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Abstract.  We have investigated the role of adsorption water in the 
local transformation of multilayer graphene deposited on an oxi-
dised silicon substrate, which was exposed to nanosecond low-inten-
sity focused laser radiation with a wavelength of 532 nm in the air. 
Experimental data obtained for a laser energy density E = 0.04 J cm–2 
suggest that the formation of micropits (craters) is a consequence of 
the multipulse removal of the layer of a water adsorbate, which is 
intercalated between graphene and the substrate, from the zone of 
laser irradiation of the graphene sheet. The energy threshold of gra-
phene damage in the regions devoid of water was found to be higher 
in comparison with the initial one (0.058 against 0.048 J cm–2). 
According to computer simulations of the heating dynamics of the sam-
ple and the heat distribution in the substrate – adsorbate – graphene mul-
tilayer system, at energy densities corresponding to the experimental 
ones the water adsorbate layer heats to a temperature sufficiently high 
to form an increased-pressure vapour cavity under the graphene film. 
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1. Introduction

Graphene, a two-dimensional layer of carbon atoms, belongs 
to  the  class  of  nanostructures  whose  physical  properties 
depend heavily on the properties of the ambient medium. Of 
special  interest  is  the  interaction  of  graphene  with  water. 
Quite common is the situation whereby water is adsorbed and 
retained in micropores. The use of this low-dimensional water 
underlies  the  processes  that  will  make  possible  promising 
technologies in materials sciences and biology, tribology and 
nanotechnology [1 – 4]. The presence of a water adsorbate on 
the  graphene  surface  is  capable  of  ‘opening’  its  forbidden 
band and markedly changing the conductivity,  in particular 
by way of efficient doping. Specifically, by adsorbing water 
from the atmosphere it has been possible to broaden the gra-
phene band gap to about 0.2 eV [5]; spontaneous doping was 

repeatedly observed with graphene samples deposited on Si/SiOx 
substrates with  the  use  of Raman  scattering  (RS)  spectros-
copy techniques [6, 7]. 

Our previous  experiments  [8] were  indicative of another 
interesting effect, which may be caused by the influence of the 
water  adsorbate. We  found  that  micropits  and  microholes 
may be formed in a multilayer graphene sheet under multiple 
pulsed laser irradiation with intensities much lower than the 
threshold of  the graphene (graphite) damage by single  laser 
pulses. The depth of such micropits did not exceed the gra-
phene sheet  thickness and their diameter was slightly  larger 
than  the  irradiation  spot  size.  To  explain  this  effect,  we 
hypothesised  that  the  microstructuring  of  graphene  was 
caused by the heating, boiling and forcing out (along the tem-
perature and pressure gradient) of the adsorbed water  layer 
residing between the graphene sheet and the substrate. 

The  objective  of  the  present  work  was  to  verify  the 
assumption  of  the  decisive  role  of  the  water  adsorbate  in 
microprofiling the multilayer graphene sheet on the substrate 
by conducting dedicated experiments and numerical estimates 
of pulsed laser heating of the adsorbate in the layered system 
graphene – adsorbate – silicon oxide – silicon substrate. Disco-
vered and investigated in this case was an attendant effect: an 
improvement  in  damage  resistance  of  the  graphene  area 
which  had  been  earlier  exposed  to  a  series  of  low-intensity 
laser pulses. 

2. Experiment

For  an object  of  pulsed  laser  irradiation we  selected multi-
layer graphene obtained by defoliation and transferred onto 
an oxidised silicon plate in the air (the thickness of the SiO2 

oxide  film was  equal  to  about  300  nm).  The  resultant  film 
consisted of graphene flakes 3 – 7 mm in size. The number of 
layers in each flake was monitored by the RS technique. 

Typical RS spectra are depicted in Fig. 1. In the 2D peak 
of RS by the graphene flake under investigation, one can see 
two  humps  of  about  equal  height  [curve  ( 1 )],  which  are 
shifted  to  the  long-wavelength  side  in  comparison with  the 
peak for graphite [curve ( 3 )]. This RS spectrum is character-
istic for 3 – 6-layer graphene [9]. Also shown for comparison 
in Fig. 1 is the RS spectrum for single-layer graphene [curve 
( 2 )]. It is noteworthy that the presence of the water adsorbate 
on the graphene surface has no influence of any significance 
on the RS spectrum of graphene [10]. 

The  samples were  irradiated by  the  second harmonic of 
Nd : YAG  laser  radiation  with  the  same  parameters  as  in 
Ref. [8]: wavelength, l = 532 nm; pulse duration, t = 10 ns; 
repetition rate, 1000 Hz. The laser beam was incident along 
the normal to the graphene surface and focused to a spot of 
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diameter d0 » 0.5 mm. The irradiation pulse energy (E) den-
sity was varied  in  the  range 0.04 – 0.06 J  cm–2. The  samples 
were placed in a NTEGRA Spectra M scanning probe micro-
scope. Prior to and after irradiation, the relief of the graphene 
sheet was monitored in a tapping mode with a lateral resolu-
tion of about 10 nm and a resolution of about 0.1 nm along 
the optical axis. In the majority of experiments, the laser irra-
diation and the measurements were carried out at room tem-
perature and a relative air humidity RH » 25 %. In test exper-
iments, prior to irradiation the samples were aged in a cham-
ber for RH » 90 % for seven days. 

3. Results and their discussion

3.1. Micropit formation under multiple irradiation

We have found that multiple irradiation with Е << Еа (Еа = 
0.25 J cm–2 is the graphene damage threshold under its single 
irradiation  [11]) may  entail  a  local  variation  of  the  surface 
profile of a graphene sheet (micropit formation). The depth of 
these  structures  increases  with  the  number  of  laser  pulses. 
Figure 2a depicts the typical profile of micropits obtained in 
the air for RH » 25 %, an irradiation energy density Е0 » 
0.04 J cm–2 and the number of pulses N = 6 ́  105. 

The  resultant  structure  depths  (1 – 2  nm)  correspond  to 
the depth of the adsorbed layer on the free surface of silicon 
dioxide  in  the air  [12]. The  thickness of  the adsorbed water 
layer between the substrate and the graphene sheet would not 
be expected to change significantly in the transference of gra-
phene  to  the  silicon  substrate  in  the  air.  Going  to  a  more 
humid atmosphere would, in turn, give rise to a thicker water 
layer. For the same Е and N values, the irradiation of a sam-
ple saturated with water in the atmosphere with RH » 90 % 
did increase the microgroove depths to 2– 3 nm, i.e. twofold 
(see Fig. 2b). 

Our attention is engaged by three more characteristic fea-
tures of the resultant structures (Fig. 2). First, going to thicker 
adsorbed layers is accompanied by the formation of pits with 
a flatter bottom. Second, the  lateral size of the structures  is 
several times larger than the diameter of the irradiation spot. 
Third, the pits are volcano-shaped, they have ‘ledges’, whose 
heights exceed the roughness of the initial graphene surface. 

3.2. Ablation-free damage (rupture) of graphene sheets

We found that at energy densities Е L 0.048 J cm–2, which are 
higher than Е0, exposures to a series of laser pulses results not 

to a profile deformation but to the damage (rupture) of gra-
phene. 

An interesting feature was observed when certain regions 
of graphene were irradiated by two series of laser pulses. In 
the first series, the energy density was Е1 = Е0 and in the sec-
ond one it was slightly increased to some value Е2 > Е0, and 
the respective numbers of laser pulses N1 and N2 in each series 
were equal to about 6 ́  105 and 6 ́  104. Figure 3 shows the 
profiles of the graphene surface in the domain of laser irradia-
tion in three cases: the micropit profile after the first series of 
pulses for  Е1 = Е0 (Fig. 3a) and the micropit profiles after the 
second  series  of pulses  for Е2 = 0.048  J  cm–2  (Fig.  3b)  and 
0.058 J cm–2 (Fig. 3c). 

With reference to Fig. 3b, when the energy density Е2  is 
slightly higher than Е0 there occurs only an insignificant deep-
ening of the micropit and at the same time its broadening and 
a flattening of its bottom. We note: if the energy density were 
equal  to  0.048  J  cm–2  (Е1 > Е0)  even  in  the  first  series,  the 
graphene  film  would  be  damaged.  Therefore,  preliminary 
processing of graphene by low-intensity laser pulses improves 
its  resistance  to  radiation  damage.  True,  this  improvement 
turned out to be insignificant, because the film damage was 
observed even for Е2 = 0.058 J cm–2 (Fig. 3c). Figure 4 shows 
the picture of radiation-induced damage, which is typical for 
explosive rupture of thin films. 

3.3. Simulation of graphene microprofiling and rupture

The effects discussed in our work are explained in the frame-
work of the following physical model. Lying between the gra-
phene  film and  the  substrate, which absorb  laser  radiation, 
the  thin  transparent  layer  of  water  adsorbate  gets  hot  and 
boils up. The  excess  vapour pressure  is  responsible  for  two 
effects. First, it acts on the graphene film and, despite of its 
unique elastic properties, is capable of tearing (i.e. breaking) 
it, beginning with some threshold water temperature. This is 
observed in experiments for E ³ 0.048 J cm–2. Multiple laser 
irradiation must result in accumulation of defects and, conse-
quently,  in  lower  damage  thresholds.  The  number  of  laser 
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Figure 1. RS spectra for the experimental sample  in the region of the 
2D peak ( 1 ), for single-layer graphene ( 2 ) and graphite ( 3 ).
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Figure 2. Cross-sectional profiles of the micropits on the graphene sur-
face after exposing the initial sample in the air (a) and the same sample 
after seven-day aging in a humid atmosphere (RH = 90%) (b) to 6 ́  106 
pulses of focused laser radiation with an energy density of 0.04 J cm–2 (b). 
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pulses  required  for  damaging  the  film,  in  its  turn,  becomes 
smaller  with  increasing  E.  Second,  the  vapour  pressure  is 
highest on the axis of the laser beam, where the temperature 
of radiation-heated water is also maximal. When the vapour 
pressure becomes high enough, the water will be forced out to 
the periphery of the irradiation region. Gradually, from pulse 
to pulse, the water layer in the irradiation region will accord-
ingly become thinner, with the result that the graphene film 
will  subside  under  atmospheric  pressure  to  form micropits. 
Their depths will increase until all water (or its major part) is 
removed  from  the  region  of  laser  irradiation.  The  radial 
expulsion of the liquid results in its excess at the boundary of 
the boiling region, which explains the volcano-like shape of 
the micropits. 

To  estimate  the  adsorbate  temperature  in  the  course  of 
laser irradiation, we solved numerically the heat conduction 
equation.  In doing  this we  took  into account  that  the  laser 
radiation was absorbed both in the graphene film and in silicon.

On the face of it, a significant silicon temperature growth 
seems to be the determining factor: DTSi » aSiE /cSi » 250° C 
(aSi = 104 cm–1 and cSi = 1.6 J cm–3 (° С)–1 are the absorption 
coefficient  and  the  heat  capacity  per  unit  volume,  respec-
tively, and E = 0.04 J cm–2). However, the amorphous SiO2 

layer of thickness H = 300 nm, which has a low thermal dif-
fusivity, provides a good thermal insulation of the surface lay-
ers  (graphene,  water  adsorbate)  and  prevents  them  from 
being  heated  by  silicon  during  the  course  of  a  laser  pulse, 
because  the  condition  exp[–H 2/(at)]  <<  1  is  fulfilled  (aSiO2

  = 
6.8 ́  10–7 m–2 s–1 is the thermal diffusivity of the SiO2 layer and 
t = 10 ns is the duration of the laser pulse). In addition to that, 
crystalline silicon cools down rapidly owing to its rather high 

thermal diffusivity and delivers heat both to the depth of the 
sample and in the radial direction. If it is assumed that silicon is 
instantly heated by laser radiation and the radial temperature 
distribution DT(r)  is  Gaussian  in  shape, DT µ  exp(–2 r2/w2) 
(w is the waist radius of the laser beam), in a time t the central 
(r = 0) temperature DT will decrease by a factor (w2/2 + aSit)/
(w2/2) » 8 (aSi = 8.8 ́  10–5 m2 s–1 is the thermal diffusivity of 
silicon)  even  if  only  the  radial  direction  of  heat  transfer  is 
taken into account (see, for instance, Ref. [13]). Consequently, 
after exposure to the pulse the role of rapidly cooling silicon 
in the heating of the adsorbed layer will be all the more insig-
nificant. 

In view of the aforesaid, the effect of silicon was neglected 
in the simulations and the thermal model consisted of four-
layer  graphene  lying  on  a  semi-infinite  SiO2  layer  covered 
with  the  adsorbate  of  nanometre  thickness  (Fig.  5),  with  a 
thermal resistance R between graphene and SiO2 determined 
by the adsorbate layer. 

The energy density at the centre of the laser radiation spot 
was assumed to be equal to 0.04 J cm–2. Along the direction of 

0

0 x/mm

x/mm

1

2
a

b

c

x/mm1.00

2

4

6

H
ei
gh
t /n
m

1

2

3

0.5

0.5

0.5

1.5

1.5

1.5

1.0

1.0

H
ei
gh
t /n
m

H
ei
gh
t /n
m

Figure 3. Cross-sectional profiles of the craters resulting after the first 
series of pulses with N1 = 6  ́  105 for  E1 =  0.04 J cm–2 (a) as well as after ad-
ditional irradiation with N2 = 6 ́  104 for E2 = 0.048 (b) and 0.058 J cm–2 (c). 
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the optical axis of laser radiation the temperature of the gra-
phene film was assumed to be constant at each point in time. 
The main heat transfer directions were as follows: the radial 
one  inside  the  film and vertical  in going  from the graphene 
film to the SiO2 volume. Since the thermophysical properties 
of  the  layer  of  the  water  adsorbate  at  the  graphene – SiO2 
interface have not been reported in the literature to date, the 
temperature of the thin water layer (1 – 2 nm in thickness) was 
estimated as the average of the temperatures of graphene and 
its adjacent surface of SiO2. 

It is well known that single-layer graphene in the absence 
of a substrate and adsorbate possesses a record lateral ther-
mal conductivity of up to 5300 W m–1 K–1 [14]. However, with 
an increase in the number of layers the thermal conductivity 
becomes lower, and in the presence of a substrate it decreases 
further  owing  to  the  interaction  of  phonons  with  the  sub-
strate.  According  to  Ref.  [15],  its  experimentally  measured 
value for a four-layer graphene on a SiO2 substrate amounts 
to about 400 W m–1 K–1. Measurements of the thermal resis-
tance between graphene and SiO2 yield a figure R = 6 ́  10–9 – 
1.2 ́  10–7 W m–2 K–1 [16 – 18]. For our simulations we adopted 
a value of 4 ́  10–8 W m–2 K–1, which is close to the average one 
[16]. 

The fraction of radiation absorbed in graphene several (at 
least up to five) layers thick may be accurately calculated by 
the formula a = M a1, where a1 = 0.023 is the fraction of radi-
ation intensity absorbed by one layer and M is the number of 
graphene layers [19]. In our case, M = 4 and a » 0.1. In these 
calculations, account was  taken of graphene heating due  to 
the  radiation  incident  from  the  outside  and  the  radiation 
reflected from the SiO2 – Si interface. The pulse shape and the 
spatial distribution of the laser radiation intensity were assumed 
to be Gaussian. Proceeding from these assumptions, the heat 
inflow J(r, t) to the graphene film was calculated by the formula 
J(r, t) = a[1+ (1 – R0)(1 – a)RSi] I0 exp(–t2/te2  – 2r2/w2), where R0 
= 0.05 is the reflection coefficient of SiO2 covered with four-
layer graphene [20]; RSi = 0.16 is the reflection coefficient of 
the  SiO2 – Si  interface;  I0  is  the  peak  intensity  of  the  laser 
pulse; and te = 5 ns is half of pulse duration at a level 1/e. 

Figure  6  shows  the  calculated  time dependences of  gra-
phene [curve ( 1 )] and water layer [curve ( 2 )] temperatures at 
the centre of the laser spot. Shown for comparison is the time 
dependence  of  the  graphene  temperature  calculated  in  the 
absence of the thermal flux from graphene to the substrate, 
i.e. for a thermal resistance R ® ∞ [curve ( 3 )]. The variation 
of the laser pulse intensity in time is represented by curve ( 4 ). 
The  highest  temperature  of  the  water  layer  amounted  to 
about 100° C  (373 K). This heating may give  rise  to one or 
several vapour cavities (bubbles) under the graphene film. 

The  thermal  resistance of  the graphene – substrate  con-
tact will sharply increase at the place of bubble emergence, 
which,  in  turn,  will  result  in  a  significant  increase  in  gra-
phene temperature, an additional water heating and a rapid 
growth  of  the  amount  of  vapour.  To  state  it  in  different 
terms,  when  the  threshold  value  of  the  energy  density  of 
laser  radiation  is  exceeded,  there  emerges  a  positive  feed-
back between the laser heating of graphene and the bubble 
formation and growth. 

We also outline some additional experimental facts which, 
in our opinion, permit defining more precisely the mechanism 
of the interaction between the water adsorbate and laser radi-
ation and explaining the cause of the slight improvement in 
radiation damage resistance of graphene. 

In small micropits, the adsorbate is forced out primarily 
from  the  central  region, where  the  laser  irradiation  is most 
intense,  which  is  attested  by  the  triangular  profile  of  such 
micropits  (see  Figs  2a  and  3a).  By  way  of  comparison,  in 
deeper micropits (which are produced at the points where the 
adsorbate  layer  is  thicker)  the adsorbate  is  forced out  from 
the entire  irradiation zone, with the result  that the micropit 
walls  become  more  vertical  and  the  bottom  flattens  (see 
Fig.  2b). It is likely that the thinning of adsorbed water layer, 
i.e.  the  reduction of  the number of water vapour molecules 
per unit area of the adsorbate layer, results in a pressure low-
ering  in  the  vapour  cavity produced under  irradiation by a 
series of laser pulses. As a consequence, the process of water 
expulsion to the periphery of laser irradiation zone becomes 
less intense. That is why it is not unlikely that there persists at 
least a monolayer of water at the bottom of the micropit after 
irradiation  for  E  =  0.04  J  cm–2.  Furthermore,  the  reverse 
migration  of  water  to  under  the  bottom  of  the  resultant 
micropit must take place upon cessation of the series of laser 
pulses. This phenomenon is indirectly borne out by the ‘heal-
ing’ of some small craters within one day after irradiation. In 
the  interaction  with  higher-intensity  laser  radiation  (E  = 
0.058  J  cm–2),  the  boiling  of  this  remaining  layer  of  water 
adsorbate results in graphene damage. 

In additional experiments, the laser spot of diameter d0 for 
E = E0 was scanned over the surface. They showed that there 
formed  a  very  small  square  groove with  poorly  discernible 
boundaries and a nonflat bottom (Fig. 7). The graphene sur-
face  looks  like  a  sponge,  which  may  be  interpreted  as  the 
emergence of water islets (ice nanoparticles) at the graphene-
-substrate interface after  laser irradiation (as is well known, 
water in contact with graphene is in the quasi-solid phase (ice) 
with tetragonal structure [21] or in the phase of ‘square’ ice [22]). 

In  the  formation  of  separate water/ice  islets  at  the  gra-
phene – substrate interface, their forcing out from the region 
of  laser  irradiation  will  be  hindered  by  the  formation  of  a 
strong  Van-der-Waals  bond  between  graphene  and  SiO2 
about the islets. We believe that the radiation damage resis-
tance  of  graphene  to  pulsed  laser  radiation may  be  further 
improved by performing several laser irradiation series in a dry 
atmosphere and also by using combinations of laser and prob-
ing exposures.
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Figure 6. Heating dynamics at the centre of the irradiation spot for gra-
phene with the inclusion of thermal contact with the SiO2 layer ( 1 ), for 
the adsorbate layer ( 2 ) and for graphene in the absence of thermal con-
tact with the SiO2 layer ( 3 ). Curve ( 4 ) stands for the temporal depen-
dence  of  laser  pulse  intensity  (the  scale  for  the  pulse  intensity  is  not 
shown in the drawing).
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4. Conclusions

An investigation was made of a new regime of graphene pro-
filing  under  low-intensity  multipulse  laser  irradiation.  This 
regime is underlain by the heating and boiling of the adsorbed 
layer between the graphene layer and substrate. In addition to 
its purely  fundamental  interest,  this mode of graphene pro-
cessing seems to be the only one to permit nondestructively 
making in graphene the separate structures and their arrays 
that are close to the irradiation spot diameter (no more than 
1 mm) in width and are approximately 1 nm deep. An obvious 
disadvantage  of  this  technology  is  the  necessity  of multiple 
laser irradiation (the number of pulses irradiating a given sur-
face area amounts to 106). However, with the use of modern 
pulse-periodic  solid-state  lasers  that  generate  high-intensity 
short laser pulses with a repetition rate of no less than 106 Hz 
and with the employment of holographic interference lithog-
raphy for producing microobject arrays this disadvantage will 
hopefully be obviated. 
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Figure 7. Graphene  surface  after  laser  beam  scanning  over  a  surface 
area measuring 2.5 ́  2.5 mm for E  = 0.04 J cm–2. The edges of a square 
cell are discernible.


