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ABSTRACT 

In the present study we report the influence of variation in amount of Zn on growth and optical properties of thin films of ZnO 
nanocrystals in silica matrix deposited by rf magnetron co-sputtering with substrate heating at 200

o
 C.  RBS studies indicate 

change in the concentration of Zn in the films while Raman spectroscopy measurements indicate presence of excess zinc with 
different concentration. The XRD spectra of the thin films shows the formation of  strong ZnO phase nanocrystals with different 
sizes in different films while the UV-VIS spectra shows variation in the band edge energy of the ZnO nanocrystals for these 
films. FT-IR spectra of the films show the Zn-O, Zn-O-Si and Si-O-Si vibrational features related to ZnO, Zn2SiO4 and SiOx  
phases in the films. The results suggest growth of stable ZnO nanocrystals in silica matrix having better phase and optical 
quality with increase in the Zn concentration in the thin films, which may be useful in optical applications of ZnO. Copyright © 
2013 VBRI press.  
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Introduction  

ZnO (zincite) is a wide band gap (Eg = 3. 37 eV at RT) 
which has broad range of applications in the field of 
optoelectronic devices such as lasers and light emitting 

diodes [1, 2].  ZnO quantum dots have attracted 
considerable attention as potential candidates for qubits in 

quantum information technology [3, 4]. As photons can 
mediate an effective coupling between spins in two 

quantum dots [5], ZnO quantum dots embedded into an 
optical cavity may be envisioned as spintronic devices 

working at room temperature [6]. 
Growth of ZnO in silica/SiO2 matrix is being actively 

studied with different growth mechanisms. We have 
previously reported the growth of ZnO nanocrystals in 
silica matrix by rf co-sputter deposition and post annealing 
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[7]. G. Meyer et al. [6] have studied the growth of ZnO 
nanocrystals in SiO2 matrix by rf sputtering as a 
SiO2/ZnO/SiO2 trilayer with an intermediate insitu 
annealing step. Z. Z. Zhi et al. studied growth of ZnO 
nanocrystals embedded in SiO2 matrix thin films on Si (1 0 
0) single crystal substrates by plasma enhanced chemical 

vapour deposition (PECVD) at 230 
◦
C [8]. J. K Lee et al. 

have report the preparation of ZnO nanocrystals embedded 
in a SiO2 matrix formed using sequential zinc and oxygen 

ion implantations and subsequent thermal annealing [9]. V. 
Prankratov et al. studied growth of ZnO nanocrystals 
embedded in a SiO2 matrix by growing multilayer 
structures consisting of ZnO/SiO2 bilayers using radio 
frequency magnetron sputtering deposition using ZnO and 
SiO2 targets and subsequent heat-treated at different 

temperatures and in different atmospheres [10].   
Growth of ZnO nanocrystals in a host matrix by co-

sputter deposition has the advantage of easy control on the 
amount of material to be dispersed in a host matrix. It will 
be interesting to study the influence of Zn concentration on 
the structural and optical properties of ZnO nanocrystals in 
SiOx matrix grown by co-sputter deposition. In the present 
work, substrate heating is done during the deposition and 
variation in the size of ZnO nanocrystals in the deposited 
thin films was obtained by varying the Zn content in the 
films using directional sputtering process in a single 
deposition, which to the best of our knowledge is not 
reported in the case of synthesis of ZnO nanocrystals in 
silica matrix by rf magnetron co-sputter deposition.   
  

Experimental 

Materials and sample preparation 

Thin films were deposited by rf magnetron sputtering using 
an rf sputtering set-up developed in-house.  A composite 
ZnO/Si target was used for the film deposition on Si and 
quartz substrates. A 46 mm dia ZnO pellet was made using 
commercially available powder of ZnO ( purity 99.0+ , 
MERCK, USA ) and was pasted to the 4 inch dia Si target ( 
purity 99.999,  Goodfellow, USA).  The substrates were 
placed on a grounded anode which is separated by 50 mm 
from the target. A base vacuum of 4x10

-5
 torr was produced 

in the chamber. The chamber was flushed with argon gas 
for 20 minutes before the thin films deposition. The films 
were deposited with an rf power of 200 watts and a process 
pressure of 10 mtorr (+/- 10 % variation). Before 
deposition on the substrates, the target was pre-sputtered 
for 10 minutes with argon ions with the substrates covered 
by a shutter.  The substrate temperature was maintained at 
200

o
C during the thin film deposition. In order to vary the 

amount of ZnO and silica in the thin films, the substrates 
were placed in three different locations; at the centre of the 
substrate holder, 1 cm away from the centre of the substrate 
holder and 2 cms away from the centre of the substrate 
holder and defined as znosi1, znosi2 and znosi3 and 
znoqz1, znoqz2 and znoqz3, respectively. Since the target 
is a composite ZnO/Si target with a 46 mm dia ZnO target 
fixed at the centre of the 100 mm dia Si target, due to 
directional sputtering it is possible that more amount of 
ZnO will be forming in the thin film formed on the 
substrates placed at the centre of the substrate holder 
compared to those placed away from the centre of the 

substrate holder. 
 
Characterization techniques 

Rutherford Backscattering studies were conducted using 2 
MeV He ions from a 1.7 MV Pelletron accelerator at 
IUAC. He

2+
 ions were bombarded perpendicular to the 

surface and    backscattered ions were detected at an angle 
of 160

o 
to beam direction. Glancing angle X-ray diffraction 

(XRD) measurements were carried out using a Bruker D8 
Advanced AXS diffractometer at a grazing incidence of 2

o
 

with Cu K ( = 1.54  Å)  radiation. UV-VIS spectra of the 
films were recorded using a Hitachi spectrophotometer (U 
– 3300). Micro-Raman spectroscopy measurements were 
carried out on the films under backward scattering 
configuration with incident light normal to the sample 
surface using InVia Raman spectrometer (Renishaw) 
system consisting of Ar ion laser with 514.4 nm wavelength 
and RenCam CCD detector, in the range 100 to 2000 cm

-1
. 

Fourier transform infrared spectroscopy measurements 
were performed at room temperature using a Thermo-
Nicolet (Nexus 670) spectrometer with a resolution of 4 
cm

-1
.   
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Fig. 1.  (a) RBS spectra of the films formed on quartz substrates and the 
quartz substrate and (b) RBS rump simulated pattern of Znosi2 film. 

 

Results and discussion 

Fig 1a shows the RBS spectra for znoqz1 and znoqz2 thin 
film deposited on quartz substrates, and the quartz substrate 
(qzsub). The signals from the different elements overlap 
and the concentration was determined using standard 
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RUMP program. Fig 1b shows a typical RBS RUMP fitted 
spectrum of the znosi2 film. The fitting of the RBS data 
shows that the Zn concentration was higher in the films 
placed at the centre of the substrate holder ( 0.13 for 
znosi1) and it decreased in the films placed away from the 
centre of the substrate holder ( 0.11 for znosi2 and 0.09 for 
znosi3).  
 

 
 

Fig. 2. XRD patterns of deposited  ZnO/SiOx films.  
 

The XRD patterns of the ZnO/SiOx films deposited at 

on Si substrates are shown in Fig 2.   It can be seen that  
broad peaks at 2 theta  values of  31.4

o
, 34.4

o 
, 36

o
 and 

47.5
o
 are present which correspond to wurtzite phase ZnO ( 

100, 002 and 101 and 102 planes respectively). The XRD 
pattern of the znosi1 film shows strong ZnO (002) peak 
compared to the znosi2 and znosi3 films. This shows that 
highly c-axis oriented ZnO/SiOx nanocomposite films are 
formed in the film with higher Zn concentration compared 
to the films with lesser Zn concentration. The size of the 
ZnO nanocrystals from the XRD pattern for the znosi1 film 
was 10 nm, calculated using Scherrer’s formula. When the 
Zn content in the film is more, then more Zn atoms will 
diffuse and get bonded to the growing ZnO nanocrystals 
and the size of the ZnO nanocrystals will be larger. 

 

 
 

Fig. 3. UV-VIS spectra of the deposited films. 

Fig 3 shows the UV-VIS spectra of the films deposited 
on quartz substrate.  It shows sharp absorption feature of 
ZnO band edge for the films. The band gap estimated from 
the spectra is 3.18, 3.26 and 3.41 for the films znosio1, 
znosio2 and znosio3, respectively, which indicates blue 
shift of band gap in znosio3 film caused by quantum-
confinement effects due to smaller size of the ZnO 
nanocrystals. This shows that the size of the ZnO 
nanocrystals is smaller in the znosio3 film compared to the 
znosio1 and znosio2 films which indicate that the size of 
ZnO nanocrystals increased with increase in the 
concentration of Zn in the films, which is in agreement with 
the XRD measurements. 

Fig 4 shows Raman spectra of the films deposited on Si 
substrates. The sharp peaks observed at around 300 and 
520 cm

−1
 and the broad peak around 970 cm-1 in the 

Raman spectra are attributed to Si substrate while the 
Raman mode at around 580 cm

−1
 is assigned to E1(LO) 

mode for ZnO[11,12,13]. The observation of the E1 (LO) 

mode peak here indicates the presence of excess zinc [14] 
in the ZnO nanocrystals grown in silica matrix. The 
intensity of the E1 (LO) mode peak is higher for znosio1 
film and it decreased in znosio2 and znosio3 films relative 
to znosio1 film which may be due to variation in Zn 
concentration indicated by RBS spectra results.  

   

 
 

Fig. 4.  Raman spectra of the deposited films.  
 

 
  

Fig. 5. FT-IR spectra of the deposited ZnO/SiOx nanocomposite films. 
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Fig 5 shows the FT-IR spectra of the deposited films. 
The spectra show the vibrational features of Zn-O, Zn-O-Si 
and Si-O-Si bonds. The assignment of the vibrational 
features is as follows-: the band at 1080 cm

-1 
is the Si-O-Si 

stretching vibration [15]; the band at 910 cm
-1

 is the Zn-O-
Si bending vibration and the band at 411 cm

-1
 is the 

stretching vibration of Zn-O bond in ZnO lattice [16]. The 
intensity of the Zn-O vibrational band decreased in the 
znosi2 and znosi3 films relative to znosi1 film. This 
suggests that more ZnO formed in the znosi1 film with 
higher Zn concentration compared to the znosio2 and 
znosio3 films with lower Zn concentration, for the same 
substrate temperature.      

The Zn-O-Si bonds present in the films corresponds to 
the formation of amorphous Zn2SiO4 phase in the films 
around the ZnO phase. Formation of crystalline Zn2SiO4 
phase in the nanocomposite films was previously observed 

with post deposition annealing at higher temperatures [7]. 
Also the intensity of the Si-O-Si vibrational band is less 
compared to the Zn-O-Si bands which suggests that more 
amount of Si gets attached in the Zn-O-Si bonds. These 
results suggest that in the deposited thin films, ZnO 
nanocrystals are formed which are surrounded by Zn-O-Si 
bonds linking to the SiOx matrix. 

 
Mechanism 

We have previously reported on the growth of ZnO 
nanocrystals in silica matrix by rf co-sputter deposition and 
post annealing the films for growth of ZnO nanocrystals in 

size upto 26 nm [7]. Also other studies have been reported 
on the growth of ZnO nanocrystals in silica where change 
in average crystalline size of ZnO is brought out by post 

deposition annealing [8-10]. In the present work we show a 
method of growing thin films having good crystalline 
quality ZnO nanocrystals in silica matrix and 
simultaneously bringing variation in the size of the ZnO 
nanocrystals in the films in a single deposition by varying 
the amount of Zn in the films using directional sputtering 
process. During the sputter deposition process, Si atoms 
will get sputtered from the Si target (100 mm dia) and Zn 
and O atoms will get sputtered from the ZnO pellet (46 mm 
dia) pasted at the centre of the Si target. More Zn and less 
Si atoms will reach the substrate placed at the centre of the 
substrate holder and more Si and less Zn atoms will reach 
the substrate placed away from the centre of the substrate 
holder. During the film growth, Zn-O, Zn-O-Si and Si-O-Si 
bonds are formed in the films and relatively more amount 
of Zn will diffuse and bond with the growing ZnO 
nanocrystals in the znosi1 film compared to the znosi2 and 
znosi3 films. This results in the formation of larger ZnO 
nanocrystals in the znosi1 film compared to znosi2 and 
znosi3 films, and hence the variation in size of the ZnO 
nanocrystals in the different films.   
  

Conclusion 

We have studied the influence of Zn concentration on the 
growth and properties of ZnO nanocrystals in silica matrix. 
Highly c-axis oriented ZnO nanocrystals with larger size 
are formed in silica matrix in the film with higher Zn 
concentration compared to the films with lesser Zn 
concentration. Amorphous Zn2SiO4 phase is observed 

between the ZnO and SiO2 phases in the thin films.  Blue 
shift in band edge is observed for smaller ZnO nonocrystals 
in silica matrix. 

 
Acknowledgements 
The authors acknowledge the help of P. K. Kulriya for XRD 
measurements. Also the DST is acknowledged for providing the XRD 
system at IUAC, New Delhi under IRPHA project. 

 

Reference 

1. Aoki T, Hatanaka Y and Look D C, Appl. Phys. Lett. 2000,  76, 3257 

DOI : 10. 1063/1.126599.  
2. Mandalapu L J, Yang Z, Chu S and Liu. L. J,  Appl. Phys. Lett..  

2008 , 92, 122101. 

DOI : 10.1063/1.2901018.  

3. Loss D and DiVincenzo D P, Phys. Rev. A. 1998, 57,120. 

DOI:10.1103/PhysRevA.57.120. 
4. 4.  Janssen N, Whitaker K M, Gamelin D R and Bratschitsch, Nano 

Lett. 2008, 8, 1991. 

DOI :  10.1021/nl801057q. 
5. Imamoglu A, Awschalom D. D, Burkard G, DiVincenzo D P, Loss D, 

Sherwin. M and Small. A,   Phys. Rev. Lett. 1999,  83, 4204. 

DOI:10.1103/PhysRevLett.83.4204 

6. GMayer, M Fonin, U Rudiger, R Schneider, D Gerthsen,N Janßen 

and R Bratschitsch,   Nanotechnology. 2009, 20, 075601. 
7. V.V. Siva Kumar, F. Singh, Amit Kumar, D. K. Awasthi,  Nucl. 

Instr. and Meth. in Phys. Res.  B. 2006, 244, 91–94.  

DOI: 10.1016/j.nimb.2005.11.013. 
8. Z. Z. Zhi, Y. Qi, H. Z. Yang, J. H. Wang, X. M. Yu and B. S. Zhang, 

J. Phys. D: Appl. Phys. 2007,  40,  4281–4284.  

DOI:10.1088/0022-3727/40/14/027. 
9. J. K. Lee, C. R. Tewell, R. K. Schulze, M. Nastasi, D. W. Hamby, 

D.A. Lucca, H. S. Jung and K. S. Hong, Appl. Phys. Lett. 2005, 86, 
183111.  

DOI : 10.1063/1.1906304.  

10. V Pankratov, V Osinniy, A Nylandsted Larsen, B Bech Nielsen, 

Physica B: Condensed Matter .2009, 404, 4827-4830.  

DOI : 10.1016/j.physb.2009.08.186, 

11. D. McCluskey and S. J. Jokela, J. Appl. Phys. 2009, 106, 071101. 

DOI : 10.1063/1.3216464.  

12. T. C Damen, P. S. Porto, and B. Tell, Phy. Review. 1966, 142, 570. 
13. Y. Zhang, H. Jia, R. Wang, C. Chen, Xuhui Luo, and D. Yua, Appl. 

Phys. Lett, 2003, 83, 4631.  

DOI : 10.1063/1.1630849.  

14. H. Z Wu, K.M. He, D.J. Qiu, D.M. Huang, J. Cryst.Growth, 2000, 
217, 131.  

15. D.V. Tsu, G. Lucovsky, B.N. Davidson, Phys. Rev. B,  1989, 40, 
1795.  

DOI:10.1103/PhysRevB.40.1795 

16. A.E. Jiminez-Gonzalez, J.E. Sota Urueta, R. Suanez Parra, J. 

Cryst.Growth, 1998, 192, 430. 

 
 
 
 
 

 

   

http://adsabs.harvard.edu/cgi-bin/nph-abs_connect?fforward=http://dx.doi.org/10.1016/j.nimb.2005.11.013
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JAPIAU000109000006064905000001&from_keyType=CVIPS&from_loc=AIP&to_j=JAPIAU&to_v=106&to_p=071101&to_loc=AIP&to_url=http%3A%2F%2Flink.aip.org%2Flink%2F%3FJAP%2F106%2F071101%2F1
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JAPIAU000109000006064905000001&from_keyType=CVIPS&from_loc=AIP&to_j=ZZZZZZ&to_v=142&to_p=570&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1103%2FPhysRev.142.570
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JAPIAU000109000006064905000001&from_keyType=CVIPS&from_loc=AIP&to_j=APPLAB&to_v=83&to_p=4631&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1063%2F1.1630849
http://link.aip.org/link/?&l_creator=getabs-normal1&l_dir=FWD&l_rel=CITES&from_key=JAPIAU000109000006064905000001&from_keyType=CVIPS&from_loc=AIP&to_j=APPLAB&to_v=83&to_p=4631&to_loc=DOI&to_url=http%3A%2F%2Fdx.doi.org%2F10.1063%2F1.1630849

