
edex 2,

PHYSICAL REVIEW B 15 AUGUST 1998-IVOLUME 58, NUMBER 7
Transient ion-drift-induced capacitance signals in semiconductors
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A theoretical model is developed that describes capacitance signals induced by drift of mobile ions in the
space charge region of a Schottky diode. Pairing between the diffusing ion and the doping impurities is taken
into account. The coupled partial differential equations are resolved numerically and the influence of key
parameters on the signal shape is analyzed. Special emphasis is put on those features that enable transient
ion-drift- ~TID-! induced signals to be distinguished from capacitance transients caused by deep-level carrier
emission processes. Relaxation kinetics and reverse bias dependence of the signal shape represent two reliable
tools to verify the ion-drift nature of the signals. Methods for extracting quantitative information on both
diffusion and pairing properties of the mobile ions are described. The question of whether pairing or diffusion
is limiting the process is addressed. The influence of the doping level on the signal time constant is used to
evaluate whether or not the diffusion is trap limited. A semiempirical model is described that permits the
estimation of diffusion and pairing coefficients without resolving numerically the differential equations. Ex-
periments are performed on interstitial copper inp-type silicon to test the predictions of the theoretical model.
An overall agreement is found between theory and experiments.@S0163-1829~98!07331-7#
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I. INTRODUCTION

Numerous mobile impurities have been reported to d
under strong electric fields in semiconductor devices. In
early 1960s, extensive Li drift studies were motivated by
need for high resistive materials to be used in nucl
detection.1,2 More recently, atomic hydrogen in silicon wa
investigated by a large number of research groups~see Ref. 3
for a review!. Hydrogen drift and diffusion were observe
using capacitance voltage measurement in bothp-type and
n-type silicon.4,5 Time-dependent capacitance signals occ
ring during ion drift were first reported by Johnson and He
ning on hydrogenated silicon6 and led to new data on th
atomic hydrogen charge states and the corresponding
levels in silicon.

Transition metals in silicon constitute another example
highly mobile defects in semiconductors. Drift of interstiti
iron in silicon was studied by photocapacitance and de
level transient spectroscopy~DLTS! measurements.7 Due to
the average neutral charge state of iron in the depletion
gion, this process was found to be limited by an elect
emission step. Interstitial copper (Cui) is the fastest known
diffusing impurity in silicon. It behaves as a shallow don
and forms acceptor-donor pairs.8,9 Preschaet al.10 used ca-
pacitance voltage measurements to observe Cui drift and
study its diffusion and pairing properties below room te
perature. Transient capacitance signals induced at room
perature by Cu drift in ap-type silicon Schottky diode were
reported by Heiser and Mesli.11 The copper drift process wa
fast enough to occur repeatedly when a low frequency
verse bias pulse was applied to the device. This so-ca
‘‘transient ion-drift’’ ~TID! method11 was initially applied to
study Cui diffusion properties over a large temperature ran
PRB 580163-1829/98/58~7!/3893~11!/$15.00
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in the presence of acceptor-donor pairing. It was shown la
that, when a high temperature anneal is followed by quen
ing the sample to room temperature, most copper atoms
main interstitially dissolved for several hours.12 This result
made TID analysis suitable for detecting low copper conc
trations in silicon in the framework of contamination, gette
ing, or diffusion barrier studies.

Numerous highly mobile impurities exist in compoun
semiconductors as well. Ag and Cu in binary and tern
compounds were shown to diffuse over macroscopic d
tances even at room temperature and are of consider
technological importance for device applications.13 Recently,
Lyubomirsky, Rabinal, and Cahen used TID to study roo
temperature diffusion properties of Ag, Li, and Cu in CdT
Cd0.7Hg0.3Te, and CuInSe2.

14

Ion-drift-induced capacitance signals carry informati
about the diffusion properties and concentration of mob
impurities. If the mobile ion is involved in a reaction be
tween defects, such as acceptor-donor pairing, the signal
influenced by the corresponding dissociation and cap
rates as well. In Ref. 11, Heiser and Mesli derived an a
lytical semiempirical model to describe the ion-drift proce
and obtained a relationship between the transient capacit
time constant and the ion diffusion coefficient. The accept
copper pairing reaction was assumed to remain at local e
librium, and was described by an effective diffusion coef
cient. A more accurate model can be established
numerical resolution of the corresponding diffusion and pa
ing equations.

In the present work, a theoretical model is developed t
describes in detail the origin and properties of ion-dri
induced capacitance transients. The influence of the diffus
coefficient, doping concentration, pairing constants, and
3893 © 1998 The American Physical Society
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3894 PRB 58T. HEISER AND E. R. WEBER
plied voltage on the shape of the signal is investigated. S
cial emphasis is put on those features that can be use
distinguish ion-drift-induced signals from more comm
deep-level carrier emission processes. The rate-limiting p
cesses as well as the accuracy of the simplified analy
model are discussed. Interstitial copper in silicon is used
model system to test the conclusions of the calculations
particular, variously doped silicon samples are used to ex
ine the influence of pairing on TID signals. A complete stu
of the copper-silicon system is, however, beyond the sc
of the present paper.

The article is organized in five sections. Section II d
scribes the origin of drift-induced capacitance transients
the related coupled partial differential equations. In Sec.
numerical resolutions of these equations are given and
influence of major experimental parameters are discus
Section IV describes TID measurements done on copper
fused and quenched silicon. Comparison between exp
mental and theoretical results is discussed in Sec. V.

II. THEORETICAL BACKGROUND

A. The origin of transient ion-drift signals

Transient capacitance signals are most commonly
served when the charge distribution inside the space ch
region ~SCR! of a Schottky diode, or equivalent device,
modified by emission from traps and subsequent drift
electrical carriers towards the bulk.15 Due to the large carrie
mobility, the last process is almost instantaneous. The re
ing capacitance transients carry information only ab
physical properties of the defect, such as energy levels,
fect concentrations, and carrier capture cross sections.

FIG. 1. ~a! Calculated solute depth profiles after various dr
periods at a reverse bias of 5 V. The dashed line represents the
of the depletion region.~b! Relaxation profiles after several period
at 0 V. The initial profile was obtained after 1 s at 5 V. Forboth
figures the parameters were taken as listed in Table I.
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like manner, the charge density can be altered when hig
mobile ionized impurities are present in the SCR. The dep
tion capacitance will change when ion drift occurs. If the i
has the same charge as the majority carriers, the elect
field will drive it towards the neutral region, leading to
higher space charge density and a correspondingly hig
capacitance. The ion redistribution, which occurs when a
verse bias is suddenly applied, is illustrated in Fig. 1~a!. The
curves have been obtained using the model discussed be
The process can be reversed if the bias voltage is redu
Figure 1~b! describes how thermal diffusion leads to a qu
siuniform ion distribution within the previously depleted r
gion. Under a low-frequency reverse bias pulse and adeq
duty cycle, the ions will engender a periodical back and fo
movement, which in turn induces repetitive capacitance tr
sients. The corresponding transient ion drift signals carry
formation on the effective mobility and concentration of m
bile impurities. Temperature-dependent measurements y
activation energies, which in the case of a pure diffus
process, are equal to the defect migration enthalpy. Howe
if the ion is trapped along its diffusion path, then the activ
tion energy of the ion drift process will be mostly determin
by the trap binding energy. The concentration of the dif
sion species is directly related to the signal amplitude, as
be discussed in Sec. III.

B. Differential equations

A better understanding of ion-drift-induced capacitan
signals can be obtained by solving the coupled differen
equations that govern the diffusion process. The model
veloped below describes the ion drift across a reverse bia
Schottky diode, assuming a constant diffusion coefficient,D,
a diffusion-limited trapping of the mobile ion~or solute! at
the doping impurities, and a thermal dissociation of neu
solute-dopant pairs. We also assume that the majority ca
ers and solute ions carry the same electrical charge, tha
background doping is uniform, and that the minority carrie
and doping compensation by other impurities are negligib
Furthermore, it is assumed that Einstein’s relation betw
the ion mobilitym and its diffusion coefficient holds.

The solute densityNsol(x,t) obeys the following equa-
tions:

Nsol~x,t !5N~x,t !1P~x,t !, ~1!

]N~x,t !

]t
5

]

]x FD
]N~x,t !

]x
1smN~x,t !

]V~x,t !

]x G2
]P~x,t !

]t
,

~2!

]P~x,t !

]t
54pRcDN~x,t !@Atot2P~x,t !#2nP~x,t !, ~3!

]2V~x,t !

]x2 52
q

«s
$Nsol~x,t !2Atot1@Atot

2Nsol~L !#e2q@V~x,t !2V~L !#/kT%, ~4!

whereN(x,t) andP(x,t) are the concentrations of unpaire
and paired solute atoms, respectively,Atot is the total doping
density,V(x,t) is the electrical potential distribution,Rc is
the capture radius,n is the dissociation rate,q is the ion
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TABLE I. Parameters used for the calculation of solute profile and related capacitance transients
when otherwise specified.

Parameters
Vpulse

~V!
Vbi

~V!
Vrev

~V!
Atot

(cm23)
D

(cm2 s21)
Rc

~nm!
n

(s21)
Nsol(L)
(cm23)

T
~K!

Values 0 0.6 5 231015 331028 5 1700 1014 300
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charge,«s is the semiconductor dielectric constant,L is the
sample thickness,k is the Boltzmann constant,s is the sign
of the ion charge state, andT is the temperature. The back
side solute density,Nsol(L), is assumed to be time indepe
dent.

Equation~2! describes thermally activated diffusion an
drift in the electric field and includes a recombination term
take pairing into account. Equation~3! represents the solute
dopant interaction with a diffusion-limited capture rate a
Eq. ~4! is the Poisson equation. For boundary conditions,
assume no solute flux on both sample surfaces and equ
rium of the pairing reaction on the back side surface. T
latter assumption is accurate as long as the sample thick
L is considerably larger than the SCR width. The total co
stant voltage drop is given byDV5V(0)2V(L)5Vbi
1Vext, whereVbi is the Schottky diode built-in voltage an
Vext is the externally applied bias. The potential origin
chosen at the sample backside surface@i.e., V(L)50#.

In TID measurements, the signal acquisition starts wh
the applied voltage is changed fromVpulseto Vrev, increasing
the depletion region width. We consider that instant as
origin of the time scale. If the pulse voltage was applied lo
enough, the system has reached a stationary state att50.
Negligibly few solute atoms are left inside the depletion
gion, while in the neutral region, a uniform solute density,
equilibrium with the pairing reaction, has been establish
We may thus approximate the initial solute distributio
Nsol(x,0), by

Nsol~x<Wpulse,0!50, Nsol~x.Wpulse,0!5N̄sol, ~5!

whereWpulse is the width of the SCR underVpulse, with the
pairing reaction at thermal equilibrium.N̄sol is the average
solute density in the bulk, which is equal toNsol(L) and
taken to be lower than the doping level.

The ion distribution will affect the SCR width and henc
the depletion capacitanceC(t). Baccaraniet al.16 have pro-
posed an analytical model to derive the Schottky diode
pacitance for arbitrary steep doping profiles. The model
sumes an abrupt space charge edge but does not involv
identification of free carrier and doping depth profiles in t
quasineutral region. Because a strong ion accumulation a
edge of the SCR may lead to a significant difference betw
both distributions, we used the Baccarani model to calcu
the TID-induced capacitance signals. The depletion cap
tance per unit area,C(t), can be related to the solute dens
by

DV52
1

«s
E

0

W~ t !
xr~x,t !dx
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kT

q H lnFr~W,t !

r~L,t ! G2
W~ t !

r~W,t !

dr

dxU
W~ t !

21J ~6!

with

r~x,t !5q@Nsol~x,t !2Atot# ~7!

and

C~ t !5
«s

W~ t !
. ~8!

r(x,t) represents the space-charge density, andW(t) the
depletion width. The term between brackets in Eq.~6! takes
into account the difference between free carrier and sp
charge distributions.

III. NUMERICAL RESOLUTION

In this section Eqs.~1!–~8! are resolved numerically as
function of the key experimental parameters. Two major
sues that need to be addressed are the distinction betwee
drift and electrical carrier-emission-induced capacitan
transients and the estimation of physical properties of
mobile ion. In the first part of this section we calculate t
solute depth profiles and corresponding capacitance t
sients as a function of experimentally adjustable paramet
such as the applied voltages and pulse length. The chara
istic features that are derived can be used experimentall
identify the origin of the capacitance signal. In the seco
part, the influence of the physical properties of the mob
ion on the TID signals is investigated. The question
whether diffusion or pairing is the limiting process is a
dressed. Extraction of those parameters from the meas
transients is discussed in the last part.

A. Characteristic features of TID signals

1. Depth profiles

Equations~1!–~4! were numerically solved using the fi
nite difference method implemented in the software pack
ZOMBIE.17 The parameters used are summarized in Tabl
The capture radius was chosen typical for acceptor-do
pairs at room temperature,1 while the dissociation rate wa
taken from measured values of Cu-B pairs.10 The diffusion
coefficient is chosen to fit approximately our experimen
results discussed in Sec. IV. These values describe a
tively weak solute-dopant interaction, corresponding to ab
20% of pairs at thermal equilibrium.1 The ion distribution as
a function of time under reverse bias is plotted in Fig. 1~a!. A
strong accumulation at the edge of the SCR is already
served after a few milliseconds. If subsequently the volta
is switched back toVpulse, the ion redistribution occurs a
shown in Fig. 1~b!. The time required to reestablish a un



e
on
ol

e
re
li-
l

lc

s
h

n
s

v
e

s
ia
io
n-
th
tim

e-

,
d

e
.
f
the
we

p
, it
e
the
ci-

the
he
ly
ci-

the
to

nce
CR
s,
the
ep-
e
or

de-
ture
sitiv-
CR
lute

in
u

th

ther

3896 PRB 58T. HEISER AND E. R. WEBER
form solute distribution is significantly longer than the tim
needed for ions to drift out of the space charge regi
Hence, in order to observe repetitive TID transients, the v
age ‘‘pulse’’ should be considerably longer than the tim
interval during which the capacitance transient is measu
The ‘‘relaxation kinetics,’’ which describes the signal amp
tude as a function of pulse length, is discussed in detai
Sec. III A 4.

2. Transient capacitance signal

The corresponding time-dependent capacitance is ca
lated by numerically integrating Eqs.~6!–~8!, and is shown
as the solid line in Fig. 2. The capacitance first decrea
slightly before it increases towards its stationary value. T
figure insert represents the normalized curve plotted o
logarithmic scale. Following the initial capacitance decrea
a simple exponential dependence holds for almost 80%
the total amplitude. A qualitative explanation for this beha
ior can be found in the ion drift kinetics. It has indeed be
shown in Ref. 11 that, when the diffusion term in Eq.~2! is
neglected, the solute displacement across the SCR follow
exponential time dependence. This leads to an exponent
increasing accumulation at the edge of the depletion reg
which in turn triggers the diffusion out of the SCR and i
creases the capacitance. Thus the drift kinetics limits
early stage of the process and leads to an exponential
dependence. Subsequent flattening of the solute profile
thermal diffusion gives rise to the significantly slower r
sidual increase.

The origin of the initial capacitance decrease is related
the redistribution of the ionsinsidethe depletion layer. It has
been shown by Kukimoto, Henry, and Merritt18 that, in the
case of a reverse biasedn1p junction, or equivalent device
an excess positive chargeDr(x) added to the backgroun
doping density induces a first-order capacitance changeDC
given by

DC

C
'2

1

W E
0

W

Dr~x!
x

A2 dx, ~9!

FIG. 2. Calculated ion-drift-induced capacitance transient us
the parameters in Table I. The dashed line represents the do
exponential function, f (t)554.2822.13 exp(2t/0.01)2
0.2 exp(2t/0.16). The inset represents a semilogarithmic plot of
normalized signal, defined by DC(t)/DCmax5@C(t)2C(t
→`)#/@C(0)2C(t→`)#, whereC(t→`) was estimated att55 s.
.
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whereW is the SCR width,A2 the acceptor density at th
edge of the depletion layer, andC the quiescent capacitance
From Eq.~9! it follows immediately that a displacement o
positively charged ions inside the depletion layer towards
neutral region will decrease the capacitance. Hereafter,
will call this property thecapacitance depth sensitivity. In
DLTS analyses Eq.~9! describes the influence of the tra
depth distribution on the measurement sensitivity. In turn
can be seen from Eq.~9! that the absolute capacitanc
changeuDCu decreases when the total excess charge in
depletion region is not constant. This explains the capa
tance increase that occurs during ion diffusion out of
SCR. DLTS transients never exhibit the initial drop since t
drift of free carriers out of the depletion layer is considerab
faster than the emission rate. The ion-drift-induced capa
tance signals, however, result from a combination of both
redistribution inside the depletion layer and the diffusion in
the neutral region.

3. Reverse bias dependence

It is interesting to study how the reverse voltage (Vrev)
affects the signal shape, even though only a minor influe
is expected. Indeed, for larger voltages, the increased S
width tends to slow down the ion out-diffusion proces
while the correspondingly higher electric field accelerates
ion drift by almost the same amount. The simulations, r
resented in Fig. 3~a!, find the expected behavior to be tru
only after the minimum in capacitance has occurred. F
shorter times, the magnitude of the initial capacitance
crease gains importance with increasing voltage. This fea
can be understood in terms of the capacitance depth sen
ity. The strong concentration gradient at the edge of the S
causes an ion diffusion current, which smears out the so

g
ble

e

FIG. 3. Ion-drift-induced capacitance transients calculated ei
as a function of the applied reverse voltage~a!, or as a function of
the sum of built-in and pulse voltages~b!. All other parameters are
specified in Table I.
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distribution inside the SCR. For a low reverse voltage,
SCR width is comparable to the accumulation layer ext
sion and weakens the capacitance depth sensitivity. C
versely, for a high reverse voltage the overlap between
distribution inside and the accumulation profile at the edge
the SCR remains negligible during the initial stage of t
drift process and increases the amplitude of the capacita
drop, as shown in Fig. 3~a!. Likewise, the built-in and pulse
voltages affect the initial capacitance decrease, since
parameters alter the depletion width during the pulse. C
sequently, as indicated in Fig. 3~b!, the initial capacitance
decrease disappears for higher built-in and pulse volta
Since bothVrev andVpulse modify the signal shape, the bia
dependence of the capacitance transient can be used to v
the ion drift origin of the signal.

4. Relaxation kinetics

Another characteristic feature of TID signals is obtain
by measuring the relaxation kinetics, i.e., the signal am
tude versus pulse width. When the voltage pulseVpulse is
applied, the ion distribution ‘‘relaxes’’ by thermal diffusio
towards a uniform distribution in the previously depleted
gion @see Fig. 1~b!#. The necessary time to reach the fin
distribution, or relaxation time, is of the orderW2/D, which
is considerably larger than the TID time constant, and
creases linearly with reverse voltage. Figure 4 shows
normalized signal amplitude as a function of the pulse len
for three different voltages, using the parameter set of Ta
I. The inset indicates that the ‘‘relaxation time,’’ or the tim
necessary to reach half of the maximum amplitude, increa
almost linearly with the reverse bias. The voltage dep
dence of the relaxation time is a characteristic feature
TID originating capacitance signals. Indeed, for deep-le
carrier-emission-induced transients, which occur in DL
analyses, the analog for relaxation is the carrier captur
the neutral region. This process should not depend on
electric field that existed in that regionprior to the filling
pulse. Hence monitoring the relaxation kinetics is a relia
way to distinguish between deep level carrier emission
ion drift induced capacitance signals.

FIG. 4. Normalized amplitude of ion-drift-induced capacitan
signals, defined byDCtpulse

/DCtpulse→` with DCtpulse
5@C(t→

1`, V5Vrev)2C(t50, V5Vrev)# tpulse
for three different reverse

voltages as a function of the pulse length,tpulse. The other param-
eters used are specified in Table I. The inset shows the timet1/2, at
which half of the maximum amplitude is reached, as a function
reverse voltage.
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B. Influence of pairing and diffusion properties

Once the origin of the signal is ascertained, the prim
goal of TID analyses is the determination of physical pro
erties relevant to the diffusion and defect reaction of
diffusing ion. To understand how these properties influen
the signal shape, and under what experimental conditi
they can be best estimated, we calculated the TID signal
function of the diffusion and pairing constants. The resu
are summarized by way of an effective TID time consta
tTID , which is defined by the slope of the linear part of t
signal represented in a semilogarithmic scale~see inset in
Fig. 2!. Another possible definition oftTID emerges when
noting that the signal increase can be well adjusted t
double exponential function~dashed line in Fig. 2!. The
characteristic TID time constant corresponds then to the
verse of the smallest exponent, which turns out to be alw
20% lower than the value obtained using the first definitio
The second definition is useful when the signal offset can
be accurately measured. Note, however, that Eqs.~1!–~8! do
not enable an analytical derivation of the approximat
double exponential time dependence.

1. Dissociation rate and capture radius

Solute-dopant pairing slows down the ionic diffusion si
nificantly. Figure 5 shows the solute profiles calculated
various drift periods with a relatively low dissociation rate
4s21, all other parameter values being summarized in Ta
I. In this case only 10% of solute atoms remain unpaired
equilibrium. The profiles differ from those shown in Fig. 1~a!
by more than just a time scaling factor. In particular, t
concentration front, which is seen to drift towards the bulk
Fig. 1~a!, is less apparent in Fig. 5. Thus, pairing is n
satisfactorily portrayed by substitutingD by a concentration
independenteffective diffusion coefficient in Eq.~2!, as
would be expected if the pairing reaction had reached lo
equilibrium during the drift process.1 Note that the profiles in
Fig. 5 are similar to the ion distributions measured by P
schaet al.10 on Cu-diffused silicon usingC(V) analyses at
temperatures where pairing dominated the process.

The solid lines in Fig. 6 represent the inverse TID tim
constant or TID rate,tTID

21 , as a function of the dissociatio
rate, for various capture radii. For low dissociation rat
tTID

21 increases linearly at a rate that depends only on

f

FIG. 5. Solute depth distribution calculated for a low dissoc
tion rate, for which only 10% of the ions are unpaired. All oth
parameters are given in Table I.
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3898 PRB 58T. HEISER AND E. R. WEBER
capture radius, indicating that pairing is the limiting proce
At higher dissociation rates,tTID

21 saturates at a given value
which corresponds to the TID rate in the absence of pair
and is a function of the doping density and diffusion coe
cient. The transition between the pairing and diffusion li
ited regimes occurs whentTID

21 is a few times higher than th
dissociation rate, though the exact position where the tra
tion occurs depends on the capture radius.

The initial capacitance decrease~not shown here! is lower
in the case of stronger pairing due to the flatter ion distri
tions shown in Fig. 5. For low enough dissociation rates,
ion concentration decreases uniformly throughout the de
tion region. Hence, as in carrier emission induced transie
the initial capacitance decrease is not observed. Co
quently, the absence of a notable initial capacitance decr
in ion drift induced capacitance transients provides an in
cation that the diffusion is trap limited.

2. Doping density and diffusion coefficient

For constant reverse bias, higher doping densities ind
stronger electric fields and hence faster ion drift kinetics.
the other hand, as the fraction of free solute ions is redu
with increasing dopant density, pairing will ultimately be th
limiting factor of the process. The evolution of the TID si
nals as a function of doping density has been calculated f
constant solute to dopant ratio. The grid spacing used in
calculations had to be reduced with increasing doping le
in order to keep enough data points in the SCR and to av
computational errors. The calculations are summarized
Fig. 7, wheretTID

21 is plotted as a function of the dopin
concentration for different dissociation rates. For high dis
ciation rates, the TID rate increases almost linearly withAtot ,
showing that the electric field enhancement of the drift
netics is the dominant factor. For lower dissociation ra
pairing is strong enough to keep the TID rate constant o
the entire investigated concentration range.

A similar behavior is expected for the diffusion coef
cient dependence of the TID time constant. Indeed, with
significant pairing, drift inside the depletion region and su

FIG. 6. The solid lines represent the TID rate as a function
solute-dopant pair dissociation rate, for different capture radii,
culated using the full theoretical model. All other parameters
specified in Table I. The dashed lines are obtained using the s
empirical model. The inset describes the variation of the correc
factor b as a function ofRc .
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sequent diffusion towards the neutral region are the limit
processes. In this case,tTID

21 should increase with increasin
diffusion coefficient. However, the diffusion limited captu
rate increases withD and, ultimately, makes pairing th
dominating process. Only a weak dependence on the d
sion coefficient is then to be expected. To test this statem
we calculatedtTID

21 as a function of the diffusion coefficien
for different dissociation rates. The solid lines in Fig. 8 re
resent the TID rate normalized by the dissociation rate a
function of the diffusion coefficient. The results indicate th
tTID

21 increases almost linearly withD, as long as it is one
order of magnitude lower than the dissociation rate. F
higher diffusion coefficients, it reaches a limiting valuetmax

21

that depends on both dissociation rate and capture rad
and decreases with increasing fraction of paired ions
agreement with Fig. 6.

C. Estimation of physical parameters

Solute concentration and mobility, dopant-ion pair bin
ing energy, and capture radius are the physical properties
are in principle accessible by TID analyses. The above
vestigations indicate, however, that strong pairing will allo

f
l-
e
i-

n

FIG. 7. The solid lines represent the calculated TID rate a
function of the doping density for different dissociation rates. A
other parameters are specified in Table I. The dashed lines are
tained using the semiempirical model.

FIG. 8. The solid lines represent the calculated ratio betw
TID and dissociation rates as a function of the diffusion coeffici
for different dissociation rates. All other parameters are specifie
Table I. The dashed lines are obtained using the semiempi
model.
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access to a lower limit of the diffusion coefficient only.
this case the TID rate is proportional to the dissociation r
and the temperature-dependent measurements provide i
mation about the pair dissociation energy. In the case
weak pairing the linear dependence oftTID

21 on D enables the
ion migration enthalpy to be determined. Note, however, t
all the numerical results discussed so far were obtained
suming a constant temperature. Yet, because the ratio
tween the mobility and diffusion coefficient decreases l
early with temperature, the TID rate should depend alm
linearly on the temperature even when all other parame
are kept constant. Calculations ofC(t) as a function of tem-
perature~not reported here! found indeed thattTIDT varies
by less than 10% over temperatures between 200 and 40
Hence, the migration enthalpy can be extracted fr
temperature-dependent measurements, provided thattTIDT
rather thantTID is used in the Arrhenius plot. If the captur
radius decreases linearly with increasing temperature, as
the case for a Coulomb interaction,1 and if pairing is domi-
nating the process, no linear temperature dependence is
served. The pair binding energy should then be extrac
from an Arrhenius plot oftTID .

Though the model presented above describes the fu
mental mechanism of TID signal generation, it does not p
vide an analytical expression for extraction of the diffusi
and pairing coefficients from experimental results. This m
be achieved using a method based on the semiempi
model developed by Heiser and Mesli in Ref. 11. The mo
considers the ion ‘‘time of flight’’ across the SCR as t
limiting process for TID.11 When the diffusion term in Eq
~2! is neglected, the solute drift kinetics is described by
exponential time dependence with a time constant given

tTID5
Wrev

mEM
5

kT«s

q2DAtot
, ~10!

whereEM is the maximum electric field in the SCR. Eac
ion moves towards the neutral region according to

W2x~ t !5@W2x~0!#expS 2
t

tTID
D , ~11!

wherex(t) represents the position of the ion at timet.11,2 In
the case of pairing,D is replaced by an effective diffusio
coefficient, which at local equilibrium, is expressed by

Deff5
D

11VAtot
, ~12!

whereV is the pairing constant.
Although the assumptions that diffusion is negligible a

that pairing reactions are at local equilibrium are stric
speaking inaccurate, several properties of TID signals can
at least qualitatively, deduced from Eqs.~10! and ~12!. A
linear dependence of the TID rate on the diffusion coeffici
and doping density is expected from Eq.~10! if pairing is
negligible. In the case of strong pairing, a linear depende
between the TID rate and the dissociation rate is obtai
when the pairing constant in Eq.~12! is replaced by

V5
4pRcD

n
. ~13!
e
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Equation~13! holds under the assumption that the captu
process is diffusion limited.1,9 Moreover, if the productAtotD
is large enough, Eqs.~10!, ~12!, and~13! lead to a TID rate
that is independent of the doping density and diffusion co
ficient. To achieve a quantitative agreement between b
models, two dimensionless correction factors,a andb, need
to be introduced into Eqs.~12! and~14!. These equations ar
replaced by

tTID5
akT«s@11~4pRcDAtot /n!b#

q2DAtot
, ~14!

with a52.85 andb51.95. Results using Eq.~14! are plotted
as dashed lines in Figs. 6–8 and agree well with the
theoretical model, except for the capture radii dependen
Both correction factors were chosen in order to yield the b
fit for a capture radius of 5 nm~see Fig. 6!. The physical
meaning ofa can be understood in terms of the drift kinetic
If thermal diffusion is neglected, each ion will see its po
tion change according to Eq.~11!. Equation~14! then repre-
sents the time needed by the ion to cover about 95% o
distance from the edge of the SCR. The necessity to in
duce the second correction factor,b, is due to the inaccuracy
of the local equilibrium assumption, which slightly undere
timates the impact of pairing on the drift kinetics. Indee
during the drift process, the unpaired ion and dopant de
ties become momentarily higher than the respective equ
rium values. The resulting larger capture rate is appro
mately taken into a account by introducing an effecti
capture radiusRc

eff5bRc . Whether or not the equilibrium ap
proximation is physically sound depends on the capture
dius. The larger the capture radius, the faster the pai
equilibrium is established and the lower the value ofb needs
to be. The behavior ofb as a function ofRc is shown in the
inset of Fig. 6.

The solute concentration in the bulk can be estima
from the TID signal amplitude, which is defined byDC
5C(t→1`, V5Vrev)2C(t50, V5Vrev). For N̄sol,Atot ,
an approximate relationship can be obtained analytically
resolving the Poisson equation for the two following solu
distributions:

Nsol~x!5H 0

N̄sol

for x,Wpulse

for x>Wpulse
~15!

and

Nsol~x!5H 0

N̄sol

for x,Wrev

for x>Wrev,
~16!

whereWpulse andWrev are the SCR widths underVpulse and
Vrev, respectively. The slight increase in the average so
concentration in the neutral region, following the drif
diffusion process, is negligible for a large sample thickne
(L@Wrev).

Finally,

N̄sol

Atot
5

CD
222Ch

22

CD
222Cl

22 , ~17!
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where Ch5C(t→`), Cl is the stationary capacitance
Vpulse and CD5Ch2DC. In the case ofN̄sol!Atot , and for
Vbi1Vpulse!Vrev, expression ~17! reduces to the well-
known relation15

N̄sol

Atot
52

DC

Ch
. ~18!

Expression~17! agrees well with the numerical resolution
Eqs.~1!–~8!. The solute density affects only weakly the si
nal shape, as long as it is significantly lower than the dop
concentration.

IV. TID ON Cu CONTAMINATED p-TYPE SILICON

A. Experimental details

The different features of ion-drift-induced capacitan
transients, discussed in the previous section, can be teste
Cu in-diffused and quenched silicon. Copper in silicon
known to have a high interstitial diffusivity.8 Though inter-
stitial copper solubility is almost negligible at room
temperature,8 a significant amount of copper atoms rema
interstitially dissolved if a high temperature anneal is f
lowed by a rapid quench.12 Moreover, interstitial copper be
haves as a donor and forms pairs with acceptors by Coul
interaction.9,10 Preschaet al.10 have measured the dissoci
tion rates of copper-acceptor pairs and have found a sig
cant lower binding energy of B-Cu pairs as compared
Al-Cu, Ga-Cu, or In-Cu pairs.10 We take advantage of thi
particular feature to evaluate the influence of pairing on
TID signals.

In this work we used boron-, aluminum-, and gallium
doped Czochralski-grown silicon- and boron-doped fl
zone silicon, provided by Wacker Chemitronic, with resist
ities ranging from 0.1 to 20V cm. After removing the native
oxide by 50% HF, a thin copper layer was deposit
by dipping the samples into a CuF2•3H2O/HF/H2O
~10 g/10 ml/500 ml! solution. The HF component of th
above solution prevents significant oxide growth between
Cu film and the silicon surface, which can act as an
diffusion barrier. The samples were annealed at 650 °C fo
h, followed by quenching into ethylene-glycol and storage
liquid nitrogen. After chemically removing the surface lay
and etching the samples in a HNO3/HF/CH3COOH ~2.7/1/1!
solution, a thin Al film was evaporated to form Schottk
diodes. Ohmic contacts were obtained by Ga eutectic pla
on the sample backside. Low contact resistivities w
achieved by scratching the back surface with a diamond
Capacitance transients were measured at room temper
using a commercial DLTS setup. The standard voltage p
parameters wereVrev55V, Vpulse50. The pulse duration wa
set to 9 s for B-doped silicon and 90 s for Ga- and Al-dop
material. The signal amplitude did not increase with long
pulse widths, indicating that the initial quasi-uniform Cu d
tribution was reached after each pulse.

B. TID results

1. Reverse bias dependence

Capacitance transients, measured at different reverse
ages on 0.1V cm B-doped silicon, are presented in Fig.
g
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The characteristic initial capacitance decrease is clearly s
and depends strongly on the applied reverse voltage. Ye
amplitude is smaller than expected from the calculations
differs from one diode to the other. For low copper conce
trations it is hidden by the signal noise. We attribute th
behavior to the fluctuations of the Al diode barrier height a
to the non-uniform carrier profile in the near surface lay
C(V) measurements indicated a strong decrease of the
ceptor concentration close to the surface due to acceptor
sivation by atomic hydrogen-introduced during chemic
processing of the semiconductor surface. The zero bias S
width was of approximately 1mm. Although the non-
uniform doping was not taken into account in the calcu
tions, it is possible that it reduces the magnitude of the ini
decrease in capacitance. Finally, the initial rectangular so
distribution used in our simulations@see Eq.~5!# slightly
overestimates the capacitance att50. Similar measurement
were performed on 1-V cm Al-doped material and the resul
are shown in Fig. 10. The two orders of magnitude larg
TID time constant is ascribed to the higher Al-Cu bindin
energy as compared to B-Cu pairs. Again, the capacita
drop increases with voltage in agreement with calculation

FIG. 9. Experimental TID transients measured at room temp
ture on Cu contaminated B-doped silicon for different reverse v
ages. The inset represents a semilogarithmic plot of the normal
signal, defined by DC(t)/DCmax5@C(t)2C(t→`)#/@C(0)2C(t
→`)#, whereC(t→`) was estimated att55 s.

FIG. 10. Experimental TID transients measured at room te
perature on Cu contaminated Al-doped silicon for different reve
voltages. The inset represents a semilogarithmic plot of the norm
ized signal, defined byDC(t)/DCmax5@C(t)2C(t→`)#/@C(0)2C(t
→`)#, whereC(t→`) was estimated att550 s.
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2. Relaxation kinetics

Relaxation kinetics, measured in B-doped silicon for d
ferent reverse voltages, are shown in Fig. 11. Note that
filling pulse, required to reach 95% of the maximum sign
amplitude, is of the order of seconds. In the case of Al or
doping, stronger pairing makes the required pulse length
ceed 1 min. These values are significantly larger than typ
deep-level pulse widths~,200 ms! and constitute by them
selves a characteristic feature of ion-drift-induced capa
tance transients. The measured kinetics slow down as
pected when the voltage bias is increased. The relaxa
time t1/2 closely follows the expected linear voltage depe
dence~see figure inset!. To our knowledge, no electrical ca
rier emission phenomenon has been observed that could
to a similar voltage dependence.

The TID signal shape is almost independent of the rel
ation time, except for its amplitude and initial drop. Th
behavior, which is consistent with the theoretical model,
dicates that the quasiexponential capacitance increase is
erned by the strong accumulation at the edge of the SCR
subsequent out-diffusion, rather than by the ion profiles
side the depletion region. A similar behavior has alrea
been reported by Johnson and Henning6 in the case of atomic
hydrogen drift-induced transients.

3. Temperature and doping dependence

We performed temperature-dependent measurement
both B-doped and Ga-doped materials. As the activation
ergies for migration and pair dissociation are different,
influence of pairing is expected to change with temperatu
Capacitance transients were measured at various tem
tures between 265 K to 365 K and the corresponding Arrh
ius plot of tTID for both dopants are represented in Fig. 1
Also shown are the dissociation data from Preschaet al.10 In
the Ga-doped material,tTID follows a straight line over the
whole temperature range with an activation energy of 0
60.02 eV, which is close to the Ga-Cu dissociation ene
of 0.71 eV.10 The unique slope of the Arrhenius plot ind
cates that, for Ga-doped Si, copper-gallium pairing do
nates the process over the whole accessible temper
range, i.e., between 295 and 375 K. For B-doped materia
change of slope is observed around 330 K. At temperatu

FIG. 11. Relaxation kinetics measured at room temperature
B-doped silicon for three different reverse voltages. The in
shows the timet1/2, at which half of the maximum amplitude i
reached, as a function of reverse voltage.
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below 330 K, the process is described by an activation
ergy of 0.5960.02 eV, which agrees well with the Cu-B
dissociation energy of 0.61 eV reported by Prescha.10 In this
temperature range, the B-Cu pairing limits the Cu drift pr
cess. Above 330 K the slope of the experimental curve
creases and the activation energy drops down to 0
60.02 eV. If the linear temperature dependence oftTID in
the absence of pairing~see Sec. III C! is taken into account,
this value becomes 0.3760.02 eV. Yet, the narrowness o
temperature range~340–365 K! from which this energy was
determined allows only the conclusion that this value is
upper limit of the migration enthalpy. The slope change
the Arrhenius plot oftTID represents the transition betwee
the trap-limited and diffusion-limited TID process. A mor
complete study of copper impurities in silicon is beyond t
scope of the present article.

Temperature-dependent expressions for the Ga-Cu
B-Cu pair dissociation rates can be obtained from the res
shown in Fig. 12, using Eq.~14! under the assumption o
strong pairing, i.e., when the value of the diffusion coef
cientD is not needed. If the capture radius decreases line
with temperature and is equal to 5 nm at room temperat
the dissociation rates are described by

nGaCu55.231012expS 2
0.6860.02

kT D s ~19!

and

nBCu55.431012expS 2
0.5860.02

kT D s, ~20!

which are close to the values reported by Preschaet al.10

The influence of pairing can also be seen by measu
TID signals as a function of acceptor concentrations. T
experimental results obtained for B-doped, Al-doped, a
Ga-doped silicon are summarized in Fig. 13. Similar T
rates are found in Ga-and Al-doped Si and are almost in

n
t

FIG. 12. Temperature dependence of the TID time const
tTID , measured on B- or Ga-doped silicon. Also shown are
inverse dissociation rates for Ga-Cu and Ga-B pairs, as determ
by Prescha et al. ~Ref. 10! and given by nGaCu

21

51.3310213exp(0.7160.02 eV/kT) andnBCu
21 53.8•10214exp(0.61

60.02 eV/kT). The dashed lines represent exponential functi
that fit best to our experimental results. The corresponding act
tion energies areDEGa50.6860.02 eV ~curve 1!, DEB150.58
60.02 eV~curve 2!, andDEB250.3560.02 eV~curve 3!.
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pendent on the Ga density. This behavior is consistent w
the matching binding energies of Al-Cu and Ga-Cu pairs a
the resulting similar dissociation rates.10 The significantly
lower B-Cu binding energy, however, causes a two order
magnitude higher dissociation rate. In this case the TID r
increases with doping density as expected for weak pai
~see Sec. III B 2!.

V. DISCUSSION

From the theoretical calculations developed in Sec.
several signatures of ion-drift-induced capacitance transi
appear to be of importance when the origin of the signal is
be discussed. Extended pulse lengths, which are require
observe signals, and a nonexponential capacitance tran
are two properties that are unexpected but not excluded f
deep-level carrier emission process. The presence of an
tial capacitance decrease, the magnitude of which depe
on the voltage pulse, is a more specific signature of T
signals, though the amplitude of the signal decrease o
appears to be lower than expected from theory. A large z
bias depletion width, which in silicon is often due to hydr
gen in-diffusion during processing, could explain this d
crepancy in magnitude. Efficient pairing that flattens the s
ute profiles in the SCR, reduces the capacitance de
sensitivity and the magnitude of the initial capacitance
crease as well. The initial capacitance dip has also been
served by Lyubomirsky14 on Cu contaminated CdTe crystal
The authors suggested that a chemical reaction of def
involving copper was at the origin of the capacitance
crease. If the decrease is found to be more pronounced
higher reverse voltages, the capacitance depth sensit
should also be considered as a possible origin of the
served behavior.

The relaxation kinetics discussed above are the most
able way to identify the ion drift origin of the signal. N
other physical process, which could give rise to a sim
voltage dependence, has been reported so far. The vo
dependence of the relaxation time constant, Fig. 13, can

FIG. 13. Room-temperature TID rates measured in B-, Ga-,
Al-doped silicon of different resistivities. The dashed lines outli
the behavior of the TID rate vs doping level with a constant dis
ciation rate.
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used even for relatively low solute densities when the cap
tance decrease is barely observable.

An overall agreement is obtained between theoretical
sults discussed in Sec. III and experimental data collected
the Cu diffused and quenched silicon. The capacitance t
sients observed at room temperature for Cu diffused
doped, and Ga- or Al-doped silicon, have a two orders
magnitude difference in the respective time constants. Y
they both show the characteristic TID features: initial capa
tance drop and voltage-dependent relaxation kinetics. Th
fore they can be confidently ascribed to the same phys
process, namely, interstitial copper ion drift.

Pairing affects the TID signal considerably. The calcu
tions show that information on solute diffusivity can only b
obtained if the TID rate is significantly larger than the pa
dissociation rate, while only a lower limit of the diffusio
coefficient can be estimated in the opposite case. The ac
tion energies obtained from temperature-dependent
measurements described in Sec. III confirm this assertion
similar situation has been reported on H drift experiments
Zundel and Weber.19 The question of whether or not pairin
is limiting the process can be settled by performing T
measurements on samples with different resistivities. T
TID rate is expected to be almost independent of the dop
level if pairing is strong enough. TID can then be used to
information on the solute-dopant interaction.

Defect reactions involving species other than doping i
purities are not included in the model. However, other d
fects present in the material might trap the solute impurit
and affect the TID signal as well. For instance, the TID s
nal amplitude observed in Cu diffused silicon decrea
when the samples are left at room temperature for sev
hours.12 We believe this behavior is due to clustering or pr
cipitation of interstitial copper.20 As a consequence, precip
tation kinetics can be monitored by TID and information
the density and capture radius of nucleation sites can
obtained.21

VI. CONCLUSION

The numerical resolution of the coupled diffusion, pairin
and Poisson equations have led to a fundamental unders
ing of the ion drift induced capacitance signals. Several ch
acteristic features of TID signals provide means to differe
tiate ion-drift-induced capacitance transients from sign
produced by more common electrical carrier emission p
cesses. The model refines the description of the influenc
solute density, diffusion coefficient, and pairing constants
the signal shape. It shows in particular that, in the case
strong pairing, the signal shape becomes almost indepen
of the ion mobility, so that only a lower limit of the diffusion
coefficient can be estimated. TID signals depend th
strongly on the pair dissociation rate, providing informati
on the pairing reaction. For weak pairing, the diffusion c
efficient influences the signal shape significantly and ena
the temperature-dependent ion mobility to be determin
from experiments. A semiempirical model is proposed to
low the estimation of the diffusion and pairing coefficien
without resolving numerically the differential equations. T
influence of defect reactions involving species other than

d
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dopant on TID signals are beyond the scope of the pre
article. Nevertheless, the issue may be of interest for stu
ing the physics of defect interactions. Several physical s
tems in which ion drift induced capacitance transients oc
have been described in the literature. Some have a cons
able technological impact. For instance, the high sensiti
of transient capacitance measurements makes TID a pote
technique for monitoring low level copper concentrations
silicon in the framework of diffusion barrier and getterin
studies, as well as in contamination control issues.
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