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Abstract.  We have experimentally shown that nanosecond near-IR 
pulsed laser ablation of a thin amorphous carbon film produces car-
bon quantum dots with a graphite structure and nanodiamonds with 
a characteristic size of 20 – 500 nm on the substrate surface. The 
formation of these nanostructures is confirmed by electron micro-
scopic images, luminescence spectra and Raman spectra. The 
mechanisms explaining the observed effects are proposed.

Keywords: carbon film, carbon quantum dot, nanodiamond, laser 
ablation.

1. Introduction

Laser evaporation and laser ablation methods are widely used 
for  nanostructuring  surfaces  and  forming  nanoparticles  of 
various materials  [1 –3].  These methods  allow  dielectric  [4], 
semiconductor [5] and metal nanoparticles [6 – 8] to be formed 
on a surface. Laser evaporation and ablation of a target with 
deposition of nanoparticles on a substrate have, in compari-
son with other methods, a number of advantages, primarily 
due to their simplicity and high productivity. Laser ablation 
makes  it  possible  to  obtain  not  only  nanoparticles  whose 
structure and composition reproduce the structure and com-
position of the target, but also to produce nanoparticles with 
completely  different  structural  and  chemical  characteristics 
(see, for example, [7 – 9]). 

Carbon quantum dots (CQDs) and nanodiamonds (NDs) 
have unique properties and may potentially be used in chemi-
cal and biological sensors  [10, 11],  in dosimeters  [12, 13],  in 
electro- and photocatalysis [14, 15], in biological object imag-
ing [16, 17] and in optoelectronics and photovoltaics [18 – 21]. 
CQDs  and  NDs  intensively  luminesce  in  the  blue  and  red 
spectral regions, respectively [22, 23]. With the use of doping, 
it  is  possible  to  shift  their  luminescence  bands  over  a wide 
range along the spectrum. In addition, NDs are promising for 
the formation of metamaterials [24].

For the CQD synthesis, the pyrolysis method of organic 
compounds is widely used [25], and NDs are synthesised by 
the  detonation  method  [26],  by  plasma  deposition  from 

vapours  of  organic  compounds  [27 – 29]  and  by magnetron 
sputtering [30]. Recently, a method of femtosecond laser abla-
tion of organic  liquids has become widely used  for  the ND 
synthesis [2, 9]. At the same time, local synthesis of CQDs and 
NDs on the substrate surface using the solid-phase method is 
of practical interest, which will make it possible to use CQDs 
and NDs in micro- and nanoelectronics as micro- and nano-
sized light sources, and also in microsensors, for example in 
microfluidic sensory devices [31].

The purpose of this work is to investigate the possibility of 
synthesising CQDs and NDs by nanosecond near-IR pulsed 
laser ablation of an amorphous carbon film.

2. Experimental

In our experiments we used 30-nm-thick films of amorphous 
carbon, obtained by vacuum deposition on a cold substrate of 
silicate glass. Ablation was performed using single pulses of 
the  first  harmonic  (l =  1064 nm) of  an LQ-129 multimode 
Nd : YAG laser (Solar). The  laser pulse duration was 38 ns. 
The average laser pulse energy density E was chosen in such a 
way that only the carbon film was subjected to ablation with-
out damaging the substrate (glass) and constituted 18.4 J cm–2. 
The laser beam diameter on the substrate surface was 0.7 mm. 
As was  shown  in  [8], nanosecond  laser ablation most effec-
tively separates nanoparticles  from a torch on the substrate 
surface if the surface on which the ablation occurs is covered 
by glass or a transparent material. This spatially constraints 
the plasma expansion from the laser torch and also limits the 
region in which the shock wave moves. Therefore, under laser 
irradiation, the carbon film surface was covered with a pol-
ished plate of silicate glass. 

Electron microscopic images of the irradiated film zones 
were  obtained  with  a  JEOL  JSM  7001F  scanning  electron 
microscope (SEM). An additional coating ensuring the charge 
drain  was  not  applied  to  avoid  loss  of  information  from 
nanoscale particles. To measure the luminescence spectra in 
irradiated  zones,  a  LOMO MCFU-K  luminescence  micro-
scope was used. Raman spectra were measured using an inVia 
Raman microscope spectrometer (Renishaw). Spectral mea-
surements were performed at room temperature.

3. Experimental results and their discussion

Figure 1a shows a photograph of the irradiated zone of the 
carbon film. It is seen that the region of the laser action con-
sists  of  three  concentric  sections:  central  part  1  which  was 
directly ablated, black ring 2 which appeared along the laser 
torch perimeter, and also light coloured region 3 formed by 
expanding the recombination plasma and the accompanying 
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shock wave. Figure 1b presents a luminescence photograph of 
the irradiated zone of the carbon film. It can be seen that blue 
luminescence appeared in regions 1 and 3, while red lumines-
cence –  in region 2. In region 2, some inclusions with white 
luminescence are also visible. At a lower pulse energy density, 
or when a glass plate is removed from the substrate surface, 
only blue  luminescence appears, mainly  in region 3  (see  the 
inset in Fig. 1b).

The presence of luminescence indicates the appearance of 
structural changes in the initially amorphous carbon film dur-
ing laser ablation. Two-colour luminescence allows us to con-
clude that at least two types of carbon structures appear in the 
irradiated zone. Figure 2 shows SEM images of regions 2 and 
3 (see Fig. 1a) of the carbon film after laser ablation. It is seen 
that in region 3 nanoparticles were formed as elongated ellip-
soids  (Fig. 2a), with  the  long axes of  the ellipsoids oriented 
along the direction of the shock wave propagation. The char-
acteristic  size  of  the  ellipsoids  is  20 – 300  nm.  In  region  2, 
nanoparticles  appeared  in  the  form  of  randomly  oriented 
irregular parallelepipeds and cubes (Fig. 2b). Their character-
istic size varies from 30 to 500 nm. In this region, nanoparti-
cles of less than 100 nm in size are also present, having a shape 
close to spherical.

The luminescence spectra of regions 2 and 3 are shown in 
Fig. 3. The luminescence band of region 3 has a maximum at 
l = 460 nm [curve ( 1 )]. The band width constitutes ~130 nm. 
This luminescence is typical of CQDs [21, 22, 25, 32]. A simi-
lar spectrum is observed in the luminescence of region 1 (see 

Fig. 1b). The  luminescence spectrum of region 2 consists of 
two bands [curve ( 2 )]. The short-wavelength band has a max-
imum at l = 460 nm, which indicates the presence of a CQD 
in region 2. The maximum of  the  long-wavelength  lumines-
cence  band  corresponds  to  l  =  570  nm,  while  its  width  is 
150 nm. This luminescence is typical of NDs [33]. The appear-
ance  of  white  luminescence  in  some  areas  of  region  2  (see 
Fig. 1b) may be stipulated by the increased concentration of 
CQDs  in  these  areas.  This  leads  to  an  increase  in  the  blue 
luminescence  intensity  in  these  regions  and  to  the  appear-
ance of broadband glowing in the entire visible region of the 
spectrum.

Additional information about the results of laser ablation 
of an amorphous carbon film is given by the Raman spectra 
shown in Figs 4 and 5. Two pronounced bands with maxima 
at frequencies of 1360 and 1550 cm–1 are observed in the spec-
trum for region 3 (Fig. 4) and also a weakly pronounced band 
with a maximum at a frequency of 2100 cm –1 . The first two 
bands (usually denoted as D and G, respectively) are associ-
ated with sp3- and sp2-hybridisation of carbon, characteristic 
of the crystalline structure of graphite [34]. The broadening of 
the  bands  is  caused  by  a  partial  disordering  of  the  crystal 
CQD structure. A weakly pronounced band (maximum at a 
frequency of 2100 cm–1 ) may be due to the presence of carbon 
in  the  form  of  carbyne  (molecular  chains  of  carbon)  in 
region 3. The appearance of this band may be caused by oscil-
lations  in  the  form of  stretching of C – C bonds  (R-mode) 
[35, 36].

The Raman spectrum of region 2 has a more complicated 
form (Fig. 5) and represents a superposition of several bands. 
This indicates the presence of carbon in several states in the 
given region, which is also confirmed by the SEM image of 
region 2 shown in Fig. 2b. A narrow band at a frequency of 
1310 cm–1 corresponds to the D-mode of NDs [36, 37]. A wide 
band with  a maximum at  a  frequency of  1360  cm–1  can be 
associated with the B-mode of CQDs. A band with a maxi-
mum at a frequency of 1600 cm–1 is associated with the pres-
ence of amorphous carbon (G-mode) in region 2 [38].

Thus, nanosecond laser ablation of an amorphous carbon 
film  leads  to  structural  changes  both  within  the  ablation 
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Figure 1. (Colour online) Photographs of (a) the irradiated zone of the 
carbon film and (b) luminescence of this zone. The inset shows the result 
of ablation in the absence of an additional glass plate. The luminescence 
excitation wavelength is 405 nm. 
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Figure 2. SEM images of regions (a) 3 and (b) 2 in Fig. 1a.
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Figure 3. Normalised luminescence spectra of regions ( 1 ) 3 and ( 2 ) 2 in 
Fig. 1a. The excitation wavelength is 400 nm.
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region and at its periphery. Directly in the region of the laser 
beam  action,  CQDs  are  formed  on  the  substrate  surface. 
CQDs, carbines and NDs arise along the laser torch perime-
ter. The latter have the form of cubes or parallelepipeds with 
a  characteristic  size  of  30 – 500 nm. Carbines  and CQDs of 
ellipsoidal  shape  with  a  characteristic  size  of  20 – 300  nm 
appear  in  the  recombination plasma  expansion  region. The 
formation  of  nanoparticles  with  chemical  and  structural 
properties being different from film or substrate was observed, 
in particular, in [7, 8]. In these works, in laser ablation (using 
a Nd : YAG laser) and laser evaporation (using a CO2 laser) 
of silicate glasses containing silver ions, a thin layer of silver 
nanoparticles  was  formed  inside  the  ablation  zone  on  the 
glass  surface.  A  ring  with  a  high  concentration  of  silver 
nanoparticles of ellipsoidal shape appeared on the glass sur-
face  in  the  region  of  recombination  plasma  along  the  laser 
torch perimeter. It was shown in [7, 8] that nanoparticles are 
formed  immediately  after  the  laser  action  when  plasma  is 
cooled, and recombination and chemical processes take place 
in it. Thus, the plasma chemical components take the struc-
tural forms, which are the most energetically favourable for 
the given substance under the given conditions. In the abla-

tion region, CQDs arise after the laser pulse termination, at 
the stage of cooling the dense plasma at a relatively low tem-
perature. NDs are formed at the laser pulse final stage, when 
the  temperature  in  the  recombination  plasma  region  is  still 
high, and a shock wave is formed, creating a high pressure in 
this region. The presence of an additional glass plate on the 
carbon film leads to an increase  in the shock wave pressure 
and ND formation efficiency. The conditions for the ND for-
mation in this case are close to those that are realised in the 
ND synthesis by the detonation method [26]. In the expansion 
region of recombination plasma, CQDs arise after  the  laser 
pulse termination at sufficiently ‘soft’ temperature conditions 
and not very high pressures. At a low pulse energy density or 
in  the  absence  of  an  additional  glass  plate,  the  conditions 
realised during  laser ablation do not ensure  the ND forma-
tion; therefore, in all three regions, mainly CQDs are formed.

4. Conclusions

The experimental results presented in this paper show that, in 
laser ablation of an amorphous carbon film by nanosecond 
laser pulses, CQDs with a graphite structure and NDs can be 
formed  on  the  substrate  surface  in  the  ablation  zone  and 
around  it.  The  characteristic  sizes  of  CQDs  and  NDs  are 
20 – 300 nm and 30 – 500 nm, rspectively. Nanodiamonds are 
formed mainly around the laser torch perimeter at the bound-
ary  of  the  recombination  plasma  region,  while  CQDs  are 
formed both directly in the ablation region and around it in 
the  expansion  region  of  the  recombination  plasma.  Since 
CQDs and NDs  can be  locally  formed  in  a  small  area,  the 
results  obtained  can  be  used  to  design microscale  chemical 
and biological sensors, as well as microfluidic devices.
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Figure 4. Raman scattering spectrum of region 3 in Fig. 1a.
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Figure 5. Raman scattering spectrum of region 2 in Fig. 1a.
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