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We report detailed measurements of the thermal properties of two different defects in silicon:
the gold impurity and the process-induced defects generated by rapid thermal annealing. It is
found that the ratio of the concentration of the gold acceptor to the gold donor is about 5, but
both levels are completely hydrogen passivated, in contrast to other results reported in the litera-
ture. We have also measured the hole-capture cross section of the gold donor in n-type silicon and
found a value of 1.8&10 ' cm which is larger than that reported in p-type silicon. The second
part of this work deals with the gold acceptor and the process-induced centers. We show that
their electron thermal-emission rates are identical and field independent, at least up to 10' V/cm.
Like the gold acceptor, the process-induced defect controls the thermally generated carriers in the
depletion region. In contrast to the gold acceptor, we show that the total entropy of creation of
e-h pairs, via the process-induced level, is very close to the entropy of the silicon band gap. The
hole-capture cross section at the negatively charged gold-acceptor level decreases with the electric
field which makes its temperature dependence weaker. However, the Coulombic potential does
not properly fit the experimental results. Finally, it is reported that oxygen plays a crucial role in
the stability of the process-induced defects generated by rapid thermal annealing. Our results sup-
port the hypothesis that the process-induced defect is probably the basis of the gold acceptor and
perhaps other midgap levels, as already reported.

I. INTRODUCTION

Nonradiative generation-recombination centers in-
duced by the transition-metal impurities in silicon are of
fundamental importance from both a theoretical' and
experimental viewpoint. They are characterized by the
thermal-emission rate, the capture cross section, and the
entropy factor accompanying the carrier release from
deep levels.

The first parameter is a property of the ground-state
energy and generally, for a given trap, it is accurately
determined. However, in some circumstances, the
theoretical predictions do not agree with the real behav-
ior. For example, the electric field dependence of the
hole thermal-emission rate from the gold-acceptor level,
predicted by the three-dimensional Poole-Frenkel '

theory, has not been experimentally verified while for
other defects it has been clearly identified. '

In contrast to the thermal-emission rate, the capture
cross section and the entropy factor are strongly
influenced by the shape of the defect wave function and
possible excited states. Experimentally, many values
have been quoted with large variations. ' This is prob-
ably due to the interaction of the center with other im-
purities like the dopant and oxygen. Theoretically, it is
very difficult to take these multiple interactions into ac-
count. Nevertheless, the temperature dependences for
the attractive centers" ' as well as for the neutral
centers' ' are well predicted. However, in the last
case, some unexpected field effects have been observed. '

The gold impurity is among the best studied defects in
silicon. These studies have accumulated a large amount
of data involving many subtle controversial results al-

though the effect of gold on the minority-carrier lifetime
is universally admitted. Recently, Lang et a/. ' in their
work on the complex nature of gold-related deep levels
in silicon made a first attempt to reconcile the major re-
sults by a critical examination of the data available in
the literature. From their work, the following two pro-
positions emerged.

(l) The gold impurity is not a simple and well-defined
defect but rather a family of different gold based com-
plexes where the pairing with dopant and association
with oxygen play a determining role.

(2) The process-induced defect constitutes the basic
structure of a group of five chemical impurities (Au, Ag,
Co, Rh, S), all characterized by midgap levels. Their
thermal diffusion in silicon is controlled by a large com-
plex of vacancies generated during the heat treatment,
which also controls the transition from the mobile inter-
stitial site to the final state. This final state would be
characterized by thermal-emission properties fitted to
the complex of vacancies and would be independent of
the chemical impurities.

The first point stimulated many authors to find direct
support for or against the proposal of Lang et al. ' par-
ticularly concerning the pairing effect between the gold
and the dopant' and the convict as to whether the
gold-donor and acceptor levels do or do not be-
long' ' to the same defect. Unfortunately, the
second proposal has never been confirmed and we be-
lieve that it can provide fundamental information for the
understanding of diffusion and gettering of impurities in
silicon.

In this paper we carry out complete analyses of the
gold and process-induced defects. The complex of va-
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cancies is created by rapid thermal annealing (here after
called RTA) in the same basic material as used for gold
diffusion. By using electrical and optical deep-level tran-
sient spectroscopy (DLTS), we analyze simultaneously
the majority- and minority-carrier traps in Schottky
diodes. The advantage in using this device is to avoid
the complication arising when making junctions by im-
plantation or diffusion. However, as a consequence of
the optical DLTS, the trapping and emission occurring
in the high-field region cannot be separated in time.
Consequently, numerical methods become necessary to
extract the trap characteristics from the experimental
data.

In Sec. II we detail the theoretical support and the nu-
merical procedure for our experimental analysis. In Sec.
III we describe the experimental conditions and tech-
niques used in this work. The thermal capture and emis-
sion rates of carriers are discussed in Sec. IV. Then, we
give our point of view on the relation between the gold
donor and acceptor levels. The electric field dependence
of the electron thermal-emission rates of the centers ly-
ing near the midgap are discussed in the same section.
In the last part of Sec. IV, we present the recombination
characteristics of such centers. Then, the electric field
effect on minority-capture cross section is clearly shown
and comparison with the theoretical predictions is made.
In Sec. V we discuss the major points of this paper and
the conclusions which may be drawn from the data re-
lated to the association of the gold-acceptor with
process-induced defects. Finally, the correction pro-
cedure proposed to the method used by Sah et al. to
extract the electric field dependence of the emission rates
is discussed in the Appendix.

Equation (1), which is in general nonlinear, can be
simplified to a linear form and then the parameters of
the trap easily derived if both the capture and emission
processes are temporally separable. Unfortunately, in
some cases this approximation does not hold and devia-
tions from the linear form can occur, leading to large er-
rors if the sources of these deviations are neglected.
This may lead to controversial conclusions on some
properties of the defects as will be discussed.

The first deviation arising in this work is the presence
of free carrier tail in the depleted zone —an effect known
as Debye incursion —due to the nonuniform density of
the majority carriers available for capture. ' Practi-
cally, this effect induces a competition of emission with
capture at the crossing point 8 o in the space-charge re-
gion (see Fig. 1). To overcome these difficulties, a
large reverse bias and/or fitting method must be used in
order to extract parameters such as the capture cross
section.

The second complication arises in the optical DLTS
where competition of emission with capture occurs in
the high-field regime and in the entire depleted region.
Therefore, we cannot have a net temporal separation of
these processes so that data treatment becomes more
complicated.

A. Majority-carriers capture process

Taking the Debye effect into account, the exact rate
equation is obtained from Eq. (1) when hole emission is
neglected.

d" T
=C„(NT &AT n x llTe

dt

II. THEOR Y

The capacitance transient measurements used in this
work are based on the relaxation of trapped charges ac-
cording to the kinetic equation.

dnT
nT[e„+e —+c„n(x)+c p(x)]

dt

EF„= Electron quasi-Fermi-level at thermalt

equilibrium in the dark
—Fermi-I eve l

tion

+NT[e +c„n( x)] .

In the dark, e„and c„are the thermal-emission and
capture rates, respectively. n (x) and p(x) represent the
free carrier distributions. In the n-type Schottky diode,
the transient capacitance signal is calculated by
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where e, is the dielectric constant, S the area of the de-
vice, and W, (t) the space-charge region where p(W„, t)
is the fixed charge density. 2) is the spatial interval
where the exchange of the trapped carriers occurs. This
region must be known precisely in order to extract the
true value of the concentration of the analyzed trap. It
will depend on the initial conditions.

Slow capture of

holes Fast capture

hole recombination

FIG. 1. Band diagram illustrating the capture of photogen-
erated holes in reverse biased n-type Schottky diode. k~(t) is
the transition region during the relaxation (after the light is
switched of@. It corresponds to A.„at thermal equilibrium.
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According to the distribution n (x), two parts of the
space-charge layer must be considered. The neutral por-
tion where n (x) is uniform [(n (x) =ND ] and the region
where n (x ) is very small. Thus at some point
c„n(x) &e„, and emission becomes significant. Resolving
Eq. (3) and integrating Eq. (2) yields the majority tran-
sient capacitance relation:

C„' X~
EC(t)=, exp

(6 ) is the maximum electric field at the surface. J„„
is the photocurrent and p is the hole mobility. De-
pending on the strength of the electric field, p is field
independent or not. With pr(x, t)=0 at t =0, the
minority transient capacitance is derived from Eqs. (6)
and (2). It follows that

xf ",'
1 —exp

rF n (x)
+r/

XD
1+g

x dx

C,
b, C(t) = exp( —e t )

(E g)2 I

c p(x)
1 —exp —cp x+e tF xdx,

n c p(x)+e

(4)

where C, is the capacitance at reverse bias V„, A,, the
transition region as indicated in Fig. 1, rco ( = I /c„ND )

and r, (= I/e„) are the capture and emission time con-
stants, respectively, under zero electric field. g=rco/r„
tF the DLTS pulse duration, and n (x) obeys the relation

(WF —x )
n(x) =NDexp

2I.D

where 8'F is the depleted zone under forward bias and
LD is the Debye length. In (4) we suppose the emis-
sion rate to be field independent as was the case in our
experiments. If a staircase approximation is used (negli-
gible Debye tail eff'ect), from (4) we find the expression
(3.13) of Ref. 37 with pm 0 and n (x)=ND.

B. Minority-carriers capture process

In the Schottky diodes used in this work, the minority
carriers are generated by subband gap light excitation
absorbed through the semitransparent contact. This
technique, recently introduced, is known as minority-
carrier transient spectroscopy (MCTS).

If the level is located in the lower half of the gap, the
thermal ionization rate for the majority carriers (elec-
trons) is very small because of the large energy E, Fr-
in the Boltzmann factor of the detailed balance expres-
sion for e„. Thus the hole thermal emission dominates
and the Debye tail effect becomes ineffective. However,
in contrast to the classical DLTS procedure, the minori-
ty carriers are trapped in the depleted zone where the
emission probability cannot be neglected during the il-
lumination process. Thus, Eq. (1) is reduced to

Xl
O

8

Fast capture of electrons:
Debye toil effect

( See Figure 1 )

T= 197K
J

&
= 4.7mA/cm

of trapped

e effect

O

O

where e is assumed to be field independent. The spatial
region Xl is deduced from the examination of the behav-
ior of the quasi-Fermi-levels under reverse bias condi-
tions in the dark ' and under illumination. ' Accord-
ing to Fig. 1, the lower limit x, of 2) corresponds to the
dark condition and is determined by Ez (x, ) =FF where
we take the Fermi level in the metal as the zero energy. "'
Under illumination, we show that the splitting of the
equilibrium Fermi level occurs deeply in the neutral re-
gion ' such that the upper limit of the domain 2) is
equal to 8', .

In the particular situation where the levels is close to
the midgap, the Debye tail incursion becomes effective
and then the capacitance response becomes more com-
plicated. As shown in Fig. 1, the effective region in-
volves two parts separated by the front 6: 0 &x & 8 o
where EF ~Ez and the transition region 8'o &x & 8',
where EI; &Ez-. This front moves during the relaxation
giving rise to a fast transient followed by a slow one.
Figure 2 shows the semilog plot of the total transient
recorded for the neutral gold acceptor in n-type silicon.

dpi'-

dn y.

dt dt
=c~(Nr —Pz. )p(x) Pre—(6)

Neglecting the photoionization process, e still remains
the thermal-emission rate. As compared to Eq. (3), the
kinetics of trapping in MCTS is controlled by the nonun-
iform hole distribution available for capture. p (x)
represents the photogenerated minority-carrier density
flowing in the depleted zone given by

1
f

I
i

I i I

20 30 40 50 60

TlME (m»

FIG. 2. Capacitance transient after optical excitation. The
long-time constant corresponds to the emission of holes from
the gold-acceptor level. The shortest time constant represents
the Debye tail eAect occurring in the transition region
k, —Aq, (t).
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It appears that the fast component vanishes or becomes
negligible at high reverse bias. In this work we use the
method proposed by Vincent to remove the "transition
region perturbation. " It involves a slight decrease in the
reverse bias (some mV) during the illumination. Two
cases have to be considered.

If the diode is kept at reverse bias, the transient ca-
pacitance, due to the minority-carrier (holes) emission, is
expressed by the relation (8) where 2) extends from the
surface to x = 8'0.

If the device is forward biased before optical excita-
tion, we take up the double pulse method as described
by Lang. The procedure consists of placing all the
traps below the electron quasi-Fermi level by forward
biasing the device before the optical pulse of duration tF.
Thus according to Eq. (1) where only e„and c p(x) are
significant for 0&t &tF and where e, is dominant at
t & tF, the density of the nonrecombined part of the in-
jected electron is given by

nz(x, t) =. Nt exp[ czp—(x)tF ]exp( —e„ t ) . (9)

Using this relation and integrating (2), we obtain the so-
called DLTS-clear transient with the same spatial
domain as above.

C. The numerical method

Under the complications mentioned above numerical
methods become necessary in order to extract the trap
parameters. In this work we have used the least-square
fitting technique which is reasonably valid for a single
exponential and a large signal-to-noise ratio. It con-
sists, in the first step, of digitizing the whole transient
capacitance at a given temperature. Then, we search for
m parameters P (j=1,2, , m )=e„,e,Nz- so that Eqs.
(4) and (8) represented by Yf (t, , P ) will be a least-square
fit of the data points Y, (t, ) where t, are the sampling
time points:

min g [Y;(t, ) —Yf(t, , P~ )]P.i
(10)

where "min" represents the minimization of the sum
mentioned above. For multiple exponential transients
there are more accurate methods based on the deconvo-
lution principle. The thermal-emission rates extracted
from relation (10) at fixed temperature are injected in ex-
pressions (4) and (8). The effective fraction of empty
traps at the end of the filling pulse given by
1 —S(tF)/S(tF ~ ~ ) is independent of the trap concen-
tration. For a pulse duration tF, S(tF) is the DLTS or
MCTS signal obtained from relations (4) and (8), respec-
tively. Thus

capture time constant rco to estimate rI ( =ceo/r, ) and
repeat the calculation using g to get a better estimate of
7 co. Finally, for a given tF, we record the DLTS and
MCTS peak heights as a function of the temperature
peak maxima corresponding to different rate windows.
The best fit is obtained by adjusting iV&.

III. EXPERIMENTAL CONDITIONS

The silicon samples used in this study were taken from
P-doped floating zone and Czochralski grown crystals.
The phosphorus density is (1—5)X10' cm and the
stray impurities densities are lower than 10" cm
Various wafers were gold diffused at 900'C to give the
bulk homogeneous concentration around (3 —4) X 10'
cm . Samples from the same material were separately
treated in a rapid heat pulse system. As we will see later
in the experimental results, it was necessary to study the
role of the surface preparation prior to thermal (RTA)
treatment. For this purpose some samples were atomi-
cally damaged (lapped) in a depth of 200 A from the sur-
face while others have been chemically etched in order
to minimize the surface defects. The thermal cycles,
performed in argon atmosphere, are computerized and
the heat pulse rise time fixed at 1 s. The duration of the
heat plateau at a given temperature varied from 5 to 40
s. The cooling rate was taken at 300 C/s. The samples
were quenched from temperatures of 800 to 1200'C.

All the samples were used for Schottky diode prepara-
tions. Semitransparent Schottky contacts were evaporat-
ed at the top of the silicon substrates Au-4 (120—150 A)
through a window in the predeposited oxide thin film.
The back contacts (Ohmic) were aluminum evaporated.
The experimental techniques used in this work consisted
of Schot tky space-charge spectroscopy. A modified
boonton capacitance meter is used with a fast pulse in-
terface for capture cross-section measurements (pulse
duration ranging from 10 nsec to unlimited upper
values). The sample temperature is measured by a
Pt(100) resistance thermometer located in the sample
holder. The thermal stability is better than 0.1 K. For
MCTS measurements, the optical source contains a
GaAs double heterostructure diode. The wavelength at
the peak intensity is 850 nm. The DLTS clear pro-
cedure used in this work is very similar to the one
developed by Lang. For the data treatment, we use a
boxcar averager (EGBG 4420/99 model) connected to a
computer (Hewlett-Packard-9816A) suitable for speed
calculation and data treatment. For each temperature
interval, from 1 to 4096 data points are taken from the
capacitance transient. Then, they are averaged for noise
reduction, stored in an internal buffer, and transferred to
the host computer for transient measurements. The gate
widths vary from 2 ns to 2 ms depending on the noise
level.

where tz/t& (=2.5) is kept constant. Since t~ and r, are
known at every data point, the fit is performed by ad-
justing only the capture parameter. In particular, for
the majority-capture cross section measurements, ~co is
adjusted for the best fit to the short tF data where a
linear behavior is observed. Then we use the resulting

IV. EXPERIMENTAL RESULTS

Figures 3 and 4 show DLTS and MCTS spectra for
the gold-doped Schottky diodes and the process-induced
defects generated by RTA, respectively. The control
sample (without gold) treated by the same thermal cycle
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(strained surface) prior to RTA treatment. In the same
figure, we show that even for a lower oxygen-content
(FZ material), the high concentration of vacancies at the
surface may increase the probability of formation of the
V-0 center. Since this paper deals mainly with the study
of the levels located in the midgap of silicon, we will
focus our attention only on the level E, —0.56 eV—
called the process-induced defect —which presents the
highest concentration. This defect generated at high
temperature and quenched in by fast cooling, cannot be
assigned to gold contamination even though it has the
same energy level as the gold acceptor. Moreover, its
total annealing is reached in a classical furnace at 650'C
(1 h). As shown in Fig. 4(b), for such class of midgap
levels, a MCTS peak should appear interacting with the
valence band if the equilibrium charge state is 0 or nega-
tive. This is not the case even for large minority-carrier
injections. Thus the level E, —0.56 eV is of a donor type
as stated before by Yau et al. ' for the same defect.

Finally, we must point out that a careful DLTS
analysis is necessary to avoid erroneous interpretations.
Actually, as mentioned in Fig. 4(a), the filling pulse volt-
age applied in DLTS does not exceed —1.26 V. This
limitation is due to an unusual effect occurring especially
in Schottky diodes. This phenomenon has been analyzed
in detail more recently, where the concept of pseudo-
Fermi levels of holes and electrons explains very well
this behavior. ' ' The major problem arising from
this subtle anomaly is the possible screening of a majori-
ty level (in our case the V-0 peak) by a minority trap,
complicating the interpretation of the experimental data.

A. Thermal capture cross sections and emission rates for gold
and process-induced levels

1. Capture cross sections

The capture data points for gold levels are shown in
Fig. 6. The ordinate is the effective fraction of empty
traps at the end of the filling pulse. For the electron
capture (majority carrier) at the gold acceptor, S( ao ) is
taken at tF ——2 ps (doping 5X 10' cm ) for which satu-
ration of the trap is reached. However, for the hole cap-

OPTICAL F ILLING T IME ( ms )

1

8
M

M
I

I

o
O

100
I

200 500 400
I

5K
8K

57 eV

0
10.5 1.0

ture (minority carrier) at the gold donor, S( ao ) is con-
sidered at tF ——200 ms because of the very low density of
the photogenerated minority carriers. The data of Fig. 6
indicate clearly that the Debye tail effect, more effective
for long filling pulses in DLTS measurements (solid cir-
cles), is less critical than the nonzero field phenomena
taking place in MCTS (open circles) where we observe a
total deviation from the linear behavior. It makes intui-
tive sense that the Debye tail incursion involves only a
fraction of the depleted zone while the nonzero field re-
gime affects the whole space-charge layer. Thus the cap-
ture cross sections are determined numerically as indi-
cated in Sec. II. The fitting plots are represented by the
solid lines in Fig. 6, and the extracted values are listed in
Table I.

The electron-capture cross section of the gold accep-
tor falls in the range of the first group (N~„&&ND) of
Lang's classification' and is temperature independent.

ELECTR I CA L F ILLING TIME ( ps )

FICr. 6. DLTS and MCTS trap filling data for the gold-
acceptor and donor levels, respectively. The effective fraction
of empty trap at the end of the filling pulse is plotted vs filling
pulse width. The solid lines represent the fitting plots.

TABLE I. Thermodynamic parameters of the gold-acceptor, donor, and process-induced levels.

Defect

Au acceptor
{e trap)

Charge
state

(0, —)

Enthalpy
reaction

hH, (eV)

0.555

Capture cross
section

o.„~ (cm )

9~ 10-"

Temperature
dependence

of o„
200-300 K

Electric field
measurement

(V/cm)

Entropy
factor
AS„

3.9 K
X„=51

Literature

See Tables I and II
in Ref. 10 and
Table I in Ref. 56

Au donor (o, + ) 0.356 1.8 ~ 10-'4 100-180 K 5.104

no field
dependence

3.2 K
X =26

See Table 3 in
Ref. 56 and Table
I in Ref. 57

Process-induced
defect (donor)

( + ,o) 0.560 (2~ 10
at 300 K)

z
—1

200-300 K
1.5 K

X„=4.6
Yau et al. (1974)
o-„~T-'" at
1.6 & 10 V/cm
o.„=1.42 && 10 ' crn

at 300 K
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2. Thermal-emission rates

According to the thermodynamic concept, ' ' the
thermal-emission rates are expressed in terms of the
enthalpy reaction AH„related to the exchange of car-
riers between band states in the gap and the conduction
or valence band, and the entropy factor AS„accom-
panying the electron (hole) emission. The last parameter
takes into account the spin degeneracy and lattice relax-
ation contribution. ' It is given by

e„=X„o'„V„N„exp(—b,H„p /k T ),
where

(12)

X„=exp(b,S„ /k ) .

N„and N represent the state density of the conduction
and valence bands, respectively. By taking into ac-
count the standard correction of T, the Arrhenius plot
of expression (12) is shown in Fig. 7. The extracted
values hH„z and ES„are reported in Table I. In the
case of the process-induced level EH„ is corrected to the

This group has the smallest capture cross section values
as compared to the others: i.e., N~„=ND and
NA„~&ND. This classification suggests that some ion-
pairing phenomenon between the gold impurity and the
shallow dopant (most likely P) might be taking place
when NA„ /ND & 1. However, this question remains
open at the present time, ' ' ' mainly because measure-
ments in the range of the non-negligible Nz-/ND become
a very delicate task. As far as the gold donor is con-
cerned, very few authors have measured the hole-capture
cross section directly in n-type silicon. A five times
difference is found between our value and those quoted
by Wu et al. who made similar measurements (MCTS)
on similar samples (n-type Czochralski doping, 10'
cm ). However, our results do agree with the value of
10 ' cm estimated by Lang et al. ' in p+-n epitaxial
junction, except that our measurements have been made
under a high electric field, but no dependence on this pa-
rameter has been observed. We must point out that the
value around 10 ' cm is somewhat large as expected
for a neutral center. The comparison with the values re-
ported in the literature ' shows clearly that our value
is nearly an order of magnitude larger than in p-type sil-
icon. This observation supports the idea that a complex
formation of gold atoms with donors or acceptors
affecting the physical nature of the defect cannot be fully
excluded. '

The situation is less confusing for the electron-capture
cross section at the process-induced level. From our
measurements a value of 2 & 10 ' cm is found at 300
K with T ' variation as consistent for a donorlike de-
fect ( +,0). However, this temperature dependence
remains weaker than the predicted T " (n =2—5) func-
tion established for the Coulombic center. ' ' The only
direct measurement of the capture cross section available
in the literature is due to Yau et al. ' who found a
T dependence at 8= 1.6 10 V/cm. The extrapola-
tion at 300 K gives a value of 10 ' cm which is unusu-
ally higher.
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T ' dependence of o.„.
The entropy factor is one of the most controversial pa-

rameters of deep levels in silicon. In particular, for the
gold acceptor attempts to reconcile the total entropy of
the creation of an e-h pair via this level with the entropy
of the silicon band gap have been difficult to realize. '

AS„ is often obtained from the extrapolation of the
thermal-emission data and its value depends strongly on
the accuracy of measurements of AH„and o.„.As
shown in Table I, the entropy factors are closer to those
of Lang et al. ' for the gold acceptor and those of Kass-
ing et al. for the gold donor while in the latter case
the material has been p-type. For the process-induced
defect the entropy factor is low showing a weak contri-
bution of lattice relaxation to the creation of the e-h pair
via this level.

However, concerning the thermal-emission rate which
is a property of the ground state, a close similarity be-
tween the gold acceptor and the process-induced defect
is shown in Fig. 7, while they are distinguishingly
different defects. The slight difference in the extrapolat-
ed value L„o.„between our results and those of
Engstrom et al. for the gold acceptor can be related to
the oxygen content because of the different materials
used in Ref. 60 (epitaxial n-type silicon) and in our
analysis (Czochralski-grown n-type silicon). This behav-
ior has been considered by Lang et al. ' to support the
fact that the gold defect formation sets oxygen in action
and thus cannot be seen as a simple substitutional atom.
Note that the thermal-emission rates of our process-
induced defect and those of Yau et al. " are very close
while Nz. /ND are completely different (0.6 in Yau's re-
sults and 10 in the our's) but both results are obtained
from Czochralski-grown n-type silicon.

In consequence, as long as we do not obtain more in-
formation on the exact influence of oxygen and shallow
dopant on the formation of the gold complex, we cannot
conclude that the gold defect is a simple and unique de-
fect. However, regarding the ground state which is

I I

6 7
T (40 K j

FIG. 7. Electron and hole thermal-emission rates vs recipro-
cal temperature for the gold and process-induced defects com-
pared to those reported in the literature.
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characterized by the thermal-emission rate, a surprising
similarity is observed between the gold acceptor and the
process-induced defects.

B. On the concentration of the gold-donor and acceptor levels

Figure 3 might suggest that the gold donor and accep-
tor levels do not belong to the same defect. However,
for the reasons mentioned in Sec. II, more care should
be taken in extracting concentrations. This must be
done by taking into account all the parameters and their
temperature dependence as expressed in (4) and (8). Fig-
ure 8 shows the DLTS and MCTS peak height variation
with the temperature T . By numerical treatment, we

find a value of 5 for the ratio Nr(acceptor)/NT(donor)
which should imply that these two levels do not belong
to the same defect as stated by Lang et al. '

Based on the same kind of measurements, other au-
thors ' ' find that the two levels have the same con-
centration. In order to reach this result, Van Staa
et al. assumed that the hole-capture cross section of
the negatively charged gold acceptor is temperature in-
dependent. This assumption contrasts with the well-
established temperature behavior of this parameter. Re-
cently, Ledebo et al. ' performed other measurements in
p-type silicon and concluded for a multiple charge state
system. Pearton et al. found that the gold donor and
acceptor levels do not passivate in the same way. How-
ever, they did experiments on n- and p-type silicon in or-
der to study the acceptor and donor levels as majority
processes. Thus as long as it is not proved that the gold
impurity behaves identically in n- and p-type material,
we believe that it is more rigorous to study this impurity
in the same basic material. To investigate this point ex-
perimentally, hydrogen passivation procedures were
made using 2 keV, 10' H+/cm implantations at
300'C. The sample was etched (1000 A removal) in or-
der to remove the excess hydrogen near the surface and
the damaged region. The DLTS and MCTS spectra
were Oat at sensitivities up to 10" cm . We conclude
that this kind of experiment cannot put an end to the
controversy arising from the relation between the gold
donor and acceptor levels.

C. Field dependence of the thermal-emission rates
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YAU and SAH (0974)

Sah s calculation

Among the fundamental physical properties of the
gold acceptor and process-induced levels as generation-
recombination centers, are the field dependence of their
thermal-emission rate. The validity of the well-known
detailed balance equation established at thermal equilib-
rium is usually determined from this dependence. This
fact has been used by Lang et al. ' to discuss the
discrepancy between theory and experiment on the en-
tropy of the e -h pair creation via the gold acceptor.

Based on the differential capacitance-decay curve mea-
sured between two nearly equal bias voltages, the elec-
tric field dependence of e„has been investigated by
Tasch and Sah in Au-doped Si and by Yau and Sah '

for the process-induced defects in Si. In the two cases, a
pronounced field dependence of the thermal-emission
rate has been observed. In this work we investigate the
electric field dependence according to the procedure de-
scribed in Sec. II. The observation of a possible nonex-
ponentiality according to expression (4), where r, must
be spatially dependent, should be facilitated by working
at low temperatures on substrates with large concentra-
tions of dopant. In Fig. 9 we report measurements as
well as the literature data. A large disagreement appears
which is only apparent. As shown in the inset the tran-
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FICx. 8. Temperature dependence of the DLTS and MCTS
peak heights of the gold acceptor and donor, respectively. T
is recorded for di6'erent rate windows. Solid lines are calculat-
ed according to relations (4), (8), and (11) by adjusting the con-
centration NT.
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FICs. 9. Field dependence of the electron thermal-emission
rates of the gold-acceptor and process-induced levels as com-
pared to the result of Yau and Sah (Ref. 51). Solid lines corre-
spond to the calculations developed in the Appendix. e„(0) is
considered at 10 V/cm. In the inset we show the field-
independent thermal-emission rate of the process-induced level.
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sient is a pure exponential under any field in the range
(10 V/cm. In fact, the method used by the above-
mentioned authors is based on the resolution of
Poisson's equation, where they assume a negligible effect
of the transition region. In the Appendix we show that
this hypothesis is no longer valid, especially when the
height of the pulse decreases.

Applying the Sah's calculations to our experimental
data, a field dependence appears closer to the results of
Tasch, Yau, and Sah as shown in Fig. 9. Thus from our
calculation we conclude that there is obviously no
discrepancy between our experimental data and those of
the literature. Consequently, within the experimental er-
ror, no field dependence of e„ is observable for average
fields below 10 V/cm either for the gold acceptor or
process-induced levels.

For the first level, Lax's model" predicts that the elec-
tron is bound to a short-range neutral polarization po-
tential well of the form

V(r) = —A /r

DLTS cl
Q~+Q2

2 — & 'l V- inj

210ps Qq

'l

Jmms
l(hv)0

J h= 4.4rnA/cln
0.10—

C)

Rocess - induced
donor

0.05—
DLTS

+

Rote window: 50 s ~ G old AccePtor

where A =q a /(4~@, ) and a is the polarizability of the
neutral atom. Lax estimated A to be 2&&10 ' eVcm .
For 2 &2X10 ' eVcm, there is a good agreement be-
tween theory and our data. Thus the value of
(=2X10 eVcm ) quoted by Tasch and Sah, which
fit their experimental data seems to be very high (100
times the Lax's value) and probably related to the pro-
cedure used to measure e„(6). However, for the
process-induced defect which is positively charged before
electron capture, the expected lowering of the barrier
potential according to the Poole-Frenkel ' effect, experi-
enced by some of the attractive centers, is not observed.
This result is similar to those of Braun et al. and Grim-
meiss et al. reported for the hole-thermal emission rate
of the gold acceptor. Finally, we conclude, that for the
donor process-induced as well as for the gold-acceptor
defects, the surrounding potential cannot be simply con-
sidered as Coulombic.

D. Minority-carrier recombination properties of gold-acceptor
and process-induced levels

It is now well admitted that the gold acceptor belongs
to the class of nonradiative recombination levels. It
clearly appears from Figs. 3(a) and (b) that this level,
with the initial charge state of zero, may trap electrons
and holes with, respectively, the capture cross section
o o and o.

po In contrast, Fig. 4 shows that the process-
induced level has an attractive electron-capture cross
section o.„+ while it exhibits a repulsive potential for the
holes because of its donor charge state at the equilibri-
um. Nevertheless, it cannot be ruled out that this level
acts as a recombination center. By using the powerful
method of double pulse procedure, the recombination
behavior appears as a decrease of the DLTS peak height
due to a fractional re-emission of electrons according to
Eq. (9). Figure 10 shows the DLTS clear spectra result-
ing from the capture of holes at the negatively charged
gold-acceptor level and at the neutral process-induced
level with the capture cross section o. and o, respec-
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tively. From these measurements we can conclude that
these two levels belong to the same group of nonradia-
tive recombination centers. By varying J h or tF, quan-
titative measurements of minority-capture cross sections
can be performed. Figure 11 shows their evolution as a
function of the temperature. The first important result
is the very similar hole-capture cross section for the
process-induced and gold-acceptor levels when they are
initially in the neutral charge state. The capture cross
sections are both temperature and electric field indepen-
dent and close to the value quoted by Van Staa et al.
obtained in p-type silicon at zero electric field.

Figure 11 also illustrates the temperature dependence
of o. . As we expect from the model of
Abakumov, ' ' dealing with the attractive centers, o.

p
varies as T " (n &2). Our results are compared to
those of Brotherton et al. ' and Wu et al. who made
similar measurement of o. ; i.e., in nonzero electric
fields. A comparison with the data obtained under
zero-electric field, is done in Table 4 of Ref. 56. It clear-
ly appears that the presence of an electric field during
the capture process makes the temperature dependence
weaker and decreases the magnitude of the capture cross
section. Figure 12 shows the field dependence of o.

obtained at 251 K where the data available in the litera-
ture is also reported. A slight dependence on the field is
reported by Brotherton et al. ' for the gold acceptor at
6 & 10 V/cm. However, for fields higher than 10

TEMPERATURE ( K )

FIG. 10. DLTS and DLTS clear spectra for the gold-
acceptor and process-induced levels. The traps are filled with
electrons by a 210 p, s saturating electrical injection pulse fol-
lowed by a 10 ms optical excitation pulse. The resulting DLTS
destruction signal is due to the nonrecombined part of injected
electrons.
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V/cm the slope increases drastically which is also the
case of the process induced and the sulfur defect. "' '

From our result, cr is proportional to 6 ' which is far
from the 6 ~ prediction of Dussel et al. and is less
pronounced than the prediction of Abakumov et al.
All these authors use a Coulombic potential to build
their models. In fact, the capture process by an attrac-
tive center under an external field requires to take into
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FICx. 12. Space-charge field dependence of the hole-capture
cross section at the negatively charged gold-acceptor level tour
result and those of Brotherton et al. (Ref. 18)]. Results are
also reported from the literature on the electron-capture cross
section of the singly ionized process induced and doubly ion-
ized sulfur levels.

TEMPERATURE ( K )

FIG. 11. Temperature dependence of the different hole-
capture cross sections discussed in the text. The straight lines
correspond to the best fit obtained from the literature data.

account two main parameters.
(i) The possible deformation of the bound capture or-

bit. We know at present that this effect takes place in a
simple manner for the Coulombic potential. ' ' As a
consequence, the size of the capture orbit is reduced and
then the capture coefficient is lowered.

(ii) The carrier heating effect which is also known to
decrease the capture cross section.

Theoretically, such effects responsible for the energy
distribution of free carriers available for capture have
been extensively studied by some authors. Howev-
er, only few experimental results are available and it is
difficult to reconcile these observations with the present
models. For example, according to Fig. 11, the slope of
o. (T) seems to be well described by the cascade model
of a Coulombic potential. "' On the other hand, the
Coulombic picture cannot explain the lack of the Poole-
Frenkel effect discussed previously. The disagreement is
more pronounced for the process-induced defect for
which the temperature dependence of o „(~ T ') is too
low to be correlated with the Abakumov's' model. In
this case it seems to be reasonable in a first approxima-
tion to correct the Coulombic potential by a screening
function proportional to exp( —bx) (b is a constant)
due to the presence of a high density of free electrons in
the neighborhood of the defect during the capture pro-
cess (6=0).

In addition, considering that our measurements and
those of the literature have been carefully performed, we
conclude that the "classical" Coulombic potential is not
rigorously the appropriate model applicable to the de-
fects reported in Fig. 12.

V. DISCUSSION

The results we presented on the gold-acceptor and
process-induced levels show that, beside the parallel be-
havior of the thermal-emission rates pointed out by
Lang, ' we observe very strong similarities of the
thermal and electrical properties of these two levels.
Three major points emerge from our work.

(l) The electron thermal-emission rates and the cap-
ture cross sections of the two levels lying in the midgap
behave similarly. In particular, they do not exhibit any
field effect or slightly for the capture cross sections.
This behavior is quite consistent with the polarization
potential attributed to the neutral gold acceptor by
Lax." However, it is unexpected from the positively
charged process-induced defect, as well as from other re-
ported defects, ' which should exhibit a Poole-Frenkel
effect if they were surrounded by a Coulombic potential.

Therefore, in the light of our observations and those
emerging from many other approaches in the literature,
we can conclude that if for isolated impurities the
Coulombic pattern remains valid, the crystal formation
of structural complexes may complicate the resulting po-
tential of the defect. Consequently, the way the bound
states are distributed in the potential might be a proper-
ty of the chemical nature of the impurity while the
ground state of the group of impurities (Ag, Au, Co, Rh,
S) lying near the midgap in silicon could be determined
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by the process-induced defect. '

(2) The gold-acceptor and the process-induced levels
act as recombination-generation centers so that, in prac-
tice, it would be very convenient to use rapid thermal
treatment as a procedure of limiting carrier lifetime. At
this stage of our discussion, it is of interest to compare
the total entropy of creation of e-h pairs via the gold-
acceptor and process-induced levels with respect to the
entropy associated with the direct creation of e-h pairs.
Lang et al. ' have discussed the first level in detail.
They find that the silicon gap entropy (b,S,„=2.7 K) is
two times lower than the corresponding value via gold-
acceptor level and propose three major explanations to
this deviation.

(i) Even though it is well known that the thermal-
ernission rate is field independent, a small electric field

may affect the emissiop rate so greatly as to invalidate
the detailed balanced relationship used to determine the
entropy factor.

(ii) The entropy factor must be corrected to the tem-
perature dependence of the activation enthalpies
b,H„(T) which are implicitly assumed to be constants.
In other words, the leve1 has to be considered as pinned
to the conduction or the valence band.

(iii) The gold-acceptor defect is not a simple substitu-
tional atom but a complex of Au interstitial with a va-
cancy. According to this model, the final state (after
creation of e-h pair) could have a lower energy than the
initial state (before creation of e-h pair).

For the process-induced level the same analogy holds
where the total entropy of creation of an e-h pair via
this level is very close to hS„. The AS value is de-
duced from the hole thermal-emission rate e ( T) ob-
tained by measuring the reverse current. We obtain
AS =0.9 K and from Table I the total entropy is
hS& +b,S =2.4 K which is very close to AS,„. Thus as-
sumption (i) is rejected because of the similarity of e„(6)
for the two levels. On the other hand, due to the fact
that the entropy is a direct measure of the temperature
dependence of the Cxibbs free energy according to Eq.
(15) in Ref. 10, and because of the closer values of b,S„
and AS& found in this work for the process-induced de-
fect, we conclude that this level has a temperature-
independent position in the gap. Therefore, the conser-
vation of energy is we11 obeyed during the e-h pair gen-
eration and then the ground-state energy remains con-
stant. This is not true for the gold-acceptor level and so
assumptions (ii) and (iii) seem to be valid. Further anal-
yses on the Ag, Co, Rh, and S would be of great impor-
tance in order to better understand the apparent
discrepancy discussed by Lang et al. '

(3) The formation of the process-induced defects is
controlled by three parameters. The first one, not re-
ported in Yau's experiments is the role of oxygen in the
stability of the E —0.56 eV level. As shown in Fig. 13,
at high temperatures (& 1000 C), in materials containing
large concentrations of oxygen (& 10' cm ), the vacan-
cies are trapped by the oxygen atoms and the V-O
centers seem to be more stable than the vacancy com-
plex. The role of oxygen is strongly dependent on the
cooling rate. This parameter might explain why Sah
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the process-induced defect as a function of the quenching tem-
perature.

and Wang did not observe any oxygen effect.
The second parameter concerns the possible

modification of the charge state of the defects during
their diffusion because of the high density of photons at
short wavelengths (& 1.1 pm) used for the thermal pro-
cess in our RTA procedure. This effect has been inves-
tigated previously using classical furnaces.

Finally, the defect density is strongly dependent on
surface properties. Using bright etched surfaces, we
have shown that low densities of the process-induced de-
fects are observable. Thus as pointed out by Sah and
Wang the donor level at E, —0.56 eV is associated
with the presence of highly strained surface layers from
incomplete chemical etching or damaged surface. In
other words, the surface acts as a source of vacancies
which at high temperature diffuse rapidly into the bulk
and control the final profile of the defects. This profile is
strongly correlated to the distribution of gold impurity
and suggests that the process-induced defects control the
diffusion of such impurities to the final state. This is
demonstrated in Fig. 14 where we have shown the distri-
bution of the gold acceptor after gold evaporation on
two kinds of surfaces followed by a rapid thermal
diffusion. The high concentration of vacancies at the
surface coupled to the rapid quenching conditions seems
to increase the density of gold in the electrically active
position. However, the final state is not necessarily a
simple substitutional site. ' Thus at the end of the
diffusion it is very likely to encounter numerous com-
plexes of Au such as Au-O, Au-p, and also vacancies.
More recently, Stolwijk et al. have shown the ability of
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FIG. 14. Gold-acceptor defect concentration profiles as a
function of the prepared surface prior to three successive cy-
cles of RTA treatment (1000'C for 40 s) followed by a quench-
ing to 25'C at 300'C/s. The profiles are recorded after remov-
ing 25 pm in order to satisfy the uniformity of XT and the can-
dition X~ & XD.

the direct creation of e-h pairs via the process-induced
level is close to the entropy of the silicon gap. This re-
sult is consistent with the temperature-independent ener-
gy position in the gap. On the other hand, we suggest
that the ground state of the E, —(0.55+0.01) eV level is
probably a characteristic of the process-induced defect
and is insensitive to any external force. It is also insensi-
tive to applied electric fields or a more localized field of
an impurity such as gold. Finally, our observations are
consistent with the model suggested by Lang et al. '

where the process-induced defect could be the basic de-
fect of the gold acceptor and probably of the family of
four other impurities (Ag, Co, Rh, S). These impurities
are "driven" by the process-induced defect which consti-
tutes a large complex of vacancies. The final state is still
characterized by the electron thermal-emission rate of
the process-induced level while the defect wave function,
the magnitude of AS„, o.„, and the final charge state are
functions of the chemical nature of the impurity. Fur-
ther detail from the studies on the above-mentioned im-
purities would be of great importance in order to have
more physical information.

VI. CONCLUSION ACKNOWLEDGMENTS

In this work we give a direct comparison of the elec-
trical properties of the process-induced defect with the
gold acceptor in silicon. Schottky diodes were made and
the classical DLTS coupled to optical analysis were used
in order to investigate the whole band gap. The major
interest for the optical procedure is that the duration of
the capture transient taking place in the high region can
be easily controlled by the photocurrent. Also long
transients in the range of hundreds of milliseconds can
be readily obtained. Moreover, the field-dependence
measurement of the capture cross section may be a use-
ful source of information on the structure and long-
range potential of the centers. Unfortunately, significant
nonlinear behaviors might complicate the data treat-
ment. It is, therefore, necessary to model the spatial-
dependent carrier capture rate numerically in order to
match the theory and the experiment quite well. We
find the concentration of the gold acceptor is about five
times higher than that of the gold donor; however, we
observe a complete hydrogen passivation of both levels.
We also find that the hole-capture cross section of the
gold donor in n-type silicon is nearly an order of magni-
tude larger than in p-type silicon. It appears to us that
the gold donor does not behave similarly in the two
types of material.

The second part of this work indicates that the gold
acceptor and the process-induced donor levels have basi-
cally similar electron thermal relaxations. This parame-
ter is field independent up to 10 V/cm as expected for
the neutral gold acceptor, but not for the donor
process-induced defect. This suggests that the Poole-
Frenkel model should not be systematically used, but
that other mechanisms have to be taken into account in
order to approach the physical reality.

We have shown that the total entropy associated with
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APPENDIX

The method of measuring the electric field dependence
of the thermal-emission rate used by Sah et al. is based
on the variation of the height of the electric pulse ap-
plied to the device. The low level of the pulse or reverse
biase ( V, ) is kept constant while the high level (or injec-
tion level Vt) is varied. Thus the depleted layer W„(for
a given V„) is divided into two regions. The deeper part
Wl &x & W„where the trap is filled, and the superficial
part 0&x & Wl where the trap remains empty. Follow-
ing the procedure of Sah and Fu, W„ is constant while
Wl goes from zero to a value closer to W„. In fact, we
must take into account the transition region (A,„) where
the trap remains filled at any time (see Fig. 1 in the text).
Note that A,, is independent of the voltage Vl. The
working equation derived from Poisson's equation is
given by

8;(t)—PA.„V„=——J [ND(x) —nT(x, t)]x dx . (Al)E„O

Here P=O or t33=1 according to whether or not we
neglect the transition region. For an acceptorlike defect.
Eq. (Al) can be written as follows:
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8 I —Pk,

ND xxdx
&r

W, (t) —Pk„
+ J [ND(x) —nT(x, t)]x dx . (A2)

The procedure of Sah et al. consists of differentiating
Eq. (A2) with respect to Vr (5/5 Vr ) using the well-
known mathematical relation

f f (x)dx =f (b) f (tr—)

and using Eq. (A2)

5C,
ND( Wr )

6C,—'

=nT( Wr, t)

after its di6'erentiation, we get

2PA, „5C„'
e,S

6C„

6C,—'
2PA,„5C„'—1
e„S

where ND and NT are considered as uniform, and

nr( Wr, t)=NT( Wr )exp[ e. (—Wr )t] .

(A3)

By transforming W, (t) and Wr to the measured high-
frequency capacitance according to

W„(t)=e„SC„(t) ', Wr =e„SCr ',

To obtain the field dependence of the time constant (or
thermal-emission rate), (A3) can be differentiated with
respect to time and the results evaluated at a predeter-
mined time to according to

XD —XT
e„(Wr)

NT 2

C,

6C,
5t gCI

—'

$C —2

6CI '

2PA,„55C„'
e„S 5t gC,

—'

2PA.„ I 5C„ —1
e„S 6CI '

(A4)

A similar relation is obtained for a donorlike defect. The relation (10) of Ref. 28 corresponds to Eq. (A4) where p=0
and NT &&ND. When the pulse height decreases, the e6'ective volume of trapped carriers also decreases and becomes
comparable to the transition region. Thus in Eq. (A2) the term allowing A,„cannot be neglected.
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