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Abstract. The calculation of the refractive index and absorption coefficient spectra has
been performed for terahertz radiation (A = 70 — 500 um) in electronic indium antimonide
(n-InSb) placed in an electric field of up to 200 V/cm. It was done on the basis of solving
the Fresnel equation and the Boltzmann kinetic one. The Fermi — Dirac distribution shifted
in velocity space was used as a nonequilibrium stationary electron distribution function over
states. Changes in optical characteristics obtained in an electric field were shown to be due
to the heating and drift of free electrons. The anisotropy of the electron distribution function
over states in momentum space, arising in an electric field, leads to anisotropy of refraction
and absorption; changes in the refractive index and absorption coefficient are different for
radiation polarized parallel and perpendicular to the field. These changes differed for radiation
polarized parallel and perpendicular to the field direction. This effect can be used for high-
speed modulation of terahertz radiation because it is clearly pronounced.
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norjouieHus: TeparepioBoro uanaydeHus (A = 70 — 500 pm) B 3J€KTPOHHOM aHTUMOHUIE
uHaust (n-InSb) B siaekrpuyeckoM mose HampsikeHHocThio g0 200 B/cm. B kauectse
HEPABHOBECHOU CTallMOHAPHOW (YHKIUU paCIpeAesieHUs] 3JEKTPOHOB IO COCTOSTHUSIM
HCTIOIb30BasIoch pacripeaesneHne Pepmu —upaka, cMelIeHHOE B IIPOCTPAHCTBE CKOPOCTEIA.
IMoka3zaHo, 4YTO M3MEHEHME ONMTUYECKUX XapaKTePUCTUK B IJIEKTPUUYECKOM II0JIE CBSI3aHO C
pa3orpeBoM U ApeiipoM CBOOOAHBIX JIEKTPOHOB. AHU3OTpPONUS (YHKIIAU PaCIpenesIeHUS
9JIEKTPOHOB MO COCTOSTHUSIM B UMIMYJILCHOM TPOCTPAHCTBE, BOZHUKAIONIASI B JIEKTPUUECKOM
rnoJjie, MPUBOAUT K aHU3OTPONUMU TMPEOMJICHUSI U TOMJIOIIEHUS; U3MEHEHUs MoKa3aTes
MpesoMJIeHUsT U Kod3hUIIMeHTa MOMIOIIEHUs] Pa3IMYHbl [JIs1 U3IYYeHUSsI, TTOISIPU30BAHHOTO
MmapaJijie;iIbHO HaIlpaBJIEHUIO TIOJISI M TIEPIICHAUKYISIPHO eMy. BbIpaskeHHOCTh 3TOro addexra
MO3BOJISIET €r0 MCITOJIb30BaTh IJISI MAJIOMHEPIIMOHHON MOMYJISIIIUY U3JIyYeHUs TeparepiioBOro
nrana3oHa CIeKTpa.

KioueBblie ciaoBa: aHU30TPONMST (PYHKLMU paclpeaeieHus], pa3orpeB 3JeKTPOHOB, Apeiid
3JIEKTPOHOB, MoJsApu3aums usaydyeHus, InSb
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Introduction

An electric field can significantly affect the optical characteristics of semiconductors and
semiconductor nanostructures. The majority of publications on electro-optical research consider
the effect of an electric field on phenomena induced by bound electrons. Well-known phase
electro-optical modulators are based on the Pockels effect in crystals without an inversion center,
such as gallium arsenide (GaAs), cadmium telluride and zinc telluride (CdTe, ZnTe), as well
as on the Kerr effect, which can also be observed in centrosymmetric materials, such as liquids
and perovskites [1]. These effects lead to a change in the refractive index of the semiconductor
associated with the crystal lattice. It is also possible to change the absorption coefficient and
achieve amplitude modulation of radiation in an electric field by means of the Franz—Keldysh
effect in bulk semiconductors [2] and the quantum-confined Stark effect in low-dimensional
structures [3, 4].

Phenomena related to heating and drift of free charge carriers in an electric field are a separate
group of electro-optical effects. Significantly lower electric fields are required for the system of
free electrons to deviate from the equilibrium state compared to electrons bound to the ion core.
An isotropic change in the electron distribution function over states in momentum space under
an electric field (electron heating) leads to the modulation of the refractive index and absorption
coefficient due to free electrons, which is independent of the radiation polarization.

The anisotropy of the distribution function associated with electron drift in an electric field
leads to anisotropy of optical parameters; specifically, modulations of the refractive index and
absorption coefficient differ for light polarized along and across the applied field. The effects
of heating and drift of free electrons in an electric field are particularly substantial in semicon-
ductors with high electron mobility, where the electronic indium antimonide (n-InSb) is the
classical example.

The dependence of the refractive index in #-InSb on the electric field was experimentally
determined in [5] for radiation with linear polarization parallel and perpendicular to the field.
The experiments were carried out at the CO, laser wavelength (A = 10.6 pm), where free electron
absorption is negligible. The authors detected anisotropy of the refractive index induced by heating
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and electron drift. The obtained results were interpreted via a theoretical model approximating the
nonequilibrium electron distribution function with the shifted Maxwell—Boltzmann distribution.

Optoelectronics and photonics of the terahertz range have been rapidly developing in recent
years. Much attention is therefore focused on studying the anisotropy of the complex dielectric
permittivity of indium antimonide in the terahertz range due to hot electron drift. Absorption of
radiation by an ensemble of nonequilibrium electrons is significant in this range, so a new effect,
which is the anisotropy of the absorption coefficient, can be expected to accompany the anisot-
ropy of the refractive index induced by electron heating.

Indium antimonide was chosen as a model material because the band structure for this
semiconductor is reliably established and the optical properties are studied in detail, making
it possible to conduct accurate theoretical modeling to quantitatively compare its results with
experimental data.

This paper reports on the theoretical calculation of the anisotropic refractive index and the
anisotropic absorption coefficient for radiation in the terahertz range (wavelengths of 70—500 um)
in electronic indium antimonide in an electric field; the calculations were performed using the
kinetic Boltzmann equation.

We obtained quantitative characteristics of the anisotropy of refractive index and absorption
coefficient induced by an electric field. A nonequilibrium electron distribution function was used
for the simulation in the shifted Fermi—Dirac distribution approximation, which is more correct
for high doping levels than the Maxwell—Boltzmann distribution used in [5].

Calculation of refractive index and extinction coefficient

Consider the interaction of electromagnetic radiation characterized by the wave vector k
with an electronic indium antimonide (z#-InSb) crystal under an applied electric field E, in
accordance with the schematic diagram in Fig. 1. Let us direct the electric field along a
crystallographic direction with high symmetry, for example [111], and introduce a system of
Cartesian coordinates.

To describe the optical properties of the sample, we introduce the dielectric permittivity
tensor €, which includes the contribution of bound electrons and the lattice €, , and the contri-
bution of free electrons expressed in terms of the high-frequency conductivity tensor 6 :

ey

where o is the frequency of electromagnetic radiation.
Note that the relatively low value of the electric field strength considered in this paper
(E£'=100—200 V/cm) does not affect the optical characteristics of InSb determined by bound
electrons; the tensor €, can be treated as a sca-
E " [1 1 1] lar in the photon energy range /i < g, [6]:

static and high-frequency values of the dielectric

permittivity; o, is the long-wavelength trans-

€€,
L = 800 + 2 s
n-InSb_4 7 1—[ © j L% @
2
®ro ®ro
K k y where g, is the band gap of InSb; ¢, ¢ are the
X

Fig. 1. Schematic diagram for propagation

of radiation with wave vector k in indium

antimonide (n-InSb) sample placed in external
electric field E
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verse optical (TO) phonon frequency; v, is the
damping constant related to the TO phonon life-
time t,, as vy, = 1/1,,.

The high-frequency conductivity tensor
relates the electric field of a light wave E  and
the free-electron current J induced by it:
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J,. = Gi/Emj’ I,j=x).z2. 3)

A constant external electric field E transforms indium antimonide into a uniaxial crystal with

an optical axis directed along the field (in our case, along the z axis). Therefore, the & tensor can
be converted to diagonal form:

., 0 O
6= 0 o, 0], 4)
0 0

zZ

where 6= G, # 0.

This holds true for the case of absence of an external magnetic field [7].

Transformation of Maxwell’s equations, taking into account equalities (1)—(3), leads to the
wave equation:

1o, . OE,
VzEm:c_za(élnGEm-i_eL po j (5)

The solution to this equation is sought in the form of a plane wave:
where e is the unit polarization vector.

The wave vector k is generally complex, and therefore it is convenient to introduce a complex
refractive index 7:

K = (w/c) s, (7)

where s is a unit vector in the direction of wave propagation, while
n=n+tik, 8)
The real part of the complex refractive index # is responsible for the wave phase velocity c¢/n,

and the imaginary part k, (extinction coefficient) appears in the expression for the absorption
coefficient a:

a=2mk/c. )

Substituting expression (6) into wave equation (5) leads to the following system of equations:
- - JAn ..

Z;(nzs” s P SLBZ‘J)EUJ.;’ 1,j=X,p,z. (10)

This homogeneous system of equations has a nontrivial solution (£_, Ewy, E, ) only if its deter-
minant is equal to zero:

det(ﬁzé‘)ﬁ—ﬁzsisj—i%csﬁ—sLSU.jzo. (11)

The equation (11) for 72 is called the Fresnel equation. The Fresnel equation for the experi-
mental configuration used (see Fig. 1) takes the form
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fzz—i4—ncm—8L 0 0
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0 —ZXGW—SL 0 =0. (12)
0 0 i g
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Eq. (12) has two distinct solutions for 7% Evidently, they correspond to the solutions of
system (10) with two wave polarization directions: parallel and perpendicular to the applied elec-
tric field, which can be expressed in terms of the components of the dielectric permittivity tensor:

e, |OZ||E: i =(n +ik,) =€, Ao, g (13)
()]
2 4711'0

e, LOZ: i} =(n, +ik, )’ = =g (14)

According to the terminology adopted for anisotropic media, a wave with polarization e, L E
is ordinary, and a wave with polarization e_|| E is extraordinary.

Separating the real and imaginary parts in relations (13) and (14), we obtain systems of equations
for the refractive index and the extinction coefficient for waves of the two polarization directions:

{n” —k =Ree_,

15
2mk, =Ime_; (15)
2 2
n, —k; =Ree_,
{ e (16)
2n,k, =Ime_.
The solutions of these systems of equations have the following form:
1
= _\/\/(Imgzz)2 +(Ree..)’ +Ree_,
» (17)
1
ky = ﬁ\/\/(lm e.)’ +(Ree..)’ —Ree.;
1
B ﬁ\/\/amgmf)2 +(Re EM)2 +Ree_,
(18)

k, :%\/\/(Imsm)2 +(Ree )’ —Ree,

If the condition 6_# o is satisfied, then anisotropy of the optical parameters occurs: n,#n,
k, #k,.

el
Microscopic calculation of optical characteristics in an electric field

To establish how the electric field affects absorption and refraction of radiation in indium
antimonide, we must find the components of the high-frequency conductivity tensor ¢, and o
(see Egs. (13) and (14)). A common approach to determining the optical properties of a crystal
associated with free electrons is to use the Drude model [8]. However, this model cannot easily
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account for the anisotropic electron distribution in momentum space under an electric field and
the nonparabolicity of a conduction-band dispersion, both of which are essential for describing
the heating and drift of free carriers induced by a constant electric field in this problem.

The components of the high-frequency conductivity tensor are determined using the solution
of the kinetic Boltzmann equation for electrons in a constant electric field E, which induces heat-
ing and drift of electrons, and in a high-frequency electric field of an electromagnetic radiation
wave E _exp(iof). The equation for the electron distribution function f{k, 7) has the following form
in the approximation of relaxation time [9]:

1:—£(E+Ewe"‘”’)i+ S=Jo
ot h ok T

where t is the momentum relaxation time (for simplification, we assume it to be independent of
the electron wave vector k), (k) is the equilibrium Fermi—Dirac distribution function.

The solution of Eq. (19) is sought as the sum of a stationary (nonequilibrium!) term and a
high-frequency term:

; (19)

SIKD=f(K) + [ (K)e™". (20)

If we assume that the electron—electron interaction is sufficiently strong, then the steady-state
electron distribution function in a constant electric field can be represented as a Fermi—Dirac
distribution f(k) shifted in velocity space [10]. The parameters of this function are the electron
temperature 7, which is not equal to the lattice temperature 7, and the drift velocity v,

n :L\/\/(Im%)2 +(Ree,,)’ +Ree,,
V2 1)

k,, :%\/\/(Imsm)2 +(Ree )’ —Ree,

Here e(k) is the law of electron energy dispersion, . is the Fermi energy, and k; is the
Boltzmann constant.
We will use the isotropic Kane law of dispersion [11], which is a good approximation for

indium antimonide:
€ 20 k*
g(k)zjg{ 1+ 5 —1}, (22)

m,e,

where m" is the effective electron mass at the bottom of the conduction band.
If we substitute expression (20) into Eq. (19), we can find the term f (k) defining the transient
part of the distribution function:

_ ieE, 0f.(k)
f“’(k)_h(mij ok (23)

T

The radiation-induced electric current of free electrons J_ is related to the high-frequency part
of the distribution function as follows:

p—

where the electron velocity is v = (1/7)(ds/dk).

1 de
=ef 1.k )(2

-, 24
) (24)
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Substituting expression (23) into Eq. (24), performing integration by parts, and comparing the
result with equality (3), we find the components of the high—frequency conductivity tensor:

ie’ 1 d’e
Gii: J- 2 zf( ) 39
[m j n* dk; (2 ) (25)
T
c,=0, ifi#j,i,j=xyz (26)

The expressions obtained for 6 and o can be used to calculate the behavior of the refractive
index n, the extinction coefficient &, and the absorption coefficient « in an electric field for two
directions of radiation polarization in accordance with expressions (13)—(18) and (9).

Simulation results and analysis

Refractive index anisotropy induced by the electric field and absorption coefficient anisotropy
were simulated for n-type indium antimonide with the electron concentration N, = 5.4-10" cm™
and a weak-field mobility p = 1.5-10° cm?/(V"s) (at a lattice temperature 7, = 78 K). Experimental
data are available on the electric field dependences of electron temperature and drift velocity for
samples made of such a material, [5, 9], which facilitated the simulation.

The calculations used the known parameters of the band spectrum of InSb: m°, = 0.014m,,
g, (78 K) = 0.234 eV [12] and the dispersion of the dielectric permittivity of phonons g, = 17. 88
s = 15.68, ho,, = 22.69 meV, 1, = 4.1-107"% s [13].

The vanatlons in the refractive index and absorption coefficient of indium antimonide induced by
the electric field were calculated for the lattice temperature 7; = 78 K. The following parameters of the
nonequilibrium distribution function in an electric
field are required to perform the calculations: elec-
&, mov tron temperature, drift velocity and position of the

sor - Fermi level of electrons included in expression (21)
for the distribution function f(k), as well as the

60 strength of the applied electric field. Experimental
results from [5] were used to find the electron tem-

g0l 0 W@ 1 £ perature T (E). We considered the variation in the
refractive index of n-InSb depending on the applied
electric field strength for the radiation wavelength
of 10.6 um. Comparing the experimental data with
the calculation results, we obtained the depen-
o R S W dence of electron gas heating AT, = T, — T, on

0 50 100 180 EViem  the electric field for the lattice temperature close
to the boiling point of liquid nitrogen (77 K). The

Fig. 2. Heating level of electron gas in n-InSb  dependence AT (E) obtained by smoothing curves

as a function of electric field strength. consisting of experimental points is shown in Fig. 2.

The lattice temperature is 7, = 78 K, According to the results in [9], the field

theelectronconcentrationis N,=5.4-10cm™.  dependence of the drift velocity for the given

Inset: field dependence of Fermi level position material is close to linear in the region of electric

relative to the bottom of the conduction band fields less than 200 V/cm and can be calculated
as v, = uE, where i is the weak-field mobility.

The position of the Fermi level changes with the electric field. The value of e for a given elec-
tric field was determined by normalizing the stationary distribution function f/(k) to the electron
concentration N,, which remains constant in the prebreakdown range of field strength values.
The calculated dependence £ (E) is shown in the inset to Fig. 2.

A convenient source of radiation for studying the effect of the electric field on the opti-
cal characteristics of materials in the terahertz range are continuous-wave gas lasers with
optical pumping by radiation from another CO, laser, for example, a FIRL-100 laser from
Edinburgh Instruments (UK) [14]. One of the most intense emission lines of this laser is the
line with the wavelength A = 118.8 um. In view of this, we calculated the refractive index and
absorption coefficient of indium antimonide in the electric field for radiation at this wavelength.
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A constant electric field directed along the z axis determines the cylindrical symmetry of the
problem. Therefore, it is convenient to carry out integration in Eq. (25) in the cylindrical coordinate
system (kp,kz,(p). The transformation between Cartesian and cylindrical coordinates is as follows:

k = kp cos O, ky = kp sing, k= k. (27)
Inverse relations:
2 2
kp =k, +k_,
k (28)
¢ = arctg k_y )

The law of dispersion (22) and the nonequilibrium distribution function (21) are written as
follows in cylindrical coordinates:

g 212K + k%)
ek h)=—2| I+ 722y (29)
P 2 m,e,
Flk k)= 1
s\po Tz o S(kp,kz)_hkzvdr_gF +1 (30)
kT,

Consequently, the integrals defining the components of the high-frequency conductivity tensor
(25) have the following form:

1 %k, k)f( 2dk 1 %k, k)f( )2kpdkpd(pdkz B
n ok koK) Qry IR ok Kook Qrny an
1 &%k ,k.) 2k dk dk,
=2n h2 akZ f( p? Z)W’
J-lazﬁ(k k)f( 2dk
o ok K0k (2n)*
1%k, k) , 1 oek,k) ., 2k dk deodk
=|—| —2—~cos” o+ ———L"—=sin k k)——"+——-==
J hz[ ok Tk ok @K k)= (32)

Ok k) 1 oe(k,,k.) 2k dk dk.
= I 2 2 + f( p’ z) ; p3 :
h ok k, ok, (2m)

Integrals (31) and (32) were calculated numerically using the Newton—Cotes quadrature formulas.

The calculation results for ordinary (e L E) and extraordinary (e || E) waves are shown in
Figs. 3 and 4.

The physical nature of the influence of the electric field on the optical characteristics associ-
ated with free electrons can be qualitatively explained as follows. For a nonparabolic dispersion
law, it is advisable to introduce an effective mass depending on the electron energy as follows:

1 0% 1
Rk m@e 0T (33)
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Fig. 3. Field dependences of refractive index (a) and absorption coefficient (b)
for radiation of two mutually orthogonal linear polarizations.
Emission wavelength L = 118.8 pm

As the electron energy increases, this effective mass increases as well. Thus, the integral in
expression (25) for the components of the tensor 6 is the inverse effective mass averaged over
the entire electron ensemble taking into account the nonequilibrium distribution function over
states f(k). Heating of electrons in the field increases the average electron energy, which leads to
an increase in the average effective mass and to an isotropic decrease in the values of the com-
ponents of the tensor 6. As a result, refraction and absorption of radiation associated with free
electrons are weakened. Since the contribution of free electrons to the refractive index is negative,
the total refractive index increases with increasing field strength (see Fig. 3,a).

The anisotropy of the nonequilibrium distribution function f,(k) in momentum space, resulting
from electron drift and heating, produces different values of the average inverse effective mass

1% 10
n* ok’ n* okl

This is reflected in the difference between the refractive index and the absorption coefficient
for two orthogonal polarizations (see Fig. 3, a and b).

A better understanding of the effect of an electric field on the optical characteristics of the
n-InSb crystal can be gained by analyzing the refractive index and absorption coefficient spectra,
as well as the degree of their anisotropy in an electric field. The calculated spectral dependences
are shown in Fig. 4.

Interestingly, a sharp peak induced by the electric field is observed on the refractive index
anisotropy spectrum (nI — n,) in the wavelength range of 250-270 um. A negative peak is also
observed in the spectrai dependence of absorption coefficient anisotropy (a” — a,). Evidently,
these peaks are associated with the low-frequency plasmon—phonon resonance mode, which is
typical for polar semiconductors [6]. In the absence of an external electric field, the plasma fre-
quency o, is determined by the ratio

, 4ne’N, [ 1
0, =—{—), (34)

€ m

00 e

where the angle brackets indicate the averaging of the inverse effective mass over the equilibrium
Fermi—Dirac distribution function.
If o, << 0, (Which is true for the doping level under consideration), then the spectral position
of the low-frequency plasmon—phonon mode ®_ can be calculated by the formula [15]:
€

®_ zcope;“’. (35)
0
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Fig. 4. Spectral dependences of optical parameters in equilibrium (£ =0 V/cm)
and under applied electric fields: spectra of refractive index and its anisotropy,
respectively (a, b); spectra of absorption coefficient and its anisotropy (c, d)
The vertical arrows in Fig. 4, b, d indicate the wavelength of the low-frequency
plasmon—phonon mode at £= 0 V/cm

When an external electric field is applied, the magnitude of <1 / m,) increases, and the frequen-
cies w, and w_ decrease, which is accompanied by long-wavelength shifts in the spectral curves of
the refractive index and absorption coefficient. These shifts differ for radiation polarized parallel
and perpendicular to the field (see Fig. 4, a and c). The spectral position of the low-frequency
plasmon—phonon mode on the wavelength scale (A_ = 2xns/w_) in the absence of the electric
field is marked in these figures as A_(0). Note that peaks in the anisotropy spectra (n — n) and
(ocl — a,) are observed for the given field in the normal dispersion region, at Wavelengths where
the slope of the spectral curves n, and o, reaches its maximum.

Analyzing the absorption coefﬁment spectra, we find that the quadratic dependence of absorp-
tion coefficient on radiation wavelength, characteristic for the Drude model, is observed at wave-
lengths below A_, but only in a narrow range (100—200 um). This law is violated for shorter
waves due to a noticeable contribution from the tail of the one-phonon resonance to absorption
(see Egs. (1) and (2)).

Fig. 3 shows the calculated field dependences of refractive index and absorption coefficient
in n-InSb at 118.8 um for two orthogonal polarizations. Analyzing Fig. 4, we can conclude
that it is more expedient to conduct the experiment at wavelengths of 250—270 um, where the
effect is much more pronounced (in terms of the behavior of refractive index and absorption
coefficient anisotropy).

Conclusion

We carried out model calculations of the refractive index and absorption coefficient for the
terahertz range (A = 70—500 um) in electronic indium antimonide under an applied electric
field. The optical characteristics exhibit different behavior in an electric field for radiation polar-
ized parallel and perpendicular to the field. This results from the interplay of two factors: the
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nonparabolicity of the conduction band in indium antimonide and the anisotropy of the electron
distribution function in momentum space, induced by electron heating and drift.

We demonstrated that an electric field not exceeding 200 V/cm induces a noticeable change in
the optical characteristics, which should be used in developing high-speed electro-optical modu-
lators of terahertz radiation.
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