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An investigation of the far-infrared absorption of compensated p-type Ge at a temperature
of 3 K is presented. The absorption mechanism which is of interest is due to photon-induced
hopping transitions of charge carriers between impurity centers. The samples were prepared by
neutron transmutation doping. Samples with carrier concentrations (No — Ng) ranging from
2.3 x 10*° to 2.6 x 10'® cm™ show a broad maximum peaked at a frequency between 10 and
24 cm™!. The absorption and the frequency of its maximum increase asymptotically with
respect to time due to the evolution of the Ga-impurity concentration. It is found that at low
frequencies the absorption coefficient is proportional to frequency. The overall behavior of the

absorption spectra is found to be consistent with a theory based on the localized-pair model

but a theoretically predicted sharp peak at 20.4 cm

~! on the absorption curve has not been

observed in the experimental absorption spectra.

I. INTRODUCTION

Investigations of the far-infrared (FIR) absorption in
compensated germanium and silicon doped with shallow
impurities are of considerable interest since they pro-
vide information about the interaction between impu-
rity centers, in addition to an understanding of the na-
ture of disordered systems. Theoretical work on the low-
temperature FIR absorption of lightly doped n-type ma-
terials with a low-compensation ratio (K < 0.2) was first
proposed by Blinowski and Mycielski.! Their model is
based on the localized-pair model, where the absorption
is due to photon-induced hopping transitions of charge
carriers in pairs of neutral and ionized donors situated
near an ionized acceptor. Their theory has shown some
agreement with the absorption measurements reported
by Milward et al. for n-type Si,> and Demeshina et al.
for n-type Ge.3

However, the situation for p-type materials is not well
established compared to n-type materials. There have
been no experiments done on p-type Si and few absorp-
tion measurements have been made on p-type Ge. The
absorption in Ge:Ga was measured in the 16-50 cm™!
range by Smith et al* and Zwerdling et al.;> however,
their measurements are only able to determine the ab-
sorption coefficients to an order of magnitude. The ab-
sorption in Ge:In was reported for the region extending
from 10 to 100 cm~! by Nakagawa et al.® Most recently,
a study of the absorption of submillimeter and millimeter
radiation (3-15 cm™!) on neutron-transmutation doped
(NTD) compensated p-type Ge was performed by Vavilov
et al”

A comparison between the p-type experimental spec-
tra and the n-type theory of Blinowski and Mycielski
shows that they differ appreciably. To account for such
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A comparison between the p-type experimental spec-
tra and the n-type theory of Blinowski and Mycielski
shows that they differ appreciably. To account for such
differences, Kaczmarek et al. developed an absorption
theory for p-type semiconductors.® They use, essentially,
the same theoretical model as Blinowski and Mycielski for
the n-type case, except that they use a different envelope
function to describe the isolated-acceptor ground state.
However, the existing experimental data cannot be used
to justify the theory. Clearly, more work is needed in or-
der to achieve a better understanding of photon-induced
hopping absorption for p-type materials.

In this paper, the results of far-infrared absorption ex-
periments on compensated NTD Ge at a temperature of
3 K will be presented. The purpose of this research is to
investigate the properties of far-infrared absorptions for
p-type Ge in detail and compare them to existing theo-
ries.

NTD Ge is chosen for such studies because of the
high quality of this doping technique.® The investigation
of far-infrared absorption in NTD Ge is of considerable
interest since these materials are widely used as sensi-
tive bolometers for the detection of FIR radiation at low
temperatures.!® Moreover, the unique properties of NTD
Ge provide the opportunity to study two different depen-
dences of the absorption spectra. First, the dependence
of a sample’s absorption on impurity concentration with
the same degree of compensation can be studied. This
is possible for NTD Ge samples because the concentra-
tion is varied by the irradiation time and the compen-
sation is fixed by the nuclear reaction. Seven samples
with carrier concentrations (N, — N,;) ranging from 1.3
to 26 x 1015 cm~3 were prepared for this experiment. The
impurity concentrations of these samples are on the insu-
lator side of the Mott transition.!1:12 Nevertheless, these
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samples cover the important range of impurity concen-
trations in which the results can be compared with the
present absorption theory. Second, the dependence of
absorption for samples with different majority impurity
concentrations, but with the same minority impurity con-
centration, can be studied. This is possible by doing a
time-dependent absorption experiment after the irradia-
tion, as will be discussed.

The plan of this paper is as follows. In Sec. II the
necessary background theory for understanding this ab-
sorption process is briefly discussed. The preparation
of NTD Ge samples, the FIR transmission experiment,
and the derivation of the optical parameters from the
transmission spectra are presented in Sec. III. Section IV
presents results and discussion of the far-infrared absorp-
tion experiments: the changes in the absorption spectra
due to the change in the impurity concentration with
a fixed compensation ratio, and the change of major-
ity impurity concentration with fixed minority concen-
tration are discussed. The general characteristics of the
spectra will be compared with the existing theory based
on the localized-pair model and particularly the spectra
predicted by Kaczmarek et al.® for p-type Ge. The spec-
tra are also compared to the experimental work done by
Vavilov et al.” on NTD Ge, and by Milward et al.? on
n-type Si. Section V contains our conclusions along with
a summary of the results.

II. THEORY OF FIR ABSORPTION

Theoretical investigations of the absorption at low
temperatures in the far-infrared for n-type compensated
Ge and Si were carried out by Blinowski and Mycielski,
Banaszkiewicz,'3 and most recently by Baranowskii and
Uzakov.!? At low temperatures, in a compensated n-type
semiconductor, all the acceptors, N,, will be ionized.
Therefore, there are an equal number of ionized donors
and acceptors, and (Ng— N,) donors will remain neutral.
If the impurity concentration is low, then it is possible to
treat the photon absorption as the result of zero-phonon
electron transitions in pairs of ionized and neutral donors.
This process, called direct absorption, was first proposed
by Tanaka and Fan.!®

The two lowest electron states of the two-center Hamil-
tonian were obtained by Miller and Abrahams:!¢

€ = (p1 +92)/2£T/2, (1)

where ¢; and ¢, are the ground-state energies of the
site 1 and site 2 impurities. The energy separation (T')
denotes separation in energy of these two lowest states
with some approximations, and is given by!*

I = (@ +41%)'/?, 2)

where Q is the difference between the Coulomb potential
energies of the two centers of the donor pair. In general Q
is created by all the surrounding charges. I is the energy
overlap integral which is usually anisotropic. Under the
influence of FIR radiation, the electron will be excited
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from one level to the other. The pairs of donors for which
Q < 2I are called homopolar pairs; whereas, when Q
> 21, they are called polar pairs.

The absorption coefficient a(w) of such a system at a
temperature T can be found:!4

1673¢2 hw
a(w) = ERVE] [1 — exp (—ﬁ)]
00 7'412(1") l
) / ([h2w2 —412(r)] 2
x F([h%w? — 41*(r)]"/?, ")) dr,  (3)

where c is the speed of light and the distribution function
F(Q,r) is defined such that 4772 F (2, r)dr dS is the prob-
ability of finding, in a unit volume, a pair consisting of an
ionized and neutral donor separated by a distance within
the interval (r, r+ dr) and with a difference in Coulomb
energies within the interval (Q,Q + dQ). The angular
average of I, I?(r) = (I?), is used in this equation. The
quantity r, is found from the condition 2I(r,) = hw. In
the case of hydrogenlike centers such as the donors in Ge
or Si, I(r) can be expressed as'®

I(r) = Io(r/a)* *exp(~r/a), (4)

which is valid when r > a, where a is the localization
radius and Iy is an energy of the order of the donor state
energy. Then, 7, is given by the equation,

3/4
%— - m—%(’";u/)“) . (5)

For r ~ r,, the energy overlap integral I(r) is large
and the denominator in the integral, [A*w? — 4I2(r)]!/2,
remains small. It is clear from Eq.(3) that if F/(Q,r) is
a slowly varying function compared with the exponential
function then the main contribution to the absorption
at a frequency w is due to the pairs with an internal
distance of the order of r,,. That is, homopolar pairs will
contribute significantly to the absorption process.

In order to calculate the absorption coefficient, the
function F(2,7) needs to be known. However, there is
no analytical theory to find F(,r) even if quantum ef-
fects are ignored. Baranovskii and Uzakov!* calculated
F(Q,r) by using a Monte Carlo technique to model an
impurity band within the classical impurity band (CIB)
model.12:17 Their results make it possible to calculate, at
fairly low frequencies, the absorption coefficient for ma-
terials within a wide range of compensation, K, from 0.1
to 0.9.

Within the CIB model, in the case of small compen-
sation (K < 0.2),! it can be assumed that all donors
except the ones nearest to an acceptor are neutral, and
that the potential is due to the Coulomb potential of this
ionized acceptor. The dipole potentials of other ionized
acceptors and ionized donor pairs present in the mate-
rials are ignored. Let r; and 7, be the distances from
the ionized acceptor to the ionized and neutral donors,
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respectively. The distance r between the sites in the pair
and the Coulomb energy are given by
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£ (2-3)

where @ is the angle between the directions of r; and
r2. Under such an assumption, an analytic formula for

r = (r} 4 r3 — 2r1rycos6)t/?, (6) F(Q,r) is given by!3
_
4rr?F(Q,r) = NaN(f/drl /drzexp(—gwr"de)cs[r — (72 4 r3 — 2ry7yc0s0)/2)6 (Q - 7:;2—! + f;;) . (8)

Integrating with respect to the angle § and also with
respect to the modulus ry, the expression for F(£,r) be-
comes

FQ,r) = g:.i Nge];fa,‘c /Rz riexp (—’ﬁwr?]id) dry,
R, (1 — 6—2er)
9)
where
1/2
r e? 1, 2e2 2
=l L = = 1
Bi=5+35 2"+(KQ> ’ (10)
1/, aer\'?
Rz—mm{§ (r + e ) ——2-,7',, (11)
and
2
e
- £ 12
rl‘ IC/l) ( )

where g = 0.61eq is the Fermi energy for a low degree
of compensation. 7, takes into account the fact that the
donor nearest to the acceptor will not be ionized if its
distance from the acceptor exceeds r,.

The function F(2,r) described above is proportional
to N,, and the integral depends only on N4. Hence,
in the case of a low degree of compensation (K < 0.2),
it follows from Eq.(3) that the (a/K) spectra would be
the same for a given value of N; and the shape of the
absorption curve does not depend on the concentration
of the minority impurity.

At this point it would be useful to obtain expressions
for the absorption for the low- and high-frequency lim-
its within this localized model. It can be shown that
at the limit of low frequencies, hw & er,En, where
En = eNg/a/»c is the characteristic scale; the absorp-
tion coefficient a(w) can be obtained as!”

3
a(w) = %awrﬁN‘;/aKf(K), (13)

where f(K) is a function of compensation. In the
case of low compensation (K < 0.2) [ie., if F(Q,r) de-
scribed in Egs. (9)-(12) is used], f(X) is independent
of K. Equation (13) is derived for compact pairs with

[
aLr,<rg and =~ 0. The dipole-dipole interac-
tion, which can give an extra factor depending on the
frequency logarithmically,!” is ignored in Eq. (13).

It has been predicted by Efros and Shklovskii!® that
the density of states falls off in the vicinity of the Fermi
level and this is known as the Coulomb gap. The origin
of such behavior is related to the long-range Coulomb
interaction between charges. For the case of an inter-
mediate compensation, the width of the Coulomb gap
(A) 1s of order of the impurity band. The absorption at
very low frequencies, hw << e?/kr, << A, is obtained
independently by Shklovskii and Efros,?® and Davies et
al.:?!

a(w) o« Rl

Tw (X In(2Ip/hw)’ (14)

where 7, « In(2Iy/hw) is assumed [see Eq. (5)]. Hence,
the dependence of absorption on frequency in Eq. (14) is
stronger than linear.

In the limit of high frequencies, hw > er, En, one has
to take into account that F(,r) decreases steeply as
increases for Q > er,Exn. Then the main contribution
to the integral in Eq. (3) comes from a narrow interval
near r = r,, where Q ~ er, Eny < hw. In this case, the
function r*F(Q,r) in the integral is assumed constant
for Q2 < ery, En and zero otherwise. Then the absorption
coefficient a(w) can be obtained:!”

(15)

At low frequencies, hw < er,Epn, only pairs with Q
< hw will participate in the absorption. Therefore, the
absorption increases with increasing frequency. However,
at high frequencies, hw > er, Eyn, the contribution is
from Q < er,EN, where r, decreases with increasing
frequency. It follows from the above analysis that a(w)
has a maximum!? at

4m3e? e
a(w) = mariNglﬁf(h).

ezN‘f/3

Awmax = eru EN = Tw- (16)

It is known that the low-frequency ac impurity conduc-
tion at low temperatures in p-type materials is similar to
that in n-type materials. However, previous experimen-
tal data showing the far-infrared spectra of p-type Ge dif-
fer appreciably from those of n-type Ge. The differences
are as follows.® (i) The maximum value of the absorption
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coefficient of p-type Ge is much higher than that for n-
type Ge, (ii) the maximum of the absorption coefficient
for p-type Ge occurs at higher frequencies than that of
n-type Ge, and (iii) the dependence of the absorption co-
efficient on frequency for p-type Ge is not as strong as
that of n-type materials.

In order to explain these differences, Kaczmarek
and Gortel® used the envelope functions introduced
by Schechter?? to describe the isolated-acceptor ground
state rather than using the well-known hydrogenlike en-
velope function. The latter picture is qualitatively similar
to that for n-type materials in which the donor ground
state is described by the hydrogenlike functions with an
anisotropic exponent. The basic difference between the
two pictures is that the Schechter function in p-type ma-
terials will give the four lowest two-center states formed
by the ground states of the two impurities;?® while there
are only two in the latter case. All of these four states
have different energies and should be taken into account
when calculating the low-temperature absorption coeffi-
cient in the infrared.

The reason that the use of the Schechter envelope func-
tions is essential in calculating the absorption coefficients
for p-type materials has been pointed out by Gortel et
al?* Tt can be shown that if the dominant contribution to
the absorption is due to the polar pairs, then the results
from a hydrogenlike approximation would agree quali-
tatively with the results from the model based on the
Schechter envelope functions. In fact, this conclusion ex-
plains the similarities of ac impurity conductivity in both
n- and p-type materials because the dominant contribu-
tion to the hopping conductivity is from those polar pairs.
However, for the contribution from the homopolar pairs?*
the results of these two models are different both quali-
tatively and quantitatively. It was stated earlier that the
homopolar pairs give an important contribution to the
far-infrared absorption processes. Therefore, the use of
the hydrogenlike approximation is not appropriate here.

It is found that by using the Schechter envelope func-
tion, the photon-induced transition rate of a carrier is
dominated by two terms.?* The first term has a form
analogous to that of the n-type material. This term is
proportional to the square of the overlap energy inte-
gral, which for a pair with a given separation is larger
for the p-type than for the n-type material. The second
term, which is absent in the hydrogenlike approximation,
is even larger than the first term for some directions.
Therefore, the much larger absorption in the p-type ma-
terial is expected when the Schechter envelope function is
used. Also, the larger value of the resonance energy can
also explain the shift in the maximum of the absorption
towards higher frequencies.

The theory also predicts a sharp absorption peak at
20.4 cm™!. Its position does not depend on the com-
pensation or on the concentration of acceptors. The
shape and relative height of the peak is temperature
independent.® The presence of this peak is a direct re-
sult of the nonmonotonic behavior of the overlap energy
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integral (I2) as a function of the pair separation which is
a consequence of the d-like parts in the Schechter enve-
lope functions for isolated acceptors. Because of the slow
variation of (I?) in the vicinity of its maximum value, a
large number of pairs can absorb radiation with the en-
ergy hw = 2((I?)max)/2. Therefore, the position of this
sharp peak is determined by hw = 2((I)max)"/?.

III. EXPERIMENT

A. Principle of NTD Ge

The Ge samples were irradiated with thermal neu-
trons at the McMaster Nuclear Reactor. Some of the
five naturally occurring stable isotopes, "°Ge, "2Ge, "3Ge,
"Ge, and "5Ge, capture neutrons and become radioac-
tive and subsequently decay into different chemical el-
ements which are acceptor or donor impurities in Ge.
Three Ge isotopes, °Ge, "*Ge, and "®Ge participate in
the doping process. The nuclear reactions of interest
are!?

Ty/2=11.2 d
19Ge(n,7) 14Ge =57 “T1Ga(g-capture),  (17)
T = 8 m
14Ge(n, 7) Ge /25 "TAS(B™ decay),  (18)
’I‘1 = .
T8Ge(n, 7)11Ge 252 M AG(B™ decay)
T,/2=388 h
12=338 77Se(ﬁ” decay). (19)

The natural abundance, thermal neutron absorption
cross sections, and half-lives of the relevant isotopes of
Ge are listed in Ref. 10. After all the decay processes
are exhausted, the ratio of the concentrations of the dif-
ferent dopants, i.e., the compensation (K), will be fixed
by the thermal neutron capture cross section and natural
abundance of the dopant-producing isotopes. According
to the experimental results of Osip’yan et al.,? which
are based on time-dependent Hall measurements, the de-
gree of compensation K = N,/Ny for NTD Ge is & 0.27.
These results are in fair agreement with the theoretical
results obtained using the nuclear reaction data.?6 This
doping method allows us to investigate the absorption
change of Ge samples due to the change of the impurity
concentration with fixed compensation.

As a result of different decay half-lives, different impu-
rities are formed at different rates. As, which is the dom-
inant donor impurity, reaches its saturation value within
a day after irradiation due to the short decay half-life
(82.8 m) of "Ge. The Se donors also reach 80% of their
saturated value about 5 days after irradiation. However,
because of the longer decay half-life (11.2 d) of "' Ge, the
concentration of the acceptor impurity reaches the value
of Ng only after a time ¢t = ¢ ) of the order of several
days after the start of irradiation. The NTD Ge sample,
which is n-type for t < ¢(x=1), will convert to p-type at
t = t(k=1)- Fort > (k=) the degree of compensa-
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tion will decrease with time and approach asymptoti-
cally to the steady-state value. These decay properties of
NTD Ge allow us to investigate the change in absorption
due to the change in the majority impurity concentra-
tion while keeping the minority impurity concentration
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absorption experiments after the donor impurities have
reached their saturated value and the acceptors are still
being formed.

The concentration, N(t), of a particular impurity at
time ¢ after starting the irradiation can be calculated

constant. This is done by performing time-dependent  using the following expressions:
J
1 T In2 (20)

Nol =0t— " ]1—exp([-——2

O(tr { In2 [1 er( T t>}}), tst

N(t)=
T (In2)(t —¢,) In2

No<1-— e - >t

0{ (ln2)t,. [exp ( - exp - t , t2>1, 1)

where Ny is the saturated concentration of an impurity
long after irradiation, ¢, is the time of neutron irradia-
tion, and 7 is the decay half-life of an unstable isotope.

B. Sample preparation

The starting materials for the NTD Ge samples
were single-crystal low impurity n-type Ge wafers with
(Ng— Ng) < 10*2 cm~3 with thicknesses of about 0.05
cm. These wafers were cut into pieces 1 x 1 cm? in size.
They were then irradiated with thermal neutrons at ap-
proximately 35°C. The thermal neutron flux at the posi-
tion of irradiation was ~ 1.4 x 10'3 cm~2sec™! (Ref. 27)
with a ratio of thermal neutrons to neutrons with energy
greater than 0.5 eV of approximately 40 : 1.

Seven samples, 1-7, were irradiated for different time
intervals varying from 1 to 20 h. The production of vari-
ous impurities is proportional to the neutron fluence. The
concentrations of the Ga impurities in these samples are
estimated?” from the known reaction data as shown in
Table I. These samples, all of which have the same com-
pensation ratio long after the irradiation, were used for
absorption experiments which investigated the change in
absorption with changing concentration.

Except for the sample which is used for the time-
dependent absorption experiment, samples are kept for
more than 3 months after irradiation before they are used
for the absorption experiments. The samples are thinned
using 600-grit SiC paper. Opposite surfaces of the sam-
ples are made parallel. Both surfaces are mechanically

r
polished using 6 pum and then 1 um diamond grit paste.

The thickness of the samples was determined using a mi-
crometer with an uncertainty of +0.005 mm (see Table
I).

Radiation damage of the samples was removed by ther-
mally annealing at 400°C for 6 hours in a pure argon
atmosphere.10 All samples were placed into the furnace
at a temperature below 100°C and were taken out only
after the furnace had cooled to room temperature.

The square samples were characterized by Hall-
effect measurements using the usual van der Pauw
configuration?® with magnetic fields of approximately
1 KG. Ohmic contacts were made by alloying in-
dium to the four corners of the samples. This was
done by heating with a low powered soldering gun.
The room-temperature transport properties of samples
1-7 are shown in Table II. The carrier concentrations,
n = (Ng — Ng), and mobility, u, were calculated from n
= ry/Rye, and u = Ry /rgp.?® The Hall coefficient,
Ry, and resistivity, p, were obtained from the mea-
surements. The Hall factor, rg, in the weak-field limit
was found experimentally to be ~ 1.8 by Morin.3° The
present data is in agreement with the existing trans-
port properties of p-type Ge.2° The results of the time-
dependent electrical measurement which will be dis-
cussed later, show that the compensation of these sam-
ples is 0.286. Hence, the acceptor concentrations, N,
for these samples are calculated using this value. A com-
parison of these values of N, with the Ga concentrations
estimated from the nuclear reactions in Table I shows
good agreement.

TABLE I. Physical data for NTD Ge samples.
Sample Irradiation Fluence Ga concentration Thickness
time (h) (10'" cm™?) (10*® cm™?) (mm)

1 1 0.5 1.7 0.475
2 2 1.0 3.4 0.490
3 4 2.0 6.8 0.440
4 8 4.0 14 0.469
5 10 5.0 17 0.499
6 16 8.1 27 0.489
7 20 10 34 0.366
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TABLE II. Hall measurement data for NTD Ge samples.
Sample Resistivity Hole mobility (Na — Na) N,

(Qcm) ( cm?/V sec) (10'% cm™?) (10*® cm™3)

1 2.53 1840 1.34 1.88

2 1.54 1740 2.32 3.25

3 0.823 1520 4.97 6.96

4 0.458 1370 9.92 13.9

5 0.335 1200 15.5 21.7

6 0.286 1150 19.1 26.7

7 0.223 1080 26.1 36.5

Sample 5 is used for the time-dependent absorption
experiment. This sample was annealed 3 days after the
start of the irradiation using the same procedure as de-
scribed above. The annealing done at this early stage
does not affect the quality of the sample as shown by
its high Hall hole mobility. This is in agreement with
previous results3! which indicate that the formation of
defects is mainly due to the radiation damage which can
be removed by annealing.

C. The FIR transmission experiments

The transmission experiments in the far infrared are
done using Fourier transform spectroscopy. A custom
built polarizing interferometer with roof mirrors, a wire
grid beam splitter, and a chopper frequency of 45 Hz
was used. The light source was a fused quartz mercury-
arc lamp. The FIR light passes through a polypropylene
window into the cryostat.

A commercial cryostat [HD-3(L) Dewar, Infrared Lab-
oratories, Inc., Tucson, AZ] with a composite-type Si
bolometer with an operating temperature of approxi-
mately 1.25 K was used. Two moveable wheels were
placed inside the cold working surface of the cryostat.
One of them is used to hold different cold cut-off filters
so that they can be changed during the experiment. The
other is to hold the sample and the reference. The light
that passes through the filter and sample is then collected
by a parabolic cone which condenses the light onto the
bolometer.

Two stages are involved in filtering the light. Before
reaching the sample, the radiation passes through a cold
filter (cutoff & 250 cm™!) made of thick black polyethy-
lene melted to a piece of gray plastic from the lid of a
Kodak film canister. Both excess sample heating and
band-edge light were prevented from reaching the sample
by using this filter. Second, the radiation passes through
one of three cold low-pass filters located in the filter wheel
before reaching the bolometer. These filters define the
cut-off energy of the spectra. They are 0.125 in thiclT

7(v) = |4N/(N + 1)?|2exp(—ad cosB) /(1 — p?),

T(v) = 16(n? + k?)exp(—ad cosB)/{[(n + 1)? + k?]*(1

Pyrex glass, 0.08 in thick Fluorogold, and 0.0625 in thick
quartz with cut-off frequencies of 30, 50, and 120 cm™!
respectively. A 0.25 in thick Pyrex warm filter, which is
placed outside the cryostat, was also used in conjunction
with the cold filters for spectra with a cut-off of about
15 cm~!. The transmission spectra presented here are
obtained by linking spectra with different cut-off filters.
All spectra were taken with a resolution of approximately
0.8 cm™!,

The samples are glued to the sample holder by apply-
ing a small spot of GE 7031 varnish at one corner of
the sample. The sample is placed over a 5 mm diame-
ter opening in the sample holder. An opening with the
same diameter as in the sample holder is used as a refer-
ence. The temperature of the sample is monitored using
a 100-2 Allen Bradley resistor placed in thermal contact
with the sample. All spectra were taken with the sample
temperature at about 3 K.

D. Derivation of the optical parameters

The transmittance of a material is determined by its
index of refraction, N = n + ik. This index, in general,
must be complex to account for the absorption within
the material. The raw transmittance spectra show strong
Fabry-Perot fringes which have to be removed. Follow-
ing the work of Randall and Rawcliffe,3? the external
transmission T'(v) of a parallel flat-surfaced sample with
thickness d, at the wave number v, can be expressed as
follows:

T(v) = r(v) (1 +2) p‘cos(zo)) . (22)
=1
A more familiar form is
(1-5%
= . 2
In these expressions,

(24)

- pZ)}’ (25)
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p=[(n—=1)% + k¥exp(—ad cosB)/[(n + 1)? + k7],

0 =4nrndvcosf + 6
=4mndvcosf + tan~![2k/(n? + k? — 1)],

o = 4rky,
_

where « is the absorption coefficient, 7 is the average
transmittance if there are no fringes, ¢ is the phase shift
in reflectance at the surface caused by the imaginary part
of the refractive index, p is the fraction of the energy
which survives two reflections and two transmittances
through the body of the sample, and # is the angle of
incidence of the radiation. In these experiments f is as-
sumed to be zero.

In order to evaluate the absorption coefficient of a sam-
ple, the real part of the refractive index n will first be
found from the interference fringes of the transmission
spectrum. Since §é is small in these samples and can be
neglected as a first approximation, it follows from Eqgs.
(22) or (23) that the transmittance maximum occurs at

0 =4mndy = 2rm (29)

where m is an integer that is of the order of the interfer-
ence maximum at frequency v. Since the transmittance
is measured down to 4 or 5 cm™!, the value for m is
known and the refractive index can be obtained from the
maximum of the transmission spectrum according to Eq.
(30).

According to the treatment of Zwerdling and
Theriault,® if & and n are essentially constant over the
spectral range of one cycle of the interference, the ab-
sorption coefficients can be obtained from the average
transmittance 7. It can be shown using Eq. (23) that 7
can be obtained from the geometric mean of the maxi-
mum and minimum values.

However, since the resolution of the transmission spec-
tra is chosen to be about 0.8 cm~!, only the first sig-
nature of the fringes is significant in the interferogram.
This implies that only the first cosine term of the series in
Eq. (22) is important. That is, the observed transmission
spectrum is given by

T(v) = m(v)[1 + 2Cp cos(6)], (30)
where a parameter C is put in front of the cosine term
because an apodization function3® is used before an in-
terferogram is Fourier transformed into a frequency spec-
trum. In this case, the average transmittance should be
the average value of the maximum and minimum values
at the frequency corresponding to the average of their
frequencies.

The absorption coefficient o can be found from the
following relationship which is derived from Eq. (25) with
B set to zero:®
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(26)

(27)
(28)

1/2
1. ] (1-R)?2A (1-R)2A\’
«= Eln 27 + [( 2T ) +R2} } ’
(31)
where A = (14 k?/n?) and
_(n=1)2+k?
RECESS (32)

is the reflectance at a single surface.

The process of finding the absorption coefficient, «, in-
volves iteration of Eq. (31) by a computer one frequency
at a time. Since k is small compared to n, it is first
approximated as being equal to zero at the initial fre-
quency. 7(v), as described above, is determined from the
experimental transmission spectrum by taking the aver-
age value of the maximum and minimum values of the
fringes observed in the spectrum at the frequency corre-
sponding to the average of their frequencies. The value «
is obtained from Eq. (31) and then a nonzero k is found.
This process is repeated until the right- and left-hand
sides of Eq. (31) are equal to within £0.00001%. This
a will be used as the initial approximation for the next
frequency (v + év).

Once the absorption spectrum is obtained using this
procedure, the transmittance is calculated using Eq. (30).
The original experimental spectrum will be compared
with the calculated one with an appropriate choice of
the adjustable parameter C in front of the cosine term.
In general, at this stage, the constant parameter C is
well fitted to a wide region of frequencies with no large
discrepancies between the calculated and experimental
transmission spectra. However, the above procedure will
smooth a region with a sudden change in absorption or
with sharp absorption peaks. In order to obtain a more
detailed absorption spectrum at such regions, the ex-
perimental transmittance spectrum with the interference
fringes will be fitted using Eq. (30) to find a new «(v).
To a first-order approximation, the parameter C is as-
sumed to be constant over the small frequency region
which is being fitted. This parameter C is chosen such
that the fringe structure is minimized in the resulting
absorption spectrum. Then, this value of C' combined
with Eq. (30) is used to least-squares fit the experimen-
tal transmittance (with fringes) to find a new a(v). The
value of a(v) derived from the average transmittance is
used as a first guess. This procedure gives a more pre-
cise value of a(v) which ensures that sharp peaks are not
missed. For instance, the sharp absorption lines result-
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ing from the excited states of an impurity in the region
above 40 cm™! can be found in this manner.

IV. RESULTS AND DISCUSSION
A. Absorption spectra for NTD Ge

Figure 1 shows a typical transmission spectrum of a
sample (sample 3) in the frequency region from 4 to 90
cm™!. The interference fringes are due to the plane paral-
lel surfaces of the samples. The real part of the refractive
index, n, of these samples is found from these fringes us-
ing Eq. (30). The average refractive index of the samples
for frequencies from 10 to 50 cm™! is listed in Table III.
It is found that the values for low impurity concentration
samples (Nos. 1-4) are lower than the room-temperature
values reported by Randall and Rawcliffe;3? their mea-
surements on intrinsic Ge samples with resistivities of 10
and 20 Q2 cm give a value for n of about 4.005 in this fre-
quency region. Asshown in Table ITI, the refractive index
of a sample increases as the impurity concentration of the
sample increases; the refractive index increases from 3.88
for sample 1 to 4.04 for sample 7. The higher refractive
index for doped Ge compared to intrinsic Ge at 4.2 K is
also reported by Zwerdling and Theriault.’

There are two main absorption processes present in
the transmission spectra: first, at lower frequencies
(<50 cm™1!), the main absorption mechanism is due to
far-infrared photon-induced hopping of a charge carrier
between Ga impurity centers near an ionized donor. Sec-
ond, the strong absorption region at high frequencies
(>40 cm™!) is associated with hole transitions from the
ground state to excited states of the Ga impurity. A brief
description of this latter absorption process will be given
before a detailed discussion of the absorption due to the
photon-induced hopping process is given.

The well-known excited states for the Ga impurities in
Ge (Ref. 34) are labeled in Figs. 1 and 2. At low impurity
concentrations (samples 1 and 2), it is possible to identify
the excited states with the known Ga impurity excited
states. However, as the impurity concentration increases,
the broadening of the states makes such identification
impossible. Figure 2 shows the absorption spectra from
30-80 cm™! for samples 1-7 as obtained from the trans-
mission spectra using the method described in Sec. III.
At low concentrations, all impurities can be treated
as noninteracting impurities which behave like isolated
atoms. However, as the impurity concentration increases,
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FIG. 1. Transmission spectra for NTD Ge sample 3 at a

temperature of 3 K in the region from 0 to 90 cm™'. The
known Ga excited states are indicated.

it can be shown that the first effect on the isolated impu-
rity is due to nearest-neighbor interactions.® The broad-
ening of the lower edges of the sharp lines due to the
increasing impurity concentration has been observed for
both donors and acceptors in Si and GaAs.3% It is con-
cluded that the broadening is due to neutral impurity
pairs for low impurity concentrations. Because the impu-
rities are randomly distributed, the effect will first arise
from pairs which are closer than average. Similar ab-
sorptions at the lower energy shoulders of excited states
are also observed in these spectra as identified in Fig. 2.
For instance, the absorption at the shoulder of the low-
est state G, Dg,, may be similar to the absorption due to
the band states, Dy, Dy, in P-doped Si. These shoulder
absorptions are in fact due to excitations from the 1s to
the 2pg state of the same donor, but with another donor
nearby in the ground state so that the energies of both
ground and excited states are reduced. It is also observed
that there is another absorption at energies lower than
the D;,Dap, states.3® This is attributed to the charge-
transfer excitation forming DY D~ with a considerable
reduction in the energy of the excited state because of
the Coulomb attraction. This excitation has been re-
ferred to as an exciton state located in the Hubbard band
gap between D~ and D7 states. The lowest absorption
shoulder, Dg,, may be due to the same charge-transfer

TABLE III. Refractive index of NTD Ge at T=3 K.
Sample 1 2 3 4 5 6 7
No (10*® cm™3) 1.88 3.25 6.96 13.9 21.7 26.7 36.5
n 3.88 3.91 3.94 3.95 4.00 4.01 4.04
+0.01 +0.01 + 0.01 +0.01 + 0.01 + 0.01 + 0.05
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FIG. 2. Absorption spectra for samples 1-7 in the region
from 30-80 cm™!. The main absorption process in this region
is due to the excitation of a neutral Ga impurity. The arrows
indicate those absorptions due to neutral pairs with random
separation.

excitation. This is not the same as the photon-induced
hopping absorption discussed later because these pairs
are neutral.

As the impurity concentration keeps increasing, the
impurities will get closer to one another, thus forming
triples and then clusters.3® The effect of increasing the
impurity concentration is to increase the number of larger
clusters. The absorption edge is dominated by the local-
1zed states within random clusters of impurities with den-
sities greater than the average. The cluster will give rise
to the absorption at low energies. This effect is clearly
demonstrated in these spectra. The absorption starts at
lower frequencies as the concentration of the Ga impurity
increases. It is noted that the absorption shoulder due to
pair absorptions is not visible in the sample 7 spectrum.

Now, let us discuss the absorption due to photon-
induced hopping. Figure 3 shows the absorption spec-
tra from 4-60 cm™?! for samples 2-7. Broad absorptions
are observed for samples 2-7. However, the absorption
in this frequency region is negligible for sample 1. This
indicates that the number of localized pairs is small at
such low Ga concentration ( 1.9 x 10!® cm~3). This is in
agreement with the sharp lines observed for the excited
states of Ga in this sample.

The absorption coefficient for all frequencies in this
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FIG. 3. Absorption spectra for samples 1-7 in the region

from 0 to 60 cm™!. The dashed lines are obtained from the
transmission spectra. The solid lines are fits to a polynomial
function for frequencies from 4 to 32 cm™. The main ab-
sorption process in this region is due to the photon-induced
hopping of a charge carrier between acceptor pairs situated
near an ionized donor.

region increases as the samples’ impurity concentration
increases. The absorption coefficient at the maximum
[@(wmax)] of the broad absorption curve increases from
2 cm~! for sample 2 to 87 cm™! for sample 7. The fre-
quency of this maximum absorption (wmax) also shifts
to higher frequencies as the impurity concentration in-
creases. The change is from 10 cm~! for sample 2 to
23.8 cm™! for sample 7. These results are listed in Table
IV.

General properties of the absorption spectra versus net
carrier concentration, (Ng—Ng) = (1—K)N,, are plotted
in Fig. 4. These data are least-squares fit to a power-
law function y = a(N, — N4)*. It is found that the
power dependence for wmax and a(wmax) is n = 0.37
and 1.44, respectively. However, the absorption due to
excitations of impurity centers has not been separated
from the experimentally determined absorption spectra
and hence, contributes to the absorption even at the fre-
quency of the maximum. This is more serious for the high
concentration samples because such absorption starts at
lower frequencies. This is especially significant for sam-
ple 7; therefore, another best fit is done for the a(wmax)
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TABLE IV. wmax and a(wmax) of the absorptions.
Sample 1 2 3 4 5 6 7
Wmax(cm™1) 10.0 12.0 16.2 18.6 20.2 23.6
o(wWmax )(cm™) 0 1.8 7.9 23.6 41.4 51.3 87.0
data without the data point from sample 7. It is found mum wmay are predicted to be proportional to Nzlzrw,

that n = 1.31 instead of 1.44 in this case. It is inter-
esting to compare these results with the Blinowski and
Mycielski theory for n-type materials described in Sec.
II. Using Egs. (3), (5), and (9)-(12), and appropriate
parameters!4 for Si, it is found that wpay is proportional
to N34! (n = 0.41) and that a(wmayx) is proportional to
N}3¢ (n = 1.36) for n-type Si absorption spectra. These
values are close to the experimental values for p-type
NTD Ge samples presented here (n = 0.37 and 1.31).
According to Eq. (16), the frequencies of the maxi-
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FIG. 4. General properties of the absorption spectra in
Fig. 3 vs impurity concentration: (i) the frequency of max-
imum absorption (O), (ii) the absorption coefficient at the
maximum (Q), (iii) the slope of the spectra at low frequen-
cies (), (iv) the absorption coefficient at 30 cm™" (+), and
(v) the estimated total absorption due to the photon-induced
hopping process (A). The least-squares fits to the power-law
function y = a(N, — Ng)" are shown. The multiplication
factor for the y-axis value for each curve is indicated.

where r,, is the distance between the pairs which sat-
isfies Eq. (5) at wmax- Experimental results show that
Wmax is proportional to N2-37. Therefore, r, is propor-
tional to &~ N7 %3, That means that the value of r, at
the maximum is roughly proportional to the average dis-
tance between majority impurities, N;lls, which is the
characteristic scale of the system.

Least-squares fits to a linear function are done for the
low-frequency region of the spectra as shown in Fig. 5.
The best fit lines are extended to zero frequency. The
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FIG.5. The experimental absorption spectra V1, V2, and
V'3 obtained by Vavilov et al. The present results for samples
3-7 are shown together for comparison. Note that the longer
dashed lines are the least-squares fits of linear functions at
low frequencies. The ”|” on the spectra denotes the upper
limit of frequencies used for the linear fits. The values of the
y intercepts for these linear fitted lines are consistent with
the values obtained from the dc resistivity measurements (see
text) except sample 3. The linear part of spectrum 3 probably
occurs at lower frequencies (< 4 cm™!) so that the extrapo-
lated y intercept from the linear fit is too large in comparison
with the value obtained from the dc measurement.

20.0
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values of the y intercept are 0.75, -0.04, 1.0, 1.5, and 4.9
em™! for samples 3, 4, 5, 6, and 7, respectively. These
values correspond to the absorption coefficients at zero
frequency. It is noted that the absorption coefficient a(w)

can be deduced from the conductivity o(w) as follows:3¢
_ 4o (w)
a(w) = e (33)

where n is the refractive index and c is the speed of light.
Substituting the value of n = 4 for Ge gives the relation-
ship a(w) = 94.20(w), where a(w) is in cm™! and o(w)
is in Q~! ecm~!. The dc resistivities at T = 3 K for sam-
ples 3, 4, 5, 6, and 7 are approximately 7x 102, 320, 110,
80, and 20 Q cm, respectively. Hence, the absorptions at
zero frequency [i.e., «(0)] are 0.01, 0.3, 0.9, 1.2, and 4.7
cm~!. These values are consistent with those obtained
from the extrapolated linear function fits shown in Fig.
5. This suggests that at low frequencies the absorption
is approximately proportional to frequency.

The linear part of the absorption spectrum extends
to higher frequencies as the impurity concentration in-
creases. This linear frequency-dependent absorption at
low frequencies is different from the Blinowski and My-
cielski theory for n-type materials. The difference may
be due to many reasons; for instance, at low frequen-
cies, the absorption is theoretically predicted to be pro-
portional to wr3 [see Eq. (13)] where r, decreases as w
increases [see Eq. (5)] for the hydrogenlike model. The
behavior of wrd is clearly different from the absorption
which varies linearly with frequency, because of the term
r3. However, if r, at low frequencies is less dependent
on frequency than what is predicted by the hydrogen-
like model, then the absorption will behave more linearly
with frequency. Another possible explanation arises from
the fact that the degree of compensation in NTD Ge is
not small (K > 0.2). It can be shown that the Coulomb
gap is of the order of the impurity band 2 and cannot
be ignored in the low-energy regime. In this case the ab-
sorption at low frequencies should obey the expression in
Eq. (14). The dependence of absorption on frequency is
w/r,; hence, the dependence on 7, is weaker. It is noted
that the dependence on r, is changed from r3 to 1/r,
due to the existence of the Coulomb gap. Although the
linear frequency-dependent absorption is not clearly pre-
dicted from any theory, the possibility of having a weaker
r, dependence is demonstrated. There are also dipole-
dipole interactions which have been ignored in the above
discussion, and which contribute a factor which depends
logarithmically on the frequency.

The slope of these linear fitted lines at low frequencies
(da/dwliow w) versus carrier concentration is plotted in
Fig. 4. The best fit curve to the power-law function for
these data is obtained for the power n = 1.0. The theo-
retical slope of the absorption spectrum at w = 0 can be
obtained from Eq. (13) and it is found to be proportional
to Na/3 (ie., n = %). One of the factors contributing to
this difference may be that the theoretical value is ob-
tained for 7' = 0 K; whereas, the experimental value is
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obtained at T' = 3 K. The nonzero temperature will have
the largest effect on the absorption spectrum at low fre-
quencies (i.e., hw < kT).

The absorption of the samples at w=30 cm™!
[«(30 cm™1)] is also plotted in Fig. 4, the best fit line
being obtained for the power n = 1.86. In the high-
frequency limit, it is theoretically found that the absorp-
tion is proportional to N2 as in Eq. (15). The absorption
in the region 22-32 cm™! is found to vary almost linearly
with frequency. The theory predicts that it is roughly
proportional to »2.

Finally, the total absorption, which is defined as the
area under the broad absorption for the hopping process,
can be estimated from the spectra. The low-frequency
absorption (< 4 cm™!) is estimated by extending the
linear fitted line of the spectrum. Similarly, the high-
frequency absorption is estimated by extending the ab-
sorption curve in the linear region of the spectrum (22-32
cm™!) to high frequencies. The results are plotted in Fig.
4. Sample 7 is not included in the best fit due to the large
error which is caused by the strongly overlapping Ga im-
purity absorption. It is found that the best fit line is
obtained for the power n = 1.68.

Figure 5 shows absorption spectra V1, V2, and V3
which were experimentally obtained by Vavilov et al.”
for NTD Ge with different impurity concentrations. It
is evident that their V1 and V2 absorption spectra are
similar to the presented spectra samples 5 and 7 in the
low-frequency region. Their V1 essentially overlaps sam-
ple 5 within the experimental uncertainty at frequencies
below 10 cm~! and V2 is only slightly below sample 7.
The acceptor concentrations of V1 and V2 are 1.3 and
3 x 10'® cm~3, respectively, which compare with 2.2 and
3.7 x 1016 ¢cm~3 for samples 5 and 7, respectively. Thus,
the present results are in good agreement with the results
of Vavilov et al., particularly at low frequencies. How-
ever, at high frequencies, a discrepancy exists between
the two works. The absorption coefficient of samples 5
and 7 is higher than that of V1 and V2 for frequencies
above 10 cm™!.

Figure 6 shows the theoretical absorption spectra T'1
and T2 found by Kaczmarek and Gortel® with N, equal
to 4.5 and 9 x 10'5 cm~3, respectively. The absorption
coefficient per unit compensation, a/K, is plotted since
the theoretical spectra are calculated with the assump-
tion that K < 0.2 and in this case a/K is independent of
K. Absorption spectra of samples 3 and 4 (K = 0.286)
are shown for the purpose of comparison. It is first no-
ticed that the theoretically predicted sharp peak is not
observed. It is also found that the theoretical absorption
curve T2 (N, = 9 x 101 cm™3), is similar to sample 4
(N, = 14 x 10%® ¢cm~3). Without considering the differ-
ence in N,, the theoretical spectrum T2 is in excellent
agreement with sample 4 for frequencies below 12 cm™1!.
The theoretical absorption curve T'1 ( N, = 4.5 x 105
em™3), is close to, but below sample 3 ( N, = 7 x 10°
ecm™3). The general shape of these two spectra is similar
for frequencies below 7 cm™!. Considering that the the-
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FIG. 6. The relative absorption coefficient a/K vs fre-

quency for the theoretical spectra T'1 and T2 obtained by
Kaczmarek et al. for p-type Ge with K < 0.2 in the region
from 2 to 22 cm™'. The present results for samples 3 and 4
(I = 0.286) are shown together for comparison.

oretical curves (T'1 and T'2) do not have any adjustable
parameters, these results show good agreement with the
experimental spectra at low frequencies. However, when
the concentration of acceptors N, is taken into consid-
eration, it is concluded that the magnitude of the pre-
dicted absorption is higher than the experimental value
at low frequencies. The discrepancy may be due to two
reasons: first, the function F(2,7) is not properly de-
scribed by the much simplified form in Egs. (9)-(12). As
will be discussed below, the compensation ratio of the
NTD Ge samples is 0.286, and therefore the Coulomb
gap cannot be ignored. The number of states at low fre-
quencies is limited by the existence of the Coulomb gap;
therefore, FI(Q2,7) in Egs. (9)—(12) is overestimated in the
low-frequency region. Second, the energy overlap integral
is not as strong as that obtained by Kaczmarek et al3
using the Schechter envelope function.

As shown in Fig. 6, there is very little agreement
between experiment and theory at higher frequencies.
The theoretical curves predict that wmax occurs at lower
frequencies than that obtained experimentally. For in-
stance, the maxima for T'1 and T2 occur at about 8 and
11 em™!, compared to 12 and 16.3 cm™! for samples 3
and 4. The theoretical spectra change very slowly with
respect to frequency after these maxima below the fre-
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quency of the sharp peak that occurs at about 20 cm~!.
The absorption falls rapidly after this peak. None of
these features are observed in the experimental spectra.

Kaczmarek et al® have provided some comments on
the possibility of the nonexistence of their predicted
sharp peak. Firstly, the nonexistence of the sharp peak
may be due to some factor not taken into account in the
theory, such as angular dependence of the resonance ener-
gies, which may give rise to a peak which is much broader
than predicted. Secondly, the Schechter functions are
known to make the set of effective-mass equations in-
ternally inconsistent in an asymptotic limit as r — 00.3
Therefore, it is possible that the Schechter envelope func-
tions used in the theory do not properly describe the
behavior of holes at intermediate distances from the im-
purity which are important in this theory.

Figure 7 shows the absorption spectrum of compen-
sated n-type Si obtained by Milward et al? in the re-
gion between 15 and 80 cm~!. This sample has Ny
= 2.1 x 107" cm~3 and K=0.09. The absorption coef-
ficient for the Si spectrum has been multiplied by 10.
It is clear that the absorption coefficient for n-type Si
is much weaker than that for NTD Ge. However, the
general shape of the absorption spectra of the NTD Ge
samples is very similar to that of the n-type Si sample.
These results contradict the previous belief that the fre-
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FIG. 7. Comparison of the present absorption spectra for

NTD Ge samples to that of the n-type Si sample with Ng4
= 2.1 x107cm ™3, and K = 0.09 as obtained by Milward et
al. Note that the absorption coefficient of the Si sample is
enlarged by a factor of 10.
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quency dependence of the absorption coefficient is less
pronounced in p-type than in n-type materials. It is
clear that at higher frequencies the shape of the NTD
Ge spectra is closer to the n-type Si spectrum than to
the theoretically predicted spectra shown in Fig. 6. It
is also found (Fig. 4) that the general behavior of the
broad absorption maxima of these p-type NTD Ge sam-
ples is similar to the theoretically predicted n-type Si
spectra. This observation, together with the fact that
there is no evidence for a sharp absorption peak, indi-
cates that the presence of the d-like contributions in the
Schechter envelope function are not as important as the
theory predicted. The weaker contribution probably im-
plies a smaller absorption coeflicient. This is also consis-
tent with the lower observed absorption than this theory
predicts. The similar shape of the NTD Ge and n-type
Si spectra beyond the maximum absorption may indicate
that the form of interactions (the energy overlap integral
and quantum effects, etc.) are similar at high frequencies.
However, explaining the much higher absorption coeffi-
cient for p-type Ge may require more than simply using
different parameters in the hydrogenlike envelope wave
function to describe an acceptor. The correct order of
magnitude of the absorption coefficients predicted by the
theory of Kaczmarek et al® indicates that the Schechter
envelope wave function is a good starting point.

B. Time-dependent spectra for NTD Ge

This section presents the results of an investigation of
the dynamical change of absorption due to the evolution
of Ga impurities. This is accomplished by performing a
series of time-dependent absorption experiments shortly
after irradiation of a sample. Sample 5, which was irra-
diated for 10 h, was used for this experiment.

In order to monitor the change of the sample, an ex-
tra sample was prepared simultaneously with sample 5
so that it could be used concurrently for a resistivity
measurement. This measurement was done using a tour-
point probe configuration?® at room temperature. Fig-
ure 8 shows the change of resistivity with respect to time
for this sample. Zero time is defined as the time when
the irradiation began. It is clearly seen that the resis-
tivity of the sample first increases, and then peaks at
time o = 5.65 d, followed by an asymptotic decrease
to its steady-state value. As discussed in Sec. III,
the donor concentration, Ny reaches its saturated value
shortly after the irradiation, and the sample is n type
for t < t(x=1). During this period of time, the Ga ac-
ceptor will act as a minority impurity and its increas-
ing concentration N, will effectively decrease the number
of electron carriers which are mainly contributed by the
donor. Therefore, the resistivity of the sample will in-
crease as more Ga is created until it reaches a maximum
resistivity at which N, & Ng. Due to the difference in
the mobilities of electrons and holes, the time for total
compensation {(g-1) occurs at a slightly different time
than the time for maximum resistivity ¢o. However, the
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FIG. 8. The time-dependent resistivity for NTD Ge. Note

that the total compensation (K = No/Na = 1) occurs at time
approximately to = 5.65 d. The unit of the resistivity shown
is not absolute.

difference between ?(x—) and o is estimated to be less
than 1% in this case. After ¢(x=1) = to, the Ge sample
becomes p type, and the resistivity starts to decrease be-
cause the number of hole carriers, due to the increasing
Ga impurity increases.

Using the decay half-life of 11.2 d for Ga and ¢k
&~ tg = 5.65 d, the concentration of Ga at ¢y can be found
from Eq. (21). The compensation ratio, which can be ob-
tained approximately from Ng(to)/Na(t — o0) because
Na(to) = Na(t(x=1)) ® Na(t — o0), is found to be 0.286.
This is in good agreement with previous results.?®

The series of absorption experiments are numbered in
Fig. 8. Figure 9 shows the absorption spectra of exper-
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FIG. 9. Time-dependent absorption spectra for the NTD

Ge sample 5. Spectra Nos. 1-5 are presented in the region
0-100 cm™!. Note that there is a considerable difference be-
tween the n-type spectra (Nos. 1-3) and the p-type spectra
(Nos. 4 and 5).
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iment Nos. 1-5. The absorption spectra Nos. 1-3 are
obtained at the times 3.7, 4.3, and 5.3 d. The sample is
n type when these three measurements were made. The
concentration of donors is 6.2 x 10*® cm™3 (0.286N,),
while the compensation, K(t) = [N,(t)/Ng], for these
spectra is 0.68, 0.78, and 0.95 respectively. Spectra Nos.
4 and 5 are obtained at times 5.7 and 6.5 d, shortly af-
ter the sample is converted to a p-type material at day
5.65. The compensation, K(t), for these two spectra is
0.99 and 0.89, respectively, with fixed Ny. It is clear that
the far-infrared absorption for n-type Ge differs appre-
ciably from that of p type. For instance, the absorption
above 50 cm~! is mainly due to the transition from the
ground state to excited states of an impurity. It should
be noticed that the absorption due to the As impurity in
spectra Nos. 2 and 3 is small compared to No. 1. This is
a result of the fact that more electrons are compensated
by the increasing Ga concentration. When the sample
turns p type, the absorption of the impurity, which will
be due to the Ga impurity, starts at lower frequencies
(= 55 cm™!). This difference can be explained by the
different absorption spectra of Ga and As impurities in
Ge.3*:37 The ionization energies for Ga and As are about
88.7 and 104.8 cm™!, respectively.??

The absorption below 50 cm™! is mainly due to
photon-induced hopping of a charge carrier between im-
purity centers. In spectra Nos. 1-3, the absorption is
weak in the region between 20 and 60 cm™! and starts to
increase towards lower frequencies. Therefore, it is con-
cluded that absorption due to photon-induced hopping in
n-type Ge occurs mainly for frequencies below 10 cm™1.
As the sample turns p type, the absorption suddenly in-
creases for frequencies below 50 cm~! and the maximum
of a broad absorption starts to develop at a frequency
above 10 cm™!. This can be seen in Fig. 10. Compared
to the p-type Ge absorption spectra, the absorption for
n-type Ge is much weaker and occurs at lower frequen-
cles.

Figure 10 shows absorption spectra Nos. 6-18 which
were obtained during the period between day 7.5 and day
44.3. The compensation, K(t) [= Ng/N,(t)], varies from
0.79 to 0.31, respectively. This figure shows an increas-
ing absorption coefficient for all frequencies in the region
shown with respect to the time. The wmax shifts from
15 to 18.3 cm™! while a(wmay) increases from 6.5 to 40
cm™! during this post-irradiation period. These changes
result from the increasing Ga impurity concentration.

A series of graphs shown in Fig. 11 illustrate the
changes in the absorption properties with respect to the
time. The plotted data shown in this figure is obtained
only after the broad absorption peaks of spectra Nos.
6-18 are fit to a polynomial function. These changes in
the absorption properties are due to the time evolution of
Ga in the sample. That is, the changes correspond to the
change of the majority impurity concentration, N,, for
a fixed minority concentration. To see how the absorp-
tion properties change with respect to N,, these results
are treated in a manner similar to those in the previ-
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ous section, whereby the various data are least-squares
fit to the power-law function y = a(N,)" + b, where N,
is first obtained using Eq. (21) with a half-life of 11.2 d.
It is found that the power dependence on N, of wnay,
&(Wmax), d0/dw|low w, @(30 cm™1!) and the total absorp-
tion is 0.9, 0.48, 0.19, 0.98, and 0.84, respectively.

The differences between the absorption characteristics
of samples with different impurity concentrations, but
with the same compensation and those with different
majority impurity concentrations, but with fixed minor-
ity impurity concentration are shown in Table V. The
(Wmax), da/dwliow w, (30 cm™!), and the total absorp-
tion are all related to the absorption coefficient of the
sample. The power factor of these properties on impu-
rity concentration in samples with different concentration
but fixed compensation is higher than that of the samples
with fixed N4 and varied N,. The differences are 0.83,
0.81, 0.88, and 0.84, respectively. All of these differences
involve a factor close to one. According to the Blinowski
and Mycielski theory, the absorption is proportional to
the concentration of the minority impurity for X < 0.2.
Therefore, the difference between the values of the power,
n, needed to fit the data describing a(wmax) of the broad
absorption should be one because in one case Ny is fixed
and for the other case Ny varies as K N,. The present ex-
perimental value is 0.83. Similarly, if f(K), in Eq. (13), is
independent of K, then a difference of one in the value of
n should also be obtained for the dependence of the slope
of the spectra as w — 0 and for the absorption at high
frequencies. [see Eq. (15)]. The present results are 0.81
for da/dw|iow » and 0.88 (evaluated at 30 cm™!) respec-
tively. It is clear that the assumption that the function
F(Q,r)depends only linearly on the minority impurity
concentration and that f(X) is independent of K cannot
hold for the time-dependent absorption spectra because
K is always larger than 0.286. Thus, the present results
support the theory based on the localized-pair model.

According to Eq. (16), the frequency at which the max-
imum of the absorption, wmax, occurs depends only on
the majority impurity concentration. This implies that
the dependence of N, on the maximum should be the
same for these two types of absorption spectra. How-
ever, there is large uncertainty involved in the results for
the time-dependent spectra as shown in Fig. 11. For in-
stance, the best fit line with n = 0.9 is not much better
than a fit with n = 0.37. No conclusion can be made
for the frequency of the absorption maximum from these
results.
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V. CONCLUSIONS

Far-infrared absorption of photon-induced hopping in
compensated p-type NTD Ge at 3 K has been presented.
Based on the results of the absorption spectra, it is con-
cluded that the overall behavior is consistent with the
theory based on the localized model.! For instance, (i) the
absorption coefficient increases with increasing impurity
concentration, and (ii) there exists a broad absorption
peak whose maximum shifts to higher frequencies as the
majority impurity increases.

A power-law function fit was used to characterize the
general behavior of the experimental spectra due to a
change in the majority impurity concentration. The val-
ues of the powers derived from the experimental spectra,
in general, agree with those obtained from theory. For
example, the experimental results derived from samples
with different impurity concentrations, but with fixed
compensation show that the wmax and a(wmax) of the
broad absorption maxima varies with the majority im-
purity concentration as N2-37 and N13!, respectively.
These values are close to the values N3#! and N3¢ ob-
tained from the numerical calculation for n-type Si spec-
tra based on the Blinowski and Mycielski theory. The
slope of the low-frequency spectra varies as N}®at 7= 3
K which is to be compared with the theoretical result
N,f/s obtained at zero frequency and T"= 0 K. Also, the
absorption at 30 cm™! varies as N !¢ which is compared
to the theoretical result of N2 at high frequencies.

Similarly, the results derived from the time-dependent
absorption experiments can be fit to the power-law func-
tion. The time-dependent Ga concentration is calculated
from the known decay process. In this case, the absorp-
tion spectrum changes due to the increasing majority im-
purity (Ga) concentration (N,). Comparing the power
dependence on N, of a(wmax), da/dw|iow w, (30 cm™1),
and the total absorption to the fixed compensation case,
shows that these dependences on N, are approximately
smaller by a power of one. This indicates that the absorp-
tion coefficient is almost directly proportional to the con-
centration of minority impurities because Ng (= KN,)
is fixed in this case. Once again, this conclusion agrees
with the Blinowski and Mycielski theory based on the
localized-pair model [see F(2,r) in Egs. (9)—-(12)]. It
is interesting to note that the power-law functions are
fit to the time-dependent absorption spectra whose com-
pensation ratio varies from K = 0.8 to 0.3. The function
F(Q,r) in this case is no longer simply proportional to

TABLE V. Properties of absorption spectra for NTD Ge.

NZ Wmax a(wWmax) da/dw|ioww (30 cm™?) Total absorption
n (K =fixed) 0.37 1.31 1.00 1.86 1.68
n (Na=fixed) 0.90 0.48 0.19 0.98 0.84
Difference —0.53 0.83 0.81 0.88 0.84
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the minority impurity concentration because K > 0.2.
This may explain, in part, why the differences in the
power n are consistently smaller than one for those prop-
erties related to the absorption as shown in Table V.

The present spectra are in agreement with previous
NTD Ge absorption experiments performed by Vavilov
et al.” for frequencies below 10 cm~!. However, at high
frequencies, a discrepancy exists between the two works.
The absorption coefficient of the present spectra is higher
than that of Vavilov et al. for frequencies above 10 cm™~1.
A comparison of these results with the theory of Kacz-
marek et al3 for p-type materials shows reasonable agree-
ment at low frequencies but even at these frequencies the
predicted absorption coefficient is somewhat too high.
At high frequencies, there are several discrepancies be-
tween their theory and the present results. The general
shapes of the spectra are different; specifically, the pre-
dicted sharp peak is not observed.

Hence, the present work certainly confirms the previ-
ous conclusions? that the absorption coefficient for p-type
Ge is much higher and that its maximum occurs at higher
frequencies than that of n-type Ge. However, this work
cannot agree with the previous belief that the depen-
dence of the absorption coefficient on frequency is less
pronounced for p-type than for n-type Ge. In fact, when
the present p-type Ge absorption spectra are compared
with the n-type Si spectrum obtained by Milward et al.,?
it is concluded that the general shape of the spectra is
quite similar although n-type Si has a much weaker ab-
sorption and the absorption is at higher frequencies. It
is speculated that in the high-frequency region, the in-
teractions between p-type and n-type impurities are very
similar. It is noted that in this region the theory for
p-type materials based on the Schechter function does
not agree with the experimental results. Similarly, it is
found that the theory for n-type materials based on the
hydrogenlike function does not agree well with the experi-
mental results.!” The discrepancies in both cases between
theoretical and experimental results may have the same
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origin:  the fact that quantum effects cannot be ignored
in the high-frequency region. Quantum effects may also
play a common role in both n- and p-type absorptions at
high frequencies.

A linear function is fit to the low-frequency region of
the spectrum. The absorption coefficient at w = 0 is ex-
trapolated from the linear fit. It is found that this value
is consistent with the value obtained from the dc resis-
tivity measurement. It is concluded that the absorption
is approximately proportional to frequency in the low-
frequency region. This simple linear relationship between
the absorption coefficient and the frequency is quite sur-
prising. Some possible explanations are pointed out. (i)
The dependence of r, on frequency is weak at low fre-
quencies, and (ii) this linear behavior may be due to the
existence of the Coulomb gap which limits the density of
states at low energies.

It is clear that the understanding of the interactions in
disordered systems is still far from complete. Far-infrared
absorption experiments can certainly contribute to the
understanding of certain aspects of such complex sys-
tems. Based on the results of this research, it is clear that
some work on describing the interactions between accep-
tors is needed although the Schechter envelope function
is certainly a good starting point. Further theoretical
investigations are needed to include the quantum effects
which are important at high frequencies. Further absorp-
tion experiments for frequencies below 5 cm™!, which is
the low-frequency limit of the present work, would be
useful to confirm the proposed linear relationship. If this
simple linear relationship is confirmed, then its under-
standing may provide some insight into the fundamental
nature of these systems.
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