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We report detailed measurements of the thermal and optical properties of the well-known gold-acceptor level in
silicon. From a comparison of these properties measured in two types of silicon p+n diodes (one fabricated from
epitaxially grown silicon and the other from silicon grown by the Czochrolski technique), we find that there are at
least two (and perhaps more) different types of gold-acceptor centers in silicon. Measurements of the ratio of the
deep-level transient spectroscopy signal due to the gold-donor level to that of the gold acceptor in the same sample
show that these two levels are not related to the same gold center, as had previously been believed. A comparison
with data in the literature for five other approximately midgap levels in silicon (Ag, Co, Rh, S, and process-induced
levels) shows that the electron thermal-emission rates of these are all identical to that of the gold acceptor within
experimental error. This suggests that these deep levels have the same underlying defect structure. Comparisons of
our measured electron-capture cross sections with those reported in the literature for the gold acceptor show a
heretofore unreported correlation between the magnitude of this cross section and the ratio of gold concentration to
that of the shallow donor impurity. This suggests that ion pairing between gold acceptors and shallow donors plays a
role in determining the capture cross section of the defect. We also have measured for the first time the capture cross
sections associated with the gold-donor defect in n-type material and find results significantly different from those
reported in the literature for p-type silicon. The optical cross sections of the gold acceptor show nearly a factor of 10
difference in magnitude and subtle differences in shape between epitaxial and Czochrolski samples. It is therefore
possible that oxygen is also playing a role in the gold-based defect complexes. Attempts to obtain the temperature
dependence of the gold-acceptor level from thermal capture and emission data proved inconclusive and led to
various paradoxes which we discuss. Finally, we discuss possible models for gold-related defect complexes which are
consistent with our results and might form the basis for future work.

I. INTRODUCTION

The deep donor and acceptor levels in gold-
doped silicon have been perhaps the most widely
studied of any deep level in semiconductors. Re-
finements of experimental technique have led to nu-

merous studies claiming increased accuracy. Yet
the values quoted for energy levels and capture
cross sections in the literature seem to show
larger variations than should be expected from the
quoted limits of error. For example, as Engstrom
and Grimmeiss' have pointed out, the quoted values
for the depth of the acceptor level from the conduc-.
tion band vary from 0.49 to 0.58 eV. Similarly,
Kassing and Lenz have shown that the reported
values of the electron-capture cross section for the
acceptor fall within a range of nearly a factor of 50
between the largest and smallest values.

Attempts to determine the temperature depen-
dence of the acceptor energy level have also lead
to controversy. Engstrom and Grimmeiss' care-
fully analyzed the temperature dependence of the
thermal capture and emission of holes at the ac-
ceptor and came to the conclusion that this transi-

tion has the full temperature shift of the entire
band gap. It was therefore argued that the acceptor
level was fixed to the conduction band as a function
of temperature, in agreement with the observation3
that the thermal shift of the optical-emission line
shape for electrons was much smaller than that for
holes. Recently, however, Brotherton and Bick-
nell4 analyzed the temperature dependence of the
rates of thermal capture and emission of electrons
at the acceptor level and concluded that this transi-
tion has the full temperature shift of the gap.
Therefore, they argued, the level must be fixed to
the valence band.

In an effort to find a. mechanism for the large,
temperature-independent electron-capture cross
section at the neutral acceptor level, Lang and
Jaros' analyzed the electron optical-emission line
shape of this level searching for evidence of ther-
mal broadening due to the electron-phonon cou-
pling. Such broadening would have supported the
multiphonon emission (MPE) mechanism of cap-
ture."The resulting data' indicated considerably
more thermal broadening of this transition than had

previously been reported. '
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The rather confused situation we have just out-
lined for data on the acceptor level in gold-doped
silicon can be explained by assuming either

(1) that there are significant, unrecognized sys-
tematic errors in some of the experimental tech-
niques which have been employed, or

(2) that the "gold acceptor" is not a well-defined
unique level but rather a family of closely related
but different gold-based complexes.
This latter possibility is suggested by the recent
results concerning Cu-related complexes in QaP. '
In order to determine the extent to which these two
possibilities might be playing a role in the various
experimental discreparicies in gold-doped silicon
we undertook a joint project to study various types
of gold-doped samples using a wide variety of dif-
ferent junction space-charge techniques. Our ma-
jor emphasis was on a study of the acceptor level.
We found that the various techniques gave essenti-
ally identical results, namely, that the different
samples did indeed have subtle but significant dif-
ferences in the thermal and optical properties of
the acceptor level. Thus there is not a single,
well-defined gold-acceptor defect in silicon, as
had been universally assumed, but rather a family
of gold-rela'ted defects with slightly varying prop-
erties.

The evidence we will present which supports the
view that gold in silicon is a family of complex de-
fects is detailed and perhaps somewhat confusing.
In particular, we make use of our new data as well
as results taken from the literature to build our
case. Therefore we will discuss both new and old
data throughout the paper whenever such data are
relevant to the subject at hand. T o assist the read-
er in following the detailed arguments and the pre-
sentation of the data we will outline here the main
arguments and conclusions.

First we find from a careful analysis of deep-
level transient spectroscopy (DLTS) spectra that
the gold-donor and gold-acceptor levels are not of
equal concentration in all samples. This implies
that the donor and acceptor are not related to the
same gold center, as had been universally as-
sumed in the past. Thus freed from the constraint
of dealing w'ith the donor and acceptor levels to-
gether, we focus the remainder of the paper on the
gold acceptor as a separate class of defect com-
plexes. In comparing the electron thermal-emis-
sion rate for the gold acceptor with data in the lit-
erature for other deep levels in silicon, we find
that there is a group of six defect systems which
have thermal-emission properties indistinguishable
from the gold acceptor. Since the literature re-
sults typically were carried out with great care us-
ing undoped control samples, it is probably safe to

rule out extraneous goM contamination. Thus we
propose that these six systems (Au, Co, Ag, Rh, 8,
quenched defects) may all have a defect of the same
basic structure and properties but associated with
a, different chemical impurity in each case.

We contrast this striking similarity in electron
thermal-emission rates for different impurity sys-
tems with small but significant differences in other
properties for the same impurity system (Si:Au).
The two properties which show variations among
different samples of gold-doped silicon are the
electron-thermal-capture cross section and the
optical cross sections for photoionization of elec-
trons or holes from the gold acceptor. In con-
trast to the thermal-emission rate, which is pri-
marily a property of the ground-state energy of the
system, the capture and optical cross sections are
much more strongly influenced by the shape of the
defect wave function and possible excited states.
By adding our new capture data to a compilation of
previous measurements taken from the literature
we note a correlation which has never before been
reported, namely, that the electron-capture 'cross
section of the gold acceptor varies by nearly a fac-
tor of 50 depending-on the ratio of the gold concen-
tration to that of the shallow donor. This suggests
that the gold complex may also be changed in subtle
ways by the association of phosphorous. Finally,
the subtle differences we see in the optical cross
sections of gold centers in epitaxial versus
Czochrolski samples suggests that some additional
impurity such as oxygen may also be a part of the
complex in some samples.

'The picture we hope to leave is one of a complex
defect structure for the gold acceptor, but not
hopelessly complex. The overriding similarities
between Au, Ag, Co, Rh, S, and quenched-in defects
far outweigh the much more subtle effects due to
the associations with phosphrous and (perhaps)
oxygen. Indeed, such broad similarities among
classes of defect complexes and the dominant role
of the lattice in determining the properties of these
complexes is an emerging feature of our current
theoretical understanding of deep levels in semi-
conductors.

In Sec. 0 we will describe the different samples
used in this joint project and briefly outline the ex-
perimental techniques. The thermal emission and
capture rates of electrons at the acceptor will be
discussed in Secs. III and IV, respectively. In Seq.
V we will present the optical cross-section data on
our two major types of samples. An analysis of the
thermodynamics of energy levels will be presented
in Sec. VI with a special emphasis on the impor-
tance of the often overlooked entropy factors. Sec-
tion VII is a discussion of the conclusions which
may be drawn from the data, including some simple
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speculative models which may be helpful in the
search for the underlying structural difference be-
tmeen the various types of gold defects. In Sec.
VIII we summarize the major points of the paper.
Finally, we place in the Appendix an analysis of
electron and hole capture at the gold-donor le'vel

which is necessary to support the validity of con-
centration measurements (in Sec. III) which show
that the donor and acceptor levels are not related
to the same defect.

II. EXPERIMENTAL DETAILS

Two different types of gold-doped silicon p'n
junctions mere used in this study. The first, which
we will call type A, was prepared from epitaxial
silicon and is the same type as mas used by the
Lund group in previous optical" and thermal'
measurements. The n-type layer was a lightly
doped 10-pm-thick epitaxial layer [Nn N„—
= (4—7) x10" cm 3] grown on a p' substrate [N„
—N~ = (5-7)x10" cm ']. In these samples the dop-
ing profile near the junction is not perfectly abrupt
but is slightly graded. ' Various mafers were gold
diffused at temperatures between 890 and 960'C to
give samples with a homogeneous gold concentra-
tion of from 5&&10' to 3 x10»

The second type of sample, which we mill call
type B, is an abrupt p'n step junction formed by
boron diffusion into 5 ohm cm phosphorous-doped
silicon grown by the Czochralski technique. Gold
was evaporated on the back of the wafer after the
junction was formed and diffused uniformly through
the sample to a concentration of 1&&10'4 cm '. The
net donor concentration in a completed p+n junction
was found to be 8&10»~ cm 3. The Ohmic contact
on the top of each type of sample mas much smaller
than the junction area to allow direct illumina, tion
of the space charge layer in the optical experi-
ments.

The experimental techniques used in this work
were various forms of junction space-charge spec-
troscopy. Both steady-state and transient methods
mere employed. Since we found that all methods
gave essentially identical results when applied to
the sa,me sample, and since a,ll of the methods have
been discussed extensively in the literature, we
will very brieQy mention here the various tech-
niques which mere used.

The junction current methods have been reviewed
by Grimmeiss. ' One of the methods which we used
to measure optical cross sections was the dual-
light-source steady-state photocurrent method. "'9
Junction capacitance methods have been reviewed
by Miller et a).»2 for the thermal-emission case.
We used fixed-temperature capacitance transients
to measure precisely thermal-emission rates and

deep-level transient spectroscopy (DLTS) to study
the relative concentrations of donors and accep-
tors. The photocapacitance methods which we used
have been recently discussed by Henry and Lang'
and by Kukimoto et a$.' 'The capture cross sec-
tions mere measured by the bias-pulse method de-
veloped by Henry ef. al.»~ In using this method we
were careful to avoid the nonuniform capture rate
in the edge region of the space-charge layer which
is a problem at lorn bias voltages. "

For the optical and thermal transient measure-
ments w'e used a precision temperature-controlled
Dewar in which the sample was cooled by direct
contact with an exchange gas which had a thermal
stability better than 0.1 K. The temperature of the
sample probe was monitored by a copper-con-
stantan thermocouple which was calibrated with re-
spect to the actual temperature of the sample by
mounting a GaAs diode thermometer in the normal
sample position. Such painstaking calibration pro-
cedures mere needed to ensure the accuracy of the
thermal- emission- rate measurements. We have
found that without such calibrations it is possible
for the sample temperature to be in error by sev-
eral degrees, particularly in less sophisticated
Dewar systems. Furthermore, the temperature
error often may not be constant but may depend on
the sample temperature. This effect is a particu-
lar problem with cold-finger-type Dewars and ean
give rise to a systematic error in the thermal-
emission activation energy as determined from the
slope of an Arrhenius plot.

III. THERMAL-EMISSION RATES

As we pointed out in the Introduction, there is a
rather wide range in the reported values for the
activation energy of thermal-electron emission
from the gold-acceptor level to the conduction
band. The extreme values range from 0.49 to 0.58
eV.' However, when these data are all plotted to-
gether as in Fig. 1, one sees that the various val-
ues of the electron thermal-emission rate e'„all
fall very close to the same straight line corres-
ponding to an activation energy of 550+ 5 meV (with
7'2 correction). The data in Fig. 1 are taken from
Sah et al."who reported an activation energy of
547 a2 meV, from Yau and Sah" who reported 582
meV from Parillo and Johnson" who reported 490
+20 meV, from Engstrom and Grimmeiss' who re-
ported 553 meV, and from Brotherton and Bicknell
who reported 555 meV, aH. with the standard T'
correction. 'These e„' values lie within a range of a
factor of 1.5 at the same temperature or a range of
3.1 K at the same emission rate.

Our measurements of e'„ in both A- and B-type
samples fall in the midst of the data presented in
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FIG. 1. Electron thermal-emission rate of the gold-
acceptor defect versus inverse temperature for five
studies reported in the literature.

Fig. 1, almost exactly on those of Engstrom and
Grimmeiss. The activation energy which we ob-
tain from these new data is 553 meV. Note that be-
cause of the well-known T' term in the emission
rate, the slope of the raw data in Fig. 1,is actually
2kT =43 meV larger than the activation energy of
553 meV. This is the so-called T' correction with
1' chosen as the temperature of the midpoint of the
temperature range of the data. The emission rate
of sample B was only 4' higher than that of sample
& at the same temperature. The effect of electric
fields on e„' was also quite small, being less than
5/g for a reverse bias change of from 2 to 20 V.

The close similarity between the thermal-emis-
sion rates of samples A and I3 is surprising in view
of the significantly larger differences between these
samples in their capture and optical properties,
which we will discuss in later sections. Even more
surprising, however, is the similarity in thermal-
emission rates reported in the literature for sev-
eral different impurities in silicon. This is strik-
ingly shown in Fig. 2 where in addition to the gold-
acceptor data' we have indicated best fits to the
electron thermal-emission rates for the deep lev-
els introduced near midgap in Ag-doped silicon, "
Co-doped silicon, "and quenched silicon (process-

FIG. 2. Electron thermal-emission rates versus in-
verse temperature reported in the literature for the
approximately midgap deep levels found in silicon doped
with Ag, Au, and Co as well as the so-called process-
induced defects found in samples quenched from 1100 C.
The various symbols indicate best fits to the Arrhenius
plots in the literature and not the exact data points.

induced levels). "~' Two other deep levels also
have essentially identical e'„values when plotted on
the scale of Fig. 2: the midgap levels in S-doped
silicon ' and in Bh-doped silicon."

In spite of these e„similarities, however, it is
clear that these are distinguishably different de-
fects. The most obvious difference is that the mid-
gap levels introduced by the diffusion of Co, Bh,
Ag, or Au into the sample are acceptors whereas
the midgap levels in S-doped and in quenched sili-
con are donors. There are also significant differ-
ences in the electron-capture properties. For ex-
ample, the electron-capture cross sections of the
deep acceptors in Bh- and Au-doped diodes differ
by a factor of 30.22 Unfortunately, a detailed study
of the various thermal and optical difference among
these centers, such as we report here for the Au
level in different samples, has not been done for
the other five levels. Therefore we do not know the
full extent of the differences between these defects.

The differences among samples doped with Co,
Ag, or Au can most readily be determined by ob-
serving the thermal emission from the donor level
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FIG. 3. DLTS spectra of our gold-doped p'n diodes of
type A and type B. Positive signals correspond to hole

emission whQe negative signals correspond to electron
emission. The rate window was 50 sec '.

1ocated in the lower half of the gap. The hole-
emission activation energy (with T' correction) is
o.345 eV' in Au-doped silicon ' '~ 0.365 eV in Co-
doped silicon, 7 and 0.393 eP in Ag-doped silicon.
In Bh-doped silicon there is no state in the lower
half of the gap, but a second state (reported to be
an acceptor) in the upper half of the gap with an
electron-emission activation energy of 0.315 eV.22

In order to show the thermal--emission signals
from the donor and acceptor levels it is most con-
venient to use the DLTS technique. ' Figure 3
shows Dl TS spectra (50-sec ' rate window) from
our gold-doped samples of type A. and type B. Also
shown in this figure are the temperatures where
the donor and acceptor levels should give peaks (at
50 sec ) in Co- and Ag-doped silicon. In an ideal
p'n diode electron (majority-carrier) emission
gives a negative peak for a majority-carrier-pulse
spectrum. and hole (minority-carrier) emission
gives a positive peak for an injection-pulse spec-
trum. However, since the A-type samples have
slightly graded junctions, we also see a weak neg-
ative peak for the donor level on the, p side of the
junction, since hole emission is a majority-carrier
process in p material. Such a negative peak is not
seen in sample B, which is more nearly an abrupt

p'n junction.
Ever since the earliest Hall measurements on

Au-doped silicon' "it has been widely accepted
that the donor and acceptor levels belong to the
same substitutional gold impurity, i.e., gold has
three charge states in the gap." In the DLTS spec-
tra of Fig. 3, however, it is quite clear that the
donor level in sample B has a significantly smaller
signal and hence lower concentration than the ac-
ceptor level. This implies that the donor and ac-
ceptor canizot be related to the same defect.
Engstrom" has also recently seen unequal DLTS
signals from the Au-related donor and acceptor
levels. In this case the ratio of the donor to the ac-
ceptor signal was actually observed to vary during
low temperature (-200'C) annealing of the Au-doped
samples. One must be very careful, however', in
extracting concentration information from DLTS
minority-carrier-emission spectra. It would be
quite possible, for example, to fill only partially
the donor level during an injection pulse and thus
generate a DLTS signal which is less than the de-
fect concentration. Since this paper is primarily
concerned with the acceptor level, we give in the
Appendix a detailed analysis of the trap-filling pro-
cess at the donor level during an injection pulse
and show that under the conditions of Fig. 3 the
DLTS peak height is indeed proportional to the de-
fect concentration, i.e., the donor is fully saturated
with holes during the injection pulse. In the pro-
cess of verifying the donor-to-acceptor concentra-
tion inequality we also find that the capture cross
sections for the donors seen in our g-type samples
are very different from those reported in the liter-
ature for donors in p-type material. Indeed, these
p-type donors could be seen only by photocapaci-
tance or photocurrent in e-type Si and not by DLTS.
This further complicates the Au-doped Si picture
and only serves to amplify the main point of this
paper, namely, that Au in Si is not a simple defect.

In the past, the major evidence for gold being a
three-charge-state system has been that the donor
and acceptor states were of roughly the same con-
centration. '~" This is certainly a necessary con-
dition but it is not sufficient to prove the existence
of multiple-charge states. For example, Cu in
QaAs has long been considered to be a double ac-
ceptor based on Hall-effect conceritration measure-
ments. " However, photoluminescence measure-
ments of excitons bound to Cu in GaAs show that
the two levels have different site symmetry and

hence are most likely two different Cu-related de-
fects.' ' Even more conclusive, however, are
DLTS measurements which show the two Cu levels
to have significantly different concentrations in the
same sample. "

Another example of levels which might errone-
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ously be assigned to a three-charge-state defect is
the case of the two very common deep levels of un-
known origin in GaAs which are usually referred to
simply as level A and level B.' These levels al-
most always occur with very nearly the same con-
centration, so'3' so that one might be tempted to
think, as in Au-doped silicon, that they are two
levels of the same defect. Recently, however, in
several samples of GaAs these levels have been
present in very different concentrations, " thus
proving that they are not related. Apparently the
occurrence of different defects with nearly the
same concentration is not as unusual as one might
expect. The common assertion that two deep lev-
els of equal concentration most likely are related
to the same defect is thus a very weak and poten-
tially misleading argument. A good example of an
experiment which actually proves the existence of
a defect with three charge states is the combined
photocapacitance and carrier-capture measure-
ments on oxygen in GaP.~3'~~

IV. ELECTRON CAPTURE AT THE ACCEPTOR LEVEL

In contrast to the close similarities among e„'
values for different gold-doped samples (and even
for different impurities), the reported capture
cross-section values deviate widely in the litera-
ture, lying in a range of over an order of magni-
tude for electron capture at the gold-acceptor lev-
el.' It is essential to have a direct measurement
of this cross section in order to evaluate the ther-
modynamic variables associated with the electron-
emission process. Therefore we measured the
electron-capture rate at the gold-acceptor level in
our two types of samples.

The electron-capture cross section 0„ is defined
by

T '-~n Vh" +~n ~

Cff
—

Off Vth ~

Our data for sample B are shown in Fig. 4. It is
clear that c„ is proportional to the square root of
temperature over a wide range (115-424 K).
Therefore 0„ is independent of temperature, as has
been found in all other reliable measurements (see
Table 1). The value of the cross section is o„=1.7
&10 ~6 cm . The deviation from a square-root tem-
perature dependence in the capture rate at high
temperatures is due to the e„' term in the measured
time constant [see Eq. (1)]. The open circles in
Fig. 4 correspond to the true value of c„after e„/n
has been subtracted from 7 '/n, .

The electron-capture rate at the gold acceptor in
sample A was measured at 295 K. 'The value of the
cross section (o„=0.69 &&10 "cm') is 2.5 times
smaller than that of sample B. This is outside the
possible range of error in this type of bias pulse
measurement. A very conservative estimate of the
range of error in cr„ is certainly less than ~2(F/~

This is, therefore, the first indication that the
gold-acceptor levels in our two types of samples
are actuaOy different defects.

Our measured values for o„ in samples A and J3
are compared with other measurements of the
electron-capture cross section of the gold-accep-
tor level in Table I. In this table we have included
only direct measurements of the capture rate.
Thus we have specifically excluded values of cr„de-
rived from thermal-emission measurements by de-
tailed balance arguments. As we will show in Sec.
VI, detailed balance calculations are not valid un-
less the temperature dependence of the energy lev-
el is known. Previous workers have implicitly as-

v,„=(3kZ'/m*)'~', (2)

where k is Boltzmann's constant, T is the absolute
temperature, and m* is the electron density-of-
states effective mass. In our calculations of o„we
have used

m* = (m*, m~')"'= 0.35~
so that in cm/sec

where 7 is the time constant of the trap-filling pro-
cess with a free-electron concentration pg.

"'" The
average electron thermal velocity vz is defined' as Ol

E
CJ

0)
O

e„ /n

v~ = 1.97 & 10'(T/300) (3) 0
0

l

100
I l

P00 MO 400
l

500 600
The capture properties of a deep level are also
often expressed in terms of the capture coefficient
c„wiiich is related to the capture cross section by

TEMPERATURE (K)

FIQ. 4. Thermal-capture coefficient (c„=O„v&h) versus
temperature for electron capture at the gold acceptor.
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TABLE I. Summary of electron-capture cross sections for the gold acceptor as reported in the literature.

Reference Method NA„/ND

Electron-capture
cross section
0„(10-"cm')

Temperature
range

(K)

Fairfield and Gokhale
(1965) (Bef. 34)

Pals (1974) (Bef. 22)

Barbolla et al.
O.976) (Bef. 35)

Brotherton and Bicknell
(1978) (Bef. 4)

Sample A

Sample &

Bemski (1958) (Ref. 25)

Kassing and Lenz
(1974) (Bef. 2)

Kassing et al.
(1975) (Bef. 36)

Davis (1959) (Bef. 37)

Nagasawa and Schulz
O.975) (Bef. 38)

photo conductive
decay

junction capacitance-
pulsed bias

junction capacitance-
pulsed bias

junction capacitance-
pulsed bias

junction capacitance-
pulsed bias

junction capacitance-
pulsed bias

minority-car rier
lifetime

SCLC

SCLC

majority-carrier
lifetime

junction capacitance-
bias pulse

&0.17

0.18

&0.23

&0.1

0.1

0.45-0.88

(in ion-implanted
region)

0.85

1.3

0.83

0.9

0.69

1.7

5.0

4 7 R

73'

20

300

77-220

80-205

77-280

295

115-424

200-450

300

172-316

300

These values differ from the original reference. They have been recalculated here with m*/m0=0. 35 to be consis-
tent with the rest of the table.

sumed without proof that the level was fixed to the
conduction band ' '~ or else have attempted to in-
corporate a temperature dependence by arbitrarily
assuming that the level had half of the temperature
dependence of the gap."

The data in Table I range over a factor of 30,
from Q.69 x /0 ~6 to 2y.8 x yP "cm'. This Iarge a
deviation is far outside the expected range of er-
rors in any of the measurements. In addition,
there is no consistent variation with experimental
technique. Vfe believe, therefore, that these vari-
ous values of o„are further evidence for different
types of gold defects. If one assumes that all of the
measurements are reliable, one sees that the data
in Table I fall into three fairly distinct groups
based on the concentration of gold NA„relative to the
shallow donor (most likely P) concentration N~.
The first group, ' ' ' 8 which includes our samples
A and B, has N~„«N~, typically N„„/N~ =0.1. This
group has the smallest cross-section values
[(0.69-1.7) x10 '8 cm']. Next, a group of inter-
mediate cross sections [(4.7-7.3)x10 "cm'] cor-
responds to samples in which N„„=N~.'"" Fin-
ally, the largest reported cross sections [(20-
21.8) x10 '~ cm'] have all been measured using
samples in which NA„»&~.' '9

This correlation of cross-section values with

doping si.tuations where either the gold or the shal-
low donor is the dominant species suggests that
some sort of ion-pairing phenomenon might be tak-
ing place. We will discuss this possibility more
fully in Sec. VII.

V. OPTICAL CROSS SECTIONS FOR THE ACCEPTOR
LEVEL

In this section we report our values for the cross
. sections 0~ and O„corresponding to optical transi-
tions from the valence band to the unoccupied ac-
ceptor level and from the occupied acceptor to the
conduction band, respectively. Such measure-
ments have been made in the past"' using the
same techniques as we have used here. In fact,
our results on sample A are essentially identical
to the earlier studies on these types of samples. "
'Therefore we will not discuss the technique but
only the results. In particular, we will focus
mainly on those aspects of the present data which
extend the previous work. Specifically, we have
made here accurate comparisons of cross-section
values between different samples at the same tem-
perature and between different temperatures for
the same sample. We have therefore not measured
absolute cross sections, since this has been done
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previously on samples of type A at 90 K.'
The optical cross sections for both sample A and

S at 80 and 160 K are shown in Figs. 5 and 6. Al-
though the scales of these figures are expressed
in arbitrary units,

,
the data for the two samples

are on the same scale. Thus the 'apparent differ-
ence in cross-section values of nearly an order of
magnitude between samples A and B is a real ef-
fect. 'This strikingly large difference between the
samples is quite reproducible and indicates again
that the gold-acceptor states in these two types of
samples are quite different in spite of their similar
thermal-emission rates. In these figures one can
also note other less striking differences; namely,
the so~/0'„ratio for hv above 0.8 eV differs in the
two samples and the two o„curves have slightly
different shapes.

The temperature dependence of the cross sec-
tions is shown in Fig. 7 for cr~ and in Fig. 8 for 0„.
In all cases a shift to longer wavelength and a
broadening of the line shape are evident. As can
be seen in Fig. 7, the shape and temperature de-
pendence of the hole-emission cross section 0& is
almost exactly the same for the two different sam-
ples. 'The only difference, as mentioned above, is
that 0~ in sample B is an order of magnitude larger

than in sample A. These data were taken under
conditions of identical optical intensity with a de-
focused monochromator beam providing a uniform
illumination. The relative position of the curves
was then determined by the time constants of photo-
current and photocapacitance transients. There-
fore, the only possible source of error might be a
variation in the light intensity inside the sample
due to differences in such factors as ref lectivity,
etc. However, since both samples had contacts
over only a small fraction of the junction area, we
believe that such variations might account for at
most only a factor of 2 in the order-of-magnitude
discrepancy. Thus we must conclude that, no mat-
ter how surprising it might be, the difference be-
tween the samples is real.

In contrast to the similar shape and broadening
of the cr~ curves for the two different samples, the
o„data in Fig. 8 indicate slight differences in these
properties of the cr'„ line shapes. The line shape for
sample B shows a slightly more abrupt change of
slope near 0.6 eV than does that of sample A. The
sample A 0„ line shape is a more uniform curve
very similar in shape to the o~ curves for the two
samples. The thermal broadening of the 0„ transi-
tion is different in these samples as well. Sample
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160 K.
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B has a, rather large broadening of oo, almost ex-
actly the same as the large o~ broadening in both
samples. Sample A, on the other hand, has a
somewhat smaller temperature dependence. In
fact, over the first decade down from the maxi-
mum the shift and/or broadening is barely notice-
able, in agreement with the earlier data, .'

We have not attempted to fit a theoretical line
shape to these data but rather have drawn smooth
curves through the points. A theoretical fit would
clearly be desirable and necessary to extract the
threshold energy, temperature shift of threshold,
and Franck-Condon (lattice-relaxation) energy.
However, since the semiclassical phonon-broaden-
ed theory4' is probably not applicable for the low
temperatures and rather modest lattice relaxation
apparent from the data, we felt that such a fit would
be misleading because of the large. number of free
parameters which are available in our case. In any
event, our main purpose in this paper is to stress
the differences between two supposedly similar gold
centers in two different types of silicon samples.
For this it is only necessary to compare the raw
data.

Finally, let us compare our present data with the
other measurements of the optical properties of the

gold acceptor. 3'9'40 First, as we mentioned earl-
ier, our data. on sample A a,grees with the pre-
viously published measurements on the same sam-
ples. 3'9 Thus we can use the absolute cross-sec-
tion values determined earlier for these samples
at 90 K.' Also in Ref. 9 a comparison is made be-
tween samples of type A and the optical data of
Tasch and Sah" on the gold-acceptor level. Com-
pared to the differences between samples & and 8,
the differences between sample A and the data of
Tasch and Sah are very small. As can be seen in
Fig. 6 of Ref. 9, the 0~ values agree almost exactly
and theo„'values differ by, at most, only 50'%%uo. Thus
our type-A samples and the samples used by Taseh
and Sah appear to have a rather similar type of gold
defect, whereas our sample B appears to have a
quite different defect It is int. eresting (and per
haps significant) to note, therefore, that in both
sample A and the Tasch and Sah sample the active
layer for space-charge spectroscopy was epitaxial
n-type silicon whereas in sample B the corres-
ponding n-type layer was Czochralski-grovrn sili-
con. We will discuss this point further in Sec. VII.

VI. THERMODYNAMIC ANALYSIS

Recently there has been considerable interest in
the temperature dependence of the emission ener-
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is the enthalpy L.et us define AG„(AG&) as the free
energy needed to emit an electron (hole) from the
deep level. This is the proper energy to use in a
Boltzmann factor or Fermi function. " Then, as
shown by Engstrom and Alm, the proper fprms
for the well-known detailed balance equations re-
lating thermal capture and emission rates are

e„' = c„N,exp( AG„/kT)-
for electron emission and

e~(= c~N» exp(-AG~/kT) (9)

for hole emission. In these equations e„and e~ are
the capture coefficients for electrons and holes,
respectively, defined by Eq. (4), and N, (N„) is the
density of states in the conduction (valence) band.

Note that Eqs. (8) and (9) do not include the elec-
tronic degeneracy factors in the usual way. This
is an important differerice. In the proper thermo-
dynamic treatment4' the changes in degeneracy ow-
ing to changes in both the electronic and vibrational
states of the system accompanying the emission of
an electron or hole are expressed together as the
entropy changes AS„or ~9~, respectively. 'Thus

gies of deep levels. " This concept is most con-
veniently discussed in the language of thermodyna-
mics, as in the recent work of Van Vechten and
Thurmond4 and pf Engstrpm and Alm. In this
section we will briefly discuss the thermodynamic
concepts set forth in Refs. 42 and' 43 and apply
them to the data on the gold-acceptor level in sili-
cpn,

A major point of confusion which often arises in
discussions of the energy of deep levels is the un-
certainty as to which is the proper thermodynamic
form of "energy" to use. In a rigorous thermo-
dynamic sense the energy needed to emit one elec-
tron from a defect is the chemical potential p. 'The

chemical potential may in turn be expressed in a
number of equi. valent ways, two of hich are of
special interest to us, namely,

BE BG
(6)

BN g~ BN p~'

where E is the internal energy, G is the Qibbs
free energy, N is the number of electrons, 8 is the
entropy, P is the volume, p is the pressure, and T
is the absolute temperature. The first definition is
relevant to optical transitions while the second ap-
plies to thermally stimulated transitions. ' ' Thus
in both cases we can treat the emission energy of
a deep level as a Gibbs free energy, defined by

(6)

where

from Eqs. (6), (8), and (9) the detailed balance re-
lationships may also be written

e'„=. c„N,X„exp(-AH„/kT )

for electron emxssxon and

e~ = c~N»X~ exp( AHp—/kT)

(10)

for hple emission. The entropy factors X„&» are
defined as

X„(q) ——exp (AS„(p)/k),

where 68„&» is the total entropy change accom-
panying electron (hole) emission. This total en-
tropy change is in turn equal to the sum of the
changes in the entropy due to electronic degener-
acy AS„, (AS~, ) and due to atomic vibrational
changes AS„, (AS~,). The electronic contribution
to the entropy may be expressed in terms of the
usual degeneracy factors: g, for the defect when

unoccupied by an electron, and g, for the defect
when occupied by a single electron. Thus the en-
tropy factors may be written as

x.= (go/g, ) exp(as„.lk)

and

X~ = (g, /g, ) exp(AS~. /k) . (14)

From Eqs. (10) and (11) it is clear that the slope
of an Arrhenius plot is an enthalpy. If the temper-
ature dependence of c„N,X„(for the example of
electron capture and emission) is known, then the
"activation energy" of the deep level is ~„, which
we shall call the activation enthalpy. If the experi-
mentally determined enthalpy is substituted back
into Eq. (10) to calculate c„without knowing X'„,
the resulting value of the capture cross section
could be seriously in error, since the entropy fac-
tors may be 50 or greater in some cases. This is
why in Sec. IV we did not consider capture cross
sections obtained in this way. Mircea eg gl.44 have
also pointed out this problem in connection with
capture cross-section determinations in GaAs;
however, they did not use thermodynamic language.

If the emission rate, capture cross section, and
activation enthalpy are all known, then Eqs. (10) or
(11) may be used to calculate X„or X&. It is not
possible, however, to determine from such data
the relative magnitudes of the electronic and vi-
brational parts of the entropy. It is nevertheless
of interest to calculate the entropy factors of the
gold acceptor in the few cases where sufficient data
are known. For our sample A we have ~„=0.553
eV and at T =250 K; e'=10 sec ', & =2.39&10'9
cm ', and e„=1.29&10 cm'sec '. Therefore,
X„=48 or, equivalently, ~S„=klnX =3.87k. For
sample B the thermal-emission rate is essentially
identical at several different temperatures but the
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capture cross section is 2.4 times larger than in
sample A. Therefore X„=20 or AS„=3.00k. There
are also two cases in the literature where suffic-
ient data are available to calculate X„, namely, for
the sample of Brotherton and Bicknell where we
obtain &„=47.5 (~S„=3.66k) and for the gold-ion-
implanted sample of Nagasawa and Schultz' where
from their data we calculate ZC„=1.04 (AS =0.04k).
These results are summarized in Table II.

For the case of sample A we are also able to cal-
culate X~ from the previous thermal data on this
type of sample. ' Using the hole-capture cross sec-
tion determined from the minority-carrier-diffu-
sion length in these samples, ' we obtain X~=5.7 at
250 K (sample A), or sS~= 1.74k. It is of interest
to compare the total entropy (aS~+hS„) associated
with the creation of an e-h pair via the gold-accep-
tor level with the entropy of the silicon band gap
AS, i.e., the entropy associated with the direct
creation of an e-h pair. ' 'There is sufficient data
to do this only in sample A where we have AS~
+~S„=5.61k at 250 K. From the data compiled by

Thurmond, ~ ~S,„=2.7k for silicon at 250 K.
Therefore, the entropy to create an e-h pair via
the gold-acceptor level apparently is over twice as
much as that associated with the direct creation of
such a pair. This rather surprising result is not
likely to be due to experimental error since the
major source of error is in the cross-section data
and is on the order of 5(P/q or less. Furthermore,
these errors enter only logarithmically into the
determination of the entropy.

One of the main consequences of this apparent
large total entropy change is that the previous at-
tempts' ' to determine the temperature dependence
of the acceptor-energy level from thermal data
must be reexamined. These earlier analyses im-
plicitly assumed AS„+~S~=LS . Indeed, one
would expect this to be true for a simple defect.
Engstrom and Qrimmeiss' analyzed the hole-emis-
sion and capture data using go/g, =3.2. We will re-
state their results in terms of the thermodynamic
language which we have just discussed. From Eq.
(14}and the 21~=5.7 value for sample A, we see

that ~S&=2.9k, which is very close to ~S =2.7k at
250 K. Thus it was argued' that the energy level
was pinned to the conduction band since the entire
entropy of the gap (and hence temperature depen-
dence of the gap} could be accounted for by the
hole-emission transition. This follows from the
fact that the entropy is a direct measure of the
temperature dependence of the Gibbs free energy
according to the general thermodynamic relation-
ship.

8G
BT p z,

(15)

Brotherton and Bicknell, 4 on the other hand,
analyzed the thermal capture and emission of elec-
trons at the gold acceptor and came to the opposite
conclusion, namely, that the level was pinned to
the valence band. In our language, their argument
was essentially the following. By using the value
of X„=47.5, which we obtained above from their
data, and their value of go/g, =4 we see from Eq.
(13) that d, S„,=2.5k. Thus if one assumes, as they
did, that LS„+dS~=sS,„, we see that gS =0.2k;
i.e., the temperature shift of ~G~ is very small.
In fact, however, since AS„+LS~=2LS,„we see
that the acceptor level seems to move relative to
both the conduction and valence bands with the total
temperature dependence of the gap. Thus both of
these earlier studies would seem to be partially
correct and partially incorrect.

This analysis leads us, however, to a serious
paradox. On the one hand, the data which led above
to the large total entropy seem reasonably accur-
ate. On the other hand, according to the data of
Ref. 1 and Table II, the free energy of e-h pair
production via the gold acceptoe in type-A samples
at 250 K would seem to be less than the free ener-
gy of the gap AG,„. This violates the conservation
of energy. The value of ~G„=HEI„-TAS„ is given
in Table II. From the data of Ref. 1 we showed
above that AS~=1.74k. Thus taking zH~ (250 K)
=0.641 eV, ' we see that d,G~ (250 K) = 0.604 eV.
The total enthalpy (~„+AH&) is equal to 1.194 eV,
which is remarkably close to AH, „(250K) =1.194."

TABLE II. Summary of the thermodynamic parameters for electron capture and emission
at the gold acceptor.

Sample

~ (250 K)
(sec ~)

0„(250 K)
(10 cm ) (eV) X„ &S„/k

&G„(250 K)
(eV)

A
B
Brotherton and Bicknell

(Ref. 4)
Nagasawa and Schulz

(Ref. 38)

10
10
10

8.5

0.69
1.7
0.9

21.8

3.87
3.00
3.86

0.54 1.04 0.04

9.553 48
0.553 20
0.555 47.5

0.470
0.488
0.472

0.54
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The total Gibbs free energy (AG„+AG~), however,
is only 1.074 eV at 250 K. This is 63 meV /ass
than the free energy of the gap [AG (250 K)
=1.137 eV j at 250 K.4' This cannot possibly be
correct. 'Therefore we must conclude that the total
enthalpy (~„+cKH~) is too low or that the total
entropy (2 S,+AS~) is too high. The former is not

very likely, however, since all measurements of
AII„+ALII~ have been less than or equal to ddI, „at
the temperature of measurement. """44'

Therefore we are left with the possibility that the
value of AS„+68~=248 may be incorrect. The
origin of any possible errors, however, is not at
all obvious.

One possible problem is that all of the above
analysis is based on the implicit assumption that it
is valid to use the detailed balance relationships to
determine X„&» from the capture and emission
data. This is certainly true if both the capture and
emission rates are measured in neutral material.
In the ease of space-charge spectroscopy, how-

ever, the emission rate is measured in the pres-
ence of the rather large electric field which is al-
ways present in the space-charge layer. The cap-
ture cross sections, on the other hand, are usually
measured in zero field. Thus even though we have
shown that the emission rate e„' is practically inde-
pendent of applied bias, it still may be true that
rather small electric fields (smaller than the smal-
lest field at the gold defects in zero-applied bias)
have a significant enough effect on the emission
rate to invalidate the use of Egs. (8)-(11) in the
present case.

It also may be possible that the capture occurs
via excited states of the gold level in such a way as
to modify the form of the detailed balance relation-
ship. Capture via an excited state gives rise to a
characteristic temperature dependence of the elec-
tron-capture rate corresponding to thermal re-
emission from the excited state occurring before
deexcitation to the ground state. '46 4' Thus the
capture cross section increases with decreasing
temperature with a negative activation energy equal
to the depth of the excited state. Although most
measurements indicate a temperature-independent
0„, there is some very slight evidence for a small
increase in cr„at lower temperatures with an acti-
vation energy of -2.6 me7. 36 There is no evidence
in the capture data for any deeper excited states.
Therefore, if such a state were present it would
have to be of such a nature that the rate of deexcit-
ation following capture was sufficiently rapid that
thermal reemission could not occur. Such a state
w'ould not affect the temperature dependence of the
capture rate and would not alter the measured
activation enthalpy in zero field. However, if an
electric field were present which enhanced the

emission process from the excited state so that its
rate now exceeded the rate of deexcitation, then
the apparent activation enthalpy would be reduced
by the depth of the excited state.4' lf this were the
case, then the total enthalpy would exceed the mea-
sured sum ~„+LUI~ by the depth of the excited
state. Therefore, the true total enthalpy for the
gold-acceptor case would exceed AII,„and a large
total entropy would not violate the conservation of
energy by making possible the creation of e-h pairs
via, the gold level with AG„+45~& AG„. A problem
with this idea, however, is that the ~„is very
similar in both junction and HaQ-effect measure-
ments.

Another possible explanation for the large en-
tropy of e-h pair production via the gold acceptor
has been suggested by Van Vechten. " This is
based on his original proposal ~ that "Aus;" is
actually a complex of an Au interstitial with a va-

aney, Au)Vsi Thus the lonxzatlon reactions for
the gold acceptor Aus, could actuaQy be

Au&Vs,. -Au, .VS, +e'

for the hole emission, and

Au, V.„.-Au, '. Vs; +e

(16)

(17)

for electron emission. Each of these reactions
would be expected to have the entropy of the gap
~$,„, so that the total entropy of e-h pair produc-
tion via, the Au,.V„defect would be 2~S,„as is ob-
served. The apparent nonconservation of energy
could also be explained if the final Au,'Vs; state
had lower energy than the initial Au,.Vs; state.
'Thus the Au defect eouM not be returned to its ini-
tial state without some additional energy being sup-
plied to drive the internal defect reaction Au; V&;

-Au, V~, This internal reaction energy must be
equal to or greater than the energy deficit AQ
—(LG„+AG~) = 63 meV (at 250 K).

Without further data, however, these and other
possibl. e explanations for the paradox of the ap-
parently large total entropy have to be regarded as
speculative. One point is clear, how'ever. As is
also evidenced by the other data in this paper, the
gold acceptor is not the simple defect it was once
thought to be.

VII. DISCUSSION OF GOLD-DEFECT MODELS

The results which we have presented on gold-
doped silicon leave one with a rather confused pic-
ture of the true nature of the gold-related deep lev-
els in this material. In-this section we will discuss
some of the main features of the data and attempt
to bring some order to the apparent chaos by pro-
posing several speculative defect models which
might possibly explain certain aspects of the data.
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One of our major assumptions throughout the paper
has been that the data obtained by different people
using different techniques on different samples are
basically correct. Therefore one cannot appeal to
unspecified experimental errors to explain some of
the rather large discrepancies which have been re-
ported. This assumption is based on the data pre-
sented in this paper which verify that there are
real differences betmeen the gold-rel. ated acceptor
levels in different types of silicon samples.

There are four major points from our data and
those in the literature which any microscopic mod-
el must be able to explain:

(1) The gold donor and acceptor levels seem to
be related to different defects which are often
present in roughly equal concentrations.

(2) The electron thermal-emission properties of
the Au-acceptor defect are almost identical to the
acceptors in Ag-, Co-, and Rh-doped silicon a,nd

very similar to the deep donors in S-doped and
quenched silicon.

(3) Differences of a factor over 30 in the elec-
tron-capture cross section of the gold acceptor can
be correlated with the concentration of gold rela-

.tive to that of the shallow donor.
(4) The optical cross sections of gold-acceptor

defects in an n-type Czochralski-grown silicon
sample are approximately ten times larger than the
corresponding cross sections in an n-type epitaxial
silicon sample.

Our data relate primarily to the acceptor defect.
Therefore, we will discuss only models for this
deep level. 'The striking similarity of the e„vs T
behavior for six different defects (Au, Ag, Co, Hh,
S, and quenched-in) suggests that the underlying
structure of these defects may be very similar in
all cases. Thus the electron thermal-emission
rate must be very insensitive to the chemical na-
ture of the associated impurity and even to whether
or'not the net behavior of the complex is a,s a, donor
or an acceptor. The fact that the quenched-in mid-

gap level is among these six similar defects may
give us an important clue as to the common struc-
ture. Sah and Wang o have shown that the quenched-
in defects are generated in a. strained or disordered
surface layer during heat treatment and diffuse
rapidly into the bulk of the sample above 1100'e.
Samples with chemically polished surfaces do not
generate such defects. ' It was argued, therefore,
that these quenched-in defects are most likely va-
cancy complexes. " They must not be simple va-
cancies or divancies, however, since the 0.55-eV
electron-emission signal is not seen in (1-10)-
MeV electron-irradiated silicon.

It is tempting to expand upon the ideas of Van
Vechten4' and to speculate that the quenched-in
vacancy complex is the basic element of the E,

—0.55 eV family of defects. The various chemical
impurities might then be able to associate with this
vacancy complex without significantly affecting its
thermal-emission properties. Since such centers
are typically not present in control samples which
have had the same heat treatment as the impurity-
diffused samples, it would be necessary for the
diffusion process itself to generate or stabilize
these vacancy complexes. Indeed, there is evi-
dence that vacancy-related defects diffusing in
from the surface control the transition from the
mobile gold interstitial to the final gold defect
state during gold diffusion in silicon. "" It makes
intuitive sense that a large atom such as gold
would most readily be incorporated into the silicon
lattice if a large "hole" in the form of a vacancy
complex were available to it. There is also recent
evidence" that gold atoms have an enhanced solu-
bility (i.e. , are "geitered") near dislocations in
silicon. This implies that the gold atom would pre-
fer to occupy a distorted location in the lattice.
From a theoretical point of view one would also ex-
pect vacancy-related defects to behave very much
like the underlying vacancy part of the complex
even in the presence of associated chemical im-
purities. ' Indeed, calculations by Hemstreet" of
"substitutional" transition elements in Si suggest
that elements to the left of Co in the periodic table
are bonded to their Si neighbors while Co, Ni, Cu,
and Zn maintain their d-like atomic character with
the associated deep states in the gap being due to
the broken bonds on the Si neighbors, i.e., they are
vacancylike. Similar results have recently been
obtained in much more detail for Zn in Si by
Bernholc, Lipari, and Pantelides using totally dif-
ferent theoretical techniques. "

The tendency of gold and other heavy metal im-
purities in silicon to have an enhanced solubility
in regions of large phosphorous (donor) concentra. —

tion is mell known. "' For example, in regions
where the I' concentration is greater than 10'
cm ', the substitutional Au concentration is 2&10"
cm ' after a 100-h heat treatment at 800'C." This
is to be contrasted with the normal gold solubility
limit of less' than 10" cm ' at 800'C." This en-
hanced solubility or gettering effect is evidence
for a tendency to form ion pairs between phosphor-
ous donors and gold acceptors. Gold-diffusion data
in heavily doped silicon also support the idea that
gold and phosphorus tend to form complexes. "
Such a pairing effect may also explain the large
differences in electron-capture cross section in

Table I between samples where the gold concen-
tration is either much less than or much greater
than the shallow donor (presumably phosphorous)
concentration. In the N„„»N~ case there is little
possibility for donor-acceptor pairs to form.
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Thus, these types of samples should correspond to
a gold-acceptor complex which is not paired with
a shallow donor impurity. In the samples with N„„
«ND, on the other hand, it is possible that a sig-
nificant number of the gold acceptors are associ-
ated with donor atoms. This type of complex be-
tween a metallic impurity and a donor has recently
been seen in Cu-doped GaP. ' Also, in Co-doped
Si several differerit Co-related defect complexes
have been seen by Mossbauer measurements in
samples with P or B concentrations greater than
about 10'~ cm '.~

Among the samples in the N„„«N~ regime we
find our final set of discrepancies, namely, the
optical and capture cross-section differences be-
tween samples A and B. As we have noted pre-
viously, sample A is epitaxial silicon and sample
B is Czochralski silicon. One of the major differ-
ences between these two kinds of silicon is that
Czochralski silicon has a rather large concentra-
tion of'oxygen (&5 &&10" cm ') whereas epitaxial
silicon typically has very little oxygen (&10" cm ').
Since the epitaxial sample A has optical properties
close to another epitaxial sample in the literature, ~'

we suspect that it is the Czochrolski sample B
which is unusual, perhaps because of oxygen im-
purities associated with the gold complex.

We believe, therefore, that the various discrep-
ancies in our data and in the literature can be taken
as evidence that the deep levels in. gold-doped sili-
con are far more complicated than had previously
been assumed. Although the microscopic struc-
tures of the various gold complexes are by no
means obvious, we think the speculative models
which we have discussed may be helpful in focusing
attention on several possible areas of future in-
quiry. These particular models may ultimately be
proven right or wrong. The major point is to rec-
ognize that the deep levels due to gold in silicon
must be associated with some sort of complex
structure.

VIII. SUMMARY AND CONCLUSIONS

The major conclusion of this study is that the
deep levels in gold-doped silicon are not due to a
simple substitutional gold atom w'ith three charge
states, as had almost universally been assumed.
We find that the donor and acceptor levels in our
samples are not related to the same gold center
but are due to different gold-related defects which
occur in roughly equal concentrations in most
samples, but are unequal in others.

Our major emphasis has been to study carefully
the gold-acceptor defect in two different types of
silicon p'n diodes: one type fabricated from epit-
axial silicon (sample A) and another from

Czochrolski silicon (sample B). The electron
thermal-emission rates (and hence DLTS peak
positions) of the gold acceptor in these two types
of samples are the same within experimental er-
ror. Indeed, as we point out, it is quite surprising
to note that at least five other deep levels in silicon
(Ag, Co, Rh, S, and process-induced defects) have
electron thermal-emission rates and activation en-
ergies which are indistinguishable from the gold
acceptor. We suggest, therefore, that the
quenched-in centers induced by heat treatment may
be the basic defect of this family.

In contrast to the electron thermal-emission
properties, however, we find that the thermal cap-
ture and optical cross sections of the gold accep-
tor show quite a wide range of variation both be-
tween our two types of samples and between our
samples and data in the literature. We show that
the differences between samples A and B are not
due to systematic errors in the various measure-
ment techniques. If we further assume that the da-
ta in the literature are also basically reliable, we
can show that the widely divergent values reported
for the electron-capture cross section of the gold
acceptor can be correlated with the ratio of the gold
concentration to that of the shallow donor. We
propose, therefore, that the variations in thermal-
capture cross section are related to the formation
of complexes between gold atoms and shallow don-
ors (such as phosphorous). We also find that the
gold-donor defect in our n-type samples has very
different thermal-capture cross sections from
those reported in the literature for gold donors in

p-type silicon. Thus, the gold donor may also be
forming complexes with the shallow dopants.

The origin of the large differences in the magni-
tudes of the optical cross sections of the acceptor
in our two types of samples and the somewhat
smaller differences between the shapes of these
cross sections as a function of photon energy are
not completely understood. We note, however, that
the data on our epitaxial samples are consistent
with data in the literature for other epitaxial sam-
ples. Therefore, we propose that the origin of the
differences may be related to the different methods
of crystal growth between our two types of samples
(epitaxial versus Czochrolski) and perhaps may be
related to the large differences in oxygen concen-
tration which are inherent to these growth methods.

Finally, we have attempted to extract the temper-
ature dependence of the gold-acceptor level from
our data. We show that the thermal data are con-
sistent with the literature and can lead one to the
conclusion that the acceptor level is fixed either to
the conduction band or to the valence band, depend-
ing on the method of analysis and on one's initial
assumptions. The optical data are difficult to in-
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terpret due to the fact that the thermal broadening
obscures any shifts in the threshold energy with
temperature.

Thus we conclude that the "gold acceptor" is
actually a family of closely related defects which
are much more complicated than simple substitu-
tional Shockley-Read-Hall deep levels. Further
study is clearly needed to elucidate the underlying
energy-level structures as well as the general
spatial and chemical structures of this family of
gold defects.
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APPENDIX: CARRIER CAPTURE AND SATURATION
OF THE GOLD DONOR

In Sec. III we interpreted the DLTS spectra, in
Fig. 3 as showing that the gold donor had a lower
concentration than the gold acceptor in sample B,
and hence that the two levels must relate to differ-
ent defects. In order for this interpretation to be
valid we must be able to show that the DLTS sig-
nals for the donor and the acceptor are in fact pro-
portional to their respective concentrations. For
a majority-carrier trap such as the gold acceptor
in n-type Si this is fairly straightforward. One
must simply show that the length of the majority-
carrier pulse is sufficient to totally fill the trap.

For a minority-carrier trap such as the gold
donor in n-type Si, on the other hand, the prob-
lems of measuring concentration are more severe.
The first requirement that must be met is that the
injected current pulse used to fill the trap with
minority carriers is sufficiently intense so that the
minority-carrier-capture rate is much greater
than that for majority carriers. The second re-
quirement is that the pulse be long enough to reach
steady-state conditions. If these two conditions are
met one says that the trap is "saturated" with min-
ority carriers. Even then, however, it is possible
that the resulting DLTS signal may not be a true
measure of the defect concentration. This may oc-
cur if the fall time of the injection pulse is on the
order of or longer than the majority-carrier-cap-

p = (yI.~/qAD~)I, (A2)

where y is the injection efficiency, D& i s the hole-
diffusion coefficient, L~ is the hole-diffusion
length, q is the electronic charge, and A is the
diode area. The steady- state trapped-hole occupa-
tion p~ on the donor level is

pr c~p

NA„(~) c„n+cpP
(A3)

where N„„&» is the concentration of gold-donor de-
fects. Note that p~ =NA„&» only when the injected
current (and hence p) is large enough so that c&p
»c„n. This is the so-called saturation condition.
If the fall time of the injection pulse is fast enough,
the trapped-hole occupation is then proportional to
the DLTS signal.

The saturation condition can be experimentally
recognized in two ways. The first is to increase I
until the DLTS signal reaches its maximum value
with no further increase for larger I [see Eq.
(A3)j. The second is to compare the rate of the
buildup of the DLTS signal (c„n+c~p) with the elec-
tron-capture rate (c„n) measured using the second
pulse of a two-pulse injection-clear sequence. "
This two-pulse scheme for measuring the majority-
carrier-capture cross section of a minority-car-

ture time. Thus, for example, in the case of the
gold donor in n-type silicon one might be able to
saturate the level with holes during a sufficiently
long and intense forward-bias pulse but the level
might refill with electrons during the time it takes
the pulse to decay from zero volts to the steady
reverse-bias voltage. In our samples such an ef-
fect will occur for switching times on the order of
a few tenths of a microsecond. 1hus rather fast
fall times are necessary to obtain a true DLTS con-
centration signal for the gold donor in p'n junc-
tions. As we will show, the donor signals in our
samples (Fig. 3) satisfy all of these requirements.

'The proper analysis of minority-carrier capture
and trap saturation has been discussed by Henry
et a/. '4 They showed from a straightforward analy-
sis of the relevant rate equation for carrier cap-
ture at a minority-carrier trap that the time con-
stant of the trapped minority-carrier concentration
during a forward-bias injection pulse was

I

& '=c„n+c~j, (Al)

where n is the free electron concentration, p is the
hole co'ncentration, and c„and c are defined as in

Eq. (4). In this analysis we will assume that the
temperature is low enough so that thermal-emis-
sion rates may be neglected.

For the case of the gold donor in n-type silicon n
is fixed by the net donor concentration and p is re-
lated to the injected current I by
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rier trap is also an excellent way to verify that the
trapped holes are not being lost by electron capture
during the fall time of the injection pulse. This can
easily be done, by directly comparing the measured
electron-capture time constant with the fall time of
the injection pulse. In fact, the two-pulse sequence
is essentially the same as a direct measurement of
the DLTS-signal decrease as a function of the fall-
time of the injection pulse. By making measure-
ments of these sorts we can thus show that the
DLTS hole-emission spectra of the gold donor in
Fig. 3 correspond to a saturating injection pulse
with negligible loss of signal during the 10-nsec
fall time of the pulse. Thus the DLTS spectra are
a true measure of the concentrations of the donor
and acceptor defects.

In view of the widely accepted belief that gold is
a three-charge-state system, one might ask wheth-
er it could be possible that the apparent inequality
of the donor and acceptor DLTS signals is due to a
peculiarity of the coupled rate equations for a
three-state system and not the result of two differ-
ent defects of different concentrations. We have
examined this point in detail using the coupled
equations of Ref. 14. We find that in our case the
two levels should behave independently even if they
were coupled. This implies that the donor and ac-
ceptor signals must be equal (except for possible
systematic differences due to the edge region of the
space-charge layer) if the Si:Au system is to be
considered a coupled three-state defect such as 0
in Gap ~4

The key observation which supports the assertion
that the levels behave independently even in the
context of the three-state model is that the acceptor
level saturates with holes more readily than does
the donor, i.e. , at an injected current level for
which the DLTS electron-emission signal from the
acceptor disappears (as in Fig. 3) the DLTS hole-
emission signal from the donor is not yet fully de-
veloped. If gold were a coupled three-state system
and were to show a spurious and systematic reduc-
tion in the apparent concentration of the one-elec-
tron state (neutral Au) relative to the two-electron
state (ionized Au acceptor in the three-state mod-
el), the gold-acceptor DLTS signal would not be re-
duced to zero by an injection pulse which apparent-
ly saturated the donor. In this case even if a maxi-
mum number of gold centers were in the one-elec-
tron (neutral) state, some fraction of these defects
would be occupied by two electrons and hence would
not give rise to a donor DLTS signal.

Perhaps a simpler and more convincing argument
that coupled rate equations could not explain our
results, however, is the fact that the donor-to-
acceptor ratio is different in our different samples
and has been reported by Engstrom" to change in

the same sample during lo'.7-temperature heat
treatment. A systematic effect of the coupled rate
equations would give rise to a fixed donor-to-ac-
ceptor ratio which should be an inherent property of
the defect and should n. .vary in samples of differ-
ent types or with different thermal histories.

In the process of verifying the saturation condi-
tions, we have also been able to measure as a side
product for the first time the capture cross sec-
tions of the gold-donor defect in n-type material.
The results are quite different from those reported
in the literature from measurements made on p-
type samples. The measurements of capture cross
sections for the gold-donor defect are not as ex-
tensive as for the acceptor (see Table I), but there
is general agreement among the various re-
sults. ' ' 6 The cross section for the capture of
an electron on the positive gold donor in p-type sil-
icon has been measured by both minority-carrier
lifetime" and photoconductive-decay" methods with
an average value of g„=3.3 ~10 "cm at 300 K and
a T "temperature dependence between 200 and
500 K. The capture of a hole on the neutral gold
donor in p-type silicon was found to be g~=1.6
&&10 " cm at 135 K from DLTS measurements'
and g~ = 1.4 & 10 ' cm at 300 K from photoconduc-
tive-decay measurements. " Thus there is appar-
ently little temperature dependence of this cross
section, as would be expected for a neutral center
with such a large cross section. '

Note that these results in the literature would

imply that the donor defect could not be saturated
with holes in n-type material because g„&g~. In
fact, at the temperature of the donor DLTS peak in
Fig. 3 we would expect from the 7 ' extrapolation
that g„=1.6 &10 '. cm2. Thus g„=10g~. With these
cross sections the donor-hole-emission signal in

Eq. (A3) would be only 10' of the true donor con-
centration even under very high injection conditions
where n =P. Furthermore, the time constant for
electron capture mould be on the order of 1 nsec in
our samples and thus much less than our injection-
pulse fall time of 10 nsec. Therefore, the gold-
donor defects reported in p-type material could not
have been seen by DLTS in our p'n samples even if
they were present. Such centers could have been
seen by DLTS in p-type material, however, where
they would be majority-carrier traps. They could
also have been seen by photocapacitance or photo-
current measurements in our samples. Therefore
since the photocurrent measurements of Braun and
Grimmeiss' also showed equal donor and acceptor
concentrations in the epitaxial samples of type A,
we must conclude that only donor levels of the type
seen by DLTS in Fig. 3 are present in these sam-
ples. This is quite significant since DLTS alone
would be unable to rule out the presence of the p-



22 COMPLEX NATURE OF GOLD-RELATED DEEP LEVELS IN. . .

type donor.
'The very fact that we ca,n see DLTS signa. ls due

to donor levels in our n-type samples immediately
implies that the capture cross sections must be
different from those reported in the literature. At
158 K we find o„=4&10 ' cm2 in sample I3 and 0„
=1-2&&10 cm in sample A. This is about a fac-
tor of 50 less than the extrapolated electron-cap-
ture cross section at 158 K which has been mea-
sured in p-type silicon. The hole-capture cross
section in our samples is more difficult to measure
but can be estimated to be on the order of 10 '4

cm2. This is nearly an order of magnitude larger
than in p-type silicon. Thus in our samples, we
have o~»o„so that saturation is readily attainable.

One might wonder why the capture cross sections
of the gold-donor defects are so different in p- and

n-type silicon when the thermal-emission proper-
ties are so similar. 'This is similar to the situa-
tion we have discussed in Sec. IV for the gold-ac-
ceptor defects. Perhaps the donor defect is also a
complex between gold atoms and donor or acceptor

atoms where the nature of this complex affects the
capture cross sections more strongly than it does
the thermal-emission rate.

We should note here that others have also seen
several different donors in Au-doped Si. In addi-
tion to the observations of F ngstrom mentioned
earlier, Scheibe and Schroter~ have reported see-
ing three different donors in the lower half of the
gap in Au-doped Si. One of these was thought to be
due to the heat treatment and could be annealed out
at 260'e. However, two donors which were clearly
gold-related were seen as well. One at E~+0.4 eV

annealed out below 400 C while the other at E~
+0.35 eV annealed at 580'C. If the capture cross
section of the E~+0.4 eV donor were an order of
magnitude greater than that for the E~+0.35 eV
level, then the DLTS-peak positions under the con-
ditions of Fig. 3 would be difficult to distinguish.
It is therefore possible that the donor level seen by
Engstrom and by us is the E~+0.4 eV level seen by
Scheibe and Schroter.
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