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ABSTRACT

Far-infrared Fourier transform spectroscopy is used to investigate
the excited states of impurities in semiconductors. Two different research
prc;jects are presented. The first involves an investigation of the far-infrared
absorption of compensated p-type Ge at a tempeia.ture of 3 K. The ab-
sorption 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 (NID):TIt\i&ng;;\d that the ab-
sorption spectra for samples with carrier con];.:centrations (Na Z N4) ranging

from 2.3x10"° to 2.6x10*® c¢m™3 show a broad absorption with the maximum

occuring at a frequency between 10 and 24 cm™!. The absorption coefficient
i

of this maximum ranges between 2 and 87 cm™!. The dynamical change of

absorption due to the evolution of the Ga impurity is also presented. The
absorption and the frequency of its maadgl\um increase asymptotically with
respect to timé. 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.
E. Kaczmarek and Z. W. Gortel have tpeoretically predicted a sharp peak at

20.4 cm™! on the absorption curve. Its position is independent of the com-

pensation or the impurity concentration of the sample. However, this peak

has not been observed in the experimentéal absorption spectra.

The second project involvéé the iﬁvestiga.t’ion of shallow impurities in
selectively boron-doped Ge,81(1_,)/81 stra.med—la.yer heferostructures using
far-infrared photothermal ionization spectroscopy (PTIS). The spectra are

obtained under various experimental cond:txons..\\thh gnd without band-
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ABSTRACT

adge light and by varying the temperature of, and voltage applied to, the
sample. The transport properties; resistivity, sheet charge density and Hall
hele mobility of these samples are presented. It is found that a sample with
a two-dimensional hole gas (2-DHG) behavior at the Ge,Si(;_4)/Si interface
hasa \w}eak photoresponse. This is due to the small number of photogenerated
carriers in comparison with the residual hole carriers. For sa.mple§ which do
not show 2-DHG behavior, the photoresponse from the substrate plays the
dominant role for low applied voltages. At higher voltages, the response from
the epitaxial layers becomes evédent. The majority impurity was identified
as the ihtegtional dopant boron aﬁd the dominant minority impurity was
found to be ‘phosphoms.. It is concluded that although the free carriers are
generated in the heavily B-doped layer, those carriers concucted thi'(;)ugh

the low energy, high maebility GexSi(;—x)/Si interface layer, will dominate the

photoresponse.
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Chapter 1

INTRODUCTION

1.1 INTRODUCTION

An investigation of the interaction between a photon and an electron
provides a great deal of insight into the underlying nature of a substance. One
of the well-known processes for such an intefaction is absorption whereby an
electron in state E, absorbs a photon with energy fiw, and subsequently goes
into an excited state E; such that hw= E; — E;. In semiconductors, optical
absorption experiments have provided a lot of vital information; for instance,
the refractive index and the absorption coefficient can be used to derive band
structures and the bandgap.

An interesting phenomenon in semiconductors is that at sufficiently
low temperatures, the electrical properties are governed by the shallow im-

purities. Studies of such shallow impurities have interested physicists for the



2 1 Introduction

past few decades. Optical absorption is a powerful technique for investigat-
ing the excited states of impurities. It has been demonstrated that a detailed
understanding of the static and dynamic structures of impurity centers can
be obtained from opti.cal spectroscopy. In addition, such understanding often
provides further information about the host material.

Since the excited energies of impurit&' states in semiconductors (e.
g., Si, Ge, GaAs) are usually well below 100 meV, optical experiments must
be performed using far-infrared radiation. Fourier transform spectroscopy
(F'TS) is one of the most important tools used in far-infrared optical spec-
troscopy because it provides a high signal-to-noise ratio combined with the
opportunity to obtain a very high resolution.

In this thesis, FTS is used to investigate the excited states of im-
-purities. Two different projects will be presented. The first one involves an
investigation of the far-infrared absorption of compensated p-type Ge at a
temperature of 3 K. In a compensated semiconductor, it is known that at
very low temperatures all of the free carriers freeze out and the main source
of conduction is due to a hopping conductivity over the impurities. The main
absorption mechanism, which is of interest here, is due to photon-induced
hopping transitions of charge carriers between impurity centers. These are
the lowest possible excited states of the iﬁ:tpurities. The transition energies
are below 50 cm™!. A polarizing interferometer which is well suited for low
frequency work was used. Such far-infrared absorption experiments are of
interest because they provide information regarding the interaction between
impurity centers and thé nature of disordered systems. Cha.i)ters 2 to 4 will

be devoted to this reseé.rch.

ot



1.1 Introduction 3

The second project involves the investigation of shallow impurities in
selectively boron-doped Ge,Si(;_,)/Si strained-layer heterostructures, grown
using molecular-beam epitaxy (MBE). Optical spectroscopy is well suited for
such an investigation because highly resolved spectra can identify different
impurities in the samples. However, optical absorption spectroscopy alone
cannot be used because of the negligible absorption of such a thin epitaxial
layer (< 1um). A powerful technique, Photothermal Ionization Spéctroscopy
(PTIS), which is both sensitive and spectroscopic, is used to probe the shal-

low impurities in these thin layer samples. Chapter 5 will be devoted to this

topic.
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Chapter 2

' FAR-INFRARED
ABSORPTION OF
' NTD GERMANIUM

2.1 INTRODUCTION

The properties of disordered systems have been a subject of interest
to physicists for many years. A great deal of understanding has been gained
in the past few decades with regard to the role of electron correlation and
disorder on the phenomenon of electron localization. In a lightl}lr‘doped semmi-
conductbr, the eiectron states near the Fermi level are localized due to strong
disorder and small overlap of impurity wave functions. 2

It is known that at very low temperatures, the conductivity remains
non-zero for a compensated semiconductor even though charged carriers have
been frozen into donor or acceptor centers. This has been attributed to hop-

ping of charge carriers between empty sites of impurities due to compen-

sation. Many experiments on d.c. and a.c. hopping conductivities at low

Ird
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6 2 Far-Infrared Absorption of NTD Ge

tempera.tﬁre have been studied and various theories have been put forward
to account for these phenomena.

Both experiment and theory have extended to frequencies corre-
sponding to the far-infrared (FIR). It is not possible to directly measure
the high-frequency conductivity. Infrared abtorption experiments can, how-
ever, be used to study this regime. Studies of the far infrared absorption in
shallow-impurity-doped and compensated semiconductors are of interest be-
cause they provide information on the inter;‘:tion between impurity.centers,
in addition to an understanding of the nature of disordered systems. Theo-
retical work on the low temﬁerature FIR absorption of lightly-doped n-type
materials wifh a low-compensation ratio (K < 0.2) was first done by Blinowski
and Mycielski [1]. Their model is based on the localized pair model where
the absorption is due to photon-induced hopping transitions of charge carri-
ers in pairs of neutral and ionized donors situated near an ionized acceptor.
Their theory has shown some agreefnent with the absorption n:[é@urements
reported by MiI;Jvard et al. for n-type Si [2] and Demeshina et al. for n-t);pe
Ge [3].

However, the situation for p-type materials is not well established.
There have been no experi_ment,s d9ne on‘?@@ijta?d relatively few absorp-
tion measurements ha.ye been made on p-type Ge. The absorption in Ge:Ga
was measured in the 16-50 cm™! range by Smith et al. {4] and Zwerdling et al.
[5]; however, their measurements a.ré only able to determine the order of mag-
nitude of the absorption coefﬁcignts. The absorption in Ge:In was reported
for the region extending from 10 to 100 cm=1 by Nakagawa et al. [6]. Most

recently, a study of the absorption of submillimeter and millimeter radiation

/
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2.1 Introduction 7

(3 to 15 cm™!) on neutron-transmutation doped (NTD) compensated p-type
Ge was performed by Vavilov et al, [7].

A comparsion between the p-type experimental spectra and the n-
type theory of Blinowski and Mycielski shows that they differ appreciably.
To account for such differences, E. Kaczmarek et al. developed an absorption
theory for p-type semiconductors [8]. They use essentially the same theoreti-
cal model as Blinowski and Mycielski for the n-type case, except that they use
a different envelope functicn 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 order to achieve a better understanding of
photon-induced hopping absorption for p-type materials.

In thlS thesis, the results of far-infrared absorption experiments on
compensa.ted NTD Ge at a temperature o” 3 K will be presented. The pur-
pose of this research is to investigate the properties of hopping absorptions
for p-type Ge in detail and compare them to existing theories. From this
analysis, some unders.ta.nding of the interactions between acceptors, the gen-
eral characteristics of disordered systems and the effects of electron—eleétron
interactions will be obtained..

NTD Ge is chosen for such studies because of the high quality of thlS
doping technique [9). 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 {10].
Moreover, the unique properties of NTD Ge provide the opportunity to study
two different dependences of the absorption spectra. First, the dependence
of a sample’s absﬁrptidn on impurity concentration with the same degree of

compensation can be studied. This is possible for NTD Ge samples because

-
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8 2 Far-Infrared Absorption of NTD Ge

the concentration is varied by the irradiation time and the compensation is
fixed by the nuclear reaction as discussed in Chaper 3. Seven samples with
carrier concentrations (N, — Ng) ranging from 1.3 to 26 x10'° cm™ were pre-
pared for this experiment. The impurity concentrations of these samples are
on the insulator side of the Mott transition [11]. Nevertheless, these samples
cover the important range of impurity concentrations in which the results can
be compa:éd with the present absorption theory. Second, the dependence of
absorption for samples with different majoﬁty impurity concentrations, but
with the same minority impurity concentration can be studied. This is pos-
sible by doing a time dependent absorption experiment after the irradiation
as shown in Chapter 3.

In the following sections of this chapter, the necessary background
theory for understanding this absorption process is presented. A general
overview of the abs:orption theory due to Blinowski and Mycielski for lightly-
doped compensated n-type semiconductors will be introduced in section 2.2.
Impurity band structure is needed for calculating absorption coefficients.
For a.lightl(y—doped compensated semiconductor, the formation of an impu-
rity band is méinly due to the scattering of levels associated with the ran-
domly distributed Coulomb potentials of charge impurity centers. The clas-
sical impurity band theory, which has been studied intensively, is discussed
in section 2.3. The Coulomb gap, which is the consequence of the long-range
Coulomb interactions between charges, and is significant for materials with
an intermediate compensation ratio [12], will be introduced. The effects of
this gap, on the absorption spectra, are discussed. Also, included are the ef-
fects of ;lipole-d_ipole interactions between. ionized p;rs, which are ignored in

the Blinowski and Mycielski theory. To illustrate the genefal characteristics



2.2  Absorption Theory for N-type Materials 9

of the theoretical results, numerical absorption spectra are ‘presented for n-
type Siin sec;ion 2.4. Finally, in section 2.5, the absorption theory developed

by E. Kaczmarek and Z. W. Gortel for p-type semiconductors is discussed.
| They use essentially the same theoretical model as Blinowski and Myciel-
ski in the n-type case, except that they use the Schechter envelope function
to describe the isolated—a.cceptor ground state rather than a hydrogen-like
ground state. This theory predicts a sharp absorption peak at 20.4-c7m“. Its
position does not depend on the compensation or on the concentration of
acceptors.

Chaﬁer 3 discusses the basic principle of NTD Ge and how to pre-
pare the samplés for the absorption experiments. The details of the FIR
transmission experiment are discussed. Finally, the derivation of the opticq.l
parameters from the transmission spectra is presented. -

Chaper 4 presents the results of the far-infrared absorption exper-
iments. The changes in the absorption spectra due to the change in the
impurity concentration with a fixed compensation ratio, and the change of
majority impurity concentration with fixed minority concgntration are dis- -
cussed. The general characteristics of the spectra will be compared with the
existing theory based on the localized pair model and particularly the spec-
tra predicted by E. Kaczmarek et al. for p-type Ge. The spectra are also
compared to the experimental work done by Vavilov et al. oﬁ NTD Ge, and

by Milward et al. on n-type Si.
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2.2 ABSORPTION THEORY FOR N-TYPE MATERIALS

Theoretical investigé.tions of the absorption at low tempefa.tures in
the far-infrared for n-type compensated Ge and Si were carried out by Bli-
nowski and Mycielski [1], Banaszkiewicz [13], and most recently by Bara-
nowskii and Uéakov [14]. At low temperatures, in a compex}sated n-type
semiconductor, all the acceptors, N,, will be ionized. Therefore, there are an
equal number of ionized donors and aceeptors, and (Ng — N,) donors will re-
main 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 the direct-absorption,

was first proposed by Tanaka and Fan [15].
The two lowest electron states of the two-centre Hamiitonian were

obtained by Miller and Abrahams as follows [16]:
e = (p1+ ¢2)/2£ /2, | (2.1)

where, ¢, and ¢; are the ground state energies of the site 1 and site 2 impu-
rities. The energy separation (T'), denotes separation in energy of these two

lowest states with some approximations, and is given by [14],

T = (02 +412)1/2, (2.2):5"

where, Q0 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 from one level

to the other. The pairs of donors for which Q << 2I are called homopolar

/)



2.2  Absorption Theory for N-type Materials 11

pairs; whereas, when ¢ >> 21 they are called polar pairs. These are shown
in Fig. 2.1.

The energy absorbed per unit time by a pair in the presence of an
electric fleld E = Ejcos(wt) at a temperature, T, such that kT << gq =
e?NY/*/x is given by [14],

2 liw o?E2reos?d , fwy .
- EEIEAS e oK)

where, e is the electron charge, x is:the permittivity, r is the separation
between sites in the pair, and ¥ is the angle between the vector ¥ and the

direction of the external field. The absorption coefficient of such a system is

given by,

E—f-’f-l-ﬁ / 4xr?F(Q,1)Qd3rdQ, (2.4)

a(w) =
where, c¢ is the speed of light and the distribution function F(Q,r) is defined
such that 4xr®F(Q,r)drdQ is the probability of ﬁndiﬁg, 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 (2,2 + dQ). To simplify the calculation an a.;l)proxima,tion is made
by taking the angular average of I, I*(r) =< I? >, which can be éubstituted
into Eqn. (2.45 for computational purposes. Integration of Eqn. (2.4) with

respect to  and ¥ gives,

1673e? rI(r) 2,2
— 412 dr.
a(w) = Py [1 exp LT ] / o 412(1-)F( Ew (r),r)dr

(2.5)
In the above expression, the qua.ntity r, is found from the condition 2I(r,) =
hw. In the case of hydrogen-like centers such as the donors in Ge or Si, I(r)

can be expressed as [16],

I(r) = o(r/a')aﬂe"p(-r/a)a (2.6)
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Figure 2.i Impurity center'conﬁgura.tion relevant to the direct absorption
_ process for a donor-pair which is situated near an acceptor. The symbols ©,
®, and @ refer to the ionized acceptor, ionized donor and neutral donor re-
spectively. Homopolar pairs and polar pairs for the photon-induced electronic

transition are also shown.
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2.3  Classical Impurity Band i3

which is valid when r >> a, where a is the localization radius and T, is

an energy of the order of the donor state energy. Then, r, is given by the

equation,

3/4 .
= = In%—. T@)

For r ~ r,,, the energy overlap integral I(r) is large and the denomina-
tor in the integral, (h?w? —.412(1'))1/ 2, remains small. It is clear from Eqn. (2.5)
that if F($,1) 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, ho-

mopolar pairs will contribute significantly to the absorption process.

2.3 CLASSICAL IMPURITY BAND

Before the function F(Q,r) for the impurity band is discussed, it is
useful to introduce the single particle density of states (DOS), g(¢), for an

impurity band of a lightly-deped semiconductor. For impurity concentrations

with Ng << Nm, where Ny is the critical impurity concentration for the

" Mott metal-insulator transition which is estimated from Nya® = 0.02 [11],

the electron staté can be regarded as strictly localized.

For a lightly-doped semiconductor with a finite degree of compen-
sation, the scatter of energy levels is mainly associated with the Coulomb
potentials which are created by randomly distributed charge impuritsr cen-
ters. The quantum overlap of the wave functions of neighbouring states con-
tributes a term containing ekp[—(N;’ %2)-1] to the energy. If Nga® << 1, this
term is small compared with the Coulomb potentials which are of the order

of £a. The impurity band, for which quantum effects are ignored and only the

C
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.
electrostatic forces between the charge centers is allowed, is called the classi-

cal impurity band (CIB) [12, 17]. In real semiconductors the CIB is valid for
Nga® < 0.002 {12, 17]. Within the CIB model, the DOS of an impurity band

has a two-peak structure. It has been predicted by Efros and Shklovskii [18]

that thé DOS tends to zero as the energy, ¢, approé.ches the Fermi level (u)

and this is known as the Coulomb gap. The origin of such behavior is related
to the long-range Coulomb interaction between charges. It can be shown that

in the three-dimensional case g(¢) is of the form [18],

(e~ p)*s®
eG

gle) , ‘ (2.8)

for the states with energy ¢ close to Fermi level. Eqn. (2.8) is valid provided
that the energy |e¢ — y| is smaller than &9 such that e?/(x|e — u]) exceeds
the mean separation between donors. "fhe width of the Coulomb gap (A)
is defined such that Eqn. (2.8) holds for |¢ — u| < A. In cases of low or
high degrees of compensation, A is small compared to the total impurity
band width. However, at an intermediate degree of compensation, A is of
the order of the entire impurity band. Efros [19] also obtained a sharper
bound for three-dimensional systems at low energies by conﬁidering many
particle-hole excitations in which the surrounding electrons were al}owed to
relax.

F(R,r) is the distribution function for crep.ting particle-hole excita-
tions of separation r and of excitation energy Q (the Coulomb potential en-
ergy difference). If r is much smaller than the mean distance between neigh-
bouring sites, then the occupation and energies of the two sites of a pair are
uncorrelated and F(£,r) can be appro::ixﬁated from the single-particle DOS

by a convolution as follows {17, 20]:
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o b ’ 2
F(Q,1) = F°(Q,1) = / de; / dezg(el)g(‘eg)&(sl e S—- - Q)
u - KT
2
° <
=f (Q + m), | (2.92)
with
ptx )
F(x) = / g(e)ale — x)de. (2.9b)
n
In this approximation, F(Q,r) depends only on x = Q + e?/xr. With the as-
sumption that Eqn. (2.8) is valid for le—puj << A and g(e) = g, for |e—p| >> A,

one obtains [17],

2 H
F@1)~ (Q+ %) g2, for x>>A  (2.9¢)

3x8 e?\s
F(Q,1) = W(Q + Tr) for x<<A.  (294)

For a three-dimensional system with correlation between sites taken
into account, the theory of Baranovskii et al [21] predicted that the function

F(Q,1) can be written in the form,

F(Q,r) = F"(Q,r)exp{—éq&(ﬂ,r)}, | (2.10a)

where, 7, = e*/xA. The exponential term takes into account the dipole-dipole
interaction (DDI) of pairs. The function ¢(@2,r) should tend to zeroat @ >> A
because the correlation is insignificant. It can be shown that at 2 << A and

.t = 7o, the function ¢(Q,r) is of the form [21],
#(Q,10) x InY4(A/Q). (2.10b)

Let () denote the density of states for pairs with excitation energy Q. It

can be obtained from the following:

3(Q) = / F(Q,1)dr. | (2.10¢)
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It is found that $(Q) vanishes as

1

A Q— 0. ' (2.10d)

Such behavior, in fact, has similar origin to that which ‘ca.uses the Coulomb
gap in the single particle DOS: the behavior of $(2) as shown in Eqn. (2.10d)
is due to the long-range dipole—di.pole interaction (e 1/r%).

The Q in F(Q,r), discussed in Eqns.(2.9) and (2.10), is the excitation |
energy, I', of the pair since it does not take into account the overlap inte-
gral I(r). However, the "quantum repulsion” of energy levels increases the
excitation energy, T, as described in Eqn. (2.2). Therefore, when quantum
repulsion is taken into account, the argument, Q, of the function F(2,r), is
no longer the excitatio;l energy of the pair. The function F(f,r) in Section
2.‘1 depends on the overlap integral because the quantum repulsion changes
the occupation of fhe pair. However, at the low energy region, fiw << &a,
the quantum effects can be neglected in caiculating F(Q,1). At a frequency
w, the pairs for which T is equal to hw will f)articipate in the absorption. It
follows from Eqn. (2.2) that the quantum repulsion for such pairs does not
exceed hw. The oécup;a.tion of a pair depends on the lower energy, ¢~, given
in Eqn. (2.1). The value (¢, + ¢2)/2 changes in the impurity band from pair
to pair by a magnitude of the order of ¢4. In the case of low energy, kw << ¢4,
the quantum repulsion affects only a small fraction of pairs. Therefore, the
dependence on the overlap integral energy I(r) can be ignored in calculating
the function F(Q,r) in a low energy region, hw << £4.

In general, both the DOS and F({,r) cannot be easily obtained for
an impurity band. There is no analytical theory to ﬁpd the DOS or F(Q,r)
even if quantum effects are ignoreci. Baranovskii and Uzakov [14] calculated
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F(Q,r) by using a Monte Carlo technique to computer model an impurity
band within the CIB model. Their results make it possible to calculate, at
fairly low frequencies, the absorption coefficient for materials within a wide
range of compensatwn, K, from 0.1 to 0.9. |

In the case of small compensation (K < 0.2) [1], it can be assumed
that all donors except the ones nearest to an acceptor are neutral and that
the poten_tial is due to the Coulomb potential of this ionized acceptor. The
dipole potentials of other ionized acceptors and ionized donor pairs present in . -
the materials are ignored. As shown in Fig. 2.1, let 'and r2 be the distances
from the ionized acceptor to the ionized and neutral donors, respectively.

The distance r between the sites in the pair and the Coulomb energy are

given by,

r = 4/12 + 1% — 2r;15c0s4, . i (2.11a)
¢
1 1
= :(H - —), (2.11b)

where # is the angle between the directions of r; and r;. Under such an

assumption, an analytic formula for F(,r) is given by [22],

47r*F(Q,1) = N,N3 j drldrgexp{—é-wrrlNd}E ( rf 13— 2r1rgcosﬂ)

a? e?
——— —]. 2.12
x&(ﬂ Kry + xrz)_ (2:12)

Integrating with respect to the angle # and also with respect to the modulus

t2, the expression for F(,r) becomes,

27 NdN.n /Rz rexp{ - $mriNg}

F(Q ) - e2 R, (1 _ :?er):!

dn,  (2.13a)
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Figure 2.2 The function (I-%)F’(Q- L) plotted against M2 with K=0.1.
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where,
roet 1[5 2 ‘ |
R1=§+m—§ 1‘2+(m 2, (2.13b)
' (1 1¢2
Ry = mm{§ re 4+ —ES-IE - %,rp} (2.13¢)
and
e? B
Q( rJ-‘ - E" ’ (2-13d)

where p = 0.61gq is ‘the Fermi energy for a low degree of compensation. r,

takes into account the fact that the donor nearest to the acceptor will not

- be ionized if its distance from the acceptor exceeds r,..

It is useful to note that the function F(2,r) in the CIB model can be
expressed in the following form [14]:

i

rF(@,1) = %Ng’s{%w(%,i)}, | @)

: . e

[ =S

where, rq = (4/37N4)~1/3is the average diéta.nce between donors and F' (Qfeayr/ ;d)
is a dimensionless function. In gegeréﬁ, F'fﬂ/ed,r[ ra) depen_c_ls on the major-
ityr carrier concentration (Nq in n;type) and the degree clf compensation,
K. In the case of low compensation, F(2,r) is given by Eqn. (2.1\33.),‘ and
F/(92/eq,1/ra) is proportional to K. It follows from Eqn. (2.5) that the (a/K)

spectra would be the same for a given vr.lue of Ny and the shape of the

absorption curve does not depend on the concentration of the minority im-

purity. _ : ~

The function tr/rd)F’(Q/ed,r/rd) calculated frqm ‘Eqns. (2.13) and
(2.14) is plotted against (Q/sd)/(r/rdj in Fig. 2.2, with K:O.l, for differ-
ent values of .r/rd (0.01,0.1,0.3,0.5). From this figure, it is clear that rF(f,r)
decreases stggply for, (e o

¢ Qfea ] (2.15)
l'/l'd . a
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That is, > erEn, where Exy = eNi/ 3/k is the characteristic scaie. For small
r, tF(Q,r) is fairly constant for Q < erEn.

If the dipole-dipole interaction of pairs is not taken into account for
small Q, then the function rF(Q,r) is approximated by a constant for pairs
with r << rq. It has been shb;m};by S. D. Baranovskii et tzl. [21] that if the

localized compact pair descriptionl is valid for tw << N;‘" 3

and if the degree
of compensation is not extremely high (1 — K < 1), that is, the compact pair
can be either neutral or singly ionized, but cannot be doubly ionized, then

one can obtain,

2 2 = .
lim F(Q,r) = —NAI%)E-— (2.16)
-0 2(e?N4/”/K)2kr

where, f(K) is a function which mainly depends on the degree of compensa- |

tion and not on the value of r for the compact pairs. Eqn. (2.16) is derived
for the éompact pairs; therefore (£ + e2 /rr) >> A holds. The expression for
F(Q,r) in Eqn (2.16) does agree with Eqn. (2 9¢) for @ — 0. The function
f(K) can easily be illustrated in the case of low compensatlon K < 0.2 for
instance, f(K) can be derwed from Eqn. 2.12 as follows
f(K) = 47 jr :::d R"exp(-‘%st)dR. o - (217
Since for Gonﬁpact pailts,- r. << 14, th:e integral in,fact depends on the lower
limit r/2rq very weakljr. This is demonstrated in F:g 2.3. The functiotl rF(Q,r)
approaches the same va.lue for dxﬁ'erent r/2rd as Q goes to zero. The functlon
{(K) is appro:ama.tely constant for ro T < T4
At this point, it will be useful to obtain expresswns for the a.bsorptlon
for the low and high frequency lumts within this localized model In the hmlt

7}

{4
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of low frequencies, hw << er,Ex (i.e.,, @ << er,En), F(Q,r) in Eqn. (2.16)

can be used. When it is substituted into Eqn. (2.5) it gives [17),

3

a(w) = %wrgNgﬁmK), (2.18)
where, the r in the integral is assumed to be constant since it varies slowly
compared to the exponential function. Eqn. (2.182) is derived for compact
pairs with 2 << r, << rq and Q@ = 0. The DDI cannot be neglected ex-
cept for the case with a very low degree of compensation (i.e., A is small).

Therefore, Eqn. (2.182) is obtained only to within a factor depending on the

frequency lbgarithmicauy (see Eqns. (2.10)) because it does not take into

account dipole-dipole interactions. It should be emphasized that for the case
of an intermediate compensation, A is of order of the impurity band. At
very low frequencies, i.e., (Q + e?/xr) << A, the form of the function F(Q,r)

in Eqn. (2.9¢) is not suitable; instead, ;"F(Q,r) x (@ + €*/xr)® in Eqn. (2.94)

* should be used. In this case, the absorption at the limit of low frequencies,

liw << e?/sr, << A, is given by the following [17, 23],

Y —Y .
(W) ¢ =« ST fhw)

where, 1, « In(2L,/hw) is assumed (see Eqn. (2.7)). Hence, the dependence of

(2.18b)

absorption on frequency in Eqn. (2.18b) is stronger than linear.

In the limit of high frequencies, iw >> er, En, one has to take into
account that F(£2,r) decreases steeply as ! increases for @ >> er,En. Then the
main contribution to the integral in Eqn. (2.5) comes from a narrow interval
near r % r,, where @ % er,Ey << hw. In this case, the function F(Q,r) in
the integral is as.s_umed constant fo;Q < er,En and zerd otherwis:a. Then it

gives [17],

473e? '
e art N3Kf(K). (2.19)

alw) =
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Figure 2.3 The function f(K) plotted against r/rq as Q — 0.
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At low frequencies, fw < er,En, only pairs with Q < Aw will partic-
ipate in the a.bsorptidn. Therefore, the absorption increases with increasing
frequency. However, at high frequencies, hw > er,Ey, the contribution is from
Q < er,En, where 1, decreases with increasing frequency. It follows from the

above analysis that o(w) has a maximum at [17],

2/3
e2Nd/

hwmax & er,En = Tw- (2.20)

2.4 THEORETICAL ABSORPTION FOR N-TYPE SI

in'order to illustrate the general character of the predicted absorption
spectrum, nuﬁlerical calculations of the absorption spectra of compensated
n-type Si were carried out using Eqn. (2.5) at T=0. The functions I(r) and
F(Q,r) in Eqns. (2.6) and (2.13) were used to perform these calculations. The
I(r) in Eqn. (2.6) is the L‘é.ngular average of I(r,d) which is anisotropic in Si.
Th;a localization radius, a, is 18.3 A, and I, is obtained from the following

expression {14]:

g2 74w \1/4 ,
'_'E-E(ﬁ) . (2.21)

A parameter .n, the index of refraction n, and the number of valleys n, have
the values 4.2, 3.42, and 6 respectively for Si [16]. Using these values, I, is
found to be 92.b8 cm™. The numerically calculated spectra for various donor
concentrations (Ng = 5,10,15,20, 25x10'6 cm—3) with compensation K=0.2 are
(: plotted in Fig. 2.4.
These theoretical absorption spectra show that the absorption starts
at very low frequencies and extends to frequencies in excess of 60 cm‘ll. It
is clear that the absorption increases with increased impurity concentration.

This can be explained within this localized model by recognizing thé.t the
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~Figure 2.4 The predicted absorption spectra for n-type Si with compensa-

tion K=0.2 at various doping concentrations.
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increasing absorption is due to the increasing number of pairs. If only the

homopolar pairs contribute to the absorption process (i.e.,  is small), then
rF(Q,r) is a constant for r < rq as shown in Fig. 2.3. In this case, the shape
of the absorption should not depend on the concentration and there should
not be such a rapid drop at high frequencies. However, it is clear that this
is not the case. This localized model demonstrates that the polar pairs also
make significant contributions. The frequency of maximum absorption shifts
to higher frequencies with increasing Ng. This is due to the fact that the
Coulomb potentié.l differénce of the ionized minority impurity at the positions

of the two centers of the majority pair increases. As is shown in Fig. 2.2,

rF(€,r) decreases steeply only when © > erEy = (ezn)eri/a. Hence, if Ng

increases, the number of “pa.ir‘sf with higher Q increases. At high. frequency,
the absorption drops mainly because the number of polar pairs with small
separations, r, and high potential differences, Q, is low.

Figure 2.5 shows the frequency at the maximum plotted against Ng. It
iﬂs.found that wmax is proportional to N4. The dependence of the maximum of
the absorption spectrum on Na is proportional to N}%8. The character of the
absorption Iriaximurp is clearly dependent on the function F(Q,r); however,
it is also influenced by the form of the energy overlap integral I(r).

The n-type Si infrared absorption spectra for frequencies above 10
cm~! have been experimentally measured by Milward and Neuringer [2].
Some quant;xtative agreement between theoretical and experimental results
for compensation samples for frequencies 10 em™! < w < wWmax has been
demonstrated. However, for w > wmax the agreement is poor. The calcu-

lated absorption is less than the observed one. It should be noted that the

separation Iu, at & = Wmay, varies from 3.8a to 2.9a for samples with wmax

#
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Figure 2.5 (a) Maximum absorption frequency for various doping concen-
trations. The data points are obtained from Fig. 2.4. The solid curve repre-
sents the power curve fit (yr= ax") to thé data with n = 0.4. (b) Value of the
maximum absorption as function of doping concentration. The solid c@e

represents the power curve fit to the data with n'= 1.36.
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. ranging from 11.4 to 22 cm™! as shown in Fig. 2.4. It is clear that at these fre-

quencies the condition r,, >> a is violated. Eqn. (2.6) describing I(r) cannot
be used and the quantum mechanical calculation of the energy levels of an
electron in the potential of two charged donors is nec;:essary. It should also be
noted that e4 varies from 36.6 and 62.5 cm™! for samples with concentrat.mns
ranging from 5x10¢ to 25x10'¢ cm~3. It is clear that at hxgh frequenc:es the

condxtmn Rw << g4 is also violated and the quantum effect on the function
F(f,r) cannot be ignored.
2.5 ABSORPTION THEORY FOR P-TYPE MATERIALS

It is known that the low-frequency ac impurity conduction at low
temperatures in p-type materials is similar to that in n-type materials. How-

ever, previous experimental data showing the far-infrared spectra of p-type

- Ge differ appreciably from those of n-type Ge. The differences are as follows
. [8]: (i) The maximurn-value of the absorption coefficient of p-type Ge is much
" higher than that for n-type Ge, (ii) the maximum of the absorption coeffi-

cient for p-type Ge occurs at higher frequencies than that of n-type Ge, and
(iii) the dependence of the absorption coefficient on frequency for p-type Ge |

is not as strong as that of n-type materials.

“In order to explain these differences, E. Kaczmarek and Z. W. Gortel

P

[8] used the envelope functions introduced by Schecliser [24] (see Appendix

~A) to decribe the isolated-acceptor ground state rather than using the well-

known hydrogen-like envelope function. The latter picture is qualitatively
similar to that for n-type materials in which the donor ground state is de-
scribed by the hydrogen-l:ke functlons with an anisotropic exponent. The

basic d1ﬁ'erence between the two pictures is that the Schechter functlon in .

¢



7

28 2  Far-Infrared Abéorption of NTD Ge

p-type materials will give the four lowest two-center states formed by the
gréund states of the two impurities [25]; while there are only two in the lat-
ter case. All of these four sté.tgs have different energies and should be taken
into account when calculating the low-temperature absorption coefficient in
the infrared.

The reason that the use of the Schechter envelope functions is essen-
tial in calculating the absorption coeflicients for p-type mat_eria.ls .ha.s been
pointed out by Gortel et al [26]. It can be shown that if the dominant con-
tribution to the absorption is due to the polé.r pairs, then the results from a
hydrogeriflike approximation \voﬁld agree qualit'atively with the results from

the model based on the Schechter envelope functions: In fact, this conclusion

_explains the similarities of ac impurity conductivity in both n- and p-type |

materials because tHe dominant contribution to the hopping cdnductivity is
from those polar pairs.: H_oWeirér, fdr the ,(:ontributic.mAfrom the homopola.f
pairs [26] the results of these two models are diﬁ'efent both qualitatively and
quantitatively. It was stated earlier that the hdm;)poléi' pa.iré give an iinpof-
té.nt contribution to the fa:-infraredﬁbéofptioﬂ processes. Therefore; the uée
of the hydrogen-like approxlma.tlon is not a.pproprla.te here. 7

With the Schechter wavefunction for an 1sola.ted acceptor, the inter- ‘ |
act‘iox'l between two acceptors gives four lowest doubly degenerate two-center
states instead of the two given in Eqn. (2.1). Their energies afe given by the

following equations:

j ) l . 14 = =-J + (S + \/_A )Il i rl: ‘ . (2.223) :

.' '52,3”: - +,(s-\/§A},)1,5:rg, ¢ (20)
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where,
1
=13+ 192[1 - (S + vBAL?, ' (2.23a)
2 =B+ 192[1 — (S - VBALA. (2.23b)

I; and I, are the energy overlap integrals given by,

= (L + vVBAZ) - J(§ + VBA}), (2.242)
I, = (L VvBAZ) - J(S - VBAL), (2.24b)

and,
S =c2Al+ c2 14 c3AL + (2 - 3c¢)(1Pm? + Pn? + n®mP)AL, (2.25a)
L = c2A2 + cZAZ 4 cEA2 + (<2 — 3c2)(1°m? + 102 + n mz)A;ﬁ, , (2,2.513)
= (a+ed/ (2250

B= --cl{c [(3n% — 1)% + 3(12 - m?)’} + 4cj(*m* + ’n® + m®n?)}.  (2.25d)
where 1, m, and n are the cosines of the angles betweén the pair and [100],
[010], and [001] crystal directions, respectively. The explicit expressions for
the function A)(r) (v = 1,2,3,4,5 and A = 1,2,3) can be found in papers by
E. Kaczmarek [25]. The quantities c;,cé and c; (see Appéndix A) are the
variation parameters of the Schechter functions; the remaining two variation
parameters of the envelope-functions r; and rs, are contained in the A)(r)
functions.

The dependence of < IZ > and < I > on 2r is plotted in Fig. 2.6a.
The behavior of I is qualitatively different from that of the hydrogen-like
case as described by Eqn. (263 The difference is due to the presence of the

d-like contributions in the Schechter envelope functjons. This leads to exiergy
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Figure 2.8 (a) Dependence of the angular averages of the squares of the

energy overlap integrals < Wi, > and < Wi, > (le, < B > and < B >

in the text) on the pair separations, 2R, for p-type Ge and Si (in arbitrary
units). (b) Dependence of R(w} (i.e., r, in the text) on the wavelength of
radiation for p-type Ge and Si. Both figures are obtained from the work of

E. Kaczmarek et al. [8].
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differences between the two-center states nonmonotonically dependent on a -
pair separation r as shown in Fig..?.ﬁa. Neglecting these contributions gives
I, = I;, as in the hydrogen—like- case. Although the d-like contributions have
aﬁmén smaller a.mplitu-de‘t-han ;,-he s-like parts, they can b.;e importaﬁt at
some distances from the acceptor ion. If Q is negleéted, it is clear from this
figure that the lowest energy state is 3 for the pairs with r < %rz and g4 for
pla.irs with r > 2ry. k
It can be shown that only transitions from the states 4 to &, and
from &3 to ¢, contribute significantly to the total absorption. The remaining
tra,nsitions_ are far less probable since their transition rates are of the fourth
order in tﬁe overlap integrals. Taking the respective angular average values
~for I; and Iy, the absorption coefficients a,; and a3, for these two transitions
can be obtéa.ined from Eqn. (2.5). Taking into account the occupation of the

initial states one obtains the total absorption coefficient,

a(w) = faaq(w) + fzasz(w), ) (2.26)
where, f; and f; are’ thé temperature-dependent occupation functions of the
initial states ¢4 and éa,

1
= {1+ exp[—(ea — 4)/KT]}’
fa=1-1, (2.27b)

£y

(2.27;)

It is assumed that the temperature is so low that the higher final states &,
and gq are always empty.
It is found that by using the Schechter envelope function, the photon-

induced transition rate of a carrier is dominated by two terms [26]. The first
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term has a form analogous to that of the n-type material. This term is pro-
portional to the square of the overlap energy integral, 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 hydrogen-like approximation, is even
larger than the first term for some directions. Therefore, the ‘.much larger
absorption in the p-type material is expected when the Schechter_,_euveldpréw ;
function is used. Also, the larger value of the resonance energy can also ex-;
plain the shift in the maximum of the absorption towards higher f_requé.ncies:.“
The theory also predicts a sharp absorption peak at 20.4 cm~!. Its
position does not depend on the compensation or on the co_rfgutré.tion of
accepf;ors. The shape and relative height of the peak is temperé,ﬁure indepen-
dent [8] The presence of the peak is a direct result of the peculiar behavior
of the overlap energy integral < I3 > as a function of the pair separation.
Because of the slow variation of < I} > in the vicinity of its maximum value
(see Fig. 2.6a), < I} >max, a large number of pairs can absorb radiation .
with the energy Ew = 2(< I? >max)!/? Therefore, the position of this sharp
peak is dete}rminedl by hw = 2(< 2 >pax)/? As mentioned earlier, the non-
monotonicity of < I# > is caused by the presence of the d-like parts in the

variational envelope functions for isolated acceptors.

-~
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Chapter 3

EXPERIMENTAL
TECHNIQUES

{
3.1 INTHODUCTION

The basic principle of p-type compensated NTD Ge will be first pfe-
sented. The NTD Ge samples have extremely homogeneous distributions of
dopants because the impurities are produced from isotopes of Ge which are
evenly distributed throughout the sample. The impurity concentration of a
sample can easily be controlled by the neutron irradiation time. The compen-
sation ratio; however, remains constant. Hence, absorp’tion experiments can
be done on samples with different concentrations but fixed compensation.‘
It is also possible to perform the time dependent_absorption experiments
on NTD Ge to investigate the absori)tion change due to the change of the
_ majority impurity concentration at a fixed minority impurity concentration.
“ The preparation and properties of the samples are described in section 3.3.

The experimental apparatus used to make the FIR absorption measurements

33
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is described in section 3.4. The method by which optical parameters of a
sample, such as the absorption coefficient, are obtained from a transmission

spectrum, is discussed in the final section 3.5.

3.2 PRINCIPLE OF NTD GE

\( The Ge samples were irradiated with thermal neutrons. Some of the

five naturally occuring stable isotopes: °Ge, "2Ge, P Ge,"Ge, and "*Ge cap-
ture neutrons and become radioactive and subsequently decay into different
chemical elements which are acceptor or donor impurities in Ge. The nuclear

reactions of interest are [10]:

Typp=11.2d
%Ge(n,7)33Ge a2l " Ga(electron capture), (3.1a)
Ty =828 : :
F4Ge(n,7)EGe T2 TAS(A™ decay), (3.1b)

Tyja=113 h Tyj2=388h -
Ge(n, 7)1 Ge e "TAs(8™ decay) =3 "Se(8™ decay). (3.1c)

Three Ge isotopes, °Ge, Ge, and "*Ge participate in the doping
process. The isotope, ™°Ge, captures a neutron (this capture is accompanied
by 7 radiation) and is transformed into the radioactive isotope "*Ge, which
subsequently decays into the acceptor "1Ga by electron capture with a half-
life 'of 11.2 days. e

Two donor-impurities are also created: As and Se. The isotope Ge
is converted into the radioactive *Ge through a (n,y) reaction. The ™As is
formed from the radioactive 3Ge via 3 decay, with a half-life of 82.8 min.
When "6Ge captures a neutron, it becomeé the radioactive 77 Ge which is then

transformed by 3 decay into the unstable isotope 77As which has a half-life
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of 11.3 hrs.. This unstable isotope is then transformed into stable 7Se by 3
decay with a half-life of 38.8 hrs..

-

The natural abundance, thermal neutron abs_orption cross sections,
and half-lives of the relevant isotopes of Ge are listed in Table 3.1. The |
production rates of different impurities can be calculated from the data in
this table. They are 2.9x10~2 and 0.6:{10":2 (atoms/cm3)/(neutrons/cm?) for
Ga and As respectively. The production rate of "7Se is small compared to
Ga and As. After a sufficiently long time, all the decay processes will have
‘been exha.usted, the ratio of the concentrations of the different 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 Yu. A. Osipyan et al. [27], based on the time

dependent Hall measurements, the relation of the concentrations of these

impurities in NTD Ge is as follows:
Ngs : Nas : Ng.=1:0.26: 0.012. (3.2)

These results are in fair agreement with the theoretical results obtained us-
ing the reaction data in Table 3.1. Hence, the degree of compensation for the
NTD Ge is = 0.27. This doping method allows us to investigate the absorp-
tion change of Ge samples due to the change of the impurity concentration
with fixed compensation. »

As aresult of different decay half-lives, different impurities are formed
at different rates. As, which is the .domiglant donor impurity, reaches’its
saturation value within a day after irradiation due to the short decay haif-

life (82.8 m) of "Ge. The Se donors also reach 80% of their saturated value
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TABLE 3.1. List of the Natural Abundance, Cross Section and Half-life
of Relevant Ge Isotopes. [28]

Isotope Natural Cross Section Half-life Dopant
Abundance (%)  (10~2* cm?) Type
BGe 20.5 3.25 11.2 d ("'Ga) P
22Ge 27.4 1.0
2Ge 7.8 15
Ge 36.5 : 0.36 82.8 m ("5As) n
Ge 7.8 0.06 11.3 h (77 As)

38.8 h (""Se) n

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
saturated value of N4 only after a time t = t,, of the order of several days after
the start of irradiation. The NTD Ge sample approaches total compensation
(i.e., K=1) as t approaches t,. The NTD Ge, which is n-type for t < t,,
will convert to p-type at t = t,. For t > t, the degree of compensation will
decrease with time and approach asymptotically to the steady-state value of
K =~ 0.27.

The concentration, N(t), of a particular impurity concentration at

time t after starting the irradiation can be calculated using the following

expressions:
(
N(t) = Noi% [t - TE‘L-’(]' - exp(—]nT2 . t))] },t <t (3.3a)
N(t) = No{l - a;;—_?)[exp(—l—[-ll(:_:'—)) - exp(—ln%- t)] },t > t:(3.3b)

where, N, is the saturated concentration of an impurity long after irradiation,

t, is the time of neutron irradiation and r is the decay half-life of an unstable
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isotope as shown in Table 3.1. Fig. 3.1 illustrates the dynamic change of Ga
and As impurity concentrations for samples that have been irradiated for
10 hrs. The compensation K = Ny(As)/N,(Ga) = 0.286 is assumed, and it is
found that the sample goeé through total compensation at t = 5.65 days after
the start of the irradiation.

These decay properties of NTD Ge allow us to investigate the change
in absorption due to the change in the majority impurity concentration while

keeping the minority impurity concentration constant. This is done by per-

forming time depéndent absorption experiments after the donor impurities’

have reached their saturated value and the acceptors are still being formed.

3.3 SAMPLE PREPARATION

The starting materials for the NTD Ge samples were single crystal
low impurity n-type Ge wafers with (Ng — Na) < 10'? cm~3 with thicknesses
of about 0.05 cm. These wafers were cut into pieces of 1x1 cm? in size. They
were then irradiated with thermal neutrons at approximately 35°C [29] in
the McMaster Nuclear Reactor (MNR). The thermal neutron flux (¢) at the
position of irradiation was » 1.4x10'3 n/(cm? - sec) [29] with a ratio of thermal
neutrons to neutrons with energy greater than 0.5 eV of approximately 40 :
1.

Seven samples, S1 to S7, were irradiated for different time intervals
varying from one to twenty hours. The pro&uction of various impurities is
proportional to neutron fluence. The concentration of impurity i, N; can be

estimated from the following expression [29)]:

N; = C’i(eﬁective) * (Pi ' NGe) Pt . (3.4&)
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Figure 3.1 Time evolution of different impurities in NTD Ge. The time '

t=0 is set as the beginning of the neutron irradiation. (a). The relative con-

“Centrations of Ga and As are shown. (b). The compensation of the sample

[N}

is shown. Notice that at t = t,, the concentrations of Ga and As are equal.

Before that the sample is n-type, after that the sample is p-type. .
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where, Oj(cfiective) i5 the effective neutron capture cross section, p; is the natural
abundance of a particular isotope, Ng. is the atomic density of Ge and t is
the time of irradiation. The effective neutron capture cross section, Ti(effective)s
can be obtained from the following expression [29]:

) e [RL
ai[cﬂ'cctive) = \/—O', +7. 58)(10 3a !:48 9; ) (3-4b) .

where o; is the neutron capture cross section for impurity i with energy E, =

0.0253 eV (corresponding to a neutron ;\relbcity of 2200 m/ s“cla"r a temperature
of 20°C). The first a.n_d:._seconci terms in Eq. (3.4b) are due to neutron capture
in the thermal and épi-therrﬁal (0.15eV < E < O.SeV) regions. The third te;'m
is due to resonance capture in the epi-thermal region. Here [R L] denotes -

the Resonance Integral which is found to be 1.5 b (10-2* cm?) [30] for 12Ge.

: Ignoring the small temperature correction and using Eqns. (3.4a) and (3.4b)

and data. in Ta.lgle 3.1, the concentration of the Ga impurities is estimated
to vary from 1.88x10'5 cm—3 to 3.65x10'® cm~2 for these NTD Ge samples, as
shown in Table 3.2. These sa..mples,.a.ll of which have the sa.m;z éompenﬁation
ratio long after the irradiation, were used for absorption experiments whiéh'
invé_stiga.te’d the change in absorption witﬁ ché.nging concentration.

¢ Except for the sample which is used for the time dependent absorp-
tion experiment, sampléé are kept for more than three months after irradi-
ation before they are used for the absorption experiments. The samples are
thinned using 600-grit SiC paper. Opp031te surfaces of the sa.mples are made
parallel Both surfaces are mecha.mcally pohshed using 6 pm and then 1 pm
diamond grit paste. The thickness of the samples was determmed using a

micrometer with an uncertainty of +0.005mm (see Table 3.2).

N
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Radiation damage of the samples was removed by thermally anneal-
ing at 400 °C for six hours in ;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 meaéurements
using the usual van der Pauw configuration [31] with magnetic fields of ap-
proximately 1 KG. Ohmic contacts were made by alloying indium to the four
corrers of the samples. This was done by heating with a low pﬁwered solder-
ing gun. The room temperature transport proi:erties of samples $1-S7 are
shown in Table 3.3. The carrier concentrations, n = (N, —Ng), and mobility, p,
were caiculated from n = ry/Rye, and p = Ry /ryp [32]. The Hall coefficient,
Ry, and resistivity, p, wéfe obtained from the measurements. The Hall factor,
_ TH, in the weak field limit‘: was found experiment_ally to be = 1.8 by Morin
[33]. The present data is in agreement with the eﬁsting transport properties—
of p-type Ge [34]. The results of the time dependent electrical measuéement
which wiﬂ be discussed in Chapter 4 show that the compensation of these
samples is 0.286. Hence, the accebtor concentrations, N,, for these sgmplés
are calculated using this value. A comparison of these values of N, with the
. Ga concentrations estimated from the nucléar reactioﬁs in Table 3.2 shows
good agreement. Thus, it can be concluded that Ga is the largest majority
impurity in these samples. | . . o
| Sample S5 is used for the time dependent absorption experiment.
This sample was annealed three days after the start of the irradiation us-
1ng the same I?rocedure as described above. The rwa.iti_n‘g p_eriod is necessary

because theéota.l activity of t‘:Jhe sample must be below 15 mCi [35] before

/

/

it can be ]{andled safely. The annealing done at this early stage does not

i
A
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TABLE 3.2. Physical Data for NTD Ge Samples

Sample Irradiation Fluence Ga Concentration Thickness

£

’

Time (hrs.) (10'7em=2) (10'%cm=3) (mm)
51 1 0.5 1.7 0.475
S2 2 1.0 3.4 0.490
S3 4 2.0 6.8 0.440
S4 8 4.0 14 0.469
S5 10 5.0 17 0.499
S6 16 8.1 a7 0.489
57 20 10 34 0.366

TABLE 3.3. Hall Measurement Déta for NTD Ge Samples

Sample Resistivity Hall Mobility (N, — Ng) N,
(Qem)  (em?/V sec) (10'%cm™?) (10%c¢m™3)
S1 253 1840 1.34 1.88
S2 1.54 1740 2.32 3.25
S3 0.823 1520 497 6.96
S4 0458 - 1370 9.92 ' 13.9
S5 0.335 1200 15.5 21.7
S6 0.286 1150 19.1 26.7 »
57 0.223 1080 26.1 36.5
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Figure 3.2 Top view of the arrangement in the cold working surface of the - '
cryostat. The moveable wheels can be rotated around the pivot point. The
wheels are positioned from outside the dewar by adjusting the nylon tresse

attached to one end of the wheel. The other end is attached to a spring.
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affect the quality of the sample as shown by its high Hall hole mobility. This
is In agreement with previous results [36] which indicate that the formation

of defects is mainly due to the radiation damage which can be removed by

annealing.

3.4 THE FIR TRANSMISSION EXPERIMENTS

The transmission experiments in the far-infrared are done using Fourier
Transform Spectroscopy. A custom built polarizing interferometer (C. Zarate,
unpublished) with roof mirrors, a wire grid beam-splitter, and a chopper fre-
quency 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 cryo- .
stat. '

A cryostat rna.nufactﬁred by Infrared Laboratories Inc. t with a com-
posite type Si bolometer with an operating temperature of a.pproximateiy
1.25 K was used. The details of the set up in the cryostat are shown in
Fig. 3.2. It shows two moveable wheels operating inside the cold working
surface of the cryostat. One of therln is used to hold different tfgld cutoff fil-
ters so that they can be changed during the experiment. The’;ther is to hold

the sample and the reference. The light that pass{;es through the filter and

‘ saﬁlple 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 sam-
ple, the radiation passes througﬁ a cold filter made of thick black polyethy-
lene melted to a piece of grey plastic from the lid of a Kodak film canister

was put in front of the sample. Its cutoff is approximately 250 ecm~*. Both

t HD-3(L) dewar, Infrared Laboratories, Tucson, AZ., U. S. A..
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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 wheél 'before reaching the bolometer.
These filters define the cutoff energy of the spectra. They are 0.125 in. thick
Pyrex glass, 0.08 in. thick Fluorogold and 0.0625 in. thick quartz with cutoff
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 cutbff of about 15 cm~1. The transmission
spectra presented here are obtained by iinking spectra with different cutoff
filters. All spectra were taken with a resolution of approximately 0.8 cm'f‘.
The samples are glued to the sample holder by applying a small spot
of GE 7031 varnish at one corner of the sample. The sample is P}aced over
a 5 mm diameter opening in the sample holder. An opening witll; the same
diameter as in the sample holtier is used as a reference. The temperature of
i the sample is monitored using a 100 Ohm Allen Bradley resistor placed in
thermal contact with the sample. All spectra were taken with the sample

temperature at about 3 K.

3.5 DERIVATION OF THE OPTICAL PARAMETERS

The transmittance of a material is determined by its index of refrac-
tion, 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. Following the work of C.M.
Randall and R.D. Rawcliffe [37], the external transmission, T(v), of a par-

allel flat-surfaced sample with thickness d, at the wavenumber, v, can be



3.5 Derivation of the Optical Parameters 45

expressed as follows:

T(v) = 7(v)(1+2 Y pleos(18)). (3.5a)
1=1

A more familiar form is,

(1-p%)
o~ 2p cosf)’

T(v) = T(V)(l N (3.5b)

In these expressions,

7(¥) = [4N/(N + 1)*|*exp(—ad cosp)/(1 - p?),
= 16(n” + k*)exp(~od cosﬁil{[(n + 1) + K1 - ,,2)}," (3.62)
p=[n-1)2+ kz]exp(;ad cosf)/[(n + 1)% + k%, (3.6b)
8 = drndvcosf + 6 = 4xndvcosd + tan—'[2k/(n2 + K2 <1)],  (3.6¢)

o = 4rky, . ~(3.6d)

wh;re, « is the absorption coefficient, r 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. I_p these experiments,
B is assumed to be zero.

In order to evaluate the absorption coefficient of a sample, the refrac-
tive index n will first be found from the interferen;e fringes of the transn_}:lg-
sion spectrum. Since § is small in tﬁese sﬁnples and can be neglected as a ﬁf;t
approxima.tion; it follows from Eqn. (3.ga) or (3.5b) that the transmittance

maximum occurs at, : -

8 = 4rndv = 27m (3.7)
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where, m is an integer that is of the order of the interference 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 Eqn. (3.7).

According to the treatment of S. Zwerdling and J. P. Theriault [5],
if & and n are essentially constant over the spectral range of one cycle of the
interference, the absorption coefficients can be obtained from the averﬁgé_;
transmittance 7. It can be shown using Eqn. (3.5b) that 7 can be obtained
from the geometric mean of the maximum and minimum values.

However, since the resolution of the transmission spectra is chosen
to be about 0.8 cm™!, only the first signature of the fringes is significant in
the interferogram. This implies that only the first cosine term of the series
in Eqn. (3.5a) is important. That is, the observed transmission spectrum is
given by,

T(v) = 7(v)(1 + 2 C - pcos(8)), (338
where, a parameter, C, is put in front of the cosine term because an apodiza-
tion function [38] is used before an interferogram is Fourier transformed into
a frequency spectrum. In this case, the average transmittance should bé the
average value of the maximum and minimum values at the frequency corre-
sponding to the average of their frequencies.

The absorption coefficient, «, can be found from the following rela-

tionship which is derived from Eqn. 3.6a with 3 set to zero:

o fn{GREAL (USR] o

where, A = (1+ k?/n?) and

R = (n—1)%2 +k2

= T )T (3.10)
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is the reflectance at a; single surface,

The process of finding the absorption coefficient, a, involves an iter- -
ation by a computer one frequency at a time. Since k is small compared to
n, it is first approximated equal to zero at the initial frequency. 7(v), as de-
scribed above, is determined from the experimental transmission spectrum
by taking the average value of the maximum and minimum @ues of the
fringes observed in the spectrum at the frequency corresponding to the av-
erage of their frequencies. The value « is obtained from Eqn. (3.9). and then
a non-zero k is found. This process is repeated until the right and left hand
sides of Eqﬁ. (3.9) are equal to within £0.00001%. This « 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 uéing Eqn. (3.8). The original experimental spec-
trum will be compared with the calculated one with an appropriate choice
of the adjusta}ale parameter C in front of the cosine term. In gené‘lféi;:-at this
stage, the cql_;;t‘a.nt parameter C is well fitted to a wide region of frequencies
with no larg;-: discrepancies between the calculated and experimental trans-
mission spectra. However, the above procedure will smooth a region with
a sudden change in absorption or with sharp absorption peaks. In order to
cbtain a more detailed absorption spectrum at such regions, the experimen-
tal transmittance spectrum with the interference fringes will be fitted using
Eqn. (3.8) to find a new a(v). To a first order approximation, the parameter
C is assumed to be constant over the small frequency region which is being
fitted. This parameter C is chosen such that the fringe structure is mini-
mized in the resulting absorption spectrum. Then, this value of C combined

with Eqn. (3.8) is used to least-squares fit the experimental transmittance
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Figure 3.3 (a) A transmission spectrum for a NTD GE sample in a region
in which a detailed absorption spectrum is desired. (b) Absorption spectrum
obtained from' the fitting routine which is decribed in the text. Notice that

a sharp peak, which will be identified as an excited state of Ga, is found.
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(with fringes) to ficd a new o(v). The value of a(v) derived from the average
,..-i;ransmitta:nce is used as a first guess. This procedure gives a more precise
value of a(r) which ensures that sharp peaks are not missed. For instance,
th.e sha.rp‘ absorption lines resulting from the excited states of an impurity in

the region above 40 cm~?! can be found in this manner. This is illustrated in

Fig. 3.3.
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Chapter 4

RESULTS AND
DISCUSSION

4.1 INTRODUCTION

In this chapter, the results of the fa.r-iﬁfrared absorption experiments
are presented. The results for samples with different neutron irradiations (i.e.
diﬁ'erentrimpurity concentrations but the same compensation ratio) will first
be presented. These kﬁbsorption spectra will be compared to the presented
theories and previous NTD Ge results. The change of the absdrbtion cbefﬁ-
cient due to the increased number of impurities while the compensation ratio
remains fixed will also be discussed. The time dependent absorption spectra
for sample S5 will be presented in section 4.3. In these spectra, the changé
of the absorption coefficient due to the increase in the majority impurity
with fixed minority impurity concentration is obtained. In addition, the dif-
ferences in the dependence of the majority cdﬁcentra.tion between these two

series of absorption spectra will be discussed.

T

)
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4.2 ABSORPTION SPECTRA FOR NTD GE

Figure 4.1 shows the transmission spectra for samples $1-S7 in the
frequency region from 4 to 90 cm~!. The interference fringes are due to the
plane parallel surfaces of the samples. The real part of the refractive index,
n, of these samples is found from theselfringes using Eqn. (3.7). The average
refractive index of the samples for frequencies from 10 to 50 cm™! is listed in
Table 4.1. It is found that the values for low impurity concentration samples
(S1, S2, S3 and S4) are lower than the room temperature values reported
by Randall and Rawcliffe [37]; their measurements on intrinsic Ge samples
with resistivities of 10 and 20 Q-cm give a valﬁe for n of about 4.005 in this
frequency region. As shown in Table 4.1, the refractive index of a sample
increases as the impurity concentration of the sample increases; the refractive
index increases from 3.88 for S1 to 4.04 for S7. The higher refractive index for
doped- Ge compared to int;insic Ge at 4.2 K is also reported by S. Zwerdling
and J. P. Theriault [5].

TABLE 4.1. Refractive Index of NTD Ge at T=3 K.

‘Sample, ~=({S1 S§2° S3 S¢ S5 S6 87
N, (10" cm—3) 1.88 3.25 6.96 139 217 267 36.5

n 388 3091 394 395 400 4.01 4.04
40.01 4001 £0.01 £0.01 0.01 +0.01 +0.05

There are two main absorption processes present in these transmis-
sion spectra: first, at lower frequehcies (< 50 em~'), the main absorption

mechanism is due to far-infrared photon-induced hopping of a charge carrier



4.2  Absorption Spectra for NTD Ge 53

betwcf:_en Ga impurity centers near an ionized donor. Second, the strong ab-
sorption region at high frequencies (> 40 cr_n“) is associated with hole tran-
sitions 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 [39] are

labeled in the spectra shown in Figs. 4.1. At low impurity concentrations
(S1-S2), it is possible to identify the excited states with the known Ga im-
purity excited states as shown in Figs. 4.1a-b for $1-S2. However, as the
impurity concentration increases, the broadening of the states makes such
identification impossible as shown in Figs. 4.1c-g for $3-S7. Fig. 4.2 shows the
absorption spectra from 30-80 cm™! for samples S1-S7 as obta.ined from the
transmission spectra of Figs. 4.1 using the method described in Section 3.4.
At low concentrations, all impurities can be treated as non—interacting impu-
rities which behave like isolated atoms. However, as the impurity concentra-

tion increases, it can be shown that the first effect on the isolated impurity is

due to nearest-neighbor interactions [40]. The broadening of the lower edges -

of the sharp lines due to the increasing impurity concentration has been ob-
served for both donors and acceptors in Si and GaAs [40]. 1t is concluded
that the broadening is: ‘due t:) neutral impurity pairs for low impurity con-
centrations. Because the impurities are randomly distributed, the effect will
first arise from pairs which are closer than average. Similar abserptions at
the lower energy shoulders of excited states are also observed in these spec-

tra as identified in Fig. 4.2. For instance, the absorption at the shoulder of

the lowest state G, Dg,, may be similar to the absorption due to the band

//,’NB*



54 . 4 Results an:d Discussion

Figure 4.1 Transmission sf)eétra for NTD Ge samples 51-57 at a temper-
ature of 3 K in the region from 0 — 90 cm™!. The known Ga‘excited states

are included. All spectra have a resolution of approximately 0.8 cm™!.
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4.2 Absorption Spectra for NTD Ge 55

states, Dy,Dgp,, in P-doped Si. These shoulder absorptions are in fact due
to excitations from the 1s to the 2p, state of the same donor, but with an-
other 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 anothér ab-
sorption at energies lo;ver than the D,,Dy,, states [40]. This is attributed to
the charge-transfer excitation forming D¥D~ with a considerable reduction
in the energy of the excited state because of the Coulomb attraction. This
excitation has been refered to as an exciton state located in the Hubbard
- band gap between D~ and D* sta.tes. The lowest absorption shoulder,-j Dg,,
may be due to the same charge-transfer 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 closér to one another, thus forming triples and then clustérs [40]. The
effect of incregsing the impurity concentration is to increase the number of
larger clusters. The absorption edge is dominated by the localized states
within random clusters of impurities with densities gre;.ter 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 fre-
quencies as the concentration of the Ga impurity increases. It is noted that
the absorption shoulder due to pair absorptions is not visible in the ST spec-
trum.

Now, let us discuss the absorption due to photon-induced hoppiﬁg.
Fig. 4.3 shows th‘e absorption spectra from 4-60 qm‘l for §ax}1p1e; $2-87.
Broad absorptions are observed for samples S2-S7. Hoﬁvever, the absorp-

tion in this frequency region is negligible for sample S1. This indicates
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Figure 4.2 Absorption spectra for samples 51-S7 in the region from 30-
80 cm™!. These spectra are obtained from the transmission spectra in Figs.
4.1. 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.
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4.2  Absorption Spectra for NTD Ge 57

that the number of localized pairs is small at such low Ga concentration
(1.9x10'® ¢m™3). This is in agreement with the sharp lines observed fo: the
excited states of Ga in this sample.

The absorption coefficient for all frequencies in this region increases
as the samples’ impunty concentration increases. The absorption coefficient
at the maximum {a(wmax)) of the broad absorption curve increases from 2
cm™! for S2 to 87 cm™! for S7. The frequency of this maxii um absorp-
tion (wmax) also shifts to higher frequencies as the impurity concentration
increases. The change is from 10 ¢cm™ for S2 to 23.8 em™! for S7. These
results are listed in Table 4.2. Figs. 4.4a and 4.4b plot wm.e and oW )
versus the net carrier concentration (N, — N3} = (1 — K)-N,. The data on
these graphs are ieast-squares fit to a power-law function y = a. (N, — Ng)".
It is found that the power dependence for winx and a{wmax) are n=0.37 and
1.44 respectively. However, the absorption due to excitations of impurity cen-
ters has not been separated from the experimentally determined absorption
spectra and hence, contributes to the absorption even at the frequency of the
maximum. This is more serious for the high concentration samples because
such absorption starts at lower frequencies. This is especially significant for
sample S7; therefore, another best fit is done for the a(wmax) data without
the data point from S7. It is found that n=1.31 instead of 1.44 in this case.
It is interesting to compare these results with the Blinowski and Myciel-
ski theory. From the predicted n-type Si absorption spectra in Fig. 2.4, it
is found that the frequency of the maximum absorption is proportional to
N%41(n = 0.41) and that the absorption at the maximum is proportional to
N1%(n = 1.36). These values are close to the experimental values for p-type
NTD Ge presented here (n=0.37 and 1.31).
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Figure 4.3 Absorption spectra for samples S1-S7 in the region from 0 —
60 cm™!. The dashed lines are obtained from the transmission spectra. The
solid lines are fits to a polynomial function for frequencies from 4 — 32 cm™.
The main absorption process in this region is due to the photon-induced

hopping of a charge carrier between pairs situated near an ionized donor.
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TABLE 4.2. wna, and a(wm.,) of the Absorptions
Sample S1 52 S3 S4 S5 S6 ST

Winax(cm™1) 10.0 12.0 162 186 202 236
&(wmax)(cm™") 0 1.8 7.9 236 414 513 87.0

According to Eqn. (2.20), the frequencies of the maximum wmqr are
predicted to be proportional to N33 r., where 1, is the distance betweew the
pairs which satisfies Eqn. (2.7) at wmar. Experimental results show that wma
is proportional to N33, Therefore, r,, is proportional to = N7%3, That means
that the value of r, at the maximum is roughly proportional to the average
distance between majority impurities, N '3 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. 4.5. The best fit lines are extended
to zero frequency. The values of the y-intercept are 0.75, —0.04, 1.0, 1.5,
and 4.9 cm™! for samples S3, S4, S5, S6 and S7 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 [41]:

dro(w)

a(w) = T2, (4.1)

where, n is the refractive index and c is the speed of light. Substituting the
value of n=4 for Ge gives the relationship a(w) = 94.20(w), where a(w) is
in cm™! and ¢(w) is in ~'em™!. The d.c. resistivities at T=3 K for samples
S3, S4, S5, S6, and S7 are approximately 7x10%, 320, 110, 80, and 20 Qcm

respectively. Hence, the absorptions at zero frequency (i.e., a(0)) are 0.01,
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Figure 4.4 General properties of the absorption spectra in Fig. 4.3 versus
impurity concentration: (a) the frequency of maximum absorption, wmax, (b)
the absorption coefficient at the maximum, a(wmax), (the dashed line is the
best fit without the data point S7) (c) the slope of the spectra at low fre-
quencies, do/dw|iow w, (d) the absorption coefficient at 30 cm~!, a(30cm™),
and (e) the estimated total absorption due to the photon-induced hopping

process. The solid lines shown are least-squares fits to the power-law function

y = a-(Na—Na)
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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. 4.5. This suggests that
at low frequencies, the absorption is approximately proportional to frequency.

The linear part of the absorption spectrum extends to higher frequen-
cies as the impurity concentration increases. This linear frequency dependent
absorption at low frequencies is different from the predicted spectra for n-
type Si as shown in Fig. 2.4. The difference may be due to many reasons;
for instance, at low frequencies, the absorption is proportional to wr® where
r,, decreases as w increases for the hydrogen-like model (see Eqn. (2.7)). The
behavior of wrl is clearly demonstrated in the low frequency region of the
theoretical spectra shown in Fig. 2.4. 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 at low frequen-
cies. 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 [12] and cannot be ignored
in the low energy regime. In this case, the absorption at low frequencies
should obey the expression in Eqn. (2.18b). The dependence of absorption
on frequency is w/r,; hence, the dependence on r, is weaker. It is noted
that the dependence on r,, is changed from rJ to 1/r, due to the existence
of the Coulomb gap. Although the linear frequency dependent absorption is
not clearly predicted 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.
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Figure 4.5 The experimental absorption spectra V1,V2 and V3 obtained
by Vavilov et al.. The present results S3-S7 are shown together for compar-
ison. 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 d.c. re-
sistivity measurements (see text) except S3. The linear part of spectrum S3
probably occurs at lower frequencies (< 4 em™?) so that the extrapolated y-
intercept from the linear fit is too large in comparison with the value obtained

from the d.c. measurement.
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4.2  Absorption Spectra for NTD Ge 63

Figure 4.4c plots the slopes of these linear fitted lines at low fre-
quencies (da/dwiw o) versus carrier concentration. The best fit curve to
the power-law function for these data is obtained for the power n=1.0. The
theoretical slope of the absorption spectrum at w = 0 can be obtained from
Eqn. (2.18a) and it is found to be proportional to N/* (i.e., n=4/3). One of
the factors contributing to this difference may be that the theoretical value
is obtained for T=0 K; whereas, the experimental value is obtained at T=3
K. The non-zero temperature will have the largest effect on the absorption
spectrum at low frequencies (i.e., hw < kT).

The absorption of the samples at w = 30 em™! («(30cm™")) is plotted
in Fig. 4.4d, the best fit line being obtained for the power n=1.86. In the high
frequency limit, it is theoretically found that the absorption is proportional
to N2 as in Eqn. (2.19). The absorption in the region 22-32 cm™! is found
to vary almost linearly with the frequency. The theory predicts that it is
roughly proporptional to ri,

Finally, the total absorption, which is defined as the area under the
broad absorption for the hopping process, can be estimated from the spec-
tra. 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 absorption curve in the linear region of the spec-
trum (22-32 cm™!) to high frequencies. The results are plotted in Fig. 4.4e.
ST is not ircluded in the best fit due to the large error which is caused by
the strongly overlapping Ga impurity absorption. It is found that the best
fit line is obtained for the power n=1.68.

Figure 4.5 shows absorption spectra V1, V2 and V3 which were exper-
imentally obtained by Vavilov et al. [7] for NTD Ge with different impuricy
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concentrations. It is evident that their V1 and V2 absorption spectra are
similar to the presented spectra S5 and S7 in the low frequency region. Their
V1 essentially overlaps S5 within the experimental uncertainty at frequencies
below 10 cm™" and V2 is only slightly below S7. The acceptor concentrations
of V1 and V2 are 1.3 and 3x10'® ¢cm~" respectively, which compare with 2.2
and 3.7x10'® ¢cm™2 for S5 and S7 respectively. Thus, the present results are in
good agreement with Vavilov et al’s results particularly at low frequencies.
However, at high frequencies, a discrepancy exists between the two works.
The absorption coefficient of S5 and S7 is higher than that of V1 and V2 for
frequencies above 10 em™.

Figure 4.6 shows the theoretical absorption spectra T1 and T2 found
by E. Kaczmarek and Z. W. Gortel [8]) with N, equal to 4.5 and 9x10"%cm™3
respectively. The absorption coefficient per unit compensation, a/K, is plot-
ted since the theoretical spectra ave calculated with the assumption that
K < 0.2 and in this case /K is independent of K. Absorption spectra 53
and S4 (K = 0.286) are shown for the purpose of comparsion. 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, = 9x10'S em~3), is sim-
ilar to S4 (N, = 14x10'® cm™3). Without considering the difference in N,,
the theoretical spectrum T2 is in excellent agreement with S4 for frequencies
below 12 em™!. The theoretical absorption curve T1 (N, = 4.5x10'® cm™3),
is close to, but below S3 (N, = 7x10'® ¢cm™3). The general shape of these two
spectra. is similar for frequencies below 7 cm™!. Considering that the theoret-
ical curves (T1 and T2) do not have any adjustable parameters, these results
show good agreement with the experimental spectra at low frequencies, How-

ever, when the concentration of acceptors, N,, is taken into consideration, it
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is concluded that the magnitude of the predicted absorption is higher than
the experimental value at low frequencies. The discrepracy may be due to
two reasons: first, the function F(£, r) is not properly described by the much
simplified form in Eqn. (2.13). As discussed earlier, the comp=ansation of the
NTD Ge samples is 0.286, and therefore the Coulomb gap cannot be ignored.
The number of states at low frequencies is limited by the existence of the
Coulomb gap; therefor:, F(Q,r) in Eqn. (2.13) is overestimated in the low
frequency region. Second, the energy overlap integral is not as strong as that
obtained by E. Kaczmarek et al. {8] using the Schechter envelope function.

As shown in Fig. 4.6, there is very little agreement between experi-
ment 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 T1 and T2 occur at about 8 and 11 cm™!, compared
to 12 and 16.3 cm™! for S3 and S4. The theoretical spectra change very slowly
with respect to frequency after these maxima until the sharp peak occurring
at about 20 cm™!. The absorption falls rapidly after this peak. None of these
features are observed in the experimental spectra.

E. Kaczmarek et al. [8] have provided some comments on the possibil-
ity of the non-existence of their predicted sharp peak. First, the non-existence
of the sharp peak may be due to some factor not taken into account in the
theory, such as angular dependence of the resonance energies, which may give
rise to a peak which is much broader than predicted. Second, it is possible
that the Schechter envelope functions used in the theory do not properly
describe the behavior of holes at such distances from the impurity which
are importani in this theory. The Schechter functions are constructed to

give good agreement between the calculated and experimental values of the
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Figure 4.6 The relative absorption coefficient «/K versus frequency for
the theoretical spectra T1 and T2 obtained by E. Kaczmarek et al. for p-type
Ge with K < 0.2 in the region from 2 — 22 cm™!. The present results $3-S4

{(Ix=0.286) are shown together for comparsion.
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ground-state energy of the isolated acceptor. Therefore, the Schechter func-
tion describes satisfactorily the behavior of the hole situated not far from the
acceptor. On the other hand, it is known that this function makes the set of
effective mass equations internally inconsistent in an asymptotic limit as r
— o0. Therefore, it is possible that this function is not suitable to describe
the behavior of the hole at intermediate values of r, which are important for
a hopping theory.

Figure 4.7 shows the absorption spectrum of compensated n-type
Si obtained by L. J. Neuringer et al. [2] in the region between 15 and 80
cm™!, This sample has Ny = 2.1x10'" cm™2 and K=0.09. The absorption
coefficient 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 frequency 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. 4.6.
It is also found (Figs. 4.4 a and b) that the general behavior of the broad
absorption maxima of these p-type NTD Ge samples is similar to that of
theoretically predicted n-type Si spectra. This observation, together with
the fact that there is no evidence for a sharp absorption peak, indicates 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
implies a smaller absorption coefficient. This is also consistent with the lower

observed absorption than this theory predicts. The similar shape of the NTD
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Figure 4.7 Comparison of the present absorption spectra for NTD Ge
samples to that of the n-type Si sample with Ng = 2.1x10'7 cm~3, and K=0.09
as obtained by L. J. Neuringer et al.. Note that the absorption coefficient of

the Si sample is enlarged by a factor of 10.
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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 coefficient for p-type Ge may require more than simply using
different parameters in the hydrogen-like envelope wavefunction to describe
an acceptor. The correct order of magnitude of the absorption coefficients
predicted by the theory of Kaczmarek et al. [8] indicates that the Schechter
envelope wavefunction is a good starting point.

Considering the complexity of the problems, some failure of the the-

ory is not really a surprise particularly at high frequencies where quantum

effects become more important.

4.3 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 accom-
plished by performing a series of time dependent absorption experiments
shortly after irradiation of a sample. Sample S5, which was irradiated for 10
hrs., was used for this experiment.

In order to monitor the change of the sample, an extra sample was
prepared simultaneously with S5 so that it could be used concurrently for
a resistivity measurement. This measurement was done using a four point
probe configuration [42] at room temperature. Fig. 4.8 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 resistivity
of the sample first increases, and then peaks at t, = 5.65 days, followed

by an asymptotic decrease to its steady-state value. As discussed in Section
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Figure 4.8 The time dependent resistivity for NTD Ge. Note that the total
compensation (K = N,/Ng = 1) occurs at time t, = 5.65 days. The unit of

the resistivity shown is not absolute.
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3.2, the donor concentration, Ny, reaches its saturated value shortly after the
irradiation, and the sampleis n-type for t < t,. During this period of time, the
Ga acceptor will act as a minority impurity and its increasing concentration,
Na, will effectively decrease the number of electron carriers which are mainly
contributed by the donor. Therefore, the resistivity of the sample will increase
as more Ga is created until it reaches a maximum resistivity at which N, =
Na. This occurs at time t = t, as shown in the figure. After t,, the Ue sample
becomes p-type, and the resistivity starts to decrease because the number of
hole carriers, due to the increasing Ga impurity increases.

Using the decay half-life of 11.2 days for Ga and t, = 5.65 days, the
concentration of Ga at t, can be found from Eqn. (3.3b). The compensation
ratio, which can be obtained from Na(te)/Na(t — c0) because N,(t,) ~
Na(t — o0), is found to be 0.286. This is in good agreement with previous
results [28].

The series of absorption experiments are numbered in Fig. 4.8. Fig-
ure 4.9a shows the absorption spectra of experiment nos.1 to 5. The ab-
sorption spectra nos.1 to 3 are obtained at the times 3.7, 4.3, and 5.3 days.
The sample is n-type when these three measurements were made. The con-
centration of donors is 6.2x10'® ¢cm~3(0.286xN,), while the compensation,
K(t) = (Na(t)/Na), 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 days, shortly after
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 Ng. It is
clear that the far-infrared absorption for n-type Ge differs appreciably 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
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Figure 4.9 Time dependent abscrption spectra for the NTD Ge sample
S5. (a) Spectra nos.1 to 5 are presented in the region 0-100 cm™!. Note that
there is a considerable difference between the n-type spectra (nos.1-3) and
the p-type spectra (nos.4-5). (b) The spectra nos.5 to 18 are presented in the

region from 6 — 65 cm™!.
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should be noticed that the absorption due to the As impurity in spectra
nos.2 and 3 is small compared to no.l. 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
[39, 43]. The ionization energies for Ga and As are about 88.7 and 104.8 cm™!
respectively [33)].

The absorption below 50 cm™! is mainly due to photon-induced hop-
ping of a charge carrier between impurity centers. In the 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 concluded that absorp-
tion due to photon-induced hopping in n-type Ge occurs mainly for frequen-
cies below 10 em™!. As the sample turns p-type, the absorption suddenly
increases for frequencies below 50 cm™! and the maximum of a broad ab-
sorption starts to develop at a frequency above 10 cm™!. This can be seen in
Fig. 4.9b. Compared to the p-type Ge absorption spectra, the absorption for
n-type Ge is much weaker and occurs at lower frequencies. These conclusions
are in agreement with previous results [4, 5).

Figure 4.9b shows absorption spectra nos.6 to 18 which were ob-
tained during the period between day 7.5 and day 44.3. The compensation,
K(t) = (Na/Na(t)), varies from 0.79 to 0.31 respectively. This figure shows an
increasing absorption coefficient, wherein the position of the maximum ab-
sorption shifts to higher frequencies with respect to the time. These changes

result from the increasing Ga impurity concentration.
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A series of graphs shown in Fig. 4.10 illustrate the changes in the
absorption properties with respect to the time. The plotted data shown in
these figures are obtained only after the broad absorption peaks of spectra
nos. 6 to 18 are fit to a polynomial function. These changes in the absorption
properties ure due to the time evolution of Ga in the sample. That is, the
changes correspond to the change of the mejority impurity concentration,
N,, for a fixed minority concentration. To see how the absorption properties
change with respect to N,, these results are treated in a manner similar to
those in Section 4.2, whereby various results are least-squares fit to the power-
law function y = a(N,)" + b, where N, is first obtained using Eqn. (3.3b)
with a half-life of 11.2 days. It is found that the power dependence on N, of
Wmaxy ®(Wmax), da/dwiow w, a(30cm™?) and the total absorption is 0.9, 0.48,
0.19, 0.98 and 0.84 respectively as shown in Fig. 4.10.

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 4.3. The a(wmax ), da/dw|iow w,
a{30cm™') and the total absorption are all related to the absorption coeffi-
cient of the sample. The power factor of these properties on impurity con-
centration in samples with different concentration but fixed compensation is
higher than that of the samples with fixed N3 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

K < 0.2. Therefore, the difference between the values of the power, n, needed
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to fit the data describing a(wm.. ) of the broad absorption should be one be-
cause in one case Ny is fixed and for the other case Ny varies as KN,. The
present experimental value is 0.83. Similarly, if {(K), in Eqn. {(2.18a), is in-
dependent 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 Eqn. (2.19)). The present results
are 0.81 for da/dwliew o and 0.88 (evaluated at 30 cm™!) respectively. It is
clear that the assumption that the function, F({,r), depends only linearly
on the minority impurity concentration and that f(K) 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 Eqn. (2.20), the frequency at which the maximum of
the absorption 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. However, there is large uncertainty
involved in the results for the time dependent spectra as shown in Fig. 4.10a.
For instance, the best fit line with n=0.9 is not much better than the fit with
n=0.37 as shown in Fig. 4.10a. No conclusion can be made for the frequency

of the absorption maximum from these results.



78 4 Results and Discussion

Figure 4.10 General properties of the absorption spectra in Fig. 4.9b ver-
sus time: (a) the frequency of maximum absorption, wmax, (b) the absorption
coefficient at the maximum, a(wmax), (¢) the slope of the spectra at low fre-
quencies, der/dw|iow w, (d) the absorption coefficient at 30 cm™, a(3Cem™?),
and {e) the estimated total absorption due to the photon-induced hopping
process. Data are least-squares fit with the function y = a(N,)* + b. The
time at which the sample is totally compensated is denoted by t, in these

graphs.
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TABLE 4.3. Properties of Absorption Spectra for NTD Ge

N2 Wnax  (Wmax) da/dwhewe a(30 cm™!) Total absorption
n, (K=fixed) 0.37 1.31 1.00 1.86 1.68
n, (Ng=fixed) 0.9(?) 0.48 0.19 0.98 0.84
Difference -0.53(?)  0.83 0.81 0.88 0.84

4.4 CONCLUSIONS

In this chapter, far-infrared absorption of photon-induced hopping in
compensated p-type Ge at 3 K has been presented for samples prepared by
neutron transmutation doping. Two types of experiments were performed.
In the first, the change in absorption due to different carrier concentrations
with fixed compensation (found to be 0.286 from the time-dependent resistiv-
ity measurement) was investigated. The spectra for samples with (N, — Ny)
ranging from 2.3 to 26x10'® cm™® show a broad absorption with the max-
imum occuring at a frequency between 10 and 24 cm™'. The absorption
coefficient of this maximum ranges between 2 and 87 cm™!. Such absorption
is negligible for the sample with (N, — Ny) = 1.3x10'® cm™2. In the second,
the time dependence of the absorption spectra due to the evolution of the
Ga impurity was investigated. The absorption and the frequency of its maxi-
mum increase asymptotically with respect to time. The maximum absorption
changes from 6.5 to 40 cm™? and the frequency of its maximum changes from
15 to 18.3 cm™! during the post-irradiation period from day 7.5 to 44.3.

From the results of the far-infrared absorption experiments, it is clear

that the overall behavior is consistent with the theory based on the localized
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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 behav-
ior of the experimental spectra due to a change in the majority impurity
concentration. The values of the powers derived from the experimental spec-
tra, in general, agree with those obtained from theory. For example, the
experimental results derived from samples with different impurity concen-
trations, but with fixed compensation show that the frequencies of, and the
absorption coefficient at, the absorption maxima varies with the majority im-
purity concentration as N%37 and N1, These values are close to the values
N§4! and N} obtained from the numerical calculation for n-type Si spectra
based on the Blinowski and Mycielski theory. The slope of the low frequency
spectra varies as N1? at T=3 K which is to be compared with the theoretical
result N3/® obtained at zero frequency and T=0 K. Also, the absorption at
30 cm™! varies as N1 which is compared to the theoretical result of N? at
high frequencies.

Similarly, the results derived from the time dependent absorption
experiments can be fit to the power-law function. The time dependent Ga
concentration is calculated from the known decay process. In this case, the
absorption spectrum changes due to the increasing majority impurity (Ga)
concentration (N,). Comparing the power dependence on N, of a{wmax),
da/dw]iow v, @(30cm™!) 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 absorption coefficient is almost pro-

portional to the concentration of minority impurities because Ng (= KN,)
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is fixed in this case. Once again, this conclusion agrees with the Blinowski
and Mycielski theory based on the localized pair model (see F(Q,r) in Eqns.
(2.13)). It is interesting to note that the power-law functions are fit to the
time dependent absorption spectra whose compensation ratio varies from
K = 0.8 to 0.3. The function F{Q,r) in this case is no longer simply pro-
portional to 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 properties related to the absorption as shown in Table 4.3.

The present spectra are in agreement with previous NTD Ge ab-
sorption 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™!.

A comparison of these results with the theory of Kaczmarek et al.
for p-type materials shows reasonable agreement at low frequencies but even
at these frequencies the predicted absorption coefficient is somewhat too
high. However, this agreement is still quite impressive considering of the fact
that their theory does not involve any adjustable parameters. The agree-
ment is mainly due to the use of the Schechter envelope functions instead of
hydrogen-like functions to describe the ground state of an acceptor. At high
frequencies, there are several discrepancies between their theory and the
present results. The general shapes of the spectra are different; specifically,
the predicted sharp peak is not observed. Part of the difference may be due
to the inadequate description of a hole situated in an intermediate distance

from an acceptor as a result of using the Schechter envelope function.
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Hence, the present work certainly confirms the previous 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 dependence 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 absorption and the absorption is at higher frequencies. It is
speculated that at the high frequency region, the interactions 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, the theory for n-type materials
based on the hydrogen-like function does not agree with the experimental
results discussed in Section 2.4. The discrepancies in both cases between
theoretical and experimental results may have the same 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 extrapolated from the linear fit. It
is found that this value is consistent with the value obtained from the d.c.
resistivity 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

surprising. Some possible explanations are pointed out: (i) the dependence
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of r,, on frequency is weak at low frequencies, 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 com-
plex systems. Based on the results of this research, it is clear that some
work on describing the interactions between acceptors is needed although
the Schechter envelope {unction is certainly a good starting point. Further
theoretical investigations are needed to include the quantum effects which
are important at high frequencies. Further absorption experiments for fre-
quencies 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 understanding may provide some

insight into the fundamental nature of these systems.






Chapter 5

Photothermal Ioniza-
tion Spectroscopy of Selectively
Boron-Doped Ge(x)Si(1-x)/Si
Strained-layer Heterostructures

5.1 INTRODUCTION

Recent progress in high-quality epitaxial growth of Ge,Si(;—x)/Si
strained layers using molecular-beam epitaxy (MBE) has offered the possi-
bility of achieving desirable optical and electronic properties for device ap-
plications [45]. It is well-known that at sufficiently low temperatures, most
of the electronic properties of a semiconductor are determined by shallow
impurities. Thus, a technique which may be 'sed to analyze the composition
of impurities as well as their properties iz desirable. Optical spectroscopy
is the best suited method for such an investigation because highly resolved
spectra can identify different impurities in the samples. In addition, it is
known that the dielectric constant, the anisotropic effective mass tensor and

the band structuce of a material are factors which play & significant role in

83
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the description of the energy levels of an impurity. Therefore, the spectrum
of the excited states of an impurity will provide a lot of information about
the structure of a material. However, optical absorption spectroscopy cannot
be used because of the negligible absorption of such a thin layer.

Photothermal Ionization Spectroscopy (PTIS) [46] is a powerful tech-
nique because it is both sensitive and spectroscopic. As will be briefly dis-
cussed in section 5.2, this technique is well suited for an investigation of
impurities in a thin epitaxial film where the optical absorption is negligible.
In addition, compensating impurities can also be detected by neutralizing
them with band-edge light (kw > Eg,p). In this research, the possibility of us-
ing the PTIS technique to probe the shallow impurities in selectively B-doped
Ge,Sif-y) /81 strained-layer heterostructures is demonstrated.

Three samples, 5211, §222, and 5210, obtained from N. R. C. 1,
consisting of & Ge,Si(;_,) layer sandwiched between undoped Si and heav-
ily B-doped Si layers, were studied using PTIS. The samples’ specifications
are shown in Table 5.1. The general characteristics of selectively-doped het-
erostructures are introduced in section 5.3. The experimental set up used to
perform the PTIS measurements is described in section 5.4. The PTIS spec-
tra presented here are obtained under various experimental conditions: with
and without band-edge light and by varying the temperature of, and volt-
age applied to, the sample. In addition, the transport properties; resistivity,
carrier concentration, and Hall mobility of these samples are investigated.
Since these measurements are not the main focus of this research only the
salient features will be discussed in section 5.5. Sample 5211 displays a two
dimensional hole gas (2-DHG) [47] behavior at the Ge.Si(;_4)/Si interface.

t National Research Council of Canada
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This sample does not show a strong photoresponse. This is probably due to
the number of photogenerated carriers being small in comparsion with the
number of residual hole carriers. Conversely, samples $210 and $222 show a

strong photoresponse. As a result, the PTIS spectra discussed in section 5.6

will concentrate on these two samples.

TABLE 5.1. Structural Data for the Selectively B-Doped GeySi(;_)/Si
Strained-Layer Heterostructures. The following layers were grown on
1 um of undoped Si deposited on the n-type substrate.

Sample Si(B) 8i GesSin—y Si  Si{B) «x
Layer thickness (nm)

52100 510 35 310 65 430 0.04
S211> 150 15 92 25 120 0.087
$222b 150 15 328 25 120 0.046

* Boron dopant concentration 2x107 cm™2.
b Boron dopant concentration 5x10!7 cm™2.

5.2 PTIS TECHNIQUE

What is the PTIS technique? The technique of PTIS involves the
generation of sharp lines in the photoconductive (PC) response of a sample
radiated by FIR radiation as the result of photothermal ionization (PTI) of
an impurity. The PTIS mesurement is performed at low temperature so that
the impurity is not yet thermally ionized to an allowed band. For instance,

the PTI spectra of boron (B} or phosphorus (P} impurities in Si are usually
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Figure 5.1 The two-step ionization process which is the basis of PTI1S. This

figure was adopted from E. E. Haller for a donor impurity [48).
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obtained at a temperature below 28 K. PTIS is a two-step process: the ab-
sorption of a photon causes the transfer of a bound electron or hole from the
ground state to one of the excited states and this is followed by a transfer to
an allowed band by the absorption of lattice phonons as illustrated in Fig.
5.1. This explanation is supported by the temperature dependence of the
spectrum shown in Fig. 5.2a,

To demonstrate the PTIS technique, the Photothermal Ionization
(PTI) spectra for a commercial grade B-doped Si wafer ! are shown in Fig.
5.2a. The spectra were obtained at three different temperatures: 5.6, 12 and
28 K. Different voltages ranging from 2 volts to 10 volts have been applied
to the sample with no significant change except in the overall signal level.
At low temperature such as spectrum no. 1, the low excited states of the
impurities do not show up. However, as the temperature increases, the low
excited states appear and as the temperature increases further, the low ex-
cited states become more prominant as shown in spectrum no. 3. At low tem-
peratures, only photon energies close to the ionization energy of the impurity
will have a photoresponse. Holes in the low lying excited states have no pho-
toresponse because there are few phonons available to excite the holes to the
valence band. However, when the temperature is increased, more phonons are
available and the excited electrons in low lying excited states have a higher
probability of being excited by phonons to the valence band. Therefore, they
will contribute to the photoresponse. The observed beron transition lines are

due to the Py; valence band and are found to be in agreement with results

reported previously {49, 50].

t From a room temperature 4-point probe resistivity measurement, the

net carrier concentration is estimated to be |N, ~ Nqj = 2x10!5 cm 3.
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Figure 6.2 PTI spectra for B-doped Si at various temperatures without
band-edge light: no. 1 at 5.6 K, no. 2 at 12 K and no. 3 at 28 K. The energy
region from 230 to 400 em™! is shown in (a). The observed peaks can be
identified as the boron excited states from the P;/, valence band. The ioniza-
tion energy (L. E. ) of boron in Si is identified. The interference fringes which
are especially visible in the region 375-400 cm™! are due to multiple reflec-
tions of the FIR radiation in the parallel flat-surfaced sample. (b) The PTI
spectra no. 2 and no. 3 in the region from 630 to 730 cm™! are shown. The
observed peaks can be identified as the boron excited states from the Py,
valence band. The PC signal fall-off at higher energy is due to the polyethy-
lene cutoff filter and the strong absorption band in the Mylar beamsplitter

at 725 cm™1, The unit for the photoconductive response is arbitrary.
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The photoreponse of spectra nos. 2 and 3 in the frequency region
from 630 to 730 cm™! is shown in Fig. 5.2b. It is found that the observed
peaks in these spectra correspond to the excited states of the split-off Pz
valence band. The two lines labelled 2p’ and 3p’ are in agreement with pre-
vious absorption experiments [50]. Unlike the transition lines from the Pasz
valence band, these lines are observed at low temperatures and their relative
strengths are more or less temperature independent since a phonon is no
longer needed to excite the excited hole into the valence band.

At this point, it may be useful to investigate the PTI spectrum of the
n-type Si substrate which is used to grow the samples. The impurity concen-
tration of the substrate is estimated from the room temperature resistivity
measurement to be (Ng—N,) & 2x10'* cm~3. Fig. 5.3a shows the photothermal
ionization (PTI) spectra of the substrate, obtained by removing the epitax-
ial layer, for three different temperatures. A comparison of spectrum no. 6
to the well-established spectra of impurity excited states found in bulk Si
shows that the majority impurity is P [48, 50]. Weak peaks are observed in
the spectral range extending from 200 to 270 cm~!. Although, they may be
identified as shallow donors, their origins are not fully understood.

At low temperature, all minority impurities are ionized. It is not pos-
sible to obtain a photoresponse from the ionized impurities. Therefore, the
minority impurities cannot be observed in a PTI spectrum under normal
conditions. However, when band-edge light is used to neutralize the ionized
impurities, the photoresponse from the minority impurities can be observed
[52]. The spectrum in Fig. 5.3b is obtained with additional illumination of the
band-edge light for the same n-type Si substrate at a temperature of 22 K. It

shows positive peaks which are identified as the P impurity states as in Fig.
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Figure 5.3 Photoconductivity spectra for the n-type Si substrate. (a) The
spectra are obtained at various temperatures, without band-edge light and
applied voltages between 2 and 3 volts: no. 4 at 6.2 X, no. 5 at 10.0 K and
no. § at 25 K. The expanded portion of no. 6 between 200-270 em~! shows
the presence of two shallow donors. (b} The spectrum no. 7 is obtained in
the presence of band-edge light at 22 K and an applied voltage of 0.5 V. The

unit for the photoconductive response is arbitrary.
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5.3a. However, there exist a series of negative peaks, which are usually associ-
ated with compensated impurities as reported previously [49, 52]. That is, in
PTI spectra, the minority impurity usually appears as a negative PC reponse
(i.e. negative photoconductivity). The cause of this phenomemon is not yet
settled. However, it was first suggested that the enhancement of electron-hole
recombination from the compensated carriers causes this effect [52]. Recently
some alternate models have been developed for PTIS under band-edge light
illumination [53, 54]. Ey comparing the known impurity transition lines with
these negative peaks, it is voncluded that the dominant minority impurity in
the substrate is B. There is a strong photoresponse in the region between 310
and 320 em~! for which the origin has not been determined. Thus, through
the use of band-edge light, the PTIS can probe both majority and minority
impurities in a sample.

PTIS provides a very sensitive measurement of the excitation energies
of various impurities in semiconducting materials. It has been shown {46] that
the PTI response is proportional to the relative change of the carrier concen-
tration [46], but not on the total number of photothermally ionized carriers.
Therefore, its sensitivity does not depend on the concentration of impurities
in the sample. PTIS can be performed on a sample with negligible absorption.
In theory, impurity concentration as low as 1 impurity in 10!¢ atoms of Ge
can be detected. Similarly, one can conclude that the photoresponse depends
on the relative change of conductivity under FIR illumination, but does not
depend on the thickness of the sample. Therefore, PTIS provides the oppor-
tunity to probe extremely thin films in which optical absorption is negligible.
It has been used successfully to investigate impurities in n-type gallium ar-

senide epitaxial films grown on high-resistivity substrates (46]. Besides the
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excellent sensitivity of the PTIS technique, it has been demonstrated that
the highly resolved spectra can identify different impurities in the materials.

5.3 SELECTIVELY BORON-DOPED Ge,Si(;-y)/Si STRAINED-
LAYER HETEROSTRUCTURES

The samples have the usual physical structure of selectively doped
single quantum wells [55]. These samples (5211, $222, and S210), which
consist of a Ge,Si(;_,) layer sandwiched between undoped Si and heavily B-
doped Si layers, were grown on an n-type (100)-5i substrate. The samples’
specifications are described in Table 5.1.

The Ge,Si(y-x strained layer has a smaller band gap than that of the
Si layer {45]. The band-gap in the Ge,Si(;—y) strained layer is determined by
the Ge content, x, as shown in Fig. 5.4a. It has been shown that the band-
gap discontinuity in the Ge,Si(;-,)/Si interface occurs mainly in the valence
band. If the acceptor energy in the Si layer is above the edge of the valence
band of the Ge,Si(,_,) layer, then the alignment of the Fermi levels in an
equilibrium state requires that the holes diffuse from the Si to the undoped
GexSif1-x) layur. This results in a negatively charged depletion region in the
Si layer. At the interface, on the Ge,Si(;_y) side, the transferred holes provide
the positive charge required to balance the negative charge in the Si layer.
The space charge localized near the heterojunction sets up a very strong elec-
tric field which in turn causes pronounced band bending, particularly in the
GexSi(1-x) layer. This is shown in Fig. 5.4b. Such strong band bending forms
a quasitriangular potential well in the Ge,Sijz_x) layer which will confine the
holes. The effective thickness of the triangular potential well iz substantially

less than the carrier de Broglie wavelength. Consequently, the holes in this
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quasitriangular potential well will behave dynamically as a two-dimensional
hole gas (2-DHQG).

It has been observed that the hole mobility is greatly enhanced in
selectively-doped heterostructures at low temperatures. It is known that ion-
ized impurity scattering is the dominant limitation on carrier mobility, par-
ticularly at low temperatures. However, the hole carriers in the GeySi(1—x)
layer are spatially separated from the ionized acceptors in the Si layer by
the undoped Si layer resulting in a significant reduction in ionized impu-
rity scattering, thus improving low temperature mobility. It will be shown in
section 5.5 that if the discontinuity in the valence band edge is sufficiently
large, then the hole carrier concentration does not show the usual freezeout
behavior of doped semiconductors at low temperatures. This is attributed to
the existence of lower energy states in the GeyxSi(1_x) layer than the boron

energy states in the Si layer.

5.4 EXPERIMENTAL

In order to perform these measarements, it is necessary to attach
ohmic contacts to the samples. This is achieved by evaporating two strips of
metal onto the surface of the sample. The size of the gap between the strips
is approximately 1.05 mm. Al contacts are used for the selectively B-doped
GeySi(1-x)/Si epitaxial layer and B-doped Si, while a Au-Sb alloy (with 0.1%
Sb) contacts are used for the n-type Si substrate [33]. After evaporation,
the sample is placed into a furnace preheated to approximately 200 °C. The
temperature is then increased to 550 °C for the Al-Si contacts and 400 °C

for the Au-Sb-Si contacts. After 10 %o 15 minutes, the annealing process is
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Figure 5.4 (a) The energy gap for the Ge,Si(,_4) strained layer grown on a
Si(001) substrate for different contents of Ge, x. The data was obtained at
90 K. The double points at the same x value correspond to a splitting of the
upper (J = 3/2) valence band. The unstrained bulk alloy data are also shown.
(b) Typical band diagram for selectively p-doped Ge,Si(;x)/Si strained-layer
heterostructures having x = 0.2. Both diagrams have been adopted from a

paper by R. People [45].
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terminated by allowing the sample to cool to room temperature. The sample
is exposed to flowing argon gas during the entire annealing process,

The PTIS spectra are obtained by using a far-infrared Michelson
interferometer with a resolution of 1 cm~!. The radiation leaving the inter-
ferometer enters a cryostat manufactured by Infrared Laboratories Inc. (see
Fig. 3.2), wherein the bolometer is replaced by the sample being investigated.
The light is focused onto the sample by a parabolic cone with an exit aper-
ture of 2.2 mm. The light source and filtering are dictated by the experiment.
The spectra without band-edge light are obtained using either a mercury-arc
or a tungsten halogen lamp with an ac power supply in conjunction with
a cold black polyethylene cutoff filter. When band-edge light is present, an
unfiltered tungsten halogen light source with a dc power supply is used. The
leads are attached to the sample with silver paint. The temperature of the
sample is adjusted with a constantan wire heater. It is monitored with a

silicon diode temperature sensor placed in thermal contact with the sample.

5.5 TRANSPORT PROPERTIES

The transport properties of these samples were investigated by Hall
measurements using the standard van der Pauw technique. Fig. 5.5 shows
the temperature dependence of the resisitivity (a), sheet carrier density (b)
and Hall hole mobility (c¢) of samples $S210, 5211 and 5222. From this figure,
it is evident that sample S211 exhibits, (i) a sheet carrier density which does
not exhibit the usual freezeout behavior but instead saturates at a level of
6x10!* cm~? at 4.2 K, (ii) a peak Hall mobility of 720 cm?-V~!.5~!, which is
anomalously high for a dopant level of 10!® cm~3 found in bulk Si, and (iii)

the absence of a strong fall-off in mobility at low temperatures due to ionized
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Figure 5.5 Transport properties for samples 5211, 5210 and $222: (a) re-
sistivity vs 1000/temperature, (b) sheet charge density vs 1000/temperature
and (c) Hall hole mobility vs temperature. Note that only S211 demonstrates

a 2-DHG behaviour.
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impurity scattering. This behavior is consistent with the presence of a two-
dimensional hole gas (2-DHG) at the Ge,Si(;_)/Si interface as discussed in
section 5.3.

From the low temperature mobility of sample S211, it is concluded
that its mobility is limited by =~ 10'%:m~? ionized impurities in the Ge,Si(;_y
alloy layers [56]. At room temperature, the mobility of this sample is only 60
em?.V=1.571, This is similar in character to degenerate bulk Si with a B dopant
concentration of 1.5x10!® cm~3 [57]. However, the behavior of this sample is
not identical to degenerate Si. For instance, the temperature dependence
of the resistivity of degenerate Si is not the same as that for sample $211
shown in Fig. 5.5a. From the linear part (T < 100 K) of the semilog resistivity
dependence of the inverse temperature plot of Fig. 5.5a, the activation energy
of the acceptor in §211 is estimated to be 17 meV, which is radically different
from the ionization energy of boron (45 meV). The presence of this low
activation energy and the low mobility at high temperatures suggests that the
conduction in Ge,Si(;_, alloy layers is significant even at high temperatures.
It is found in Takeda et al. [56] that the mobility is lower in Ge,Si(,,) alloys,
for all compositions and temperatures. The lower activation energy for the
acceptor can probably be explained by the existence of lower energy states
in the Ge,Si(;_) layer which arise from the differences in the energies of the
valence bands (AE,).

The other two samples, $222 and S210, show the characteristics of
- compensated bulk Si with a dopant concentration of = 5x10'7cm=3 [57]. The
sheet charge densities of these two samples exhibit a usual freezeout behavior
as shown in Fig. 5.5b. The hole mobilities of samples S210 and S222 exhibit

temperature dependences of ~ T-1¢ and = T~ for T > 140 K respectively.



This temperature dependence is very similar to that of p-type Si with a
impurity concentration of 10'" cm=3 {57]. As shown in Fig. 5.5¢, The Hall
mobility falls from a peak value of 450 cm?-V~!.5~1 at 90 K to a value of 100
em? . V=1.5-1 at 30 K. At this point, The Hall mobility experiences a rapid
decline as the carriers freeze out and for temperature below 30 K the hopping
mechanism is the main source of conduction. From the linear part (for T < 30
K) of the semilog resistivity dependence of the inverse temperature plots of
Fig. 5.5a the activation energies for the hopping conductivity are estimated to
be 5.9 mev and 5.4 mev for S210 and $222 respectively. These values indicate
that the hopping conductivity occurs for an impurity concentration of the
order of = 10'7 em~3. The acceptor activation energies for samples 5222 and
S210 are also estimated from Fig. 5.5a to be 42.1 and 46.7 mev respectively.
These values are close to the ionization energy of boron impurities in Si.

The Ge content, x, in samples S211, 5222 and S210 is 0.087, 0.046
and (.04 respectively. The relation describing the valence band discontinuity
[45],

AE, = 0.74x, (5.1)

gives (AE,)’s of 64.4, 34.0 and 29.6 mev. Only sample S211, which exhibits
the 2-DHG behavior, has a AE, larger than the ionization energy of B. The
lack of 2- DHG behavior for the two samples $222 and $210 can be attributed
to the small AE, in comparison with the ionization energy of B. The fact
that the activation energies are inversely proportional to AE, demonstrates

that the conduction in the Ge,Si(;x) layer is significant.
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5.6 PTIS OF GexSi(l_x)/Si

PTI spectra for the Ge,Si(;)/Si strained-layer heterostructure sam-
ples are presented in this section. It is found that sample $211, which displays
a 2-DHG behavior, does not show a strong photoresponse. This is proba-
bly due to the number of photogenerated carriers being small in comparison
with the number of residual hole carriers. Conversely, samples §210 and 5222
show a strong photoresponse. As a result, the PTIS spectra presented here
will concentrate on these two samples.

Figure 5.6 shows the PTI spectra of sample S210, at a temperature
of 9.8 K, in the absence of band-edge light for two different applied voltages
(5.3 and 10.5 V). It is striking to note the vast differences between the two
spectra. It is found that the positive peaks in spectrum no. 8 can be identified
as P transitions lines. By comparing this spectrum with spectrum no. 5 in
Fig. 5.3a for the n-type substrate, it is found that they are similar. Therefore,
it is concluded that the photoresponse from the n-type substrate dominates
the resulting spectrum. However, as higher voltages are applied, these P
transition lines appear as negative peaks in the PC continuum as shown in
spectrum no. 9. As will be discussed, this PC continuum is in fact from the
PTI of the impurity in the epitaxial layer, particularly from the B-doped
Si layer. Thus, it is concluded that the photoresponse is dominated by the
substrate for low applied voltages.

To understand the above phenomena, the structure of the sample
and how the electrical contacts are made for the PTIS measurements need
to be discussed. The epitaxial layers, which are p-type, were grown on n-

type Si substrates. Ohmic contacts are made to the p-type epitaxial layer,
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Figure 5.8 PTI spectra for sample S210 at a temperature of 9.8 K, without
band-edge light, for two different applied voltages: no. 8 with 5.3 V and no.
9 with 10.5 V. The known excited states of P and B in bulk Si are shown.
The relative photoresponse signal has been multipied by 20 in spectrum no.
5. The PTI spectrum no.2 of B-doped Si is also shown for comparsion with
spectum no. 3. Spectrum no. 2 has been adjusted so that its photoresponse
in the region of the ionization energy (I. E.) of boron in Si is approximately

matched to that of spectrum no. 9.
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and since the substrate is n-type. any current Howing through the substrate
will "see” a P-N-P structure. This will seriously limit the amount of current
flowing through the substrate. It is well known that the photoresponse is
proportional to the drift velocity of the excited charge carriers. For a low ap-
plied voltage, the induced electric fields in the epitaxial layer and substrate
are both small. However, the carrier mobility in the substrate is much higher
than that in the epitaxial layer because it is lightly doped. Hence, the excited
free carriers in the substrate will have a higher drift velocity and this will
result in a larger photoresponse. Increasing the applied voltage has a much
smaller effect on the substrate due to the blocking contact in the reverse-
bias P-N junction. On the other hand, increasing the applied voltage has a
substantial effect on the epitaxial layer, which has ohmic contacts. As the ap-
plied voltage increases, the drift velocity of the excited carriers also increases.
Thus, at a sufficiently high voltage, the photoresponse in the epitaxial layer
will dominate the resulting spectrum. Spectrum no. 9 exhibits this behavior,
since the effects of the boron impurity in the epitaxial layer overshadows
those of the phosphorous majority impurity in the substrate. The negative
peaks, which can be identified as excited states of P, are probably due to a
photoresponse from the substrate. That is, the photoresponse of the P impu-
rity in the substrate behaves like the photoresponse of a minority impurity
of a sample with band-edge light. Another mechanism, which will increase
the photoresponse in the epitaxial layer when the applied voltage is high, is
impact iouization. This will be dicussed later.

Fig. 5.7 shows the PC spectra for sample $222 at a temperature of
6.7 K withcut band-edge light, for two different applied voltages (8.4 and 20

V). These spectra are similiar to spectrum no. 9 in Fig. 5.6, in that the P
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Figure 5.7 DTI spectra for sample S222, at a temperature of 6.7 KX, without
band-edge light, with two diffcrent applied voltages: no. 10 with 8.4 V and

no. 11 with 20 V. The known excited states of P and B in bulk Si are shown.
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transition lines appear as negative peaks in the PC continuum of B. In fact,
when the applied voltage is low, sample 5222 behaves in the same manner
as sample S210, whereby the substrate dominates the photoresponse. There
are some interesting features which appear in these low temperature spectra
(nos. 9, 10, 11). First, the PC continuum of these spectra develops at much
lower frequencies compared with the typical response of B or P impurities in
Si. For instance, the PC continuum starts at a lower frequency for spectrum
no. 9 than that of spectrum no. 2 for the B-doped Si sample as shown in Fig.
5.6. Second, the relative response for the region between 340 and 360 cm™!
increases as the applied voltage increases as demonstrated in Fig. 5.7. Third,
the intensities of the excitation lines increase as higher voltage is applied as
shown in Fig. 5.7.

The influence of an electric field on the line intensity in PTIS has
been investigated previously [58]. It is found that the impact jonization of
the optically excited impurity atoms plays an important role in the pho-
toresponse; the intensities of the excitation lines increase as higher electric
fields are applied. As shown in Fig. 5.7, the impurity whose photoresponse
dominates the PC continuum in spectrum no. 10 cannot be easily identified;
however, as higher voltage is applied, as in spectrum no. 11, some positive
peaks (for instance, 7, 9, 10 states) can now be identified as B excitation
states.

The photoimpact mechanism cani.ot account for the PC continuum
originating at lower frequencies. It was shown in section 5.5 that the valence
band discontinuity, AE,, will lower the activation energy. The PC continuum
starting at a lower energy is consistent with this behavior. The lower PC

continuum may also demonstrate that some of the free holes generated in
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Figure 5.8 PTI spectra for sample S222, at a temperature of 20.0 K, with
band-edge light and three different applied voltages: no. 12 with no applied
voltage, no. 13 with 0.24 V and no. 14 with 2.0 V. The known excited states

of P and B in bulk Si are shown.
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the B-doped epitaxial layer will go to the Ge,Si(1_x)/5i interface because of
the lower energy states. These carriers will make & significant contribution to
the PTI spectra because of the much higher mobility in the GexSi(1-x)/Si layer
as discussed in section 5.3. The strong electric field dependence between 340
and 360 cm~! may be due to the fact that the hot carriers assist the optically
excited impurity holes in tunnelling through the potential barrier in the Si
layer. Another possible explanation is that the strong electric field may lower
the effective potential barrier in such a way that the optically excited holes
will tunrel through this barrier with higher probability.

Figure 5.8 shows the PTI spectra of sample $222 at a temperature of
20 K in the presence of band-edge light for three different applied voltages
(0.0, 0.24, and 2.0 V). 1t is interesting to note that spectrum no. 12 was
obtained without an applied voltage. In fact, it was found that all of the
GexSi(1-x)/Si epitaxial samples exhibited a photovoltaic response, whereby
a photovoltaic potential is geperated when the sample is illuminated with
band-edge light. The cause of this effect is uncertain. It may be related to
the inhomogeneity of the epitaxial layers, and the P-N junction between
the B-doped layer and the n-type substrate or between the B-doped layer
and the non-intentionally doped layer which may be n-type. The photovoltaic
potential is around 130 mV when the sample is illuminated with the tungsten
halogen lamp from the spectrometer for temperatures between 6 and 20 K.

In spectrum no. 12, the positive peaks are identified as P transition
lines, whereas the negative peaks are identified as B transition lines. Com-
paring this spectrum with spectrum no. 7 of Fig. 5.3b, it can be concluded
that the photoresponse is mainly due to the substrate. However, when a

small voltage is applied, the P peaks are reversed as shown in spectrum no.
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13. A higher applied voltage will intensify the P and B transition lines as
shown in spectrum no. 14. It is concluded that the PC response of the last
two spectra is dominated by the epitaxial layer. Unlike the response without
band-edge light, a large applied voltage is no longer needed to produce a
PC response which is dominated by the epitaxial layer. This behavior may
result for two possible reasons. First, it is known that the carrier mobility is
limited by ionized impurities at low temperatures [32, 24], the neutralization
of ionized impurities will substantially improve the carrier mobility in the
epitaxial layer relative to the substrate. This results from the fact that the
substrate has a lower concentration of impurities than the epitaxial layer.
Second, the absorpticn coefficient of Si is large (10° to 104 cm~1) [59] for pho-
ton energies (1.8 to 2.5 eV) which comprise the band-edge light. Most of the
band-edge light will be absorbed in the epitaxial layers; therefore, there is a
carrier concentration gradient across the sample. This will substantially re-
duce the resistance in the epitaxial layer, while having a smaller effect on the
substrate. The low resistance region will dominate the PC response. Thus,
the presence of band-edge light will make it easier for the epitaxial layer to
dominate the PC response. Sa:rlxple 5210 exhibits a similar respor.se under
similar experimental conditions. From this analysis, it is concluded that B
and P are the dominant majority and minority impurities in the epitaxial
layers. Table 5.2 lists the B and P transition lines observed in sample 5222
with the band-edge light. In comparison with the known transition lines in
bulk Si, they correspond to the same energies within the experimental un-

certainty. This indicates that the free carriers are mainly generated in the

unstrained heavily B-doped Si epitaxial layers.
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TABLE 5.2. Boron and phosphorus excited state energies (cm=') observed
when the PTIS spectra are obtained with band-edge light.

Boron (B) (cm™!) Phosphorus  (P) (ecm™!)
Energy  This  Literature Energy This Literature
Level  work value® Level work value®

2 277.8 278.39 2p, 275.08
3 309.7 309.51 2py 315.8 315.93
4 319.6 319.37 3po 323.5 323.40
4A 320.05 3d, 337.8 337.6°
4B 321.87 4p, 340.87
5 335.1 334.38 3pz 342.2 342.38
6 340.0 340.01 4f, 348.77
7 3444 344.74 4py 349.9 349.87
8 349.0° 4, 352.2 352.27

9 353.3 353.70 5f, 354.33¢
10 357.1 357.4° 5p+ 355.5 355.77
5ty 357.36
6p+ 358.8 358.78
6ha 360.4 360.70

2 From ref. 49 unless otherwise noted.
b From ref. 50.
¢ From ref. 51.

5.7 CONCLUSIONS

The transport properties of the selectively boron- doped Ge,Si1-x)/Si
strained-layer heterostructrures have been presented. The effects of Ge con-
tent, x, in the Ge,Si(;_) layer have been demonstrated. It is concluded that

the conductivity in this layer is significant; however, a large x is needed
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to make the layer’s conductivity play the dominant role and to ensure the
presence of a 2-DHG behavior as exhibited by sample S211.

Far-infrared PTIS has been used to investigate the impurities of sam-
ples, 5210 and 5222, which do not show 2-DHG behavior. A comparison of
the PTIS spectra of these samples to that of the underlying substrate re-
veals that the photoresponse from the substrate is dominant at low applied
voltages. It is clear that a high purity substrate is desired if a photoresponse
from the substrate is to be avoided. As the applied voltage is increased, the
response from the epitaxial layers becomes evident. It was found that the ex-
cited impurity states in the epitaxial layer have the same energies as B or P
impurities in bulk Si. Therefore, it is concluded that the majority impurity is
identified as the intentional dopant boron while the dominant minority impu-
rity is phosphorus. These results also indicate that the excited carriers come
from the heavily B-doped epitaxial Si layers which are not strained. It was
noted that the PC continuum starts at a lower energy region compared with
bulk Si. This probably arises from the effects of AE, and the importance of
the PC response from the carriers conducted through the strained layer which
has a much higher mobility . The stong voltage dependent photoresponse in
the epitaxial layer is mainly attributed to a photoimpact mechanism.

In conclusion, the possibility of using the PTIS ‘technique to probe
the impurities in an epitaxial layer has been demonstrated. The impuri-
ties in the strained-layers have not been observed in these samples because
the strained Ge,Si(;_) layers were not intentionally doped. They have much
smaller absorption compared to the heavily B-doped layers; therefore, their
PC response is not significant. However, further use of this technique to in-

vestigate the impurities in the strained Ge,Si(;) layer is important, since
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the excited impurity states often provide important information, such as the

band structure of a material,









Appendix A

Schechter Envelope Functions

With the approximation of infinite spin-orbit splitting which is good
for Ge, the acceptor wave functions have the form:

4

$u(r) = 3 Fh(r)ee(r), (A1)

p=1
where p refers to the u-th degenerate state of the acceptor level and p refers to
the p-th degenerate band. ¢p(r) are the Bloch wavefunctions at the top of the
valence band, Fj(r) are the solutions of the effective-mass equations. These
envelope functions Fh(r) for the acceptor ground state were first obtained by

D. Schechter in the following form:
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The parameters ¢;, c3, ¢3, r1 and ry are obtained using the standard varia-
tional procedure. The values of the parameters for p-type Ge are listed in
Table A.1.

TABLE A.l. Values of the Parameters for Ge.
n 2 G C2 c3
() (&) 10%m=32 10%em~"/? 10%cm~7/2

244.0 344 1.67 -2.15 4.68
b37.8 29.9 2.088 -2.60 7.85
2see Ref. 24

see Ref. 44
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