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Peculiarities of the Behavior of High-Frequency Conductivity
of Disordered Semiconductors with Increasing Temperature
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The peculiarities of the behavior of high-frequency conductivity of disordered semiconductors associated with
the hopping transport of electrons in the impurity band with increasing temperature were studied. Via the pair
approximation, it is shown that the transition (crossover) observed at low temperatures (T ~ 1K) in the terahertz
frequency range from an almost linear to a quadratic frequency dependence of the real part of conductivity can stay
on with increasing temperature and be caused by the transition from relaxation conductivity with a variable-range
(frequency-dependent) hopping distance to phononless conductivity with a fixed-range hopping distance.
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1. Introduction

Power-law  frequency dependence of conductivity
o(w) x @° (s is a constant; usually, 0.5 < s < 1) is known
to match well with ¢ (w) of disordered semiconductors in a
wide frequency range (see, for example, [1,2]). At the same
time, an example of deviation from the universal power-
law frequency dependence of conductivity is a transition
(crossover) from almost linear to a quadratic frequency
dependence of the real part of conductivity observed in
Si:P, Si:B at low temperatures (T =~ 1K) in the terahertz
frequency region [3-5]. The investigation of the deviation of
the frequency dependence of conductivity on universality
(s~ 1) provides the information on features of charge
carrier transfer mechanism in disordered semiconductors.

The power-law frequency dependence of conductivity
o(w) x ®° in case of disordered semiconductors is asso-
ciated with the hopping transport of electrons over the
localized states of the impurity band. According to [6],
the expression for the real part of the low-temperature
high-frequency relaxation conductivity (conductivity with
the involvement of phonons) is written as

Ze4 Za
of(w) = T e, (1)

here €%/(kf,) > kpT, I, = (8/2) In(wpn/w) is the typical
hopping distance in relaxation conductivity at the fre-
quency w, a is the state localization radius, « is the
permittivity of medium, gr is the density of localized states
at the Fermi level, wyy is the typical phonon frequency (for
Si: P, for example, wpn/(27) =~ 10'* Hz).

For the real part of the low-temperature phononless
(resonance) conductivity in the frequency region where the

hopping conductivity, universality of the frequency dependence of conductivity, phononless

energy of Coulomb interaction between electrons inside
the active pairs of centers U(r,) = €?/(kr,) exceeds the
energy hw, theory [7,8] gives a sublinear (s < 1) frequency
dependence written in (1):

2e4a 2
o () = T o, )

where €?/(kr,) > hw > kT, 1, = aln(w./w) is the typ-
ical hopping distance in phononless conductivity at the
frequency w, w.=2lo/h is the critical frequency at
which the typical hopping distance becomes approximately
equal to the state localization radius a, 1o~ €*/(ka) is
the pre-exponential factor in the resonance integral
12 = loexp(—ra/a), hw = 213:(ry), a1 is the center-
to-center distance in the pair. With increasing frequency,
the phononless contribution to conductivity prevails over
the relaxation contribution. The theory of phononless con-
ductivity [7,8] predicts crossover with increasing frequency
from almost linear frequency dependence of the real part
of conductivity (2) (s =~ 1 [7,8]) to the dependence close to
the quadratic dependence (s =~ 2 [9]),
202402

o (w) = TE a2, 3
in the frequency region near some @, at which the energy
hw becomes comparable with the Coulomb interaction
energy between the electrons inside the resonance pairs

U(re,) =€*/(kry) [7,8],

3
The applicability region of the expressions (2)—(4) is
limited from above by the critical frequency w. (for Si:P
w./(27) ~ 10" Hz).

rtw(ho +U(ry)). (4)
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Expressions for contributions to conductivity (1)—(3)
with accuracy up to logarithmic corrections meet the
linear and quadratic frequency dependences. With fre-
quency increasing the typical hopping distance r, r, de-
creases; while functions ) w™ and @™ o @™ In"(@¢pn/ )
involved in expressions for conductivity are non-
monotonic frequency functions reaching their maximum at
®max = Wcph €Xp(—n/m). They may be approximated at
® < Weph by the power law Aw® with the power exponent
decreasing with the increasing frequency [10]:

dlno(w) n

s(w) = =-m- — (5)

dinw In(weph/w) "

However, according to [11], within the representation of
the frequency-dependent variable hopping distance r,,, the
resonance conductivity theory does not describe the low-
temperature conductivity behavior of disordered semicon-
ductors in the region of transition from almost linear to
quadratic frequency dependence. The calculation in [11]
shows that, due to the frequency dependence of the typical
hopping distance r, the frequency dependence o{*(w) is
non-monotonic at the values typical to shallow impurities,
and up to the frequency corresponding to the maximum
0{%(w), the Coulomb interaction between the electrons
of active pairs plays the main role, fiw < €*/(kr,), and
the frequency dependence o () remains close to linear.
Note that the superposition of the relaxation contribution
to conductivity (1) and of the phononless contribution (3),
o1(w) = o7 (w) + o7 (w) also does not describe the tran-
sition from the linear frequency dependence of conductivity
to the quadratic one with the increasing frequency.

The pair approximation of the real part of the low-
temperature conductivity in [12] has shown that the ob-
served transition from almost linear to quadratic frequency
dependence in the terahertz frequency range may be
associated with the transition from the conductivity with
a variable hopping distance r, to the conductivity with a
constant optimum hopping distance I, with the increasing
frequency. According to [12], at high frequencies when the
hybridization effects are insignificant, electron transitions
inside the pairs with center-to-center distances about I
make the main contribution to the conductivity. The
optimum hopping distance I,y that does not depend on
frequency and is defined by the system variables causes
the monotonic frequency dependence of the real part of
conductivity in the crossover region,

2
Ja
oi(0) = 5 Ci&pga’o(ho +U(rop)),  (6)

where U (Fopt) = €2/ (KT opt), Topt = 3.5a is the optimum
hopping distance, po is the density of states assumed
as constant, C; is the numerical coefficient. According
to [12], transition to the conductivity regime with a constant
hopping distance rqp; occurs at Iy, & I op (Wopt 0.05w.);
and the frequency wop: is close to the crossover frequency
wer ~ 0.1we, howe ~ €%/ (kfopt). In the frequency region
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® > Wopt (Fw < Fopt), the electron transitions inside the
pairs with center-to-center distances I = Iy make the
main contribution to conductivity; in this case the frequency
dependence of conductivity is written as

2
o%(w) = % Cie’pta’ho’. (7)

The calculations results of the frequency dependence of
the low-temperature phononless conductivity in the high fre-
quency region (7), when the optimum hopping distance r o
does not depend on frequency, agree with the calculation
results of the low-temperature phononless conductivity
obtained using the self-consistent energy representations
(hw > € /(KT op)) [13]. The optimum hopping distance I o
meets the transitions outside the Coulomb gap in the single-
particle density of states; and in the frequency transition
region, the Coulomb gap does not affect significantly the
frequency dependence of conductivity.

Features of the behavior of the frequency dependence of
the real part of conductivity of disordered semiconductors
in the transition region from almost linear dependence
to quadratic one at temperatures close to absolute zero
hew > kgT) were discussed above.

According to [l14], with temperature increasing,
kpT > €?/(kf,,), the frequency dependence of the real part
of relaxation conductivity varies insignificantly compared
with (1):

_ ne’pla

o) = TP K TF e ®)

and the expression for the phononless conductivity in
conditions kgT > hw, €*/(kr,) is written as (3) [10].
Therefore, solution of the phononless conductivity problem
at temperatures kgT > hw, €°/(kr,,) gives the same ex-
pression as in case of low temperatures in a high frequency
region, fiw > U(r,) > kgT, when the Coulomb interaction
between the electrons in the resonance pairs may be
neglected.

Note that the transition from the relaxation conductiv-
ity (8) to phononless conductivity provided by expres-
sion (3) does not result in crossover from a sublinear to
quadratic frequency dependence of the real part of con-
ductivity, o1(w) = 67(w) + 6/ (w), with the increasing
frequency; this is associated with the frequency dependence
of the typical hopping distance r,, leading to the decreasing
power exponent S(w) (5) meeting expression (3), with
the increasing frequency. Numerical calculation of the
phononless conductivity performed by the pair approxima-
tion method in [11] shows that the frequency dependence
of the low-temperature zero-phonon conductivity o{*(w)
without considering the Coulomb interaction of electrons
falling on the isolated pairs of centers is non-monotonic.
Maximum o{*(w) is in the range of applicability of the
theory [7], r, > @; and the conductivity attains saturation
with the increasing frequency.

At the same time, according to [12], in low temperature
conditions in the high frequency region (w > @Wopt = Wer),
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when the Coulomb interaction between electrons in the
resonance pairs may be neglected, fiw > U(rop), transition
to the conductivity regime with a constant hopping distance
occurs; and the conductivity has the quadratic frequency
dependence (7). Transition from the relaxation conductiv-
ity (8) to phononless conductivity given by expression (7)
with the increasing frequency may result in crossover from
the sublinear frequency dependence of the real part of
conductivity to the quadratic one. Therefore, in this case,
the crossover of the frequency dependence of the real
part of conductivity with the increasing temperature may
be preserved and caused by the transition from relaxation
conductivity with a frequency-dependent variable hopping
distance to phononless conductivity with constant hopping
distance.

The objective of this study was to find the behavior
pattern of the high-frequency conductivity of disordered
semiconductors in the frequency transition region with the
increasing temperature, which included the direct calcula-
tion in pair approximation of the frequency dependence of
the real part of phononless conductivity in the frequency
transition region at KgT > hw, €%/ (kT op). The restriction
put on the temperatures of interest from above is associated
with the transition to the charge carrier band transport.

2. Phononless conductivity calculation
in the frequency transition region
in conditions kgT > fiw, €*/ (k' opt)

According to [12], the matrix elements involved in
the expression for the pair approximation of phononless
conductivity [15]:

e2
(@) = T2 Y

V, |<Iﬂa’|(n’r)|¢ﬁ'>|2
0
{2, A} A#£27

x (Ne(eg;,) — Ne(e)))8(e5, — €1y + hw),  (9)
in case of hydrogen-like impurity centers, are equal to

p— I/‘l/‘l/
(W |(m, r)|\I!/1+/1,> = (m, 1) T

vy

(e — €))(Wal(n, r) W)
_|_
VWY,

. (10)

here W3, = CFW; + C{\W;, are hybridized wave functions
of the ground states of electron W;, W;, on the isolated
localization centers 2 and A, n is the single vector
parallel to the external electrical field, (W, |r|¥;) =1y,
(Uy |r[¥y ) =11 =13 + 1200, T3 is the radius vector of
center A, ry;. is the radius vector of center A’ with respect
to center 1, (W;(n, r)|W;,) = (¥, |(n, r)|¥;), np(e) is the
mean occupation number of state with energy ¢, Vy is the

system volume. Wave functions

1

v, =
A 412

1 + 5 vy

(€] —s;), +1,7)?

2'1&/ )
X | ————F—W, + ¥y |,
( &) — & + Ty P

1

(11.1)

+
lpll, N 412
1+ vy

(e;)—s;), +T,7)2

2'1&/
) (W + 2y,
(l &) — &) + T l)

meet the lower ¢;,, and upper &;;, energy levels,

(11.2)

L &8+
S = 3

1
oy - A, (12)

here

Do =€, —e, = \/(sfl) —9)2 4412,

€), &), are seed energies (without considering the hy-
bridization), 1,/ = (‘I’/1|U/1|\IJ,1/) is the resonance integral;
Uy ~ U; + eg(r;) is the potential energy of the localized
electron in the point of the center with number 4 taking
into account the Coulomb shift e¢(r;) associated with other
charged centers in point r;.

For the resonance pairs of levels with seed energies
) ~ &), and optimum center-to-center distances r,, making
the major contribution to the phononless conductivity at
frequencies @ < @ep; (Fw > Fopt), the matrix elements (10)
are written as

— Ill/
(W [(n, )W) ~ (n, 1) T

(13.1)

AR

The matrix elements written as (13.1) were used in [7,9]
to calculate the frequency dependence of low-temperature
phononless conductivity (2)—(4).

At high frequencies, ® > Wopt (fw < lopt) the main
contribution to the real part of phononless conductivity
is made by the center pairs with wide energy spread
of levels, | —¢%|> 2l;, and optimum frequency-
independent center-to-center distance, I'j1 & I op; for such
center pairs, matrix elements (10) are equal to

(W7 (. 0)[W350) ~ (Pa] (m, 1) [Py, (13.2)

Expressions (13.2) were used in [16] to calculate the low-
temperature phononless conductivity 6{* () in the high fre-
quency region (6), (7). Since the major contribution to the
phononless conductivity is made by the pairs whose center-
to-center distance is larger than the localization radius,
I > a, then for hydrogen-like impurities in the isotropic

Physics of the Solid State, 2023, Vol. 65, No. 7
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dispersion law approximation, the matrix element (13.2) is
written as

(3,
(U |(n, 1)|Vy) =~ a_ exp(—r/a) cos0, (14)

where 0 is the angle between vectors n and 1y,
W (r) = (1/Vx - a3) exp(—|r — r|/a).

To calculate the frequency dependence of conductivity
0{*(w) in the frequency transition region, @ ~ wep, the
general form of matrix elements (10) shall be used.
Proceeding in (9) from summation to integration, we
obtain [12]:

o1 (@) = oiy’ (@) + o1y (@) + 01" (@), (15)
4 2a2 2
o (w) = T2
/dI’M/I’M/ /dgll’/ds/'l/'l/ SM” Sll/’rlﬂ.')
|2(r,w) - -
X +772 (nF(Sll/) — nF(SI/‘V))S(Sll' — Sﬁ/ + ha)),
(& — €ar)
(16.1)

oo
res 4ﬂ262p(%w d r 2/‘[’
oy () = 3 I a2

Mo

exp(—r/a)

oo

X /deﬁ,/deﬁ@(sﬁl,sﬁ/,fu/)
215 + - \2
A (e, —en )2 — 412,
(&5 —&)? \/( i~ ) M
x (np(eg;) — Ne(e3:))8 (5, — €5 + o), (16.2)
42eptw Vi ré,
o (w) = %/drm/ ;ﬁ (=2rz/a)
lo
X /deﬁ,/deﬁ,Q(Sﬁ,,Sﬂ/, M)
((efy —&10)* = 413,) - +
Ne(e;,, ) — Np(el,
(8243,—821/)2 ( F( ﬂ.ﬂ,) F( ll))
X 8(e; — €15 + ho),
(16.3)
here
& — e

(I)(é‘a,, 8}3/rll’) =

V(& — )2 — 413,

is the transition Jacobian from seed energies €9, 2, (without
L SR
hybridization) to energies €;;,, £;;,.
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The difference
Ne(€;,/) —

Ne(eg,) — Ne(e),) = (1 —exp <_kz—c?l')>

X exp (%) ,  (17)

of mean occupation numbers

Ne(e;,) involved in (9) is equal to

where exp(%) is the equilibrium probability of
single occupation of a pair of centers with the occupied

state energy ¢;,,, u is the Fermi level;

QN _ )
exp <_kB—T> =1+exp (—T

+ _ — +

+exp (_ (&2 .U)) + exp <_ (er + &5 — 21) )
kpT

({s)

kgT
According to [7], the Coulomb interaction between
electrons localized simultaneously on the pair of centers of
interest can be considered assuming the energy equal to
) + &2, + €*/kr;;. Then the expression for the partition
function (18) is written as

Q (e — 1)
~ 2" ) =1 P
=P ( keT > exp ( keT >
(65, —u) (9 + €9, +e2/kr 0 —2u)
+ exp( keT +exp KeT )

(19)
where &;,, +¢&),, =) +¢).  The difference of mean
occupation numbers taking into account the law of conserva-

; + oo v e +
tion of energy, ¢);, = ¢;,, + hw, and equality &;,, + &, =
= &) + &), may be written as

nF(e:;l/) — I’IF(S;V)

(1 - exp(—k—“’))
N (e, +€2/KT ;11 —p0) © (e, —)
exp(—T) —i—exp(—k—)—i-l—i—exp(—).
(20)
Having integrated (16.1), (16.2), (16.3) with respect of
energies &;,,, &, taking into account (20) provided that
kT > hw, €/ (KT opt), We obtain

4 e2 12,
O'lrzs((,l)) = i /I’M,hw(h;—l‘“drml
Fo w a7
(21.1)
A€ 2 (6
oy (W) = ﬂfpowc/ ;’1 he exp(—2r;a,/a)dr 1,

lo

(21.2)
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4J'[2€2p2
of(w) = T
[e%) r8 /
X / % how exp(—2rM//a)\/ (hw)2 — 4|%A/dr;[;[/;

Mo

(21.3)
(21.1), (21.2), (21.3) consider that

Q- (g, —
o ()

~ (exp(%) +2+ exp(—%))_l,
(22)

/OO(nF(%) — ne(eg;, + hw))deg;, = <1— exp <—%>>

— 00

o0 Q _ 7/ _
X /exp(%)ds;ﬂ, ~ hw,

(23)
where

Q— (g — 1) 1 o f&w —H
—2 ) ~-ch
P ( kgT 4 ¢ 2kgT ’
‘ )> de;;, ~ kgT.

7 Q— (e, —
[ e (2

— 00

Recall that in case of low temperatures, kgT < hw,
e?/(kr,), integration with respect to the energy of the
difference of mean occupation numbers gives

oo H

/ (Ne(e5;,) — NE(ey,, + ho))de;,, = / de,;,
—00 u—hw—e*/kr ;1
2
e
= hw + ;
Kr 327

and expressions for conductivity components can be de-
rived by substitution in (21.1), (21.2), (21.3) hw for
iw + €2/ (kT 3;-) under the integral signs [12].

In conditions KgT > fiw, €*/(klop) in the frequency
region w < @, (21.1) makes the main contribution to the
phononless conductivity; in this case the expression for zero-
phonon conductivity is written as (3):

20242
ol () = %ﬁpoﬁ 1. (24)

In the conductivity regime with a variable hopping
distance r, > lopt (@ < Wopt) the contributions from the
terms (21.2), (21.3) to the phononless conductivity (15) are
exponentially low. The frequency dependence of the real
part of phononless conductivity (24) appears to be stronger

than the frequency dependence of conductivity (2) meeting
the low temperature case.

At high frequencies @ > Wopt (Fw < lopt) in the regime
with a constant hopping distance I, term (21.3) makes the
decisive contribution to the phononless conductivity (15).
The term under the integral sign in (21.3) has a sharp
maximum in the vicinity of rqy; in conditions g, < Iop,
the contribution (21.3) may be written as

472202k 7 rs,
0
(25)
(25) considers that

(hw)? — 412, ~ ho

at r, +a < rp. Integrating in (25), we get an expression
for the phononless conductivity (7)

2
oS (o) = % Cie¥p2a’ho?, (26)

where C; ~ 315 is the numerical coefficient. From the
integration function form in expression (25) it follows that
the major contribution to the phononless conductivity at
high frequencies is made by the pairs whose center-to-center
distances are about r;;/ = I op; the maximum term under
the integral sign is achieved at the optimum value equal to
Iopt = 4a.

3. Conclusion

Figure 1 shows the results of calculation of the frequency
dependence of phononless conductivity o (w/w.) (15)
in the transition region from the variable to constant

103

S
L)

1aaaal 1 Ll 1 L
102 107! 1

Figure 1. TFrequency dependences of the real part terms of
phononless conductivity o{®*/oy: curve 1 — (21.1), 1’ — (24),
2 —(212), 3 — (21.3), 3’ — (26); 4 — frequency dependence
of phononless conductivity (15). The conductivity is normalized to
oo = L m*e*atpjoc/k.
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Figure 2. Frequency dependences S(w/wc) = gﬁ:ﬁz;

_ w/wc do/og
T o/oy dw/wc

with a variable hopping distance (21.1); curve 1’ corresponds
to the expression for phononless conductivity with a variable
hopping distance (24); curve 2 corresponds to the phononless
conductivity (15).

. Curve I corresponds to the phononless conductivity

103
102

TOY, T T T T T T T Ty T T T T

—_
9
[*8)
T
N

1041—47 T BT | T BT
104 103 102 10! 1
/o,

Figure 3. Curve I — frequency dependence of relaxation
conductivity o7 /0y (1); 2 — frequency dependence of relaxation
conductivity (8), T = 60K, 3 — frequency dependence of the

interpolation expression for the relaxation conductivity (27); 4 —

frequency dependence of phononless conductivity o;*°/0o (15);

5 — superposition of relaxation (27) and phononless (15)
contributions to the conductivity, o1 (@) = o7 (w) + o7 (w).

hopping distance in conditions kKgT > hw, €%/ (kT op). For
typical values of a ~ 80 A, kK~ 10 in case of disordered
semiconductors, we have e? /(Kropt) ~ 4meV, in this case
a frequency about 1THz (w ~ 0.1w.) meets the equality
ho =~ e? / (Kropt). According to the calculation, the transition
for the phononless conductivity from a variable r, to
constant hopping distance Iop /= 4a occurs at Iop & I,
(Wopt = 0.020). At low frequencies @ < Wep; (Fw > Fopt)
in the conductivity regime with a variable hopping distance
I, the phononless conductivity is determined by expres-
sion (24). The frequency dependence of the term (21.1) is
non-monotonic (Figures 1 and 2); this is associated with the
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decrease in typical hopping distance r, with the increasing
frequency. At high frequencies @ > wqpt (Fo < Iopt) in the
conductivity regime with a constant hopping distance r oy,
the expression for the phononless conductivity is written
as (26); in this case the term (21.3) makes the decisive
contribution to the phononless conductivity (15). Thus,
like in the low temperature case (€*/(kr,), hw > KgT),
in conditions kgT > hw, €2 / (Kt opt), in the high frequency
region, a transition to the constant hopping distance occurs
for the phononless conductivity, when the major contribu-
tion to the conductivity is made by the electron transitions
inside the pairs with the optimum center-to-center distances
M = I'opt~

Figure 3 shows the superposition of the relaxa-
tion and phononless contributions to the conductivity,
o1(w) = 67%(w) + 6/ (w). With the increasing tempera-
ture, kT > €?/(kr ), the frequency dependence of the real
part of relaxation conductivity becomes slightly weaker [17];
in this case, the interpolation expression for the real part of
relaxation conductivity is written as [10]:

4 2

o (@) = % o, (kBT Tt U(r_a,)). (27)

Figure 4 shows that the transition from the relaxation
conductivity to phononless conductivity in the variable hop-
ping distance regime given by expressions (21.1) and (24)
with the increasing frequency does not result in crossover
from the sublinear frequency dependence of the real part of
conductivity to the quadratic one. At the same time, the
transition from the relaxation conductivity to phononless

2.0

1.5

1.0

0.5

-0.5—=

din(o)
dIn(w)

Curve I corresponds to the relaxation conductivity

Figure 4.

_ w/we do/oy
T o/oy dw/wc"

o /0y (1); curve 2 corresponds to the relaxation conductivity (8);
curve 3 corresponds to the interpolation expression for the relax-
ation conductivity (27); curve 4 corresponds to the superposition
of the relaxation contribution (27) and contribution (21.1) to
the phononless conductivity (15); curve 5 corresponds to the
superposition of the relaxation contribution (27) and contribu-
tion (24) to the phononless conductivity (15); curve 6 correposnds
to the superposition of the relaxation (27) and phononless (15)
contributions to conductivity, o1(w) = o1 (w) + 0% (®).

Frequency dependences

S(w/we) =
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conductivity with the constant hopping distance given by
expression (26) with the increasing frequency causes the
crossover from the sublinear frequency dependence of the
real part of conductivity to the quadratic one (Figures 3
and 4). The superlinearity (s> 1) of the real part of
disordered semiconductor conductivity in the frequency
transition region is a sign of crossover effect.

Note that the transition frequency for the phononless
conductivity from the variable to constant hopping distance,
wopt ~ 0.02w,, is about the crossover frequency wy, in the
vicinity of which transition from the relaxation conductivity
to phononless one occurs, O'Irel(a)cr) =0 (@er). Therefore,
the transition from sublinear to quadratic frequency depen-
dence of the real part of conductivity o7(w) occurs in the
vicinity of frequency wop (ro =~ I opt)-

Thus, with the increasing temperature, the transition from
almost linear to quadratic frequency dependence of the
real part of conductivity observed at low temperatures in
disordered semiconductors may be preserved; whilst, with
the increasing temperature, the crossover of the frequency
dependence of the real part of conductivity in the terahertz
frequency range may be caused by the transition from the
relaxation conductivity with a variable frequency-dependent
hopping distance to the phononless conductivity with a
constant hopping distance.
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