Downloaded via PENNSYLVANIA STATE UNIV on February 10, 2025 at 15:44:54 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

THE JOURNAL OF

PHYSICAL CHEMISTRY

LETTERS

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCL

Influence of Substrate-Induced Charge Doping on Defect-Related
Excitonic Emission in Monolayer MoS,

Kyle T. Munson, Riccardo Torsi, Shreya Mathela, Maxwell A. Feidler, Yu-Chuan Lin,

Joshua A. Robinson,™ and John B. Asbury*

Cite This: J. Phys. Chem. Lett. 2024, 15, 78507856

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Many applications of transition metal dichalcogenides (TMDs) involve transfer
to functional substrates that can strongly impact their optical and electronic properties. We
investigate the impact that substrate interactions have on free carrier densities and defect-related
excitonic (X®) emission from MoS, monolayers grown by metal—organic chemical vapor
deposition. C-plane sapphire substrates mimic common hydroxyl-terminated substrates. We
demonstrate that transferring MoS, monolayers to pristine c-plane sapphire dramatically
increases the free electron density within MoS, layers, quenches X° emission, and accelerates
exciton recombination at the optical band edge. In contrast, transferring MoS, monolayers onto
inert hexagonal boron nitride (h-BN) has no measurable influence on these properties. Our
findings demonstrate the promise of utilizing substrate engineering to control charge doping
interactions and to quench broad X® background emission features that can influence the purity
of single photon emitters in TMDs being developed for quantum photonic applications.

T ransition metal dichalcogenide (TMD) semiconductors
show promise in atomically thin field effect transistors
(FETs),"” light-emitting diodes,” and quantum photonic
devices” because of their high carrier mobilities at ultrathin
(<5 nm) channel lengths,"®” direct bandgaps at the monolayer
level,® and controllable valley polarizations.””'" Large-area
TMDs with controlled layer thicknesses can be grown using
metal—organic chemical vapor deposition (MOCVD) and
other nonequilibrium synthesis methods.”'"'> However,
chalcogen vacancies,'”'* substitutional impurities,'* and grain
boundaries'” are widely observed in TMDs grown using these
techniques.'®'” In particular, chalcogen vacancies are prevalent
in MOCVD-grown TMDs due to their low formation energy
in vacuum, resulting in chalcogen vacancy defect densities on
the order of 10'* to 10" cm™."® These defects hinder carrier
transport within the TMD layer and limit the performance of
TMD-based FETs.'

Additionally, several reports have observed photon emission
from excitons trapped at defect sites in TMDs such as
MoS,," " WS,,*° MoSe,,”' and WSe,.”” In fact, investigators
have demonstrated narrow single photon®**~** and circularly
polarized”” emission from defects in TMDs, indicating that
these states may find uses in quantum photonic devices.” In
addition to narrow single photon emission, investigators have
also observed broad defect-related (XP) emission in
TMDs,"*'**° which can reduce the purity and correlation
score of single photon emitters that overlap spectrally.”®
Furthermore, X° emission features are commonly used as a
metric to determine the presence of defects within the TMD
layer.'#'>?%?72% For example, researchers have observed
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positive correlations between X" emission and sulfur vacancy
defects in CVD-grown WS, flakes using photoluminescence
(PL) spectroscopy and Z-contrast scanning transmission
electron microscopy (Z-STEM).” Emission from defect states
also has been observed following the intentional creation of
sulfur vacancies by Ar* plasma29’30 or electron beam
irradiation.”

In addition to defects, the properties of TMDs are
influenced by their underlying substrates. Fabricating TMD
devices often involves transferring TMDs from their growth
substrates, such as sapphire, to device-relevant substrates, such
as Si0,/Si or hexagonal boron nitride (h-BN).”*"** Significant
progress has been made in developing methods for transferrin
large-area TMD films without degrading material quality.”**"
However, substrate interactions following sample transfer can
unintentionally dope the TMD 1ayer,15’24’3]" =36 making it
challenging to predict and control the electronic and photonic
properties of TMDs in device applications. For example, excess
carriers from substrates can influence band bending and
contact resistances at TMD/metal interfaces.”’ Additionally,
inadvertent doping can suppress the radiative decay of
excitons,"’ hindering the use of TMDs in light-emitting
applications. For example, transferring MoS, monolayers to
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SiO,/Si quenched PL from excitons at the material’s optical 2000 T T T
band-edge by increasing n-type doping and trion formation.”* (a) As-grown A-exciton
Investigators attributed this doping to charged impurities at the
MoS,/Si0,/Si interface.”® Similarly, the hydroxylation and 1000
hydration of sapphire substrates resulted in increased charge
transfer (>10" e”/cm?) to MoS, and WS, monolayers
transferred to the sapphire.””*° These and other studies - 0
highlight the impact of substrate interactions on charge doping c 600 T T T
in TMDs. However, the impact of this doping on excited-state § (b) Trans. to
processes occurring at TMD defect sites remains an open area = 400 [ csapphire i
of research. Such knowledge is critical for developing TMD =
devices with controlled and predictable defect densities and S 200
optical, electronic, and transport properties. €

In this work, we demonstrate that substrate-induced doping = O
affects X° emission and recombination in MoS, monolayers 2000 (C)l ' '
grown by MOCVD. PL measurements reveal that transferring o As-grown
MoS, monolayers to pristine c-plane oriented sapphire (c- After PMMA/
sapphire) substrates, which did not undergo the MOCVD 1000 | acetone Trans. to ]
process, dramatically increases the density of free electrons ‘ I;a': . A
within the MoS, monolayer. We attribute this enhancement in
electron doping to charge transfer interactions between MoS, 0 *
and Al-OH groups at the sapphire’s surface. Temperature- 1.7 18 19 ?
dependent PL measurements show that electron doping from Photon Energy (eV)

pristine c-sapphire quenches X emission and accelerates
recombination at the MoS, optical band-edge. Conversely,
MoS, films transferred to chemically inert h-BN do not exhibit
these effects. These results illustrate the interplay between
substrate-induced doping, XP emission, and recombination in
TMDs and provide a framework for characterizing TMD films
following sample transfer. Importantly, this work suggests that
controlling charge doping interactions from substrates can aid
the development of future TMD-based quantum photonic
devices by quenching emission from X" states that overlap
spectrally with single photon emitters.”**~*

MoS, films are grown on c-sapphire substrates using a
MOCVD process that yields MoS, monolayers with low
bilayer coverage (Figure S1)."” We transfer the MoS, films
from their growth substrates by coating the MoS, layer with
poly(methyl methacrylate) (PMMA) and then placing thermal
release tape (TRT) on the PMMA/MoS,/c-sapphire stack.
This stack is placed in deionized water and sonicated to
remove PMMA/MoS, from the growth substrate. After drying,
we stamp the TRT/PMMA/MoS, stack onto a pristine c-
sapphire wafer that did not go through the MOCVD process.
The sapphire wafer mimics the types of hydroxyl terminated
substrates commonly used in device applications of TMD
materials. The TRT and PMMA above the MoS, are then
removed by heating and exposing the sample to acetone.
Spatially resolved PL measurements (Figure S2) of a
transferred MoS, film on c-sapphire show uniform emission
from the MoS, layer over an ~40 ym? area, indicating that the
transfer process does not noticeably damage the MoS, layer.

Transferring MoS, from its growth substrate can have a
pronounced effect on doping in the MoS, layer. This effect is
evident when assessing the PL spectra (Figure lab) of as-
grown and transferred MoS, films on c-sapphire collected at
room temperature following optical excitation at 445 nm (2
kW/cm?). Compared to as-grown MoS,, PL in the transferred
film is quenched and red-shifted by ~35 meV (Figure 1b).
These changes in PL are consistent with enhanced trion
formation and associated nonradiative recombination in the
transferred film."”** To determine the contribution of trions
(red dashed line) and neutral A-excitons (blue dashed line) to
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Figure 1. Emission properties of as-grown and transferred MoS,
films. (a) Room temperature photoluminescence (PL) spectrum of
an as-grown MoS, film synthesized onto c-plane sapphire using
MOCVD. (b) PL spectrum of a MoS, film transferred to pristine c-
plane sapphire. The spectra are fit with two pseudo-Voigt curves
centered at ~1.84 and 1.88 eV to determine the contribution of trions
(red dashed line) and A-excitons (blue dashed line) to the overall
emission. Increased trion formation is observed in the transferred
MoS, film on c-sapphire. (c) PL spectrum of an as-grown film
compared to the PL spectrum of the same film after being coated with
PMMA and subsequently having the PMMA washed off with acetone.
The PL spectrum of a MoS, transferred to h-BN is also shown. We
observe no significant changes in PL after exposure to PMMA/
acetone or transfer to h-BN.

the overall emission, the spectra are fit with two pseudo-Voigt
curves centered at ~1.84 and 1.88 eV (Figure 1). Using a mass
action model (see Supporting Information),'>** we find from
the intensity ratio of the trion and A-exciton peaks that the
electron density within the MoS, films is quadrupled from
~84 X 10" e7/ecm® to ~3.0 X 10" e /cm® after being
transferred to a pristine c-sapphire substrate. We acknowledge
that in this analysis, the radiative decay rates for A-excitons
(Ye) and trions (), as well as the trion binding energy (E,),
are assumed to be constant for both as-grown and transferred
samples. It is possible that charge doping could change these
rates and reduce E;, by modifying the screening of electron—
hole interactions in the MoS,.” A reduction in E, would result
in higher estimates for carrier concentrations obtained from
the mass-action model for a given trion/A-exciton PL intensity
ratio. However, we do not observe differences in E, (i.e., the
energy spacing between trion and A-exciton PL) following
sample transfer (Figure 1). Additionally, investigators have
demonstrated that the radiative lifetimes of trions and A-
excitons in MoSe, monolayers are not notably affected by
changes in background electron density induced by an applied
electric field. Therefore, we do not anticipate significant
changes in y,, and y, between the as-grown and transferred
samples.
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Figure 2. Influence of substrate-induced doping on defect-related emission in MoS, monolayers. (a) Atomic resolution STEM image of an as-
grown MoS, film highlighting the presence of sulfur-site defects (yellow circles) within the material. The scale bar is 1 nm. (b) Line profile
depicting the relative Z-intensity of Mo, S,, and S (sulfur-site defect). Temperature-dependent PL spectra of (c) as-grown and (d) transferred MoS,
films on c-sapphire. (e) PL spectra of as-grown and transferred Mo$S, films collected at 10 K. The spectra are normalized to the maximum free
exciton (trion/A-exciton) PL intensity at ~1.9 eV. Quenched X® emission following transfer to c-sapphire is due to enhanced charge transfer
interactions at the MoS,/c-sapphire interface. We do not observe quenched X emission following transfer to h-BN substrates that lack such

interactions.

Identifying the origins of increased electron doping and trion
formation in films transferred to pristine c-sapphire is critical
for developing design rules that describe how to control the
photonic and electronic properties of TMDs. We confirm that
the PL of MoS, is not significantly affected by the chemicals
used during the transfer process (PMMA, acetone) by
measuring the PL (Figure 1c) of an as-grown MoS, film that
was coated with PMMA and subsequently had the PMMA
washed off with acetone. Within our experimental precision,
we also observe no changes in PL (Figures lc and S3) after
transferring MoS, films to chemically inert h-BN, which forms
a Van Der Waals interface with MoS, free of step edges,
dangling bonds, and charge transfer interactions.>* These
results emphasize that changes in electron doping and PL
following transfer to c-sapphire (Figure 1b) do not arise from
the unintentional creation of n-type sulfur vacancies*’ during
the transfer process, as such vacancy creation would also occur
in samples transferred to h-BN. Additionally, several studies
have demonstrated that the local dielectric environment
around TMDs can influence PL and trion formation
rates.*"** Specifically, MoS, films submerged in nonionizing
organic solvents with high dielectric constants (e.g., methanol)
exhibited greater PL intensities and lower trion formation rates
compared to MoS, films submerged in organic solvents with
low dielectric constants (e.g., hexanes).*” The authors
attributed these changes to reduced dielectric screening
between electrons and holes in the latter. However, h-BN
has a lower dielectric constant (¢ ~ 3) compared to sapphire
(€ ~ 9—10).">** Therefore, our PL results (Figure 1c) suggest
that changes in dielectric environment are not the primary
cause of increased trion formation in MoS, films transferred to
c-sapphire, as we would anticipate these films to exhibit lower
trion formation versus films transferred to h-BN if comparing
the substrates’ dielectric constants alone.

These results indicate that electron doping following transfer
to c-sapphire is due to increased charge transfer interactions at
the sapphire surface. Recent reports show that a layer of sulfur
atoms forms on the surface of sapphire substrates durin
MOCVD growth of MoS, when using H,S as a sulfur source.”
This sulfur layer is believed to insulate as-grown MoS, films
from charge transfer interactions with the underlying sapphire
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substrate.*> Conversely, the hydroxylation and hydration of
pristine c-sapphire substrates in ambient conditions cause their
surfaces to exhibit Al-OH groups that are Lewis bases
(electron donors).>>* Investigators have demonstrated that
removing Al-OH groups and water using sulfuric acid can
reduce electron doping at the TMD/sapphire interface and
increase the PL intensity of the TMD layer.*® Therefore, we
conclude that increased electron doping following transfer to
pristine c-sapphire is due to enhanced charge transfer
interactions with Al-OH groups and trapped water at the
substrate’s surface.

Substrate-induced charge doping quenches emission from
XP states in MoS,. To date, investigators have primarily relied
on scanning probe and electron microscopy measurements to
investigate the atomic structure and defect densities of
TMDs."’ =" For example, Z-STEM measurements (Figure
2a)b) of a MOCVD-grown MoS, monolayer transferred to a
TEM grid using a PMMA-mediated wet-transfer method (see
Supporting Information) indicate the presence of sulfur
vacancies (yellow circles) within the material. Analysis of the
STEM image yields a sulfur vacancy concentration of ~3.3 X
10" cm™, which is consistent with prior defect analysis of
MOCVD-grown MoS,."* We note that the sulfur vacancies
observed in our STEM image are likely filled with oxygen or
carbohydrate (—CH) species, as reported in previous
studies.'”***>>% Therefore, we collectively refer to these
vacancies as sulfur-site defects in the following discussion.
Unlike STEM measurements, which require extensive sample
preparation and have a limited field of view (~10’s nm), PL
spectroscopy offers a quicker and more efficient way to
characterize defects in TMDs over large areas. The PL spectra
of an as-grown MoS, film collected from 10 to 300 K following
optical excitation at 445 nm are displayed in Figure 2c.

At temperatures <200 K, the spectra exhibit emission from
freely diffusing neutral A-excitons and trions at the optical
band edge of MoS,, which we refer to as “free excitons” in the
following discussion. We also observe broad XP emission,
which has been observed previously in MoS, films'® and other
TMDs.'*'”"*** The exact origin of broad X emission in
TMDs is a subject of debate. However, it likely originates from
a combination of excitons trapped at sulfur-site defects and
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Figure 3. Influence of substrate on exciton recombination in MoS, monolayers. (a) Top: Streak camera image of an as-grown Mo$S, film
measured at 10 K following optical excitation at 445 nm. Bottom: PL spectra obtained by integrating the film’s streak camera image between 0 and
0.25 and 0.5—1.0 ns. (b) Top: Streak camera image of a MoS, film transferred to c-sapphire measured under identical conditions. Bottom: PL
spectra of the transferred film collected by integrating the film’s PL at 0—0.20 and 0.2—0.40 ns time delays. (c) Exciton recombination kinetics
obtained by integrating the streak camera images of the as-grown and transferred MoS, films between 1.7 and 1.9 €V. (d) Model of the MoS,/

pristine c-sapphire interface.

interactions between excitons and molecules adsorbed at these
defect sites.”> Compared to as-grown MoS, (Figures 2c and
S4), MoS, films transferred to pristine c-sapphire exhibit
markedly reduced X” emission (Figure 2d) and higher trion/
A-exciton PL ratios (Figure SS), consistent with the
observation of increased electron doping following transfer to
c-sapphire obtained from room temperature measurements
(Figure 1). The observation of quenched X emission is
illustrated further by comparing the 10 K PL spectra
normalized to the maximum free exciton PL intensity (Figure
2e) of an “As-grown” MoS, monolayer with the equivalent
sample transferred to c-sapphire. Importantly, we do not
observe quenched XP emission in a MoS, film exposed to
PMMA and acetone, which are used during the transfer
process (Figure S6). Therefore, we rule out the passivation of
sulfur-site defects by residual polymer and solvent molecules as
the origin of quenched X" emission in the transferred MoS,
film. Finally, we measured all samples under identical
conditions in high vacuum (~107¢ Torr), indicating that X
quenching does not arise from changes in adsorbate
interactions, as we expect all samples to exhibit similar
interactions with adsorbate species. Rather, these results
indicate that X° emission is quenched in the MoS, monolayer
transferred to pristine c-sapphire because of the ~4-fold
increase of the free electron density introduced by interactions
with the hydroxyl-terminated c-sapphire interface. This doping
enhances nonradiative recombination at defect sites due to
trion formation, leading to quenching of the X” emission in
MoS, films transferred to pristine c-sapphire (Figure 2d).***°
An alternate mechanism of carrier-induced quenching of X
emission may involve movement of the MoS, Fermi level
closer to the material’s conduction band edge. Such a shift of
the Fermi level would reduce the density of neutral defect
states accessible for exciton trapping and radiative X°
recombination.'” In either case, these findings demonstrate
significant alteration of the electronic and optical properties of
the MoS, monolayers due to substrate-induced changes in free
electron density.
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We further confirm that substrate-induced charge doping
quenches emission from X® states by comparing in Figure 2e
the low-temperature PL spectra measured of an as-grown
MoS, monolayer on its original sapphire growth substrate with
a MoS, monolayer transferred to inert h-BN. The comparison
reveals minimal variations in X" emission between the samples
at 10 K. We note that transferring MoS, films to h-BN does
not increase electron doping within the MoS, layer (Figure
1c). The invariance of the low temperature PL spectra in this
comparison highlights the impact that substrate-induced
doping of the hydroxyl terminated c-plane sapphire has on
X® emission in MoS, monolayers that is not observed of MoS,
monolayers transferred to h-BN. This result further suggests
that possible strain release caused by transferring MoS, films
away from their growth substrates”” does not lead to X
quenching, as such strain release would occur in MoS, films
transferred to both c-sapphire and h-BN.

These results suggest that doping from the substrate may
mask the presence of defects within TMDs if X° emission is
used as the sole indicator of material quality, particularly when
comparing TMD films transferred away from their growth
substrates. Fortunately, such substrate-induced doping inter-
actions can be identified by characterization of the electron
concentration using trion/A-exciton PL peak ratios measured
at room temperature as illustrated in Figure 1 before evaluating
XP emission. Careful assessment of both X" emission and
trion/A-exciton PL peaks allows substrate-induced doping
effects to be disentangled from the material’s underlying defect
distribution. Additionally, pairing temperature-dependent PL
studies of TMDs with atomic-scale characterization methods
can further help facilitate the accurate interpretation of a
TMD’s PL spectra in relation to its underlying defect
characteristics.”

Monitoring the time-dependent emission properties of MoS,
films provides further insight into the interplay between
substrate-induced charge doping and defect characteristics
within the material. We show a streak camera image of PL
from an as-grown MoS, film collected at 10 K following optical
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excitation at 445 nm (S pJ/pulse) in Figure 3a. Our streak
camera’s instrument response function (~4S ps) is shown in
Figure S7. Analysis of the image reveals that PL from free
excitons (A-excitons and trions) at the optical band-edge of
MoS, (~1.9 eV) dominates at early time delays (<0.25 ns). On
later time scales (>0.25 ns), the PL redshifts toward the XP
emission band at ~1.7 eV. Time-integrated PL spectra (Figure
3a) obtained by integrating the streak camera image at early
~0-25 and late ~0.50—1.0 ns time delays illustrate this
spectral evolution. In studies of inorganic quantum wells and
other disordered systems at low temperatures (<350 K),>**’
similar shifts in PL are commonly observed and attributed to
the relaxation of excitons into unoccupied defect states.
Therefore, the spectral evolution of PL from the as-grown
film indicates a distribution of defects and impurities with
energies below the optical bandgap of the material. Conversely,
emission (Figures 3b and S8) from MoS, films transferred to c-
sapphire is dominated by trions and predominately occurs at
the MoS, optical band-edge, decaying on earlier time scales
compared to the as-grown analog (Figure 3a). This
observation is illustrated further by comparing PL decay traces
(Figure 3c) of the as-grown and transferred MoS, films
obtained by integrating their PL between 1.7 and 1.9 eV. We
used biexponential functions to fit the decay’s fast (free
exciton) and slow (X°) components and show the best-fit
parameters in Table S1. From the fits, we obtain average PL
lifetimes of 0.34 and 0.10 ns for as-grown and transferred MoS,
films on c-sapphire, respectively. This result further supports
the conclusion that substrate-induced electron doping
enhances nonradiative recombination at defect sites and
reduces the number of neutral defect states available for
exciton trapping and X" emission within MoS, (Figure 3d).
Additionally, we note that compared to steady-state PL
measurements collected with a continuous-wave laser (Figure
2d), the PL spectra of the transferred film obtained from time-
resolved streak camera measurements (Figure 3b) are red-
shifted by ~20 meV and do not exhibit detectible X” emission
at ~1.65—1.7 eV. We speculate that this difference results from
the removal of adsorbates at the MoS, surface due to the
higher peak power of the pulsed laser used for time-resolved
measurements, which has been shown to red-shift MoS, PL
and reduce X® emission.’”!

In conclusion, we examine the influence that substrate
interactions and associated charge doping of MoS, monolayers
has on their free carrier densities and defect-related excitonic
(XP) emission properties. Time- and temperature-resolved
photoluminescence (PL) measurements reveal that trans-
ferring MoS, monolayers to hydroxyl terminated c-plane
sapphire substrates, increases their free electron density,
quenches broad X emission, and accelerates recombination
in MoS, monolayers. The increased electron doping within the
MoS, layer is likely due to the c-plane sapphire surface
exhibiting electron-donating Al-OH groups. Importantly,
these marked changes of the electronic and excited state
optical properties of the MoS, monolayers do not occur when
the monolayers are transferred onto hexagonal boron nitride
(h-BN) substrates that form inert Van-Der Waals interfaces
with MoS,. Our findings highlight the potential to use
substrate engineering to understand and control the electronic
properties of TMDs and to tune the photonic properties of
their defects. For example, applications of TMDs in quantum
photonic devices are hindered by broad X° emission that
reduces the purity and correlation scores of single photon
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emitters within the TMDs.”*®> However, the ability to quench
emission from X states via substrate engineering may be a
promising approach to avoid this complication and preserve
the properties of TMD single photon emitters in device-
relevant architectures. Finally, our findings emphasize the need
to carefully evaluate defect densities and substrate doping
effects using atomic-scale characterization and PL techniques
before using X° emission as a metric of TMD sample quality.
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