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ABSTRACT

Low carrier mobility, closely associated with the formation of localized states, is the major bottleneck of utilizing the unique quantum trans-
port properties in transition metal dichalcogenides (TMDCs). Here, we demonstrate an effective method to quantify the localization energy
based on the temperature-dependent spectral variation of photoluminescence (PL) in pristine and hexagonal boron nitride (h-BN) encapsu-
lated monolayer (ML) WSe,. Considering the protecting capability of h-BN against contamination and degradation, while not affecting the
electronic structure as an insulating dielectric, the localization energy was comparatively extracted out of PL spectra in pristine and encap-
sulated ML WSe,. In pristine ML WSe,, two distinctive energy traces were resolved with an energy difference of about 17 meV, which was
associated with the localized state revealed below 200 K. Clear evidence for the carrier localization was also evident in the integrated PL
intensity trace with temperature as the trace from pristine ML clearly deviates from the dark-exciton-like behavior of ML WSe;,, violating
the spin selection rule of the lowest exciton state. In clear contrast, the temperature dependency of the h-BN encapsulated ML WSe; in PL
spectra matches well with the typical Varshni formula of free excitonic peaks and the integrated intensity trace of thermally populated spin
subbands. Our study suggests that the h-BN encapsulation could suppress the carrier localization channels by avoiding surface oxidation due
to air exposure and could provide insights into how one could preserve the excitonic features in TMDC materials and devices.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0156077
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The emergence of numerous exciton-related properties in the
monolayer (ML) transition metal dichalcogenides (TMDCs) has
inspired its potential pragmatic devices, as their electronic and
optical features are precisely controllable. The inherent inver-
sion symmetry lacking along with spin-valley coupling in the ML
TMDCs' consequence in various interesting quantum-transport
phenomena, such as current-induced spin accumulation” and val-
ley Hall effect.”" Concomitantly, the different spin configurations
at +K valleys in the ML TMDCs lead to the valley-specific optical
selection rules” so that the interband transition at each valley is
coupled to different circularly polarized lights.” Modification of the
crystalline properties, induced by strain, defects, and encapsulation,
could further affect the band-edge emission features.””

Analysis of the optical properties regarding excitonic com-
plexes has been feasible due to strong Coulomb interaction in ML
TMDCs.” Although complex excitonic characteristics often dis-
closed significant discrepancies in the optical measurements, e.g.,
binding energy values ranging between 198 and 790 meV; '
furthermore, transport investigations have revealed low carrier
mobility' >’ possibly due to high impurities and corresponding
localization channels. Remarkably, the large surface area-to-volume
ratio of ML TMDCs compared to the bulk crystals makes them more
susceptible to impurities in the adjacent dielectric environment; e.g.,
when dealing with pristine TMDCs, charged impurities in the sub-
strate influence their transport properties.'’'® In this respect, In
this regard, we note that experimental exploration of the various
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mechanisms associated with localization in TMDCs is still lack-
ing, including impurity-related localization, localization-dependent
band-edge emission traits, and scattering between various carriers in
the vicinity of localization traps.

Photoluminescence (PL) has been successfully correlated with
the transport properties encompassing localization traps in vari-
ous materials, such as semiconductors,” organic materials,'® and
carbon derivatives.'” Although there have been several reports on
the temperature-dependent PL properties of TMDCs,”'"*~*” they
have mainly focused on the complex fine structures of charged
exciton states.”” Although the localization features were revealed
through the results of these low-temperature experiments,”**’ the
quantification of the localization energy and the change in properties
due to the environmental perturbations inherent in the heterostruc-
tures have not been addressed. Representatively, the characterization
of suppressed carrier localization in encapsulated samples relative to
pristine counterparts has never been investigated. In particular, since
the localized state is not affected by the valley-spin coupling, which
determines the excitonic emission characteristics,’ it is important to
verify whether the PL signal follows the optical selection rules of the
band edge.”® In this work, we quantified the localization energy in
pristine ML WSe; and demonstrated carrier localization suppression
due to h-BN encapsulation using a comparative PL spectral analysis
as a function of temperature.

An h-BN encapsulated WSe, ML was attained by chronolog-
ically transferring a bottom h-BN flake, ML WSe;, and top h-BN
flake exfoliated mechanically from bulk crystals with adhesive tape
onto a quartz substrate.”” The pristine and h-BN-encapsulated ML
flakes are visible in Fig. 1(a) as an optical micrograph of the sam-
ple, where the colored lines define the boundary of the bottom
h-BN (green), WSe, ML (yellow) and top h-BN (light-green) with
an average thickness of 30, 1.1, and 5 nm correspondingly, an inset
schematic visualizes the vertical distribution of the layers.

Raman measurements were performed in backscattering geom-
etry using a LabRam HR spectrometer (Horiba) with a 532 nm CW
laser (Torus 532), at room temperature, with a spectral range of
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FIG. 1. (a) Optical micrograph showing ML pristine and h-BN encapsulated WSe,
with colored lines showing boundaries of bottom h-BN (green), WSe; ML (yellow)
and top h-BN (light-green), additionally beam position indicated by a green shaded
circle. Raman spectra of pristine and encapsulated portions extracted from the
Raman map are shown in (b) and (c), with red and blue shaded lines represent-
ing Lorentzian fitting peaks corresponding to (E;g and Aq4) Raman modes in ML
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200-2200 and 1 cm™" resolution utilizing a grating of 600 gr/mm
while measuring. A Raman map encompassing both pristine and
encapsulated regions was obtained by the 57 x 57 point scans
with a total dwell time of 0.84 s per point. The laser beam was
focused by 100x objectives with a numerical aperture (N.A.) of 0.95,
at 0.5 mW. Time-integrated PL (TIPL) was measured utilizing a
micro PL setup by exciting the sample with a 532 nm CW laser
(LVI532-30-LN), at 50 yW. A 20x objective lens (0.2 N.A.) was
utilized to focus the excitation beam with a spot size of around
~10 ym on the sample, as well as to collect PL signals. We selec-
tively chose spots with fewer bubbles while exciting the encapsulated
portion to minimize the bubble-related strain-induced PL signa-
ture. The collected signal was directed to a 1200 gr/mm grating of
a spectrometer (SpectraPro-2300) equipped with a monochromator
attached to a nitrogen-cooled charge-coupled device with 0.14 nm
of resolution and a PMT resolution of 0.1 nm, while the tempera-
ture was varied from 77 to 295 K using a liquid nitrogen cryostat
(Janis ST-500).

We characterized the ML nature and vibrational properties of
both pristine and encapsulated WSe, using Raman mapping at room
temperature. Extracted spectra from Raman map for pristine (h-BN
encapsulated) WSe; ML shown in Figs. 1(b) and 1(c) depict two
prominent peaks, Eég (in-plane mode) at 247.69 cm™! (248.97 cm™))

and Aj; (out-of-plane mode) at 257.66 cm™' (257.11 em™h).2¢
To avoid the strain effect associated with bubbles extraction
points in the encapsulated portion were intentionally selected to
avoid bubbles. E;g (A1g) peak of air exposed WSe; blueshifts

(redshifts) by 1.28 cm ™! (0.49 cm™!) from that of h-BN encapsulated
WSe; ML, likely due to defect creation®” or strain™ introduced dur-
ing oxidation or dielectric surrounding variation, respectively. As in
our sample no splitting of the Eég peak has been observed, we can
attribute the observed Raman frequency blue-shift in air-exposed
WSe; ML to hole-doping, induced by the oxygen adsorption in
ambient condition.”!

Figures 2(a) and 2(b) show a direct comparison of the tem-
perature evolution of TIPL spectra from (a) pristine and (b) h-BN
encapsulated area. Below 175 K two peaks were clearly visible, where
the PL spectra obtained from the pristine (h-BN encapsulated) ML
WSe; at 77 K peaks observed at 1.693 eV (1.688 eV) was associ-
ated with the neutral exciton (X°) while the other peak detected
at 1.658 eV (1.652 eV) was linked to the trion (X~) emission,
giving an X~ binding energy of 35 meV (36 meV), a few meV higher
than the X~ binding energy value ~30 meV of ML WSe;.!! When
the temperature was increased the X° peak dominates the PL spec-
trum with a prolonged low-energy tail, indicating the existence of
X™ at ambient temperature. A solo peak at 1.64 eV (1.63 eV) seen
from the pristine (h-BN encapsulated) portion at room tempera-
ture, associated with the lowest energy exciton state with no lower
energy indirect gap emission characteristics, confirms the ML nature
of the sample.m The colored line in Figs. 2(a) and 2(b), guides the
eye to the redshift induced by the temperature-dependent band-
structure change. Notably, the PL linewidth sharpens substantially
with h-BN encapsulation, and the X° energy of the pristine WSe,
is 25.9 meV higher than that of the encapsulated WSe,, we ascribe
these effects to the influence of environmental factors on exciton
binding energies.”””* To quantify the localization energy, we ana-
lyzed the energy evolution of the X’ PL peak with temperature.
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FIG. 2. Temperature evolution of the normalized PL spectra obtained from (a) pris-
tine and (b) encapsulated ML WSe,. For convenience, the spectra at different
temperatures were shifted vertically and a colored guiding line depicts the neutral
exciton (X°) emission signature. The photoluminescence spectrum at the lowest
measuring temperature in the pristine (encapsulated) case has been decomposed
into two Lorentzian peaks shown in light green and red lines.

Figure 3 depicts the temperature dependency of the PL peak energy
in (a) pristine and (b) h-BN encapsulated WSe, ML under iden-
tical conditions, where the energy values were extracted by fitting
the peaks with a Lorentz function, considering the homogeneity of
the luminescence from ML TMDCs.!’ Noticeably in both cases, the
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exciton energies undergo a red shift with increasing temperature,
which is a typical property of semiconductors, and can be well fit-
ted by the relations describing bandgap evolution with temperature
like Varshni model described as* E(T) = Ey — aT?/(B + T), where
Ey is the bandgap at 0 K, and « and f are the weighting factors
associated with the temperature-dependent lattice dilatation and
average phonon temperature, respectively. From fitting, we obtained
a=4.2x10"* eV/K in pristine and & = 3.7 x 10™* eV/K in encapsu-
lated case, while the average phonon temperature of 170 K for both,
consistent with the values reported previously.”"

In pristine ML WSe,, the X° peak energy shift shows a notable
deviation from the Varshni model at the lower temperature range,
while in the encapsulated ML WSe, that exactly follows the model.
Such temperature-dependent initial blue shift and subsequent red
shift of the emission peak energy was revealed in various semi-
conductor systems,”””” including TMDCs,”*" which was associated
with thermal redistribution of excitons inside localization centers
with a mean energy of Exp..”’ So, we fitted the lower temperature
peak energy values separately, gray line in Fig. 3(a), and extracted
the localization energy as 17.4 meV from the energy difference of
the fitted curves. The slope change disappears above 200 K, implying
carrier delocalization. In contrast, the Varshni fit was consistent with
the experimental results in encased WSe,, implying that encapsu-
lation minimized defect-induced carrier localization. The error bar
in Figs. 3(a) and 3(b) is showing the PL linewidth, which increases
gradually with increasing temperature in the lower temperature
range (<175 K), and then increases rapidly from 200 to 300 K. The
increased exciton—-phonon interaction at high temperatures, as well
as the activation of nonradiative recombination centers, contribute

50 100 150 200 250 300
[ T T T T D XO
X
1.56 -
(b)
s s : |
—|Enca§sulated= o
20 - (d) —— Multi-level Model
15 - 94
N——
10 -
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FIG. 3. Temperature evolution of PL peak energy in (a) pristine and (b) h-BN encapsulated WSe;, ML, with red scatters showing measured data, error bars indicating linewidth,
and red solid lines representing fitted data using Varshni's model. Temperature assessment of the extracted integrated intensity from (c) pristine and (d) h-BN encapsulated
WSe, ML, where red scatters are the measured values, while the red line shows the fitting data using the multi-level cascaded (multi-level) model.
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to the accelerated broadening of the PL peak. Observed carrier local-
ization in the pristine portion is likely to be induced from oxygen
defects, created due to the oxidation and adsorption at the surface
upon air exposure, while in encapsulated ML carrier localization
is suppressed by minimizing chemical reactions at the ML surface
with ambient oxygen.”’ The asymmetricity of the PL spectrum at
low temperatures is more prominent in the pristine than that of the
encapsulated ML WSe;, which was attributed to the hole localiza-
tion. Moreover, instead of chalcogen vacancies, tungsten vacancies
in WSe;, which induce trap states within the bandgap near valence
band maxima, are more dominant due to oxidation, as resultant
WOy acts as a strong hole injection layer.*"*”

In order to better comprehend the strong exciton behavior and
reveal the exciton binding energies in WSe, ML, we investigated
the temperature evolution of the PL integrated intensity. By using
the Lorentzian fitting function to fit the emission peaks in Fig. 2, we
were able to extract the integrated PL intensities, which are repre-
sented by red circles (squares) for the pristine (encapsulated) WSe;
ML in Figs. 3(c) and 3(d). Integrated PL intensity obtained from the
pristine WSe, ML decreases with rising temperature up to 175 K
before increasing in pristine WSe, ML, as shown in Fig. 3(c). The
initial higher intensity in the lowest temperature can be ascribed
to the easier thermalization of the localized states, hence the radia-
tive recombination of trapped carriers. Additional thermalization
of these localized carriers causes them to delocalize into the spin-
forbidden dark (|D)sr) state; hence, a monotonic decrease of the
integrated intensity with increasing temperature was anticipated.
Above 175 K, we observe the bright excitonic behavior where the
electrons thermalized to bright (|B)) states from the |D)sr state; thus,
PL intensity increases with increasing temperature. This sequential
drop and rise have been fitted by the cascaded multi-level model
defined by' "+

1+ Ae Fa/kT 1
K(T) =1:(0) 1 + Be Ev/ksT +1(0) 1 + CeEnioc/ksT’ M

where I;(0) and I,(0) are the PL intensity at 0 K for the neu-
tral and localized excitonic emission, respectively, A, B, and C are
amplitude weighting factors, and Eaj,, Eax, and E;, correspond to
the activation energy for the transition from localized states, bright
state, free excitonic state, respectively, which defines the sequential
decrease and increase in PL intensity. From the fitting, solid red
line in Fig. 3(c), we attained the Eaj., Eax, and Ej to be 17, 38, and
239 meV, respectively. Notably, these values are comparable to the
localization energy (17 meV) calculated from Fig. 3(a), dark and
bright excitonic band separation in WSe; (40 meV)® and exciton
binding energy (198 meV)'! reported earlier.

Contrarily, the integrated PL intensity trace from encapsulated
WSe; ML shows only delocalized emission, as shown in Fig. 3(d).
The increase in the integrated intensity was due to the radiative
recombination from |B) state at lower temperatures and can be fitted
well with the multi-level model described by~

1+ Ae FalkaT
I(T):II(O)W) )

where I;(0) is the PL intensity at 0 K, A and B as amplitude
weighting factors, E, corresponds to the dark and bright excitonic

scitation.org/journal/adv

band separation energy, while E, corresponds to the exciton bind-
ing energy. From the fitting, we obtained E, = 201 meV, which
is analogous to the previously reported value of 198 meV'! and
Eax = 26 meV. Furthermore, the signatures of the momentum
forbidden dark (|D)umr) states have been revealed in the high-
temperature range, supporting the theoretical prediction.*® Notably,
both E,y and Ej, values extracted from fitting are lower in the encap-
sulated case than the pristine, which can be ascribed to the improved
e-h wavefunction spatial overlap and change in relative permittiv-
ity of adjacent dielectric (e ). As in h-BN encapsulated WSe; ML
avg (6.9) is much larger than that of the pristine WSe, ML (2.3), the
electronic bandgap and the binding energies of exciton complexes
decrease substantially.*”

In summary, we have investigated the localization character-
istics of both pristine and h-BN encapsulated ML WSe; by using
temperature-dependent TIPL. We have observed two distinct emis-
sion peaks in the PL spectra of the pristine sample, which we
attribute to the existence of a localized state at lower energy than
the neutral exciton. Clear evidence for these localized states was
also evident in the integrated intensity trace as it clearly shows the
localization and delocalization phenomena with temperature varia-
tion, while in the encapsulated WSe; ML, both energy and intensity
trace confirm suppression of this localization phenomena. Hence,
the localization characteristics of TMDCs in ambient conditions
suggest the critical role of h-BN encapsulation as a protective strat-
egy to preserve the excitonic properties in TMDC materials for their
prospective use in functional devices.
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