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Effects of rapid thermal annealing on the morphology and optical
property of ultrathin InSb film deposited on SiO,/Si substrate*
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Ultrathin InSb films on SiO,/Si substrates are prepared by radio frequency (RF) magnetron sputtering and rapid
thermal annealing (RTA) at 300, 400, and 500 °C, respectively. X-ray diffraction (XRD) indicates that InSb film treated
by RTA at 500 °C, which is higher than its melting temperature (about 485 °C), shows a monocrystalline-like feature. A
high-resolution transmission electron microscopy (HRTEM) micrograph shows that melt recrystallization of InSb film on
Si0,/Si (111) substrate is along the (111) planes. The transmittances of InSb films decrease and the optical band gaps
redshift from 0.24 eV to 0.19 eV with annealing temperature increasing from 300 °C to 500 °C, which is indicated by
Fourier transform infrared spectroscopy (FTIR) measurement. The observed changes demonstrate that RTA is a viable
technique for improving characteristics of InSb films, especially the melt-recrystallized film treated by RTA at 500 °C.
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1. Introduction

Moore’s law has predicted that the number of transistors,
which are placed inexpensively on an integrated circuit, dou-
bles approximately every two years. This trend is expected to
be maintained until at least 2020. Nowadays the 65-nm tech-
nology node of the most advanced microprocessors in produc-
tion has a transistor gate length of 35 nm, which is likely to
be 22 nm in 2016.[1?! Over the past several years, the inherent
scaling limitations of electron devices bring many technical
challenges from the traditional work mode, i.e. material and
basic device physics, therefore researchers should promptly
overcome or improve some of these challenges with various
research breakthroughs. Ultrathin III-V compound semicon-
ductor film growth on Si-based substrate has attracted signif-
icant attention because of the combination of the high mo-
bility of III-V semiconductors and the well-established, low-
cost processing of Si technology. In parallel with silicon-
on-insulator (SOI) technology, XOI was used to represent
the compound semiconductor-on-insulator platform.>- InSb
has the smallest effective mass, the narrowest band gap, and
the highest intrinsic electron mobility of III-V semiconduc-
tors. Solid-phase crystallization using low-temperature fur-
nace annealing (FA) requires very long annealing time and
hence suffers from a substantial tradeoff between performance
and throughput. This problem can be solved by using the
rapid thermal annealing (RTA) technique.”! In the state-of-
the-art RTA processing an infrared lamp-based programmable
computer-controlled system is utilized. Benefits of RTA pro-
cessing include a reduction of the energy or thermal budget, a
shorter processing time, and the ability to precisely control the
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temperature profile that the device sees.

In this paper, ultrathin InSb films are grown on SiO,/Si
(111) substrates using RF magnetron sputtering and then solid-
phase recrystallization by RTA treatment at different temper-
atures. The remainder of this paper is organized as follows.
To begin, we describe the detailed deposition process of 35-
nm InSb film on SiO,/Si (111) substrate. Then the morphol-
ogy, structures, and optical properties of ultrathin InSb films
on SiO,/Si are presented. Finally, we conclude that with the
increase of annealing temperature, the InSb film crystalline
quality becomes better. The transmittance and the value of
the optical band gap decreases with the rise of annealing tem-
perature.

2. Experimental details

Si substrates each with a dimension of about
20 mm X 20 mm x 0.6 mm are cut from mirror polished p-
type Si (111) wafers. The resistivity of each substrate at room
temperature is about 20 Q-cm. Substrates are first chemi-
cally cleaned in the RCA procedure!®! then thermally oxidized
at 800 °C with dry O, gas of 99.999% purity and less than
1 ppmv of H,O for 10 min to obtain an SiO, thickness of
about 40 A (1 A = 0.1 nm) on each substrate.

InSb films are deposited on SiO,/Si (111) substrate at
room temperature by RF magnetron sputtering using an InSb
alloy target. The base pressure is 10~° Pa to ensure a low level
of impurities. The growing conditions are 55-W RF power,
0.6-Pa Ar pressure to ensure good crystallographic properties.
The deposition experiments show that when a stoichiometric
polycrystalline InSb target is used, the film is rich in indium
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and the excess indium is presented on the surface of the film
in the form of indium balls. This is usually explained by the
relatively large equilibrium vapor pressure of group V metals
in comparison with that of the group III metals. In this study
with a purity of 99.9995% antimony (Sb) and 99.9995% of in-
dium (In), the InSb template is made by the water-cooled cop-
per crucible in a vacuum arc furnace in an argon atmosphere.
After being confined, rod-like samples are suction-casted into
a size of 10 mm (diameter) X 75 mm (length). Using wire
cutting, the rod is cut into suitably shaped specimens, cleaned
with acetone, then sealed into a quartz tube under a vacuum
pressure of 1072 Pa, kept for 24 hours at 450 °C to achieve
uniformity of composition. The composition of each speci-
men is determined by energy spectrum technique. The In/Sb
ratio in the film is also measured, and after measuring more
than 30 samples, it is found that the film with an atom ratio of
1:1 is grown by the target with a ratio of 1:0.82.

Post-deposition thermal annealing of the film is accom-
plished in an N, atmosphere using a rapid photothermal an-
nealing system, i.e., RTA. The samples are annealed at 300,
400, 500 °C for 4 minutes, respectively. The typical ramp-up
and ramp-down temperatures are both ~20 °C/s. The accuracy
of temperature measurement is =2 °C.

X-ray diffraction (XRD), high-resolution transmission
electron microscopy (HRTEM), and transmission electron mi-
croscopy (TEM) are used to study the crystallographic mi-
crostructure and the film thickness, respectively. The powder
XRD pattern is recorded on a Philip X Pert Discover (Cu Ka
radiation, A = 1.5406 A), and the scanning range is from 20°
to 80°. Cross-sectional TEM and HRTEM image are recorded
on a JEOL JEM 2010F field emission electron microscope,
using an accelerating voltage of 200 kV.

Fourier transform infrared spectroscopy (FTIR) measure-
ment is carried out by a Perkin Elmer Lamda 2000 spectrum
in transmittance mode at room temperature in a spectral range
between 2.5 wum and 25 pm, and the SiO,/Si wafer is used as
the reference.

3. Results and discussion

InSb films are annealed by RTA at various temperatures
ranging from 300 °C to 500 °C. Figure 1 shows XRD pat-
terns of both as-deposited InSb films and films after RTA treat-
ment at different temperatures on SiO,/Si (111) substrates. It
is clear that the temperature of RTA plays an important role
in the crystallization of InSb film. No diffraction peak is ob-
served in the as-deposited sample, demonstrating the typical
behavior of amorphous or disordered material[’! As seen in
Fig. 1 (curve b), sample (b) is found to be polycrystalline, but
the intensity of the InSb (111) peak is larger than that of the
other InSb-related peak. In Fig. 1 (curve c), the intensity of
the InSb-related peak visibly increases compared with sample

(b) especially the InSb (111) peak. In contrast to the sam-
ples annealed at lower temperatures, sample (d), which is an-
nealed at 500 °C, (which is higher than the melting tempera-
ture of InSb film of about 485 °C),l'%! shows an obviously sin-
gle crystalline-like feature, and the other InSb-related peaks
are very weak. According to Eq. (1)l'!]

1(111)

1) (o) < 100%: M

o(111) =
where « is the orientation degree, and /(111) and I(110) are
the intensities of peaks (111) and (110), respectively. It is
found that the orientation degree o of peak (111) of InSb film
annealed at 300 °C by RTA treatment is about 0.62. How-
ever, as the temperature increases to 400 °C, the orientation
degree a of peak (111) increases to about 0.71. The orien-
tation degree o of peak (111) is nearly 1 after being melt-
recrystallized and treated by RTA at 500 °C. That means that
the melt-recrystallized InSb film treated by RTA at 500 °C
shows a preferred (111) orientation. Pelleg er all'?! reported
that the preferred orientation is considered as a result of the
competition between surface and strain energy which is based
on the frequently observed “orientation crossover”. In the
present study, the thicknesses of all these films deposited on
Si0,/Si substrates are almost the same, therefore, the differ-
ence in stress between these films can be neglected, and the
films? growth is determined by the surface energy. For low-
index planes, the relation of the surface energy 7 is y(110) <
Y(111), therefore, melt-recrystallized InSb film treated by RTA
at 500 °C may gain more energies than the films annealed at
lower temperatures, which leads to (111) preferred orientation.
This result indicates that with the increase of annealing tem-
perature, the crystalline quality of InSb film improves. The
melt-recrystallized InSb film treated by RTA at 500 °C obtains
a good crystalline quality.

InSb
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Fig. 1. (color online) X-ray patterns of InSb films (curve a) as-

deposited, and after RTA treatments at (curve b) 300 °C, (curve c)

400 °C, (curve d) 500 °C on SiO,/Si (111) substrates.

Figure 2 shows the variations of grain size and full width
at half maximum (FWHM) of InSb film treated by RTA with
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temperature. Each XRD peak is carefully measured, and the

grain size is calculated by the Scherr formula,!'3]

D =09A/BcosH, 2)

where A is the wavelength of the X-ray radiation (A =
0.154 nm), B is the full width at half maximum (FWHM) of
the peak (in radians) corrected for instrumental broadening, 6
is the Bragg angle and D is the crystallite size. The grain size
of InSb film increases with annealing temperature increasing,
because enhanced crystallinity of the film reduces the FWHM
of the (111) peak. From the present experimental observa-
tions, we conclude that the annealing-induced crystallinity im-
provement in InSb film structure occurs at a higher annealing
temperature. It indicates that the annealing treatment could
increase the activation energy of crystallization. The crystal
quality of InSb film is improved by RTA treatment and melt
recrystallization at 500 °C.
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Fig. 2. (color online) FWHM and grain size of InSb films versus an-
nealing temperature.

HRTEM images of both (a) as-deposited InSb films and
after RTA treatment at (b) 300 °C, (c) 400 °C, and (d) 500 °C

5 nm
— -

on SiO,/Si (111) substrate, are presented in Fig. 3, respec-
As shown in Fig. 3(a), the as-deposited InSb film
demonstrates the typical behavior of amorphous or disordered

tively.

material which is consistent with the result from the XRD pat-
tern in Fig. 1(a). Because the InSb layer and the SiO; layer are
both of amorphous phase, the InSb/Si0O, interface is difficult
to find from the image. A TEM image of InSb film is shown in
the inset of Fig. 3(a), the thickness of the deposited InSb layer
is about 35 nm. As shown in Fig. 3(b), after RTA treatment
at 300 °C, InSb film exhibits an obvious polycrystalline struc-
ture. The InSb/SiO, interface is clearer than the as-deposited
InSb/SiO, interface. The InSb film under RTA treatment at
400 °C also exhibits a polycrystalline structure but the crys-
tallinity of the film is improved which is shown in Fig. 3(c).
The interface between InSb and SiO, is clearly found in the
HRTEM image.

Figure 3(d) shows a relatively sharp interface and clear
lattice fringes after melt recrystallization and RTA treatment
at 500 °C. The most interesting finding is that the amorphous
InSb film on Si0,/Si substrate is converted into a well-ordered
crystal structure. This observation indicates that a suitable an-
nealing temperature constitutes a crystalline InSb on SiO,/Si
substrate, i.e., the energy barrier for crystallization can be
overcome by supplying sufficient kinetic energy of melt re-
crystallization at 500 °C, resulting in a well-ordered crystalline
InSb on SiO,/Si substrate. The lattice fringe between two ad-
jacent planes is about 3.75 A, indicating that the melt recrys-
tallization of InSb film on SiO,/Si (111) substrate is along the
(111) plane. Evidently, the HRTEM analysis here is in good
agreement with the XRD data discussed above.

Fig. 3. (color online) HRTEM images of InSb films (a) as-deposited, with the inset showing the cross-sectional TEM image of InSb film, and after
RTA treatments at (b) 300 °C, (c) 400 °C, (d) 500 °C on SiO5/Si (111) substrates.
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Fig. 4. (color online) Curves of transmission versus wavelength of InSb
films (curve a) as-deposited, and after RTA treatments at 300 °C (curve
b), (curve ¢) 400 °C, (curve d) 500 °C on SiO,/Si (111) substrates.
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Fig. 5. (color online) Curves of (athv)? versus photon energy of InSb
films (curve @) as-deposited, and after RTA treatments at 300 °C (curve
b), 400 °C (curve ¢) and 500 °C (curve d) on SiO,/Si (111) substrates.

Figure 4 illustrates the spectral transmittances of the films
annealed by RTA treatment at different temperatures from
300 °C to 500 °C. It can be seen from Fig. 4 that the trans-
mittances of the films decrease with annealing temperature in-
creasing. It means that the samples annealed at higher tem-
peratures are more absorbable. We can also see that the ab-
sorption edges shift toward longer wavelength as the anneal-
ing temperature increases. This phenomenon can be observed
clearly in Fig. 5, which shows the dependence of the absorp-
tion coefficient on photon energy. The optical band gap energy
of the film is obtained by using the Tauc model!'¥ in the high
absorbance region,

oahv =D(hv —E,)", 3)

where « is the absorption coefficient, v is the photon en-
ergy, E; is the optical band gap, and D is a constant. It can
be found that n = 2 corresponds to a semiconductor of the
indirect transition type and n = 1/2 leads to a semiconduc-
tor of the direct transition type.'>! Following the conventional

method of extrapolating the linear part of the Tauc plot, the op-
tical band gap energies for direct transition for the InSb films
that are as-deposited and RTA treated at different temperatures
are obtained directly from the absorption spectrum as shown in
Fig. 5. The optical band gap of the as-deposited film is found
to be 0.24 eV. For the samples annealed by RTA, the optical
band gaps redshift from 0.24 °C to 0.19 eV with annealing
temperature increasing from 300 °C to 500 °C. Vasantkumar
and Mansingh!'®! suggested that the decrease in band gap en-
ergy with the increase of temperature is due to the lowering of
interatomic spacing (amorphous to crystalline).

4. Conclusions

In this paper, we grow ultrathin InSb films on SiO,/Si
(111) substrates. The films are solid-phase recrystallized at
different temperatures by RTA treatment. Our results indicate
a significant correlation between the temperature of RTA treat-
ment and the property of ultrathin InSb film. The film shows a
monocrystalline-like feature for the InSb film treated by RTA
at 500 °C, which is higher than its melting temperature (about
485 °C), and the value of the optical band gap decreases with
annealing temperature rising.
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