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The perturbed-yy-angular-correlation technique (PAC) is a valuable tool for the characterization of
defect complexes in crystalline materials. The features of the technique arising in the application to
semiconductors are illustrated using the example of !''In-H pairs in Si. This system was studied in the
course of an investigation of the passivation of acceptors in Si by H. The consequences of the chemical
transmutation of the radioactive probe atoms are discussed. Using Schottky-diode structures, it is
shown that PAC is well suited for use in combination with electrical techniques. The PAC technique,
which works at any temperature and over a wide range of dopant concentrations, is also sensitive to
different charge states of the defect complexes formed. A discussion of the results focuses on the
influence of electronic parameters on the electric-field gradient measured at the '''In/'''Cd-H pairs in Si.

I. INTRODUCTION

Using radioactive probe atoms, the perturbed-yy-
angular-correlation technique (PAC) observes microscop-
ic complexes formed between these probe atoms and de-
fects in a host crystal through the modulations in the
yy-angular-correlation time spectrum with characteristic
frequencies. For PAC in semiconductors, defects have
been observed via the electric quadrupole interaction.
Thus the measured quantity is the electric-field gradient
(EFG), being typical for the lattice environment about
the probe atom. Using this EFG as a characteristic pat-
tern, the complexes can reliably be recognized and their
properties can quantitatively be studied.

PAC studies have been very successful in contributing
to the knowledge about defects in metals."? For this
reason the method has also been applied to semiconduc-
tors, whose electronic properties are greatly influenced by
defects and defect complexes. The number of different
probe atoms, however, is rather limited. Using !''In and

NImCq acting as dopants in elemental,®” III-V,%° and
II-VI (Ref. 10) semiconductors information on the com-
plex formation between acceptors or donors on one hand
and substitutional or interstitial donors or lattice defects
on the other hand has been collected in the past few
years. But it should become feasible to employ ''Ag also
and perhaps *As (Ref. 11) as probe atoms in the future.
Of special interest for the study of semiconductors is
the need of only a low concentration of probe atoms (typ-
ically 10'® cm™3) and the possibility of studying the sam-
ple at different temperatures. The y rays are recorded at
a distance of several centimeters between sample and
detector, so that the sample does not need to be touched.
Because at the same time the specimen can be electrically
contacted or illuminated, a combination of PAC with
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electrical or optical measurements is technically feasible
and therefore a direct relationship between the formation
of microscopic complexes and the resulting changes in
electrical or optical properties can be obtained.

In this work the example of ''In-H pairs in Si is used,
which have been studied in course of the investigation of
the passivation of acceptors in Si by H,>*12-1% in order to
discuss new aspects in the characterization of defects
arising from the application of PAC to semiconductors.
The Cd-H pairs that are detected after the decay of !''In
to "'Cd can occur in different electronic and structural
states depending on the electronic conditions in the sam-
ple. The corresponding change of the characteristic pat-
tern of ''In-H pairs in Si with dopant concentration, de-
gree of passivation, and temperature of the sample is mi-
croscopically interpreted. It allows us to infer from the
PAC signal the electrically active dopant concentration.
The feature of a chemical transmutation of the probe
atom is also common to other nuclear techniques such as
the Mossbauer effect or S-nuclear magnetic resonance.

PAC experiments at Schottky diodes support the pro-
posed microscopic model through experiments where the
PAC signals are reversibly influenced by the applied bias.
They show that, in principle, an interesting combination
with capacitive techniques should be possible, e.g., deep-
level transient spectroscopy (DLTS), which often has
problems with the identification of the microscopic origin
for an observed level.

II. METHOD

The basic aspects of the method have been described in
a recent publication® along with a number of examples
for PAC investigations in Si using the probe atom '!'In.
A detailed description of the theory can be found in the
work of Frauenfelder and Steffen.!> Here the essentials of
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the theory are briefly summarized and damping effects
caused by static inhomogeneity or dynamic fluctuation
(also called dynamic relaxation) of the EFG are qualita-
tively discussed for some basic cases.

Special radioactive probe atoms are required whose de-
cay involves a Yy cascade with a number of suitable de-
cay and nuclear parameters. Most frequently used is the
isotope !''In (Fig. 1) decaying to an excited nuclear state
of "'Cd with a half-life of 2.8 days, which allows for
about two weeks of experimental time on one sample.
After the chemical transmutation a yy cascade, which
brackets an intermediate level of 85-ns half-life, spin 2,
and quadrupole moment Q=0.8b, deexcites the probe
atom to its stable ground state. By a coincidence mea-
surement of the two y rays under a fixed angle and by
recording the time elapsed between them the transition
frequencies w, are observed, corresponding to an energet-
ic splitting of the intermediate state. This splitting is in-
duced by the interaction between the quadrupole moment
of the probe nucleus and the EFG generated by a defect
directly associated to the probe atom which perturbs-the
symmetry of the host lattice about the probe atom.

The constituents of the complex are identified by varia-
tion of the experimental conditions and information on
the complex geometry and orientation is extracted from
the measurement of the EFG tensor. The complex is
formed due to an attractive interaction between the '''In
atom and the defect, whereas it is detected via its charac-
teristic perturbation of the charge distribution about the
residual isotope '''Cd. Hence the electronic or
configurational state observed is always that of the “re-
sidual” complex containing '''Cd. Usually PAC probe
atoms with a half-life of several hours or more undergo
such a chemical transmutation. This process can only be
avoided by using an isomeric probe atom like '''™Cd
available at the isotope-on-line separator ISOLDE at
CERN. The half-life of 48 min in this case requires the
experiment to be performed at the production place and
reduces the number of measurements that can be taken
from one sample to maximum two instead of about 20 as
in the case of 'In.

The immediate environment of the radioactive probe
atom in the host crystal, lattice atoms, defects, and bonds

isomeric 85ns . @2| |y «<QV.
level o, 2z

111Cd

FIG. 1. Nuclear decay scheme of the PAC probe atom '''In
decaying to '''Cd via electron capture (EC). The hyperfine
splitting of the isomeric level of '''Cd populated by the first ¥
transition is used in the measurement of the electric-field gra-
dient.

H. SKUDLIK et al. 46

between them, represent an electrical charge distribution.
PAC is sensitive to the traceless part of the second spatial
derivative of the electrostatic potential, called the
electric-field gradient tensor which consists only of three
diagonal elements V,,, V,,, and V,, in the principal axes
system, where |V, |<V, |<|V,|. It is completely de-
scribed by the largest component V,,, measuring the
“strength” of the EFG, and the asymmetry parameter
N=(Vix—V,,)/V,,, reflecting the deviation of the EFG
tensor from axial symmetry (0<% =<1). The symmetry of
the EFG corresponds directly to the symmetry of the
probe’s environment. For a probe atom on a substitu-
tional site in the Si lattice the EFG vanishes (V,, =0) and
a point defect located on a highly symmetric neighbor
site produces a perturbation (V,,#0) whose axial symme-
try is reflected by =0. The EFG of complexes without
axial symmetry are characterized by a nonzero asym-
metry parameter 0 <7 =1. Perturbations of the lattice
outside the first few shells about the probe atom do not
lead to a strong and well-defined EFG mainly because its
strength decreases with r 3, denoting by r the distance
between defect and probe atom.

Using a standard PAC setup in “slow-fast coincidence”
technique'® with four detectors surrounding the sample,
which is doped with the probe atoms (!!'In in our case),
the correlation in space and time of the two ¥ quanta of
the same decay event is recorded. For all possible com-
binations of detectors (angular information) the time be-
tween two correlated y transitions is measured and
stored. In this way 12 time spectra are collected that are
combined to a single time spectrum R (¢), containing only
the hyperfine interaction between the quadrupole mo-
ment Q of the probe nucleus and the EFG of the lattice
environment. R (¢) has the form

R(O=43 f,G,(1), ()

with the perturbation factor G (¢) for pure electric qua-
drupolar interaction

3
G(t)= 3 S,coslw,t), (2)

n=0

where the anisotropy A is a nuclear parameter of the de-
cay folded with the angular resolution of the setup, giving
A=—0.13 in the experiments discussed here. Several
fractions of probe atoms f; (3,f;=1) may experience
different EFG’s with strengths V., described by the
quadrupole coupling constant vy, =eQV, /h. In the case
of ''Cd, because of the 2 spin of the intermediate level,
for every EFG, three transition frequencies ®, occur
with the simple relationship w, =n(37/10)vy (n =1,2,3)
in case of axial symmetry. The amplitudes of the transi-
tion frequencies S, depend on the orientation of the main
axis of the EFG with respect to the detector system and
the time resolution of the setup (about 2 ns). The first
dependence is used to determine the orientation of the
formed probe atom defect complex with respect to the
host lattice.

As an illustration PAC spectra and their Fourier trans-
forms for some basic situations are displayed in Fig. 2. In
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case (a) 100% of the probe atoms are exposed to a zero
EFG, which is expected if all probe atoms are on substi-
tutional sites and fourfold coordinated in the Si lattice.
The spectrum is described by the straight line R (¢)= 4.
In (b) 100% of the probes experience the same unique,
axially symmetric EFG as produced by a trapped defect
forming a well-defined complex. Pronounced oscillations
occur and the Fourier transform shows the three transi-
tion frequencies w,. The complex is tagged by the values
of vy and 7 (characteristic pattern), which allow its reli-
able recognition in any experimental situation. Inhomo-
geneities of the EFG in space or time both effect a
different type of damping of the PAC signal with increas-
ing time. In Fig. 2(c) a Gaussian-shaped static distribu-
tion of EFG’s around a mean value with the width o is
assumed, leading to an attenuation term in

3
Gatic(1)= 3 e(“"””zS,,cos(a),,t) , (3)

n=0

damping preferentially the higher transition frequencies.
In the Fourier transform the corresponding broadening
of the lines is shown, which for w, and w; is two and
three times as large as for w;, respectively. For long
times R (¢) approaches the so-called ‘“hard-core” value
So-

In Fig. 2(d) the EFG fluctuates in strength or orienta-
tion with a rate that is fast compared to the frequencies
®,. Then a well-defined time average of v, is observed.
All three frequencies are equally damped and their
Fourier lines are equally broadened:

3
G gynamic() =e M 3 S,cos(w,t) . 4)

n=0

The relaxation parameter A becomes smaller the faster
the fluctuations occur. In this case of dynamic relaxa-
tion, the hard-core value S is also affected and for long
times R (¢) approaches zero.

In this way, via the relative broadening of the frequen-
cies , and the attenuation of S, pure static and pure
fast dynamic damping effects can be distinguished. In ad-
dition, dynamic processes in the intermediate range of
fluctuation rates can be treated, as demonstrated by the
work of Achtziger.!” Since in this case the Fourier lines
are also broadened differently, discrimination between
static and dynamic processes based on the measured
spectra is rather difficult.

By fitting the spectra with the theoretical function (1),
the absolute fractions of probe atoms f; (detection limit
approximately 1%), the associated quadrupole coupling
constants v, the symmetry (from the frequency ratios
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FIQ. 2. Theoretical PAC spectra (left) and their Fourier transforms (right) for (a) for v =0, (b) vy =349 MHz without damping,
(c) with static damping (0 =0.015 ns™!) due to a distribution of vo about 349 MHz, and (d) with dynamic relaxation (A=0.015 ns™!)

due to a fluctuation of v, about the mean value of 349 MHz.
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,:0,), and the orientation of the EFG’s (from the ampli-
tudes S,) can be extracted. For the system of !'''In-H
pairs in Si, electronic inhomogeneities are inherent (see
Fig. 4), leading to static damping effects because of static
EFG distributions as discussed later. Because the type of
attenuation (pure static or mixed static and dynamic)
could not be unambiguously identified, a minimum set of
free parameters was used to obtain a satisfactory fit and
dynamic processes were not considered. Since the frac-
tions f; and coupling constants v, are rather insensitive
to the type of attenuation parameter used, this restriction
is uncritical for the results discussed here. The analysis
also takes into account the reduction of amplitudes of
high frequencies by the time resolution of the setup.

The chemical transmutation of the probe nucleus has
consequences for the electronic structure of the atom and
the environment. After the formation of an In-H pair
during sample preparation, the !''In converts to !''Cd by
electron-capture decay (Fig. 3). The resulting inner hole
in the atomic shell relaxes very fast by Rontgen and
Auger processes, the latter creating further holes and
leaving behind a highly ionized Cd atom. The multiple
ionization is reduced by capture of electrons from the
surrounding lattice. Since unique and well-defined PAC
signals of H atoms trapped at !''In are observed at '''Cd
(see, e.g., Fig. 9), obviously the '''Cd probe atom and the
complex reach a stable equilibrium electronic and
structural state in less than 120 ps, the half-life of the ex-
cited state of '''Cd created by the decay of !''In. Other-
wise the signals would be completely destroyed by the
great changes of the EFG coming along with a decaying
ionization of the probe atom or a structural
reconfiguration during the time window of the isomeric
nuclear level of '''Cd. In this time window the complex
contains Cd, which is a group II element. For In-H pairs
the acceptor state of In is removed from the gap by the H
passivation, but the Cd-H pair again has acceptor charac-
ter, as supported by simple valence considerations. De-
pending on Fermi-level position and temperature of the
crystal, this acceptor can be ionized or neutral, resulting
in different well-defined EFG’s, which in turn enables the
microscopically sensitive PAC to trace back to the mac-
roscopic electronic conditions in the sample.

III. EXPERIMENTAL PROCEDURE

The radioactive probe atoms are usually implanted
with 350 keV into homogeneously B-doped Si wafers,

In
t=0
EC
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leading to a Gaussian depth profile centered at 1640 A
with a width of 470 A and a peak concentration of about
5% 10' cm™3. To remove the implantation-induced lat-
tice damage and to activate the !''In acceptors, the sam-
ples were annealed at 1173 K either for 10 min in a fur-
nace or for 20 s in a rapid thermal annealing setup. Pas-
sivation of the samples by H was performed in a H plas-
ma, with help of a low-energy ion separator (200 eV), or
simply by boiling in H,O. All three procedures lead to
the formation of the identical In-H pairs. Isochronal an-
nealing (10 min) was performed in air up to 523 K and
under flowing N, gas above this temperature. Schottky
contacts with a diameter of 7 mm, necessary to cover the
implantation spot of 5 mm, were prepared by Ti evapora-
tion under high vacuum conditions by means of an elec-
tron gun. The back contacts consisted of a liquid In-Ga
mixture.

Of importance for the interpretation of the experimen-
tal data are the electronic inhomogeneities in the surface
region of the sample, qualitatively shown in Fig. 4. In
addition to the basic B doping of the crystal the probe
atoms represent an electrically active acceptor profile.
The acceptor atoms are partially passivated by H atoms
penetrating from the surface. For samples with a not-
too-high electrically active acceptor concentration the
band bending induced by surface states or by an applied
bias reaches the region of the implanted probe atoms.
The resulting variation of the Fermi level across the
profile of the probe atoms causes the charge state of the
Cd-H acceptors to depend on depth and thereby induces
a static superposition of different PAC signals that reflect
the electronic inhomogeneities.

IV. ELECTRIC-FIELD GRADIENTS
OF "'In-H PAIRS IN Si

As already mentioned above, the PAC signal of '''In-H
pairs in Si depends on the electronic state of the sample.
As a function of dopant concentration and temperature
different EFG’s are measured at ''!Cd for the same com-
plex, which is unambiguously identified as '''In/'"'Cd-H
pair.> These EFG’s have been observed due to a contam-
ination of their Si samples with H by Kemerink and
Pleiter!® who, however, did not yet identify them as
caused by pairing of !''In with H atoms. Depending on
the experimental conditions structurally and/or electron-
ically different states of the complex are formed, leading

nucleus

FIG. 3. Schematic representation of the consequences for the electronic shell of the probe atom caused by the decay of '"'In to
11Cd via electron capture (EC). The transmutation of the nucleus generates a hole in the electronic shell of the residual atom Med
that relaxes via Rontgen (R) and Auger (A4) processes, the latter leading to a multiple positive ionization. The surrounding Si crystal
determines the final charge state n of the probe atom or complex in equilibrium.

atom
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FIG. 4. Schematic representation of possible electronic inho-
mogeneities in a Si sample. The implantation of '''In produces
a Gaussian depth profile of probe atoms in the Si crystals which
are homogeneously doped with B (dashed line) at different con-
centrations. The concentration of H, diffusing in from the sur-
face decreases with depth (top). The bands of the p-type Si are
bent downwards by the influence of surface charges producing a
space-charge region with localized acceptors (level E ) which is

depleted of free holes (bottom).

to differing charge distributions about the probe atom at
the time of the measurement and hence to different
EFG’s. The nomenclature and symbols used in the fol-
lowing are collected in Table I.

Figure 5(a) qualitatively summarizes the experimental
results presented in IV A. The coupling constants v, as
extracted from samples with utmost homogeneous elec-
tronic conditions (Fig. 4), are plotted against the temper-
ature and the electrically active, which means not by H
passivated, part of the B concentration of the sample.
The lower, vaulted surface in Fig. 5(a) shows that for low
temperature and high B concentration (open circles), a
coupling constant v, of 269 MHz is observed, which
for increasing temperature and decreasing B concentra-
tion is continuously shifted to vy, =349 MHz (at 300
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K; solid circles). This transition correlates well with the
shift of the Fermi level in the sample [Fig. 5(b)], expected
to occur for this change of B concentration and tempera-
ture, from near the valence band towards the middle of
the band gap. Therefore the observed frequency shift is
assigned to a charge transition at the Cd-H pair,* which
is acting as a shallow acceptor and is characterized by
vo1,0=269 MHz in the neutral charge state (Cd-H)° and
by vg1,— =349 MHz in the ionized state (Cd-H) .

Besides the surface for Vo1 described above, there is an
additional state of the complex characterized by
v, =463 MHz (value at 300 K; solid triangles) occurring
in samples with low electrically active B concentration,
i.e., in almost intrinsic or highly passivated material, and
preferentially at low temperatures. It is observed in coex-
istence with Yo ,— =349 MHz (300 K), which is dom-
inant at 300 K. On lowering the temperature, the frac-
tion f, of vy, grows at the expense of the fraction f,_
of v, until the latter disappears below 80 K. For the
coupling constant vy, only a slight variation with tem-
perature is observed which corresponds to the normal
temperature dependence of the EFG caused by lattice vi-
brations. The population of the two flat “coupling-
constant surfaces” on the left edge of the figure is qualita-
tively described by the size of the corresponding symbols.
The occurrence of the state v, cannot be correlated with
the position of the Fermi level and is therefore ascribed
to a second, structurally different configuration *(Cd-H)
of the Cd-H complex. The only electronic parameter f,
is consistently correlated with is the free-hole concentra-
tion in the respective volume of the sample. The fraction
f, is dominant for low-hole concentration, i.e., for low
acceptor concentration and low temperature, and disap-
pears if the concentration of holes in the sample in-
creases. The population of the two states vy, and vy,
was already studied by Kemerink and Pleiter!® for
differently doped Si and several temperatures. Their re-
sults fit nicely to the data presented here and always show
a preferential population of vy, for low-hole concentra-
tion.

TABLE 1. The chemical nature of the different complexes along with their electronic states, their
coupling constants at 300 K, and the symbols used in the figures are summarized. The superscript fol-
lowing the parentheses denotes the charge state and the asterisk in front of the parentheses a second
structural configuration of the Cd-H pair. Summing up the fractions of all Cd-H states yields the frac-
tion of In-H pairs present in the sample. [In earlier publications (Refs. 3, 12, and 13) Vo1, Was re-
ferred to as vy and vy, 0 and vg;. Kemerink and Pleiter (Ref. 18) denoted vo1/- by “No. 328” and vy,

by “No. 433.”]
Complex State Coupling constant at 300 K Symbol
In/Cd-H 1=(Cd-H)™% v1=269-349 MHz, o
depending on degree of ionization 0<w <1
Extremes
1/0=(Cd-H)° Vo1,0=269 MHz o
1/—=(Cd-H)~ vo1,— =349 MHz ®
In/Cd-H 2=%*(Cd-H) v, =463 MHz v
In-H Sum of all Cd-H states [
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A. Experimental results

In Fig. 6(a) the dependence of the measured coupling
constants on sample temperature and B concentration are
quantitatively shown. These experimental curves
represent cross sections of the surfaces in Fig. 5(a). In
originally intrinsic samples that are electrically dominat-
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FIG. 5. (a) Measured quadrupole coupling constant vy of

""11n/Cd pairs in Si as a function of sample temperature T, and
electrically active B concentration cz. The lower surface shows
a continuous transition from vg,,0=269 MHz to vy, =349
MHz for increasing temperature and decreasing B concentra-
tion. Between the upper surface and the left part of the lower
one, for In-dominated samples a repopulation from vy, =463
MHz to vg,, is observed with increasing temperature. Here
the different fractions of probe atoms are represented by the size
of the symbols. The values of the three coupling constants
Voi/0 Voi/-» and vy, refer to T), =300 K. The symbols are
defined in Table I. The right superscript at the (Cd-H) pair
(0,—, or 0<w < 1) refers to the charge state and *(Cd-H) means
a second, presumably structurally different, configuration of the
complex. (b) Calculated Fermi level determined by the In and B
doping of the samples with respect to the valence band as a
function of the same parameters as in (a). If the Fermi level in-
creases over the acceptor level of the Cd-H pair (bold line) it be-
comes negatively ionized and the coupling constant continuous-
ly changes from vy, to vg;,— [compare (a)]. Due to the
softening of the Fermi distribution the transition is less steep for
higher temperatures. For the calculation plotted in the figure
additional to the B concentration a homogeneous In doping of
10" cm ™ was assumed to take into account the electrical ac-
tivity of the probe atoms. For any given acceptor concentration
and temperature the Fermi level was calculated numerically
from the condition of charge neutrality.
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ed by the doping with the !!'In probe atoms the coupling
constants vy, =349 MHz and vy, =463 MHz are both
observed. Their values slightly increase towards lower
temperatures, as expected from the influence of lattice
contraction of the host crystal. For the intrinsic sample
Fig. 6(b) shows the populations of the two coupling con-
stants. At room temperature the fraction f, of vy, is
smaller than f,,_ of vy, and it grows at the expense of
f1,— for decreasing sample temperature until vy, ,_ is no
longer observable below 80 K. During this reversible re-
population the sum of the fractions f,,_ and f, is not
strictly constant but becomes smaller at low tempera-
tures.

If the B concentration dominates over the probe atom
concentration solely, the coupling constant v, occurs
at low temperature and vy, is not observed [Fig. 6(a)].
Depending on the amount of electrically active B accep-
tors with rising temperature, vy, continuously increases
towards vy, ,_. This transition occurs at lower tempera-
tures if the B concentration in the sample is reduced. In
the transition regime between vy, and vy, a pro-
nounced damping of the PAC signal is observed, as it is
visible in the R (¢) spectra and the Fourier transforms of
Fig. 7. It shows for a sample doped with 5.5X 10" B
cm~* measurements between 10 and 300 K. Whereas the
signal of vy, /o is undamped at 80 K, the shift of the cou-
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FIG. 6. (a) Transition of the quadrupole coupling constant
vo1 from vy, 0 to vg;,— with increasing sample temperature for
differently B-doped Si. The electrically active B concentration
(deduced from Fig. 8) and the total B concentration (in
parentheses) of the samples are 1: 0.88X10'7 cm ™3 (5.5X 10"
cm ™), 2: 1.7X10"7 em ™3 (5.5X 10" cm ™), 3: 3.3X 10" cm ™3
(5.5X10"7 cm™3), 4: 0.65X10"® cm™ (2.1X10® cm™3), 5:
3.0X 10" cm™3 (5.0X 10" ¢cm™3). In intrinsic samples vg;,—
and vy, slightly increase to lower temperatures. Below 80 K
vo1,- is not observed. (b) Fractions f,_ and f, of vy, and
vg, as a function of sample temperature for low-In-doped Si.
Intrinsic samples, which are dominated by the doping of the In
probe atoms, show the same behavior.
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FIG. 7. For Si doped with 5.5X 10" B cm™3, PAC spectra (left) and Fourier transforms (right) of ''In/Cd-H pairs measured at
different temperatures. During the continuous transition of vy, from vy, s to v ,—, due to the electronic inhomogeneities in the sur-
face layer of the sample, a pronounced static damping occurs around 200 K.

pling constant towards vy, with increasing tempera-
ture is accompanied by an increasing attenuation, visible
in the faster damping of the R (¢) function and the
broadening of the Fourier lines. The attenuation parame-
ter reaches a maximum around 200 K and decreases
again above this temperature when the coupling constant
approaches v, ,_, whose value is not completely reached
in this case.

The dependence of the coupling constant vy, of
In/Cd-H pairs on the concentration of electrically ac-
tive B atoms, which was varied by the dissociation of B-H
pairs during an isochronal annealing program, is shown
in Fig. 8. After implantation of !'In and annealing of the
irradiation induced damage the samples were passivated
with H by means of low-energy H' implantation or by
boiling in H,O. The fractions of In forming In-H pairs
(not shown here) and their coupling constants were mea-
sured at 300 K after each annealing step. For samples
with a very low B concentration (“intrinsic”) vy, and
Vg, are observed, remaining constant up to 450 K until
all In-H pairs are dissociated. In high-B-doped Si, the
same intrinsic coupling constants appear after passiva-
tion. But, during annealing v, disappears and v, shifts
to lower values. For each B-doping level vy, reaches a
characteristic value when all acceptors are reactivated.
These asymptotic values of vy, measured for different B
concentrations enter Fig. 5(a) for the temperature of 300

K (dashed line). This dependence of v, on the B concen-
tration has been used to determine the electrically active
B concentration of the partly passivated samples shown
in Fig. 6(a) by comparing the measured value of v, at

. 5007 . .
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S as0{ " JVaoz
= Si:B
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S 400 d
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FIG. 8. Measured quadrupole coupling constants for

Mn/Cd-H pairs in Si doped with B at different concentrations
as a function of the annealing temperature and hence also of the
concentration of electrically active B atoms. For intrinsic sam-
ples vo;,— and vy, remain constant. For higher B concentra-
tions (>10"7 cm™?) the decay of the passivation causes the
disappearance of vy, and a transition from vy, to a lower
value of vy, which is typical for each B concentration.
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300 K; the corresponding B concentrations are given in
the figure caption. With help of these concentrations of
electrically active B atoms, the curves for vy, as a func-
tion of sample temperature were incorporated in Fig.
5(a).

All EFG’s observed for '''In/Cd-H pairs are axially
symmetric along {111) axes of the Si lattice. The axial
symmetry is obvious from the measured frequency ratios
wy;0;=2 and the (111) orientation from the typical
dependence of the amplitudes S, of each EFG on the
orientation of the y detectors with respect to the lattice
of the Si crystal, shown in Fig. 9: S, and S; are small if
the y detectors are set along { 111) lattice directions.

B. Discussion

Assuming the ''Cd atom to stay after the decay on the
substitutional site previously occupied by the parent
1y, for the H atoms all sites on the {111) axis in the
nearest neighborhood of the probe atom have to be con-
sidered (Fig. 10). The axial symmetry and the (111)
orientation of the EFG’s are time-averaged properties of
the complex, because fluctuations on time scales
t<<(vQ)‘l cannot be resolved. If the structure of the
Cd-H complex is different from that of the original In-H
complex, a possible reconfiguration has to be completed
within less than 1 ns even at temperatures as low as 10 K,
otherwise the well-defined PAC signals would be des-
troyed. Based on cluster calculations for B-H pairs the
bond-centered site between the B and a neighboring Si
atom is favored for the H atom (e.g., Refs. 19 and 20).

Analogous to a model of Forkel et al.?! and suggested
by Baurichter et al.,* the shift of the coupling constant
between vy, ,0=269 MHz, and vy,,_ =349 MHz [Fig.
5(a), lower surface] can be well understood by a charge
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transition at the observed Cd-H pair. The In acceptor
atom is electrically passivated by trapping of a H atom.
The radioactive decay changes the valence and a simple
consideration suggests that the double acceptor Cd is
only singly passivated by one H atom which leads to a
shallow single acceptor behavior of the complex. For a
low Fermi level (low temperature, high B concentration)
the complex is neutral, designated as (Cd-H)°, and is
characterized by the coupling constant vy, ,,=269 MHz.
For a Fermi level higher than the gap level of the com-
plex [bold line in Fig. 5(b)], the complex becomes nega-
tively charged. Because the charge distribution about the
probe atom is altered by the additional electron in (Cd-
H) ™, the EFG changes and the coupling constant rises to
vo1,— =349 MHz. In the intermediate range the charge
state of the complex is neither neutral (0) nor negative
(—) but fluctuates, so that the averaged coupling constant
Vo1 is observed:

VlewVQl/_+(1—w)VQ1/O 5 (5)

where w is the probability for the population of the ion-
ized state, which is determined by the position and the
sharpness of the Fermi distribution. The level of the Cd-
H pair Ey_y has to lie between the levels of B (Ej +45
meV) and In (E,+ 160 meV), because the ionization of
the complex is completely controlled by these dopants: If
the B concentration exceeds the local '!'In doping by the
probe atoms (about 10'® cm™3) V1,0 is observed and for
B doping being lower than the local '''In concentration
vgi,/- occurs. From the temperature dependence of v,
in B-doped samples E-y_y has been determined by
Gebhard et al.?? to be 60(10) meV above the valence
band. This value agrees well with our result of 59(4) meV
obtained from Si doped with Ga by implantation, where
the electrically active Ga concentration was determined
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FIG. 9. Fourier spectra of '''In/Cd-H pairs in intrinsic Si measured at 300 K (left) and in B-doped Si at 78 K (right) with detectors
along (100) (top) and {111) (bottom) lattice directions. For all triplets holds w,:;=2 and the amplitudes of w, and w; become
small for detectors along {111} directions, what indicates axial { 111) symmetry of the complexes.
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FIG. 10. Possible lattice sites of H within an acceptor-H pair
in Si fulfilling axial {111) symmetry: bond centre site (BC) on
the bond between the acceptor and a Si atom, antibonding site
(AB) on the opposite side of a bond, and tetrahedral site (7).

by resistivity measurements for different degrees of pas-
sivation and the corresponding change of vy, was pur-
sued by PAC.?

Within this model the transitions in Figs. 6 and 5(a) be-
tween vg; 0 and vy ,_ as a function of temperature are
explained by the rise of the Fermi level above E 4y hap-
pening at lower temperature for lower B concentration
[see Fig. 5(b)]. In Fig. 8 the acceptor doping of the sam-
ples is highly passivated immediately after H loading and
the formed !!'In/Cd-H pairs reside in an intrinsic appear-
ing region, which is reflected by the occurrence of vy, ,_
and vgy,. During annealing B-H and In-H pairs dissoci-
ate, thereby increasing the electrically active acceptor
concentration and lowering the Fermi level. The state
v, vanishes because of the increasing hole concentration
and vy, drops towards vy , because of the decreasing
degree of ionization of the Cd-H pair. For each B con-
centration at 300 K a characteristic minimum value of
Vo1 is assumed which corresponds to a minimum Fermi
level reached for complete reactivation of the acceptors.

The PAC signal is sharp and shows no damping for the
extreme values vy, 4 and vy ,_. The damping observed
in the transition regime appears to be dominantly static,
as is evident from the ratio of the broadening of the three
Fourier lines of 1:2:3 [compare Figs. 7 and 2(c)]. This
damping is caused by the surface band bending reaching
into the region of the probe atoms and producing a local
variation of the Fermi level with respect to the (Cd-H) ac-
ceptor level (see Fig. 4). Accordingly, the charge state of
the complex varies slightly with depth leading to a static
distribution of EFG around a mean value vy;. Addition-
ally, a dynamic relaxation might occur if the rate of the
charge fluctuation is not large compared with vy;. How-
ever, as mentioned above, a quantitative analysis of a pos-
sible dynamic relaxation in addition to the static damping
does not seem to be of experimental significance because
of the similarity of the effects of the different types of at-
tenuation parameters on the fitted theory function.

The state vy, only occurs in samples with low acceptor
concentration and preferably at low temperature.
Presumably, it has to be identified with a structurally
different configuration *(Cd-H) of the Cd-H pair, whose
equilibrium population is controlled by the concentration
of free holes. It cannot be distinguished whether the two
structural configurations observed at the Cd atom exist
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already at the In atom or whether a single, unique
configuration of the In-H pair develops into two structur-
ally different Cd-H configurations. For vy, under none of
the numerous experimental conditions has a damping
been observed. This fact might indicate that the In-H
pair already exists in two different configurations whose
populations depend on the concentration of free holes.

C. Application

The characteristic dependence of the EFG’s or vy,
values associated with the !''In-H or Cd-H pairs on the
Fermi level can be used to determine the electrically ac-
tive acceptor concentration in the region where the
MIn/Cd-H pairs reside. In Fig. 11 (left panel) for
different B concentrations the asymptotic experimental
values of vy, measured at 300 K have been used to plot
the position of the Fermi level against the corresponding
value of vy,. In the right panel the calculated Fermi lev-
el is plotted for different acceptor species and concentra-
tions. The diagram allows us to read out the concentra-
tion of electrically active acceptor atoms via the Fermi-
level dependence of vg;, provided that the chemical
species of the acceptor is known. Qualitatively, a rising
coupling constant signals an increasing passivation and
vice versa.

The role of the inhomogeneity of the H passivation
with depth and its appearance in the PAC spectra is illus-
trated in Fig. 12, where the Fourier transform of a PAC
spectrum taken at 10 K at a sample doped with 1.6X 10!’
B cm™? is shown. Predominantly vy, characteristic for
intrinsic samples at this temperature, is observed with a
fraction of 40%. In addition vy, ,, typical for a high
electrically active B concentration, occurs with a fraction
of 20%. As sketched in the inset of Fig. 12, obviously
during H loading in boiling H,O a completely passivated
surface layer, covering about 40% of the '''In profile,
had been produced from where v, arises. In the next
layer the B doping is only partly passivated leading to the
observation of vy, 4 at 10 K, whereas no H reached the
remaining '''In atoms deeper in the sample. In this way
the degree of passivation and the H depth profile can be
qualitatively pursued during the PAC experiment.

D. Summary

It has been shown that the PAC signal of '''In/Cd-H
pairs is rather complex but phenomenologically com-
pletely characterized and mainly understood. A detailed
knowledge of this characteristic signature makes it im-
possible to mix up In-H pairs with other In-defect com-
plexes. Furthermore, it is possible to qualitatively con-
clude from the measured coupling constant on the elec-
tronic conditions of the sample (Fermi-level position,
electrically active acceptor concentration) and their inho-
mogeneities caused by the H passivation profile.
Whereas the structural information is affected by the ra-
dioactive decay of !''In to '''Cd, this process does not
touch the information on the formation conditions and
on the thermal stability of In-H pairs, which is presented
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plantation shows good agreement (crosses) (Ref. 23).

elsewhere:'* The Cd-H pairs can only be observed if they
were already formed at the In atoms, and they only
disappear if H has already dissociated from the In atoms
in a preceding annealing step.

V. EXPERIMENTS IN SCHOTTKY DIODES

The interpretation given above explains the different
observed EFG’s associated with the formation of
"In/Cd-H pairs in terms of populations of different elec-
tronic and structural states of Cd-H pairs depending on
electronic equilibrium parameters of the semiconductor

Si:B (1.6x1017 cm=3), 10 K

concentration

Fourier amplitude (arb. units)

0 5(!)0 ' 10I00 ) 1500
frequency (Mrad/s)

FIG. 12. Fourier spectrum of a measurement at 10 K at a Si

sample with 1.6 X 10'7 B cm 3 which was inhomogeneously pas-

sivated with H. The coupling constants vy, and v¢,  are ob-

served simultaneously, arising from a highly and a partly pas-
sivated layer of the sample, respectively (see inset).

(Fermi level, free-hole concentration). In order to test
the interpretation it would be desirable to vary reversibly
these parameters at constant temperature and without
changing the dopant concentration or the degree of pas-
sivation of the sample. This is possible in the space
charge region of a Schottky diode as shown in Fig. 13.
By applying a bias to the diode, the Fermi-level position
and correspondingly the concentration of free holes is
influenced up to certain depth, which depends on the ac-
tive acceptor concentration. This happens at a constant
temperature and without altering the sample. A reverse
voltage results in a downward band bending with respect
to the Fermi level, and with increasing voltage the accep-
tors will be more and more populated with electrons and
the free holes disappear from the surface region. Only a
small forward voltage can be applied to the diode since
the current increases strongly as soon as the built in volt-
age, produced by the Ti film, is compensated. This flat
band condition corresponds to the original bulk situation.

For the experiment shown in Fig. 14 a Si sample was
used with a low homogeneous concentration (1.3X10'®
cm ?) of stable In which was additionally implanted with
111 at 60 keV and a dose of about 2X 10'? cm ™2, corre-
sponding to a peak concentration of 2X10" ¢cm™” in a
depth of 370 A. Subsequently the sample was annealed
and loaded with H in H,0 (358 K) for 21 h. At 300 K
the Fourier spectrum [Fig. 14(a), top] shows a large frac-
tion f,,_ of vp;,, in agreement with Fig. 5(a). After
evaporation of the Ti film the concentration of free holes
is reduced by applying a reverse bias that strongly
enhances f, of vy, at the expense of f,_ [see Fig. 14(a),
bottom panel] as expected from the model discussed be-
fore. Application of a small forward bias of —1 V almost
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restores the situation without film. The diode current
and the fractions f,,_ and f, extracted from the PAC
measurements are plotted in Fig. 14(b) as a function of
the applied voltage; these results are completely reversi-
ble. During the repopulation between vy, and vy, the
sum of f,,_ and f, remains constant, in agreement with
the interpretation of Fig. 5(a).

In order to populate also vy, Si samples with a B
concentration exceeding the local '''In concentration
have to be used. Unavoidably the quality of the Schottky
diodes suffers for acceptor concentrations above 10!’
cm 3. Therefore only small reverse voltages can be ap-
plied and the effects are smaller than in the experiment
described above. In Fig. 15 the result of a sample with a
homogeneous B concentration of 5X10'® cm™3, partly
passivated in H,0, is shown. Again the !!'In atoms were
implanted with 60 keV in order to position them closer to
the surface, because the space-charge region only extends
to several hundred angstroms in depth for this high
dopant concentration. At 300 K the diode quality al-
lowed the application of a reverse bias of +1 V and Fig.
15 shows that a growth of f,,_ at the expense of f
was achieved by moving the Fermi level towards mid
gap. In Fig. 5 this variation corresponds to a path paral-
lel to the B concentration axis at 300 K where a transmu-
tation of vy, into vy, is effected by the increasing
Fermi level. Figure 16 shows the same experiment per-
formed at 78 K where now a growth of f, at the expense
of f,, is observed for a maximum reverse bias of +2.4
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E Ottt ey # r=100 ~
S forward -1V | 3
o 4 Vois- f --150 2
8 21 T T T T T T T T T a)—:'
3 L._JL N without o
3 Opresee P film 80 o
35 shorted OV f1/- 3
E 4' L4 (@]
© -60 -
27 9
9 S
5 o 40§
uc_’ 4 reverse +6V [ o
'\/'02\ -20 o
fo i 3
21 »
0 500 1000 1500 -2 0 2 4 6

frequency (Mrad/s)

Schottky voltage (V)

FIG. 14. (a) Fourier spectra of ""In/Cd-H pairs in low-In-doped Schottky diode [Ti/(p-type Si)] at 300 K for different bias U and
before evaporation of the Ti film. (b) Diode current (top) and repopulation between the fractions f,,_ and f, (bottom) measured at

300 K as a function of the applied bias U.
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FIG. 15. Fourier spectra of '"'In/Cd-H pairs in a high-B
doped (5X 10'® cm™3) Schottky diode at 300 K for different bias
U and without Ti film.

V, as expected from Fig. 5(a) in which vy, is replaced
by v, at low temperatures because of the lower concen-
tration of free holes.

These results confirm the interpretation given in Sec.
IV that the population of the different states of Cd-H
pairs is determined by the position of the Fermi level and
the hole concentration and that, vice versa, the PAC sig-
nals allow to draw conclusions on the electronic state of
the sample. Additionally the possibility of performing
PAC experiments in the space-charge region of a
Schottky diode was demonstrated. This is the prere-
quisite for a combination of the microscopically sensitive
PAC with capacitance techniques like C-V profiling or
DLTS, which would be helpful for the investigation of
complexes with regard to their chemical identity and
their electrical properties.

VI. SUMMARY

Semiconductor specific aspects for the application of
PAC to defect studies were discussed using the example
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FIG. 16. Fourier spectra of the diode in Fig. 15 for different
applied bias, but now at 78 K.

of "In-H pairs in Si. If a probe atom with a chemical
transmutation like '''In to '''Cd is used, the measured
structural properties are that of the residual complex
(Cd-H) and not necessarily those of the originally formed
one (In-H). However, the strengths of the PAC tech-
nique in identification, recognition, and study of forma-
tion and dissolution conditions of complexes are not
weakened by this effect. In semiconductors the formed
probe-atom—defect complex can possess different elec-
tronic states distinguished by different EFG’s whose pop-
ulations depend on the electronic conditions of the sam-
ple. This effect enhances the uniqueness of the PAC
characteristic pattern of a complex and allows us to get
additional information on the sample conditions directly
from the PAC measurement. For In-H pairs in Si all
data can be interpreted within a consistent picture, which
was confirmed by experiments in Schottky diodes. In
these experiments a change of the structure and the
charge state of the complexes could be achieved by the
applied bias and observed in the PAC measurements.
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