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Figure S1. PL spectrum of as-grown and HBr treated MoSe2 monolayer at room temperature.

Figure S2. (a), (b) and (c) show three PL intensity maps of as-grown MoSe2 layers used for HCl,

HI and HBr treatment. The corresponding PL intensity maps after chemical treatment are
displayed in (d), (e) and (f) respectively. (g), (h) and (i) show the time dependence of PL
intensity changes upon HCl, HI and HBr treatment. Noted that we have performed each
treatment for different time periods. The HCl treatment can only slightly enhance the PL
intensity while for HI the MoSe2 layers shows an increase in PL intensity followed by a fast PL
weakening which could be due the corrosion by the strong acidic nature.

Figure S3. (a) The PL intensity mappings of an individual MoSe2 flake before and after H2O treatment
for 1 minute and 5 minutes respectively; (b) PL intensity comparison at different surface locations as
indicated in Figure (a).

Figure S4. PL comparison of pristine and HBr treated MoSe2 monolayer in vacuum condition at a
pressure of 4×10-3 Torr. By comparing the PL intensity change for the sample before and after HBr
treatment in vacuum, we exclude other possible gaseous adsorption effects (for example, moisture and O 2)
on the optical properties.

The calculation of carrier density
In MoSe2, the exciton and trion peak position follow the equation of standard temperature bandgap
dependence 1
eq (1)
where

is the ground-state transition energy at 0 K, S is a dimensionless coupling constant and

is an average phonon energy. From the PL measurement at low temperature, the photon energy of exciton
(X0) and trion (X-) can be determined for 1.66 eV and 1.63 eV, respectively. The dimensionless coupling
constant of exciton (X0) and trion (X-) are set to 1.96 and 2.24 according to the previously reported.2
Therefore, the calculated photon energy of exciton and trion at 300 K are 1.58 eV and 1.54 eV, as shown
in Figure S5.

Figure S5. (a) MoSe2 PL before and after HBr treatement at room temeparture; (b) coresponding trion
and exciton peak fitting for HBr treated (upper) and pristine (lower) MoSe2.

The PL intensity of the exciton (

) and trion (

are related to their populations which can be

expressed as :

where, G is the optical generation rate of exciton,
exciton and
exciton (

is the formation rate of the trion from the

is the decay rate of the trion. Based on the previous work 3, the radiative decay rate of
) and trion (

) are 3 ps-1 and 12 ps-1, respectively.

The electron density in single-layered MoSe2 follows the mass action law relating the electron density
(nel), concentration of exciton (Nx) and trion (Nx-)4.

where T is the temperature,

is Boltzmann constant,

is the trion binding energy and

the effective masses of an exciton and trion, respectively. Here

and

is

is

by using a reported data2. Combining the eq (2), (3) and (4), the electron density can be estimated from
the trion PL intensity as the equation:

Adapting the PL intensity fitting results from Figure S5b, the electron carrier can be estimated to be 8.2 ×
1011 cm−2 for as-grown and 6.37×1010 cm−2 for HBr treated MoSe2 respectively, which are within a
comparable range with the previous report 2.
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Figure S6. (a) Low magnification TEM image of monolayer MoSe2 with folded edges (darker color) after
HBr treatment. (b), (c) and (d) shows the electron energy loss spectrum (EELS) map of Mo, Br and Se. (e)
shows an energy-dispersive X-ray spectroscopy (EDS) of MoSe2 monolayer, where Mo and Se can be
identified. (f) display a typical EELS spectrum of HBr treated MoSe2 monolayer.
In our sample transfer process (see Method section), several chemicals including Poly(methyl
methacrylate) (PMMA), diluted-Hydrogen fluoride, deionized (DI) water, Chloroform, Acetone, and
Isopropyl alcohol (IPA) were subsequently used. The Br containing group may be effectively removed
during transfer process. Also the chemical residuals from transfer process could also cover the sample
surface and hinder the investigation of the atomic structure and chemical composition. Therefore, in order
to have a clue for the distribution of Br containing group on MoSe2 surface, and limit the interruption
from transfer process. We utilized a PMMA-free transfer method for TEM characterization, where
scratching the sample surface with sharps and gently resining with DI water were applied. The exfoliated
samples can be carried on TEM grids by the DI water droplet. Although Br signal is not strong enough to
be detected by EDS as shown in Figure S6 (e), in EELS spectrum a small hump with intensity slightly
higher than the background appears within the Br energy region. Energy filtered EELTS map shown in
Figure S6 (c) which suggest the possible Br distribution on sample surface.

XPS fitting analysis:
In brief, the peaks in each Mo, Se and Br doublet should have the same FWHM, and the peak
area ratio in each doublet is assigned based on the degeneracy of the spin state.
Several criteria are used for the fitting:
(1) The peaks have specific area ratios based on the degeneracy of spin state (see Table R1)
j = l + s (j: spin state, l: angular momentum quantum, s: spin angular momentum)
(2) Splitting doublet
Mo 3d5/2 – 3d3/2 doublet separation is ~3.13 eV
Se

3d5/2 – 3d3/2 doublet separation is ~0.86 eV

Br

3d5/2 – 3d3/2 doublet separation is ~1.05 eV

(3) Average Matrix Relative Sensitivity Factors (AMRSFs)
: Al x-rays ratioed to C (see Table R2)
(4) Background fitting: Shirley method
(5) Fitting Curve: 20% Lorentzian-Gaussian (20LG)
Table R1. The peak area ratios of spin-orbit splitting values
Subshell

j values

Area Ratio

s

1/2

n/a

p

1/2 3/2

1:2

d

3/2 5/2

2:3

f

5/2 7/2

3:4

Table R2. The average matrix relative sensitivity factors (AMRSFs) of molybdenum, sulfur
and oxygen ratioed to C as unity for Al X-rays.
AMRSFs
Molybdenum

Selenium

Bromine

3d5/2

5.82

1.55

1.91

3d3/2

4.01

1.07

1.32

(Al X-rays)

Table R3. The XPS fitting results of binding energy for Mo, Se and Br in pristine MoSe2 and HBr
treatment MoSe2 including peak position, full width at half maximum (FWHM) and peak area.
Pristine MoSe2
Position

HBr treated MoSe2

FWHM

Position

FWHM

(eV)

(eV)

Area

Area

(eV)

(eV)

Mo(IV) 3d5/2

229.6

1.53

34.26

229.4

1.06

59.1

Mo(IV) 3d3/2

232.73

1.53

22.84

232.53

1.06

39.4

Mo(VI) 3d5/2

233.1

3.71

10.38

233.3

2.57

8.46

Mo(VI) 3d3/2

236.23

3.71

6.92

236.43

2.57

5.64

Se2- 3d5/2

54.8

0.77

13.62

54.8

0.78

55.38

Se2- 3d5/2

55.66

0.77

9.08

55.66

0.78

36.92

S22- 3d3/2

55.34

1.5

12.54

55.34

0.56

7.44

S22- 3d3/2

56.2

1.5

8.36

56.2

0.56

4.96

S0 3d5/2

55.9

1.44

18.48

S0 3d3/2

56.76

1.44

12.32

SeO2 3d5/2

59.2

2.47

13.2

SeO2 3d3/2

60.06

2.47

8.8

68.8

1.08

47.58

74.4

1.22

31.72

Br1- 3d5/2
Al2O3 2p3/2

74.4

1.16

