitation and detec-
tion light propagates perpendicular to the ML plane. Figure 3a
shows a set of PL spectra obtained from the bulge in the strained
WS,-ML along the red dashed line in Figure 2c. To be clear, we
firstly describe the spectral feature of the unstrained ML (the top
panel of Figure 3a). It can be seen that the highest energy peak
X originated from the neutral exciton emission (bright exciton)
is located at 2.085 eV and the secondary lower-in-energy peak T
contributed from negative trions is at 2.057 eV, followed with a
serious of low energy peaks labeled L” (n =1, 2, 3, ...) that could be
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attributed to recombination processes of localized excitons.!3¢37]
There is no observation of the dark exciton emission in this spec-
trum because of the violation of spin selection rules. And the
whole PL spectrum can be fitted well with a set of Gaussian func-
tions (see the thick light blue curve for the calculated PL spec-
trum), which is agreement with the previous studies.

Compared with the unstrained WS,-ML, the energy peaks X°,
T, and L" show strain-dependent blueshifts, and the maximum
energy shift of X° is about 17 meV in our observation. In partic-
ular, an addition energy peak appears between localized excitons
L! and L2 and gradually becomes more obvious with the increase
of strain, which should be assigned to the dark exciton XP bright-
ened by OSS as described above. It should be noted that, some
of previous studies support that the peak at this position (about
50 meV lower than X°) is exactly the neutral dark exciton,[17:2426]
while others consider this position is the dark trion,[*33] so there
are controversies over the position of this new peak, but the spin-
flip process do contribute to the brightening of both these dark-
related-states.['*2638] Each of these strain-dependent PL spectra
can be fitted well with a set of Gaussian functions, respectively,
as shown in Figure 3a. Figure 3b exhibits the 2D color map of fit-
ting PL intensity of bright (X°) and dark exciton (XP) emissions
as a function of the compressive IBS calculated by X° peak shifts
(175 meV %71),34 and together with the corresponding OSSs are
marked by white circles in Figure 2f. It is clear that the peak in-
tensity of the X° emission becomes decreased while its peak po-
sition has an obvious blue shift with the IBS and OSS increas-
ing. In contrast, the peak intensity of the XP emission becomes
increased while its peak position has a slight red shift with the
increase of OSS. The minimal energy splitting between X° and
XP excitons is about 59 meV, which is very close to the previous
results.l'?4] And it increases up to 73 meV with the strain in-
creasing, which is mainly contributed to the blue shift of X°. The
exciton coherence lifetime = which is connected by Lz = k, with
L being the full excitonic linewidth,*"! so the full-width at half-
maximum (FWHM) of PL peaks can be used to roughly compare
the lifetime of excitons, that it, the narrower the line width, the
longer the lifetime. The FWHM of maximum strained WS, X° is
25 meV, while that of XP is 19 meV. The lifetime of dark excitons
islonger than the bright ones. The additional evidence for assign-
ing this new energy peak XP to spin-forbidden dark excitons is the
ratio between the PL intensity of X° and X°, which should follow
a simple quadratic law: XP/X® intensity ratio ~ |eyss|!?! accord-
ing to Equation (5). In Figure 3¢, we present the ratio between the
PL intensity of XP and X° emissions as a function of OSS. The
measured quadratic behavior (the black parabola fitting curve) is
a strong indication that this new energy peak XP corresponds to
the recombination of the dark excitons which have been bright-
ened by artificial strain in the WS,-ML.

2.4. Magneto-PL of a Strained WS,-ML at 1.8 K

In next, we further demonstrate that our observation is originated
from dark excitons by investigating the symmetry-dependent fine
structure of dark excitons of the TMD-MLs. At the equilibrium
state, the WS,-ML belongs to the symmetry group D;;, with W
and S atoms arranged in a hexagonal lattice.*!] According to the
previous studies, the bright excitons correspond to the I'; (11, 1)

© 2023 Wiley-VCH GmbH
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Figure 3. Dark excitons in nonstrained and out-of-plane shear strained WS,. Low-temperature PL of a strained WS,-ML. a) Waterfall plot of low-
temperature PL spectra of WS,-ML at 1.8 K with the increasing of the strain along the red dashed line in Figure 2. b) Fitting PL intensity of bright
(X% and dark exciton (XP) emissions as a function of the IBS. The corresponding OSS can be readout by Figure 2f. c) Ratio between the PL intensity of

XP and X0 emissions as a function of OSS.

irreducible representation, while the dark excitons can be consid-
ered as two irreducible representations I'; (11 — |l) and ', (11
+ 1l) of a Dy, group.[***!] The schematic diagram of excitonic
bands with such symmetry-dependent fine structure is displayed
in Figure 4b. On the base of the SOC energy splitting A, the
exciton exchange interaction induces a new energy splitting &,
between I’y and T, dark excitons,[*?] but it usually is too small
to be observed (<1 meV for WS,-MLs). In fact, it could become
larger under a high out-of-plane magnetic field due to Zeeman ef-
fect, which make it possible to observe the fine structure of dark
excitons by magneto-PL emission.[?+42]

Our magneto-PL measurement is carried out for the WS,-MLs
at 1.8K by using the Faraday configuration (applying the out-of-
plane magnetic field, detailed in Note S11, Supporting Informa-
tion). For comparison, we first present the magneto-PL spectra of
unstrained WS,-MLs as shown in Figure 4a. It can be seen that
the PL emission of the unstrained WS,-ML is weakly dependent
on the magnetic field, and the lifting of the valley degeneracy of
X0 (valley Zeeman effect) with the magnetic field is not appar-
ent under B, from 0 to 9 T, which is consistent with the previ-
ous results.[*3] In contrast, applying a longitudinal magnetic field
B, on the strained WS,-ML will lead to an obvious change of PL
emission from dark excitons. In Figure 4c, we present 2D color
map of PL intensity as a function of B . It can be found that the
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PL emission from XP becomes stronger and wider with increas-
ing B from 0 to 9 T, which may be attributed from the increasing
splitting energy (6) between I'; and I', dark excitons. By fitting
the PL emission from the strain-induced dark excitons at B =9
T with two Gaussian functions, we can approximately determine
the maximum of § to be 13 meV in our observation. This result is
qualitatively consistent with the above discussion, but the value
of 6 is too larger than the theoretical value calculated by using

V 5(2) + (upgpBL)*,
where g, is the dark exciton g-factor. Thus, the total splitting en-
ergy (I's, T') A, can be modified as

1
Ay = Boss + EAexch = VA2 + |20e045]* + | 53 + (MBgDBL)Z
(6)

the formula of Zeeman splitting energy 6 =

This means that, in addition to the external magnetic B,
there are other factors acting for the coupling of I'y and I', dark
excitons. To examine it, we measure the magneto-PL spectra
of strained WS,-MLs with a reverse magnetic field —B, again.
Figure 4d shows the 2D color map of PL intensity as a func-
tion of —B . Interestingly, the PL emission from dark excitons
become suppressed with increasing the reverse magnetic field
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Figure 4. Magneto-photoluminescence of a strained WS,-ML at 1.8 K. a) Color map of the variation of the PL intensity as a function of B, (0-9 T) of
nonstrained WS,-ML. b) Sketch of the exciton fine structure and the schematic illustration of the strain lattice structures under B . c) Color map of the
variation of the PL intensity as a function of B, (0-9 T) of strained WS,-ML. d) Color map of the variation of the PL intensity as a function of B, (0 to

—9T) of strained WS,-ML.

ranging from 0 T to —9 T, which indicates an asymmetric mag-
netic field dependent behavior. One of possible explanations for
this result is to assume that the equivalent magnetic field induced
by strain is not in-plane but tilted, which could be resulted from
the IBS-induced out-of-plane pseudo-magnetic fields that have
been widely reported in graphene and TMDs.[*#¢] The external
reverse magnetic field will offset the longitudinal component of
the effective magnetic field induced by strain, weakening the cou-
pling of T'; and I', dark excitons. This asymmetric magnetic field
response can be further exploited for new types of magnetic field
sensor or magnetometer.

3. Conclusion

In summary, we present a new proposal of brightening of spin-
forbidden dark excitons by creating artificial OSS. We theoreti-
cally illuminate that the OSS perturbation acting on spin exciton
subbands is equivalent to in-plane pseudo-magnetic fields, which
resulting in the mixing of bright and dark states by spin-flip pro-
cesses. By using a low temperature magneto-photoluminescence
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spectroscopy, we find that the dark excitons appear at the range
of 59-73 meV below the bright ones under zero magnetic field,
while they become split into two nondegenerate spin states
under nonzero magnetic field and exhibit an asymmetric de-
pendence on the magnetic field. These results are in agreement
with the model of strain induced spin-flip processes of exciton
states. Our study would provide a fieldless way to manipulate
and readout spin-forbidden dark excitons by strain engineering,
holding great potential in the application of dark excitons of
2D semiconductors for new quantum information processing
devices.

4. Experimental Section

WS, Monolayer Preparation: In a typical mechanical exfoliation pro-
cess, ML of WS, was mechanically exfoliated from bulk crystals (HQ
Graphene) by using adhesive Scotch tapes, as shown in Figure S2a,b (Sup-
porting Information). By a dry stamping technique,!'’] the flat WS, ML on
Scotch tape were brought into contact with a target substrate, which is
a spin-coated high-purity semiconductor-grade hydrogen silsesquioxane
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(HSQ) layer (300 nm) on a silicon substrate, as shown in Figure S2c (Sup-
porting Information).

Strain Patterning: The strained structures in ML WS, were directly pat-
terned by using electron beam lithography (EBL, Raith 150),13?] see Figure
S2d (Supporting Information). Here, the electron accelerating voltage is
10 kV, the aperture for adjustment of an electron beam is 20 um, the work-
ing distance is 5 mm, and the write field was selected as 100 um.

Magneto-PL measurements: The magneto-PL spectroscopy measure-
ments at 1.8 K were performed with a backscattering configuration using
a Jobin Yvon HR-Evolution system and a CW laser of 532 nm. The linearly
polarized light was used for excitation. The excitation laser power was kept
at a level of 10 uW to avoid overheating. The samples were placed in an at-
toDRY 2100 cryostat utilizing He as the exchange gas, allowing the sample
to be cooled to 1.8 K.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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