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INVESTIGATION OF THE OPTICAL PROPERTIES OF InSb THIN FILMS GROWN ON GaAs
BY TEMPERATURE-DEPENDENT SPECTROSCOPIC ELLIPSOMETRY
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InSbh thin films were grown on Gads substrates by metal organic chemical vapor deposition (MOCVD)
and investigated by temperature-dependent spectroscopic ellipsometry (TD-SE). The refractive index, extinc-
tion coefficient, and dielectric function of the InSb films were extracted. The variation of critical point ener-
gies (E;, E;+4,, E;, E}') related to the excited state transitions of InSb and the second energy derivatives of
the dielectric function at different temperatures showed that the InSb thin film had high electrical and opti-
cal stability at the evaluated temperatures. TD-SE analysis revealed a temperature range suitable for the use
of InSb/GaAs-based devices. Beyond 250°C, InSb was heavily oxidized to form a thin In-O layer, causing a
pronounced change in the optical constants. The results indicated that optimized InSb thin films grown on
GaAs by MOCVD possess good optical and structural properties.
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Tonxue naenku InSb svipawjenvl Ha noonodickax GaAs MemoooM XUMULECKO20 0CANCOCHUsL U3 2A30801
Gazel nymem mepmuiecko20 paznodiCeHusi U UCCIe008aHbl ¢ NOMOUWbIO MEMNePaAmypHO-3a8UCUMOL CEeKM-
pockonuyeckou sniuncomempuu (TD-SE). Hatidenvl nokazamens npeiomieHuss, Kod@ouyuenm sKCmurHKyuu
u ousekmpuydeckas npoHuyaemocms nienox InSb. HUzmenenue snepeuii kpumuueckux mouex (E;, E; + 4,
E, E}'), ceasannoe c nepexooamu InSb 6 6036ycoennom cocmosiHuu, u 6mMopvix NPOU3800HbIX OUINEKMPU-
yeckou PYHKYUY no dHepeuu NPU pasHsblx memnepamypax noxkasvieaem, umo monxas nienxa InSb obnadaem
8bICOKOU CTNAOUTLHOCBIO IIEKMPUYECKUX U ONMULECKUX CBOUCME 8 UCCAedyeMOM MeMNepamypHom ouana-
30ne. Ananuz TD-SE noszeonun ycmanogums 001acme memnepamyp 015 UCHOIb308AHUS YCMPOUCME HA OC-
nose InSb/GaAs. Bouue 250°C InSbh unmencuerno okucasemcs, obpasya monkuii caou In-0, ebizbisaiowuil 3ua-
yumenbHoe U3MeHeHue onmuyeckux xoucmanm. Ilokazano, umo onmumusuposannvie morkue niewku InSb,
svipaujertvle Ha noonodckax GaAs, obradarom xopowumu ONMUYECKUMU U CIPYKINYPHBIMU C8OTICIBAMU.

Knrwoueswvle cnosa: monxas naenxa InSb, cnexmpockonuueckas 2anuncomempus, noKazameisb npeiom-
JIeHUs1, SKCMUHKYUS, OUDTIEKIMPUYECKAsI NPOHUYACMOCTb.
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Introduction. Crystalline indium antimonide (InSb) possesses a narrow bandgap of 0.18 eV at room te-
mperature (RT) and the highest electron and hole mobility of 7.8x10* cm*/V-s among I1I-V group compound
semiconductors. This is very useful for a number of applications, for example, in high-speed electronic de-
vices, mid-infrared photodetectors, and high-performance magnetoresistive sensors [1-10]. The InSb/GaAs
heterojunction structure is widely used in high-performance InSb-based infrared (IR) detectors, despite a
large lattice mismatch of about 14.6% between InSb and GaAs [2, 11, 12]. Metal organic chemical vapor
deposition (MOCVD) has been developed as a viable technology to produce large-scale InSb thin films on
the GaAs substrate. Techniques have been developed to overcome the difficulty of the large lattice mismatch
between film and substrate for large-scale industrial IR optoelectronics and automobile applications [13—15].
InSb-based devices have theoretically been shown to have the potential for high performance over a wide
temperature range [1]. Therefore, it is necessary to experimentally study their temperature-dependent optical
properties, including refractive index (n), extinction coefficient (k), and dielectric function (¢) in the range
300-600 K for infrared applications without liquid nitrogen cooling and high-power-density devices.

There have been a few experimental studies of the optical properties of bulk and epitaxial InSb [5, 16-22].
Miyazaki et al. reported the g(E) spectra of InSb epitaxial films with different substrate temperatures and
various depositions [16]. Tae Jung Kim et al. reported the critical points (CPs) of bulk InSb in the tempera-
ture range 31-675 K by analyzing the dielectric function data obtained from spectroscopic ellipsometry (SE)
measurements, and the blue shift and sharpening of the CPs structures were observed [17-19]. D’Costa et al.
investigated the optical properties of InSb films on the GaAs substrate compared to the InSb bulk crystal
using SE at RT [20]. Haruyuki Sano et al. performed ab initio calculations of the InSb characteristics and
analyzed the differences of the optical properties of the crystalline and liquid states [21]. E. B. Elkenany et al.
studied the temperature effect (0—500 K) on the optoelectronic properties of the InSb semiconductor using
the local empirical pseudo-potential method [22]. Muhammad Hilal et al. investigated the electro-optical
properties of InSb under the influence of spin-orbit interaction at RT [5]. However, the optical properties of
InSb films grown on GaAs for a wide temperature range have not been reported.

In this work, SE was used as a nondestructive technique, with good precision in a wide spectral region,
to examine the film thickness, optical constants, and microstructures of InSb/GaAs heterostructures. The
optical properties of InSb thin films grown on GaAs substrates were studied by SE in the temperature range
RT-300°C, i.e., 573 K. The changes in ¥ and A were measured and subsequently used to extract the refrac-
tive index (n), extinction coefficient (k), and dielectric function, related to the carrier concentration and mo-
bility of InSb. Furthermore, to investigate the temperature dependence of the dielectric function, some criti-
cal parameters obtained from the SE results were also elucidated. The obtained results indicated that, despite
a lattice mismatch of ~14.6% with the GaAs substrate, these InSb thin films on GaAs substrates have good
optoelectronic properties in comparison with the bulk crystal after optimizing the control parameters during
the MOCVD growth. Furthermore, our temperature-dependent spectroscopic ellipsometry (TD-SE) meas-
urements and simulation revealed the formation of an indium-oxide thin layer, causing a large change in the
optical constants.

Experimental. Crystalline InSb thin films grown on GaAs (100) substrates were prepared by the
MOCVD method. Trimethylindium (TMIn) and trimethylantimony (TMSb) were used as In and Sb sources,
respectively. The pressures of the indium and antimony bubblers were 429 and 323 Torr, respectively. The
indium and antimony bubble flows were in the range 130-270 sccm. Hydrogen acted as the carrier gas and
its flows were varied from 320 to 775 sccm. The rates of growth were between 0.65 and 1.2 um/h, with the
best growth rate at about 0.95 um/h. The temperature growth was monitored by a single wavelength low-
temperature pyrometer and fixed at 395°C. These growth processes resulted in thin film surfaces with excel-
lent morphology, free of indium droplets. A typical InSb/GaAs sample was studied extensively in this paper.
A number of measurements were performed for this epitaxial InSb sample, including investigation of the
AFM surface morphology and RF sheet resistivity. Herein we present the results of Hall measurements,
scanning electron microscopy (SEM), etc. [23].

Results and discussion. A dual rotating-compensator Mueller matrix ellipsometer (ME-L ellipsometer,
Wuhan Eoptics Technology Co. Ltd., China), equipped with a Linkam Scientific heating and cooling stage
device (THMSG600E), was used for the acquisition of the ellipsometric spectra of InSb thin films. Two pa-
rameters ¥ and A, determining the amplitude ratio and phase difference between the light waves, respec-
tively, can be extracted from the ellipsometric data as a function of wavelength A from 193 to 1700 nm at
1 nm step or energy E from 0.73 to 6.43 eV. The SE spectra of bulk InSb and InSb thin films studied here
are shown in Fig. 1. Their spectral oscillations are similar, which indicates similar optical parameters like 7 or £.
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Fig. 1. The SE spectra of bulk InSb (solid lines) and the InSb thin film grown on GaAs (dot-dash lines).

The Eomtrics software was applied to fit the SE data, as described below. The n, &, and ¢ at different
temperatures (25-300°C) were derived through analysis of the SE data of this InSb sample. The complex
dielectric function € of InSb versus photon energy (£) was modeled using multiple Tauc—Lorentz oscillators.
The Tauc—Lorentz model can be expressed as [24-26]:

AE,C(E-E,))* 1
2 - 2\2 g2 2 ? E>Eg’
&2(E)=(E°-E;)+C°E* E (1)
0, E<E,,

where ¢, is the imaginary part of the dielectric function and E is the photon transition energy. The values 4
and C are obtained by fitting ¥ and A. Equation (1) is useful for evaluating € (or n, k). The real part of the
dielectric function €, is obtained by exploiting the Kramers—Kronig integrations, i.e.

eB) =) + 2P 25 ge @
T £, & —-F
where the term P is the main part of the Cauchy integral, where g;(w0) is added as a fitting parameter.

Assuming that the samples were heated by the ambient environment during testing, a structural model
for bulk InSb and InSb thin films used for fitting the data was designed, including a surface roughness layer
with 50% of air and 50% of the In,O; material, an oxide layer of In,O; and a crystalline InSb layer on the
GaAs substrate. Then the measured data were simulated by the Bruggemen equivalent medium approxima-
tion model [27] according to the above structure. The SE fitting results of the InSb thin film at variable an-
gles (50°, 55°, and 60°) are displayed in Fig. 2. The measured data were in good agreement with the model
fit in the full spectral region. It is found that both ¥ and A changed with the incident angle. Therefore, all of
the ¥ and A data with variable angles were considered in the calculation of the optical parameters of n and k.
The obtained thickness of the InSb layer was 38.77 nm, which indicated the possibility of crystalline distor-
tion and compressive stress induced by the lattice mismatch between InSb and GaAs in the InSb layer.
Therefore, its optical properties may be different from the thick one or the bulk counterpart, and these differ-
ences become significant if the growth parameters are not optimized and the crystalline quality is low.

The fitting results showed that the obtained thickness of In,O; layers in the major temperature range
(25-250°C) was very small. For example, the obtained thickness of In,O; layers for 250°C was less than
0.01 nm, while the value was 38.8 nm for the InSb layer; 0.01 nm is much thinner than one monatomic layer,
so this indicates that oxide layers are unnecessary in the fitting structure models of these samples. Surpris-
ingly, the sample for 300°C showed a 5.4 nm thickness for In,O3 and a 37.2 nm thickness for InSb. This in-
dicates that the oxide layer cannot be ignored in the sample heated at 300°C. The obtained optical parameters
like the refractive index and the extinction coefficient relating only to the InSb layers were extracted and
analyzed below.

Figure 3 shows the similarity of the data of our work (solid lines) and the results from [28]. The refrac-
tive index of bulk InSb is greater than that of the InSb thin film in the wavelength range 200-725 nm, and
the extinction coefficient of bulk InSb is larger than that of the InSb thin film in the range 315-1650 nm.
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Figure 4 shows the variation of 7 and k of the InSb film from 25 to 300°C. As is seen, the InSb thin film
contains several absorption peaks in the wavelength range 200-800 nm. They gradually and smoothly shift
toward the longer wavelength region (red shift) and broaden with increasing temperature from RT to 250°C.
However, as the temperature increases beyond 250°C up to 300°C, pronounced spectral variations occur.
These variations are irreversible and permanent, even after repeating the SE tests by cooling the sample. This
phenomenon implies that oxidation exerts a remarkable influence at 300°C, and our model cannot perfectly
simulate the real structure. For example, an intermediate layer with a gradient oxygen concentration cannot
be well simulated by the SE database. However, this result may be predicated on the high temperature limita-
tion for the use of InSb/GaAs materials in ambient conditions.
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Fig. 2. The values of ¥ (a) and A (b) of the InSb thin film at different angles.
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Fig. 3. The refraction index 7 (a) and the extinction coefficient & (b) of the InSb film (1)
and bulk InSb (2) samples at RT. The circles are data from [28].
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Fig. 4. The refraction index » (a) and the extinction coefficient & (b)
of the InSb thin film as a function of the temperature.

The results of &, and &, of the InSb thin film at different temperatures are shown in Fig. 5. The proper-
ties of €, and &, in the wavelength range 200-800 nm are related to interband transitions because InSb has
a narrow band gap of 0.18 eV. The high-energy region much beyond the bottom of the conduction band and
related to electron-phonon interaction is critically dependent on the crystalline quality. Therefore, it is neces-
sary to check these characteristics in detail at various temperatures.
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Fig. 5. The real (a) and imaginary (b) parts of the dielectric function &
of the InSb thin film as a function of the temperature.
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Fig. 6. The dielectric function € of the InSb thin film at different temperatures.

The dielectric function ¢ of the InSb thin film at different temperatures as a function of the photon en-
ergy is shown in Fig. 6. The peaks in these spectra reflect the high-energy state transitions of the InSb thin
film and can be used to obtain several critical energy points (£, E1+Ay, E,, E;"). The study of the changes of
CPs energies at high temperatures is important for devices functioning at high temperature or output power.

The second energy derivatives of the dielectric function were investigated at different temperatures in
order to distinguish the overlapping CP bands [29], as shown in Fig. 7. The solid lines and the dash lines are
d’*ei/dE* and d’e,/dE*, respectively. Several selected spectra with temperature points of 25, 100, 200, and
300°C are displayed in Fig. 7. The sharp second-order peaks at 1.7—1.85 and 2.1-2.3 eV related to the energy
levels E| and E,+A; can now be clearly seen. It can be clearly seen that the CPs move to the low energy side
and the band structure becomes broader with increasing temperature, which indicates that both the transition
probability and the carrier mobility decrease with temperature variation from RT to 300°C. Figure 8 shows
the temperature dependences of the CPs E; and E|+A,, which display a similar behavior as compared with
the data of [19]. A red shift of the CPs is observed with increasing temperature as a result of the increased
lattice constant and electron-phonon interaction [18, 19]. This demonstrates that the InSb thin film on GaAs
has characteristics analogous to as bulk InSb. The structure of the peak related to the CPs can still be ob-
served at 300°C from our experimental results. This indicates that this MOCVD-grown InSb material pos-
sesses high stability with increasing operational temperature.

d*<e>/dE?

Fig. 7. The second energy derivatives of ¢ for temperatures from 25 to 300°C.
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Fig. 8. The temperature dependences of E£7 and E;+A; CPs energies.
The pink and blue lines are results [19].

Conclusion. The optical properties of the InSb film grown on GaAs (100) by MOCVD were studied us-
ing SE at variable temperatures (25-300°C). The InSb SE data were analyzed by Tauc—Lorentz multiple os-
cillator modes. The variations of the refractive index (n), extinction coefficient (k), and dielectric function (g)
of the InSb thin film were extracted by analyzing the experimental SE data. It has been found that the ab-
sorption peaks shifted toward the longer wavelengths with increasing temperature. The second energy de-
rivatives of the dielectric function were analyzed to get the temperature behavior of the critical parameters.
This showed that the InSb epitaxial material under investigation had high electrical and optical stability at
elevated temperatures. These results indicate that, despite a large lattice mismatch of ~14.6% for the InSb
crystal on the GaAs substrate, the use of the MOCVD method with optimal growth conditions permits one to
obtain thin film samples possessing optoelectronic properties comparable to their bulk counterpart. This
work has revealed that a pronounced spectral variation, i.e., a large change in the optical or/and structural
properties, occurred in the InSb film at temperatures beyond 250°C up to 300°C. This is caused by irreversi-
ble oxidation under ambient conditions at higher temperatures. However, the optical parameters of the InSb
film vary gradually and smoothly with the temperature from RT to 250°C. This gives the opportunity to de-
termine a temperature range for the application of InSb/GaAs-based devices. These results will be critical for
designing high-performance InSb infrared optical thin film devices in the future.
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