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ABSTRACT

The successful design and device integration of nanoscale heterointerfaces hinges upon precise manipulation of both ground- and excited-
state charge carrier (electron and hole) densities. However, it is particularly challenging to quantify these charge carrier densities in nanoscale
materials, leading to uncertainties in the mechanisms of many carrier density-dependent properties and processes. Here, we demonstrate a
method that utilizes steady-state and transient absorption spectroscopies to correlate monolayer MoS; electron density with the easily mea-
sured metric of excitonic optical absorption quenching in a variety of mixed-dimensionality s-SWCNT/MoS; heterostructures. By employing
a 2D phase-space filling model, the resulting correlation elucidates the relationship between charge density, local dielectric environment, and
concomitant excitonic properties. The phase-space filling model is also able to describe existing trends from the literature on transistor-based
measurements on MoS;, WS;, and MoSe; monolayers that were not previously compared to a physical model, providing additional support
for our method and results. The findings provide a pathway to the community for estimating both ground- and excited-state carrier densities
in a wide range of TMDC-based systems.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0213720
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I. INTRODUCTION

Two-dimensional (2D) layered semiconductors, such as transi-
tion metal dichalcogenides (TMDCs), have been studied intensively
for over forty years."” The successful isolation and growth of mono-
layer TMDC:s in the past ten years ushered in the development
and studies of TMDC heterostructures for use in optoelectronic,
catalytic, and quantum information processing applications,”” due
to the emergence of a direct bandgap and other beneficial proper-
ties, such as spin-valley locking.”” Despite these advances, several
fundamental knowledge gaps remain for monolayer TMDCs and
their heterostructures. In general, the optimization of semiconduc-
tor heterostructures depends on the knowledge of both ground-
and excited-state carrier densities, which dictate the steady-state
and transient properties of optoelectronic devices. Quantitative

assessment of charge carrier concentrations can be challenging for
monolayer TMDCs, since traditional methods rely upon an accu-
rate knowledge of properties, such as dielectric constant,'’ effective
mass or mobility,'' and device capacitance,'” all of which can be
challenging to measure and are impacted in uncertain ways by the
local environment."’

Several decades ago, the III-V community developed a pow-
erful, but simple, method based on optical absorption spectroscopy
to quantify carrier densities and carrier-density dependent proper-
ties in GaAs quantum wells, an early 2D excitonic material. This
model, based on the phase space filling effect, related the carrier
density in the two-dimensional layer to the resulting quenching
of the strong excitonic optical transitions.*'” Recent studies have
also applied similar models to semiconducting single-walled carbon
nanotubes (s-SWCNTs) as a model one-dimensional (1D) excitonic
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semiconductor.'”"” A key to this phase-space filling model is the
knowledge, or estimate, of the exciton size, since that determines the
fraction of exciton oscillator strength that is quenched by a particular
charge carrier density. In turn, this exciton size is influenced by the
reduced exciton mass and the dielectric constant experienced by the
exciton. Applying such a model to monolayer TMDCs is an attrac-
tive possibility but is made challenging by the large experimental
and theoretical variations in reported dielectric constants (that can
depend on sample substrate, thickness, and growth methods)'*'*"’
and excitonic constants.'"*"?!

Applying a phase-space filling model to TMDCs requires a
means to systematically vary the monolayer carrier density, a series
of experimentally measured absorption or reflection spectra at each
carrier density, and a reliable way to quantify the carrier density
for each spectrum. Carrier density can be modulated by the gate-
voltage in a transistor, via molecular or substitutional ground-state
doping, or via dynamic processes, such as photoinduced charge
transfer. Some transistor-based studies have reported trends for the
dependence of exciton oscillator strength, measured by reflectance,
on carrier density in MoS,,”> WS,,** and MoSe,”* monolayers, but
these studies have not simulated those results with a physically rel-
evant model, such as a phase-space filling dependence. The carrier
density in these studies is extracted by considering the gate oxide
capacitance and the difference between the applied gate voltage and
the gate voltage associated with the charge neutrality point. How-
ever, the carrier density is dictated by the total gate capacitance,
equal to the sum of the gate oxide capacitance and the channel
quantum capacitance. It has been pointed out that the monolayer
TMDC quantum capacitance can dominate the total capacitance,
leading to errors in extracting carrier density by using the gate oxide
capacitance alone.'> With these considerations in mind, the need
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remains for a rigorous analysis aimed at quantifying carrier density
in monolayer TMDCs by optical spectroscopy.

In this study, we quantify carrier density in monolayer MoS;
by using an “internal standard,” in this case a one-dimensional
(1D) electron donor in a series of mixed-dimensionality (1D/2D)
donor/acceptor heterostructures (see Fig. 1),”>*° and employ a 2D
phase-space filling model to simulate the dependence of MoS, exci-
ton bleach on carrier density. This study expands upon the concept
recently introduced by Sulas-Kern et al.,”” where the optical cross
section for charges in a semiconducting single-walled carbon nan-
otube (s-SWCNT) thin film was used to quantify charge separation
quantum vyield in a photoexcited s-SWCNT/MoS; heterostructure.
That proof-of-concept demonstration was limited in that it only uti-
lized a single value of excited-state charge yield and only a single
study at the time”” had estimated a charge carrier (hole) cross section
in the highly enriched (6,5) s-SWCNTs used as electron donors.
Since that study, Eckstein et al. utilized spectro-electrochemistry
and a 1D phase-space filling model to quantify hole density in (6,5)
s-SWCNTs,'© and we have performed additional studies on mixed-
dimensionality s-SWCNT/MoS, heterostructures.”””® Furthermore,
an experimental diamagnetic shift study”’ that came out shortly after
Sulas-Kern et al.” provided a rigorously determined reduced exci-
ton mass for high-quality MoS, that allows us to better constrain the
2D phase-space filling model.

With two independent estimates now available for (6,5)
s-SWCNTs,'“” we use this s-SWCNT “internal standard” to rig-
orously correlate MoS; electron yield and exciton quenching in
a variety of photoexcited s-SWCNT/MoS; heterostructures. This
method allows us to greatly constrain the potential range of physical
properties used in a 2D phase-space filling model for the MoS, com-
ponent of the heterostructure. The resulting correlation between

S X* Use TAto
< " n,
< s-SWCNT calculaten, ©
Holes o - >» ¢
) ] . 1 . 1 \ 1 (%)
1000 1100 1200
Wavelength (nm)
n=n, |2
3 °
e S
Electrons Correlate n_ ° ©
1 1 1 1 1 1
600 620 640 660 680 700 (OAGSB n,

Wavelength (nm)

FIG. 1. Schematic of the method employed here to quantify the impact of charge carrier (electron) density on MoS; A exciton quenching (ground-state bleach or GSB).
Pump-probe transient absorbance spectroscopy follows the photoinduced charge transfer in a photoexcited bilayer (example shown) or trilayer containing MoS; and a (6,5)
s-SWCNT thin film (the internal standard). Following photoinduced charge transfer, the following steps are used to quantify this dependence: (1) The known absorption cross
sections of (6,5) s-SWCNT charge-related TA features are used to calculate the s-SWCNT hole density (n,). (2) Based on charge balance, the electron density in MoS; (ne)

is equivalent to ny. (3) The GSB magnitude in MoS; can then be correlated directly to ne.

J. Chem. Phys. 161, 044706 (2024); doi: 10.1063/5.0213720
© Author(s) 2024

161, 044706-2

61:0Z:51 $20Z 1By 1


https://pubs.aip.org/aip/jcp

The Journal

of Chemical Physics ARTICLE pubs.aip.org/aipljcp

electron density and MoS; carrier-induced exciton quenching can be bilayer, and a WSe;/s-SWCNT/MoS; trilayer. TA features in the vis-
used by the community to estimate both ground- and excited-state ible range can be assigned to the ground-state bleach (GSB) of the

carrier densities in a wide range of MoS;-based systems, such as pho- MoS; and WSe; excitonic transitions and the GSB of the (6,5) S
toexcited heterostructures, (photo)transistors, and redox-doped or excitonic transition. Features in the near-infrared (NIR) range can
electrochemically doped monolayers. Our results also provide well- be assigned to the (6,5) S11 GSB and the trion induced absorption
constrained ranges for fundamental MoS, monolayer properties, (IA), a feature that is only present when separated charge carriers
such as exciton size and dielectric constant. (electrons or holes) are present on the s-SWCNTs. These distinct

spectral features can be used to quantitatively track the tempo-
ral evolution of exciton dissociation, charge diffusion, and charge

25,26,28

recombination in the mixed-dimensionality heterostructures.”™
Il RESULTS AND DISCUSSION The charge transfer quantum yield ($cr) is defined as the num-

Figure 2(a) displays the representative steady-state absorp- ber of separated charges (i.e., holes and electrons in separate mate-
tion spectra of the mixed-dimensionality heterostructures probed in rials) produced per photogenerated exciton. We estimate charge
this study. Both types of heterostructures employ highly enriched  transfer yields for our type II heterostructures using two separate
(6,5) s-SWCNTs as a photoexcited electron donor and MoS, methods that utilize (1) an empirically determined trion absorption

as a photoexcited electron acceptor. The first heterostructure cross section that uses a heuristic model of the dependence of exci-
is a s-SWCNT/MoS, bilayer,””* and the second is a WSes/s- ton bleaching on redox-doping induced carrier density”” and (2)
SWCNT/MoS; trilayer that forms a charge transfer cascade.” a correlation between electrochemically modulated charge density
Strong excitonic absorption features related to both the (6,5) and exciton bleach that utilizes a 1D phase-space filling model.'®
s-SWCNTs and TMDC components are labeled in the figure. Each method utilizes a similar overall methodology of tracking the

Our study employs femtosecond pump-probe transient dependence of the ground-state bleach (GSB) and trion IA on car-
absorption (TA) spectroscopy to follow photoinduced charge trans- rier density, but they utilize different frameworks for predicting

fer in these heterostructures. Specific excitonic and charge-related ~ the impact of the SWCNT density of states on this dependence.
features in TMDCs and SWCNTs have revealed that SWCNTs aid in Until now, the two studies have not been compared to determine
the spatial separation of charges in these TMDC-SWCNT based het- how well-matched their values may be for estimating SWCNT

erostructures, resulting in exceptionally long (>us) charge-separated (or SWCNT heterostructure) carrier densities.

lifetimes.””*”" In this study, we use the magnitude of these tran- For each method described above, we first use singular value
sient spectral features following the completion of photoinduced decomposition, accompanied by the associated kinetic rate equa-
charge transfer to quantify charge carrier quantum yield and ulti- tions, to simulate the full two-dimensional array of time-dependent
mately to develop the phase-space filling “calibration curve” for TA spectra.””**”® These simulations produce concentration tra-
monolayer MoS; (Fig. 1). A judicious choice of the pump pho- jectories for the relevant species (e.g., excitons in photoexcited
ton energy is employed to predominantly excite the s-SWCNT or s-SWCNTs; charges in s-SWCNTs and TMDCs following exci-
TMDC components of the heterostructures. ton dissociation) evolving in time following the pump pulse. This

Figure 2(b) displays the TA spectra, taken at 5 ps pump-probe ~ method allows us to isolate and quantify charge-related s-SWCNT
delay, for a representative s-SWCNT thin film, a s-SWCNT/MoS; and MoS; TA features.
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FIG. 2. (a) Steady-state and (b) transient absorbance spectra of a neat (6,5) s-SWCNT (black), a s-SWCNT/MoS; bilayer (orange), and a WSe,/s-SWCNT/MoS; trilayer
(blue). The labels identify salient excitonic absorption features for the s-SWCNTs (S14 and Sy,) and TMDCs (A and B excitons), along with the s-SWCNT trion induced
absorbance (X*). (c) Exemplary spectral fits (Voigt line shapes) applied to the MoS; steady-state (top panel) and transient (bottom panel) absorbance spectra to extract
Ay and AA, respectively. These values are used to quantify the extent of exciton bleach (AA/Aq) for a particular photoinduced carrier density.
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Within the model proposed by Dowgiallo et al. (method
1 from above; supplementary material, Sec. 3.1), the intensity of
the trion induced absorption can be normalized to the ground state
S11 absorption (ODX(+ ,—)/ODs”) to calculate the s-SWCNT carrier
density. The trion optical density used to calculate s-SWCNT hole
density derives from the TA spectrum associated with the concen-
tration profiles where a given interfacial charge transfer reaction
has reached completion (Figs. S1-S2). The s-SWCNT charge carrier
concentration is then given by

oD(x")

=22 1 0.0674 — 0.0676¢ 2 Nwe, (1)
OD(S11)

where Ny, is the hole or electron density/nm of tube length.

The second method (supplementary material, Sec. 3.2) relies on
the 1D phase-space filling model developed by Eckstein et al. to cor-
relate (6,5) s-SWCNT charge density to fractional exciton bleach.'
The fractional exciton bleach is defined as

As, GSB

on e 2
Ag, abs @

where AS;; GSB and AS;; abs are the area under the curve for
the Sy1 ground state bleach from the TA spectrum and S;; ground
state absorption, respectively (see Figs. S3-S5 of the supplementary
material).

Both these methods allow us to extract the s-SWCNT carrier
density in units of nm™". Since we are ultimately concerned with
deriving an areal carrier density within the MoS, layer, we con-
vert this s-SWCNT carrier density to units of cm™ by using the
absorbance of the s-SWCNT film, the empirical absorbance coef-
ficient for (6,5) s-SWCNTs, and the number of carbon atoms per
nm in a (6,5) s-SWCNT (see Sec. 2 of the supplementary material).
For s-SWCNT/MoS; bilayers, the calculated s-SWCNT hole density
equals the MoS; electron density, since there is only one exci-
ton dissociation interface and one exciton splits into one electron
and one hole. The WSe,/s-SWCNT/MoS; trilayer is more complex
because excitons can be dissociated at two separate interfaces to

ARTICLE pubs.aip.org/aipl/jcp

produce electrons in MoS; and holes in WSe; [see Fig. 2(c) of the
supplementary material]. Thus, the concentration trajectories for
each species must be used to calculate the fraction of s-SWCNT holes
produced by exciton dissociation at the s-SWCNT/MoS; interface
and the fraction of s-SWCNT electrons produced by exciton disso-
ciation at the s-SWCNT/WSe; interface (Figs. S1 and S2). The MoS,
electron density is then equivalent to the calculated s-SWCNT hole
density.

Table I compares the s-SWCNT and MoS, carrier densities
extracted from each of the methods described above. The two meth-
ods agree reasonably well, with percent difference ranging from
~3% to 37% (excluding the bilayer excited at 532 nm). The good
agreement between the methods proposed by Dowgiallo ef al.”” and
Eckstein ef al.'® suggest that each method is viable for estimat-
ing s-SWCNT ground- or excited-state carrier density and provides
additional confidence in the extracted MoS, carrier densities used in
the following calibration curve.

Turning to the MoS; components of the heterostructures, we
can now correlate the extracted MoS; carrier densities to the asso-
ciated MoS; A exciton bleach values. To produce the phase-space
filling correlation we ultimately desire,*"” we must calculate the
extent of MoS; exciton bleaching for a given photoinduced carrier
density. This calculation is achieved by performing a spectral decon-
volution of the steady-state and transient absorbance spectra in the
region of the MoS; A exciton, as shown in Fig. 2(c) (see also Figs. 6
and 7 of the supplementary material). All steady-state absorbance
features have a positive sign, so once the peak for the A exciton is
extracted via spectral deconvolution, the area of this peak is used
for the original A exciton absorbance (Ao). The TA spectrum can be
more complex, since spectral shifts and transfer of oscillator strength
to trion absorption can induce positive features in addition to the
negative GSB.” As such, the spectrum is fit to a combination of both
negative and positive peaks and the total area of the ground-state
bleach (GSB) is taken as the summation of the areas (absolute values)
of each of these peaks.”’

The phase-space filling effect dictates that electrons in the MoS;
conduction band remove states that contribute oscillator strength to

61:02:Gl ¥20z 1snbny |

TABLE |. Carrier density calculated from both methods discussed above for the MoS,/SWCNT/WSe; trilayer and multiple
MoS,/SWCNT bilayer samples and excitation wavelength corresponding to either hole transfer (HT) or electron transfer (ET)
and their relative difference.

Aexc Fluence MoS; MoS; n.” MoS; n,*
Sample (nm)  (uJ/fem*)  Rxn A GSB' (cm™2) (cm™2) %Diff
Bilayer 1 1000 50.0 ET  0.049 1.05x 10  7.19x 10" 37
Bilayer 1 440 4.60 HT  0.039 8.34 x 10" 5.81x 10" 36
Bilayer2 1000 1.06 ET  0.0076 3.41 x 10" 3.53x 10" 3.6
Bilayer 2 440 3.35 HT  0.022 6.19 x 10" 8.68 x 10" 34
Bilayer3 1000 1.50 ET  0.00097  4.10 x 10" 4.84x 10" 16
Bilayer 3 532 50.0 HT  0.1132 2.14 x 10" 1.23x 10" 54
Trilayer 1000 7.41 ET  0.0032 7.43 x 10" 1.05 x 10" 34

*Percentage bleach, i.e., AA/Aq, where f(N)/f(0) = 1-(AA/A,).
®Method of Dowgiallo ef al.”’ used to calculate s-SWCNT ny.
“Method of Eckstein et al.'® used to calculate s-SWCNT ny,.
dDifference = [ng - n?]/[(n: + nf’)/z] x 100.
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excitonic transitions, thus decreasing oscillator strength (f)."*"” A
known solution to the Schrédinger equation can be used when the
exciton is represented as an isolated state in an ideal quantum well,
where the functional form of the wavefunction is minimally affected
by carrier density, but the carriers perturb the exciton size and bind-
ing energy via screening (supplementary material, Sec. 4 and Fig.
$8).'" Here, the magnitude of exciton bleaching can be related to
physical properties in the TMDC, such as the dielectric constant (¢)
and reduced exciton mass (), both of which impact the effective
Bohr radius (ag),

f(0)  1+N/N.

where N is the density of charge carriers and N = 2/7ag is the critical
carrier density at which 50% of the oscillator strength is quenched.
N¢ in turn depends on the exciton size,

e

e )

apg =

where 7 is the reduced Planck constant and e is the elementary
charge. In Fig. 3, we use a reduced exciton mass (y) of 0.275m, for
MoS; (where m, is the electron mass), based on the recent study
by Goryca et al.”’ With a well-constrained empirical value for y, the
exciton size and corresponding dependence of exciton bleach on car-
rier density depend primarily on the local dielectric environment, so
Fig. 3 displays multiple plots with dielectric constants ranging from
4t016.5."

The experimental data fall within a dielectric constant range
of 5.5-12.5, with a best fit of ~8.0 for the apparent local dielec-
tric constant. To rationalize this range, we consider the average
dielectric constant, sy = 1/2 (€10p + Epottom)> Of the materials sur-
rounding the MoS; layer. While this approach is commonly applied
to understand Coulomb screening, phase space filling, and bandgap

—
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renormalization in monolayer TMDCs, some studies use the static
dielectric constant of the adjacent materials,”” while other studies
utilize the high-frequency dielectric constants.”””" If we first con-
sider the static dielectric constants of sapphire [& = 9-9.4 (in-plane),
& = 11.6-11.8 (out-of-plane), and ey = 10.5]°*** and SWCNTs
(&0 = 4.0),; -3¢ we arrive at €avg = 7.3. Turning to the high-frequency
dielectric constants, using ¢ = 4.0 for the s-SWCNT film and
oo = 3.05 for sapphire™ leads to &4y = 3.5. While there are insuf-
ficient reports of the high-frequency dielectric constant of highly
enriched (near-monochiral) s-SWCNTSs in the literature, a recent
report suggests that the dielectric function is relatively flat in the
far-infrared regime.’’

At first glance, this analysis suggests that the use of static
dielectric constants might be most appropriate for describing phase-
space filling in these photoexcited heterojunctions. To test this,
we studied s-SWCNT/MoS; bilayers prepared on MgF, (g = 5.2,
oo = 1.7, square data points in Fig. 3)*>* instead of sapphire.
The average dielectric environment between MgF, and s-SWCNTs
would be ~egy, = 4.1 and &4y = 2.4, using static and high-frequency
dielectric constants, respectively. The MgF, results all fall near the
e = 5.5 fit line, in reasonable agreement with the average static
dielectric constants, but incommensurate with the high-frequency
dielectric constants. As such, we tentatively conclude that phase-
space filling in these photoexcited monolayer MoS; heterostructures
is best described by considering the static dielectric constants of the
surrounding materials.

To put our results into context with the existing literature, we
have also plotted the results of several studies that correlated exciton
quenching with the carrier density of monolayer TMDC transistor
channels. As shown in Fig. 3(b), the bounds of the phase-space fill-
ing model employed in our study do a good job of describing existing
monolayer MoS, transistor-based measurements.”” This compar-
ison provides additional confidence in our results and may also
suggest that using the gate oxide capacitance to extract carrier den-
sity is a reasonable approximation for the transistors studied by

— Best Fit (e=8.0)
—— Upper Bound (e = 5.5)
Lower Bound (e = 12.5)

0.8
0.6
0.4

0.2

FETs Kravets et al.

00 Tiom Tion 0% 0%
MoS, Carrier Density (cm2)

FIG. 3. Charge density (N) dependence of the exciton oscillator strength (f) from the phase-space filling model, plotted for varying dielectric constants (&) produced in MoS;
by exciton dissociation at the MoS,/SWCNT interface in either bilayers or trilayers. Bilayers prepared on MgF; are open squares, and all other samples are on sapphire and
correspond to filled circles. Going from right to left, the dielectric constant varies from 4 to 16.5 in steps of 0.5. The red and green points refer to data extracted by using the
methods of Eckstein et al. and Dowgiallo et al., respectively, to calculate the photoinduced s-SWCNT carrier density (see Table |). Additional details of the constants used in
the phase-space filling model are given in the text. Panel (a) provides a zoomed in view of the dependence focusing on the individual data points, while panel (b) provides the
full dependence that can be used by the community for experiments producing any carrier density, associated exciton bleach, and the FETs experimental data points from

Kravets and co-workers.2?
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Kravets et al.”” Similarly, separately derived phase-space filling simu-
lations do a good job of describing the transistor-based trends found
for WS,”* and MoSe,** monolayers (Fig. S9).

We can also connect our results to the prevailing literature
exploring the carrier density-dependent renormalization of elec-
tronic (quasiparticle) bandgap and exciton binding energy in mono-
layer MoS,. Bandgap renormalization is known to be substantial
in doped TMDCs and has been studied extensively for MoS,.”” '
Since the phase-space filling model depends on the exciton binding
energy, we turn to the study of Yao et al. that discriminated between
the impacts of injected charge carriers on the electronic bandgap and
exciton binding energy.*’ In Fig. S10, we plot the carrier density-
dependent change in exciton binding energy, normalized to the
original binding energy, for the best-fit and upper/lower bounds of
the phase space filling simulation in Fig. 3, along with the same trend
found by Yao et al. (green data points). The data from Yao et al.** fall
nicely within the bounds predicted by our phase-space simulation,
providing additional confidence in our results.

Returning to Fig. 3(b), while the data at low carrier densities
are most consistent with an apparent local dielectric constant in the
range of ~5.5, the data move progressively toward fit lines corre-
sponding to higher apparent dielectric constants (up to ~12.5) as car-
rier density increases. This trend suggests that, although it appears to
capture the expected excitonic transition bleaching by charge carri-
ers quite well, the 2D phase-space filling model may not capture all of
the underlying physics at play in monolayer MoS,. Since our spec-
troscopic data and data from transistor-based measurements both
seem to fall off slightly faster than might be predicted by the phase-
space filling model, we consider it most likely that the behavior is
intrinsic to TMDCs and does not reflect a shortcoming of either type
of measurement methods.

The phase-space filling curve elucidated here (with upper/lower
bounds) can be used by the community to determine mono-
layer MoS; carrier density in a number of different experiments,
as long as the samples/devices can be interrogated by transmis-
sion or reflection-based optical spectroscopy. These include exper-
iments and devices where steady-state carrier densities are injected
into the monolayer via electrostatic [e.g., (photo)transistors] 13,44
or electrochemical gating (e.g., ion-gated transistors or spectro-
electrochemical cells)*’ or by adsorbed molecular redox dopants,*’
as well as time-resolved experiments where excited-state carrier
densities are modulated by dynamic processes, such as photoin-
duced charge transfer.” To recreate the full phase-space filling model
shown in Fig. 3, one can use Egs. (3) and (4) and the most appropri-
ate estimate for the dielectric environment [ea = 1/2 (10p + €pottom)]
of the monolayer sample, to generate the relevant dependence.
We suggest the use of the recently derived reduced exciton mass
¢ =0.275m,”’ and, based on the empirical data shown here, the static
dielectric constants of the surrounding materials.

I1l. CONCLUSION

In this study, we develop a scaling curve that correlates the loss
of A exciton oscillator strength in monolayer MoS; to the 2D car-
rier density by means of a s-SWCNT internal standard in a series
of photoinduced mixed-dimensionality type II heterostructures. The
trends in Fig. 3 highlight that determining an appropriate value

ARTICLE pubs.aip.org/aipl/jcp

for the dielectric constant experienced by an exciton in a mono-
layer MoS,/s-SWCNT system is not trivial. The scaling curve utilizes
a phase-space filling model originally developed for 2D quantum
wells and incorporates empirically valid values for the physical
properties of 2D MoS; excitons. The consistency between various
s-SWCNT/MoS; samples within the phase-space filling model sup-
ports the use of similar carrier density scaling curves proposed
recently by Eckstein et al. and Dowgiallo et al., expanding the
relatively underdeveloped assessment of charge carrier concentra-
tion in monolayer TMDCs. This study also demonstrates that the
well-defined charge-associated transient absorption spectral features
s-SWCNTs provide a useful guidepost for understanding how to
reliably quantify charge transfer quantum yield and the role of
dielectric environment on charge separation and recombination
when paired with a variety of TMDC:s.

SUPPLEMENTARY MATERIAL

The supplementary material contains materials and methods
and calculations for Ny, charge yield, and the phase-space filling
model.
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