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ABSTRACT

The optical spectra of transition metal dichalcogenide monolayers are dominated by excitons and trions. Here, we establish the dependence
of these optical transitions on the disorder from hyperspectral imaging of h-BN encapsulated monolayer MoSe,. While both exciton and
trion energies vary spatially, these two quantities are almost perfectly correlated, with spatial variation in the trion binding energy of only
~0.18 meV. In contrast, variation in the energy splitting between the two lowest energy exciton states is one order of magnitude larger at
~1.7 meV. Statistical analysis and theoretical modeling reveal that disorder results from dielectric and bandgap fluctuations, not electrostatic
fluctuations. Our results shed light on disorder in high quality TMDC monolayers, its impact on optical transitions, and the many-body

nature of excitons and trions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0108001

Transition metal dichalcogenide (TMDC) monolayers have
emerged as the most versatile models for the exploration of many-
body semiconductor physics in two-dimensions (2D). The interplay
of 2D character and poorly screened Coulomb potential leads to
strong many-body effects that dominate the optical properties of
TMDCs. Strongly bound excitons, with binding energies in the
hundreds of meV, and strongly bound trions, with binding ener-
gies in the tens of meV, have been observed in TMDCs." * These
tightly bound excitonic complexes are attractive models for the
understanding of many-body interactions in 2D and for opto-
electronic applications. However, most 2D materials are strongly
affected by disorder”® whose sources include material defects,’”
electrostatic potential fluctuations from variations in local charge
distributions,”” dielectric constant variations,'’ and strain-induced
bandgap changes.'"'” Interestingly, as we discuss in this Commu-
nication, even state-of-the-art TMDC monolayers with hexagonal
boron nitride (h-BN) encapsulation are not immune to disorder.
The response of many-body exciton and trion states to disorder
can provide valuable insights into both the nature of the disor-
der and the nature of the excitonic complexes. Here, we carry out
hyperspectral imaging of excitons and trions in h-BN encapsulated

monolayer MoSe,. We find that both exciton and trion energies
are sensitive to variations in the local environment, but these two
energies are almost perfectly correlated, in contrast to the behavior
of the energy gap between the two lowest exciton states. Statistical
analysis of the spatial energy variations, combined with theoretical
modeling of exciton and trion states in the presence of disorder,
reveals that the sources of the disorder are dielectric constant and
electronic bandgap variations of Ae ~ 0.08 and AE; ~ 2-3 meV,
respectively.

In experiments, we use the highest quality monolayers exfo-
liated from flux grown MoSe; single crystals with low defect
density (~10'" ¢cm™?), as quantified by scanning tunneling micro-
scope (STM) imaging detailed recently,’” and large areas (>160
um?). Each MoSe, monolayer is encapsulated in h-BN. The steady-
state photoluminescence (PL) spectra [Fig. 1(a)] show two narrow
peaks assigned to the lowest energy 1s exciton and the lowest
energy trion,”" with mean energies E¥ = 1.6465 + 0.0001 eV and
E" = 1.6214 + 0.0001 eV, respectively. The difference E; — E” is
often referred to as the trion binding energy Ej. We use MoSe,
monolayers exfoliated from the highest quality single crystal, with
quantified defect density of 8 + 5 x 10" cm™ from scanning
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tunneling microscopy (STM), with calibrated PL quantum yield of
70%, and with full-width-at-half-maximum (FWHM) of both exci-
ton and trion PL peaks approaching ~1 meV, as detailed recently,'”
in agreement with previous reports.”'* We determine the effects of
disorder” '*'"""'Y by hyperspectral PL imaging with a spatial reso-
lution of ~1 ym. A continuous wave laser at hv = 2.33 eV excites
the sample in a diffraction-limited spot of FWHM ~ 0.43 uym, at
4.66 uW/um?®, corresponding to a calibrated total exciton and trion
density of ~1 x 10'°/cm*"* The high sample quality gives rise
to relatively homogeneous spatial distributions in total PL inten-
sity [Fig. 1(a), inset] and the trion-to-exciton intensity ratio Ii/Iex
[Fig. S1(a)]. Note that we find no correlation between Iy and Iex
[Fig. S1(b)], suggesting the absence of measurable electron den-
sity fluctuation,” which would give rise to anti-correlation in I
and Iex.

We now focus on Efs and E”, extracted for each spot from
intensity-weighted averaging of the PL spectra [Fig. 1(a)]. While ES;
and E" fluctuate over the whole sample area [Figs. 1(b) and 1(c)].
The difference between the two shows a surprisingly uniform spa-
tial distribution with a mean value of EZ =26.220(1) + 0.0005 meV
[Fig. 1(d)]. This suggests that spatial fluctuations in ES; and E are
highly correlated. Figure 1(e) shows a scatter plot of E” vs Ef}. The
solid and dashed lines indicate the directions of the eigenvectors of
the covariance matrix of Ef; and E” with slopes of +0.97 and —1.03,
respectively. Note that slopes of £1 would indicate perfect correla-
tion and slopes of 0 and co would indicate no correlation. we plot
histograms of Ef, E”, and Ej in Figs. 1(f)-1(h), corresponding to
standard deviations of o{f = 3.6 + 0.2 meV, ¢ = 3.5 + 0.2 meV,
and 0 = 0.186 + 0.001 meV, respectively. Because of the nearly

perfect correlation between Efs and E”, o} is only ~5% of of; and
a". The insensitivity of Ej to disorder is seen in a broad tempera-
ture range until T ~ 60 K, above which the trion PL peak disappears,
likely attributed to dissociation of the many-body trion complex by
phonon scattering (Figs. S2 and S3).

In stark contrast to the nearly constant E}, the energy split-
ting between the exciton levels is more broadly distributed. We
quantify the spatial distributions in 1s and 2s exciton energies from
reflectance contrast (R.) spectra on the same sample as in Fig. 1.
Figure 2(a) is a representative R. spectrum showing the A-exciton
15 (1.649 eV) and 2s (1.799 eV, inset) transitions, and the B-exciton
Is transition (1.847 eV), with energies in agreement with previous
reports.' " The E¥ and E5¢ energy maps for the A-1s exciton in
Figs. 2(b) and 2(c) show characteristic spatial variations attributed
to the disorder. The energy gap, Ex = E5, — Efy, also shows spatial
variation of the same order [Fig. 2(d)]. A scatter plot of E5; vs Ef;
is shown in Fig. 2(e), along with solid and dashed blue lines show-
ing the directions of the eigenvectors of their covariance matrix.
The slopes, +1.44 and —0.69, indicate a much weaker correlation
than that between Eji and E”. Figures 2(f)-2(h) show histograms
of Ef; and E5}, and Ej with standard deviations o7} = 3.1 + 0.2 meV,
05 =4.4+ 04 meV,and o = 1.7 + 0.1 meV, respectively. The weak
correlation between Ef; and E5; results in o} being 40%-60% of a5,
and of;. Note that a comparison of Fig. 2(f) from reflectance and
Fig. 1(f) from PL gives a small Stokes shift of —1.5 + 01 meV, con-
sistent with the low defect density of our sample. Note also that the
spin-orbit splitting in the valence band, as reflected in the differ-
ence between A and B exciton energies, is an intrinsic property of
the monolayer and is robust against spatial variations, Fig. S4.
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The covariance matrices K*(Ef;, E5;) and Kh( f’;,E") can be

used to understand the nature of the disorder. These matrices are
obtained from the data (in units of meV?),

9.4763 12.7781
K*(E%, Exy) = ,
12.7781  19.0697
(1)
12.8235 12.4329
K'(E7LET) = .
12.4329 12.0843

The determinants of both covariance matrices are non-zero, imply-
ing that more than one disorder mechanism is responsible for the
observed spatial variations in the exciton and trion energies. We con-
sider the effects of two different types of spatial disorder on Ej and
EZ: (i) electronic bandgap variations due to strain'"'* and (ii) dis-
order in the dielectric constant of the media surrounding the 2D
monolayer.'” In the supplementary material, we discuss potential
disorder and explain why it is inconsistent with our experimental
observations.

Recent many body models have shown that the PL peaks
observed in the measured optical spectra correspond to a super-
position of exciton and trion states,” (also called exciton-polaron
states”" **), rather than to pure exciton or pure trion states. Further-
more, the trions states involved in this superposition are four-body
neutral states’’ and not three-body charged states, as is commonly
assumed. However, given the small electron density in our samples
(<10"" cm™?) as quantitatively determined by exciton/trion intensi-
ties and STM imaging,'’ one can safely assume, in light of the model

COMMUNICATION scitation.org/journalljcp
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of Rana et al.,”” that the observed lowest energy exciton-trion super-
position state in our PL spectrum is essentially a four-body bound
trion state (E};;,) and the higher energy superposition states in PL
and R. spectra are essentially two-body bound exciton states (E;; and
EZ). If R is the center of mass coordinate of the exciton (or trion),
the local shifts in the exciton and trion energies can be written as

AE(R) = AEST(R) + (yg + yitns ) At (R),

- . R @
AE"(R) = AE;T(R) + (yg + i1 + 7h ) Aeext(R).

Here, AEE’T is the variation in the bandgap attributed to strain,
the coefficient y .= OE, [Otext describes the change in the bandgap
due to dielectric disorder, the coefficients y;* . = —0E}" /Ot and
Yy = —OFj | Oeext describe the changes in the exciton and trion bind-
ing energies, respectively, due to dielectric disorder, and Aem(ﬁ)
represents the variation in the (relative) dielectric constant of the
media surrounding the monolayer.'” Note that ey is the average of
the dielectric constants of the media on the top and bottom sides of
the monolayer. The value of y, can be obtained as the change in the
energy of a hole due to dielectric polarization charges [Fig. 3(a)] in
a thin film of thickness d, of bulk dielectric constant &, and sur-
rounded by a medium of dielectric constant &..;, when & changes
by a small amount,”’

0

Otext

Ve (3)

i [ L _1]
(27)* 2e0q | €20(q)  Epu |’

where the dielectric constant &,p(q) is given by”’
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FIG. 3. Theoretical model. (a) Dielectric
polarization charge, which renormalizes
the bandgap of a TMD monolayer, is
depicted for the case epyk > ext- (b) and

(c) The coefficients y, = OEg/O¢ex,
Yocts = 8Eb 15/ O€ext, and
ygx—Zs = —OEY )/ Ocent (b) and

= —8E§’(/8em (c) that describe
bandgap renormalization, and the
ext sensitivities of the binding energies of
the 2s and the 1s exciton levels and the
trion level, respectively, are plotted as
functions of €. (d) The sensitivities of
OEYI9¢ the energies of the 2s and the 1s exciton
—__ext levels and the trion level, including
8E'15x/(‘)e \ bandgap renormalization, are plotted as
s a function of eey;. (€) and (f), The relative
sensitivities of the energies of the 2s
and 1s exciton levels (e), and of the trion

(1 + epute/€ext) + (1 = epupe/€ext e

(4)

&(q) = epuk .
(q) “ (1 + sbulk/sffxf) - (l - £bulk/5ext)e_qd

The values of y;* . and y; can be computed using methods dis-

cussed previously.”’ The results are shown in Figs. 3(b) and 3(c).

Consistent with a previous report,'” our calculations show that
effects due to bandgap renormalization and exciton binding energy
shift almost cancel each other for the 1s exciton state such that
|OES; [ O¢ext| for the 2s exciton state is almost exactly a factor of
two larger than |OES; /O¢ext| when €ext ~ 4 (the dielectric constant of
h-BN) [Figs. 3(d) and 3(e)]. We also find that the trion energy closely
tracks the 1s exciton energy such that |8E" / Bsm| is ~0.87|OES; [ O€ext|

when & ~ 4 [Figs. 3(d) and 3(f)]. Assuming that AEE’T(ﬁ) and
Aem(ﬁ) are statistically independent, the following quantities can

be obtained directly from the covariance matrices of our data given
in Eq. (1),

O f0cen _ KB(FLE) - KB(ERED) o o
OBy /Oecn ~ Kiy (B BS) - K (BB)
OE"|Bey  Kiy(ESSE™) - Kb (ES,EY)

ex T b (mex mir b (pex ptr =0.89. (©)
OEf:[Oee Ky (ESY E™) = K7, (S5 E)

The experimentally determined values of 1.91 and 0.89 for the ratios
above are in remarkably agreement with the respective theoretical
values of 2.03 and 0.87 (for e.: ~ 4). This agreement shows that
the model given in Eq. (2) captures the essential physics. In the
supplementary material, we show that OE; /OE; calculated in the
case of potential disorder is given by the ratio of the polarizabilities
of the 2s and 1s exciton states and equals ~102, which is ~53 times
larger than the measured value of 1.91. We, therefore, conclude that
potential disorder is not the main contributor to the variations in
exciton and trion energies in our samples.

and 1s exciton levels (f), with respect to

changes in geys.
ext g ext

Based on Eq. (2), one can also use the covariance matrices

to obtain root mean square values ( ( AEgS’T)Z) and ( (Aeext)z )

from the following relations:

a a 2
1 (Kll/b - Klz/b)
|8Eex/8£ext| a/b + Ka/h B 2Ka/h

((Asext)2> =

a/b-alb a/b 2
Ky Ky - (KIZ )

Ka/b " Ka/b _ 2Ku/b

((a5:7)’) -

Using the theoretical value ~23.5 meV of |OES; [O¢ex| [Fig. 3(d)], we
find that ((Aem)2> equals 0.0813 if we use the covariance matrix

K*(E$;, E5;) and 0.0810 if we use the covariance matrix Kh( A

This remarkable agreement between the values of <(Asm) >
obtained using two different experimental techniques (PL and reflec-
tion spectroscopies) that looked at two different energy level dif-
ferences (between 2s and 1s exciton levels in the case of reflection
spectroscopy and between 1s exciton and trion levels in the case
of PL) further supports the validity of our theoretical model. The

values of ((AEf,’T)Z) come out to be 2.4 and 2.9 meV if we use
the covariance matrices K*(Ef;, E5;) and Kb( 1::E") respectively.

These ((Asm)z) values are in satisfactory agreement given the
very different experimental measurements.

We point out that the use of the state-of-the-art sample of
the lowest defect density to date!” is key to the first quantita-
tive comparison between experiment and theory on exciton and
trion disorder in a TMDC monolayer. This comparison identifies
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excitonic disorder as resulting from dielectric fluctuation and strain-
related bandgap changes, not electrostatic variation. While dielectric
fluctuation may come from impurity charges and adsorbates,'’
strain may have intrinsic origin due to atomic scale relaxation at
interface,” and extrinsic sources from the transfer stacking pro-
cess” or roughness of the substrate.” Further minimizing disorder
may necessitate the development of automated transfer stacking
processes in ultra-clean environments. We note that previous spec-
troscopic efforts in exploring the disorder problem have focused on
distinguishing homogeneous from heterogeneous linewidth of exci-
ton transitions from coherent spectroscopies.”” ** In a four-wave
mixing experiment on exciton-trion coherence, Jakubczyk et al. also
reported a nearly constant trion binding energy despite the presence
of more extensive spatial disorder from the use of more defective
samples without encapsulation; these authors noted the interesting
observation without providing an interpretation.””

In conclusion, we have compared the behaviors of excitons and
trions in the presence of disorder in monolayer MoSe; encapsu-
lated in h-BN. Hyperspectral imaging revealed that the 2s-1s exciton
energy splitting varies by g5 = 1.7 + 0.1 meV due to disorder. In
contrast, the trion binding energy is robust with spatial variation of
only 0 = 0.186 + 0.001 meV, which is one order of magnitude lower
than of". Theoretical analysis based on the many-body exciton-trion
quantum superposition model”’ provides a quantitative explanation
of the experimental results and suggests dielectric and strain origins,
not an electrostatic one, for exciton and trion disorder.

See the supplementary material for methods, additional data,
and analysis (Figures S1-S5).
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