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Controlled defect creation and removal in graphene 

and MoS2 monolayers 

D.W. Li,±,a Q.M. Zou,±,a X. Huang,a H. Rabiee Golgir,a K. Keramatnejad,a J.F. Song,b,c Z.Y. 

Xiao,b,c L.S. Fan,a X. Hong,b,c L. Jiang,d J.F. Silvain,e S. Sun,b,c,f and Y.F. Lu*,a 

It is known that defects strongly influence the properties of two-dimensional (2D) materials. The 

controlled creation and removal of defects can be utilized to tailor the optical and electronic response of 

these 2D materials for optoelectronic and nanoelectronic applications. In this study, we developed an 

efficient approach to reversibly control the defect states in mechanically exfoliated graphene and 

molybdenum disulfide (MoS2) monolayers. The defects were created by aluminium oxide (Al2O3) 

plasmas and removed by moderate thermal annealing at up to 300 oC. We employed Raman and 

photoluminescence (PL) as well as electrical characterizations to monitor the variation of the defect level 

in graphene and MoS2. For graphene, Raman spectra indicate that the Al2O3 plasma induced sp3-type 

defects with controlled concentration, which have been substantially removed after thermal annealing. 

Similar trend was also observed in monolayer MoS2, as revealed by the defect-related emission peak 

(Xb) in the PL spectra. We further showed that the defects induced by the Al2O3 plasma in both 2D 

materials can be restored to any intended level via annealing with well-controlled conditions. Our work 

presents a new route to the functional design of the optical and electronic properties of graphene and 

MoS2-based devices through defect engineering.    

 

Introduction  

Two-dimensional (2D) materials, especially graphene and transition 

metal dichalcogenide (TMD) semiconductors (such as molybdenum 

disulfide (MoS2)), have attracted significant research and industrial 

interest due to their outstanding electronic and optical properties and 

wide potential applications for the next-generation of flexible field-

effect transistors,1,2 integrated logic circuits,3 photodetectors and 

photovoltaic devices,4-7 energy storage,8,9 and sensors.10,11 It has 

been well documented that defects significantly influence the 

properties of 2D materials.12-18 Therefore, the controlled introduction 

of defects into these materials could tailor their optical, electrical, 

catalytic, and even magnetic properties.19-23 Examples include the 

local enhancement of optical excitations at graphene edges,24 

generation of tunable magnetic phases in graphene with 

vacancies,25,26 a strong enhancement photoluminescence from MoS2 

through defect engineering and oxygen bonding,27 and the 

significant improvement in hydrogen evolution activity in MoS2 

through oxygen plasma exposure and annealing in hydrogen.28  

Compared to the conventional approach, in which defects are 

unintentionally created during 2D material growth,29 defect 

engineering through post-synthesis or direct modification offers 

better controllability over defect levels and types. To date, 

significant effort has been devoted to the modification of 2D 

materials through defect creation, including ion/electron beam 

irradiation,30-38 plasma treatments,14,39,40, UV light illumination,41,42 

and the sputtering of insulating layers.43 Compared with the 

ion/electron beam and UV light irradiation, the controllability of 

defects in 2D materials by sputtering so far has not been extensively 

studied.   

On the other hand, many methods have been developed to remove 

or heal the defects in 2D materials, which includes vapor phase 

treatment,44 electrochemical deposition,45 and thermal 

annealing.31,43,46,47 Although vapor phase treatment and 

electrochemical deposition enabled the improvement of the electrical 

conductivity and mechanical properties, the defects in 2D materials 

could not be recovered. Thermal annealing is a promising approach 

for defect restoration. Guo and Zion et al. reported restoration of 

defects in graphene introduced by N+ (or C+) ion irradiation after 

annealing in nitrogen gas (N2) (or vacuum).31,46 However, an 

ultrahigh annealing temperature of 1000-1100 oC is required for 

defect repair; and full restoration of graphene structure is very 

difficult, where the maximal content restoration of defects relating to 

ID/IG can only be reduced to a minimum ~ 0.32 (from ~ 3.38 for 

irradiated sample). In addition, Ni et al. reported recovery of 

process-induced defects in graphene by annealing in air. However, a 

number of defects remained after annealing at 500 oC and the thin 

graphene was oxidized after annealing at 600 oC.43 Recently, 

Imamura et al. realized restoration of UV-induced defects in 

graphene by annealing in vacuum at 160 oC.41 While most of the 

studies mentioned above were focused on the defect engineering in 

graphene, other 2D materials, however, have not been fully 

explored.48 Consequently, it is of high research interest to explore 

and develop a more efficient, cost-effective approach to realizing 

reversible defect engineering not only in graphene but also in other 

2D materials, such as TMDs. 

Aluminum oxide (Al2O3) has been widely used as high-k gate 

dielectric for 2D-material-based nanoelectronic devices, where 

atomic layer deposition (ALD) is a preferred method to deposit 

dielectric Al2O3 without introducing defects during the deposition.49-

53 However, to controllably modify 2D material in-plane via Al2O3 

has hardly been studied. Here, we demonstrate, for the first time, that 

the sputtering of low-energy Al2O3 may induce controlled defects in 

both graphene and MoS2 monolayers, while subsequent annealing at  
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Fig. 1.  Controlled creation of defects in graphene monolayer and few-layers. (a) Schematic of the generation of surface defects in a graphene 

film via Al2O3 plasma treatment. (b) Optical image of the as-prepared monolayer to few-layer graphene on SiO2/Si substrate. Scale bar:  5 

μm. (c) Raman spectra of an exfoliated monolayer graphene as a function of Al2O3 plasma treatment time, where the spectra are normalized 

to the intensity of the G peak. (d) The ID/IG (top) and ID’/IG (bottom) ratio as a function of plasma time. Insets in (d) show the LD with respect 

to ID/IG ratio (top) and ID versus ID’ (bottom). (e) Raman spectra of monolayer to few-layer graphene subjected to Al2O3 plasma for a fixed 

time of 10 min. (f) The ID/IG (top) and ID’/IG (bottom) ratio as a function of layer thickness. 
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low temperatures can reverse the defect creation process, realizing a 

controlled defect creation and removal. Raman and 

photoluminescence (PL) spectra were used as reliable approaches to 

assess the defect levels and monitor the reversible defect engineering 

process in 2D monolayers. Based on the Raman, PL, and atomic 

force microscopy (AFM) characterizations, we proposed the possible 

mechanism and the potential of this defect engineering technique. 

The work presented here demonstrates an efficient approach for 

realizing the active control of defects in 2D materials and brings new 

opportunities for tailoring their properties and creating new 

functionalities. For example, our results can provide a guideline to 

design monolayer graphene-/TMD-based electronic devices with a 

controlled densities of defects or doping suitable for chemical 

sensing applications. 

Experimental section 

Sample fabrication 

Atomically thin graphene and MoS2 samples were prepared by 

microcleavage of natural bulk crystals (Graphene Supermarket) 

using Scotch Transparent Tape, before being transferred onto 300 

nm SiO2/Si substrates. Briefly, 2D materials were first exfoliated 

onto a nonresidue polymer gel film (Gel-Pak Company) surface and 

then transferred onto a SiO2/Si substrate. The SiO2/Si substrates 

were cleaned with acetone and isopropanol and then rinsed with 

deionized water before receiving the exfoliated 2D materials. High-

quality monolayer and few-layer flakes of sizes up to 20 µm were 

obtained using this method, which were initially identified from 

optical contrast using an optical microscopy.  

Defect generation via Al2O3 plasma irradiation 

Graphene and MoS2 samples were treated by the sputtering of Al2O3 

in a radio frequency (RF) sputtering system (ATC ORION) equipped 

with an RF magnetron generator (Matching Networks). The Al2O3 

target was sputtered in Ar at a pressure of ~ 5.5 mTorr. The RF 

powers were ranging from 5 to 100 W and dwell times were ranging 

from 1 to 120 min. The thickness of Al2O3 thin film scales linearly 

with the time of sputtering (Supporting Information, Fig. S1), 

indicating a stable deposition rate. 

Defect removal via moderate thermal annealing 

Thermal annealing was performed in an atmospheric pressure 

chemical vapor deposition (CVD) system (MTI OTX-1200 dual 

zone furnace) at different temperatures (100 to 300 °C) for 30 min.   

Raman, PL, and AFM measurements 

Both Raman and PL measurements were performed at room 

temperature and atmospheric pressure in a micro-Raman system 

(Renishaw inVia Plus, Renishaw, Gloucetershire, UK). The Raman 

scattering was excited by a 514 nm Ar+ laser with a power of ~ 200 

μW, while the PL scattering was excited by a 633 nm He-Ne laser 

with a power of ~ 20 μW to avoid heating. The spot size of 633 nm 

laser beam focused onto the sample was ~ 1.5 μm, while the focal 

spot size for 785 nm laser beam was ~ 2 μm. Raman and PL spectra 

were collected through a 50× objective lens with an accumulation 

time of 10 s at each position. Renishaw WIRE 3.4 software was used 

to fit the Raman and PL spectra collected based on Gaussian-

Lorentzian mixed profile. An AFM (Bruker Multimode 8 AFM) 

operated in the peak-force working mode was applied to determine 

the thickness of the sample and to study the morphological evolution 

in Al2O3-plasma-modified 2D materials. 

Results and discussion 

In this study, graphene as a typical 2D semimetal and MoS2 as a 

typical 2D semiconductor were chosen as our research object. 

Graphene and MoS2 monolayer and few-layer samples were 

mechanically exfoliated from commercially available bulk single 

crystals (Graphene Supermarket) onto 300 nm silicon dioxide/silicon 

(SiO2/Si) substrates that were cleaned with acetone and isopropanol. 

We first studied defect engineering in exfoliated graphene 

monolayers (Fig. 1). To realize controlled defect creation, a piece of 

monolayer graphene (1LG) was exposed in Al2O3 plasmas for 

successive treatments of 1, 5, 10, and 20 min, at a pressure of ~ 5.5 

mTorr and with a power of 5 W (Fig. 1a). By controlling the 

irradiation time, graphene with different levels of defects was 

obtained, which was monitored and quantitatively analyzed by 

Raman spectroscopy, as shown in Fig. 1c. All of the spectra 

exhibited two main features:  the G-band at ~ 1579 cm-1, arising 

from E2g vibrational mode of sp2 carbon network and the 2D-band at 

~ 2668 cm-1, corresponding to the overtone of the D-band. Before the 

plasma irradiation, the sample showed a typical Raman line with no 

trace of D-band, indicating that the pristine graphene was defect-free. 

After a very short irradiation time, two noticeable features induced 

by defects, the D-band at ~ 1336 cm-1 and the D’-band at ~ 1618 cm-

1, appeared in the spectra and increased with the exposure time (Fig. 

1c). Fig. 1d shows the intensity ratio of the Raman D (D’) to G-band 

[i.e., ID/IG (ID’/IG)] as a function of the plasma time. Both the ratios 

of ID/IG and ID’/IG increased monotonically when the Al2O3 plasma 

time was increased to 5 min, then increased gradually, and finally 

reached a maximum value (~ 1.8 for ID/IG and ~ 0.2 for ID’/IG) when 

the plasma time was further increased to 20 min. A similar trend was 

also observed in bilayer graphene (2LG) (Supporting Information, 

Fig. S2). The evolution of the aforementioned Raman features 

implies the controlled formation of defects in graphene induced by 

the weak Al2O3 plasma. According to the trends summarized by 

amorphization trajectory,54,55 ID/IG increases when crystalline 

graphene evolves into a nanocrystalline phase (Stage I) and then 

decreases when nanocrystalline graphene becomes low sp3 

amorphous carbon (Stage II). Our case appears to follow the first 

stage of the amorphization trajectory, thus, the formation of the 

amorphous phase was avoided in the graphene irradiated with Al2O3 

plasmas, even with a longer exposure time. We can, therefore, 

quantify the amount of defects in graphene after a series of 

irradiations using the well-known Tuinstra-Koenig relation:56 

   
110 42 4 10D D GL . I / I
  ,                                                 (1) 

where LD is the size of in-plane crystallites and λ is the laser 

excitation wavelength. In our experiment (top insets in Figs. 1d and 

S2f), a long time exposure of Al2O3 plasma led to the formation of 

crystalline grain sizes on the order of ~ 8 nm (in 1LG) and ~ 19 nm  
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Fig. 2.  Removal of surface defects in graphene induced by Al2O3 

plasma. (a) Raman spectra of the defective monolayer graphene as a 

function of annealing temperature. (b,c) The dependence of (b) ID/IG 

and (c) I2D/IG ratio on the annealing temperature for plasma-treated 

monolayer to few-layer graphene. Insert in (b) shows the maginified 

curves for 2L, 3L, and FL graphene. 

(in 2LG), which indicated well-controlled moderate density defects 

in our case.30  

Considering the D-band represents many types of defects, the 

detailed mechanism of defect formation in graphene is still unclear.57 

In the present work, the defect formation via Al2O3 plasma treatment 

may be caused by the interaction between Al2O3 and graphene which 

may produce weak dangling bonds, sp3-type defects, and/or vacancy-

like defects. To confirm if the sputtered Al2O3 created weak 

dangling bonds with graphene, Al2O3 thin layer was etched using 

hydrofluoric acid (HF) dilute solution (DI water : HF = 100:1). 

However, the D-band still existed after Al2O3 removal (Supporting 

Information, Fig. S3), suggesting that the defects in Al2O3-treated 

graphene should not be dominated by the dangling bonds at the 

Al2O3/graphene interfaces. It has been reported that ID/ID’ can be 

used experimentally to obtain information on the nature of defects in 

graphene: ID/ID’ > 7 for sp3-type defects, while ID/ID’ < 7 for vacancy-

like defects.57 Fig. 1d (bottom inset) and Fig. S2g plot ID versus ID’ 

for 1LG and 2LG, respectively, where ID/ID’ = B (~ 9.0 for 1LG and 

~ 7.1 for 2LG) higher than 7. B is a constant and should not depend 

on defect density but only on the type of defect. This indicates that 

defects associated with sp3 hybridization were mainly created in the 

graphene by Al2O3 plasma treatments with low power (5W), 

suggesting the low defect concentration level.57,58 

We further investigated the effect of plasma irradiation on graphene 

of different layer thicknesses. A single sample containing 1L-, 2L-, 

3L-, and FL-graphene (FLG) was selected (Fig. 2b and Fig. S4a) and 

irradiated by the plasma under the same conditions. Fig. 1e compares 

the Raman spectra from the Al2O3-treated graphene samples of 

different layer thicknesses and shows that FLG was less disordered 

than 1LG, indicating that the effect of Al2O3 plasma on the thicker 

samples weakened. This is consistent with the previous work,59 and 

can be understood that only the top layer of graphene was modified, 

while the bottom layer maintained its original structure.60 It should 

be noted that the estimation of the number of defects in multilayered 

graphene based on the D (D’) band intensity can result in an 

overestimation due to the scattering of phonons in the bottom layer 

by defects in the top layer.58 To simplify the discussion, we ignored 

this effect in our work. As shown in Fig. 1f, both the ID/IG and ID’/IG 

intensity ratios decreased exponentially as the layer thickness 

increased, which suggested that the defect level was inversely 

proportional to the thickness. The ID/IG (ID’/IG) as a function of the 

layer thickness can be fitted with an equation as: 

   aN

D( D') G D( D') G sat
I / I I / I e ,                                                (2) 

where (ID(D’)/IG)sat is the ratio at its saturation value, N is the number 

of layers, and the parameter a is defined as the disorder release 

efficiency. By fitting the data, we found that ID/IG had the same a (~ 

0.58) as that of ID’/IG. This indicated that the parameter a does not 

depend on the defect concentration and the irradiation time but only 

depends on the plasma energy. Another interesting observation in 

Fig. 1e is that the D-band in the Al2O3-irradiated 1LG (~ 1336.5 cm-1) 

was red-shifted by ~ 16 cm-1 compared to that of 2L-FLG (~1352 

cm-1). We attribute this significant red shift of the D-band to the 

strong tensional stress on atomic thin 1LG as a result of depositing 

Al2O3 with a larger lattice constant than graphene. In contrast, the G-

band of 1L to FL graphene did not show a noticeable shift after 

Al2O3 modification (Supporting Information, Fig. S4b). 

The Al2O3-irradiated samples (Fig. 1e) were then thermally 

annealed in argon (Ar) from 100 to 300 °C for 30 min at each 

temperature (Fig. 2, Supporting Information, Fig. S5). One can see 

that, after annealing at lower temperatures, i.e., 100 and 200 °C, the 

D-band and ID/IG ratios were significantly reduced to different levels 

while the D’-band could almost be removed during this process 

(Figs. 2a and 2b), indicating the restoration of the lattice structures, 

that is, Al2O3-irradiated 1LG with the sp3-type defects changed into 

sp2-bonded graphene after the low-temperature annealing. When the 

temperature increased to 300 °C, the intensity ratio of ID/IG 

decreased from ~ 4.8 (before annealing) to ~ 0.29 for 1LG, which 

was even lower for the thicker samples (Fig. 2b). In our case, the 

restoration of graphene structure obtained at low annealing 

temperatures was even better than that Guo et al. obtained at ultra- 
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Fig. 3.  Controlled creation of defects in 1L-MoS2. (a) PL spectra of an exfoliated 1L-MoS2 with increasing Al2O3 plasma treatment time. (b) 

The intensity ratio of Xb/XA as a function of plasma exposure time. Inset in (b) shows the neutral (XA) and defect-bound (Xb) exciton peak 

position as a function of plasma exposure time. (c) PL mapping characterization: optical image (top left) and XA intensity mapping (bottom 

left) of the pristine 1L-MoS2, Xb/XA intensity ratio (top) and XA intensity (bottom) mapping for the Al2O3-treated same sample before 

(middle) and after (right) annealing at 300 oC.  

high annealing temperatures (1100 oC).31 It is known that the 

intensity ratio of I2D/IG can be considered as a measure of the non-

destroyed part of the graphene lattices.46 Fig. 2c shows the 

dependence of I2D/IG on the annealing temperature. For 1LG, the 

annealing treatment led to an increase of the I2D/IG ratio from ~ 1.64 

(before annealing) to ~ 3.9 (after annealing at 300 °C). This value 

was almost equal to that of the pristine sample. However, no 

noticeable changes were observed for the I2D/IG ratios in the 

graphene bilayer to few-layers, which suggests that I2D/IG cannot be 

used as a sensitive indicator for the “state of defectiveness” in few-

layer graphene.  

Another interesting observation is that G- and 2D-bands in Al2O3-

treated 1LG significantly blue-shifted as the annealing temperature 

increased (Supporting Information, Fig. S6a), where the G-band blue 

shifted ~ 12.0 cm-1 and 2D-band blue-shifted ~ 25.1 cm-1 after 

annealing at 300 oC. Similar to the previous reports,43 the blue shift 

of Raman bands can be attributed to the strong compressive stress on 

the graphene. After thermal annealing, Al2O3 recrystallized, leading 

to denser film and imposing to a compressive stress on the graphene 

underneath. The morphological changes of Al2O3 will be discussed 

in a later section. Besides the blue shift of G- and 2D- bands, there 

was a significant FWHM (full width at half-maximum) narrowing  
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Fig. 4.  Removal of Al2O3-plasma-induced defects in 1L-MoS2. (a) PL spectra of the defective 1L-MoS2 after thermal annealing at various 

temperatures. (b) The Xb/XA intensity ratio as a function of annealing temperature. Inset in (b) shows the exciton (XA) and defect-bound 

exciton (Xb) peak position as a function of annealing temperature. (c,d) Normalized carrier density in 1L-MoS2 as a function of the (c) Al2O3 

plasma treatment time and (d) annealing temperature. (e) Schematic of a 1L-MoS2 device on SiO2/Si substrate with two-probe geometry. (f) 

I-V output characteristics (logarithmic) of the pristine 1L-MoS2 (black), Al2O3-plasma-treated 1L-MoS2 before (red) and after being annealed 

at 150 °C (blue) and 300 °C (green), where the same data shown in linear scale is inserted at the bottom right.  

for both G- and 2D-bands after annealing at different temperatures 

(Supporting Information, Fig. S6b), which was similar to the case of 

charge doping as reported by Yan et al.61 This indicated that the 

defect-associated doping possibly existed in the graphene, which 

could be restored by annealing. After annealing at 300 oC, the 

FWHM of both G- and 2D-bands decreased to a small value close to 
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that of the pristine graphene, further demonstrating that most of the 

defects and the doping effect in 1LG were removed at such low 

annealing temperature. Summarizing, in combination of moderate 

Al2O3 plasma treatments and low-temperature annealing, the defect 

creation and removal in the whole graphene surface was realized in a 

controllable manner (Supporting Information, Fig. S7).   

We also applied the same Al2O3 plasma treatments as those 

employed for graphene to manipulate the defect level in 

semiconductor 2D TMDs, where monolayer MoS2 (1L-MoS2) was 

chosen as a typical example. PL spectroscopy has been developed as 

a reliable approach to assessing the quality of TMD samples under 

ambient conditions (room temperature and atmospheric pressure).14 

Fig. 3a shows the room-temperature PL spectra for 1L-MoS2 with 

different Al2O3 plasma times. The pristine 1L-MoS2 showed a strong 

PL emission with the characteristic peak at ~ 655 nm (~ 1.89 eV) 

from the neutral XA exciton. As the sample was exposed to Al2O3 

plasma for a very short time (~ 5 min), a new spectral feature at ~ 

729 nm (~ 1.70 eV), located ~ 190 meV below the XA exciton peak, 

rose in the PL spectrum. We attribute this feature to the defect-bound 

exciton (Xb),14 associated with the radiative recombination of 

excitons bound to defect sites, which can be used to determine the 

defect level in 1L-MoS2. The location of the Xb exciton below the 

XA exciton indicated that defects created by the Al2O3 plasma acted 

as exciton traps, which reduced the electron-hole pair interaction. 

With the increase in the plasma irradiation time, the intensity of Xb 

exciton consistently increased while the XA exciton steadily 

decreased, suggesting the increase of the defect densities in 1L-MoS2. 

The decrease in XA along with the increase in Xb also implied 

irradiation-induced conversion from neutral (XA) to defect-bound 

(Xb) excitons.  

The Xb/XA intensity ratio was obtained to quantify defect levels, 

as shown in Fig. 3b. It can be seen that Xb/XA ratio showed a 

parabolic rise with the irradiation time, similar to the trend obtained 

in graphene by a Raman intensity ratio of ID/IG, demonstrating that 

the weak Al2O3 plasma is capable of controllably introducing defects 

in 1L-MoS2 by tuning the processing time. On the other hand, no 

obvious changes were observed in the Raman spectra of 1L-MoS2 as 

a function of the Al2O3 plasma time (Supporting Information, Fig. 

S8b), indicating that Raman spectra are not sensitive to the defects 

induced by the weak Al2O3 plasmas. To confirm this Raman result, 

we studied the role of Al2O3 plasma power on the Raman spectra of 

1L-MoS2 (Supporting Information, Fig. S8c), where high-power 

(100 W) Al2O3 plasma irradiation induced an obvious evolution of 

both linewidth and frequency shifts of the Raman features.62 The 

inset in Fig. 3b shows the peak positions of XA and Xb plotted versus 

the irradiation time. It is clear that the XA peak rapidly red-shifted 

after 5 min of plasma treatment and then saturated at a certain 

irradiation time, meanwhile the Xb peak gradually red-shifted and 

then reached a maximum with successive plasma irradiation, 

indicating defect site saturation with trapped excitons after a long 

period of Al2O3 plasma treatments. We also investigated the spatial 

distribution of the Al2O3-plasma-induced defects by measuring the 

PL mapping (Fig. 3c). The XA peak intensity mapping for the 

pristine 1L-MoS2 showed uniform distribution (Fig. 3c, bottom left). 

For the same sample after plasma treatment for 10 min, the mapping 

of Xb/XA ratio (Fig. 3c, top middle) and XA peak intensity (Fig. 3c, 

bottom middle) clearly showed a significant and uniform irradiation-

induced conversion from neutral (XA) to defect-bound (Xb) excitons, 

suggesting that the Al2O3-plasma-induced defects were uniformly 

distributed on the whole monolayer surfaces. 

Then, we investigated the possibility of removing defects in the 

Al2O3-plasma-irradiated 1L-MoS2 by annealing at low temperatures. 

Fig. 4a shows the changes in PL spectra for the defective 1L-MoS2 

after it was annealed in Ar at different temperatures. One can see 

that, the PL was dominated by the Xb emission prior to annealing, 

implying a high defect concentration. After annealing at 100 oC, we 

observed a significant decrease (increase) in the Xb (XA) emission 

(Fig. 4b), associated with a decrease in the Xb/XA intensity ratio 

from ~ 2.8 to ~ 0.6, which suggested annealing-induced conversion 

from defect-bound exciton to neutral exciton emission. It was noted 

that longer annealing times than 30 min at this temperature caused 

little further change in each emission contribution to PL. After 200 
oC annealing, the Xb (XA) emission further decreased (rose), 

indicating a well-controlled restoration of the lattice structures. 

Surprisingly, after annealing at 300 °C, the Xb emission contribution 

could no longer be seen; and the intensity of XA remained relatively 

stable. This implied that the defects in 1L-MoS2 were reduced and 

close to their original state. The mapping of Xb/XA ratio (top right) 

and XA peak intensity (bottom right) in Fig. 3c confirmed that 

annealing at 300 oC removed most of the defects on the whole 

sample surfaces. Additionally, we observed that both the XA and Xb 

bands blue-shifted with the annealing process and saturated after a 

certain annealing temperature (Fig. 4b inset), which was considered 

as another signature of restoration of the lattice structure in MoS2.  

It has been reported that the PL intensity and peak positon of 1L-

MoS2 exhibit a strong dependence on carrier doping.63 In the present 

work, the redshift of XA (Xb) peak after Al2O3 sputtering could be 

attributed to the defect-associated n-type doping in 1L-MoS2, while 

the XA (Xb) peak blue shift after subsequent annealing indicated an 

effective doping removal. The carrier doping is also known to be an 

effective method to modify the carrier densities of 2D 

monolayers.63,64 Thus, we investigated the evolution of carrier 

densities of 1L-MoS2 at different processing stages. The carrier 

density can be estimated by 

g2

B

( )i

E
n exp

k T
  ,                                                                       (3) 

where Eg is the band gap related to the PL XB peak, kB is the 

Boltzmann constant, and T is the Kelvin temperature. Fig. 4c showed 

the normalized carrier density as a function of Al2O3 sputtering time, 

which increased parabolically due to a larger number of defect-

induced doping. In contrast, the carrier density of Al2O3-treated 1L-

MoS2 exhibited an exponential decrease after thermal annealing (Fig. 

4d). This behavior was similar to the change of Xb/XA intensity ratio 

as a function of sputtering time and annealing temperature. These 

results suggested that a reversible control of both the defects and the 

doping level in 1L-MoS2 can be realized via a combination of Al2O3 

sputtering and post annealing technique.   

As further confirmation of the controlled defect creation and 

removal in 1L-MoS2, we investigated the effects of Al2O3 plasma 

irradiation and post annealing on the electrical performance of 1L-

MoS2 devices. Previous studies showed that the electrical properties 

of MoS2 were highly influenced by the introduction of 

defects,15,16,65,66 leading to significant degradation of the electrical 

performances. Fig. 4e shows a schematic of 1L-MoS2 device on 

SiO2/Si substrate with two-probe geometry. Standard 

photolithography and e-beam evaporation were used to form the 

Ti/Au (5/50 nm) contacts as the source and drain electrodes. In this 

experiment, we examined the change in current-voltage (I-V) 

characteristics of a 1L-MoS2 device of length ~ 5 μm and width ~ 11 

μm at various stages: after Al2O3 plasma irradiation and after 

subsequent annealing at different temperatures (Fig. 4f). After Al2O3 

irradiation for 5 min, the current decreased significantly by over an 

order of magnitude from ~ 1 nA to ~ 40 pA (VDS = 1 V, Vg = 0 V). 

The reduction in electrical conductivity implied the formation of 

defects in the 1L-MoS2 channel. After annealing at 150 °C, we 

observed a dramatic increase in the current, suggesting that the 

defects were partially removed. After further annealing at 300 °C, 
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Fig. 5.  In situ structural characterization of the ultrathin Al2O3-coated 2D monolayers. AFM topography images of ~ 1-nm-thick Al2O3-

coated (a) 1LG and (b) 1L/2L-MoS2 before annealing, and (c) 1LG and (d) 1L/2L-MoS2 after annealing at 300 oC. Scale bars:  200 nm. Top 

insets in (a-d) show the corresponding cross-sectional profiles along the yellow dotted lines and bottom insets are the schematics of Al2O3 

structural evolution on top of the 2D layers. 

the current was restored to its original value, further demonstrating 

that the Al2O3-plasma-induced defects in 1L-MoS2 were removed at 

such a low annealing temperature. 

We used AFM to further investigate the structural evolution in the 

Al2O3-deposited 2D material surfaces to understand the changes in 

defect density throughout the whole defect engineering process. In 

this experiment, the sputtering of Al2O3 with a power of 5 W was 

performed for 5 min; and the thickness of the Al2O3 deposition on 

top was measured to be ~ 1 nm (Supporting Information, Fig. S9). 

The topographic surface images of the Al2O3-deposited 1LG and 1L-

MoS2 before annealing are shown in Figs. 5a and 5b, respectively. 

One can see that a non-uniform film with many uncovered regions 

(or nano-vacancies) was formed on both the graphene (Fig. 5a) and 

MoS2 (Fig. 5b) surfaces. This is considered to be caused by the lack 

of available sites for the physical or chemical sorption of Al2O3 on 

their surfaces.49 Therefore, the initial Al2O3 attached to a 2D crystal 

surface during the sputtering process was easily detached via thermal 

desorption, leading to a non-uniform and rough film morphology 

with many vacancies. Before annealing, the average density and 

diameter of the vacancies for 1LG were ~ 533.2 μm-2 and ~ 18.5 nm,  
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Fig. 6.  Schematics of (a,b) defect creation by Al2O3 plasma irradiation in the monolayer (a) graphene and (b) MoS2, and (c,d) defect removal 

by low-temperature thermal annealing in the Al2O3 plasma treated monolayer (c) graphene and (d) MoS2. 

respectively, which were calculated using a “Nano Scope Analysis” 

software. Interestingly, after 300 oC annealing treatments, the 

vacancy density dropped drastically (~ 344.1 μm-2), which led to the 

formation of variously shaped larger vacancies on both the edge and 

in-plane regions (see arrows and dotted circles in Fig. 5c). The large 

and different shaped vacancies might be formed by a localized grain-

grain coalescence during the annealing process (bottom inset in Fig. 

5c), leading to a denser Al2O3 thin layer. This also indirectly 

explained the blue shift of G- and 2D-bands in Al2O3-treated 1LG 

after annealing. Similar behavior was also observed for the 2L and 

3L graphene samples (Supporting Information, Fig. S10). On the 

contrary, for MoS2 samples, both the density and diameter of the 

vacancies were significantly reduced after annealing (Figs. 5c and 

5d), forming a smooth and uniform Al2O3 thin film on the MoS2 

surface (bottom inset in Fig. 5d). The different behaviors of Al2O3 

evolution on graphene and MoS2 are still not very clear and will be 

studied in our future work.  

Based on the Raman, PL, and AFM results, we proposed a general 

defect creation and removal mechanism in the graphene and MoS2 

monolayers by weak Al2O3 plasma treatment and moderate thermal 

annealing (Fig. 6). With regard to the defects induced by Al2O3 

plasmas, sp3-type defects were considered to be formed, as 

evidenced by Raman analyses (Fig. 1). During the sputtering of 

Al2O3 (O=Al-O-Al=O), imperfect AlxOy structures with oxygen-

enriched radicals were produced, which possibly include O=Al-O-

Al-O·, O=Al-O·, ·Al-O·, and ·O-Al-O-Al-O·. These radicals 

could react with the graphene and MoS2 and create sp3-type defects 

in both 2D materials (Figs. 6a and 6b). More specifically, the sp3-

type defects in the graphene lattice arose from the carbon-oxygen 

(C-O) bonds, and the sulfur-oxygen (S-O) bonds were formed on 

the MoS2 surfaces. With increasing in the sputtering time, the 

coverage area of AlxOy became higher, leading to the creation of 

more sp3-type defects, as evidenced by Raman and PL spectra (Figs. 

1 and 3). At some extent of sputtering process, the whole 2D 

surfaces were covered by AlxOy, which was the reason behind the 

defect saturation. It has been reported that the sp3-type bonds, e.g., 

C-H and C-O, could possibly be broken by thermal annealing at < 

200 oC.41,67 In the present work, the restoration of defects to the 

pristine crystal lattices by thermal annealing could be explained by 

the detachment of oxygen on the 2D surfaces by breaking sp3-type 

bonds (C-O in graphene and S-O in MoS2) (Figs. 6c and 6d). 

Overall, our work provides a new approach for reversible defect 

engineering of 2D materials in a controllable manner, which is 

promising for producing next-generation 2D-based multifunctional 

devices for various applications. 
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Conclusions 

In summary, we have demonstrated controlled defect creation and 

removal in graphene and MoS2 monolayers. The defects were 

created by weak Al2O3 plasma treatments and removed by moderate 

thermal annealing, as evidenced by room-temperature Raman and 

PL measurements. By irradiating both graphene and MoS2 with 

Al2O3 plasmas under different conditions, these 2D materials with 

certain defect levels can be obtained. Interestingly, the subsequent 

moderate annealing can reverse the defect creation process, realizing 

a fully controlled defect engineering. The restored 2D materials have 

regained their superior performances in both structural and electrical 

conductivity. We proposed a general model for the Al2O3-plasma-

treated 2D monolayers, where sp3-type defects were mainly created 

at the interfaces between the Al2O3 and 2D monolayers, and the 

subsequent moderate annealing could remove such defects to restore 

their pristine crystal lattices. Thus, the precision and reversible 

defect engineering presented in this work opens a new avenue to 

tailoring their properties for the development of 2D-materials-based 

devices with new functionalities.    
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