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Transient ion drift experiments designed to obtain reliable values for the intrinsic copper diffusivi
in silicon are reported. From these measurements, the diffusion barrier of Cu in Si is determined to
0.18 6 0.01 eV. It is shown that the commonly used expression of Hall and Racette [J. Appl. Phys.35,
379 (1964)] actually gives an effective diffusion coefficient for heavily boron-doped silicon and ca
neither be used for other doping levels nor extrapolated to lower temperatures. A model is develo
which predicts the effective diffusion coefficient as a function of temperature, doping level, and the ty
of dopant. [S0031-9007(98)06824-0]
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Copper is one of the most prevalent and detriment
impurities in silicon device production [1]. The electrica
and structural properties of copper in silicon are still poor
understood despite intensive research during the last
years (see [2] for a review). Even such a fundamen
property of Cu in Si as its diffusion coefficient remain
uncertain. Unlike most other3d transition metals, copper
diffuses in silicon in the positively charged state [3]. Th
theory of diffusion of donors in the presence of immobil
acceptors was developed by Reisset al. [4]. They showed
that, due to acceptor-donor pairing, the effective (appare
diffusivity Deff of donors inp-type material is lower than
their diffusivity in intrinsic materialDint and in the case of
ND ø Na is given by

Deff  Dintyf1 1 VNag , (1)

whereNa is the acceptor concentration,ND is the concen-
tration of mobile donors, andV is the pairing constant.
The latter can be calculated as

V  4p
Z b

a
r2 exp

∑
V srd
kBT

∏
dr , (2)

whereV srd is the potential energy of donor-acceptor inter
action,kB is the Boltzmann constant,T is the temperature,
a is the nearest-neighbor equilibrium distance, andb is the
capture radius of the potentialV srd [4].

The first data point on copper diffusivity was obtaine
on intrinsic silicon by Struthers [5]. Later temperature
dependent measurements were done by Hall and Rac
[6] on heavily boron dopedp-type Si sNa  5 3

1020 cm23d. Assuming negligible copper-acceptor pair
ing, Hall and Racette [6] suggested the expressionD 
4.7 3 1023 exps20.43 eVykBT d cm2 s21, which was then
widely used as the intrinsic copper diffusion coefficient i
silicon (see, e.g., [1]). Kelleret al. [7] and Mesliet al. [8]
attempted to make a correction for donor-acceptor pairin
using the data of Hall and Racette. Later Heiseret al. [9]
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measured the effective copper diffusivity in In- and Ga
dopedp-Si around room temperature by the transient io
drift (TID) technique. Plotting the corrected data from
[6,9] on the same plot, Mesliet al. [10] suggested the ex-
pression D  4.5 3 1023 exps20.39 eVykBT d cm2 s21.
The model [Eqs. (1),(2)], used in Refs. [7–10], implie
that the potential energy of donor-acceptor interactio
V srd should depend only on the acceptor charge state a
not on its chemical nature. Yet recent experimental stu
ies of the copper-acceptor dissociation energy reported
Wagneret al. [11] revealed that the dissociation energ
is different for different types of acceptors (0.61 eV
for CuB, about 0.70 eV for CuAl, CuGa, and CuIn an
0.85 eV for CuPt), thus indicating that the binding i
these pairs has a covalent component. This conclus
is in agreement with theoretical calculations done b
Estreicher [12]. As follows from the results presente
below, the assumption of a purely Coulomb interactio
[8–10] underestimates the pairing constantV by more
than an order of magnitude and the previously publish
“intrinsic” diffusion data need to be reconsidered.

In this Letter we report the first direct experimenta
measurements of the intrinsic diffusivity of copper i
silicon in the temperature range between 240 and 380
The experimental procedure used to quench copper
the interstitial state and to prepare Schottky diodes
described elsewhere [9]. Measurements were done
TID [9], which analyzes the transient capacitance signa
induced by Cui1 drift and diffusion. The time constant
of the capacitance transientstTID is determined by the Cu
effective diffusion coefficient [9,13,14]:

tTID  a 3
´´0kBT

q2NaDeff
, (3)

Deff 
Dint

1 1 bVNa
, (4)
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t

V 
t21

c

Nat
21
diss


4pDintRC

t
21
diss

, (5)

where ´ and ´0 are the dielectric permittivity of silicon
and vacuum, respectively,q is the elementary charge,
tc and tdiss are, respectively, the temperature-depende
time constants of association and dissociation of io
pairs, andRC is the capture radius of mobile ions by
acceptors. These equations were obtained forND ø
Na and are identical to the ones previously discuss
by Heiser et al. [9] and Zamoucheet al. [15] with the
only difference that two correction coefficientsa 
2.85 and b  1.95 are introduced, as suggested b
Heiseret al. [14]. They solved numerically a system o
coupled differential equations, which accounted for drif
diffusion, and trapping of copper by shallow acceptors
the depletion region and showed that although an exa
analytical solution for the TID kinetics does not exist
previously reported equations [9] are generally corre
and, aftera andb are introduced, Eqs. (3)–(5) can serv
as an accurate approximation to evaluate TID data. It
also important to note that Eq. (2) is substituted in th
treatment by Eq. (5), which does not depend on the sha
of the attractive potentialV srd and anticipates only that
the trapping of ions is diffusion limited [13]. The proces
of trapping is characterized by a capture radiusRC, which
is calculated from the condition that the average therm
energykBT equals the attractive potential energyV srd,
i.e., kBT  V sRCd. Since in most casesRC is as large as
several nm, the covalent component of the ion interacti
can be neglected andV sRCd can be approximated by a
screened Coulomb potential:

kBT 
q2

4p´´0RC
exp

∑
2RC

¡µ
´´0kBT

q2p

∂1y2∏
, (6)

where p is the free hole density. For the doping
levelsNA # 1017 cm23 and under extrinsic conditions the
screened Coulomb potential can be approximated by
simple Coulomb potential, and the capture radiusRC can
be obtained explicitly asRC  q2y4p´´0kBT . Inserting
Eqs. (4),(5) into Eq. (3), we obtain

tTID  a
´´0kBT

q2NaDint
1 abtdiss . (7)

The first term on the right-hand side of Eq. (7) de
scribes the average drift time of unpaired copper ion
through the depletion region. The second term describ
the dissociation of copper-acceptor pairs. IftTID ¿
abtdiss, the pairing is weak and the TID time constan
is determined primarily by the intrinsic drift of copper
ions through the depletion region. The intrinsic diffusiv
ity Dint can in this case be determined directly from th
experimental data as follows:

Dint 
a´´0kBTyq2Na

tTID 2 abtdiss
. (8)

On the other hand, iftTID ø abtdiss, then the pairing
is strong and the denominator in Eq. (8) becomes arbitra
1244
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close to zero. In this case the information on the intrin
diffusion coefficient contained in the dependencetTIDsT d
drops below the measurement errors andDint cannot be
extracted unambiguously from the experimental data.

The conditions of strong pairing,tTID ø abtdiss, and
weak pairing,tTID ¿ abtdiss, can be distinguished by
the slope of the temperature dependence oftTID . Fig-
ure 1 shows an example of such a dependence obta
from TID studies of Cu diffusivity in Ga-dopedsNGa 
1.5 3 1015 cm23d silicon. The experimental data point
fall on a straight line with the slope of0.68 6 0.03 eV,
which matches the dissociation energy of CuGa pairs [1
This implies thattTIDsT d is proportional totdisssT d over
the whole temperature range; i.e., all data points w
obtained under strong pairing conditions. Equation
shows that the conditions of weak pairing can be achie
by increasing the temperature to a value which depe
on the doping levelNa, on the dissociation rate of coppe
acceptor pairst21

diss, and on the intrinsic copper diffusion
coefficientDint. The influence of the last two paramete
is illustrated in Fig. 1 by varying the diffusion bar
rier for Cu in Ga-doped (curves 1–3, solid lines) a
B-doped (curves 1–3, dashed lines) Si. From a comp
son between calculations (curves 1–3, solid lines) a
the experimental data obtained on Si:Ga (triangles) it
pears that no conclusion about the Cu diffusion barr
can be reached except for a lower estimate of appro
mately 0.35 eV. For diffusion barrier heights lower tha
this value (curves 2 and 3) a general agreement is
tained between experimental data and calculated cur
Because of the lower dissociation energy of CuB pa

FIG. 1. Experimentally measured dependence of the TID ti
constant on temperature for gallium-doped silicon with t
doping level of1.5 3 1015 cm23 (triangles). Curves 1–3 are
simulated dependencies for gallium-doped (solid lines) a
boron-doped (dashed lines) silicon for copper diffusion barri
of 0.35 eV (curve 1), 0.25 eV (curve 2), and 0.15 eV (curve
The diffusivity prefactorD0 used in the simulations was se
equal to that of Hall and Racette [6].
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an experiment done on B-doped silicon with a similar re
sistivity would enable us to distinguish curves 2 and 3,
the experimental data were measured in the same tempe
ture range (dashed lines in Fig. 1). The upper temperatu
limit where TID can be measured (about 380 K, denote
by an arrow in Fig. 1) is imposed by the leakage curren
generated due to the relatively narrow Si band gap. T
temperature range where TID measurements can be d
under the conditions of weak pairing can be further ex
tended to lower temperatures by reducing the boron do
ing level [see Eq. (7)].

Figure 2 presents the TID measurements done on boro
doped float zone (FZ) silicon with boron densities o
1.5 3 1014 cm23 and 2 3 1015 cm23. Oxygen and car-
bon concentration in the samples was below1016 cm23

for both impurities. For the boron doping level ofNa 
2 3 1015 cm23 the dependencetTIDsT d is determined by
pairing with boron up to the temperature of about 320
(Fig. 2, triangles). In the low-doped samples (Fig. 2, cir
cles) the pairing of copper with boron is dominant only a
T , 255 K. Equation (8) can be used to determine th
time constant of CuB dissociation at temperatures whe
the pairing is strong, and the intrinsic copper diffusion co
efficient at the higher temperatures. Using these two da
sets between 240 and 320 K, the following expression f
the CuB dissociation rate was obtained:

t21
disssT d  s2.05 6 0.80d 3 1013

3 exp

µ
2

0.61 6 0.01 eV
kBT

∂
. (9)

This expression is very close to the one reported b
Wagner et al. [11]. The intrinsic diffusivity of copper
calculated using Eqs. (8),(9) for the samples withNa 
1.5 3 1014 cm23 is presented in Fig. 3 as an Arrhenius

FIG. 2. Experimentally measured dependence of the TID tim
constant on temperature for boron-doped silicon with th
doping levels of1.5 3 1014 cm23 (circles) and2 3 1015 cm23

(triangles).
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plot, built using our data and the data obtained on intrin
silicon at 1173 K by Struthers [5]. This yields th
following expression for the interstitial copper intrinsi
diffusion coefficient:

Dint  s3.0 6 0.3d 3 1024

3 exp

µ
2

0.18 7 0.01 eV
kBT

∂
scm2ysd , (10)

which is valid in the temperature range between 265 a
1173 K. The intrinsic diffusion barrier of 0.18 eV in
Eq. (10) is close to the values recently predicted by Wo
et al. [16].

We emphasize that Eq. (10) describes the copper
fusivity in the absence of copper-acceptor pairing and
valid only in intrinsic orn-type silicon, provided that no
other trapping process exists. Inp-type material, how-
ever, it is the effective diffusivityDeff which describes
copper diffusion and which is relevant for all practical a
plications. Deff can be either determined experimentall
e.g., from TID measurements [Eq. (3)] or calculated usi
Eqs. (4),(5):

DeffsNA, T d  Dintyf1 1 4pbDintRCNatdissg , (11)

wheretdiss andDint are given by Eqs. (10) and (11). Th
capture radiusRC is determined by Eq. (6). As discusse
in [14], the coefficientb reflects nonequilibrium capture
conditions in the depletion region during TID measur
ments and should be set to unity for bulk measureme
Inserting the constants and Eqs. (6), (9), and (10) in
Eq. (11), we obtain a convenient numerical equation
effective diffusion coefficient in moderately boron-dope
sNa # 1017 cm23d silicon:

Deff 
3 3 1024 exps22090yT d

1 1 2.584 3 10220 exps4990yT d sNayT d
. (12)

FIG. 3. Intrinsic diffusion coefficient of copper determine
from our experimental datasNa  1.5 3 1014 cm23d in the
temperature range 265 to 380 K (circles) and experimental d
point reported by Struthers ([5], open triangle).
1245
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In Fig. 4 we present the effective Cu diffusivity, cal
culated for different doping levels usingb  1 (bulk
diffusion). Also represented are the effective copp
diffusivities determined from TID measurements usin
Eq. (3) with b  1.95 (diffusion in a depletion region)
and the data of Hall and Racette. The different valu
used forb lead to a slight deviation between curves
and 3 and the experimental points at temperatures wh
pairing is dominant. The calculations agree over th
whole temperature range not only with the data used
the determination ofDint but also with the data measured
in the medium doped materialsNa  2 3 1015 cm23d.
This confirms the validity of Eq. (10) used for the in
trinsic diffusion coefficient. The agreement also exten
over the whole investigated doping level range (1.5 3

1014 to 5 3 1020 cm23) since Hall and Racette’s data
points are close to the calculated dependence (curve
This confirms that the Hall and Racette data represent
effective diffusion coefficient forNa  5 3 1020 cm23

and explains their significant deviation from the intrinsi
diffusivity curve. Furthermore, since the effective dif
fusion coefficient depends nonexponentially on tempe
ture [see Eq. (12)], the exponential expression sugges
by Hall and Racette can be used only as an approxim
tion in the temperature range where the data points w
taken and may result in significant errors if extrapolate
outside of this range.

In this study we neglected interaction of interstitial cop
per with carbon and oxygen. There are indications that t
pairing is weak in FZ silicon [10], although it may becom
non-negligible in Czochralski-grown silicon, where C an

FIG. 4. Effective diffusion coefficient of copper in silicon cal
culated for different boron doping levels (lines) and experime
tal data obtained in this study (circles,Na  1.5 3 1014 cm23

and diamonds,Na  2 3 1015 cm23) and by Hall and Racette
[6] (triangles,Na  5 3 1020 cm23). Curve 1—intrinsic sili-
con; curve 2—Na  1.5 3 1014 cm23; curve 3—Na  2 3
1015 cm23; curve 4—Na  1 3 1017 cm23; curve 5—Na 
5 3 1020 cm23.
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O concentrations are 2 to 3 orders of magnitude high
and especially below room temperature.

In conclusion, the intrinsic diffusion coefficient of sili-
con was determined experimentally in a wide temperatu
range using the transient ion drift technique. The use
boron-doped FZ silicon with a low doping level enable
us to obtain, over a wide temperature range, the con
tions where the diffusivity of copper is determined by in
trinsic diffusion barrier rather than pairing with accepto
and can thus be determined directly. The obtained dif
sion barrier of 0.18 eV agrees with the recent theoretic
predictions. The corresponding intrinsic diffusion coeffi
cient is consistent with all previously reported data on t
diffusivity of Cu in silicon, provided that copper-accepto
pairing is properly taken into account. The final expre
sion obtained for the effective copper diffusivity can b
used to model diffusion of Cu inp-type silicon for vari-
ous doping levels and temperatures.

The help of E. Edelson with the preparation of th
manuscript is appreciated. This work was supported
the University of California MICRO program, the Wafe
Engineering and Defect Science Consortium, and t
National Renewable Energy Laboratory. The use
experimental facilities of the Lawrence Berkeley Na
tional Laboratory which are funded through DOE
acknowledged.

*On leave of absence from Institute of Physics of St. Pete
burg State University, Ulianovskaya 1, 198904 Russia.
Electronic address: istratov@socrates.berkeley.edu

[1] K. Graff, Metal Impurities in Silicon-Device Fabrication
(Springer-Verlag, Berlin, 1995).

[2] A. A. Istratov and E. R. Weber, Appl. Phys. A: Mater. Sc
Process.66, 123 (1998).

[3] E. R. Weber, Appl. Phys. A: Solids Surf.30, 1 (1983).
[4] H. Reiss, C. S. Fuller, and F. J. Morin, Bell Syst. Tech.

35, 535 (1956).
[5] J. D. Struthers, J. Appl. Phys.27, 1560 (1956).
[6] R. H. Hall and J. H. Racette, J. Appl. Phys.35, 379 (1964).
[7] R. Keller, M. Deicher, W. Pfeiffer, H. Skudlik, M. Steiner,

and Th. Wichert, Phys. Rev. Lett.65, 2023 (1990).
[8] A. Mesli and T. Heiser, Phys. Rev. B45, 11 632 (1992).
[9] T. Heiser and A. Mesli, Appl. Phys. A: Solids Surf.57,

325 (1993).
[10] A. Mesli, T. Heiser, and E. Mulheim, Mater. Sci. Eng. B

25, 141 (1994).
[11] P. Wagner, H. Hage, H. Prigge, Th. Prescha, a

J. Weber, inSemiconductor Silicon-1990,edited by H. R.
Huff, K. G. Barraclough, and J.-I. Chikawa (Electrochem
cal Society, Pennington, NJ, 1990), p. 675.

[12] K. S. Estreicher, Phys. Rev. B41, 5447 (1990).
[13] F. S. Ham, J. Phys. Chem. Solids6, 335 (1958).
[14] T. Heiser and E. R. Weber, Phys. Rev. B (to be publishe
[15] A. Zamouche, T. Heiser, and A. Mesli, Appl. Phys. Let

66, 631 (1995).
[16] D. E. Woon, D. S. Marynick, and S. K. Estreicher, Phy

Rev. B45, 13 383 (1992).


