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Effect of Gamma Irradiation on the Physical Properties of MoS2 
Monolayer  

Chintan P Chavdaa, Ashok Srivastavaa,e, Erin Vaughanb, Jianwei Wangf, Manas Ranjan Gartia c,*, and 
Georgios Veronis a,d,* 

Two-dimensional transition metal dichalcogenides (2D-TMDs) have been proposed as novel optoelectronic 

materials for space applications due to their relatively light weight. MoS2 has been shown to have excellent 

semiconducting and photonic properties. Although the strong interaction of ionizing gamma radiation with 

bulk materials has been demonstrated, understanding its effect on atomically thin materials has scarcely been 

investigated. Here, we report the effect of gamma irradiation on the structural and optical properties of a 

monolayer of MoS2. We perform Raman spectroscopy and X-ray photoelectron spectroscopy (XPS) studies of 

MoS2, before and after gamma ray irradiation with varying doses and density functional theory (DFT) 

calculations. The Raman spectra and XPS results demonstrate that point defects dominate after the gamma 

irradiation of MoS2. DFT calculations elucidate the electronic properties of MoS2 before and after irradiation.  
Our work makes several contributions to the field of 2D materials research. First, our study of the phonon 

density of states and the electronic properties of a MoS2 monolayer irradiated by gamma rays sheds light on 

the properties of a MoS2 monolayer under gamma irradiation. Second, our study confirms that point defects 

are formed as a result of gamma irradiation. And third, our DFT calculations qualitatively suggest that the 

conductivity of the MoS2 monolayer may increase after gamma irradiation due to the creation of additional 

defect states. 

 

Introduction 

Because of aggressive technology scaling, the channel length of 

silicon transistors is currently smaller than 8nm1. High leakage 

current in silicon transistors 2-4 at smaller technologies leads to sub-

threshold swing of up to 60mV/decade5. Two-dimensional (2D) 

transition metal dichalcogenides (TMDs) have demonstrated their 

promising semiconducting and optical properties6, 7. 2D TMD 

materials have good potential to lead to transistors with ultra-small 

channel length because of their promising applications in atomic 

layer devices 7-14. MoS2 is one of the most promising TMD materials 
6, 15-17. Graphene is one of the most widely studied 2D materials but 

is challenging to be used as a channel material for switching devices 

since it has no bandgap and a semimetal behaviour18-21. In contrast, 

TMD materials, such as MoS2, MoSe2, WS2, and WSe2, have bandgaps 

and show outstanding potential for future semiconductor-based 

devices because of their semiconducting properties22-27. TMD 

materials have also been proposed for space applications and for 

biomedical devices28, 29. In the space environment, there are many 

particles such as α and β particles, gamma rays, electrons, protons, 

and heavy ions. These energetic particles are expected to have strong 

interactions with materials30-32. Radiation-induced defects in MoS2, 

such as vacancies, interstitials, and adatoms, affect its electrical, 

optical, and magnetic properties33-37. It is therefore essential to 

analyse and understand the formation of these defects in MoS2 and 

the relation to their semiconducting and optical properties.  

Some studies have been done on irradiation effects on MoS2
31, 36, 38-

42. Ozden et al. investigated gamma irradiation effects on bulk 

MoS2
38. He et al. investigated heavy ion (500 keV Au+ ion) radiation 

effects on a monolayer of MoS2
39. Ghorbani-Asl et al. performed 

computational studies using molecular dynamics and DFT to 

investigate the effect of ion (He, Ne, Ar, Kr, Xe) radiation on a 

monolayer of MoS2
40. Cheng et al. investigated the properties of the 

natural MoS2 single crystal irradiated by medium- (1 MeV) and high- 

(357 MeV) energy Ni ions41. Wu et al. investigated electron 

irradiation effects on a monolayer of MoS2, using electron beam in a 

Raith eLINE lithography system42. Parkin et al. studied the Raman 
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spectra changes of electron irradiated MoS2 using TEM with 200 kV43. 

Tang et al. investigated fast neutron (1.2 MeV) irradiation effects on 

a monolayer of MoS2
44. However, none of these studies were about 

gamma irradiation effects on a monolayer of MoS2.  

In this work, we study gamma irradiation effects on a monolayer of 

MoS2. We investigate the electronic properties of irradiated MoS2 by 

Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). In 

our studies, we use a 60Co source for irradiation purposes, which has 

a nominal irradiation dose of 1.91 Gy/min (±5%). Our experimental 

design includes samples of single and multiple (cumulative) 

irradiation doses. Further, we perform density functional theory 

(DFT) studies to theoretically investigate the electronic properties of 

defective monolayers of MoS2.  

Materials and Methods 

Monolayers of MoS2 grown with chemical vapor deposition (CVD) 

over nickel-coated copper substrates were purchased from a 2D 

materials shop (6Carbon Technology). The 60Co source at the 

Louisiana State University Nuclear Science building was used to 

irradiate the materials. The source has a nominal radiation dose rate 

of 1.91 Gy/min (±5%). 4 samples were used and assigned a number 

# 1, 2, 3 and 4. The gamma irradiation dose was 1.92 kGy, 1.92 kGy, 

2.65 kGy, and 3.0 kGy for samples # 1, 2, 3, and 4, respectively. After 

two weeks, samples # 1, 2, 3, and 4 were subjected to an additional 

dose of 1.0 kGy, 1.75 kGy, 2.65 kGy, and 3.0 kGy, respectively. After 

these irradiation doses, we performed Raman spectroscopy, XPS, 

and scanning electron microscopy (SEM) studies.   

Gamma Irradiation Setup 

Supporting Figure S1 shows the schematic of the gamma irradiation 

experimental setup. We use a dry irradiator with a 60Co source to 

irradiate the samples. Decay-corrected dose rates were calculated to 

determine the required irradiation time for the different samples. All 

samples were placed at the same position in the irradiator chamber 

to ensure geometrical uniformity. The samples were placed five 

inches from the source, based on the manufacturer's 

recommendations for the irradiator. The dose rate was measured to 

be 191.72 rad/min. The dose rate remained the same after two 

weeks when we performed the cumulative irradiation dose 

experiments.   

Raman Spectroscopy 

We used a Renishaw inVia Reflex Raman spectroscope for the Raman 

experiments. We used a laser excitation wavelength of 532 nm in all 

experiments. The objective lens used was 50x, and the acquisition 

time was 10 seconds. We used the extended mode. The spectra were 

analysed using WiRE 5.3. We analysed its peaks using the OriginPro 

software suite.  

X-ray Photoelectron Spectroscopy  

We used a Scienta Omicron ESCA 2SR X-ray Photoelectron 

spectroscope for our XPS observations. It is equipped with a Mg/Al 

monochromatic source. The CASA XPS software package was used 

for the analysis of the XPS data.  

DFT Calculations 

DFT computational studies were performed using the Quantum 

Espresso Suite45, 46. We perform DFT studies to investigate the 

electronic properties of pristine and irradiated monolayers of MoS2. 

 

Figure 1. (a) Gamma irradiation on monolayer MoS2 over copper substrate. (b) SEM image of pristine MoS2.[make scale bars visible] 
(c) SEM image of irradiated MoS2 with 1.92 kGy. (d) SEM image of irradiated MoS2 with cumulative dose of 5.30 kGy. (e) Optical image 
of pristine MoS2. (f) Optical image of irradiated MoS2 with cumulative dose of 6.0 kGy. 
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Results and Discussion 

Figure 1(a) schematically shows the interactions of gamma rays with 

MoS2. Gamma ray irradiation plays an important role and contributes 

to pair production, Compton scattering, point defects of atoms 

(vacancies), and fast electrons47. All of these may lead to changes in 

the structural and electronic properties of monolayer MoS2. 

Common peaks in the Raman spectra of a monolayer of MoS2 are E1
2g 

(384.7 cm-1),  and A1g (403.6 cm-1) at the  point in the Brillouin zone 

of a hexagon of monolayer MoS2, according to group theory48 (the 

schematic of the vibrations is shown in the inset of Fig. 1(a)) . The E1
2g 

mode is the result of the vibrations of two sulphur atoms with 

respect to the molybdenum atom, while the A1g mode corresponds 

to the out-of-plane vibration of sulphur atoms in the opposite 

direction48. The SEM images of the MoS2 sample before (Fig. 1(b)) 

and after (Figs. 1(c) and 1(d)) gamma-ray irradiation did not show 

appreciable changes. The corresponding optical images are shown in 

Figs. 1(e) (before irradiation) and 1(f) (after irradiation).  

Raman spectroscopy of irradiated MoS2 monolayer 

To describe the structural changes, we studied the Raman spectra of 

irradiated MoS2. The Raman spectra quantitatively describe the 

changes in the structural properties of monolayer MoS2. As 

mentioned in the Materials and Methods section, we use four 

samples of monolayer MoS2 grown over a nickel-coated copper 

substrate. Figures 2(a) and 2(b) show the Raman spectra after the 

first and second cumulative irradiation doses, respectively. At the 

excitation resonance condition of λ = 532 nm, we observed two 

prominent peaks at 384.7 cm-1 and 403.6 cm-1 (Fig. 2(a)) 

corresponding to the E1
2g and A1g vibrational modes, respectively48. 

The Raman spectra corresponding to different irradiation doses are 

stacked vertically for clarity.   

The change of Raman spectra as a function of irradiation is 

complicated.  The E1
2g peak Raman shift as a function of irradiation 

dose is plotted in Fig. 3(c). After an irradiation dose of 1.92 kGy, both 

the E1
2g and A1g peaks are red-shifted to a lower Raman frequency 

(Fig. 3(a) for E1
2g). For single doses of 2.65 kGy and 3.0 kGy of 

irradiation, a minor blue shift of the Raman frequency occurs 

compared to the Raman frequency at 1.92 kGy, although these 

Raman frequencies are still red-shifted compared to the pristine 

MoS2 sample (Fig. 3(c)). Fig. 3(c) shows the effect of cumulative doses 

on the Raman spectra. The cumulative doses show a zig-zag pattern 

with Raman frequencies jumping from a red shift to a blue shift 

repetition pattern with increased doses. After 3.67 kGy of gamma-

ray irradiation, a redshift appears on the E1
2g and A1g intensity peaks 

compared to 2.92 kGy. With further irradiations, blueshift and 

redshift appear after 5.30 kGy and 6.00 kGy, respectively (Fig. 2(b)). 

Previous DFT calculations showed that S vacancy defects lead to 

redshift in the E1
2g and A1g peaks. In contrast, Mo vacancy defects 

lead to blueshift in the E1
2g and A1g peaks of the Raman spectra for 

Figure 2.(a) Raman spectra of monolayer MoS2 after the first set of irradiation doses. (b) Raman spectra results of monolayer MoS2 
after the second set of irradiation doses (cumulative doses). 
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both monolayer and bulk MoS2
49. As such, the irradiation can cause 

both red and blue shifts of the Raman peaks. 

In previous studies, experimental observation suggested that 

removing the S atom (i.e., an S vacant) leads to weaker vibrations of 

the Mo-S restoring force50. As a result, the E1
2g band shifts to a lower 

phonon frequency (red shift). In other words, the red shift in the E1
2g 

mode is caused by the dominance of S vacant defects in the 

monolayer of MoS2. The red-shift of the E1
2g peak could also be due 

to the effect of tensile strain in a few layers of atomically thin MoS2 

due to irradiation-induced defects50. Thus, the red-shift observed in 

our spectra could be attributed to the effects discussed by 

Castellanos-Gomez et al. 50. In our study, we also observe a red-shift 

of the A1g peak. This could be due to a wrinkled MoS2 layer50, which 

is again caused by strain. 

Based on our results, we propose that after the first irradiation dose, 

S defects dominate in both cases (first set of irradiation dose of 1.92 

kGy and initial cumulative irradiation dose of 2.92 kGy). This is 

reasonable because the S atom is lighter than the Mo atom, so that 

it will be evicted first43. As we increase the irradiation doses, we 

observe both kinds of shift (red shift and blue shift) in cumulative 

irradiation doses (Figs. 2(a) and 2(b)).This proposed scheme is also 

consistent with a previous study regarding radiation-induced defects 

in 2D materials. These defects are usually associated with doping and 

stress-strain51, and the radiation affects the vibrational A1g mode52. It 

was observed that the position of the A1g mode is sensitive to doping 

(ion implantation/radiation)52. These point to the possible formation 

of S and Mo point defects in the monolayer of MoS2.    

The proposed scheme can also explain the peak intensity, peak 
intensity ratio, and peak width of the Raman spectra. Figure 3(a) 
shows the E1

2g peak intensity as a function of irradiation dose. The 
black curve is for single-dose experiments, and the red curve is for 

cumulative-dose experiments. The E1
2g peak intensity increases for 

doses up to 2.65 kGy, then decreases when the single dose increases 
from 2.65 to 3.0 kGy. Doses higher than 2.65 kGy of gamma 
irradiation decrease the E1

2g peak intensity (for single dose and 
accumulative dose), which could be due to the formation of more 
defects leading to extra strain in the atomic structure of the 
monolayer of MoS2. Literature data show that the extra strain is 
generally responsible for the degradation of the E1

2g peak53, 54 due to 
phonon softening in the monolayer of MoS2 by point defects. It has 
been reported for graphene that moiré patterns can induce the 
vibrational properties revealed by the Raman spectra55. The 
degradation of the E1

2g mode is likely the result of a complex 
interplay of moiré-induced local strain and out-of-plane interaction 
with the substrate (Cu)54. 

In Fig. 3(b), we show the intensity ratio of the A1g and E1
2g peaks as a 

function of irradiation dose. Initially, with 1.92 kGy of irradiation 

dose, A1g/ E1
2g decreases. This is the result of missing S atoms56. 

Missing S atoms result in the relative decrease of the A1g mode49,50, 

56, 57. Degradation in A1g/ E1
2g is due to the competition between the 

effects of crystallinity and charge density52, 58. The introduction of 

Figure 3. (a) E1
2g peak intensity as a function of irradiation dose. (b) A1g/E1

2g peak intensity ratio as a function of irradiation 
dose.  (c) E1

2g peak Raman shift as a function of irradiation dose. (d) E1
2g peak full width half maximum (FWHM) as a 

function of irradiation dose. 
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defects in the MoS2 lattice by gamma irradiation leads to a decrease 

in the crystallinity, affecting the A1g mode intensity. The defects also 

lead to changes in the charge density, which can affect both the A1g 

and E1
2g modes43, 50-55. As we increase the irradiation dose, after 3.0 

kGy of irradiation dose, the A1g/ E1
2g intensity increases, which may 

be due to the appearance of Mo vacancies for gamma irradiation 

doses higher than 2.65  kGy59. The A1g/E1
2g intensity ratio feature in 

the Raman spectra of irradiated MoS2 samples shows that at low 

irradiation doses (1.92 kGy, 2.65 kGy) the S defects dominate43. 

Figure 3(c) shows the E1
2g Raman shift as a function of irradiation 

dose. Shift to lower frequencies (red shift) in Raman peaks, and 

especially in the  E1
2g peak, indicates large cluster removal, such as 

MoS4 or MoS6
53. The intensity ratio A1g/ E1

2g and the E1
2g Raman shift 

(Figs. 3(b) and 3(c)) suggest the formation of point defects by the 

gamma radiation60. Unlike the results previously shown in the 

literature49, 53, we did not find defect-induced Raman peaks at the 

lower frequency side of the E1
2g peak.  

In Fig. 3(d) we show the full width at half maximum (FWHM) of the 
E1

2g peak as a function of irradiation dose. We observe that the 
FWHM of the E1

2g peak decreases with the increase of radiation 
doses. The mechanical stress and strain in the structure are 
responsible for the degradation in the FWHM of the E1

2g peak53, 57. 
Literature data53, 57, 60 also suggest that the linewidth of the E1

2g peak 
decreases with the increment of point defects by ion radiation and 
mechanical strain. Degradation of the E1

2g mode occurred by creating 
S‐vacancies through breaking the S―Mo―S bonds of MoS2 by 
gamma irradiation, which facilitates the chemisorption of foreign 
molecules, in our case atmospheric oxygen59. 

XPS of irradiated MoS2 monolayer 

The XPS spectra are plotted for the gamma irradiated monolayer of 

MoS2 (Fig. 4). In the spectra of pristine MoS2 XPS study, we found 

peaks for nickel, oxygen, and carbon, which are either from impurity 

or slight contaminants in the instrument. Our samples are CVD-

grown MoS2 over nickel coated copper; hence Ni and Cu peaks 

appear in the survey spectra. The carbon peak is due to the presence 

of hydrocarbon in the XPS instrument itself and was utilized to 

calibrate the system. The peaks at 229.1 eV and 232.3 eV observed 

in the XPS spectra of pristine molybdenum are identified as Mo 3d5/2 

and Mo 3d3/2, respectively, and the small shoulder around 226 eV in 

Fig. 4(a) is the sulphur 2s peak. The locations of these peaks reflect 

the molybdenum atoms' chemical surroundings. The molybdenum 

atoms, in this instance, appear to be in the +4 oxidation state in 

accordance with the MoS2 chemical formula. Mo 3d5/2 and Mo 3d3/2 

are valence states of Mo, which is a characteristic of Mo species61. A 

small shoulder around 226 eV in the XPS spectra of pristine MoS2 

corresponds to the sulfur 2s peak. The presence of this peak further 

confirms the chemical identity of the monolayer MoS2 and provides 

information on the sulfur atoms' chemical environment. In the 

pristine MoS2 spectra of XPS, S consists of S 2p3/2 and S 2p1/2 peaks at 

162 eV and 163.2 eV, respectively (Fig. 4(e))62. The locations of these 

peaks reflect the sulfur atoms' chemical environment in the MoS2. 

The peak positions show that the sulfur atoms are in the -2 oxidation 

state, which is consistent with the chemical composition of MoS2
60. 

The evolution of Mo and S peaks at different doses are shown in Figs. 

4(b)-4(d), and Figs. 4(f)-4(h), respectively.  

We show the integrated peak area of XPS spectra for different atoms 

as a function of irradiation dose in Fig. 5(a). We observe that with 

the gamma irradiation the XPS peak area for both atom types (Mo 

and S) is decreasing after an initial dose of 1.92 kGy irradiation, and 

remains almost constant with higher irradiation doses of 2.65 kGy. 

For cumulative doses, the area of both atom types decreases for 

irradiation doses from 2.92 kGy to 3.67 kGy. These results imply that 

gamma irradiation modifies the monolayer MoS2 sample, resulting in 

modifications to the XPS peak regions for the Mo and S atoms. The 

initial drop in peak area could result from alterations to the MoS2 

chemistry, leading to non-stoichiometric material caused by vacant 

defects or new chemical species (e.g., reduction of Mo or S). For 

instance, an S vacant can induce two localized electrons, which can 

cause a reduction of the neighboring Mo or S atom. The decline in 

peak regions seen for cumulative double doses may indicate that 

gamma irradiation effects are cumulative, causing more alterations 

and damages in the sample's chemical environment with increasing 

exposure63. 

Figures 5(b) and 5(c) show the changes in Mo and S XPS peak 

positions as a function of irradiation dose. The Mo 3d peak positions 

do not show appreciable changes after irradiation doses (Fig. 5(b)). 
This shows that under gamma radiation, the Mo atoms in the MoS2 

sample are reasonably stable, which suggests that the Mo valance 

state is more or less intact and some of the S atoms may be reduced 

as a result of S vacancy. The S 2p3/2 peak shows blue shift to higher 

binding energy after 1.92 kGy of irradiation compared to the no 

radiation case; however, for the cumulative doses of gamma 

radiation samples, we observe red shift of the XPS peaks to lower 

binding energy on the S 2p3/2 peak for all samples (Fig. 5(c)). The S 

2p1/2 peak shows a similar trend with the irradiation doses. This 

indicates that the chemical environment of the S atoms is changing 

as a result of gamma irradiation, with the appearance of S defects. 

These results suggest that as the irradiation dose increases, S defects 

occur first, and with increased irradiation, Mo defects occur later. 

This is consistent with previous studies of defects in MoS2 samples 

introduced through ion or electron irradiation which result in 

changes in the S XPS peak positions and peak areas64.  

In Fig. 5(d), we show the FWHM for different peaks of the MoS2 XPS 

spectra as a function of irradiation dose. By the first 1.92 kGy of 

irradiation, the FWHM of S 2p3/2 and Mo 3d3/2 increases. The FWHM 

trend of S 2p3/2 and Mo 3d3/2 suggests that the quality of MoS2 is 

degraded because of gamma irradiation65. In addition, the trend in 

the FWHM for these peaks indicates that the gamma irradiation is 

inducing defects in the MoS2 sample, resulting in increased disorder 

and reduced crystallinity. This is consistent with a previous study of 

Raman spectra that showed that gamma irradiation could lead to 

defects in 2D materials, resulting in increased disorder and reduced 

crystallinity63. Overall, the XPS results suggest that gamma irradiation 

can induce changes in the chemical and structural properties of MoS2 
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monolayer, leading to the appearance of defects and reduced 

quality. 

 

 

Further, we show the area ratio of Mo to S peak as a function of 

irradiation dose in Fig. 5(e). For the first set of irradiations, the molar 

area ratio of Mo/S decreases and after irradiation doses higher than 

2.65 kGy, it increases. This trend suggests that initially S defects are 

formed by a small amount of irradiation, and, after increasing the 

irradiation dose, Mo defects are also appearing. After even higher 

irradiation doses of 2.65 kGy and 5.3 kGy (cumulative), S defects are 

more in quantity. The same trends are observed in the cumulative 

dose studies (Fig. 5(b), red curve). S defects are more likely to be 

dominant because S atoms are lighter than Mo atoms66. From the 

areas of the Mo 3d3/2 and S 2p3/2 peaks, we calculate the Mo:S atomic 

ratio RMo–S as  

𝑅𝑀𝑜/𝑆 = (𝐴𝑀𝑜 𝐹𝑀𝑜⁄ )/(𝐴𝑠 𝐹𝑠⁄ ),                                                                …(1)                                                                             

where AMo and AS are the peak areas of the Mo 3d3/2 and S 2p3/2 

peaks, respectively; FMo and FS are relative sensitivity factors (RSFs) 

of the Mo 3d3/2 and S 2p3/2 peaks, respectively. RSFs are calculated 

Figure 4. XPS spectra of MoS2. Mo d components with (a) 0 kGy; (b) 1.0 kGy; (c) 1.75 kGy; (d) 2.65 kGy of irradiation. 
S 2p components with (e) 0 kGy; (f) 1.00 kGy; (g) 1.75 kGy; (h) 2.65 kGy of irradiation. 
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by the CasaXPS software. After the highest amount of irradiation in 

both cases (single dose of 3.0 kGy and cumulative dose of 6.0 kGy), 

we believe that MoS2 becomes amorphous65. We observe that, as the 

irradiation dose increases, the Mo 3d5/2, S 2p1/2, and S 2p3/2 peaks are 

moving towards higher binding energies on the XPS spectra. The S 2p 

peaks increase by 6% in intensity compared to the ones in the 

pristine sample (Fig. 5(a)). Our XPS study suggests that sulphur 

defects appear first in the MoS2 structure at lower irradiation dose 

level, followed by Mo defects at higher irradiation. 

 

Electronic Property Study  

Our Raman spectra and XPS studies, as well as literature data 43, 49, 57, 

suggest that point defects are the main defects in the MoS2 structure 

after receiving irradiation doses. We examine the electronic 

properties of MoS2 using DFT. More specifically, we perform DFT 

studies using the Quantum Espresso suite to obtain the electronic 

band structures of pristine and defective monolayer MoS2. We 

perform our studies on a 5x5 supercell of monolayer MoS2. The 

Quantum Espresso suite solves the Kohn-Sham equation to obtain 

the electronic properties of a system. The solution of the Kohn-Sham 

equation allows the Quantum Espresso suite to determine the band 

structure, density of states, and the charge density.  

We used Density Functional Theory with plane wave basis sets as 

implemented in Quantum Espresso. We used exchange-correlation 

with the Perdew–Burke-Ernzerhof functional in the Generalized 

Gradient Approximation (GGA)67, 68. The GGA method is the 

preferred option for many materials science and chemical 

simulations because it strikes a fair balance between accuracy and 

computing effectiveness. The GGA is essential because it 

incorporates information on the electron density gradient to account 

for non-uniform electron distributions, which is crucial for bonding 

patterns. The kinetic energy for the plane-wave basis was cut off at 

100 Ry. For S, a 0.0 magnetic state was initiated, while for Mo, a 0.2 

magnetic state was initiated.  

We performed a Quantum Espresso calculation on a pristine 

monolayer of MoS2 structure with 75 atoms, a 5x5 cell size, 650 

electrons, and 400 Kohn-Sham states. K-points were 12 12 12 0 0 0, 

and the convergence threshold was set to 1.00000e-06. Note that 

the convergence threshold is the highest permitted change in the 

total energy between two successive iterations of the self-consistent 

field (SCF) cycle. The relax approach, which only permits the variation 

of atomic locations, was used to carry out the optimization. The 

Brillouin zone is sampled using the k-points, and integrals over the 

reciprocal lattice vectors are computed using these points. Based on 

our results, the system was stable, and the optimization converged 

inside the predetermined threshold. 

We used USPP-type pseudopotentials (Ultra-Soft Pseudopotentials) 

from the PS Library of Quantum Espresso. USPP pseudopotentials 

offer a more flexible description of the valence electrons by modeling 

Figure 5. (a) XPS peak area as a function of irradiation dose after the first and second set of irradiation doses.  (b)  XPS peak position of Mo as 
a function of irradiation dose. (c) XPS peak position of S as a function of irradiation dose. (d) Full width at half maximum (FWHM) of XPS peaks 
as a function of irradiation dose. (e) Area ratio of Mo and S peaks as a function of irradiation dose. 



ARTICLE Journal Name 

8 | J. Name., 2022, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

the ionic core using a smooth, soft pseudopotential that rapidly 

decays away from the nucleus. This pseudopotential has a smooth 

transition between the core and valence electrons as compared to 

normal pseudopotentials, which have an abrupt cutoff. One of the 

benefits of USPP are larger plane-wave basis sets, which are more 

adaptable and offer more accurate representations of the electronic 

structure. This leads to estimations of the total energy and the 

charge density that are more precise, particularly in systems with 

intricate bonding or in which relativistic effects play a significant role. 

In Fig. 6(a) we show the atomic structure of pristine MoS2, its band 

structure, and density of states. We found that the pristine MoS2 has 

a bandgap of ~1.83 eV, which agrees with the literature reported 

value 69. With the formation of defects, the bandgap decreases 

(Table S1). Figure 6(a) (middle figure) shows the band structure 

diagram of monolayer MoS2 with high symmetric points in the first 

Brillouin zone shown in the x-axis and the corresponding energy 

values in the y-axis.  Since our experimental results suggested that at 

lower radiation doses S and Mo defects appear, we performed DFT 

simulations on the vacancy point defect structures of MoS2 by 

removing 1S, 2S, and 1 Mo & 2S atoms in the supercell (Figs. 6(b)-

6(d)). The 1S (Fig. 6(b)), and 2S (Fig. 6(c)) defects open narrow 

bandgaps of 1.03 eV and 0.98 eV, respectively. The bandgap value 

decreases with increase of defect concentration. This may lead to 

better conductivity in 2S defected MoS2 compared to MoS2 with 1S 

defect. With the formation of defects, the bands split and cross the 

Fermi energy level, as shown in the band diagrams. The Fermi energy 

of the defective MoS2 is different from the one of pristine MoS2 

(Table S1). This is due to the movement of charge carriers in the 

structures as a result of the formation of the defects. We also show 

the corresponding total density of states (DOS) for each system (Figs. 

6(a)-6(d), right). The DOS at Fermi energy (E = 0) for the pristine MoS2 

is zero, while for the defected MoS2 the DOS is found to be non-zero. 

The simulations improve our understanding of the changes in the 

electronic structure of MoS2 due to the creation of S and Mo 

vacancies. 

Point defects in a monolayer of MoS2 affect the band structure and 

density of states. For instance, in-gap states caused by the defects 

are observed in Figs. 6(b)-6(d). Their wavefunctions include 

hybridization between the p-orbitals of the surrounding Mo atoms 

and those of S70. The bandgap of the defected MoS2 (0.8 eV) [Fig. 

6(d)] is substantially smaller than that of pristine MoS2 (1.83 eV)70 

[Fig. 6(a)]. These transitions demonstrate how defects can affect the 

electronic structure of a monolayer of MoS2
70.  

In our DFT study, we observe the creation of new bands within 

bandgaps due to the defects in the monolayer structure of MoS2. We 

also found that, for the mono-sulfur vacant defect, bands that are 

created within the bandgap are occupied [Fig. 6(b)]. We also 

obtained similar results for two S defects and one Mo defect [Fig. 

6(d)]. These results suggest that there are electrons available for 

conduction in new bands. These results also confirm that the 

bandgap of the monolayer of MoS2 is reduced by creating defects 

induced by gamma irradiation.  

Trainer et al. studied the electronic properties of a monolayer of 

MoS2 with Mo vacancies (VMo) using scanning tunneling microscopy 

and spectroscopy70. Their findings indicate the presence of three in-

gap states, which computed real-space projections can accurately 

describe. Furthermore, they observed that these in-gap states 

related to VMo are shifted in energy, indicating that they exist in two 

distinct charged states. Although the electron acceptor vacancies 

they identified cannot fully account for the intrinsic n-type doping of 

the MoS2 films, they alter the local electronic density of states of the 

monolayer of MoS2 
70. These experimental results corroborate our 

DFT computational results for MoS2, demonstrating the occupancy 

of new in-gap states in the presence of S, 2S, Mo, and S2 vacancies. 

The in-gap states associated with VMo alter the density of states of 

electrons in MoS2, leading to changes in its electronic properties70. 

The occupancy of new in-gap states in the presence of defects in our 

DFT computation also proves a change in electronic properties with 

the reduction of the bandgap with more available electron states. 

The bandgap that we calculated using DFT is in agreement with 

experimental results reported by Trainer et al.70. This agreement 

reinforces the validity of our computational findings. 

Conclusions 

In conclusion, we investigated gamma irradiation effects on a 

monolayer of MoS2. We studied the changes in the physical 

properties of MoS2 using Raman spectroscopy and XPS. The results 

showed that S defects dominate at lower irradiation doses (below 

2.65 kGy), while more Mo defects appear at higher irradiation doses.  

The shifting of Mo 3d and S 2p peaks in the XPS spectra confirmed 

the presence of S and Mo point defects. DFT studies suggest that, as 

the gamma irradiation dose increases, the bandgap decreases. Our 

DFT calculations also qualitatively suggest that the conductivity of 

the MoS2 monolayer may increase after gamma irradiation due to 

the creation of additional defect states.  
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Figure 6. (a) Band structure and density of states of pristine MoS2. (b) Band structure and density of states of defected MoS2 with 
two S defects. (c) Band structure and density of states of defected MoS2 with one Mo and two S defects. (d) Band structure and 
density of states of defected MoS2 with one Mo and two S defects. 
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