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T
he Burstein�Moss shift was discov-
ered independently by Burstein and
Moss while researching the optical

properties of InSb.1,2 The effect arises from
the Pauli exclusion principle and describes
how adding electrons or holes to traditional
semiconductors like CdSe, ZnO, and InGaAs
controls carrier concentration, modifies the
band gap, and enables control over the
electronic structure.3�8 Fundamental un-
derstanding of the optical response of these
and other conventional semiconductors
was thus partially responsible for the devel-
opment of various electronic devices includ-
ing photoelectrochemical cells, resonant-
tunneling devices, Bragg mirrors, and sur-
face-emitting lasers.3�8 Layered transition
metal dichalcogenides like the hexagonal
molybdenumdisulfide (2H-MoS2, Figure 1a)

9,10

are also candidates for the investigation
of Burstein�Moss effects, although early
studies in which Re was used as the dopant
did not display the classic signatures.11�13

More recently, nanoscale analogues at-
tracted attention, revealing ambipolar tran-
sistor behavior, superconductivity under
gating, self-assembly, and photovoltaic char-
acter in nanocomposites, and enhanced tri-
bological properties.14�19 Rhenium-doped

inorganic fullerene-like (IF) MoS2 nanoparti-
cles (herein abbreviated Re:IF-MoS2)

20�23

provide an ideal physical platform for the
investigation of n-doping effects in a con-
fined system. In these systems, the Re cen-
ters act as substitutional dopants rather than
interstitial impurities (Figure 1b).22Moreover,
tunability with strain and electric field sug-
gest that such a systematic exploration will
proveuseful.24 There is anespeciallypressing
need to connect the actual dopant concen-
tration to the number of carriers in Re:IF-
MoS2. This is an enormously important issue
for conventional bulk semiconductors1,2 and
quantum dots,25 and the Burstein�Moss
model provides a framework under which a
quantitative relationship can be established.
What differentiates our work from prior ef-
forts is the two-dimensional nature of MoS2
and the fact that the confined electrons do
not have a well-defined periodicity.
Herein, we report the discovery of a

Burstein�Moss effect in a nanoscale transition
metal dichalcogenide (Figure 1c,d). Ourmea-
surements reveal that small size softens the
exciton positions and reduces spin�orbit
coupling, whereas doping has the opposite
effect. On the basis of exciton and oscillator
strength trends, we extract doping-induced
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ABSTRACT We investigated the optical properties of rhenium-doped MoS2
nanoparticles and compared our findings with the pristine and bulk analogues.

Our measurements reveal that confinement softens the exciton positions and

reduces spin�orbit coupling, whereas doping has the opposite effect. We

model the carrier-induced exciton blue shift in terms of the Burstein�Moss

effect. These findings are important for understanding doping and finite length

scale effects in low-dimensional nanoscale materials.
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changes in spin�orbit coupling and demonstrate that
the carriers are bound rather than free. Taken together,
these findings establish the relevance of the Burstein�
Moss model1�4,7,8 to metal dichalcogenide nanoma-
terials, extend the relationship between nominal and
actual Re concentration22 to include a quantitative
connection to carrier density, and highlight the unique
electronic character of Re:IF-MoS2 which is important
for realizing the potential of transition metal dichalco-
genides for electronics and solid state lubrication
applications.15,17�24,26 At the same time, this work ad-
vances the understanding of novel electronic effects in
low-dimensional semiconducting nanomaterials.27�29

RESULTS AND DISCUSSION

Enhanced Optical Properties and Reduced Spin�Orbit Cou-
pling in Re:IF-MoS2. Figure 2 displays the optical proper-
ties of 2H- and IF-MoS2. We attribute the overall lower
optical conductivity of IF-MoS2 compared to that of the
bulk sample (Figure 2a) to size effects. Charge mobility
is lower in the nanoparticles compared with the
layered analogue because carriers must hop between
particles rather than move within an extended two-
dimensional sheet. To quantify the strength of the
various excitations, we calculated the effective number
of electrons neff(E) from the optical conductivity σ1(E)
using the partial sum rule: neff(E) =

R
E1
E2Eσ1(E)/(πh

2ε0)
dE/(2π2ωp

2),32 where ωp
2 = (e2/V0m0ε0)

1/2 is the plasma
frequency, e and m0 are the charge and mass of an
electron, ε0 is the vacuum dielectric constant, V0 is the
unit cell volume, and E1 and E2 are the limits of
integration. The integral is estimated based on the full
range of our measurements (3 meV�6.4 eV). The result
is shown in Figure 2b. neff(E) is almost zero below the

1.9 eV direct gap, which is split by the A and B
excitons.33,34 It rises above 1.9 eV and increases more
rapidly at higher energies because the carriers are
driven hard enough to complete various charge trans-
fer excitations.33,34,36 The effective number of electrons
in 2H-MoS2 is larger than that in IF-MoS2due tocombined
size, strain, and localization effects that emanate from the
particulate nature of sample. This result is in line with dc

resistivity trends in 2H- and IF-WS2.
37 Figure 2(d�f) shows

similar data on the Re:IF-MoS2 nanoparticles at two
characteristic doping levels. As expected the optical
conductivity of Re:IF-MoS2 is larger than that of pristine
IF-MoS2, and neff(E) increases systematically with doping
well above the band gap. Re:IF-MoS2 is an electron-rich
systemwith apartially filled conductionband,3,4,8 so both
trends are straightforward to understand.

Figure 2c shows a close-up view of the A and B
excitons in 2H- and IF-MoS2.

42 These features red shift
from 1.861 and 2.048 eV in the bulk to 1.846 and
2.005 eV in the nested nanoparticles. The exciton peak
positions are summarized in Table 1 and appear as
horizontal dashed lines in Figure 3a,b. The size-induced
exciton softening and associated change in spin�
orbit splitting correlates well with intralayer structural
strains.31,33,34,36 Moreover, the 0.015 eV shift of exciton
A compared to the 0.043 eV shift of exciton B indicates
that the latter is more sensitive to confinement and
more strongly perturbed by the formation of the
IF- structure.36 From the exciton positions, we can
estimate the spin�orbit splitting for both materials.
We find Δ = 0.187 and 0.159 eV for 2H- and IF-MoS2,
respectively, in good agreement with prior work.33,36

The difference indicates that structural strain31 modi-
fies band curvature at the K point;a conclusion based
upon the fact that excitons A and B are attributed to
K4 f K5 and K1 f K5 optical transitions as diagramed
schematically in Figure 1c,d.33,34 In single layer MoS2,

38 the
exciton red shifts are even larger, and the spin�orbit
coupling is even smaller (Table 1). Confinement thus
softensexcitonpositionsand reduces spin�orbit coupling.

Burstein�Moss Shift and Carrier Density Effects in the
Nanoparticles. Figure 2f displays a close-up view of
excitons A and B for Re:IF-MoS2 compared to the
response of the undoped nanoparticles. The exciton
energies are also summarized in Table 2. We immedi-
ately notice a clear blue shift of the exciton peak
positions with doping. Plotting the difference between
the exciton position in the substituted sample and that
in the pristine nanoparticles with increasing doping level
(Figure 3a,b),we extract a systematic shift. As discussed in
a following section, this trend can be understood within
the framework of the Burstein�Moss model.1�4,8

Figure 1a shows the transitions for excition A and B
in pristine IF-MoS2. For n-type doping, the extra carriers
occupy the lower conduction band states, which
pushes the excitonic transitions to higher energies
(Figure 1b). This is the so-called Burstein�Moss effect.

Figure 1. (a,b) Schematic views of the characteristic MoS2
double layers along with an example of how the Re centers
go into the lattice as substitutional impurities (rather than
interstitial impurities), introduce extra electrons, and
n-doped thematerial.22 (c) Schematic viewof the transitions
corresponding to excitons A and B in pristine 2H- and
IF-MoS2. (d) Schematic view of the Burstein�Moss effect in
electron doped MoS2. In this work, we investigate Re-doped:
IF-MoS2. In both panels, excitons A and B are associated with
optically allowed K4 f K5 and K1 f K5 transitions. Labels are
according to refs 33 and 34.
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According to parabolic band theory, the Burstein�
Moss shift is given as8

ΔEBM ¼ p2

2m� (3π
2n)2=3 (1)

Here,ΔEBM is Burstein�Moss shift, n is carrier density,m* is
the effective electron mass, and p is the reduced Planck
constant (p = h/(2π)). In our case, the carriers are weakly
bound rather than free with an estimated activation
energy of ∼0.19 eV.20 We also take m* = 0.48m0, where
m0 is the free electron mass.43 Figure 3(c,d) shows the
predictedBurstein�Moss shift asa functionofdoping level
compared with the measured optical data for Re:IF-MoS2.
Excellent agreement is obtained. The Burstein�Moss shift
is observed in a number of traditional semiconductors
like CdSe, In0.53Ga0.47As/InP, and CuInSe2.

1�4,8 It has also
been observed in nanoscale ZnO and InAs.27�29 To our
knowledge, Re:IF-MoS2 represents the first example of
such a mechanism in a nanoscale transition metal
dichalcogenide.

Using eq 1 and the experimental results, we can
roughly estimate the carrier density. We find n is
approximately 9.0 � 1017 cm�3 for Exciton A and 2.3 �
1018 cm�3 for Exciton B in Re(0.18%):IF-MoS2. As a
consistency check, we can back-calculate the activation
energy and compare it to the literature value from ref 20.
We begin by estimating the total electron density (FTot)

provided by Re as FTot = (N 3 0.0018/V) = 3.4� 1019 cm�3

for Re(0.18%):IF-MoS2, where N is the number of formula
units/unit cell, and V is the volume of the MoS2 formula
unit. We can then express the actual carrier density as
FAct = FTot exp(Ea/(kT)), where Ea is activation energy, and
k is Boltzmann constant.4 Inserting the aforementioned
carrier density for Exciton A of FAct = 9.0� 1017 cm�3, we

Figure 2. (a,d) 300 K optical conductivity of bulk and nanoscale MoS2 calculated from a Kramers�Kronig analysis of the
measured reflectance. (b,e) Effective number of electrons, neff(E), as a function of energy. The position of the direct gap is
indicated. (c,f) Close-up view of the A and B excitons and their dependence upon size and doping.

TABLE 1. OpticalPropertiesof2H-, IF-,andSingleLayerMoS2
a

materials exciton A (eV)exciton B (eV)

spin�orbit splitting

(eV)

direct gap

(eV)

2H-MoS2 1.861 2.048 0.187 1.903
IF-MoS2 1.846 2.005 0.159 1.888
single layer MoS2 1.8338 1.9838 0.15 1.872

a The error bar is(2 meV on the exciton peak positions. Single sheet data from ref 38 is
included for comparison, fromwhichwe calculated the spin-orbit splitting and the direct gap.

Figure 3. (a,b) A and B exciton energies as a function of
Re doping level. Black and red dashed lines indicate 2H- and
IF- values, which represent the two limiting cases. (c,d)
Burstein�Moss shift as a function of Re doping. Red solid
curves denote the predicted shift according to the model
discussed in the text. Good agreement between the experi-
mental data and theoretical prediction is observed for both
excitons. This agreement establishes a quantitative connec-
tion between actual dopant concentration and carrier den-
sity. Error bars are(2 meV on the peak position and(4 meV
on the energy shift. Clustering of the Re centers is anticipated
at higher doping levels. This should cause the experiment
points to diverge from the Burstein�Moss prediction as
dopant centers begin to segregate.39The sizeof theBurstein�
Moss shifts will support the understanding of excitonic states
by resonance Raman scattering.40,41.
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estimate an activation energy Ea of about 0.09 eV.
The same analysis for Exciton B gives Ea ≈ 0.07 eV.
These values are in reasonable agreement with the
density-functional tight-binding result (Ea = 0.19 eV),20

although the error bars are admittedly large.
Band Gap Trends and Structure�Property Relations. 2H-

MoS2 is an indirect band gap material with a Γ f 1/2 ≈
ΓK transition of 1.25( 0.05 eV.33,34,44 The intensity of the
indirect gapexcitation is lower than that of thedirect gap,
making it difficult to discern;even in measurements on
single crystals.44 While similar indirect band gap struc-
tures have been predicted to exist in metal dichalcogen-
ide nanotubes (and presumably the nanoparticles),45

none have yet been observed by optical means.36 Our
measurements on IF-MoS2 and the various n-doped
materials studied here are similar, though, strictly speak-
ing, an assignment of and correspondingly a distinction
between direct and indirect gaps is formally impossible
for a nanoparticle. This lack of distinctionpresents itself as
a crossover to direct gap behavior in systems with atom-
ically thin layers.17Gettingback to IF-MoS2, our spectrado
seem to reveal at least one of the corresponding excita-
tions. Recall that the direct gap inMX2materials is split by
the A and B excitons.33,34 We can therefore estimate the
direct band gap using exciton A as Eg,dir = EA þ ERyd,
where ERyd = 0.042 eV is the exciton Rydberg constant.46

Using this formula,we find that thedirect gapof 2H-MoS2
is 1.903 eVwhich agrees reasonablywellwith Beal's result
(1.95 eV).47 Assuming that IF-MoS2 has the sameRydberg
constant, we can extract the gap position as Eg,dir = 1.888
eV (Table 1). This value is close to that of single-layer
MoS2

35 calculated in the same manner (1.872 eV). We
attribute the decrease to strain and confinement
effects.34 We also extended this analysis to include Re
doping in the nanoparticles. As shown in Table 2, the gap
shifts to higher energy with increased doping. For Re-
(0.18%):IF-MoS2, we find Eg,dir = 1.896 eV. This trend is a
straightforward consequence of the Burstein�Moss
effect.8

Finally, we compare the size of the Burstein�Moss
shift in Re:IF-MoS2 with that in other n-doped
semiconductors. The shift in Re:IF-MoS2 is significantly
smaller than, for instance, In0.53Ga0.47As/InP, n-InSb,
n- and p-type InAs, and In-doped ZnO.1,7,8,27 We attribute
the reduction of the Burstein�Moss shift in n-doped
transition metal dichalcogenides like Re:IF-MoS2 to the
combination of two effects. First, the concentrationof Re is
very low in the nanoparticles. As indicated in eq 1, shift is
directly proportional to carrier density, so low doping
levels automatically yield small shifts. Second, finite length
scale effects in the nanoparticles modify at least certain
aspects of the electronic structure as discussed above;
possibly even the activation energy. The 0.07�0.09 eV
activation energy estimated from our data is certainly
much larger than that in traditional semiconductors.4 The
combination of low doping levels and nonzero activation
energy is highly desirable for molecular electronics and
solid state lubrication applications.23 The key todevices is,
of course, the ability to control carrier density with both
chemical doping and electric field.24,26

CONCLUSION

To summarize, we investigated the optical properties
of rhenium-doped IF-MoS2 and compared the results
with pristine nanoparticles and the 2H-bulk material.
Confinement softens the exciton positions and reduces
spin�orbit coupling, whereas doping has the opposite
effect. Moreover, the doping-induced blue shift of ex-
citons A and B compares well with predictions from the
Burstein�Moss model, establishing a quantitative link
between the actual dopant concentration and carrier
density. These findings are important for understanding
finite length scale and doping effects in transition metal
dichalcogenides and the more complicated functional
materials that emanate from this parent compound. They
also illustrate the utility of reaching beyond traditional
bulk semiconductors and quantum dots to explore
layered systems like metal dichalcogenides.

MATERIALS AND METHODS

Re:IF-MoS2 was synthesized by a high temperature (850 �C)
gas phase reaction fromMoO3powder by a three-stepprocedure
in a vertical bed reactor.21�23,30 The resulting nanoparticles range

in size from 50 to 140 nm in diameter, with amean size of 80 nm.
Actual Re concentrations of 0.0044%, 0.067%, and 0.18% were
obtained.22 2H-MoS2 (99%) was purchased directly from Alfa
Aesar. Near normal reflectancewasmeasuredover awide energy
range (3 meV�6.4 eV, 0.1 nm resolution) with a series of

TABLE 2. Optical Properties of IF-MoS2 and the Re-Doped Systemsa

ΔEBM

materials exciton A (eV) exciton B (eV) spin�orbit splitting (eV) direct gap (eV) A (meV) B (meV)

IF-MoS2 1.846 2.005 0.159 1.888
Re:IF-MoS2 (0.0044%) 1.847 2.007 0.160 1.889 1 2
Re:IF-MoS2 (0.06%) 1.850 2.012 0.162 1.892 4 7
Re:IF-MoS2 (0.18%) 1.854 2.018 0.164 1.896 8 13

a The error bar is (2 meV on the exciton peak positions. The Burstein�Moss (BM) shift in Re:IF-MoS2 is calculated based on undoped IF-MoS2.
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spectrometers,31 and a 2000 Å aluminum overcoat was used to
correct for scattering effects. A Kramers�Kronig analysis was
used to obtain the optical constants.32 Optical conductivity,σ1(E),
and sum rules on this quantity are of interest here.
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