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ABSTRACT

Rapid-thermal annealing (RTA) of InSb precursor films, deposited by sputtering using an Ar plasma at room temperature, has been
investigated to achieve high carrier mobility on low-cost glass substrates. Although InSb films containing residual Ar (~1%) were partially
lost by evaporation during RTA, such evaporation during RTA is suppressed by reducing the residual Ar to ~0.3%. The crystallinity of the
films is significantly increased by RTA at temperatures above 400 °C. The electron mobilities of the films increase with increasing RTA
temperature up to 490 °C, showing the maximum values (9000-10 000 cm? V! _1) at 490 °C, and then, the mobilities decrease at RTA
temperatures above 490 °C. The mobilities of 9000-10 000 cm® V™' s™" are obtained for films with a wide range of thickness (300-1000 nm)
grown at 490 °C. Detailed analysis indicated that the high carrier mobilities are realized by preferentially (111)-oriented large crystal
domains (diameter: >100 #m), obtained by the regrowth of randomly oriented small grains, together with a low barrier height (16 meV) at
the sub-domain boundaries (twin boundaries) in the large domains. The RTA after the sputtering technique will facilitate high-performance
InSb-based devices with low production costs.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0105045

1. INTRODUCTION

Indium antimonide (InSb) shows the highest carrier mobility
(~70 000 cm>V~'s™! for single crystals at 300 K) and the narrowest
bandgap (0.18 eV at 300 K) among various semiconductors.' In addi-
tion, InSb has a large electron g factor and strong spin-orbit interac-
tion.” Due to these remarkable properties, InSb is an attractive
material for high-sensitivity magnetic sensors”™ and high-efficiency
infrared detectors,”™"> as well as high-speed transistors'*™"” and
quantum computing devices.'"*" However, almost all of the InSb
devices have been fabricated using single-crystal InSb wafers or InSb
layers epitaxially grown on single-crystal substrates,””" which
increases the production cost and limits the applications. To decrease
the production cost of InSb devices, a growth process of high-quality
InSb films on low-cost substrates, such as glass, should be developed.
In addition, a sputtering technique should be employed for the

deposition of the films, instead of high-cost epitaxy techniques such as
liquid-phase epitaxy and molecular beam epitaxy.

Recently, Koswaththage et al reported crystallization of
InSb films (thickness: 1um) on glass substrates by rapid-thermal
annealing (RTA), where the grown films showed high mobility
(25000 cm® V™' s71).”° However, they employed a vacuum evapora-
tion method for InSb precursor deposition, which is difficult to apply
to large area substrates. Koswaththage et al. also investigated crystalli-
zation of InSb films on glass substrates by blue laser diode annealing
(BLDA), where the InSb precursor films were dep051ted by sputtering,
and reported carrier mobility of 1050 cm®* V™"'s™ for grown films.”’
However, distinct crystallization results of sputter deposited films on
glass substrates using RTA have been hardly reported yet.

In the present study, we investigate the crystallization of
sputter-deposited InSb films on low-cost glass substrates by RTA.
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Through optimization of sputtering and RTA conditions, poly-
crystalline InSb films, consisting of very large crystal domains,
having high carrier mobility (~10000cm>V~"s™" at 300K) are
obtained.

Il. EXPERIMENTAL PROCEDURE

InSb precursor films (thickness: 300-1000 nm) were deposited
on glass substrates at room temperature by RF magnetron sputter-
ing of an InSb alloy target (In:Sb =50:50, purity: 99.99%) with an
Ar plasma under various conditions (RF power: 100 W, pressure:
1.5-4.5 Pa, the distance between target and substrate: 70-100 mm,
deposition rate: 0.3-1.3 nm/s). The base pressure of the sputtering
system was 2 x 107 Pa. Subsequently, SiO, capping layers (thick-
ness: 50 nm) were deposited by RF magnetron sputtering of a SiO,
target (purity: 99.99%) in the same chamber with an Ar plasma
(RF power: 200 W, pressure: 0.5 Pa, the distance between target and
substrate: 70 mm, deposition rate: 0.4 nm/s) to suppress the evapo-
ration of Sb from the InSb films.”® The samples were annealed at a
temperature between 200 °C and 500 °C for 1 min by RTA in N,
ambience. The annealing temperature was monitored using a ther-
mocouple attached to the sample stage. The deviation of the tem-
perature was within +5 °C during the annealing.

The growth features, composition, crystallinity, and electrical
properties of the samples were investigated using Nomarski optical
microscopy, energy dispersive x-ray spectroscopy of scanning elec-
tron microscopy (SEM-EDX) (acceleration voltage: 10 kV), micro-
probe Raman scattering spectroscopy (laser spot diameter: ~1 um,
wavelength: 532 nm, laser power: 200 mW), and Hall effect mea-
surements (magnetic field: 0.05-0.55 T). The crystal structures and
composition profiles of the grown samples were analyzed using
electron backscattering diffraction (EBSD), cross-sectional trans-
mission electron microscopy (TEM), and EDX mapping of TEM
(TEM-EDX mapping).

lll. RESULTS AND DISCUSSIONS

For the initial trial, we examine the crystallization of InSb pre-
cursor films deposited by sputtering (RF power: 100 W, pressure:
1.5 Pa, the distance between target and substrate: 70 mm, deposi-
tion rate: 1.3 nm/s). Figures 1(a) and 1(b) show typical Nomarski
micrographs of samples (thickness: 300 nm) before and after RTA
(490°C, 1min). Before RTA, a very flat and smooth surface is
observed. However, the InSb film becomes rough and is partially
lost by evaporation although the RTA temperature (490°C) is
below the melting point of InSb (525 °C).”* To clarify the reason

(a) as-depo
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for the evaporation, we investigate the composition of the sample
using SEM-EDX. The measurements revealed that the In/Sb ratio
in the InSb precursor films before RTA was about 1.0. However, Ar
with about 1% was included in the InSb precursor films. This fact
suggests that the partial evaporation of the InSb films during RTA
should be induced by Ar incorporation in the films.

For the suppression of InSb evaporation during RTA, we
examine decrease of Ar incorporation in the deposited InSb films. It
is speculated that reduction of the incident energy and the flux of Ar
ions irradiated to the depositing InSb films should decrease the Ar
incorporation in the InSb precursor films. Thus, we increase the pres-
sure during sputtering from 1.5 to 4.5 Pa and the distance between
the target and the substrates from 70 to 100 mm, where the RF power
is 100 W, and the deposition rate is 0.3 nm/s. Figures 2(a)-2(f) show
Nomarski micrographs of samples (thickness: 300 nm) before and
after RTA (200 °C-490 °C, 1 min). These figures indicate that the film
evaporation is effectively suppressed even after RTA at 490 °C under
the new sputtering conditions. The SEM-EDX measurements for the
samples revealed that Ar concentration was decreased to about 0.3%.
These results show that the film evaporation, as shown in Fig. 1(b) is
suppressed by decreasing Ar incorporation in the deposited films.
Thus, we adopt this sputtering condition in the following experiments
of the present study. It is noted that the In/Sb ratio in the
as-deposited InSb films was slightly increased to about 1.1. This
increase should be due to change in the sputtering yields of In and
Sb atoms under this sputtering condition.

We investigate the crystallinity of the samples using microprobe
Raman scattering spectroscopy. The Raman spectra for samples
(thickness: 300 nm) before and after RTA are summarized in Fig. 2(g)
as a function of the RTA temperature. Raman peaks due to transverse
optical (TO) and longitudinal optical (LO) phonon modes of crystal-
line InSb* are weakly observed even for the sample before RTA,
which indicates that a small fraction of crystalline InSb is produced
during sputtering at room temperature due to energy supplied from
the plasma. After RTA, the intensities of these Raman peaks are
increased. Especially, for RTA temperatures above 400 °C, a significant
increase in the Raman peaks is observed, which suggests that crystalli-
zation of the sputter-deposited InSb films significantly proceeds at
temperatures above 400 °C.

The electrical properties of the grown films are studied using
Hall effect measurements. The measurements show that the grown
samples are n-type, which is attributed to donor levels due to
native defects such as Sb antisites and In vacancies’”’' and unin-
tentionally incorporated Si and O atoms in InSb films.”* Carrier
mobilities and carrier concentrations of samples (thickness:

FIG. 1. Nomarski micrographs of samples (thickness:
300 nm) before (a) and after RTA (490 °C, 1 min) (b). The
InSb films were deposited by sputtering (RF power:
100 W, pressure: 1.5 Pa, the distance between target and
substrate: 70 mm, deposition rate: 1.3 nm/s).
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FIG. 2. Nomarski micrographs of samples (thickness: 300 nm) before (a) and
after RTA at 200 °C (b), 400 °C (c), 450 °C (d), 470 °C (e), and 490 °C (f)
for 1min and Raman spectra obtained from samples before and after RTA
(200 °C—490 °C, 1 min) (g). The InSb films were deposited by sputtering under
modified conditions, i.e., RF power: 100 W, pressure: 4.5Pa, the distance
between target and substrate: 100 mm, and deposition rate: 0.3 nm/s.

300 nm) at room temperature obtained by Hall effect measure-
ments with a magnetic field of 0.55 T are summarized in Fig. 3(a),
as a function of the RTA temperature. It is noted that carrier
mobilities and carrier concentrations obtained by Hall effect mea-
surements of the grown films did not depend on the magnetic
fields in the range of 0.05-0.55 T. As shown in Fig. 3(a), the carrier
mobilities significantly increase with increasing RTA temperature
from 200 to 490°C and shows a maximum value of
9100 cm* V™'s™" at 490°C, and then the mobilities decrease at
temperatures above 490 °C. On the other hand, the carrier concen-
trations increase with increasing RTA temperature from 200 to
400°C and show a maximum value of 2.0 x 10" cm™ at 400 °C.
For RTA temperatures above 400 °C, the carrier concentrations
decrease and show a minimum of 2.0 x 10" cm™ at 490 °C. The
increase in the carrier mobilities and decrease in the carrier con-
centrations above 400 °C are attributed to the progress of crystalli-
zation of the InSb films, as suggested from the Raman
measurement results shown in Fig. 2(g). On the other hand, no
morphological or crystallinity changes were detected for the
samples after RTA at 500 °C (not shown), and thus, the reason for
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FIG. 3. RTA temperature dependence of carrier mobility and carrier concentra-
tion of samples (thickness: 300 nm, RTA time: 1min) (a) and film thickness
dependence of carrier mobility and carrier concentration of samples grown by
RTA (490 °C, 1 min) (b).

the decrease in the carrier mobilities for RTA temperatures of
500°C is not clear. As a result, very high carrier mobility of
9100 cm®> V™' s™" is obtained by RTA at 490 °C for the film thick-
ness of 300 nm.

Thickness dependence of electrical properties is examined for
samples (thickness: 300-1000 nm) grown by RTA at 490 °C for
1 min. The carrier mobilities and concentrations are summarized
as a function of the film thickness in Fig. 3(b). The figure
shows that very high carrier mobilities (9000-10 000 cm®V~"'s™")
are obtained for samples with a wide range of thickness
(300-1000 nm). Although reported data of InSb films deposited by
sputtering are very limited,”” the high carrier mobilities obtained in
the present study suggest that the sputtering technique should be
useful to obtain high-carrier mobility InSb films on large-area glass
substrates at low costs.

Crystal structures of grown InSb films are investigated using
EBSD, where the capping SiO, layers were removed by wet etching
with a diluted HF aqueous solution before the EBSD measure-
ments. The measurements revealed that no Kikuchi patterns were
detected for samples grown at temperatures below 400 °C, though
crystal structures were recognized for RTA temperatures above
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450 °C. Figures 4(a) and 4(b) show EBSD images of the sample
(thickness: 300 nm) after RTA at 470 °C for 1 min, which indicate
crystal orientations normal (z axis) and in-plane (x axis), respec-
tively, to the sample surface. These figures indicate that the InSb
layer grown at 470 °C dominantly consists of randomly oriented
small crystal grains (~5um). It is noted that a few (111)-oriented
long regions (width: ~5um, length: >15um) are also observed
in Fig. 4(a).

EBSD images of the sample after RTA at 490 °C for 1 min are
shown in Figs. 4(c) and 4(d), indicating crystal orientations normal
(z axis) and in-plane (x axis), respectively, to the sample surface.
These figures indicate that the InSb layer grown at 490 °C consists
of fairly large domains (>100 um) preferentially oriented to (111).
It is noted that the RTA temperature (490°C) is close to the
melting point of InSb (525°C). For the case of poly-Si, it was
reported that regrowth of small crystal grains occurred during

[ TR LT W

! (a) z-axis

" OV s T §

! (b) x-axis
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s AT “ ® . "
< aild | !

FIG. 4. EBSD images of samples (thickness: 300 nm) grown by RTA at 470 °C
[(@) and (b)] and 490 °C [(c)—(e)] for 1 min. [(a), (c), and (e)] and [(b) and (d)]
indicate crystal orientations normal and in-plane, respectively, to the sample sur-
faces. The rectangular area shown in (c) is magnified in (e). Red and black
lines in (e) show the X3 coincidence-site-lattice boundaries (twin boundaries)
and random boundaries, respectively.
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annealing at high temperatures (1350-1400°C) closed to the
melting point of Si (1414°C).”»** We speculate that the large
crystal domains observed after RTA at 490 °C are obtained by the
regrowth of randomly oriented small grains as shown in Fig. 4(a),
where (111)-oriented grains should be energetically favorable on
glass substrates’ and act as the seeding crystals for the regrowth.
The (111)-oriented long regions observed in Fig. 4(a) should be the
intermediate products during the regrowth.

Although (111)-oriented large domains (>100um) are
observed in Fig. 4(c), we can observe small domains with different
in-plane orientations in Fig. 4(d). To reveal the phenomena, a mag-
nified image of the area indicated by the rectangular area in
Fig. 4(c) is shown in Fig. 4(e), where the red and black lines show
the X3 coincidence-site-lattice boundaries (twin boundaries) and
random boundaries, respectively.

Detailed structures of the grown InSb films are studied using
TEM. Figures 5(a) and 5(b) show the bright-field and dark-field
images, respectively, of the sample (thickness: 300 nm) after RTA
(490 °C, 1 min), where the capping SiO, layer was removed before
the TEM observation. The dark-field image indicates that the
whole area of the InSb film in this image consists of an almost

4108

10"

Carrier concentration (cm's)

1000/T (K™

FIG. 5. TEM bright- (a) and dark-field images (b), TEM-EDX mapping of In (c),
Sb (d), and O (e) of sample (thickness: 300 nm) grown by RTA (490 °C, 1 min),
and Arrhenius plots of T2 and carier concentration (f) of samples (thickness:
300 nm) grown by RTA at 470 °C (open circles) and 490 °C (closed circles) for
1 min.
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single crystal. However, it is found that the InSb layer in the bright-
field image contains small square-shaped inclusions. TEM-EDX
mapping of In, Sb, and O elements are shown in Figs. 5(c)-5(e),
respectively. These results indicate that the small square inclusions
consist of In and O. From the detailed analysis of selected area elec-
tron diffraction patterns, it was revealed that the small square inclu-
sions were In,O; crystals. Some research groups reported that the
In oxide is easily formed by the oxidation of InSb.”® Thus, it is
speculated that O atoms supplied from the SiO, capping layer
should form In,O; by selective oxidation of In in the InSb film
during RTA. The TEM images shown in Fig. 5 indicate that the
surface of the grown InSb film is rough. Menon et al. reported that
In droplets (melting point: 157 °C) in In-rich InSb films should
cause morphological changes of InSb films during annealing.’’
Thus, the surface roughening of the InSb film, as well as the forma-
tion of In,0; inclusions, observed in Fig. 5 can be attributed to
excess In in the film, whose In/Sb ratio is about 1.1. It is noted that
Si atoms are hardly detected in the grown layer by the TEM-EDX
measurements (not shown).

To clarify the electrical properties of grain boundaries of
grown InSb films, we analyze carrier transport using a model pro-
posed by Seto, which was originally developed for poly-Si.**
Mobility u of polycrystalline semiconductors is expressed by the
following equation:™*

=—exp|—— |,

V2rm' kT P\

where L is the crystal grain size, q is the elementary charge, m* is
the effective mass of the carrier, k is the Boltzmann constant, T is
the absolute temperature, and Ejp is the energy barrier height at
grain boundaries. Here, energy barrier height Ep is generated by
trapping states with density Q; at grain boundaries, and given by
the following equation:™®

_qQ;

Ep = )
B 8eN

)

where ¢ is the dielectric constant of the semiconductor and N is the
carrier concentration.

Arrhenius plots of uT"? and carrier concentration of the
sample (thickness: 300 nm) grown by RTA (490°C, 1min) are
shown by the closed circles in Fig. 5(f). In the figure, the data of
the sample (thickness: 300 nm) grown at 470 °C are also shown by
the open circles for comparison. Respective data are fitted with
straight lines. From the slopes for uT'"%, the values of the energy
barrier height Ep are evaluated as 33 meV (RTA temperatures:
470°C) and 16 meV (490 °C) using Eq. (1), and the values of the
trapping state density Q; are evaluated as 8.4 x 10'' cm™ (470 °C)
and 4.7 x 10" cm™ (490 °C) from Ep using Eq. (2). The values of
Ep and Q; are much smaller compared to conventional semicon-
ductor materials such as poly-Si grown by chemical-vapor deposi-
tion,” but similar to poly-Si’’ and poly-Ge' obtained by
solid-phase crystallization, which show higher carrier mobilities.
On the other hand, the values of the activation energy of the
carrier concentration were evaluated as 2.2 and 6.2meV for
samples grown at 470 and 490 °C, respectively. Since all of the
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shallow donors in the InSb films should be completely electrically
activated at the measurement temperatures of 150-300 K, it is sug-
gested that the values of the activation energy should not corre-
spond to the energy levels of the shallow donors. Further
investigation is needed to clarify the details of the activation energy
of the carrier concentration.

Using Eq. (1), the values of the crystal grain size L are evalu-
ated as 8.1um (470°C) and 18.0um (490°C). For the sample
grown at 470 °C, the value (8.1 um) shows a good agreement with
that (~5um) obtained by the EBSD analysis shown in Figs. 4(a)
and 4(b). On the other hand, the value (18.0 um) for the sample
grown at 490 °C is much smaller compared with the size (>100 um)
of domains defined by the random boundaries indicated by the
black lines in Fig. 4(e). Instead, it agrees well with the size
(~20um) of sub-domains defined by the X3 boundaries (twin
boundaries), indicated by the red lines in Fig. 4(e). This suggests
that the carrier transport in the sample grown at 490 °C should be
limited by carrier scattering at the sub-domain boundaries, i.e., X3
boundaries (twin boundaries), whose barrier heights are smaller
compared with the random grain boundaries.

From these results, it is clarified that the poly-InSb films
obtained in the present study show high carrier mobilities, because
the films consist of the (111)-oriented large domains (>100um)
having sub-domains of twins with low barrier heights at the sub-
domain boundaries.

IV. CONCLUSION

The formation of poly-InSb films on low-cost glass substrates
by RTA has been investigated using sputter-deposited InSb films.
By tuning the sputtering conditions, the incorporation of Ar into
the InSb films was decreased. This decrease in the Ar content effec-
tively suppressed the evaporation of the films during RTA. The
crystallization of InSb films significantly proceeded by RTA at tem-
peratures above 400°C. With increasing RTA temperature, the
carrier mobilities were increased, while the carrier concentrations
were decreased. As a result, InSb films (thickness: 300-1000 nm)
having high carrier mobilities of 9000-10 000 cm®>V™"'s™" were
obtained by RTA at 490 °C for 1 min. These high carrier mobilities
of the poly-InSb films are attributed to (111)-oriented large crystal
domains (>100 um), consisting of twins with a low barrier height
(16 meV) at the twin-boundaries. This technique employing sput-
tering and RTA will be useful for fabricating InSb-based advanced
devices with low production costs.
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