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Reflectance and photoreflectance spectrum of bulk MoS2 around its direct bandgap energy have

been measured at 12 K. Apart from spectral features due to the A and B ground state exciton

transitions at the K-point of the Brillouin zone, one observes additional features at nearby energies.

Through lineshape analysis the character of two prominent additional features are shown to be

quite different from that of A and B. By comparing with reported electronic band structure

calculations, these two additional features are identified as ground state exciton transitions at the

H-point of the Brillouin zone involving two spin-orbit split valance bands. The excitonic energy

gap at the H-point is 1.965 eV with a valance bands splitting of 185 meV. While at the K-point, the

corresponding values are 1.920 eV and 205 meV, respectively. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4920986]

Transition metal dichalcogenide semiconductors like

MoS2, which can exist in stable mono-layer form, are being

extensively investigated as alternatives to Graphene for

electronic device applications1 owing to advantages arising

from their finite bandgap. Recent studies have shown that

MoS2 has very interesting electronic band structure (EBS)

properties in mono-layer form such as indirect-to-direct

bandgap transition,2 very large exciton binding energy Eex
b ,3

stable trion formation,4 and valley dependent spin polariza-

tion.5 The EBS of bulk 2H-MoS2 had been studied exten-

sively using optical spectroscopic techniques.6–14 At low

temperatures around the direct bandgap of bulk MoS2, one

observes several spectral features using techniques such as

wavelength modulation,8,9,11,13 electro-modulation,7,9,12–14

thermo-modulation,9,13 and piezo-modulation9,10 spectros-

copy. Two dominant features that are seen, labeled A and

B, are identified with ground state n¼ 1 exciton transitions

involving electrons in a doubly degenerate conduction band

and holes in two spin-orbit split valence bands (VB) at the

K-point of the Brillouin zone. Additional features are also

seen above A and B which were interpreted as n¼ 2 and

higher excited state exciton transitions.6–10,12,13 However,

such assignment has a problem because the An¼ 1 transition

is then expected at an energy up to 90 meV below where it

is observed and this has been referred to as the ground state

anomaly.8,13 Furthermore, a magnetic circular dichroism11

study showed that the Land�e g-factor for the feature identi-

fied as An¼ 2 had a much larger magnitude and opposite

sign compared to An¼1, indicating a different origin for this

feature. Since Eex
b ¼ 4

3
En¼2 � En¼1Þð , where En¼1,2 are the

energies of the n¼ 1, 2 exciton transitions, it is clear that

estimating Eex
b becomes dependent on proper identification

of these spectral features. Understanding the EBS around

the direct bandgap of bulk MoS2 is also important for

designing devices using thin films and for guiding/improv-

ing the accuracy of EBS calculations for mono/few-layer

systems. We have studied bulk MoS2 at low temperatures

using reflectance (R) and photo-reflectance (PR) spectros-

copy. We analyze the spectral features using lineshape fit-

ting and first principles simulations. We then compare the

results with recent EBS calculations and suggest an alterna-

tive explanation for the origin of some of the spectral

features.

The 2H-MoS2 crystals obtained from SPI Supplies were

cleaved into thin slices such that the surface normal was par-

allel to the c-axis. The probe beam for R and PR measure-

ments was light from a 75 W Xe lamp dispersed using a

0.5 m focal length monochromator with a bandpass of 0.8 nm

(2.3 meV at 650 nm). The pump beam in PR was a 325 nm

HeCd laser, mechanically chopped at 175 Hz. The samples

were cooled to 12 K using a closed-cycle He-refrigerator.

The detector was a GaAs photo-multiplier tube. Phase sensi-

tive detection was performed using a lock-in amplifier.

Figure 1(a) shows the R spectrum of bulk MoS2 at 12 K.

The two dominant spectral features labeled A and B are the

An¼1 and Bn¼1 ground state exciton transitions mentioned

earlier. One also observes a weaker feature labeled A*.

Initially, we fit the full spectrum by considering only three

transitions A, A*, and B. For this, we used a Lorentz oscilla-

tor type15 model to represent the exciton contribution to the

complex dielectric function e(E) as

e Eð Þ ¼ eb þ
X

j

Cje
iHj

E2
0j � E2 � iCjE

; (1)

where eb¼ (nbþ ikb)2 is the background dielectric constant

with refractive indices nb¼ 4.4þ 0.568 (E – 1.86) and kb ’ 0

in this spectral range. E is the photon energy and E0j, Cj, Cj,

and Hj are the transition energy, broadening, amplitude, and

phase parameter for the jth transition, respectively. The param-

eter values obtained from fitting are listed in Table I, where

energy estimates have up to 65 meV error. The An¼1 transi-

tion energy value, which defines the direct exciton bandgap of

bulk MoS2, is similar to the previous reports.6–13

Figure 1(b) shows the PR spectrum of bulk MoS2 at

12 K. At energies close to where the A and A* features area)Electronic mail: sangho10@tifr.res.in
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seen in the R spectrum, one finds two prominent features in

the PR spectrum which have also been labeled A and A*. It

is the A* feature which had previously been identified as

An¼2 excited state transition. Careful observation suggests

that the feature at energy close to the B exciton also com-

prises “of” two components labeled B and B*, one broader

than the other. To fit this spectrum, we therefore considered

four exciton transitions. We used Aspnes’ derivative func-

tional form lineshape function for inhomogeneously broad-

ened exciton transitions

DR=R ¼
X

j

<e
cje

ihj

E� E0j þ icj

� �3
( )

; (2)

where E0j, cj, cj, and hj represent the transition energy, ampli-

tude, broadening, and phase parameter for the jth transition,

respectively. Their values are listed in Table I. Note that the

features in PR are blue-shifted in energy relative to those in

R. The two smaller features labeled #1 and #2 were ignored

in the fitting. #1 could be trion4 or defect16 related and we

will comment on #2 at the end, their identification needs fur-

ther investigation. Hereafter, we shall concentrate only on

the A, A*, B, and B* transitions.

First note that the A* (B*) transition lineshape is consid-

erably narrower than A (B). In general, an n¼ 2 exciton fea-

ture in the PR spectrum of a bulk semiconductor is expected

to be equally broad and weaker and is observable only when

linewidths are much smaller than Eex
b .17 So if the theoretical

prediction Eex
b ’ 25 meV18 is correct, then the sharp A* fea-

ture cannot be the n¼ 2 exciton feature. On the other hand,

if the prediction Eex
b ’ 130 meV20 is true, then A* is at a

wrong energy position for it to be considered the n¼ 2 exci-

ton feature.

Exciton related features in PR arise due to a combina-

tion of pump laser induced modulation of C, C, and E0.21 We

simulated the A exciton PR spectral lineshapes for each of

these modulation mechanisms. For the simulation, we started

with Eq. (1) and parameters values in Table I obtained from

fitting the R spectrum. We considered a change E0 – DE0,

C – DC, and C – DC when the laser is on, to generate a modi-

fied R0 spectrum. The PR spectrum is then obtained as

(R0–RÞ=R. Figures 2(b)–2(d) show the simulated PR line-

shapes, their phase will change by 180� if the parameter val-

ues increased under laser excitation. If one fits Eq. (2) to

these simulated PR spectra, the transition energy one obtains

is indicated by the arrows and they are blue shifted relative

to E0 used in Eq. (1). Additional simulations showed that the

blue shift increases with increase in linewidth. This partially

explains the blue shift of the PR spectral feature mentioned

earlier. More importantly, Figs. 2(b)–2(d) show that line-

shape symmetry can be correlated with modulation mecha-

nism. Now note that the PR lineshape symmetry of A* and

B* in Fig. 1(c), also quantifiable in terms of h in Table I, are

similar although they differ from those of A and B. This sug-

gests that the modulation mechanism giving rise to A* and

FIG. 1. (a) R and (b) PR spectrum of bulk MoS2 at low temperature.

Lineshape fits used three transitions in Eq. (1) for R and four transitions in

Eq. (2) for PR. (c) The individual fitted lineshapes of the four dominant tran-

sitions in PR.

TABLE I. Lineshape parameter values of A, A*, B, and B* features in the R, PR, and simulated PR spectrum of bulk MoS2 at 12 K.

R fit starting from Eq. (1) PR fit using Eq. (2) PR simulation-fit

E0 (eV) C (meV) C (eV2) H (deg) E0 (eV) c (meV) c (eV3) h (deg) E0 (eV) DE0 (meV) DC (meV)

A 1.920 25 0.61 168 1.941 20 2.1� 10�8 59 1.934 �0.13 �0.12

A* 1.965 18 0.09 185 1.973 12 3.0� 10�9 155 1.973 �0.03 þ0.49

B 2.125 53 0.96/0.89a 165 2.151 43 4.1� 10�8 90 2.135 �0.06 �0.04

B* 2.150a 28a 0.07a 185a 2.171 18 3.1� 10�9 135 2.170 �0.05 þ0.67

aValues obtained together with PR simulation-fit.

FIG. 2. (a) Calculated R spectrum for An¼1 exciton using parameters

obtained from the fit in Fig. 1(a). The dashed line indicates E0 position.

(b)–(d) Simulated PR lineshapes which consider a decrease (b)

DE0¼ 0.1 meV, (c) DC¼ 0.2 meV, and (d) DC¼ 1% as the modulation

mechanism under pump laser excitation. The arrows indicate transition

energy one obtains by fitting Eq. (2) to the simulated PR spectra.
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B* are similar and that these transitions may have similar

origins.

Interest in mono/few-layer MoS2 has led to several

recent reports on theoretical EBS studies. Two independent

studies based on Green’s function plus screened Coulomb

interaction technique18 and density functional theory22 have

also discussed EBS of bulk MoS2 around several points of

the Brillouin zone. They showed that the next direct bandgap

after the K-point occurs at the H-point of the Brillouin zone

(see schematic Fig. 3). At the H-point, the VB is again split

by spin-orbit interaction; consequently, one expects two

additional transitions at nearby energies. We suggest that A*

and B* correspond to ground state exciton transitions at the

H-point. The accuracy of EBS calculations is typically lim-

ited to tens of meV and there is uncertainty due to the con-

tinuing debate on Eex
b in MoS2. However, since the reduced

carrier effective masses at the K- and H-point18,19 are simi-

lar, we can compare the difference in the measured transition

energies with the trend expected from the theoretically calcu-

lated bandgaps. The R data give the transition energy at the

H-point to be larger than that at the K-point by 45 meV, with

the VB splitting there being 185 meV. This compares reason-

ably with the calculated18,19 bandgap at the H-point being

larger by 58 meV and a VB spitting of 143 meV. We note

that in case of mono-layer MoS2 the crystal does not extend

along the z direction and the H-point has no relevance.18

Accordingly, no A* like feature is seen at energies above the

A exciton feature in the R spectrum of mono-layer MoS2,

although a trion related feature is seen at energies below it.23

Finally, we try to obtain the PR spectrum from first prin-

ciples by considering the four excitonic transitions identified

above. The approach is similar to that used for Fig. 2, except

here we let the transition energy along with strength and sign

of the modulation DE0 and DC vary to best match the meas-

ured PR spectrum. Modulation DC was ignored since, as evi-

dent from Fig. 2(d), it results in very large linewidths with

long extended wings which is inconsistent with our measured

PR spectrum. Since we do not observe a distinct B* transi-

tion in R, its parameters, such as amplitude and linewidth,

were initially assumed to scale relative to B in the same way

as A* and A. The final simulated R and PR spectrum shown

in Figs. 4(a) and 4(b) reasonably reproduces the main fea-

tures of the measured spectrum. Note that DE0 for all four

transitions in Table I is negative, however, DC for A* and

B* are again similar but differ in sign and magnitude when

compared with A and B.

The pump laser in PR generates electron-hole pairs

which screen charged defects24 and reduce built-in electric

fields.21 Given the low temperature (kBT ’ 1 meV) and pre-

dicted large Eex
b , this is unlikely to affect exciton ionization

much. This also justifies our neglecting DC modulation

mechanism earlier. It may, however, reduce the background

dielectric constant eb and thereby increase Eex
b / 1=e2

b, result-

ing in the negative DE0 observed for all four transitions. The

DC values may be understood as follows. It is possible that

while photogenerated carriers reduce inhomogeneity of field

and eb in-plane, they increase it along z k c-axis due to the

weak van der Waals coupling along z. Carriers at the H-

point, unlike at K-point, have a large kz crystal momentum.

Hence, H-point excitons are likely to be more sensitive to

inhomogeneities along z resulting in the large positive DC at

the H-point.

In conclusion, we have suggested an alternative explana-

tion for the origins of the A* and B* features in the R/PR

spectrum of bulk MoS2. The arguments for this invoked sev-

eral aspects of their spectral lineshape. By identifying these

with ground state exciton transitions at the H-point and not

with An¼2 or Bn¼2 at the K-point, we not only get agreement

with recent EBS calculations but also help solve the prob-

lems of ground state anomaly13 and very different Land�e
g-factors11 described earlier. These results also imply the

need for reassessment of the Eex
b value of A and B excitons

in bulk MoS2. In fact, if the prediction20 Eex
b ¼ 130 meV is

correct, then the feature #2 in Fig. 1(b) could actually be

associated with An¼2 since it results in a Eex
b � 100 meV, but

this needs further investigation.

The authors thank V. Sugunakar for help with

instrumentation and T. Cheiwchanchamnangij for additional

information on the EBS of bulk MoS2.
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FIG. 4. (a) Measured R spectrum of bulk MoS2 fitted by considering four

exciton transitions in Eq. (1). (b) Measured PR spectrum and the simulated

one where the extent of modulation DE0 and DC were varied to fit the meas-

ured spectrum.
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