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The microwave conductivity of p-type and n-type silicon was studied at low temperatures at ~9000
Mc/sec. Samples measured had impurity concentrations ranging from 6.7 10 to 2.2X101® cm™3, In the
impurity conduction range, the microwave conductivity varies much more slowly than the dc conductivity,
becoming orders of magnitude larger in comparison at 4.2°K. Furthermore, the conductivity showed strong
non-Ohmic characteristics in all the samples. The experimental results indicated that the microwave con-
ductivity in the low-concentration range consists of two parts, one the conductivity due to direct absorption
process in ionized impurity pairs, which shows saturation at low electric-field intensity, and the other, the
conductivity due to hopping process, which does not show a non-Ohmic character. A simple theory of the
microwave absorption in the ionized impurity pairs was developed, supporting the experimental conclusions.
Theory gives a microwave conductivity due to the direct absorption process of the right order of magnitude
and the same temperature dependence as measured. But the relaxation time calculated for the pairs is too
long compared with the experimental results. The measured hopping conductivity was compared with
calculation and reasonable agreement was obtained. The ratio of the conductivity due to the direct absorp-
tion process to the hopping conductivity was calculated and requires that a value for the effective Bohr radius
of the boron impurity of 20 & must be used in stead of the 13 & obtained from hydrogenic approximation.
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I. INTRODUCTION

INCE Hung and Gliessman' first observed impurity
conduction in semiconductors, many investigations?
have been made in this field to seek better understand-
ing of this special type of conduction mechanism. Very
recently, measurements of ac impurity conduction have
been made in silicon by Pollak and Geballe? in low-
frequency range and by Tanaka and Fan*in microwave-
frequency range. Their works succeeded to simplify the
problem greatly, because the ac impurity conduction at
sufficiently low temperature occurs in localized im-
purity pairs. The work presented here deals with the
microwave absorption in silicon at low temperatures and
is a development of the work by Tanaka and Fan.

In the low-impurity concentration range, the dc im-
purity conduction process can be described as hopping of
electrons or holes from one impurity to another, the
hopping being made possible by phonon interaction.
In an ac field, the hopping motion of carriers could give
rise to in-phase as well as out-of-phase current. Pollak
and Geballe studied the ac impurity conduction in
n-type silicon in the audio frequency range and found
that the hopping model in the localized impurity pair
accounted well for observed experimental results.

Tanaka and Fan extended the frequency range of ac
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H. Fritzsche, Phys. Chem. Solids 6, 69 (1958); H. Fritzsche and
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Phys. 10, 107 (1961).

3 M. Pollak and T. H. Geballe, Phys. Rev. 122, 1742 (1961).
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measurements up to the microwave frequency in
p-type silicon and observed a strong non-Ohmic char-
acteristic of the conductivity, which could not be ex-
plained from the hopping model. They therefore sug-
gested a possibility of measuring the conductivity due to
the direct absorption process which does not require the
help of phonon. According to their interpretation, the
non-Ohmic characteristic of the microwave conductivity
can be explained as a saturation effect of the direct
absorption process in the ionized impurity pair.

In this paper the microwave absorption in p-type and
n-type silicon was measured at low temperatures in
order to investigate the absorption mechanisms in
greater detail. The observed conductivity was inter-
preted as a sum of the two kinds of conductivities, one
due to the direct absorption process and the other due
to the hopping process. A simple theory on the micro-
wave absorption by the ionized impurity pair was de-
veloped. The experimental results on the non-Ohmic
characteristic, the temperature dependence of the micro-
wave conductivity and the ratio of the conductivity due
to the direct absorption process to the conductivity due
to the hopping process were in good agreement with the
theory. The observed relaxation time in the direct ab-
sorption process, however, is much shorter than the cal-
culated one and this may come from the complexity of
the impurity state.

II. EXPERIMENTS

The experimental procedure is in principle the same
as described by Tanaka and Fan,* and the same micro-
wave frequency of 9000 Mc/sec was used. In order to
investigate the non-Ohmic characteristic of the micro-
wave conductivity in more detail, however, the tempera-
ture range of measurement was expanded from 1.3°K up
to a temperature where the conduction band or valence
band conduction occurs (about 20°K), and the input
microwave power was varied from 0 dB (corresponding

A256



MICROWAVE ABSORPTION IN Si

Fic. 1. Dependence of
the microwave conduc-
tivity on input micro-
wave power at various
temperatures: (a) p-type
sample No. 2, O 1.3°K,
A 2.24°K, x 4.2°K,
O 6.0°K; (b) n-type
sample No. 8, x 4.2°K,
O 72°K, A 15°K,
O 23°K.
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to about 15 mW of input power to the cavity) to
—40 dB.

Most of the samples investigated were B-doped,
p-type silicon crystals. Some of them were heat treated
in high vacuum to increase the minority center con-
centration. The P-doped and Sh-doped #-type crystals
were added to compare the saturation characteristics
of the conductivity with that of p-type crystals. They
are all listed in Table I.

A. Power Dependence of the Microwave
Conductivity

The microwave conductivity of these samples shows
non-Ohmic characteristics, that is, it varies with the
input microwave power as shown in Fig. 1. In the tem-
perature range of the experiment the microwave con-
ductivity decreases as the input power is increased. At
high-power levels it becomes almost constant, that is,
it saturates. At sufficiently low-power levels it is also

TasBLE I. Impurity concentration in silicon samples.

Majority impurity
concentration
(10 cm™3)

Impurity Sample number

®

[23acReclovlvsRoctoe) vl
33

b

OO ULA W
PN O
ORI OV R i

& Numbers 3 and 5 were pieces adjacent to Nos. 2 and 4, respectively, in
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independent of input power. This characteristic is shown
in Fig. 2 schematically, and suggests the possibility of
two simultaneous mechanisms of microwave absorp-
tion. We will then write the conductivity as a sum
01(P)+02, where o1(P) is dependent on input power and
o2 is the high-power saturation value. It will be shown
below that the former corresponds to the conductivity
due to the direct absorption process by ionized impurity
pairs and the latter to the hopping conductivity.

As can be seen in Fig. 1, the slope of ¢1(P), is steep at
low temperature and decreases as the temperature is
raised. The power level where low-power saturation
occurs shifts to higher power levels as the temperature
is raised. For lower temperatures (lower than 3°K in
p-type silicon and lower than 10°K in n-type silicon),
the Ohmic part of o1(P) (we shall refer to it as the low-
power-limit conductivity or.p. in the following) could
not be reached, since the lowest microwave power used
in this experiment was still too high.

oy(P)

l

Conductivity
5

log P

F16. 2. Schematic representation of the power dependence’of
the microwave conductivity.
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Fi16. 3. Temperature dependence of the microwave conductivity at
various input microwave power levels, sample No. 3.

In p-type samples the low-power saturation char-
acteristic changes slightly with majority center con-
centration and also with minority center concentration.
But the most marked difference was observed between
p-type and n-type samples, that is, the power level
where saturation occurs is larger by a factor of almost
20 in p-type samples as compared to n-type samples
at 10°K. This shows that the relaxation time in the di-
rect absorption process in #-type crystals is much longer
than that in p-type crystals.

B. Temperature Dependence of the Microwave
Conductivity

To investigate the hopping process and direct absorp-
tion process separately, the microwave conductivity
was measured at the highest possible (0 dB) and the
lowest possible power levels (—40 dB) at various tem-
peratures, as shown in Fig. 3. The conductivities
o(0 dB) and ¢(—40 dB) have quite different tempera-
ture dependences. ¢(0 dB) has an increasing but weak
temperature dependence, but ¢(—40 dB) has a de-
creasing strong temperature dependence, especially at
low temperatures. From a comparison with the general
characteristics shown in Fig. 2, it can be seen that
o (0 dB) coincides with o5 throughout almost the whole
temperature range, and thus ¢(—40 dB)—¢ (0 dB) is the
direct absorption part, ¢1(P). This quantity is plotted
against 1/T in Fig. 4. It is evident that it is proportional
to 1/T except at the lowest temperatures. One can see
from Fig. 1, however, that the low-power-limit con-
ductivity was not attained at low temperature in our
measurements, and therefore it can be expected that the
low-power-limit conductivity or.p. is proportional to
1/T throughout the whole temperature range.

C. Effect of Minority Center Concentration

In several p-type samples the minority center con-
centration was increased by heat treatment at 450°C
in high vacuum. The microwave conductivity is in-
creased by this heat treatment, as can be seen by com-
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paring Figs. 1 and 4. There is a slight difference in the
saturation characteristics before and after heat treat-
ment. But the temperature dependence of ¢(0 dB) and
o(—40 dB) is almost the same. From these results, we
conclude that the ratio ov.p./02 is not changed appreci-
ably by the increase of minority center concentration.
As will be discussed later, the hopping conductivity is
roughly proportional to the minority center concentra-
tion in the low concentration range, and therefore it can
be concluded that the conductivity due to the direct
absorption process is also proportional to the minority
center concentration.

III. DISCUSSION

To explain the experimental results, we must in-
vestigate the microwave absorption mechanisms by the
impurity pairs in detail.

In the compensated semiconductor, some of the
majority impurities are ionized and the compensating
minority impurities are oppositely charged. The ionized
majority impurities are considered to be occupied by
carriers, and the carrier tends to be bound near the
ionized minority impurity by the Coulomb attractive
force. At sufficiently low temperatures it can be shown
that the carrier moves only between the majority im-
purities nearest and next nearest to the minority im-
purity. Therefore the microwave absorption by the
carrier occurs only in such an ionized impurity pair.

As shown in the next section, the wave function of the
carrier in the pair is expressed by a linear combination
of two impurity wave functions. The extreme case
appears when there is no potential difference between
pair impurities. In this case, the occupation probabilities
of the carrier on the two impurities are the same, and
we have a molecule ion. With the hydrogenic approxi-
mation, the two molecular wave functions are called the
bonding state and antibonding state, respectively, and
the energy separation between them is 2I¥, where W is
the resonance energy [see Eq. (7)]. We call such a pair
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Fi16. 4. Temperature dependence of ¢(—40 dB)—o (0 dB),
sample No. 3.
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a homopolar pair. On the other hand, when the potential
difference A in the pair is much larger than 2W, one of
the pair wave functions is concentrated around one of
the pair impurities, and the other wave function is con-
centrated around the other impurity. We call such a pair
a polar pair, and the energy separation between these
two states is almost equal to the potential difference A.
There are two possible microwave absorption processes
in such an ionized impurity pair.

Firstly, when the energy separation between the two
states is equal to 7w, the direct process occurs. Here the
transition is produced solely by interaction with the
photon, without phonon participation. The effect of
phonon interactions may be regarded as a broadening
of the energy level. This description is appropriate if
the frequency of the phonon-induced transition is small
compared to the photon frequency. The transition rate
of photon absorption is large when 2W>A, and de-
creases rapidly with the potential difference when
2W<A. The transition rate for this direct process is
actually quite large and saturation is expected for quite
low field intensity.

Secondly, when the energy separation does not satisfy
the resonance condition e=%w, the direct absorption
process does not occur in the pair. But the carrier still
makes transition by interaction with a phonon and the
energy required is supplied by the phonon. This process
is thus an indirect transition. In the homopolar pair
this process gives a minor contribution to the micro-
wave absorption and we can neglect it in the following
discussion.® In the polar pair, on the other hand, the
indirect transition is known as the hopping process or
jumping process.? For an ac field, the potential difference
changes in phase with the ac field. Then the hopping
rate between pair impurities is affected, and the carrier
produces in-phase as well as out-of-phase current, which
results in energy absorption.

In the following we will calculate the conductivity due
to the direct absorption process (Sec. A) and the con-
ductivity due to the hopping process (Sec. B). In
Sec. C it will be shown that the microwave con-
ductivity can be expressed as the sum of these two kinds
of conductivities.

A. Direct Absorption Process

We will discuss the case of the n-type semiconductor,
and the results obtained can be applied to the p-type
semiconductor in the hydrogenic approximation.

In the effective-mass approximation, the Hamiltonian

5 M. Kikuchi considered the loss of the pair generally and re-
cently got the same results to our calculations. He found that the
main contribution to the loss consists of two parts, the one cor-
responds to the direct process which is described by the off-
diagonal elements of dipole moment and the other corresponds
to the indirect process which is described by the diagonal elements
of dipole moment. The terms including the cross product of the
diagonal and off-diagonal elements give minor contributions to
the loss. This means that the indirect process is unimportant in
the homopolar pair (private communication).
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of a hole bound to the ionized pair is described by the
following equation:

1
Hoy=——-(—1# grad)?
’ 2m*

62 2

Ko‘l‘——RA‘ —Ko‘l‘—-RBt ’

M

+Va_

where o is the dielectric constant, m* is the effective
mass which gives a donor ionization energy in reasonable
agreement with experiment, and R4 and Rp are the
position vectors of two donor centers. ¥, is the potential
due to other ions, and is dominated by the contribution
from the minority center.

The wave functions of the ionized pair are written
on the analogy of the molecular orbital method:

\I’bond= aUA (r)_l_bUB (r) )
‘I'antibond:: a UA (l’)—f—b, UB (f) )
where U4 (r) and Ug(r) are hydrogenic wave functions
of the ground state of donor centers centered on Ra
and Rp, respectively. One should, of course, use the
complicated impurity wave functions as discussed by

Kohn and Luttinger.® We have instead, however, chosen
the hydrogenic wave function

Ua()=(ra®) 2 exp(—[r—Ral/a*), ()

in order to simplify the calculation. In the above equa-
tion, a* is the effective Bohr radius in the material;
a*=koh?/m*é%. The coefficients a, b, ¢’, and b’ for bond-
ing and antibonding states are determined as follows:

1 AZ —1/4 A AZ 1/2—1/2
e o) T
V2 42 2w 4W?
1 A2 —1/4- A A2 1/2——1/2
) ) T
V2 4w 2w 4W?
1 A2 —1/4 A A2 1/2—41/2
o) T T
V2 4w 2w 4W?

1 A2 \ 174 A A2 \ 12172
Ao T T
V2 4W? 2w 4Ww?
where the overlap integral S was neglected compared to
unity, A is approximately the potential difference be-
tween two centers, A= (U 4| V| Ua)—(Ug|Va|Us)>0,
and W is the resonance energy:

We=L—ST+{U4|Va|Us)—SU4| Vol Us),

2

L=—(U 4| (¢/xo|t—Ru4|)| Us), ®)
J=—(Ua|(¢/ko|r—R5])|Us),
S=(U4|Us).

6 See W. Kohn, Solid-State Physics, edited by F. Seitz and D.
Turnbull (Academic Press Inc., New York, 1957), Vol. 5, p. 258.



A260 TANAKA, KOBAYASHI,
When the separation 74 between pair impurities is much
larger than a*, the resonance energy W is approximated
as follows”:

er_”[_z_(ﬁ>2_ 1| expL—ra/a]

Ko¥ q 3\a*
2¢?

~———rqexp[—rq/a*]. (6)
3K0(l*2

We have neglected terms of the order of exp[—2ry/a*]
compared to unity and a local field effect, (U4| V.| Us)
—S(U4|Va|U4)K2W. The energy difference between
the bonding and antibonding states in the ionized pair,
which we call the excitation energy and denote by e, is
as follows:

e=[AM- 2w )2 ]2, )
Now, let us consider the two limiting cases.

Case 1. In one limiting case 2W>>A, i.e., the homopolar
pair, the electronic states in the ionized pair are rep-
resented by the following wave functions:

Yhona= (1/V2) (U 4(1)+Us(x)),
Wantibona= (1/V2) (U 4(r)—Us(1)),

and the energy gap e between these two levels is ap-
proximated by 2W.

®)

Case 2. In the other limiting case 2W<KA, i.e., the polar
pair, the wave functions for bonding and antibonding
states are given as follows:

Uhona=U(0)+(W/A)Uz(r),
Wantibond= UB (r) - (W/A) UA (l') ’

and the energy gap e is approximated by A.

In the homopolar pair with 74=10a*, the energy
separation e~ 2W is 3.7X 1072 meV, which corresponds
to the energy of a microwave quantum at 9000 Mc/sec.
In B-doped p-type silicon, a*=13 A in the hydrogenic
approximation, and 7, is then about 130 A for the micro-
wave absorption by the direct process.

A conductance of the ionized pair Gp(w) due to the
direct absorption process can be derived from the
imaginary part of the electrical susceptibility x(w) as
follows:

&)

Gp(w)=w Imx(w). (10)

The dipole moment induced by the electric field
F(¢)=F coswt=Re(Fe~?) is

P(t)=Re(xFe ). (11)

On the other hand, with the aid of the quantum-
mechanical density matrix p(f), the dipole moment is

P()=TrPp(}), (12)
where P is the dipole moment operator. Combining

7This expression is the same as Miller and Abraham’s result
(Ref. 2).
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Egs. (11) and (12) and using the results of Karplus and
Schwinger,® we get the electric susceptibility

W)= ¥ Pu|} 11—
x() 3:" | | < w—-wmn+i/'r>

P2 ® — pp ©

X——, (13)

Wmn

where p,©@ is the population of the nth state in equilib-
rium and Zwm. is the energy difference between the
mth and nth states. Then we get

2

w
Gp(@)=2 [ Pmn|*—
m,n kT

e
% [ (@t 1/7 (eomn)t 1/72]
1—expl — wmn/kT]
Hesmn/ BT

p.@.  (14)

In the two level case,

w? 1/7
GD(OJ):%IPHP————— 1(0);

15
kT (w—w21)2+1/72 ( )

where 7 is the relaxation time due to the electron-
phonon interaction which will be discussed in Sec. C.
The matrix element P, is calculated as follows:

Prp= <\I'bond I ex ] \I/antibond>
= (%)(g) exp[ —rq/a* Je(ab’+a'b)
—I—eaa’[(UA]x] UA>—‘<Ulel UB>], (16)

where a, @', b, and &’ have been given in Eq. (4). Since
ra/a*>1 in our case, Eq. (16) becomes simpler:

Pis=erqad. an
In the homopolar pair case, i.e., 2W>>A,
| Pro|2=1%e 7 (18)
and in the polar pair case, i.e., 2W<A,
| Pro|2=fetr 2 (4W?/AY). (19)

Comparing Egs. (18) and (19), we can say that the
homopolar pair makes the dominant contribution to the
direct absorption process. Therefore, in the following,
we approximate the ionized impurity pairs which have
potential difference A smaller than 27, by the homo-
polar pairs.

To calculate the conductivity, we choose only homo-
polar pairs among all the ionized pairs having various

8 R. Karplus and J. Schwinger, Phys. Rev. 73, 1020 (1948).
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impurity separations 74 and various potential differences
A, and sum up the conductances of the homopolar pairs.
Since the minority concentration is small compared with
the majority impurity concentration (several percent)
in our samples, we can assume that the volume of crystal
is divided into cells, each centered around the minority
impurity. Each cell contains a carrier and the carrier is
mainly on the majority impurity nearest to the minority
impurity at quite low temperatures, forming an ionized
impurity pair with another majority impurity. The
probability of finding the nearest majority impurity at
a distance between R and R+dR from the minority
impurity is (3R2dR/R*) exp[ — (R/R*)*], where R* is
the average distance between majority impurities. The
probability of finding the other majority impurity at a
distance between 74 and 74-+dr, from the first majority
impurity and at a smaller potential difference than 7w,
is 374drsAR/2R*, where AR is derived from the equation

e? e

ko(R+AR)

=nw,

KoR

and then AR~ R#w/(€*/koR) (see Fig. 5).
The crystal conductivity is derived as follows:

o) = / f Go (@) /(RyrdRdr s

et
PR (0—wn)1/12

Xp1Q f(Rra)dRdra, (20)

where

2 érd

3 5
= — )3V mmin .
f (R,rd) ” exp[ (R/R ) ]‘ mi *3AR

For the change of %ws= e such that |w—wa| = 1/7= 108
sec”!, other quantities in the integrand are almost
constant, so that (1/7)/[ (w—ws1)?*+1/7%] may be re-
placed by mé(w—ws1) without serious error. The total
conductivity is then

3(hw)?
D (w) = TKOR*ZNmm

[ GGG et wmer(z)

X[ (=) (—=)(=) exp[— —

o \R* de / \R* P R*

who? a*rp®
= KOZVmiu F(‘g‘) 5 (21)
16kT *

where 7p is the pair separation at which 2IW = 7w holds.

B. Hopping Process

Now we will discuss the conductivity due to the hop-
ping process and compare this with the conductivity due

Si AT LOW TEMPERATURE A261

Minority
Center

F1c. 5. Schematic diagram of the region of integration in the
calculation of the conductivity. A majority impurity a nearest to
the minority impurity forms an ionized impurity pair with another
majority impurity b. When the impurity b is in the hatched re-
gion, the potential difference in the pair is less than %w. The
ionized pair, with the impurity b near the lines AB or CD, con-

-tributes to the conductivity due to the direct absorption process.

to the direct absorption process. The following is an
expression for the ac conductivity due to the hopping
process as given by Tanaka and Fan*:

UH=0'1+02,
11-2 2
0'1=——er4 (Af'H)——-—]\Zminzvmaj2
3 kT

R'
X/ g1R? exp(— 4w N ma;R¥)dR,
\ 1 3 J (22)

2 2
g9= —er4 (ATH)_'NminNmaj2
3 kT

R/I
X / g22R? exp

R’

— 47N i R?)dR,

where R is the distance from minority impurity to the
nearest majority impurity and R’ is the radius corre-
sponding to the critical condition

1+8=0a,
o= (1/4kT)(¢*/xoR), B=rn/R,

and R” is the radius of the unit cell. g; and g, are func-
tions of @ and . 7y is the separation of the ionized im-
purity pair absorbing the microwave power by the
hopping process, and Arg is the half-width of micro-
wave absorption. In order to compare this expression
with Eq. (21) for the conductivity due to the direct
absorption process, Eq. (22) can be simplified for the
condition 1+8<af (a low-temperature approximation):

ca=$0rg®(Arg) koN min (1/R¥T(F). (24)

The prominent differences between Egs. (21) and
(24) are the frequency dependence and temperature de-
pendence of the conductivity. The conductivity due to
the direct absorption process is roughly proportional
to «?/T, while the conductivity due to the hopping
process is roughly proportional to w. The ratio op/ox is

o)) ()

(23)

(25)
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The impurity separations 7p and 7z are determined
mainly from the resonance energy W, as shown in Egs.
(6) and (26) respectively and are approximately pro-
portional to ¢* at a fixed frequency. Therefore the term
(rp/rm)? is almost independent of a*. The half-width Ary
is also proportional to a*. Thus op/oy is almost inde-
pendent of a*, although both ¢p and oy are sensitive to
the magnitude of ¢*. Therefore op/ox is approximately
independent of the detailed features of the impurity
wave functions and the majority and minority impurity
concentrations in the low-impurity concentration range.

C. Electron-Phonon Interaction in
Impurity Pairs

The electron-phonon interaction in the impurity pairs
plays an important role in determining the relaxation
time in the direct absorption process and the hopping
rate in the hopping absorption process. The hopping
rate »12 has been calculated by several authors.? Miller
and Abraham? give

1
eA/RT 1
Vig= (E12/1rpos5ﬁ4) W2A ) (26)
eA/kT_ 1

where E; is the deformation potential, and p, and s are
the density and the velocity of longitudinal sound re-
spectively. On the other hand, the relaxation rate in the
direct absorption process can be calculated by using a
deformation potential approximation as follows:

(1/7') =%(W21+ Wm)
E12W3 A2 1/2
i)
wpos® it 4?2
2 singrp
X( ;1)<1~ ). @
ee/kT_l qu

where ¢ is the phonon wave number, given by #sg=e
=%w. Itis noted that both calculations use the assump-
tion of a single phonon process in the electron-phonon
interaction.

In B-doped silicon (a*~13 A), the hopping distance
g corresponding to a frequency of 9000 Mc/sec is about
80 A and the resonance energy W is about 0.2 meV. On
the other hand, in the direct absorption process the im-
purity separation 7p is almost 130 A and the resonance
energy is about 0.02 meV. Then the relaxation rate 1/7
is estimated as 1.7X10* sec™. This value is quite small
because of the smallness of the resonance energy and the
inclusion of the phase factor (1—singrp/grp). ¢ was
estimated as 6X10* cm™ for the 9000 Mc/sec direct
absorption process, and then ¢7p is about 0.08. As a re-
sult (1—singrp/grp) is of the order of 1073, In the
hopping process, on the other hand, the energy difference
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A can be taken up to the order of 27, 0.4 meV at 4°K,
and the grp becomes the order of unity.

Next it will be shown that in the 9000 Mc/sec range
the direct absorption process and the hopping absorp-
tion process contribute to the microwave absorption in-
dependently in the different pairs. In the direct absorp-
tion process, the impurity separation is about 130 A,
and in such a pair the hopping frequency is very low
compared with the microwave frequency, i.e., 107 to
108 sec™™. Thus the hopping process does not contribute
to the microwave absorption at all. On the other hand,
the impurity separation in the hopping absorption pro-
cess corresponding to the microwave frequency is about
80 A. The direct process occurs in such a pair only in the
90 000 Mc/sec range, and therefore in the 9000 Mc/sec
range the direct process does not occur in such a pair.
Therefore, these two absorption processes at fixed fre-
quency occur in different pairs, independently, and the
microwave conductivity can be expressed as follows:

(28)

o=optopm.

D. Comparison with Experimental Results

As noted in Sec. II, the microwave conductivity in
both #- and p-type silicon shows a non-Ohmic char-
acteristic for field strengths of less than 1 V/cm at 1.3°K.
In the hopping model, non-Ohmic characteristics are
not expected for fields less than 100 V/cm. This result
suggests that the observed conductivity comes from a
microwave absorption mechanism other than the hop-
ping mechanism. The model of microwave absorption
by a direct absorption process in localized pairs dis-
cussed in the preceding sections seems to explain the ex-
perimental results satisfactorily. Before discussing these
in detail, we must examine the validity of the localized
pair model in our samples. In general, the localized pair
model is valid when R* is much larger than the separa-
tion 7p or 7y in the pair, where R* is the average distance
between majority centers. In our samples, Nmaj is
1.5X10'® cm™ at most, and this corresponds to R* of
240 A. rp is estimated as 10a*, where a* is the effective
Bohr radius. In the hydrogenic approximation ¢* is
13 A in B-doped p-type silicon. Schechter,® however,
calculated the magnitude of ¢* and estimated it as
17 A. Even though 17 A is used for a*, rp is still shorter
than 240 A. Therefore, the localized pair model should
have satisfactory validity in our p-type samples. In
P-, and Sb-doped n-type samples, a* is 21 and 22 A,
respectively. 7p's corresponding to these values are still
shorter than R*. Therefore, the pair model should be
valid in all samples used in this experiment. We now
turn to a discussion of the microwave absorption
mechanism.

At first we assume that the non-Ohmic character of
the microwave conductivity comes from saturation of
the direct absorption process in the homopolar pair,

9 D. Schechter, Phys. Chem. Solids 23, 237 (1962).
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TasBLE II. ¢p and ox at 4.2°K in B-doped samples.

Sample 9D OH

number 106 ohm™ cm™ 1078 ohm™! cm™ opfon
1 16.8 9.2 1.8
2 5.6 2.9 1.93
3 12.6 9.2 14
4 3.5 4.0 0.9
5 16.6 4.2 3.9
6 6.0 5.2 1.15

that is, the microwave power used in this experiment is
strong enough to make the populations of carriers in
the ground and excited states equal. Second, we assume
that after complete saturation occurs, the conductivity
due to the hopping process in the polar pairs still exists,
and this does not show non-Ohmic characteristics in the
whole microwave power range of this experiment. As dis-
cussed in the preceding section, the direct absorption
process and hopping process at 9000 Mc/sec occur in the
different pairs independently, and then the conductivity
obtained can be divided in two parts, i.e., 01(P) and o2;
o1(P) which depends on the input microwave power, is
due to the direct absorption process, and o3 is due to
the hopping process. The Ohmic part of ¢1(P) at low
enough input power, that is, or.p., then corresponds to
the conductivity op expressed by Eq. (21). o3, on the
other hand, corresponds to the conductivity om ex-
pressed by Eq. (24).

The experimental results show that or.p. decreases
with temperature as 1/7". This agrees well with the
theoretical results. It must be pointed out that in these
p-type samples, the number of molecule-ion traps* which
may strongly affect the temperature dependence of
conductivity is negligibly small in such low concentra-
tion samples. Therefore the temperature dependence of
orL.p. can be considered as that of the direct absorption
process. The magnitudes of ¢1.p. and o3 in all p-type
samples at 4.2°K are listed in Table II. Assuming
a*=13 A, theory gives the magnitude of sp at 4.2°K
as 5.5X10~7 ohm™! cm™ for the conditions: K= Npin/
Ninai=5%, Nmaj=10% cm=3, w=5.6X10" sec~!. Un-
fortunately, the compensation degree K is not known
exactly, but is estimated as several percent in samples
which were not heat treated. Then the theoretical re-
sults give too low a value of the conductivity compared
with the experimental results. The theoretical hopping
conductivity om, however, is also too small, i.e.,
og="7.6X10"7 ohm™! cm™! for the same experimental
conditions.

The ratio op/or in Eq. (25) will give information
about this disagreement. The ratio o1.p./o2 obtained
experimentally at 4.2°K is in the range from 0.9 to 1.9,
except for sample No. 5, as shown in Table IT, and these
values are close to the expected value of 0.7. Since
op/on excluded the uncertain quantities, i.e., Nmin and
a*, it is reasonable to obtain closer agreement with the
theoretical results. If we further take an effective Bohr
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F16. 6. Dependence of the microwave conductivity on input
microwave power. Solid curve is the calculated one and open
circles are the experimental results from sample No. 1. The upper
scale is for the calculated curve and the lower scale is for the ex-
perimental results.

radius of about 20 A instead of 13 A, the theoretical
calculations of both ¢p and oy are in good agreement
with the experimental results. This also agrees with
Schechter’s calculation? on the effective Bohr radius.
Next we will discuss the non-Ohmic characteristics
of the microwave conductivity due to the direct absorp-
tion process, and this will lead us to the examination of
the relaxation time in the homopolar pair. Karplus and
Schwinger® also discussed the saturation effect of the
resonance absorption in gas molecules in a strong mono-
chromatic microwave field and indicated that the electric
susceptibility of the molecule is expressed as follows:

1 w 1/7
Ime—IPm[Z—
wor (wW—w2)?+1/724 | P1a|*F?costo/ 12

X (1@ —ps®@), (29)

where ¢ is the angle between the field direction and
the molecular axis. This equation indicates that when
| P21 | F cose becomes comparable with %/7, the absorp-
tion line begins to widen, and the peak absorption
coefficient correspondingly decreases.

Under our experimental conditions, however, the field
strength F in the cavity is not uniform and it distributes
as shown in the following relation:

F« (w#o/kc)]ﬂ, (kcr) b) (30)

where k,=3.83/a, and a; is the radius of TEy; mode
cavity containing the sample. The orientation of the
molecular axis to the direction of the field must also be
taken into account in a discussion of the saturation
effect. Therefore, the dependence of the microwave
conductivity o1 (P) on the input power in our experiment
becomes much smoother than expected from Eq. (29),
and the saturation field strength F, defined as the maxi-
mum field strength F, in the cavity corresponding to
the relation ¢1(P)=o0v1.p./2 becomes much larger. The
saturation curve was computed numerically against
| P12|2F7%/%% with an inclusion of such experimental
conditions and the result is shown in Fig. 6. This result
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Fic. 7. An example of the detailed measurements of the de-

pendence of the microwave conductivity on the input power at
various temperatures, sample No. 1.

indicates that the conductivity has just half of the mag-
nitude of the low-power-limit conductivity, or.p., when
| P12|2F 272/%2 is about 25. One of our experimental re-
sults is also plotted in Fig. 6, and the calculated curve
fits the experimental results fairly well. The saturation
power P, into the cavity which corresponds to the
saturation field F, in the cavity was measured in p-type
samples in detail and some of the results are plotted
against temperature in Figs. 7 and 8. Since the low-
power-limit conductivity could not be obtained at
temperatures lower than 4°K, we extrapolated the 1/7T°
variation of o1 p, and estimated the saturation power.
Figure 8 indicates that the saturation power increases
with temperature as 7% above 4°K, and below this tem-
perature the temperature dependence of P, becomes
rather steeper. Since P, is proportional to F 2, the satura-
tion field F, varies linearly with temperature above
4°K. Since the relation |Pis|F,r/2=35 holds in the

-10
g
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whole temperature range, the relaxation time  is pro-
portional to 1/7" above 4°K. This temperature depend-
ence seems to agree well with the theoretical results,
Eq. (27), but the magnitude obtained experimentally
(107* sec at 4°K) is quite different from the theoretical
result of 6X10~5% sec at 4°K. The minority impurity
concentration seems to affect the saturation power P,
in p-type samples as shown in Fig. 8 and there is also
an appreciable difference in the saturation power be-
tween p- and n-type samples (Fig. 1). But even with
these differences, we expect that the agreement cannot
be improved much.

This discrepancy probably comes from the simplicity
of the model used in this paper. For instance, we used
the hydrogenic approximation for the wave function
of the impurity pair, and also used the simple single-
phonon process for the relaxation process. In fact, the
acceptor states in silicon are degenerate and they are
easily split into two twofold-degenerate states by inter-
nal strain.® The donor states are also split by valley-
orbit interaction. The molecular states, therefore, may
be more complicated than the one assumed in this
paper. It is thus expected that the relaxation process in
such an complicated molecule ion is much more com-
plicated. In order to clarify the problem, further in-
vestigations are now in progress.

IV. SUMMARY

The non-Ohmic characteristics of the microwave con-
ductivity of silicon were measured at low temperatures
in the 9000 Mc/sec range. The process of direct absorp-
tion of microwave photons in the ionized impurity pair
was discussed in detail. Reasonable agreement between
theoretical calculations and the experimental results is
obtained. The relaxation process in the impurity pair is
also discussed and the discrepancy between experi-
mental results and calculations is appreciable. Compari-
son between the conductivity due to the direct absorp-
tion process and the conductivity due to the hopping
process was made, and the ratio of both types of con-
ductivity shows fairly good agreement with theoretical
results.
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