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The detection of possible fractional-charge impurities (FCI’s) in semiconductors with photo-
thermal ionization spectroscopy (PTIS) at low temperatures is analyzed. Existing formulas for the
PTIS signal strength and for the minimal concentration of normal shallow majority impurities,
detectable with PTIS, are extended to the case of majority FCI’s. Account has been taken of semi-
conductor material constants, as well as temperature, background radiation, and degree of compen-
sation. A conventional experimental setup for the detection of normal shallow impurities with PTIS
is described. It is shown that this configuration can detect down to 10’ FCI’s cm ~>—if present—in
ultrapure germanium, depending on the concentration of minority impurities. Modifications to the
experiment are proposed which release this dependence and which lower this limit down to 10°
cm™3, i.e., one fractional charge per 10'° nucleons. From measured PTIS spectra of an ultrapure Ge
sample it is deduced that the sample contained less than about 1.5 10! cm~? acceptorlike FCI’s.

I. INTRODUCTION

In 1964 Gell-Mann'! and Zweig? independently suggest-
ed that particles with fractional charges—called quarks by
Gell-Mann—might be the basic constituents of nucleons.
The quark model provided the impetus for numerous ex-
perimental searches for free quarks, reviewed, e.g., by
Kim,? Jones,* Lyons,® and Marinelli and Morpurgo.®
Quantum chromodynamics, however, postulates that free
quarks do not exist in nature but are confined in colorless
neutral triplets (for a review on confinement see, e.g., Ref.
7). In the literature many speculations about fractionally
charged particles other than free quarks have appeared,
such as, e.g., diquarks,® constituents of quarks and lep-
tons,”~!! and hadronic color singlets.lz’13 In 1977 LaRue,
Fairbank, and Hebard'* reported the first successful ob-
servation of third-integral charges on superconducting
niobium balls. The technique applied was a modification
of the original Millikan oil-drop experiment.!> After their
publication, suggestions in the literature about possible
systematical errors were ruled out by additional measure-
ments, confirming their original results.'® But up to now
they are the only group that claims to have observed frac-
tional charge. Therefore, it may be desirable to check
their results in a different experimental environment.

Fractional charge in stable matter may be found in the
form of fractionally charged atoms. These atoms then are
composed of a central nucleus of small size with positive
fractional charge surrounded by a cloud of electrons of
normal atomic dimensions.!” This central nucleus may be
a single fractionally charged particle or a fractionally
charged particle attached to a conventional nucleus. Such
fractionally charged particles could, for example, be free
quarks which were left over from the “big bang.”'>!7—1°
As put forward in 1980 by Chaudhuri, Coon, and Derk-
its,?0 fractional charge may be found in semiconductors in
the form of fractional-charge impurities (FCI’s) which
should behave much like shallow donors or acceptors.
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Looking at semiconductors has the advantage that much
knowledge exists about its crystal growth, characteriza-
tion techniques, and impurities. In addition, the shallow
donor and acceptor energy levels of such FCI’s are calcul-
able.?°

FCI’s, if present, can be expected to manifest them-
selves in very low concentrations. For the detection of ex-
tremely low concentrations of normal shallow donors and
acceptors, photothermal ionization spectroscopy (PTIS)
has proved to be a very sensitive technique. This tech-
nique, also called photoelectric spectroscopy, was original-
ly developed by Lifshits and Nad’ in 1965.*' Extensive re-
views on PTIS and its application to ultrapure germanium
have been given by Kogan and Lifshits,> and Haller,
Hansen, and Goulding.23 Whereas conventional absorp-
tion spectroscopy fails to detect impurity concentrations
below 10'® cm—3, PTIS has demonstrated its usefulness
even for impurity concentrations down to 108 cm 3. For
that reason the application of PTIS in the search for
FCU’s, first proposed in Ref. 20, seems a very straightfor-
ward idea. Using PTIS has the advantage that it can also
give an estimate for the concentration of FCI’s, if present,
whereas a Millikan type of experiment can only prove the
existence of fractional charge.

The nature of FCI’s in semiconductors and the shallow
energy levels associated with them will be discussed in
Sec. II. In addition, the influence of the chemical history
of a sample on the occurrence of the FCI’s is discussed.
Kogan and Lifshits?? analyzed the PTIS method for nor-
mal impurities only. The main results of an extension of
this analysis to FCI’s are given in Ref. 24. A more de-
tailed treatment of this extended analysis will be given in
Sec. III, where we will follow closely the notations of Ko-
gan and Lifshits. The influence of temperature, back-
ground radiation, and degree of compensation is discussed
in detail for a semiconductor with one type or two types
of majority impurities. An expression for the minimal
detectable concentration of FCI’s will be given for a semi-
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conductor with one type of majority impurity. In Sec. IV
the experimental arrangement necessary for PTIS is
shown and the results of a search for FCI’s in one particu-
lar sample are given. In Sec. V we shall calculate the
lower limit on the concentration of detectable FCI’s with
this particular experimental setup. In addition, we shall
discuss the modifications of the experimental arrange-
ment, which makes it possible to detect FCI’s with the
same sensitivity as fractional charges were detected in the
successful experiment of LaRue, Fairbank, and Hebard.

II. FCI’'S IN SEMICONDUCTORS

An impurity in a crystal is by definition any element
which deviates from the regularly ordered building blocks
constituting the crystal lattice. If such an element has a
net fractional charge we will call it an FCI. An FCI, if
existing, is thought to consist of a fractionally charged
nucleus surrounded by an electron cloud of ordinary
atomic dimensions.!” This nucleus can be a single particle
of positive fractional charge, or a fractionally charged
particle bound to strongly interacting particles with a re-
sulting net positive charge. The size of such a composite
nucleus is much smaller than the Bohr radius of the elec-
tron, if one assumes that the fractionally charged particle
has a mass much larger than that of an electron and that
its nonelectromagnetic interaction with nuclear matter is
negligible at atomic distances.” The nature of such a
fractionally charged particle is not necessarily a single
quark, but might also be a diquark,® a constituent of
quarks and leptons,’~!! or a hadronic color singlet.!>!3

FCI’s can in principle be present in all types of solids.
Following the proposal of Chaudhuri, Coon, and Derk-
its?® we will focus our attention on FCI’s in semiconduct-
ors. FCD’s, if present, are expected to manifest themselves
in very low concentrations only. The characteristics of
impurities in very low concentrations in semicon-
ductors—especially tetrahedral structures such as, e.g.,
germanium, silicon, and gallium arsenide—are well
known. Impurities in semiconductors are very sensitive to
crystal treatments such as, e.g., the chemical-purification
process (that discriminates against ions, which FCI’s al-
ways are), zone refining, and crystal growth. The chemis-
try of fractionally charged atoms has gained much in-
terest.!2>2% Lackner and Zweig!"?* composed a periodic
table for elements of third-integral charge with values for
chemical factors such as electronegativity, oxidation num-
bers, and crystal radii. Chaudhuri, Coon, and Derkits?’
deduced segregation coefficients of FCI’s with hybridized
sp3 bonds in tetrahedrally coordinated crystals, such as,
e.g., Ge, Si, and GaAs. A segregation coefficient can be
used to describe the distribution of impurities in a crystal
after growth from the melt or after zone refining. This
coefficient k° is the ratio of the concentration of an im-
purity in the just solidified material and the concentration
in the remaining liquid during nonequilibrium solidifica-
tion. A value of k° of the order of 1 indicates that impur-
ities most likely survive these selective processes. A value
of k%> 1 for a particular impurity offers the possibility to
enrich a sample with this type of impurities. For exam-
ple, for germanium as a semiconducting host material,
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Chaudhuri et al. found several possible FCI's with
k°>0.1 in the second, third, and fourth row of the
Periodic Table. In the second row the nuclear charge of
such FCI’s should equal that of a boron atom *+e. For
instance, quark-nucleon complexes consisting of a com-
bination of a Be nucleus (positive charge 4e) with a u
quark (%e), a B nucleus (5e¢) with a d quark (—+e), a B
nucleus with a d quark (+e), and a C nucleus (6e) with a
7 quark (—%e) would obey this demand. In the third
and fourth row the FCI’s should have nuclear charges be-
tween those of Al and P and of Ga and As, respectively.
Of the FCI’s mentioned several even have a value for k°
substantially higher than 1. This means that such
FCI's—if present in a Ge ingot—would be retained during
the zone-refining process, and be concentrated in the top
of the crystal after growing from the melt. In an earlier
paper®® Chaudhuri et al. also suggested that, in view of
the high diffusion rates of interstitial H, He, and Lit in
common semiconductors, small FCI’s could be introduced
from FCI-rich contiguous matter by standard doping and
drifting techniques.

Many of the FCI’s with k°>0.1 are situated in the
Periodic Table between the columns of the conventional
shallow donors and acceptors of the semiconducting host
material. Such FCI’s can be expected to give rise to local-
ized, shallow donorlike or acceptorlike energy states.
Shallow donors and acceptors energetically resemble an
isolated atom, consisting of an electron bound in the
Coulomb field of a nucleus with charge Ze (—e is the
charge of an electron). Such an isolated atom gives rise to
a hydrogenlike energy-level scheme with an ionization en-
ergy E, z given by
2

’ (1)
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m
2
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where m is the rest mass of an electron, €, the permittivi-
ty of free space, and 7 is Planck’s constant divided by 2.
In a semiconductor an electron (or hole) is bound in the
Coulomb field of a localized donor (or acceptor) impurity
similarly. This idea was worked out in the effective-mass
theory originally developed by Kittel and Mitchell?® and
Kohn and Luttinger.” Replacing the mass of the free
electron with an appropriately averaged effective mass m*
and taking into account the dielectric constant € of the
semiconductor, one obtains as a good estimate for the ion-
ization energy
E 3
iz= ‘m;‘;l;EO,z . )

The associated Bohr radius is enlarged by a factor
(m /m*)e with respect to that of a hydrogenlike atom. In
this context Z denotes the difference in valence of the
donor (acceptor) impurity and the atoms of the host ma-
terial. In germanium, for instance, this leads to an ioniza-
tion energy of about 10 meV for shallow (i.e., Z=1)
donors and acceptors, a value more than a thousand times
smaller than the ionization energy of a hydrogen atom
(13.6 eV). The quark-nucleon complexes in germanium
with a d quark attached to a Ge nucleus and a d quark at-
tached to an As nucleus were examples of Z =+ and
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= % donorlike FCI’s, respectively. Similar combina-
tions of a u quark with an Al nucleus and of a # quark
with a Ge nucleus are examples of Z = % and % acceptor-
like FCT’s, respectively.

The energy-level schemes of shallow donorlike and ac-
ceptorlike FCD’s are calculable. The excited states of nor-
mal (Z =1) shallow donors and acceptors are described
quite well by the effective-mass theory.*® This is because
in these states the bound electron or hole moves through a
volume much larger than that occupied by the central im-
purity and it “feels” mainly the valence charge Z. For
Z =+ or + FCI’s this argument is even stronger, since
the size of the wave functions of the corresponding states
is larger. For the lowest states of normal shallow donors
and acceptors central-cell corrections are necessary,’® but
these will again be less for the Z =+ or + FCIs. As
pointed out in Ref. 20, the binding energies in the energy-
level schemes of normal (Z =1) shallow donors are re-
duced by a factor of Z2 for Z =+ or + donorlike FCI’s.
In addition, the multivalley orbit ground-state splitting is
reduced by a factor of Z*. In semiconductors such as Ge
and Si the ground-state level of normal (Z =1) acceptors
is not splitted because of the single (degenerate) band ex-
tremum at wave vector k=0. As an illustration, Fig. 1
shows the energy-level schemes for acceptorlike FCI’s and
the shallow boron acceptor in germanium. The binding
energies of the FCI’s are deduced from those of the boron
acceptor by means of Eq. (2). The notation for the energy
levels has been taken from the corresponding spectral
transition lines, as given by Haller and Hansen.*!
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N
"
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FIG. 1. Energy-level schemes for two acceptorlike FCI’s and
a normal shallow acceptor in germanium. The nomenclature
has been taken from Ref. 31.
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III. ANALYSIS OF DETECTION OF FCI’'S
BY PTIS

A. The critical concentration B/a

PTIS is a spectroscopic technique which measures the
change in electrical conductivity of a semiconducting
sample, caused by a change in number of free electrons
(holes) in an energy band due to ionization of a donor (ac-
ceptor) in a two-step process. The bound electron (hole) is
raised from the ground state to an excited state by the ab-
sorption of a photon and is subsequently thermally pro-
moted into the conduction (valence) band. The PTIS
spectrum of an impurity consists of a series of photocon-
ductivity peaks, situated on the low-energy side of a broad
continuum. This continuum originates from direct opti-
cal ionization of a donor (acceptor).

Detailed understanding of the PTIS signal formation
first of all requires knowledge of the occupation of the
ground state of impurities. Moreover, the number of
equilibrium free carriers in the band should be known, as
well as the time response of this system of free carriers
after the injection of additional free carriers. The relevant
processes depend on temperature, background radiation,
and degree of compensation.

Consider a semiconductor with free carrier concentra-
tion n and one type of majority impurity with concentra-
tion N. Let N° and N’ denote the concentration of neu-
tral and ionized majority impurities, respectively, and KN
the concentration of compensating minority impurities,
where K is the degree of compensation; then this system is
described by the set of rate-of-change equations

%:fﬂv(’—anz\f",

, 3)
dn __ dN° _dN’
dt~ dt  dt

Here S is the coefficient of impurity ionization by thermal
phonons and by background radiation, expressed in units
of sec™! and a is the trapping rate coefficient expressed in
units of cm3sec™!. In equilibrium, expressions can be de-
rived for N°, N, and n, containing terms K, N, and B/a
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FIG. 2. Normalized occupation of the ground state of a ma-
jority impurity as a function of N/(B/a) for the situation of
one type of majority impurity for the two limiting cases of com-

pensation.
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FIG. 3. Normalized concentration of free majority carriers as
a function of N /(B/a) for the situation of one type of majority

impurity for several degrees of compensation.

only. This can be done by using the obvious relation
N=N°4N’, the condition of electrical neutrality
Ni=n+KN and dn/dt =0 because of the equilibrium
situation. The resulting normalized concentrations
N%/[N(1—K)] and n/[N(1—K)] are shown in Figs. 2
and 3, respectively, as a function of the dimensionless
quantity N /(B/a) for several values of K. These figures
show that the quantity B8/a, having dimensions of cm 3,
acts as a critical impurity concentration: For impurity
concentrations N much higher than 8/a almost all major-
ity impurities are in the ground state (except those which
are ionized because of the presence of compensating
minority impurities), and hence the concentration of free
carriers is very low. For impurity concentrations well
below this critical concentration 3/a nearly all majority
impurities are ionized and n approaches its maximum
value N(1—K). The quantity B/a also acts as a critical
concentration for the strength of the PTIS signal; there-
fore we will study 8/a in detail.

1. Thermal ionization

First we assume that the influence of background radia-
tion on the ionization of the majority impurities is negligi-
ble with respect to thermal ionization at temperature 7.
Although for this case 8 and a can be evaluated separate-

ly,%>33 there also exists one simple expression for 8/a:**
32
* — .
ﬁ (T)=£ _glmz_kt e J,Z/kT. 4)
a |, g h

Here g denotes the degeneracy of the ground state of the
majority impurity and k is the Boltzmann constant.

The temperature dependence of B/a in case of thermal
ionization is shown in Fig. 4 for two acceptorlike FCI’s
and one shallow acceptor in germanium. The curves are
calculated by taking g =4, m*/m =0.38, and E;;=10
meV, and using Eq. (2). The temperature range and the
values of B/a are chosen according to the interesting
range of values for the search for FCI’s.
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FIG. 4. Temperature dependence of the critical concentration
B/a for normal acceptors (Z =1) and acceptorlike FCI’s
(Z=1,%) in germanium, for the limiting cases of thermal ioni-
zation (curves ¢, 13, 2/3) and ionization by background radiation
(curves bl, 1/3, 2/3).

2. Ionization by background radiation

Now we assume thermal ionization of the majority im-
purities to be negligible with respect to the ionization by
background radiation. For this situation no simple ex-
pression for (B8/a)z exists. Therefore, it is necessary to
consider f and a separately. We will confine ourselves to
the case of acceptorlike impurities in germanium. First 8
will be evaluated and subsequently a.

The quantity S is totally determined by the broadband
background radiation, and is independent of temperature.
In practice, when applying the PTIS technique, low-pass
optical filters are always used, thus limiting the range of
energies of the radiation reaching the semiconducting
sample below a maximum energy E,,,x z. The additional
subscript Z indicates the possibility that one chooses the
filtering according to the type of impurity—characterized
by Z—one searches for.

The quantity f3 is given by the expression

max,Z O}, 7 (E)
Bz= fE —=—F(EME . (5)
Here A is the area of the illuminated surface of the sam-
ple and F(E)dE the number of photons per second with
energies between E and E +dE, reaching the sample. The
symbol o; 7(E) denotes the cross section for optical ioni-
zation of a carrier from the ground state of an impurity,
characterized by Z, for light with energy E.

To find an expression for o; z(E) we first look at the
solution of the problem for an isolated one-electron atom
with a nucleus with charge Ze. For such an atom the
cross sectlon is an explicit analytic formula, expressed in
units of a3, a, being the Bohr radius of the ground state

of the hydrogen atom (see, e.g., Sobel’'man). This ex-
pression exhibits the property
1
ai,Z(Ei,Z)z_Zz—ai,l(Ei,l) . (6)

Extrapolating Sobel’man’s solution for the one-electron
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atom to the case of acceptors in germanium, one has to
correct for the different Bohr radius of the ground state
of an acceptor as well as for the fact that the host materi-
al is a dielectric. In Fig. 5 the solid curve represents this
extrapolation as a function of E/E;. As noticed by Ko-
gan and Polupanov,’® experiments revealed a quite dif-
ferent E/E;, dependence for oy, but a correct value for
E=E;,. They recalculated the cross section, using the
detailed forms of the wave functions of the acceptors and
of the light- and heavy-hole valence bands. The results of
their calculations for the shallow boron acceptor in ger-
manium are also shown in Fig. 5, indicated by crosses.
Fortuitously, Kogan and Polupanov’s calculations can be
described with an (E/E;)~! dependence, when ignoring
the detailed structure below E/E;=1.2, as illustrated in
Fig. 5 by the dashed line. Hence we obtain

E;z

z (7

o1 2(E)= Ef;
for the energy-dependent cross section of acceptors in ger-
manium in a very good approximation, the factor f being
about 1.1x 107 cm?

Assuming the background radiation consists of (room-
temperature) blackbody radiation, F(E)dE is given by

EZ
7z
where C is a quantity in units of J~3sec™!, depending on
the experimental arrangement, and 7, the temperature of
the blackbody. For the range of energies of interest here,
we can approximate the denominator in Eq. (8) by
E/kT,, and F(E) is simply proportional to E. With this
approximation Egs. (5)—(8) finally lead to the relation

F(E)dE =C dE , (8)

Enaxz—Eiz 9)
Bz=““_——“—‘_E z B -
max,1 — #i,1
o (cm?)
T T T T T T T 171
x  calculation by
x Kogan et al. (1981)
44 o« ——— our approximation
10 N of Kogan et al.
~a extrapolation for
S hydrogenlike atom
10-15 L ~
10716 L . -
8 10
E/E;

FIG. 5. Theoretical values for the cross section for optical
jonization of a shallow acceptor impurity in germanium as a
function of E /E; (for details, see text).
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Our next step is to consider the trapping rate coefficient
a. We will use the results of Abakumov, Perel’, and Yas-
sievich,> who used an improved version of the original
cascade theory of Lax.’” In this cascade model the cap-
ture of a carrier occurs through a continuous fall of the
carrier in energy space from band-state levels with posi-
tive energy into higher impurity states with negative ener-
gies. It is assumed that the energy relaxation of the car-
rier during its fall is entirely due to interaction with
acoustic phonons. A carrier is considered to be practical-
ly bound if it has descended into an impurity state with a
binding energy greater than k7. This model also takes
into account that a carrier cannot lose all its kinetic ener-
gy in the emission of a single acoustic phonon because of
the laws of conservation of energy and momentum.

The expression for the temperature dependence of
(Ref. 33) contains several parameters, depending on the
semiconductor material and type of charge carriers, such
as €, m*, and, because acoustic phonons are involved, the
velocity of sound, and the mean free path of the carrier.
It shows the property

az=2Z . (10)

The temperature dependence of a, for shallow acceptors
in germanium is shown in Fig. 6, where we used parame-
ter values given in Ref. 33. This temperature behavior is
also confirmed by experiment.*

Several factors, however, can influence this 7 depen-
dence for a,. Such factors are the overlap of impurity
states at high impurity concentrations, the freezing out of
recombination centers by the formation of donor-acceptor
dipole pairs, and the capture of carriers in potential wells
because of potential fluctuations. Nevertheless, in ultra-
pure germanium these factors are unimportant at tem-
peratures above 0.5 K,** just as the possible influence of

a(cm3/sec)

107 T T
107 -
105 | -
1078 -
107 - L

01 1 10 100

Temperature (K)
FIG. 6. Temperature dependence of the theoretical values for
the capture cross section of holes for shallow acceptors in ger-
manium.
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optical phonons.’® The most serious factor is the applica-
tion of an electric field, necessary for recording PTIS
spectra. An electric field distorts higher levels of impuri-
ty states and causes extra heating of carriers, but in ultra-
pure germanium these effects are small for electric field
strengths lower than 100 mV/cm at temperatures above
0.5K.*

Having considered B and a separately, we can write,
from Egs. (9) and (10),

1 E max,Z _Ei z
— s 2 : 1

(B/a)z 23 Eomi—E,, (B/a) (11)
Thus knowing (S/a); for ionization purely by back-
ground radiation for shallow acceptors, 5/a for acceptor-
like FCI’s simply follows from this equation. As will ap-
pear in the next section, a low value for (8/a), enhances
the PTIS signal strength. Because of Eq. (2), the optimal
cutoff energy, when searching for FCI’s, is much lower
than when searching for shallow acceptors. Regarding
the optical cross section, shown in Fig. 5, the optimal
choice is Enax z~2E; 7.

Figure 4 shows the temperature dependence of (8/a);
in case of ionization by background radiation for different
values of Z. For the determination of the (8/a); curve
we used B=5X10% sec™! (see the Appendix) and a ac-
cording to Fig. 6. The curves for Z =% and % were cal-
culated by assuming that optical filtering was used with
Emax,Z = 2Ei,Z .

B. PTIS signal strength

With PTIS one essentially measures the change in con-
centration of free carriers in the band, An, with regard to
the equilibrium concentration of free carriers, n, as a
function of the energy of the light irradiated onto the
semiconducting sample. In practice this can be done in
two fundamentally different ways: measuring the changes
in voltage across the sample, using a constant current
source, or measuring the changes in current, using a con-
stant voltage. An elementary analysis demonstrates that
both methods basically measure the quantity An/n. By
considering this quantity, the PTIS signal will be analyzed
for a semiconductor with one type and with two types of
majority impurities, respectively.

Consider a semiconductor with one type of majority
impurity. If the number of impurities is very low, the
flux of photons can be regarded as constant throughout
the sample and mutual shielding of impurities can be
neglected. Assuming monochromatic radiation (apart
from broadband background radiation, if present) is in-
cident on the sample with energy E and with photon flux
I(E), then An /n is given by?>*

An I(E)o;(E) N

n A n ’
where 7 is the lifetime of the nonequilibrium carrier.
This equation indicates that the dependence on tem-
perature and on background radiation of An /n occurs via
the quantity N°r/n. To illustrate this we will evaluate
the dependence of the dimensionless quantity SN°r/n—

(12)
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being proportional to An/n—on B/a. The quantities N°
and n have already been considered before. The none-
quilibrium lifetime 7 is defined as the time response of the
system of free carriers, after the equilibrium is disturbed
by an additional number of free carriers. By means of Eq.
(3), an expression for 7 can easily be obtained by using a
linear relaxation-time approximation. Figure 7 shows the
resulting dependence of BN°r/n on the dimensionless
quantity N/(B/a). This figure demonstrates the remark-
able properties and strength of PTIS. The different
behavior of the curves for N/(B/a)>0.1 basically ori-
ginates from the strong dependence of n and 7 on the de-
gree of compensation K in this region. If N >>f/a, the
signal strength BN°r/n becomes independent of N /(8/a)
and the degree of compensation K. For K=£0, the PTIS
signal strength is even twice as large as the corresponding
PTIS signal for K =0. With conventional absorption
spectroscopy, however, the signal exhibits a linear depen-
dence on impurity concentration.

Now consider a semiconductor with two types of ma-
jority impurities, denoted by 1 and 2, respectively. For
this situation we want to be able to deduce the relative
concentration N;/N, from the measured PTIS spectrum.
Therefore, assume that the semiconducting sample, apart
from possible background radiation, is irradiated with
monochromatic light with energy E; and photon flux
I(E,), which ionizes impurity 1 and which causes a sig-
nal An;/n. Assume the same for impurity 2. Under the
condition that the system is only slightly distorted by this
additional radiation, we can write the following formula
for the relative signal strength S, /S, (Ref. 22):

Si N %z, I(E)) 9iz,(E1)

S, N az, 1(E;) 0;z,(E;)

No/N, )P
5 (13)
NY/N,

If minority impurities are present with concentration N,,
they are preferably compensated by carriers originating
from the majority impurities with the lowest ionization
energy. If, e.g., impurities 1 and 2 denote an FCI and a
normal shallow impurity, respectively, and if N; <N, the
consequence is that N9=0 and hence these FCI’s cannot
be detected by PTIS at all.

K =0.010 b
————— K= 0100
-------- K = 0.400
—-—— K=0999

10~L n 1 e 1 n 1 I 1
1074 1072 1 102 104

N/(p/’gs)

FIG. 7. Normalized strength of the PTIS signal for the situa-
tion of one type of majority impurity as a function of N /(B/a)
for several degrees of compensation.
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C. Minimal detectable concentration

We will now determine the minimal detectable concen-
tration of impurities Np;, for a semiconductor with one
type of majority impurity. We assume an impurity can be
detected by PTIS if its corresponding signal-to-noise ratio
exceeds 1. At low impurity concentration the Johnson
noise is dominated by the generation-recombination
noise.** Assuming we are in the low-concentration area
where N° is proportional to N /(B/a) (see Fig. 2), Nyp,
corresponding to a signal-to-noise ratio of 1, is given by*

agAf 172
V(1—-K)

24
I(E)Uf,Z(E)

Nmin(Z)z(B/a)Z (14)

Here V is the volume of the sample and Af denotes the
frequency bandwidth of the amplifier.

IV. EXPERIMENTAL SEARCH FOR FCI’S
WITH PTIS

In this section we will describe an experimental search
for FCI’s on an ultrapure germanium sample with PTIS.
For that purpose we used the experimental setup, shown
in Fig. 8. The far-infrared light, produced by a Grubb
Parsons Michelson interferometer, enters the light pipe
via a black polyethylene window, which blocks out all
visible and near-infrared radiation. From there it passes
through a cooled crystalline quartz filter with cutoff ener-
gy 27 meV into a semispherical, integrating cavity. The
sample is clamped onto the base of the cavity and its tem-
perature can be raised above the temperature of the sur-
rounding helium bath by means of a heater. Using the
electric circuit, shown in Fig. 8, photoconductivity inter-
ferograms are recorded with phase-sensitive detection

CRYOSTAT FOR PHOTOTHERMAL CONDUCTIVITY MEASUREMENTS
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FIG. 8. Cryostat for photothermal ionization measurements.
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techniques and subsequently Fourier-transformed on a
PDP-11 computer.

The investigated sample—with dimensions 1X1X1
cm® and weight 5.3 g—was p-type material with net im-
purity concentration N, —Np=2X10"" cm~? and with a
degree of compensation of about 0.4, containing boron as
the dominating majority impurity. Electric contacts were
made by pressing flat copper disks against two opposite
faces of the sample, wetted with a Ga-In eutectic. In or-
der to avoid thermal ionization of possible FCI’'s and
hence a reduction in the PTIS signal (see Sec. III), the
spectra were recorded at low temperature, 1.2 K being the
lowest temperature which can be achieved with the given
experimental arrangement.

Figure 9 shows two PTIS spectra of this sample, mea-
sured at temperatures 1.2 and 2.0 K, respectively. Also
indicated are the transitions belonging to the shallow
Z =1 boron acceptor and the expected positions of the
transition lines of the Z =+ and % acceptorlike FCI’s,
using the energy-level schemes of Fig. 1. There is no evi-
dence for a photoconductivity signal, originating from
FCI’s, above the noise level. Using this negative result,
we want to derive an upper limit on the concentration of

=+ or % acceptorlike impurities in this particular sam-
ple.

In the preceding section it was demonstrated that an
FCI concentration lower than the concentration of com-
pensating impurities would explain the absence of a PTIS
signal, originating from FCI’s. For this sample this
would yield an upper limit for FCI’s of 1.3 10! cm~3.
In principle it is possible, however, that the concentration
of FCI’s exceeds the concentration of compensating im-
purities, but that the corresponding PTIS signal is below
the noise level visible in Fig. 9. This possibility can be nu-
merically analyzed by means of Eq. (13), by assuming
that, e.g., impurities 1 and 2 denote acceptorlike FCI’s
and shallow Z =1 impurities, respectively. This yields
new upper limits of 1.5X 10!! cm~3 and 1.6 10! cm™3
for Z=+ and % acceptorlike impurities, respectively.
Together with Egs. (7) and (10), we used the form of the
spectral intensity distribution of the radiation from the in-
terferometer, as determined by van der Werf,*' and we as-
sumed that nearly all shallow impurities are in the ground
state.

Therefore, we conclude that this particular sample con-

Photoconductive response {arb. units)

Z=1
Z=23
Z=V3
e
T=2.0K
7=12 K
0 2 4 6 8 10 12 14
Energy (meV)

FIG. 9. Measured photoconductivity spectrum of a mono-
crystalline germanium sample (N,—Np=2Xx10! cm™3,
K =0.4) at 1.2 and 2.0 K.

tained less than about 1.5 10!! acceptorlike FCI’s, corre-
sponding to less than one fractional charge per 2X 10"
nucleons. This number cannot easily be related to the
cosmic abundance of fractional charge,4 since one does
not a priori know the influence of the chemical purifica-
tion process, zone refining, and crystal growth on the con-
centration of possibly present FCI’s (Sec. II).

V. MINIMAL DETECTABLE CONCENTRATION
OF FCT’S BY PTIS

We want to discuss now the limits of the detectable
concentration of FCI’s by PTIS. First this will be done
for the typical experimental arrangement as described in
the preceding section. Then we will discuss possibilities to
lower this limit.

If we want the FCI’s to be detectable by PTIS at all, the
concentration of majority FCI’s should exceed the concen-
tration of compensating impurities. If this condition is
fulfilled, the minimal detectable concentration N, is
determined by the generation-recombination noise, ori-
ginating from transitions of carriers from and towards
normal (Z =1) shallow majority impurities, D~ or 4+
centers, or majority FCI’s. The first type of noise can be
reduced to a large extent by the application of an absorp-
tion filter with a cutoff energy E,, well below E;; and
the choice of a low enough temperature. Then all the nor-
mal shallow majority impurities can be considered to be in
their ground state. The second type of noise is associated
with D~ or A7 centers, where an extra electron or hole is
attached to a neutral shallow donor or acceptor, respec-
tively. The degree of ionization of these centers can also
be described by a critical concentration 8/a and, more
specifically, the critical concentration associated with
thermal ionization is described by a formula just like Eq.
(4). At certain T the actual value of this concentration is
mainly determined by the ionization energy of the D~ or
A" center. The analogy with the H™ ion predicts for the
ionization energies 0.055E;;, which implies about 0.5
meV in germanium.*> The actual binding energies depend
on the concentration and the chemical identity of the
centers, the temperature, background radiation, and, e.g.,
electric field applied.**~* From the results of experimen-
tal work***44¢ we estimate the binding energies of 4+ or
D™ centers in ultrapure germanium to be about 0.5—0.75
meV at low temperatures. Hence only a small fraction of
the D~ or A states remains in the ground state at tem-
peratures above 0.75 K. Therefore, in a small temperature
range—around 1 K—the problem of finding N,;, for
FCD’s is reduced to that for a semiconductor with one
type of majority impurity, which was dealt with in Sec.
III.

For this situation N, for Z =%, %, and 1 acceptor-
like impurities is calculated for three different tempera-
tures, the result of which is given in Table I. Here, in Eq.
(14), we used the typical set of parameters 4 =1 cm?,
V=1 cm3 K =0.5, and Af =0.1 Hz. For each value of
Z the additional monochromatic light was assumed to
have an energy E =E; 7 and an associated photon flux I
at that energy, typical for our spectrometer within a band-
width of 0.1 meV.*' The values for o;z and az were tak-
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TABLE 1. Minimal detectable concentrations of normal ac-
ceptors and FCI's with Z =-;—,% in p-type germanium for
several temperatures under experimental conditions, described in
Sec. IV.

T NuinlZ =1) NuinlZ=73) NuinlZ =5)
(K) (cm™3) (cm™3) (cm™3)
1.0 6108 9% 10°% 3% 108
2.0 1x107 1x 107 3% 10"

en from Figs. 5 and 6, taking into account their particular
Z dependence. From Fig. 4 the highest of two possible
values for B/a was chosen, corresponding to the dominat-
ing ionization mechanism, thermal or by background ra-
diation, for a certain value of Z and T.

The values for N, given in Table I, have to be con-
sidered as to give only an order of magnitude, in view of
the approximations made. For Z=% and 1 N, is
determined by ionization by background radiation. For

=+ and temperatures above 1 K, however, Ny, is
determined by the process of thermal ionization. For the
situation where background radiation is the dominating
cause of ionization all values of N, have the same order
of magnitude, which is surprising in view of the different
Z dependence of the components of Eq. (14). We can
conclude that at temperatures that are low enough—under
the conditions outlined above—one should be able to
detect about 107 acceptorlike majority FCI’s per cm® in
germanium with PTIS, using a conventional Michelson
interferometer. In view of the similar behavior of shallow
donor impurities this should also apply to majority donor
FCT’s. '

If one believes that the successful observation of third-
integral charge in little niobium balls at helium tempera-
tures by LaRue, Fairbank, and Hebard was caused by one
fractional charge only, this corresponds to a concentration
of fractional charge of 1 in 5 10' nucleons. Assuming
the same concentration in Ge, this would correspond to
6% 10* FCI’s per cm®. Therefore, it would be preferable
to lower the limit of 1 107 detectable FCI’s with PTIS.

Ultrapure germanium, probably the purest substance
produced by man, can easily be produced nowadays with
shallow impurity concentrations down to 10° cm—3, but
going to lower concentrations one meets technical prob-
lems.> Any normal purification method in a semicon-
ductor will also reduce the number of FCI’s. Chemical
techniques in the early stages of purification strongly
select against ions which FCI’s always are. As already
mentioned in Sec. II the least removal of FCI's may be ac-
complished by melt-segregation techniques such as zone
refining. In view of this it would be preferable to relax
the condition that the concentration of majority FCI’s
should exceed the concentration of minority impurities if
one wants to be able to detect the FCI’s with PTIS. This
can be achieved by illuminating the semiconductor sample
continuously with additional intrinsic light, i.e., radiation
containing energies greater than the gap energy of the

semiconductor.*’” A fraction of the minority impurities

will return to the ground state again. This means that the
minority impurities, and thus also minority FCD’s, if
present, can also be detected by PTIS! Moreover, a frac-
tion of the formerly ionized majority FCI’s becomes
detectable by PTIS. Application of intrinsic light, howev-
er, gives rise to additional noise, due to electron-hole
recombination and also influences the free carrier lifetime,
making a new estimate for N ;, too complicated.

At very low temperatures the values of N, are deter-
mined by the intensity of the background radiation. The
application of an optical bandpass filter, which transmits
only radiation with energies around E;z, reduces the
value of fB/a, associated with background radiation.
Then substantial improvement can be achieved if the
Fourier spectrometer with its low-intensity broadband
source (typically <0.01 uW within a bandwidth of 0.1
meV) is replaced by a more intense monochromatic
source. With, e.g., a far-infrared laser or a harmonic gen-
erator*® this can lead to detectable concentrations of FCI’s
of 10° cm~—3 (corresponding to one fractional charge per
10" nucleons) or even lower. If, in addition, intrinsic
light is applied simultaneously, the constraint posed by
the minority impurities is also released.

VI. CONCLUSIONS

We can conclude that the PTIS technique is a very use-
ful tool for the detection of possible FCP’s in semicon-
ductors. If the number of compensating impurities is
smaller than the number of FCI’s, PTIS can detect down
to 10’ FCI’s per cm®—if present—with the experimental
arrangement used, including a far-infrared Michelson in-
terferometer. The application of intrinsic light, which
releases the condition concerning compensating impuri-
ties, and the use of, e.g., a far-infrared laser source can
lower the concentration of detectable FCI's down to 10°
FCI’'scm™3 (i.e., one fractional charge per 10* nucleons)
or even lower. From the absence of a PTIS signal, ori-
ginating from FCI’s in a p-type germanium sample, we
conclude that this sample contained less than 1.5% 10!

acceptorlike FCI’s per cm®.
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APPENDIX: DETERMINATION
OF A NUMERICAL VALUE FOR 8

In germanium the concentration of ionized impurities
N' at temperatures below 10 K is in principle determined
by three factors: the concentration of compensating im-
purities KN, thermal ionization, and ionization by back-
ground radiation. In this appendix a numerical value for
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B will be derived for the situation that N, apart from its
dependence on KN, is mainly determined by the intensity
of the background radiation reaching the sample through
a filter with cutoff energy E . 1=2E;;. This value will
be obtained for the experimental arrangement, described
in Sec. IV, and a p-type sample with N =3.3x 10! cm~—3
and K =04.

For this purpose we determine the free carrier concen-
tration n at 4.2 K, by measuring the resistance R, of the
sample and using the relation n =G /euR;, where u is the
mobility for holes and G a geometrical factor. From
G=10 cm~! for this sample, R,=640 Q and
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p=1.1x10° cm?V~!sec™! (Ref. 49) at 4.2 K, one obtains
n =4.4x10° cm~3. From Fig. 3 one can see that this
corresponds to 8/a=5x10% cm 3. Using the value for a
at 4.2 K, obtained from Fig. 6, this finally leads to
B=17.5x10%sec™ L.

In our experimental arrangement we used a crystalline
quartz filter with a cutoff energy E,,=27 meV. For
this experimental situation E,,,y =2.6E;,, using the ion-
ization energy 10.5 meV for the boron impurity. There-
fore, B=5x10° sec™! for E,,=2E;;. Regarding the
approximations we feel this value to be right within a fac-
tor of 2.

*Present address: Philips Research Laboratories, Eindhoven,
The Netherlands.
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