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In this paper, we will present our recent research on the growth and charac-
terization of some Si-based heterostructures for optical and photonic devices.
The heterostructures to be discussed are ZnO nanorods on Si, SiO2, and other
substrates such as SiN and sapphire. We will also consider strained
Si1�xGex/Si heterostructures for Si optoelectronics. The performance and
functionality extension of Si technology for photonic applications due to the
development of such heterostructures will be presented. We will focus on the
results of structural and optical characterization in relation to device proper-
ties. The structural characterization includes x-ray diffraction for assessment
of the crystallinity and stress in the films and secondary ion mass spectrome-
try for chemical analysis. The optical properties and electronic structure were
investigated by using photoluminescence. The device application of these thin
film structures includes detectors, lasers, and light emitting devices. Some
of the Si-based heterostructures to be presented include devices emitting and
detecting up to the blue-green and violet wave lengths.

Key words: ZnO nanorods, ZnO wires, Si-based, heterostructures, SiGe

Journal of ELECTRONIC MATERIALS, Vol. 34, No. 5, 2005 Special Issue Paper

515

(Received May 17, 2004; accepted December 31, 2004)

INTRODUCTION

The main drawback of Si is its indirect bandgap,
which seriously limits its use for optoelectronic
circuits. Due to the fact that Si dominates the micro-
electronics industry, it has been a goal to achieve
monolithic integrated Si-based circuits that include
optoelectronic components. To overcome this and by
using pure Si, some suggestions have been made in
the literature. Among them are the use of porous Si,1
Si nanoparticles embedded into SiO2 matrix by ion
implantation,2 using Si clusters embedded into
SiO2,3 and the use of active impurities such as
erbium to achieve efficient luminescence in Si.4
However, the attempts of the use of pure Si gave
limited success and it is far from being commercial-
ized. Only limited success of using pure Si was
achieved. An example of this is mainly in two types
of devices, waveguides and detectors. The first is
the successful demonstration of Schottky barrier
detectors for wavelengths below 5.5 µm.5,6 However,
due to its bandgap of 1.12 eV, pure Si-based devices
cannot yield high efficiency and wide bandwidth in

the infrared range of wavelengths. The second is to
utilize Si-based circuits for waveguides, mainly by
using the silicon on insulator (SOI) technology, in
which the light confinement is achieved by total
internal reflection via the large refractive index
change at the Si-SiO2 and Si-air interfaces. Techno-
logically, today, there are many mature processes to
fabricate SOI with smooth interface. Nevertheless,
the use of semiconductor heterostructure engineer-
ing has the promise and success to extend the
functionality of Si-based device structures to
monolithic optoelectronic circuits.

Zinc oxide is a direct bandgap wurtzite-type
semiconductor with an energy gap of 3.37 eV at room
temperature. Due to its large bandgap, ZnO is an
excellent semiconductor material for applications
considered for other wide bandgap materials such
as GaN and SiC. In addition to this, due to the
extreme large exciton binding energy (about 60 meV),
the excitons in ZnO are thermally stable at room
temperature, and thus, ZnO has significant advan-
tages in optoelectronic applications such as in the
ultraviolet (UV) lasing media. Optically pumped
stimulated emission has been demonstrated recently
in ZnO nanowires7 and ZnO films.8,9 Due the low



symmetry of ZnO crystal, three free exciton (FE)
transitions can be observed in high-quality ZnO
materials. Figure 1 shows a typical reflectance spec-
trum of bulk single-crystal ZnO, measured at 80 K.
The exciton transitions are labeled as FEA, FEB, and
FEC. A number of investigations on the fabrication
of ZnO nanowires have been reported in the litera-
ture.10–15 The traditional problem in ZnO is to obtain
p-type conductivity. Recent studies also indicate sig-
nificant progress in the growth and understanding
of p-type ZnO layers.16–22 These successes suggest
the potential of ZnO for applications in electronic
and optoelectronic devices in the near future. One-
dimensional materials such as ZnO nanowires are
of interest due to their importance in basic scientific
research and potential technological applications.23

The ZnO nanowires have potential for applications
in laser devices due to their desirable optical proper-
ties. Therefore, a detailed understanding of ZnO
wires and the influence of impurities on their proper-
ties are important. It may be worth noting that
ZnO nanorods as well as thin films can be grown or
deposited on various substrates including Si.

Pseudomorphic-strained Si1�xGex/Si was intro-
duced as a heterostructure by using low-temperature
epitaxy.24,25 The introduction of strained Si1�xGex/Si
as well as relaxed Si1�xGex/Si heterostructure (with
high Ge fraction) systems has led to new horizons for
Si technology. A recently published book contains
extensive and updated information on Si1�xGex tech-
nology.26 Many types of optical detectors have been
made possible by the use of this technology. These
detectors have either an increase in the detection
limit compared to those employing pure Si or they
are based on new device concepts that were not
possible to achieve by using pure Si.

A summary of the most important types of Si1�xGex
detectors is presented here. In addition, we report

our recent investigation of the UV emission from ZnO
nanowires, grown on sapphire and Si substrates, by
using optical spectroscopy in the temperature range
of 80–300 K. We find that the room-temperature UV
emission from the ZnO wires in our samples contains
two different transitions. We then discuss and review
some of the important aspects of using strained
Si1�xGex/Si heterostructures for optical applications.

GROWTH OF ZnO NANORODS

The ZnO nanorods were synthesized by a vapor-
phase transport process using Au nanoparticles as
catalyst.27 In the growth procedure, thin films of Au
were deposited on a substrate (1–2 nm), which was
then placed in a close vicinity of a mixture of ZnO
and graphite powder in a tube furnace. The furnace
was heated to about 900°C for 30 min and was then
cooled to room temperature in the flow of argon. In
this process, ZnO was reduced by carbon; simultane-
ously, Au film dewetted the substrate and formed
nanoclusters. When Zn atoms condensed on Au
clusters, Zn formed an alloy with Au temporally and
rendered AuZn in a liquid form. Under the catalysis
of Au, Zn is oxidized to form ZnO with the Au clus-
ters being elevated on top of the ZnO. Since the lat-
eral growth of ZnO was limited by the size of the Au
cluster, thin rods would result as time passed by. The
pronounced growth direction was �0001�. The ori-
entation of the rods with respect to the surface of the
substrate was determined by the orientation rela-
tionship of the ZnO�0001� and the crystallographic
orientation of the substrate.

In this work, oxidized Si(001), Si(111), sapphire
(0001) and (1 1 -2 0), and amorphous SiN membrane
were used as substrates for the ZnO nanorod growth.
The choice of the Si substrates is made with the in-
tention of integrating the ZnO nanorods with silicon
technology. The choice of the sapphire substrate is
based on the consideration of obtaining vertical
growth of the nanorods. The choice of SiN membrane
is made in order to use transmission electron mi-
croscopy (TEM) to study the structural properties
of individual rods on the substrate. Scanning elec-
tron microscopy (SEM) was performed on the ZnO
nanorods grown on these substrates. X-ray diffraction
of the nanorods on sapphire substrates was per-
formed to determine the physical structure. Figure 2
shows the SEM micrographs of the nanorods grown
on patterned sapphire (1 1 -2 0) surface. A signature
of the basal plane of the wurtzite structure can be ob-
served in these micrographs. The dark spots on top of
the rods are the Au nanoclusters. The average diame-
ter of the rods is about 100 nm and the average length
is about 10 µm. Figure 3 shows the x-ray diffraction
spectrum of the ZnO nanorods on sapphire (11-20)
substrate. The rods are predominantly c-axis oriented
on the substrate, as seen from the strong peaks of
ZnO �000L� and sapphire �110�. Figure 4 shows
the morphology of the nanorods grown on SiN. The
insert shows a selected area diffraction pattern with
regular spots from a single ZnO nanorod, indicating
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Fig. 1. ZnO reflectivity versus photon wavelength in the exciton
region for E perpendicular to the c-axis, measured at 80 K.



single-crystal structure. Other rods appear with dif-
ferent lengths due to different position and tilt during
TEM imaging. Photoluminescence spectra of the
nanorods were acquired, which reproduced most of
the features of the spectra reported in the work of
Huang et al.27 The exception was the lack of appear-
ance of the sharp peaks due to the low power density
of our laser. Beyond what they have reported,27 some
of our samples showed strong white-blue emission as
witnessed by the naked eye and signified by a broad
continuous single peak starting at 4,000 Å and end-
ing at 6,500Å, with the maximum peak height located
at about 4,800 Å. The details of photoluminescence
(PL) are discussed below in more detail.

OPTICAL CHARACTERIZATION OF ZnO

The ZnO nanowires used in the optical characteri-
zation were grown on both sapphire and Si substrates

with a vapor phase transport process, as discussed
above. The diameter of the wires can be tuned by
controlling the size of the Au particles, whereas the
length of the wires can be controlled by the growth
time. Figure 2 shows a typical SEM picture of such

Some Silicon-Based Heterostructures for Optical Applications 517

Fig. 2. SEM images of c-axis-oriented ZnO nanowires grown on patterned sapphire (1 1 -2 0) substrate: (a) a top view and (b) a closer view.

a b

Fig. 3. X-ray diffraction of the ZnO nanorods grown on sapphire
(1 1 -2 0); a theta-2theta scan.

Fig. 4. TEM (a closer look at the individual rods) insert showing the
selected area diffraction pattern indicating single-crystal ZnO
nanorods; the Au particle is seen on top of the rod.



ZnO wires investigated in this work. The wires were
single crystals, as confirmed by analyzing the x-ray
data and by comparison with the results of single-
crystal ZnO wires from the literature.11,13 The aver-
age diameter of the wires is about 100 nm and the
length is about 5–10 µm. Due to the relatively large
diameter of ZnO wires presented here, the quantum
confinement effect was not visible in the PL spectra.

The PL measurements were carried out in the
temperature range of 80–300 K. A double grating
monochromator and a photomultiplier detector were
used to disperse and detect the ZnO emission. The
laser lines with a wavelength of 270 nm or 350 nm
from an Ar� laser were used as the excitation
sources.

Figure 5 shows the PL spectra of ZnO wires grown
on sapphire and Si substrates at a temperature of 80
K. The dominant transitions are the free exciton
(FEA) related to an impurity bound exciton (BE) that
is likely due to donor bound excitons and a further
intense transition labeled as EVI. By carefully exam-
ining the wavelength range longer than the EVI tran-
sition, we observed the LO-phonon replicas of the EVI
transition with up to three LO phonons involved. In
the PL spectrum shown in Fig. 5, only the first LO-
phonon replica is clearly visible due to the large
intensity scale. The energy separation between the
FEA and EVI is about 60 meV at the temperature of
80 K, and this energy separation decreases with
increasing temperature. The ZnO wires grown on
sapphire and Si substrates show a similar spectrum,
except that the FEA is relatively stronger in the
sample grown on Si substrates, which indicates that
the background doping concentration is relatively
low. From the PL spectra measured at different
excitation power, we can state that at the excitation
power used here, none of the observed transitions are
related to inelastic exciton-exciton scattering.7,28–30

The temperature dependence of the PL spectrum
from the ZnO wires grown on a sapphire substrate
has been measured and is shown in Fig. 6 in the tem-
perature range from 80 K to 295 K. It clearly shows
that the sharp transitions at low temperature de-
velop into a broad band, which is typically observed
in ZnO wires and ZnO films.7,10–15 The PL intensity
of both the BE and EVI transitions decreases with in-
creasing temperature, and the transition energy of
the BE shows a red shift. Finally, at temperatures
around 200 K, the FEA transition becomes dominant.
The red shift of the BE transition is due to the
decrease of the ZnO bandgap with increasing
temperature. However, the transition EVI shows a
different behavior. The transition energy of the EVI is
almost unchanged or only slightly red shifted for
temperatures up to 150 K. The EVI transition then
becomes part of the broad emission band as the tem-
perature is increased to room temperature. This can
be seen from the line shape of the PL spectra and
from the existence of its LO-phonon replica. Further-
more, the contribution of the EVI transition can be
seen in the line shape change of the PL peak at
different excitation power. Figure 7 shows the PL
spectra measured at room temperature under differ-
ent excitation powers. The ZnO emission shows a
relatively strong red shift with increasing power for
the sample on the sapphire substrate in comparison
with the ZnO wire sample grown on the Si substrate,
due to the different relative strength of the EVI con-
tribution. The FEA transition is stronger in the ZnO
wires grown on the Si substrate than in the ZnO
wires grown on the sapphire substrate. This is also
observed in the low-temperature PL spectra. From
Figure 6, we can see that the wavelength of the UV
emission at room temperature from these ZnO wires
at low excitation power is about 378 nm with a
full-width at half-maximum (FWHM) of 11 nm. This
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Fig. 5. PL spectra from ZnO wires grown on sapphire and Si sub-
strates, measured at 80 K.

Fig. 6. Temperature dependence of PL spectra from ZnO wires
grown on sapphire substrate, measured with excitation wavelength
of 350 nm and excitation power of 25 mW.



indicates that high-quality ZnO wires have been
achieved both on Si and sapphire substrates. We note
that an emission wavelength of 382 nm with FWHM
of 17 nm has been reported earlier in the literature.7

The PL spectra for a wide energy range are shown
in Fig. 8 at room temperature. In addition to the
exciton transition, a broad emission band (white
color) appears in the PL spectra. The intensity of the
broad emission depends on the growth conditions,
as shown in the figure. By choosing proper growth
conditions, the intensity of this broad band emission
can be manipulated. Therefore, white light emitting
diodes can be realized using two methods, one

is from the broad emission band and the other is
by using excitation of UV exciton emission to
excite the white fluoresce materials. Such a device
investigation is in progress.

STRAINED Si1�XGeX/Si FOR
OPTOELECTRONICS

PtSi/p-Si Schottky-based contacts have been used
commercially as the most mature technology for
video cameras imaging at a wavelength below 5.5
µm.5 The cutoff wavelength of these detectors is de-
fined by the Schottky barrier height. To extend this
cutoff wavelength, a barrier height lower than that
of PtSi/p-Si is needed. Si1�xGex/Si with a reduced
bandgap, and especially with most of the band offset
lying in the valence band, will easily allow a lower
barrier height and consequently extend the cutoff
wavelength to 12 µm. Indeed, many reports have
demonstrated metal/strained-Si1�xGex Schottky de-
tectors operating in the infrared range of wave-
lengths.31–33 In fact, by using a simple metal and the
appropriate Ge fraction in the strained-Si1�xGex
layer, a barrier height as low as 100 meV can be
achieved. Such a barrier will be enough to extend
the wavelength to 12-µm infrared radiation. In
addition, by using a thin layer of strained-Si1�xGex
for the fabrication of the detector with the band off-
sets at the Si1�xGex/Si heterojunction lying in the
depletion layer, a bias-dependent detector can be
demonstrated. Here, the barrier height is tuned by
the applied biasing voltage. This will introduce a
variable wavelength detector.

Another category of detectors is the heterojunction
internal photoemission (HIP) infrared detectors.34,35

In an HIP detector, a degenerately heavily doped
p-type strained-Si1�xGex layer will be grown on a
p-type Si substrate. By degenerately doping the
Si1�xGex layers, a strong infrared absorption can be
achieved through free carrier absorption and inter-
band transitions. Usually, a doping in excess of 1020

cm�3 and Ge fraction between x � 0.2–0.4 are
needed. The third category of infrared detectors
is the strained-Si1�xGex/Si quantum well (QW)
infrared detectors.36,37 The mechanism of operation
is based on infrared absorption via intervalence
sub-band transition of holes in a QW. Usually, in
Si1�xGex/Si QW infrared detectors, a series of n-type
periods of high-quality Si barriers and p-type
strained-Si1�xGex wells are grown on high-resistance
Si substrates, with the entire structure sandwiched
between two thick p-type highly doped Si layers
for electrical contacts. The design of these types of
detectors should carefully consider the thickness and
the Ge fraction in the strained-Si1�xGex well. These
parameters should be chosen in a way to obtain a
structure with a single bound state and an excited
state close to the Si barrier. It is important to note
that the absorption of these strained Si1�xGex/Si QW
infrared detectors is polarization dependent. The
absorption is reduced if the angle of the incident
beam is increased. This is due to the decrease of the
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Fig. 7. PL spectra and reflectance spectrum from ZnO wires grown
on (a) sapphire substrate and (b) Si substrate, measured at room
temperature with three different excitation powers.

Fig. 8. PL spectra and reflectance spectrum from the ZnO wires
grown on sapphire substrate at two growth conditions.



electric field in the QW. A schematic energy band
diagram of the three above-mentioned detectors is
shown in Fig. 9. Relaxed Si1�xGex layers are emerg-
ing as candidates to grow high-quality intrinsic
Ge thin layers on Si substrates. This is also of
technological interest in order to integrate Ge thin
layer detectors on Si substrates.

SUMMARY

In summary, high-quality ZnO wires have been
grown on Si, SiN, and sapphire substrates. A strong
UV emission at a wavelength of 378 nm with FWHM
of 11 nm is observed at room temperature. We point
out that, due to the relatively large diameter of ZnO
wires, the emissions observed in this work are bulk
ZnO properties. In order to observe the quantization
effect, the diameter of ZnO wires has to be decreased
to about tenth nanometers, as illustrated in the ZnO
film reported in Ref. 38, in which the bandgap of
ZnO depends on the grain size. A brief discussion of
the strained and relaxed-Si1�xGex for optoelectronic
applications in Si technology is presented. The intro-
duction of strained as well as relaxed-Si1�xGex tech-
nology has led to optoelectronic applications of Si
monolithic circuits by introducing various types of
easily fabricated infrared detectors that were not
achievable using pure Si.
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