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Abstract: The photoluminescence (PL), Raman scattering and SEM images for the mixture of   
ZnO + 3% C nanocrystals (NCs) have been studied before and after of intensive mechanical 
processing (MP) with the aim to identify the nature of defects. The study reflects the diversity of 
physical processes occurring at MP: amorphizating the surface of ZnO NCs, crushing the individual 
ZnO NCs and carbon nanoparticles, covering the ZnO NC surface by the graphene layers, the 
oxidation partially of the graphene layers, carbon and ZnO NCs etc. Three stages of MP have been 
revealed which are accompanied by PL spectrum transformations: i) amorphizating the ZnO NC 
surface together with the generation of nonradiative recombination centers, ii) passivating the ZnO 
NC surface by the graphene layer with its oxidation partially and iii) further crushing of ZnO NCs, 
the oxidation of ZnO NCs and the formation of graphene (graphite) oxides. The new PL band peaked 
at 2.88 eV has been detected after 9 min of MP. Note that the passivation of the ZnO NC surface by 
graphene layer can be interesting for future technological applications. 
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1.  Introduction 

ZnO nanocrystals (NCs) are characterized by the tuned electronic property, higher thermal 
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stability and oxidation resistance, compared with most other semiconductors [1]. Important 
properties have been revealed in the nanocrystallite composites ZnO + xC, which permits improving 
field emission of cathodes [2], engineering room-temperature ferromagnetism [3], modifying the 
luminescence properties [4], improving selective solar absorbed coatings [5]. Recently it was 
suggested that graphene-semiconductor nanostructures, such as Gr-ZnO, have shown improved 
optical switching and catalytic applications [6]. Obtaining the efficient ZnO optoelectronic devices 
requires the study of processes of the nonradiative and radiative defect generation in ZnO + xC NCs. 
The successful defect generation in ZnO at milling was demonstrated recently using EPR and 
photoluminescence methods [7]. At mechanical processing (MP) in a ball mill a big number of 
defects can be produced in ZnO NCs that permits to obtain the certain characteristics, which cannot 
be obtained in the defect-free crystals. 

2.  Materials and Method 

The ZnO + 3%C mixtures, prepared from ZnO NCs (99.5% purity, Reasol; with the NC size of 
200–600 nm) and carbon nanoparticles (EPRUI Nanoparticles & Microspheres Co. Ltd. with the size 
smaller ≤ 50 nm), were mixed in a ball mill (PM 400/2, Retsch Inc.) with the rotation speed of 400 
rpm for the MP times 1, 3, 9 and 90 min. The grinding chamber of 50 ml with the tungsten carbide 
balls of the sizes: 3 of 20 mm and 10 of 10 mm has been used. The concentration of carbon (3%) in 
studied mixtures is chosen on the base of our previous study. It was shown early that carbon 
concentration increasing more than 3% in the ZnO + xC mixture was accompanied by decreasing the 
emission intensity owing to the essential absorption of ZnO emitting light in C nanoparticles.    

PL spectra were measured at 300 K and the excitation by a He-Cd laser with a wavelength of 
325 nm and a beam power of 46 mW using a PL setup on a base of spectrometer SPEX500 described 
in [8,9,10]. Raman scattering spectra were measured in the backscattering geometry in a Jobin-Yvon 
LabRAM HR 800UV micro-Raman system at the excitation by a LED with a light wavelength of 
785 nm [11]. ZnO + 3%C NC images for different milling times have been obtained using the 
scanning electron microscopy (SEM) model Quanta 3D FEG-FEI.  

3.  Results  

SEM images of ZnO + 3% C mixtures after various times of MP are presented in figure 1. ZnO 
NCs with the size within the range 200–600 nm have been seen clearly (Figure 1a). The 
amorphization of the ZnO NC surface at the start of milling (3–9 min) and the agglomerate formation 
have been revealed (Figure 1b, c). At long time of MP (90 min) the shape of majority ZnO NCs 
transforms and the agglomeration dominates in the ZnO NC ensembles (Figure 1c, d). 
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Figure 1. SEM images of ZnO + 3%C NCs for various milling times: 1 (a), 3 (b), 9 (c) 
and 90 min (d). 

PL spectra of ZnO + 3%C mixtures measured at 300 K after various times of MP are shown in 
figure 2a,b. PL spectra are complex and can be represented as a set of PL bands. The deconvolution 
procedure (Figure 2c) has been applied to PL spectra that permit to obtain the Gaussian shape PL bands 
with the peaks at: 3.18 eV (A), 2.88 eV (B), 2.42 eV (C) and 2.12 eV (D). Integrated PL intensities, the 
half widths and PL peak positions have been estimated for all PL bands in an initial state and after 
various times of MP. The kinetics of integrated PL intensity variations versus MP times is presented in 
figure 3. As it is clear three stages exist in this kinetics (Figure 3). The PL intensity of UV and visible 
PL bands (A, C, D) decreases on the first MP stage (1–3 min). The kinetics slowing (Figure 3) and 
the new PL band peaked at 2.88 eV (B) has appeared on the second MP stage (3–9 min). At long time 
of MP (9–90 min) PL intensities of all bands (2.88, 2.42 and 2.12 eV) decrease together with shifting 
the peak of the PL band B to 2.85 eV (third MP stage). 
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Figure 2. PL spectra measured after various MP times: (a) 1–1 min, 2–3 min, (b) 1–3 
min, 2–9 min, 3–90 min. The PL intensity of the spectrum, measured after 3 min of MP, 
was multiplied on 2 in figure 2a. The deconvolution (c) of the PL spectrum (1), measured 
after 9 min of MP, on 4 elementary PL bands A, B, C, D and the PL intensity 
superposition (2) of these PL bands. 
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Figure 3. The variation of integrated PL intensities versus MP times. 

Raman scattering spectra of ZnO + 3% C mixtures measured after various MP times are presented 
in figure 4. The Raman peaks at 194, 320 and 427 cm−1 related to scattering in ZnO NCs are detected 
for the Raman shifts of 80–500 cm−1 (Figure 4, Table 1). Positions of ZnO Raman peaks do not change 
at MP with an accuracy of 2 cm−1 (Table 1). 
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Figure 4. Raman scattering spectra measured after MP for: 1, 3, 9 and 90 min. 
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Table 1. Raman peaks detected in ZnO + 3%C mixtures before and after MP. 

tMP n LA (cm−1) 3E2H - E2L (cm−1) E2 (high) (cm−1) D band (cm−1) G band (cm−1)

0 min 196 320 427 1306 1587 

1 min 196 320 427 1306 1588 

3 min 197 321 428 1311  1588 

9 min 198 320 429 1306 1580 

90 min 198 322 428 1308 1582 

Raman peaks at 1306 (D) and 1587 (G) cm−1, owing to Raman scattering in the carbon 
nanoparticles, have been revealed (Figure 4, Table 1). It is known that graphite has the Raman-active 
bands related to the vibrations of: i) the graphite lattice (G band) at 1575 cm−1 and ii) the graphite edges 
(D disordering band) at 1355 cm−1 [12,13]. It is known that disorder in graphite leads to the broader D 
and G band shapes and to higher D band relative intensity compared to that for a G band that we have 
seen in figure 4 for 3 min of MP. These changes testify on crushing the carbon (graphite) nanoparticles 
on the first MP stage. Then on the second MP stage (3–9 min) the Raman intensities of G and D bands 
a little bit decrease (Figure 4) together with the shift of D and G bands to lower frequencies down to 
1306 and 1580 cm−1, respectively (Table 1). At long time of MP (90min) the positions of G and D 
bands start to shift to higher frequencies (Table 1).  

4.  Discussion 

UV and visible PL bands in ZnO are connected with the near-band-edge (NBE) and 
defect-related emissions, respectively [14]. NBE emission is attributed to the free or bound excitons, 
or to donor-acceptor pairs [14,15]. The high PL intensity and a small half width of 3.18 eV PL band 
(A) in the PL spectrum at 300K permit assigning this PL band to a LO phonon replica of free exciton 
emission in ZnO NCs. 

PL intensity decreasing for NBE and defect-related PL bands on the first MP stage (1–3min) can 
be attributed to the generation of nonradiative recombination (NR) centers. NR center concentration 
increasing is accompanied by NR recombination rate rising together with falling down the PL 
intensity of UV and visible emissions. NR centers can be assigned to the dangling bonds on the ZnO 
NC surface created at surface amorphizating on the first MP stage.   

PL intensity decay slowing on the second stage of MP that can be seen in figure 3. 
Simultaneously the new PL band, centered at 2.88 eV (B), appears in PL spectra (Figure 2b and 
Figure 3), and the PL band (D) dominates in the orange spectral range. At the same moment the G 
band in the Raman spectrum shifts to lower frequencies (Table 1). 

Note that the G peak is located at a higher frequency (1593cm−1) in graphite oxide (GO), but the 
G peak is located almost at the same frequency in single graphene sheets as that in graphite 
(1575–1580 cm−1) [13]. Thus the shift of G band to 1580 cm−1 on the second MP stage testifies, 
apparently, that the single graphene layers have been formed on the surface of ZnO NCs. The 
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formation of graphene layers on the ZnO NC surface leads to passivating the NC surface together 
with the NR center annihilation. The last process is a reason of slowing the PL decay kinetics on the 
second MP stage. 

Let us analyze the defect related PL bands in the mixture of ZnO + 3%C NCs. The PL band with 
the peak at 2.00–2.12 eV (orange) in ZnO was assigned early to the oxygen interstitial atoms    
(2.02 eV) [16] or to the hydroxyl group (2.10 eV) [17,18]. The PL band in the spectral range 
2.40–2.50 eV (green) in ZnO was assigned to the oxygen vacancies [19], Cu impurities [20], zinc 
vacancies [21] or surface defects [19]. In studied mixtures the intensities of orange and green PL 
bands decrease at the first MP stage together with NBE emission (Figure 2b and 3). But at the end of 
first stage the orange PL band dominates in the PL spectrum. MP is carried out in ambient air and it 
is accompanied by temperature increasing the ZnO + 3% C mixture in a ball-mill chamber. These 
conditions are favorable for the ZnO NC oxidation additionally that can be accompanied by 
concentration increasing the oxygen interstitial atoms in ZnO and, as a result, slowing orange 
emission decay kinetics at MP. 

The blue PL band with the peak at 2.80–2.90 eV in ZnO is attributed early to Cu related  
defects [19,22], to Zn interstitials [23] or to the donor–acceptor pairs included the shallow donor and 
oxygen vacancy [14,24]. The studied ZnO + 3% C mixtures do not content the Cu impurities. We 
cannot assign the defects responsible for the 2.88 eV PL band (B) to the oxygen vacancies or to the 
Zn interstitials taking into account the additional ZnO oxidation at MP. In our experiments the 2.88 
eV PL band, apparently, can be assigned to emission of the graphene or graphite oxides [25,26] 
created at MP.  
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Figure 5. PL spectra of graphene and graphite oxides [25]. 

PL spectra of graphene and graphite oxides [25] are presented in figure 5 for the comparison. 
The corresponding PL peaks are: 2.79 eV for the graphite oxide and 2.95 eV for the graphene oxide. 
Hence the new high energy PL band B (2.88 eV) in the studied mixture is located closer to the PL 
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peak of graphene oxide (2.95 eV) at the end of the second MP stage. At long time of MP the peak of 
the new PL band B shifts to 2.85 eV closer to the graphite oxide. Note that the graphite (graphene) 
oxides can be created at the oxidation of carbon nanoparticles or graphene layers on the ZnO surface 
during prolonged MP. To make the conclusion concerning the nature of 2.85–2.88 eV PL bands the 
additional study is necessary. 

5.  Conclusion 

The transformations of PL and Raman scattering spectra, and SEM images of ZnO + 3% C NC 
mixtures at mechanical processing have been investigated. Three stages of PL spectrum 
transformation have been revealed and discussed. It is shown that the first MP stage is connected 
with intensity quenching all PL bands owing to amorphizating the ZnO NC surface together with 
appearing the nonradiative recombination centers. The second MP stage is characterized by the 
formation of the graphene layers on the ZnO NC surface that leads to surface passivating, NR center 
annihilating together with slowing the PL decay kinetics at MP. Simultaneously, the new PL band 
peaked at 2.88 eV has appeared in PL spectra. The PL band B (2.85–2.88 eV) is attributed to 
emission of graphene (graphite) oxides which are formed on the second and third MP stages.  

Note, that the 3–9 min MP regime, which is accompanied by graphene layer covering the ZnO 
NC surface, may be interesting for ZnO NC conductivity increasing in future ZnO NC applications 
as UV sensitive photodiodes or solar cells.    
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