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OOPMUPOBAHUE J3ITMTAKCUAABHBIX ITAEHOK InSb
HA TTIOAYU3OAUPYIOIITEM GaAs(100) METOAOM
B3PBIBHOI'O TEPMHUYECKOI'O UCIIAPEHUS:

NX CTPYKTYPA I SAEKTPUYECKUE CBOUCTBA

E. A. KOJIECHUKOBA", B. B. YITIOB", A. K. KVJIELLIOB, JI. Il. PYCAJIbCKHH "

1)Eeﬂopyccmn? 2ocyoapcmeennblil yHusepcumem, np. Hezasucumocmu, 4, 220030, e. Munck, Berapyce

HccnenoBans! (a3oBblil COCTAaB, KPHCTAIUINIECKOE COBEPIICHCTBO M AJIEKTPHUECKHE CBOWCTBA IUIEHOK aHTHMOHHIA
nuans (InSb), oGycnoBneHHbIE TeMIIepaTypoi UX OCAXICHHUS Ha MOUIOKKH noxyusonupyromiero GaAs(100). Meromom
B3PBIBHOTO TEPMUYECKOTO OCaXICHHsI TTOpoIika InSb Ha moamoxku nonyusosupyroiiero GaAs(100) B uHTepBaie TemMIie-
paryp 375-460 °C 6butn c(hopMHPOBAHBI TOHKHE IUICHKH INSb pa3nuvHOM cTENeHN KPUCTAIUTMYSCKOTO COBCPIIICHCTRA.
PeHTreHOCTPYKTYpHBIM aHAJIM30M YCTAHOBJICHO, YTO TUICHKH InSb sBistoTcs rereposnurakcuaibHbiMU. [lokazaHo, 4TO
yBEJIMYEHUE TeMIIEepaTypbl ocakaeHus oT 375 1o 460 °C mpuBOIUT K U3MEHEHHIO LIEPOXOBAaTOCTH (R,) IOBEPXHOCTH
IeHoK oT 3,4 10 19,1 HM. UyBCTBUTEIBHOCTD AMEKTPOABIKYIIEH CHIIBI X0JUIa K MAaTHUTHOMY IOJIO IJIEHOK InSb me-
Hsetcs B auana3one 500—1500 mB/Ti. KorneHTpaIus SIeKTpoHOB (7) U UX ITOIBHYKHOCTH (|L) KOJICOIIOTCS B MHTEpBAIIC
2-10"-6-10"cm 10 - 10° - 21 - 10° eM?/(B - ¢). Chopmuposannbie Ha mooxkke noyuzompyomero GaAs(100)
ieHKH InSb npencTaBnsioT MpakTHYECKU MHTEPEC ISl N3TOTOBJICHHSI BBICOKOUYBCTBUTEIEHBIX MUHHATIOPHBIX TIPE00-
pazoBareneil Xosua.
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FORMATION OF EPITAXIAL InSb FILMS

ON SEMI-INSULATING GaAs(100) BY EXPLOSIVE THERMAL
EVAPORATION: THEIR STRUCTURE AND ELECTRICAL PROPERTIES
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In the present work, the influence of the deposition temperature of InSb films on semi-insulating GaAs(100) on
their phase composition, crystal perfection and electrical properties was investigated. The InSb films of various extent
of crystal perfection are formed by means of explosive thermal deposition of InSb on semi-insulating GaAs(100) sub-
strates in the temperature range of 375-460 °C. X-ray diffraction analysis established that the films are heteroepitaxial.
It is shown that an increase in the deposition temperature of InSb films from 375 to 460 °C leads to a change in the film
surface roughness (R,) from 3.4 to 19.1 nm. The Hall voltage sensitivity to the magnetic field of InSb films varies in the
range of 500—1500 mV/T. The electron concentration (n) and mobility (1) changes in the range of 2 - 10"~ 6 - 10" cm,
10 - 10°—21 - 10* cm?/(V - s). The formed InSb films on semi-insulating GaAs(100) substrate are of practical interest for
the manufacture of highly sensitive miniature Hall devices.

Keywords: indium antimonide; film; substrate; vacuum deposition; structure; electrical properties.

Introduction

Indium antimonide (InSb) is a narrow-band straight-gap semiconductor of the A"'BY group with an energy
gap of 0.18 eV at 300 K, which has a record high electron mobility. Due to its properties, InSb is widely used
in the field of microelectronics. Based on InSb, highly sensitive photocells, Hall sensors, magnetoresistors, and
optical filters are manufactured. InSb is also used in infrared detectors, including thermal imaging.

Methods of deposition of semiconductor films make it possible to give them various types of structural per-
fection, from polycrystalline to epitaxial structure, depending on the deposition conditions and the structure
of the substrate. The first work on the preparation of InSb films on various types of substrates appeared in the
middle of 1950s. The research results of this period are presented, for example, in works [1-3]. The most used
crystalline material for epitaxial growth of InSb is GaAs. However, lattice mismatch between InSb and GaAs
is quite large and amounts to ~14 %. Therefore, the formation of epitaxial perfect InSb films is a complex
scientific and technological goal. At the moment, the exact mechanisms and models of epitaxial growth of InSb
on GaAs depending on the deposition conditions are not established. The high quality epitaxial InSb films on
single-crystal substrates are formed by molecular beam epitaxy (MBE) [4; 5]. The two-stage processes of InSb
deposition by MBE in the deposition temperature range of 300-390 °C were the most successful, which made
it possible to create epitaxial InSb films on GaAs(111) of sufficient perfection confirmed by results of their
electrical properties measurements. Other methods used to create InSb films, such as the three-temperature
method and electron beam evaporation do not allow to form the films with the exact stoichiometry of the InSb
compound and sufficient adhesion of the film to the substrate for further practical application [6—8].

The deposition of InSb films on GaAs by explosive thermal evaporation makes it possible to achieve high
values of the film deposition rate. However, the epitaxial growth of thin InSb films on GaAs during explosive
thermal evaporation is a rather complicated process, depending on the substrate temperature, the temperature
of the powder evaporator, the size of the powder, its purity, and the rate of powder supply to the evapora-
tor [9; 10].

The aim of this work is to find the regularities of the changes in the phase composition, structure and micro-
crystalline structure, electrical properties of InSb films on GaAs(100) during explosive thermal evaporation
deposition depending on deposition temperature (375—-460 °C). The choice of a higher temperature interval in
heating the substrate during explosive evaporation in relation to MBE is a consequence of the higher deposi-
tion rate, which is a feature of the method we use.

Preparation and experimental details

InSb films on semi-insulating single-crystal GaAs(100) substrates deposited by explosive thermal evapora-
tion of a single-crystal InSb powder were investigated [11]. Powder made of InSb single crystal with a carrier
concentration of 10'°~10'® cm™ was used for film deposition. The films were deposited in vacuum (5 - 10~ Pa)
through masks to give the sample a rectangular shape with contact pads. The temperature of the substrate holder
with the GaAs plate was varied by means of a heater in the range from (375 + 2.5) to (460 £ 2.5) °C.
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During the experiment, the temperature of the GaAs substrate was controlled by a thermocouple. The thickness

and the deposition rate of the film was monitored by a quartz sensor. The thickness of formed film was measured

on a profilometer using a Mahr MarSurf M400 (Germany). The measured film thickness () was (2.0 £ 0.05) um.

Crystal state of the formed films was investigated by the X-ray diffraction (XRD) analysis with Cuk,,
radiation using a Rigaku Ultima IV diffractometer (Japan). The microstructure and element composition of
the deposited films was analysed on a scanning electron microscope (SEM) using a LEO 1455VP (Carl Zeiss,
Germany). The roughness of the film surface was estimated using a Solver P47-Pro atomic force microscope
(NT-MDT, Russia).

The electrical properties (electrical resistivity and Hall effect) using a four-contact method on rectangular
samples were investigated [12]. Hall measurements were performed in a magnetic field of (0.44 + 0.01) T.
The electric current value was (10.0 = 0.1) mA. The estimated error in measuring the concentration (n) and
mobility (p) of charge carriers does not exceed 7 %. The Hall voltage sensitivity to the magnetic field of InSb
films was calculated from the following equation [13]:

U,

_ ~Hmax
v B

where Uy, 1 the Hall maximum voltage; B is the magnetic induction.

Results and discussion

The results of the XRD analysis of the phase composition of films on semi-insulating GaAs(100) formed
by explosive thermal evaporation of InSb powder as a function of the substrate temperature in the temperature
range of 375—-460 °C are displays in fig. 1.

From the XRD patterns presented in fig. 1 and their analysis using the ICDD-PDF2 database, it follows that
in the temperature range of 375-460 °C, the phase composition of the films is an InSb compound. Note that the
diffraction reflection from a single-crystal GaAs(400) substrate was recorded in the region of a diffraction
angle of 66°. The intensity of the diffraction GaAs line is many times higher than the intensities of the InSb
line, which prevents the correct perception of the XRD patterns. Therefore, reflection GaAs(400) is not shown
on it. The reflection from the crystallographic planes (400) and (100) are structurally equivalent. Diffraction
reflections from the plane (100) for InSb and GaAs have a small diffraction angle and are not observed experi-
mentally in the XRD pattern. The angular positions for diffraction from the plane (400) correspond to diffrac-
tion from four interplanar distances (100). They are experimentally recorded on the XRD pattern and indicated
in the [CDD-PDF2 database.

The InSb films have a prevalent orientation (100), which repeats the orientation of the single-crystal GaAs
substrate (100), since the intensity of the InSb(400) diffraction peak is many times higher than the intensities of
other InSb peaks (see fig. 1). The maximum intensity of the InSb(100) diffraction peak is observed at a film depo-
sition temperature of 440 °C. Consequently, the InSb films deposited in the temperature range of 375-460 °C are
heteroepitaxial. In addition, with an increase in the substrate temperature, diffraction reflections from the (111),
(220), and (311) crystallographic planes were observed. This is due to the formation and increase in the concen-
tration of intercrystalline boundaries with an increase in the deposition temperature. At a deposition temperature
of 460 °C, the intensity of diffraction peaks from planes (111), (220), and (311) is greatest.

Note that an increase in the GaAs substrate temperature during the deposition of InSb films from 375 to 460 °C
leads to an increase in the film roughness (fig. 2). The average roughness (R,,) for the sample formed at deposition
temperatures of 375 °C is 3.4 nm, while for the sample formed at deposition temperature of 460 °C is 19.1 nm.
An increase in the deposition temperature leads to an increase in the crystallite size of the InSb film, as a result of
the coalescence of smaller crystallites [10], which leads to an increase in the surface roughness.

The electrical properties of InSb films on GaAs(100) formed by explosive thermal evaporation, depending
on the substrate temperature, are presented in the table.

Electrical properties of InSb films formed on GaAs(100)
by explosive thermal evaporation depending on the substrate temperature

ot | gt e’ oV
375 568.18 +0.03 (5.4+0.5)-10"° (21£2)-10°
430 1159.09 £ 0.03 (2.6£0.3)-10"° | (12.0%1.0)- 10°
440 1477.27 £0.03 (2.1£0.4)-10"° | (11.0£1.0)-10°
460 931.81+0.03 (3.3+0.3) - 10'° (9.8+0.9)-10°
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Fig. 1. XRD patterns of films samples deposited
on semi-insulating GaAs substrates by explosive thermal evaporation
of InSb powder as a function of the substrate temperature

Fig. 2. Scanning electronic images of the surface of InSb films formed
by explosive thermal evaporation at deposition temperatures: a — 375 °C; b — 460 °C

In InSb thin films, independent of their preparation method, the mobility of carriers charge depends strongly
on the thickness of film, especially at d < 2—3 um [14]. This is due to the presence of a defect transition layer
between the substrate and the film. An increase in the film thickness leads to a decrease in the density of misfit
dislocations at the film-substrate interface, the presence of which is due to the difference in the lattice para-
meters of InSb and GaAs. At the same time, an increase in the crystallite size is observed, which in turn leads
to a decrease in the scattering of charge carriers at grain boundaries [9].

The data in the table show that in the substrate temperature range of 375—-460 °C, InSb films on GaAs
formed by explosive thermal deposition have different electrical properties. With an increase in the depo-
sition temperature from 375 to 460 °C, the mobility of charge carriers decreases by a factor of two. This is
due to the scattering of carriers by inhomogeneities due to an increase in the concentration of grain bounda-
ries at higher deposition temperatures. Epitaxial films have the Hall voltage sensitivity to the magnetic field
of InSb films varies in the range of 500—-1500 mV/T. At the same time, similar Hall devices known today
have a sensitivity to the magnetic field of 300—-500 mV/T [15]. The electron concentration in the range of
2:10"-6-10" cm™.

The changes in the extent of crystal perfection of the films presented above have a significant effect on
their electrical resistivity. At a deposition temperature of 375 °C, the film electrical resistivity is 2 - 10~ Q - m,
while at a deposition temperature of 460 °C the continuity of the film is disrupted and its electrical resistivity
increases to 8 - 10 Q - m. The increase in electrical resistivity with the increase in the substrate temperature is
due to the decrease in mobility of the charge carriers as a result of decrease in the preferred orientation and ap-
pearance of additional crystallite orientations in the film. The resistance of InSb films deposited on GaAs(100)
by explosive thermal evaporation depending on the deposition temperature are shown in fig. 3.

E?C'J — cmoemn AL Mmozom J,,M,w,, 23



ZKypnaa Besopycckoro rocyrapcrseHHOro yuusepcurera. ®usuxa. 2021;3:20-25
Journal of the Belarusian State University. Physics. 2021;3:20-25

WWW —

R, QA
40 Substrate temperature, °C
460
I --0-- 440
s —x— 430
301 —e— 375
% Fox
20
Tt
10F — TR
L \.\c\.
0 1 Il 1 Il 1 Il 1 Il Il

1 1 e
20 40 60 30 100 120 7, °C
Fig. 3. Temperature dependence of resistance (R)
of the InSb films on semi-insulating GaAs(100) substrates deposited

by explosive thermal evaporation at different substrate temperatures

The obtained temperature dependence of the resistance satisfies the properties of semiconductor materials,
1. e. as the temperature rises, the resistance decreases. At the films deposition temperatures of 430—460 °C, the
change in resistance with increasing temperature is more significant (see fig. 3). For the film, the deposition
temperature of which is 375 °C, the drop in resistance with an increase in temperature by 100 °C is 3 Q, while
for the film obtained at a deposition temperature of 460 °C, this value is more than 20 €.

Conclusions

The explosive thermal evaporation method is promising for obtaining InSb films. The advantage of the
method is its technical implementation in comparison with MBE. The high deposition rate of the films makes
it possible to reduce the cost of devices based on them. In addition, a high repeatability of the results on the
concentration and mobility of carriers, homogeneity and phase composition of the grown films is observed.

In this investigation, it was found that the heteroepitaxial InSb films of various extent of crystal perfec-
tion are formed by means of explosive thermal deposition of InSb on semi-insulating GaAs(100) substrates
in the temperature range of 375—460 °C. The Hall voltage sensitivity to the magnetic field of InSb films
varies in the range of 500—1500 mV/T. The electron concentration and mobility changes in the range of
2-10"-6-10"cm™>and 10 - 10° =21 - 10* em?/(V - s), respectively. The formed InSb films on semi-insula-
ting GaAs(100) make it possible to use them as highly sensitive miniature Hall devices.
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