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Abstract. The effect of an electric field on the optical characteristics of bulk n-InSb
in the terahertz spectral range (wavelength of 119 um) at a temperature of 78 K was
experimentally studied. The observed changes in the absorption coefficient and refractive
index are explained by an increase in the average energy of electrons in an electric field,
which is accompanied by a change in the average inverse effective mass of electrons due to
the non-parabolicity of the conduction band. Along with the isotropic change in the optical
characteristics in electric field, a dependence of the absorption and refraction of terahertz
radiation on the direction of the polarization vector was revealed: the measurement results
are different for electromagnetic radiation linearly polarized parallel and perpendicular
to the field. A comparison of the experimental results with the results of theoretical
modeling showed that the observed anisotropy of absorption and refraction is associated
with the combined action of two factors: the non-parabolicity of the conduction band
and the anisotropy of the nonequilibrium distribution function of electrons over states in
momentum space.
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AHHOTamMsA. DKCIEPUMEHTAIbHO HCCIEA0BAHO BIAMSHUE 3JEKTPUYECKOTO IO0JIsl Ha
OMTUYECKHE XapaKTepUCTUKM oO0beMHoro n-InSb B TeparepiioBoM crekTpajbHOM JU-
anazoHe (miuMHa BosiHbl 119 mMkM) npu Temneparype 78 K. OOHapyXeHHble U3MEHe-
HUs KoddhdUIMeHTa MOIJOLIEHUsS M ToKaszaTessl IMpeJoMIeHUsT OODBICHSIOTCS YBEIM-
YEeHUEM CpeIHEel DHEepPruyd 2JEeKTPOHOB B BJEKTPUUYECKOM MOJIe, YTO COIMPOBOXIAETCS
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4 Bulk properties of semiconductors

U3MEHEHUEM cpeliHell oopaTHON 3((HEKTUBHONH MacChl JIEKTPOHOB BCJIEACTBUE Hemapa-
GOJIMIHOCTH 30HBI IPOBOAMMOCTH. Hapsmy ¢ M30TpOITHEIM U3MEHEHUEM ONTHYECKUX Xa-
PaKTEepPUCTUK B DIIEKTPUUECKOM I10JIe OOHApYKeHa 3aBUCUMOCTD TIOTJIOIIEHUS U TIPEJIOM-
JIEHUs TepareplioBOTO M3IYYEHUS OT HalpaBJIeHUs BEKTOpa IOJISIPU3AIIUN: TTapajjieIbHO
WIM TEePIeHAUKYIIpHO Tonto. CpaBHEHUE Pe3yJbTaTOB SKCIIEPUMEHTA C pe3yjbTaTaMu
TEOPETUUYECKOT0 MOJEIMPOBAHUS MTOKA3aa0, UTO OOHApYyKeHHask aHU30TPOIUS TTOTJIOLIe-
HUSI M TIPEJIOMJICHUSI CBSI3aHA C COBMECTHBIM JIEHCTBUEM ABYX (haKTOPOB: Herapaboany-
HOCTHU 30HBI IPOBOIMMOCTA U aHU3OTPONMK HEPaBHOBECHON (DYHKIIUM pacTipelesIeHUs
3JIEKTPOHOB IO COCTOSTHUSM B UMITYJIbCHOM TIPOCTPAHCTBE.

KnioueBbie ciaoBa: aHU30Tponusl QYHKUMM pacnpeacsieHusl, pa3orpeB 2JEKTPOHOB,
Ipeiid 2JeKTPOHOB, MOTJOLIEHUE W3JyYeHUs, MPeJOMJICHUE U3IYYCHUS, MOIIpU3alus
usnydeHus, InSb
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Introduction

Electro-optical effects are widely used to modulate electromagnetic radiation. Due to the rapid
development of terahertz (THz) optoelectronics and photonics, the study of electro-optical effects
in this spectral region is of great current interest [1, 2]. The aim of this work is to experimentally
investigate the anisotropy of THz radiation absorption and refraction that occurs in an optically
isotropic semiconductor when exposed to an electric field.

The object of our study is donor-doped indium antimonide single crystals. The experiment
directly measures the modulation of the sample's optical transmission when exposed to electric
field pulses. The microscopic mechanism of the observed modulation can be associated with
a field-induced change in the free electron contribution to the permittivity of n-InSb. The
peculiarity of indium antimonide is that this semiconductor has a non-parabolic conduction
band. The effect of an electric field in this case is accompanied by a change in the dielectric
constant, which is different for radiation with linear polarization along the field (extraordinary
wave) and perpendicular to it (ordinary wave). Previously, such an effect was experimentally
observed in n-InSb in the mid-IR range (A = 10.6 um) [3]. In the cited work, the wavelength was
significantly shorter than the wavelengths of the plasmon-phonon resonance, the absorption of
radiation by free electrons was negligible, and the effect was entirely reduced to a change in the
refractive index, which was different for ordinary and extraordinary waves.

In this work, experiments were conducted in the THz range. The radiation wavelength
(A = 119 pm) is an order of magnitude longer than in [3] and is close to the wavelength of the
low-frequency plasmon-phonon mode in the samples studied. In this case, the situation is more
complex: there is noticeable absorption by free electrons, and the modulation of the sample
transmission by the electric field is associated with two factors, namely, a change in the refractive
index and a change in the absorption coefficient. Moreover, the change in the absorption coefficient
also turns out to be different for ordinary and extraordinary waves. Theoretical modeling of the
electric field-induced anisotropy of absorption and refraction of terahertz radiation in #-InSb was
previously performed in [4].

The aim of this work is to obtain experimental data on the field dependence of the refractive
index and absorption coefficient, as well as their polarization anisotropy in the THz spectral
range for indium antimonide. For this purpose, an original research method was developed and
tested, based on parallel measurements of the electro-optical modulation of laser radiation under

© Ycrumenko P.B., lansirun B.A., Kapaynos [I.A., HopBatoB U.A., MenentbheB I'.A., Bunnuuenko M.4., @upcos [1.A.,
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conditions of multipath interference and in its absence. The obtained experimental data were
compared with model calculations.

Experimental technique

All samples were fabricated from the same 7-InSb single crystal with a free electron concentration
of N, = 3.5-10" cm™ and a low-field mobility of p(0) = 1.2:10° cm?/(V-s) (at a temperature of
T = 78 K). The samples were dumbbell-shaped (see the inset in Fig. 1, a). First, plane disks
of about a millimeter thickness were cut from the single crystal using an electrical discharge
machine. The disks were subjected to mechanical grinding and polishing, as a result of which
the thickness was reduced to 0.6—0.7 mm. Then, dumbbells were cut from the polished disks,
also using an electrical discharge machine. The dumbbell shape of the samples helps to create a
uniform electric field in the working region and reduces the current density through the contacts.

In the neck of a dumbbell with a small cross-section w X d and length L >> w, d, a uniform
electric field was created by applying a pulsed voltage V to the contacts of the sample. The
contact regions of the sample were 6 — 7 times wider than the width of the dumbbell neck w,
and their length was 4 — 5 times shorter than L. Therefore, the resistance of the contact regions
was negligible, and the electric field strength E in the dumbbell neck can be calculated using
the formula £ = V' / L. Ohmic contacts on the ends of the sample were created by electrolytic
deposition of nickel from a Ni,SO, solution.

A continuous gas laser with optical pumping by CO, laser radiation, namely, a methanol vapor
laser FIRL-100 (Edinburgh Instruments) with an operating wavelength of A = 118.8 um, was used
as a source of THz radiation. The laser beam was focused onto the polished face of the dumbbell
neck using an off-axis parabolic mirror, and the beam aperture was limited by a diaphragm. The
beam path length in the sample was equal to d. Switching of radiation polarization from the
e || E state to the e | E state was carried out using a half-wave quartz plate (here e and
E denote the unit polarization vector and vector of applied electric field, respectively). The
sample was mounted in a flooded nitrogen cryostat with TPX windows and had a temperature of
T, = 78 K. The radiation transmitted through the sample was focused using two parabolic
mirrors onto a Ge:Ga detector (QMC Instruments), cooled to 4.2 K in a closed-cycle cryostat.
Photoresponse signals were measured with a TDS 2014B oscilloscope (Tektronix).

In the first series of samples (samples PP), the polished surfaces were plane-parallel (the
deviation from plane-parallelism did not exceed 1 um within the laser beam probing region).
Multiple reflections of the laser beam from the input and output surfaces of the sample were
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Fig. 1. Transmission modulation in sample PP with pulsed electric field (experiment):
oscillograms of photoresponse signal pulse AU(E, ?) for an ordinary wave (e L E), (a),
and an extraordinary wave (e || E), (b), normalized to the amplitude of the periodic
photoresponse signal at the chopper frequency U,.
In the legend, F denotes the amplitude of the electric field pulse.
Inset to (a): sample configuration for the electrooptical measurements, V(7)) shows shape of the voltage pulse.
Inset to (b): power pulse shape
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4 Bulk properties of semiconductors

accompanied by multipath Fabry—Pérot interference. The optical transmittance of the sample in
this case is described by the Airy formula:

B (l_r)Zefad (1)
1-2re ™ cos(8) + rie ™’
where
N2, g2
r:(l n)2+k2’ 2)
(1+n) +k

is the intensity reflection coefficient of the n-InSb/vacuum interface under normal incidence
of a beam of monochromatic electromagnetic radiation, o = 4mk/A is the absorption coefficient,
n and k denote the refractive index and extinction coefficient of the n-InSb, respectively, and
O = 4mnd/\ is the interference phase (the phase shift during double passage of radiation through
the sample). When the electric field E varied in the range of 0-180 V/cm, the interference phase
changed significantly, which made a noticeable contribution to the modulation of the sample's
transmission, along with the field-induced change in the absorption coefficient.

In the second series of samples (samples C), the output surface of the dumbbell neck had a
cylindrical shape, with its thickness being greatest at the center and gradually decreasing toward its
edges. This surface shape was achieved by additional grinding and polishing of the dumbbell neck.
As a result, the interference phase é took on different values at different points of the probing laser
spot, and Fabry—Pérot interference was suppressed. In this case, the optical transmittance of the
sample can be described by the formula:

(1-r)e™
T= e ¥

The geometric dimensions of the two samples, the experimental data for which are presented
in this paper, are given in Table.

Table The laser beam was modulated by a chopper

at a frequency of 160 Hz. Bell-shaped electric

Dimensions of the samples field pulses of 1.6 ps duration (see inset in

Fig. 1, a) were synchronized with the chopper

Sample L,mm | w, mm d, mm and had a frequency 80 times lower, ensuring
negligible Joule heating of the sample's crystal

Sample PP 10 0.8 0.613 lattice when exposed to periodic pulses.
Sample C 16 12 0.699 Experiments were conducted in pre-breakdown

electric fields (F < 180 V/cm), where the free
electron concentration remains constant.
The magnitude of the field-induced modulation of the sample transmission M was determined

as follows:
M(E)=%, 4)

where 7(E) denotes the transmittance of the sample in the field £.

Results and discussion

The oscillograms of the photoresponse signal pulses in sample PP (Fig. 1) and sample C
(Fig. 2) differ qualitatively. In sample C, for both radiation polarizations (e | E and e 1 E), the
photoresponse signal remains positive over the entire range of the studied electric fields, which
corresponds to a field-induced increase in the sample transmittance. Sample PP exhibits bipolar
photoresponse signals in strong fields: when the supplied electric power approaches the peak value,
the photoresponse signal becomes negative, indicating a decrease in the sample transmittance. In
Fig. 1 and 2, the time dependences of the photoresponse signal AU(E, t), induced by the electric
field, are normalized to the amplitude U, of the periodic photoresponse signal at the chopper
frequency.

Note that the pulse of supplied electric power had a duration of 1.2 ps (see inset in Fig. 1, b)
and with increasing field the pulse peak shifted by +0.2 ps. The photodetector had a time constant
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Fig. 2. Modulation of sample transmission with electric field pulses (experiment): oscillograms of
photoresponse signal pulse for an ordinary wave (@) and an extraordinary wave (b), normalized to the
amplitude of the periodic photoresponse signal at the chopper frequency

of ~1.3 us, while the photoresponse pulse duration was ~2.5 us, and with increasing field its peak
shifted by +0.4 ps. In Fig. 1 and 2, the shift of the photoresponse signal peak is shown by dashed
lines. In each oscillogram, the dashed line indicates the value of the ratio AU(E, 1)/U,, which
coincides with the modulation value M(E), defined by Eq. (4).

The experimental field dependences of the transmission modulation for both samples are
shown in Fig. 3. Their joint analysis allows us to determine the electric field-induced changes in
the absorption coefficient and refractive index for the single crystal from which the samples are
made.

As noted in the previous section, in sample C the Fabry—Pérot interference is suppressed, and
its transmittance can be described by Eq. (3). Then, in the approximation » = const(E) (which
is satisfied with an accuracy of 1% for the sample under study), the field-induced change in the
absorption coefficient can be found from the value of M using the equation:

Ao(E) = —éln [M(E)+1], ®)
a) b)
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Fig. 3. Experimental field dependences of transmission modulation for ordinary (circles) and
extraordinary (squares) waves: sample PP (a), sample C (b).
Solid lines are a guide for the eye

The resulting field dependences of the electric-field-induced change in the absorption coefficient
of n-InSb, Ao, (E), for radiation of two mutually orthogonal linear polarizations (P = L, ||) are
shown in Fig. 4, a. Note that for both polarizations the electric field induces negative changes
in transmission, and at a given field |Aa (E)] > |Aa (E)|. In the maximum field (172 V/cm) the
average change in the absorption coefficient Aa‘(tﬁ +Aa, (E)]/2 reaches a value of =6 cm™!, and
the polarization anisotropy reaches a value of |a (E)—Aa (E)| =0.45cm™!
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Fig. 4. Electric-field-induced change in the absorption coefficient of n-InSb, Ac,(E), for radiation of
two mutually orthogonal linear polarizations (P = 1, ||) (a); circles and squares show the experimental
values obtained from the transmittance modulation analysis in sample C, dash-dotted lines represent
the results of theoretical modeling. Electric-field-induced change in the refractive index of n-InSb
An,(E) for radiation of two linear polarizations (b); circles and squares show the experimental values
obtained from the transmittance modulation analysis in sample PP,
dash-dotted lines represent the simulation results.
Solid lines in both panels are a guide for the eye

The analysis of transmittance modulation in sample PP is, generally speaking, a more complex
task. In this sample, due to multipath Fabry—Pérot interference, a significant contribution to
the modulation comes from the change in the interference phase & [see Eq. (1)], caused by the
electric field-induced change in the refractive index An,(E), P= L, ||.

Let us write the nonequilibrium absorption coefficient for polarized light as
a,(E) = a(0)+Aa,(E), and the nonequilibrium refractive index as n,(E) = n(0)+An(E), where
a(0) and n(0) are the equilibrium values of the absorption coefficient and refractive index (£ = 0).
Then, for a given polarization, using Egs. (1) and (4), we can express the electric field-induced
modulation M through a(0), Aay(E), n(0) and An,(E). Since Ao, (E) is already known from the
experiment (Fig. 4, a), an analysis of the experimental field dependence of the transmittance
modulation for this polarization allows us to find a(0), 7(0) and An,(E). We used the parameters
o(0) and n(0) as fitting parameters. Note that a(0) determines the contrast of the interference
pattern, and n(0) determines the number of the interference pattern period within which the
phase & changes under the effect of electric field.

When o(0) and n(0) are specified, the magnitude of An, can be uniquely found from
the experimental modulation value. The optimal values of (1830) and n(0) were found by an
iterative procedure aimed at obtaining the value of n(0) as close as possible to the model value
of this parameter (the modeling procedure is described in the paper [4]). As a result of the
analysis of the experimental field dependence of the transmittance modulation (Fig. 1), the
dependences An,(E) (see Fig. 4, b) and the equilibrium optical parameters of n-InSb were found:
a(0) = 19 cm! (theoretical modeling gives a value of 26 cm™') and n(0) = 3.975 (theoretical
modeling gives a value of 3.968). Accordingly, for sample PP in zero field the interference
phase is & = 41-:(2m), which corresponds to the 41st interference maximum. In a field of 167
V/cm AnH(E) = 0.040 and An (E) = 0.028 (see Fig. 4, b), which corresponds to a significant
increase in the interference phase (by 0.81m and 0.567, respectively) and leads to a change in the
modulation sign in Fig. 1, a. In this case, the refractive index anisotropy reaches a magnitude of
n”(E) —n (E)=0.012.

We also performed theoretical modeling of the dependences Aa,(E) and An(E) for two linear
polarizations (P = L, Il). The calculation algorithm and the main calculation parameters were
published in [4]. The calculation is based on a nonequilibrium stationary electron distribution
function in the form of a shifted Fermi—Dirac distribution:
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1

fk)= :
exp ek,)—-nk v, —¢; )
kT,

(6)

where k_is the electron wave vector, (k) is the dispersion law for the conduction band, and
kB is the Boltzmann constant. The parameters of this function are the nonequilibrium electron
temperature 7, which exceeds the lattice temperature 7|, the electron drift velocity v, and the
Fermi energy ¢; all three parameters depend on the electric field E.

We determined the dependence v, (E) = — pW(E)E from the experimental current-voltage
characteristic (CVC). Studies in pulsed operation mode showed that the dependences of the
current density j on the field strength E for samples PP and C coincide within the experimental
error (see Fig. 5, a). Over the entire range of electric fields, the CVC remains linear; therefore,
u(E) = const = u(0).

The temperature of nonequilibrium electrons 7 at a given electric field strength can be
determined using the power balance equation:

2 (98
4 ME)E —< dt>, ™

where g_ is the electron charge, and <C; > denotes the electron energy loss rate averaged over
t

an ensemble of electrons with a given concentration. When calculating the energy loss rate, the
scattering of electrons with optical phonons was considered, taking into account the electron-
electron interaction [5]. The Coulomb logarithm required for the calculation was obtained on
the basis of the work [6]. The dependence of the energy loss rate on the electron temperature,
obtained at N = 3.5 10 cm> and T, = , = 78 K, is shown in the inset to Fig. 5, b. Using this
dependence, as well as the experimental data on u(E) we determined the field dependence of the
temperature of nonequilibrium electrons 7" (the algorithm of this procedure is described in detail
in the paper [7]). The degree of heating of free electrons AT =T — T, depending on the electric
field is shown in Fig. 5, b. Under the conditions of our expenment the field dependence of AT
is close to quadratic (the relative deviation does not exceed 10%), which corresponds to a linear
dependence on the supplied electric power. The maximum heating of electrons was 102 K (in a
field of 180 V/cm).

The position of the Fermi level €, at the electron temperature 7 was determined by normalizing
the distribution function (6) to the electron concentration N .

A comparison of the results of theoretical modeling of the dependences Aa(E) and An(E)
for two linear polarizations with the experimental results is shown in Fig. 4 a, b. The model

a) b)
! E
E(b) 7
10000 - 1.6 us
Sample PP
o~
£
o
<
= < 10F 30 100 120 140 160 18
5000 - Sample C
T,=78K
0 L I 1 1 \
0 50 100 150 10 100
E, Vicm E, Vicm

Fig. 5. Experimental current—voltage characteristics for two samples (a), inset: electric field pulse

shape. Field dependence of electron temperature (b), obtained from the current—voltage characteristics

using the power balance equation, inset: energy loss rate per electron vs. the nonequilibrium electron
temperature 7, (theoretical simulation)
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4 Bulk properties of semiconductors

field dependences are in qualitative agreement with the experimental ones: (i) the absorption
coefficients for both polarizations decrease with the field, (i7) the anisotropy o, — o, is negative and
increases in absolute value with increasing field, (iii) the refractive indices for both polarizations
increase with field, (iv) the anisotropy n, — n is positive and increases with increasing field.

A quantitative comparison shows that the model calculation yields an anisotropy of the
absorption coefficient o (£) — a (£) that coincides with the experiment with an accuracy
of 10%, while the simu!ation yields a weaker average decrease in the absorption coefficient
[a”(E) + o (E)]/2 in strong fields compared to the experiment (by approximately 40%).

The simulated anisotropy of the refraction coefficient nH(E) — n (E) is approximately two
times smaller than that observed in the experiment, while the simulation yields a stronger average
increase in the refractive index [nH(E) +n (E)]/2 in strong fields compared to the experiment (by
approximately 30%).

This quantitative difference between the experimental and theoretical modeling results may be
due in part to experimental imperfections and in part to the approximate nature of the model.
Specifically, the experiment utilized bell-shaped electric field pulses with a duration comparable
to the photodetector time constant, and no correction for the photodetector's dynamic error was
made when analyzing the photoresponse waveform. Theoretical calculations of the change in the
absorption coefficient and refractive index of n-InSb in an electric field were based on a model

dependence of the energy loss rate <§> on the electron temperature, obtained without taking
t

into account non-parabolicity of the conduction band.

Summary

Electric-field-induced changes in the absorption coefficient and refractive index for terahertz
radiation in n-InSb were experimentally detected and studied. The studies were conducted in the
pre-breakdown electric field region (less than 180 V/cm), where the free electron concentration
remains constant. Polarization anisotropy of both effects was revealed. The current-voltage
characteristics of the samples used for electro-optical studies were also measured. In the
studied electric field region, the current-voltage characteristics are linear. It was found that the
maximum electron heating reached ~100 K, and the maximum drift velocity was approximately
2.2-107cmys.

Theoretical modeling of the studied effects was performed. It was shown that they are caused
by the combined effect of the non-parabolicity of the indium antimonide conduction band and
the anisotropy of the electron distribution function over states in momentum space, associated
with electron heating and drift.

The research results can be used in the development of high-speed modulators of terahertz
radiation.
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