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ABSTRACT 

 
Zinc Oxide (ZnO) and Silicon Carbide (SiC) are 

prominent materials with large applicability such as 
optoelectronic nanodevices and for instance ultraviolet 
detectors. There is lack of important information about 
optical transitions beyond the indirect band gap energy 
(BGE) of 4H-SiC and even more for ZnO direct BGE 
grown on the former material. Using vapor-liquid-solid and 
the aqueous chemical growth methods we have grown ZnO 
nanorods on different substrates, such as quartz, n- and p-
type porous silicon, and n-type 4H-SiC. Scanning electron 
microscopy (SEM) was employed to compare sample 
morphologies. The absorption was calculated employing a 
projector augmented wave (PAW) method. The measured 
absorption of ZnO nanorods, on different substrates, is 
lower than that observed for ZnO films on quartz substrate, 
in the low energy spectral range. It is observed a strong 
effect of 4H-SiC substrates on ZnO nanorod properties. 
Experiment and theory show a good agreement when the 
shape of the optical absorption is considered for both 
materials. 
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1 INTRODUCTION 

 
ZnO is of great interest due to its broad range of 

technological application such as optoelectronic 
nanodevices, biosensors, cosmetic and medicine [1-4]. It 
presents low toxicity and good chemical stability. This 
great versatility of applications is possible mainly because 
preparation conditions enhance different properties, such as, 
insulation, conductor, semiconductor, photo- 
electrochemical, luminescent, piezoelectric. In this work we 
have used ZnO nanopillars grown on two-dimensional 
macroporous periodic structure substrates of n- and p-type 

Porous Silicon (PSi) and non-porous (flat) n- and p-type Si, 
and SiC [1].  

SiC, a binary covalent inorganic material, is a 
semiconductor with physical and chemical properties values 
that excel that of silicon. Chips based on SiC can support 
very high temperatures and radiation without being affected 
or without losing information [5,6]. 

Photoacoustic spectroscopy (PAS) has been used to 
determine the optical absorption [7,8] of the ZnO films. 
First-principles projector augmented wave (PAW) method 
within the local density approximation (LDA), improved by 
an on-site Coulomb self-interaction potential (LDA+U) was 
employed to calculate the ZnO films absorption [9,10,11]. 

The properties of the ZnO films can be enhanced or 
implemented by the substrate characteristics. In this work, 
the photoacoustic technique was used to verify the 
influence of substrates in the absorption spectra of thin 
films of ZnO and luminescence techniques were employed 
to monitor the film properties. 

 
2    EXPERIMENTAL PROCEDURES 
 

2.1 Sample Preparation 
 

Ordered arrays of trenches and holes in silicon 
substrates can be fabricated by either direct dry etching via 
masked substrates or by hydrofluoric (HF) acid based 
silicon electro-chemical etching. The later technique has the 
advantage of producing deep and uniform pattern of holes 
or pores that can be utilized to form two-dimensional (2D) 
and three-dimensional (3D) photonic crystals in silicon. 
Hence, we have utilized the fabrication techniques 
described in references [12, 13] to fabricate 2D pore arrays 
on top of p- and n-type silicon wafer. In brief, a standard 
photolithography followed by alkaline anisotropic etching 
has been used to define 2D pattern of inverted pyramids on 
top of silicon wafer. Electrochemical etching was 
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performed at room temperature in the dark for the p-type 
samples and under backside illumination for the n-type 
samples. 
A         B 

 
 
 
 
 

    (A1)     (A2)  (B1)           (B2) 
Fig.1 Scanning electron microscopy (SEM) images of p-PSi 
+ ZnO (A) and n-PSi + ZnO (B) sample. Samples A1 and 
B1 are porous Si substrate samples. Samples A2 and B2 are 
flat Si substrate samples. All samples are grown with the 
ACG method. 

 
ZnO nanopillars were grown on top of the silicon 

samples using an aqueous chemical growth method (ACG) 
and a vapor-liquid-solid method (VLS). There are several 
different chemical growth methods used to produce ZnO 
nanostructures. But the most common procedure is that 
described by Vayssieres et al. [14]. In this method zinc 
nitride (Zn(NO3)26H2O) was mixed with 
hexamethylenetetramine (HMT C6H12N4). The substrates 
were placed in the solution and they were thereafter heated 
to 90oC for 180 minutes, upon which rods are formed on the 
substrate. An equi-molar concentration of HMT and zinc 
nitride (25 mM) was used.  

In the VLS method, the ZnO powder was mixed with C 
powder using a 1:1 weight ratio. The mixture was loaded in 
a quartz boat and the Si substrate was mounted on top of 
the powder with a powder-substrate distance of 5 mm. The 
boat (with the ZnO:C powder and the Si substrate) was 
placed in the center of the furnace tube. Ar gas flow of 80 
sccm was introduced for 5 minutes to stabilize the 
environment. The samples were grown for 30 minutes at 
890oC.  

 
2.2 Characterization Methods 

 
PAS has been extensively used to determine the optical 

properties of semiconductor materials via energy transfer 
processes that results in heat generation [5,6]. The PAS 
consists in illuminating a given material with a modulated 
light beam and measuring the subsequent temperature 
fluctuation induced in the sample resulting from the light 
absorption, due to nonradiative de-excitation processes 
within the sample. The intermittent heat is transferred into 
the sealed gas chamber generating an acoustical signal that 
can be detected by a microphone. The light source of the 
PAS comprise of a high-pressure 1000W xenon arc lamp 
(Osram), modulated to 20 Hz by a chopper (HMS 
Elektronik, model 220A) and a scanning monochromator 
(Sciencentech, model 9010). The spectra were acquired in 
the spectral region from 350 nm to 700 nm, corresponding 
to energies from 3.54 eV to 1.77 eV. The light absorbed by 
the sample, which replaces the cell exit window (the ZnO 
film side was turned toward the cell cavity), produces a 

photoacoustic signal, which is detected by a microphone 
attached to the cell. This microphone is connected to a 
Lock-in amplifier (Stanford Research System, model 
SR530), which synchronizes the PA signal with the 
reference pulse from the chopper. Band-band pass optical 
filters were employed to eliminate the contribution form the 
second order of diffraction, for wavelength smaller than 
570 nm. The sample luminescence was excited at room 
with the unfocused 325 nm line of a HeCd laser. The 
uncorrected photoluminescence (PL) spectra were obtained 
with a fiber optical spectrometer, comprised of an UV 
extended linear array and a grating blazed at 350 nm, 
coupled to a near-UV transmitting inverted optical 
microscope. Real-color and single color optical images, 
acquired with different magnifications, were obtained with 
a near-UV CCD fitted with a wheel filter attached to one of 
the microscopes ports. Both the PL spectra and the 
luminescence images were excited with laser power density 
of about 10 mW/cm2.  
  

3    RESULTS 
 
To verify the influence of substrates on the optical 

properties of ZnO films, we carried out experiments on 
films deposited on n- and p-type non-Porous silicon (Si) 
and Porous Silicon (PSi), and on n-type 4H:SiC. Bulk ZnO 
wafer was measured to obtain references. This latter yielded 
an energy gap around Eg = 3.09 eV. The samples of silicon 
p-type (p-Si and p-PSi) and n-type Si (n-Si and n-PSi) show 
a broad band of absorption between 400 nm and 680 nm.  

 
 
 
 
 
 
 
 
 
 

Fig. 2 (a) RT PL spectrum of ZnO film deposited on 
4H:SiC substrate. The small peak at 383nm is assigned to 
the ZnO NBE emission. (b) RT PL spectrum of ZnO film 
grown on p-type porous Si.  

 
Photoluminescence spectra were acquired for most of 

the samples. Fig. 2a and 2b depict the PL spectra of films 
deposited on 4H-SiC and p-type porous Si, respectively. 
They are characterized by a dominant and broad emission 
band extending between 450 and 800 nm, with peak around 
575 nm. In addition, a weak peak is observed around 383 
nm, which is close to 379 nm, the near band edge emission 
(NBE) peak observed in high-quality bulk ZnO sample, 
measured under identical condition. The 575 nm broad 
emission band peaks at longer wavelength than that of the 
bulk ZnO at ~ 510 nm. The latter has been assigned to 
recombination process involving electrons trapped at a 
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single oxygen vacancy with photo-generated holes [15]. 
Additional experiments must be performed to obtain 
insights about that nature of the broad band, which may 
have more than one component. The observation of the 
NBE emission is consistent with the deposition of good 
quality ZnO films. The small strength of the peak may 
result from the low power excitation condition, which favor 
the long time recombination processes associated with the 
broad emission band. Measurements with different 
excitation conditions and temperature will be carried out. 

Calculations for optical absorption of ZnO were based 
on the density function theory within the LDA, employing 
the scalar-relativistic PAW method [9]. The LDA band-gap 
energy was corrected self-consistently with an on-site 
Coulomb potential within the LDA+U approach [9,10,11] 
with Ud(Zn) = 4 eV. The correction of the Zn d-states 
within LDA+U have been found [16] to significantly 
improve the Znd–Op hybridization at ~7 eV below the 
valence band maximum. The underestimate LDA+U band 
gap is corrected according to Ref. [16]. Moreover, we 
expect a downward band-gap shift by 0.1-0.2 eV due to 
temperature effects. 

In order to obtain the absorption coefficient we 
calculated first the dielectric functions ε(ω) = ε1(ω) + 
iε2(ω). The imaginary part of the dielectric function, ε2(ω), 
in the long wavelength limit, ε2(ω) = Im[ε(q = 0,ω)], has 
been obtained directly from the electronic structure, using 
the joint density-of-states and the optical matrix overlap: 
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where e is the electron charge, m its mass, Ω is the crystal 
volume and fkn is the Fermi distribution. Moreover,⎟knσ〉 is 
the crystal wave function corresponding to the nth 
eigenvalue ekn with crystal momentum k and spin σ. The 
summation over the irreducible Brillouin zone in Eq. (1) 
has been calculated using the tetrahedron interpolation with 
a k-mesh consisting of about 450 uniformly distributed k-
points. The real part of the dielectric function, ε1(ω), is 
obtained from ε2(ω) using the Kramers-Kronig relation 
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The absorption coefficient α(ω) is obtained from 
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The shape of the calculated LDA+U absorption 
spectrum of ZnO agree qualitatively well with measured 
spectrum 

Optical transition around 3.2eV was observed in most of 
the ZnO films deposited on those substrates. However, no 

absorption features were observed for n-PSi+ZnO, whose 
thickness of the film is smaller than 1µm.  

To determine the energy gap of these materials, we have 
used two methods [18,19]: Linear and Derivative. The first 
method, the relationship 21)()( gEhAhI −= νν

 
was used 

because the material has a direct optical transition. I is the 
intensity of the absorption, hν is a energy of photons and Eg 
is obtained by linear extrapolation of the best fit between 
(I(hv))2 and hv at the point where it meets the axis of the 
energy [19,20], as represented in Fig. 3. The latter method 
is the derivative from the experimental points that compose 
the absorption spectrum. This operation brings up the 
critical points of the spectrum corresponding to the peaks of 
the numerical derivative. A careful review of the position of 
each peak gives the energy of forbidden band. Note that, for 
this method the value of the energy is higher than 
determined by the Linear Method. 

 

 

 

 

 

 
 
 
 
 
 
 
 

 
Fig. 3 Photoacoustic absorption spectra of the samples 

ZnO, n-Si+ZnO, n-PSi+ZnO, p-Si+ZnO, p-PSi+ZnO and 
4H:SiC+ZnO, and the theoretical model (DFT) [17] result 
for zinc oxide film absorption.  

 
Note that, the energy gap values obtained from the 

Linear and Derivative theoretical methods (Table 1) and the 
experimental data (Eg = 3.09 eV) differ in less than 1%. 
Also, note that the measured value of 3.17 eV for the 
energy gap of the 4H:SiC+ZnO sample is close to that of 
4H-SiC proposed by Astrath et al. [21], i.e., about 3.2 eV. 
This may be expected for a thin ZnO film, deposited on 4H-
SiC, an indirect band gap material, with the direct band gap 
near 6.0 eV. The results using the photoacoustic technique 
are compatible with those reported in the specialized 
literature. 

For n-type PSi, no enhancement around the Eg of ZnO 
was observed. Probably due to the columnar like formation 
of the ZnO film on the n-type PSi substrate, differently 
from p-type Psi that has a thin sponge-like morphology 
continuous film. [22] 
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 Linear 
Method 

Derivative 
Method Discrepancy 

Theory ZnO 3.16 eV 3.15 eV 0.31% 
Experiment 

ZnO 3.09 eV 3.14 eV 1.6% 

Experiment 
N-Si+ZnO 3.21eV 3.27eV 1.8% 

Experiment 
P-Si+ZnO 3.21 eV 3.28 eV 2.1% 

Experiment 
P-PSi+ZnO 3.09 eV 3.24 eV 4.6% 

Experiment 
4H:SiC+ZnO 3.17 eV 3.30 eV 4.0% 

 
Table 1: Comparison between the Linear and Derivative 

Method for determination of energy gap.  
 

4  CONCLUSION 
ZnO nanopillars were successfully grown using both the 

ACG and VLS method on n- and p-type plane and porous 
Si. PL results indicate that ZnO films were deposited on 
these substrates. The optical absorption measured from all 
samples, using Photoacoustic spectroscopy, was compared 
with a bulk ZnO wafer and the calculated absorption. The 
calculations were preformed within the PAW method using 
the local density approximation improved by an on-site 
Coulomb self-interaction potential. 

The theoretical results show good agreement with 
experimental data. It was not possible to observe the optical 
transition assigned to the ZnO film deposited on the n-
PSi+ZnO substrate, because its small thickness. Extremely 
high frequency modulation experiments are required to 
probe very thin films. The value of the energy gap of the 
samples n-Si+ZnO and p-Si+ZnO, obtained by the 
photoacoustic technique, shifted to the ultra-violet spectral 
region as compared with the theoretical and experimental 
data of ZnO. Additional experiments are planned to 
investigate the mechanism associated with this shift. 
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