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Quality Improvement by Annealing for Fiash-evaporated Thin InSb Films
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Thin InSb films were prepared at room temperature by a rapid vacuum evaporation (flash evaporation} methed using indium antimonide

* compound as a source material. The characteristics of the films such as microstructure and electrical properties were investigated in terms of

heat treatment procedure. The as-deposited InSb films were found to have polycrystalline structure, and their stoichiometry was much better
at higher deposition rates. Their characteristics were strongly influenced by successive annealing. The evaporation of Sb from the film caused
by annealing led to poor electrical properties of the films. In order to avoid the evaporation of Sb from the film, an attempt was made
cap an as-deposited film with $iO; layer before annealing. The microstructures as well as the galvenomagnetic properties were improved by
introducing such capped-annealing. The highest Hall mobility of 2.1 x 10* cm?/Vs was obiained in an InSb film of 1.0 um thick, when it was
prepared with a deposition rate of 10 nm/s and followed by capped-annealing at 773 K.
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1. Introduction

Fabrication of electronic devices such as infrared devices,
Hall effect devices, and magnetoresistance devices"? often
requires semiconductor films with high carrier mobility, small
band gap, and high magnetic sensitivity. Among the com-
pound semiconductors, InSb has the highest electron mobility
and small band gap (0.17 eV at 300 K). Therefore, InSb films
appear to be one of the most promising candidates for these
applications.

InSb thin films have been prepared by various meth-
ods such as vapor-phase-transport reaction,” rf sputter-
ing,¥ vacuum evaporation (including flash evaporation
and three-temperature evaporation),”'? zone-crystallization
(melt-regrowth of polycrystalline film),!¥ molecular beam
epitaxy (MBE),"*'" and metalorganic chemical vapor depo-
sition (MOCVD).1#-2% InSb films with carrier mobility com-
parable to that of bulk single crystals are usually obtained
by epitaxial growth using MBE or MOCVD on single crys-
tal substrates. The single crystal substrate and the MBE or
MOCVD apparatus, however, cost a lot. Therefore, it is espe-
cially interesting to develop and study low cost procedures of
producing high quality thin InSb films on low cost substrates.

Conventional vacuum evaporation techniques have difficul-
ties in maintaining the stoichiometry of deposited InSb com-
pounds.® 1221 This is because In and Sb have very different
vapor pressures {at 800K, 7.51 x 10~% Pa for In and 1.066 Pa
for Sb), and a loss of volatile Sb takes place during vac-
vum evaporation. However, such kinds of difficulties could
be overcome by employing a rapid vacuum evaporation (or
a flash evaporation).? In this method, when the source ma-
terials are flashly evaporated, the average vapor composition
can be almost stoichiometric, resulting in maintaining the sto-
ichiometry of deposited films. It is also reported that the films
are produced with a good quality when deposited at high de-
position rates.®™% Recently, Tomisu et al.'? also reported
that the value of the ratio Sb/(In + Sb) is 50% for the InSb
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films prepared at the source temperature of 2030 K. This sug-
gests that a high evaporation (or deposition) rate with a short
deposition time can serve to reduce the deviation from stoi-
chiometry.

In the present study, firstly we try to confirm the above
speculation through a relationship between deposition rate
and electrical property. Secondly, the characteristics ot thus
prepared films are investigated in terms of successive proce-
dures including annealings without and with capping SiO:
layer.

2. Experimental Procedure

Thin InSb films were prepared by evaporating high pu-
rity (99.999%) InSb compound in a high vacuum system
less than 1077 Pa. Pre-annealed Comning 7059 glass (size:
21 mm x 26mm x 1.1 mm} was used as a substrate with a
mask for electrical measurements (size: 3 mm x 19 mm with
six terminals). The substrates were carefully cleaned before
the deposition process: the glass substrates were first rinsed
with water and dried, and then immersed into ethanol and
rinsed ultrasonically for 600s, and finally rinsed with ace-

. tone for 6005 and then dried. It is reported that higher sub-

strate temperatures above 473K lead to the deviation from
stoichiometry of the InSb film.'® In fact, we confirmed this in
preliminary experiments. Thus, the substrate was not heated
intentionally, but irradiated naturally from the crucible dur-
ing deposition. The substrate temperature was estimated to
be lower than 323 K from our previous experiments.?" The
present vacuum chamber has a heat-shielding wall having a
small hote for evaporated vapor, which is set just above an
alumina-coated tungsten basket (10 mm in diameter, 15 mm
in depth). The distance between source material and sub-
strate was about 10c¢m. The source temperature and thus the
deposition rate (0.5-20nm/s) were adjusted by changing the
electric current flow through the crucible and flow time. The
source temperature was estimated to be higher than 2030 K by
a pyrometer. In this study, the deposition rate was evaluated
directly by a thickness monitor using a guartz crystal sensor




'or 3.5 nm/s) at the crucible temperature of 2030K. _
In order to evaluate the crystallinity of the deposited films,
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{CRTM-5000), set-dp near the substrate. Duri;lg deposition,
the film thickness was always evaluated by a thickness mon-
itor, and the films of 0.3 um and 1.0pm thick were prepared
for measurements. '

The deposited films were annealed at elevated tempera-
tures between 623 and 773K by using an image furnace
(MILA-3000, ULVAC SHINKU-RIKO). Before annealing,
the furnace was always pre-heated up to 873K for clean-
ing the furnace, and the samples were annealed around
1 x 1074 Pa.

The crystallinity was evaluated by X-ray diffraction analy-
sis (XRD) using CuKe radiation for both as-deposited and
annealed films. The surface morphology of the films was
observed by a field emission scanning electron microscope
(FE-SEM). The chemical composition of the films was exam-
ined by X-ray fluorescence (XRF} (RIX 2000, Rigaku) and
electron probe microanalyzer (EPMA-8705, Shimadzu). A
standard four-probe method was used to measure the electri-
cal resistivity of the films. Van der Pauw Hall measurement
was carried out for the films at room temperature in a mag-
netic field (K of 1T, and the electrical properties were evalu-
ated together with galvanomagnetic properties including Hall
mobility and magnetoresistance {MR), % = @, where
Rp and Ry are the resistances at a magnetic filed of # = 0
and H = 1T, respectively.

3. Experimental Results and Discussion

3.1 Optimization of deposition condition

The deposition rate is an important factor when we produce
thin InSb films by vacuum evaporation technigues. In gen-
eral, deposited InSh films tend to deviate from stoichiometry
because the vapor pressures of Sb and In differ remarkably
from each othir. In this study we investigated microstructure
as well as electrical property of as-deposited InSb films with
respect to the deposition rate, and determined optimum depo-
sition rates.

Figure 1 shows the dependencé of Hall mobility () and
electrical resistivity (p) on the deposition rate (d), for the as-

~ deposited films at room temperature. The Hall mobility in-

creases and the resistivity decreases gradually with increas-
ing deposition rate up to 10nm/s. Over 10nm/s, the Hall
mobility decreases gradually, while the resistivity increases
slightly with increasing deposition rate. These results are
consistent with each other, because the two properties are in-
versely related to each other. The maximum Hall mobility of
400 cm?/Vs was obtained for a film deposited at 10 nm/s. The
resistivity also showed the lowest value at the corresponding
rate. The results indicate that 10 nm/s is one of the most suit-
able deposition rates for the present rapid vacuum evaporation
system. In this connection, the deposition rate, 10nm/s, is

much higher than the previously reported value (210 nm/min
1)

several samples were examined by XRD. The results for
three typical InSb samples deposited at 0.5, 5 and [0nm/s
are shown in Fig. 2. The film thickness was about 300 nm
(or 0.3um). All the X-ray diffraction results prove that the
films have polycrystalline structure. Figure 2(a) shows the
result for a film deposited at 0.5 nm/s, which contains two
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Fig.. 2 X-ray diffraction results of InSb filtns prepared ar various deposition
rates: {a) 0.5 nm/s, (b) 5 nmv/s and {c) 10nm/s. All the films have the same
thickness of 300 nm.

phases: InSb phase with peaks 111, 220, 311 and In phase
with two minor peaks 101, 112, The InSb peaks become
much stronger, but In peak decreases gradually with increas-
ing deposition rate. In the film deposited at 5nm/s, In 112
peak disappeared but a weak In 101 peak still remains. All
the In peaks disappeared completely for the films deposited
at 10 nm/s. Moreover, two additional peaks (331 and 422) for
the InSb are clearly seen in this film, and the other InSb peaks
appeared with appreciable intensities. The films deposited at
higher deposition rates than 10 nm/s, although they are not re-
produced here, showed a similar to but less sharp X-ray pro-
file than that of the films deposited at 10nm/s. The results
also support that the film deposited at 10 nm/s is highly sto-
ichiometric, resulting in high electron mobility as shown in
Fig. 1. o _

The composition ratio of these as-deposited films was an-
alyzed by XRF. The composition ratioc of Sb is defined
as Sb/(In + Sb), supposing that the total atomic percent of
{In + Sb) is 100%. The value of the ratio Sb/(In + Sb} was
50 £ 1% when the film deposited at 10nm/s. On the con-
trary, the ratio was found as small as 35% when the film de-
posited at 0.5nm/s. For more confirmation, some samples
were analyzed by EPMA. The composition ratio obtained by
EPMA was almost the same (= 50%) as that of XRF anal-
ysis. The above results indicate that the stoichiometric film
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Fig. 3 Relationships between Hall mobility and annealing time for the
films annealed at 623 m 673, 743 and 753 K. Deposition rate: 10 nm/s.

can be obtained at 10nm/s. Therefore, we determined that
10 nm/s is an optimum deposition rate in the present experi-
ment. The reason why the nearly stoichiometric films were
produced under these situations is not clear. It seems that a
quasi-congruent evaporation took place under the present ex-
perimental conditions including room-temperature deposition
and geometrical factors such as arrangements of crucible and
substrate, source-substrate distance and a heat-shielding wall
with a small hole (like a kind of quasi-Knudsen cell in MBE.)
as well as the total deposition time of less than 30s.

3.2 Improvement of fitm quality by annealing
3.2.1 Annealing without capping layer

The electrical and crystalline properties of the InSb films
are strongly dependent on annealing temperature and time.
In the present experiment, the annealing temperature varied
from 623 to 773 K because the melting point of InSb is 798 K
and thus solid-phase recrystalization can take place under
these conditions.

Figure 3 shows the relationships between the annealing
time and the Hall mobility for the films annealed at 623, 673,
743 and 753 K. The InSb films are not capped with SiO; layer
before annealing. The Hall mobility increases after 300s
{5 min) annealing and then remains unchanged with anneal-
ing time for the films annealed at 623 K. However, in case
of the films annealed at 673, 743 and 753 K the Hall mobility
incréases remarkably just after annealing and then decreases
gradually with annealing time. This increase just after anneal-
ing may be due to structural relaxation caused by an initial an-
nealing. A previous study!® also showed a similar break point
on the mobility vs annealing time curve for without-capping
(hereafter referred to as uncapped) films prepared by using a
rapid evaporation. We obtained the highest Hall mobility of
6.5 x 10° cm?/Vs for the film annealed at 743 K for 300s. In
this connection, this result is about six times higher than that
of Tomisu et.al.'? It is also shown that the Hall mobility of the
film annealed at 753 K is inferior to that of the film annealed
at 743 K. This is mainly due to the vaporization of Sb from
the film at higher temperatures, as will be confirmed below. -

The film thickness {or average thickness) was also mea-
sured after annealing by a surface profiler (Dektak”ST). The
change in film thickness is plotted as a function of anneal-
ing time for the films having initial thickness of 300 nm, as
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Fig. 4 Thickness changes with annealing time for the films annealed at 743
and 753 K.

shown in Fig. 4. The film thicknesses were 255 and 240 nm
after annealings at 743 and 753K for 3.6 x 10°s (60 min),
respectively. The XRF measurements also indicated that the
composition ratios of Sb were 38 and 26% after annealings
at 743 and 753 K for 3.6 x 10 s, respectively. Therefore, the
decrease in film thickness is thought to be caused mainly by
the vaporization of Sb from the film, though a small amount
of In atoms is also ascribed to the decrease in film thickness.

Our previous study*" showed a similar tendency that the
Hall mobility decreased with increasing annealing temper-
ature. The highest Hall mobility of 4.3 x 10°cm?/Vs was
found for a film annealed at 733 K with the initial thickness
of 300 nm. All the films of our previous study were prepared
under the average deposition rate of 0.5 nm/s. Therefore, the
results are explained by the same reason described above, and
are consistent with the present.results.
3.2.2 Annealing with capping SiO; layer

In this study the annealed uncapped films showed sixteen
times larger Hall mobility than the as-deposited films. How-
ever, they showed lower values for longer annealing peri-
ods and at higher annealing temperatures. For further qual-
ity improvement of the films, a procedure needs to prevent
Sb from self-evaporating during annealing. Therefore, an at-
tempt was carried out to cap the InSb films with 5i0» layer
before annealing. For capping process, an InSb film was first
deposited on a glass sybstrate, and then Si0; layer of about
250 nm thick was deposited on the InSb film in the same vac-
uum chamber. Thus prepared InSb films were then annealed
in a vacoum. After annealing, the Si0, layer was removed
by wet etching (HF: 20% solution), and gold contacts were
then deposited on the terminals of such InSb films for electri-
cal measurements. In preliminary experiments, this capped-
annealing was found (o be very effective for InSb films to be
annealed up to 773 K without any change in Hall mobility, as
will be shown later.

The effect of annealing on surface morphology of InSb film

_was also examined and the results are shown in Fig. 5, which

shows SEM micrographs of the films annealed without and
with capping Si(3; layer. An uncapped film, when annealed
at 723 K for 3.6 x 107 s, is composed of small grains resulting
in less smooth surfaces, and a lot of voids are seen through-
out the film (Fig. 5(a)). These voids are thought to have been
formed during annealing process, probably ascribed maily to
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Fig. 5 SEM photographs showing surface morphology for the films without and with capping Si0; layer.

the evaporation of InSb, induced by initial vaporization of
Sb atoms. The void size increases with increasing anneal-
ing temperature, as shown in Figs. 5{a) and (b), though the
surface morphology appears to be suffered by the evapora-
tion of InSb. The average size of the void is around 0.6 m
when the film was annealed at 753 K for 3.6 x 10*s. These
voids may cause large electrical resistance or insulation for
the films when annealed without capping 8iO» layer. This
can also explain why the Hali mobility decreases at longer
annealing periods, as shown in Fig. 3. On the other hand,
when annealed with capping Si0O; layer, the films are com-
posed of slightly rugged grains connecting with each other, as
shown in Figs. 5(c) and {d). No voids are seen between adja-
cent grains in such capped films even when annealed at 723 K
for 3.6 x 103 s, The XRF measurements also proved that the

compositions of In and Sb in the capped films were nearly the .

same as those of as-deposited films. In this connection, nei-
ther appreciable decrease of the film thickness nor the ratio
Sb/(In + Sb) was detected experimentally. The results indi-
cate that the capping Si0; layer can prevent InSb from evap-
orating and hence the quality improvement of the films will
be expected by a capped-annealing.

Figure 6 shows the relationships between the Hall mobility
and the annealing time for such films annealed with and with-
out capping Si0O; layer. The Hall mobility of capped films in-
creases instantly after short annealing time and then remains
unchanged as the annealing time increases. This is quite dif-
ferent from the results of uncapped films. In the present study,
the highest Hall mobility of 1.25 x 10* cm?/Vs was obtained
for a capped film of 300 nm thick, when annealed at 773 K.

The carrier concentrations of the InSb films together with
the resistivity, Hall coefficient and Hall mobility are listed in
Table 1. In this evaluation, the majority of carrier is assumed
to be electron.'? As the annealing temperature increases,
the carrier concentration decreases up to 743 K for uncapped
films. Above 743K, the carrier concentration slightly in-
creases. On the other hand, the carrier concentration for
capped filins decreases gradually with increasing annealing
temperature. The lower the carrier concentration, the higher
the Hall coefficient and the Hall mobility. This trend, how-
ever, must be examined in more detail.

The magnetoresistance (MR} effect was also investigated at
room temperature in a magnetic field of 1 T. It is well known
that the magnetoresistance is associated with the specimen
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Table 1 E]ecirical properties of InSb films with respect to annealing temperature.

Film type Annealing Carrier - Resistivity, p Hall Hall
temperature™ concentration (£2-cm) coefficient, mobifity, p
K(°C) n (em™3) Ry (em®iC) (emi/Vs)
Uncapped 623 K(350) 2.34 x 1077 231 x 1072 26.71 1.15 x 10°
film 673 K(400} .61 x 10" 9.51 x 103 38.84 4.08 % 107
723 K(450) 1.44 x 1017 9.12 x 1073 43.12 4.76 x 108
733 K(460) 1.28 x 1017 8.65 x 1073 4871 5.62 x 107
743 K(470} i.17 = 1017 8.34 x 1073 53.33 6.39 x 10°
753 K(480} 1.41 x 1017 1.10 x 1072 4420 3.91 x 10°
Capped film 623 K{350) 2.18 x 1077 2.12 x 1072 28.54 1.34 % 107
673 K(400) 1.56 x 107 9.45 x 1073 39.86 4.21 x 1P
723 K(450) .51 % 1017 8.28 x (073 4136 4,99 % 1P
733 K(460) 1.25 x 1017 7.36 x 1073 49.9( 6.77 x 107
743 K(470) 1.16 x 1017 6.69 x 1073 53.54 7.99 % 10°
763 K(490) 1.09 % 1017 5.75 % 1073 56.93 9.89 x 10°
773 K(500) 9.99 x 1016 499 % 107° 62.56 1.25 % 104
*Annealing time was 15 min. Film tickness: 300 nm.
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Fig. 6 Relationships between Hall mobility and annealing time annealed
with and without capping Si0; kaver, Deposition rate:10 nmys, film thick-
ness: 300 nm.

factors such as thickness inhomogeneity, specimen shape and
metallic inclusions.> 222 In the present study, all the samples
have the same thickness of 300 nm and the same shape (the
length between adjacent electrodes; ! = 4 mm and the width;
w = 3 mm) with the length to width ratio of (//w) = 1.3. The
highest magnetoresistance of AR/Ry = 60% and 75% was
obtained for uncapped films annealed at 743 K and capped
films annealed at 773 K, respectively. As shown on SEM mi-
crographs reproduced in Fig. 5, the uncapped films possess
considerably rough surfaces with a lot of voids throughout the
film, which may result in the inhomogeneity of carrier con-
centrations when subjected to a magnetic field. On the other
hand, the capped films show considerably continuous surfaces
without any voids, which result in homogeneity of carrier
concentration' throughout the films. Thus, a lower value of
magnetoresistance for uncapped film may be due to such in-
homogeneity. A room temperature MR value of 155% has
been reported by Oshita ef af.? for InSb films prepared by a
source-temperature-programmed evaporation method. There-
fore, further quality improvement will be expected by succes-
sive optimum procedures including longer annealings.

A significant increase in diffraction intensity of XRD was
also seen for the annealed capped films, atthough the results

Thickness, /. m

Fig. 7 Dependence of the Hall mobility on film thickness, when annealed
at 773K for 60 min (3.6 x 107 s).

were not reproduced here. This indicates that the crystallinity
of the film including grain sizes can be improved remark-
ably after annealing at elevated temperatures. In fact, individ-
ual constituent grains become slightly large with less rugged
shapes and are connecting densely with adjacent grains, as
shown in Fig. 5(d). Thus, the film quality improvement can be
mainly reflected on such morphological improvements caused
by annealing with capping Si0; layer.

The Hall mobility-is also reported to depend on the film
thickness.® 1?2 Therefore, in order to confirm this, we inves-
tigated the Hall mobility of the capped films as a function of
film thickness. Figure 7 shows the variation of Hall mobjl-
ity with film thickness for the films thinner than 1.0 im thick.
The Hall mobility increases with increasing film thickness,
as theoretically expected.'®? The highest Hall mobility of
2.1 x 10* cm?/Vs was achieved for InSb films with the thick-
ness of 1.0 um. In this connection, the single InSb crystal can

-show an electron mobility of 7.6 x 10* cm?/Vs.'” This result

suggests us that thicker films can show a higher Hall mobility.
Thus, we also measured the Hall mobility for several thicker
films than 1.0 pm. As a result, no linear increase in Hall mo-
bility was observed for thicker films with a slightly large fluc-
tuation of data, probably due to the lack of homogeneity in
thicker films. It is reported, however, that for thicker films
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than 1.0pum the Hall mobility increases gradually, with in-
creasing film thickness.% !> %23 This point must be further
examined in detail, because if the sample preparation con-
ditions were guaranteed for the present films, a further high
mobility will be expected by suitable procedures including
annealing time and temperatore.

4, Conclusions

InSb thin films were deposited on glass substrates by a
rapid vacuum evaporation. The electrical and structural prop-
erties of the films were investigated in terms of heat treatment
procedures. XRD, XRF and electrical measurements revealed
that the film quality strongly depends on the deposition rate,
and that the film deposited at 10 nm/s is highly stoichiomet-
ric. It was also found that the evaporation of Sb took place
at higher annealing temperatures and for longer periods in a
vacuum. Capped-anneating procedures can cause InSb films
anneal up to 773 K in a vacuum. No further evaporation of Sh
was observed for such capped films even for long annealing
periods. The Hall mobility of 1.25x 10* cm?/V's was obtained
for a film annealed at 773 K with the thickness of 300 nm. It
was also shown that, if the optimum preparation conditions
are given, thicker InSb films can give a much higher mobility:
in this study the highest electron mobility of 2.1 x 10* cm?*/Vs
was successfully achieved for the films of 1.0 im thick, when
annealed at 773K for 3.6 x 10°s, Further detailed experi-
ments are now progress for thicker InSb films.
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