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In this study, we fabricated nanocone-presenting SiGe antireflection layers using only ultrahigh-vacuum
chemical vapor deposition. In situ thermal annealing was adopted to cause SiGe clustering, yielding a
characteristic nanocone array on the SiGe surface. Atomic force microscopy indicated that the SiGe
nanocones had uniform height and distribution. Spectrophotometric measurements revealed that annealing
at 900 °C yielded SiGe thin films possessing superior antireflective properties relative to those of the as-
grown SiGe sample. We attribute this decrease in reflectance to the presence of the nanostructured cones.
Prior to heat treatment, the mean reflectance of ultraviolet rays (wavelengthb400 nm) of the SiGe thin film
was ca. 61.7%; it reduced significantly to less than 28.5% when the SiGe thin film was annealed at 900 °C.
Thus, the drop in reflectance of the SiGe thin film after thermal treatment exceeded 33%.
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1. Introduction

SiGe thin films have attracted considerable attention because of
their high electron and hole mobilities [1–3]. The preparation of these
films is compatible with Si-based technologies, which have been used
to fabricate high-performance optoelectronic SiGe devices, such as
optical modulators [4] and field effect transistors [5]. Although SiGe
thin films also have potential as components of highly efficient solar
cells [6,7], reflection loss, which occurs when the cell surface reflects
much of the incident light, is a serious issue that severely reduces their
efficiency. Thus, an effective approach for the fabrication of antire-
flective thin films is required if we are to manufacture high-efficiency
solar cells and optoelectronic devices.

Many methods have been developed for manufacturing SiGe thin
films featuring antireflective patterns. For instance, Brammer et al. [8],
and Forniés et al. [9] obtained thin films with antireflective patterns
by wet etching using hydrochloric acid and nitric acid, respectively.
Nositschka et al. [10] used reactive ion etching to producemulticrystal-
line Si displaying an antireflective pattern on a solar cell. Hattori [11]
introduced polymer particles to cause destructive interference and,
thereby, reduce reflectance. Nevertheless, such schemes suffer either
from chemical contamination or the need for an excessive fabrication
period.
In this study, we fabricated nanocone-presenting SiGe antire-
flective thin films using in situ thermal annealing. This approach has
several significant advantages. First, contamination of the SiGe thin
films is entirely prevented because the films do not come into contact
with any impurities during the fabrication and annealing processes;
therefore, accurate data on the films can be obtained (e.g., variations
in structural properties following thermal treatment). Second, heat
treatment is a simple procedure that takes only a small fraction of the
fabrication time required for batch-produced devices. Finally, thermal
annealing is fully compatible with Si-based technologies. Nanocone
SiGe thin films themselves have several attractive features that
make them suitable for numerous applications. For example, they
have ultraviolet (UV)-antireflective properties, which can increase the
efficiency of SiGe-based solar cells. In this study, we used transmission
electron microscopy (TEM), high-resolution X-ray diffraction
(HRXRD), atomic force microscopy (AFM), and spectrophotometry
to measure the properties of SiGe thin films. We found that the mean
reflectance of the SiGe thin films for UV rays reduced from 61.7 to
28.5% after annealing at 900 °C.

2. Experimental details

SiGe epitaxial thin films were grown onto 6-inch p-type Si (100) in
an ultrahigh-vacuum chemical vapor deposition (UHVCVD) system
(ANELVA SRE-612, Japan) [12,13]. The Si wafers had undergone
standard cleaning according to the guidelines of the Radio Corporation
of America (RCA) [14]; they were dipped in dilute hydrofluoric acid to
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Fig. 2. (a) Cross-sectional TEM image of the as-grown SiGe/Si (100) heterostructure.
(b) High-resolution TEM image and (inset) diffraction pattern of the as-deposited SiGe
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passivate their surfaces. As a result, when the wafers were transported
through air and introduced into the loadlock chamber of the UHVCVD
system, their surfaces remained cleaned [15]. As soon as the system
temperature was increased to 550 °C, and the deposition chamber was
pumped to 1.6×10−7 Pa using a turbo molecular pump, the wafers
were transferred directly to the deposition chamber from the loadlock
chamber. The inlet gaseswere amixture of Si2H4 at a flow rate of 1 sccm
andGeH4 at aflowrateof 7 sccm. SiGe epitaxial thinfilmswere grownat
a total growth rate of 8.04 nm/min. Following the growth of the thin
film, in situ thermal annealingwasperformed at 700, 800, and 900 °C for
15 min in the UHVCVD chamber.

Cross-sectional TEM images of thin films were obtained using a
transmission electron microscope (JEOL JEM-2010F, Japan) with an
operatingvoltage of 200 kV; the compositionsof thinfilmswereverified
using energy-dispersive X-ray spectroscopy (EDS). HRXRD (PANalytical
X'Pert Pro, Singapore)withCuKα radiation (λ=0.154 nm)was applied
to determine the phase formation and the crystallographic structure of
all samples. A hybrid monochromator and a triple-axis X-ray diffrac-
tometer were adopted in a high-resolution Gonio scan (θ–2θ) and in
high-resolution reciprocal space mapping (HRRSM) to observe the
structural features of the SiGe thin films. Tapping-mode AFM (Veeco
Dimension 5000, USA) was used to image the surface morphologies of
the SiGe thin films at a constant frequency of 1.0 Hz. The reflectivity of
the SiGe epilayers was measured using a spectrophotometer (Jasco V-
670, Japan) and unpolarized light of wavelengths ranging from 200 to
800 nm. To obtain precise information on the optical properties of the
nanopatterned SiGe thin films, an integrating sphere was applied in
the spectrophotometer to determine the total reflectance; theory of
integrating sphereswaswell presentedby Jacquez et al. [16]. The optical
configuration of the spectrophotometer is presented in Fig. 1, where D
represents the light source of wavelengths in the range 200–700 nm;W
is the light sources of wavelengths of greater than 700 nm; S is the slit;
and G is the grating. The sample is set in close proximity to the
integrating sphere, and thedetector that is part of the integrating sphere
assembly is utilized to detect the optical reflectance.
thin film.
3. Results and discussion

Fig. 2(a) presents a cross-sectional TEM image of the as-deposited
SiGe epitaxial thin film. The SiGe layer was 102 nm thick with a Si
(100) orientation. The EDS analysis revealed that the thin film was
composed of Si and Ge elements. The Ge content of the SiGe epilayers
was ca. 25% prior to annealing. The high-resolution TEM image of the
as-grown SiGe epitaxial thin film indicates that it had a highly
textured structure, produced by the UHVCVD system. The diffraction
pattern from within the SiGe thin film prior to annealing (inset to
Fig. 1. Schematic representation of the optical configuration in the spectrophotometer.
Fig. 2(b)) reveals that the incident electron beam formed the brightest
spot near the center, which is in the (110) crystallographic direction.

We used HRXRD analysis to characterize the crystallographic
structure of the SiGe thin film. Fig. 3 displays the XRD curves of the
(0 0 4) reflections from SiGe thin films that had been annealed at
various annealing temperatures. The curve of the as-grown film had
two sharp peaks: one at 69.12°was from the Si substrate and the other
Fig. 3. XRD curves of SiGe thin films prepared at various annealing temperatures.



Fig. 4. Two-dimensional AFM image of the SiGe thin film that had been annealed at
900 °C.
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at 67.92° represented the SiGe film. The SiGe signal of the film that
had been annealed at 700 °C was slightly shifted to the higher angle;
annealing at 900 °C shifted the SiGe peak further to 68.10°. This
change in the SiGe peak position proves that the film underwent
strain relaxation during thermal annealing [17]. Moreover, the sharp
peak for the SiGe sample disappeared gradually upon increasing the
thermal annealing temperature as a result of the interface broadening
due to the interdiffusion between the thin film and the Si substrate.
That is to say, the interface changed during high-temperature thermal
annealing [18]. Based on HRRSM analyses, the as-grown SiGe sample
was fully strained, and the relaxed degree of sample that had been
annealed at 900 °C was 36.1%.
Fig. 5. Bearing analyses of the SiGe thin films (a) before and (
We used AFM to measure the surface morphology of the SiGe thin
film. Fig. 4 displays the surface morphology of the SiGe film (two-
dimensional AFM image) that had been annealed at 900 °C. The
uniformly distributed nanostructures are clearly visible on the SiGe
surface. We attribute the structural deformation to the fact that the
lattice mismatch between Si and SiGe produced a misfit dislocation
network at the interface between the SiGe epilayer and the Si substrate
[19]. Thermal annealing introduced the misfit dislocation network into
the SiGe layer, causing structural deformation in the thin film. Because
all the individual cells in the network had similar geometries and were
aligned perpendicular to the adjacent ones, the nanocones had similar
geometries and lay perpendicular on the SiGe surface. Moreover, the
nanoconeswere separated by grooves in the (100) and (010) directions
as a result of the thin film having been deposited on the Si (100)
substrate. Hence, the nanocone topography of the SiGe surface was
obtained after thermal annealing at 900 °C; the root mean square (rms)
roughness of this film was ca. 15.5 nm. The type of roughness observed
in this study differed from that obtained in previous studies [20–23].
Notably, the as-grown SiGe samples in Refs. [20–23] were partially
strain-relaxed because their thickness exceeded the critical value,
causing a crosshatched appearance of their surfaces. In our present
study, the as-grown SiGe layer was fully strained and the dislocation
network was introduced into the thin film through thermal annealing;
therefore, the type of roughness differed from that reported previously.

We employed AFM bearing analysis to evaluate the height
distribution of the nanostructures on the SiGe thin film. Fig. 5 displays
the bearing analysis of the SiGe thin film. In this investigation, we
measured 20×20 µm2 areas of the SiGefilms that had beenprocessed at
different annealing temperatures. Fig. 5(a) presents the bearing analysis
of the SiGe film prior to annealing. The convex structures on the film
surface are rare; this film was essentially flat. Fig. 5(b) presents the
bearing analysis of the SiGe film after annealing at 700 °C; only a few
convex structures appear on the surface. Fig. 5(c) and (d) displays the
bearing analyses of the SiGe films after annealing at 800 and 900 °C,
b–d) after annealing at (b) 700, (c) 800, and (d) 900 °C.



Fig. 6. Reflectance curves of the SiGe samples before and after annealing at 700, 800,
and 900 °C.
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respectively; the latter presented nanostructures on the SiGe surface
that had the greatest height among all of the fabricated SiGe samples.

Figs. 4 and 5 reveal that the SiGe nanocones were of uniform
height andwere distributed uniformly after annealing at 900 °C. Shieh
et al. [24] reported a pyramidal array having antireflective properties,
which were exploited in several applications. For instance, an
antireflective layer not only increased the efficiency of solar cells,
but also reduced the number of ghost images, which can greatly limit
the accuracy of micro sun sensors [25]. In this study, wemeasured the
reflectance of the SiGe thin films using a spectrophotometer analyzer.
Fig. 6 displays the reflectance curves, at wavelengths ranging from
200 to 800 nm, of the SiGe thin films, before heat treatment and after
annealing at 700, 800, and 900 °C. Prior to thermal treatment, the
mean reflectance was as high as 61.7% for UV rays of less than 400 nm.
The reflectance curve of the as-grown SiGe thin film was almost
entirely coincident with the reflectance curve of the SiGe thin film
that had been annealed at 700 °C, because the very smooth surface
morphologies of these two thin films were similar (low roughness
values of 0.3 and 0.6 nm, respectively). The reflectance of the thin film
that had been annealed at 800 °C was reduced slightly. Although the
surface of the thin film featured nanostructures after annealing at
800 °C, as shown in Fig. 5(c), these nanostructures lacked sufficient
height to have any effect on the reflectance, which remained as high
as 57.9% at wavelengths from 200 to 400 nm. Following annealing
at 900 °C, the reflectance was ca. 28.5% for incident light having
wavelengths of less than 400 nm—i.e., more than 33% lower than
the reflectance of the as-grown SiGe thin film for UV rays. Thus, the
nanostructures effectively reduced the reflective losses and promoted
the trapping of UV rays. Interestingly, the layer of SiGe nanocones
was very thin (102 nm), making it suitable for use in the manufac-
turing of optoelectronic devices.

When Nishimoto and Namga [26] applied a wet etching of a
monocrystalline Si wafer with Na2CO3 (15 wt.%) and NaOH (25 g) for
10 min at 95 °C, they obtained a reflectance for the texture-etched Si
substrate of 35.7% in the wavelength range 400–1100 nm. Minemoto
et al. [27] employed a coating method to obtain a CdS/glass substrate
exhibiting a reflectance of ca. 25% for wavelengths less than 1200 nm.
Lee et al. [25] used RIE to fabricate a Si nanotips antireflection surface,
the reflectance of whichwas ca. 8.0% at the target wavelength of 1 µm.
In our present study, the average reflectance in the wavelength range
from 200 to 800 nm was 33.5%.

4. Conclusion

We have used UHVCVD and in situ thermal annealing to fabricate
nanocone-presenting SiGe antireflective thin films as a result of SiGe
clustering on SiGe surfaces. The mean reflectance of the as-grown SiGe
film toward UV rays was as high as 61.7%. The mean reflectance of the
film that had been annealed at 900 °C had decreased to 28.5% as a result
of the presence of the nanocone array on its surface. Thus, the
nanostructures had antireflective properties superior to those of the
as-grown sample; i.e., thenanocone array on the SiGe surface effectively
reduced reflection losses and enhanced light trapping.
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