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Intrinsic Diffusion Coefficient of Interstitial Copper in Silicon
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Transient ion drift experiments designed to obtain reliable values for the intrinsic copper diffusivity
in silicon are reported. From these measurements, the diffusion barrier of Cu in Si is determined to be
0.18 = 0.01 eV. lItis shown that the commonly used expression of Hall and Racette [J. Appl. B5ys.

379 (1964)] actually gives an effective diffusion coefficient for heavily boron-doped silicon and can
neither be used for other doping levels nor extrapolated to lower temperatures. A model is developed
which predicts the effective diffusion coefficient as a function of temperature, doping level, and the type
of dopant. [S0031-9007(98)06824-0]

PACS numbers: 66.30.Jt, 61.72.—y, 66.30.Qa, 71.55.Cn

Copper is one of the most prevalent and detrimentaineasured the effective copper diffusivity in In- and Ga-
impurities in silicon device production [1]. The electrical dopedp-Si around room temperature by the transient ion
and structural properties of copper in silicon are still poorlydrift (TID) technique. Plotting the corrected data from
understood despite intensive research during the last 36,9] on the same plot, Mesét al. [10] suggested the ex-
years (see [2] for a review). Even such a fundamentapression D = 4.5 X 1073 exp(—0.39 eV/kzT) cn? s~ .
property of Cu in Si as its diffusion coefficient remains The model [Egs. (1),(2)], used in Refs. [7-10], implies
uncertain. Unlike most othékd transition metals, copper that the potential energy of donor-acceptor interaction
diffuses in silicon in the positively charged state [3]. TheV(r) should depend only on the acceptor charge state and
theory of diffusion of donors in the presence of immobilenot on its chemical nature. Yet recent experimental stud-
acceptors was developed by Retszl. [4]. They showed ies of the copper-acceptor dissociation energy reported by
that, due to acceptor-donor pairing, the effective (apparentjVagneret al. [11] revealed that the dissociation energy
diffusivity D¢ of donors inp-type material is lower than is different for different types of acceptors (0.61 eV
their diffusivity in intrinsic materialD;,, and in the case of for CuB, about 0.70 eV for CuAl, CuGa, and Culn and
Np < N, is given by 0.85 eV for CuPt), thus indicating that the binding in

Dett = Dint/[1 + QN,], (1) these pairs has a covalent component. This conclusion
is in agreement with theoretical calculations done by
Estreicher [12]. As follows from the results presented
below, the assumption of a purely Coulomb interaction
b v( [8—10] underestimates the pairing constéhtby more
O = 477[ 72 ex;{ r) } dr, (2) than an order of magnitude and the previously published

a kgT “intrinsic” diffusion data need to be reconsidered.

whereV (r) is the potential energy of donor-acceptor inter-  In this Letter we report the first direct experimental
action, kz is the Boltzmann constari, is the temperature, Measurements of the intrinsic diffusivity of copper in
a is the nearest-neighbor equilibrium distance, ansithe ~ Silicon in the temperature range between 240 and 380 K.
capture radius of the potenti#l(r) [4]. The experimental procedure used to quench copper in
The first data point on copper diffusivity was obtainedthe interstitial state and to prepare Schottky diodes is
on intrinsic silicon by Struthers [5]. Later temperature-described elsewhere [9]. Measurements were done by

dependent measurements were done by Hall and RacettéD [9], which analyzes the transient capacitance signals
[6] on heavily boron dopedp-type Si (N, =5 x  induced by Cy" drift and diffusion. The time constant

102 cm=3). Assuming negligible copper-acceptor pair- Of the capacitance transients,p is determined by the Cu
ing, Hall and Racette [6] suggested the expresdior-  effective diffusion coefficient [9,13,14]:
4.7 X 1073 exp(—0.43 eV/kgT) cnm? s~ !, which was then

whereN, is the acceptor concentratioNp is the concen-
tration of mobile donors, anfl is the pairing constant.
The latter can be calculated as

. o = e N egokpT
widely used as the intrinsic copper diffusion coefficient in D T @ X e 3)
silicon (see, e.g., [1]). Kelleet al. [7] and Mesliet al. [8] 9" Nallett
attempted to make a correction for donor-acceptor pairing, Dove — Dine 4
using the data of Hall and Racette. Later Heiseal. [9] = T BON, (4)
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O = 7! _ 47 DinRc (5) close to zero. In this case the information on the intrinsic
Na‘rd_iis Td_iis ’ diffusion coefficient contained in the dependengey (T')

drops below the measurement errors dhg cannot be

wheree and g, are the dielectric permittivity of silicon gyracteq unambiguously from the experimental data.

and vacuum, respectively; is the elementary charge,  Tne conditions of strong paifing;rip ~ a B4, and

Te and 745 are, respectivgly, the temp_eratu.re-.depend_er\;veak paifing,7rip > @ B7ass, can be distinguished by
time constants of association and dissociation of ionp, slope of the temperature dependence-@h. Fig-

pairs, andRc is the capture radius of mobile ions by 6 1 shows an example of such a dependence obtained
acceptors. These equations were obtained Nor <  tom TID studies of Cu diffusivity in Ga-dopetVg, =

N, and are identical to the ones previously discusseq 5 v 1o!5 cm3) silicon. The experimental data points
by Heiseretal.[9] and Zamoucheet al.[15] with the (5 o 4 straight line with the slope df68 = 0.03 eV,

only difference that two correction coefficient® =\ hich matches the dissociation energy of CuGa pairs [11].

285 and B = 1.95 are introduced, as suggested bYThisimplies thatrrip(T) is proportional torg.(T) over
Heiseret al. [14]. They solved numerically a system of ,o \yhole temperature range; i.e., all data points were

coupled differential equations, which accounted for drift, jpiained under strong pairing conditions. Equation (8)

diffusion, and trapping of copper by shallow acceptors ingpq\s that the conditions of weak pairing can be achieved
the depletion region and showed that although an exagjy jncreasing the temperature to a value which depends

analytical solution for the TID kinetics does not exist, o, the doping leveN,, on the dissociation rate of copper-
. . a
previously reported equations [9] are generally cormect; onior paireL;, and on the intrinsic copper diffusion

and, aftere andg are infroduced, Eqgs. (3)-(5) can SEIVE coefficientD;,. The influence of the last two parameters

as an accurate approximation to evaluate TID data. It i justrated in Fig. 1 by varying the diffusion bar-
also important to note that Eq. (2) is substituted in thisrier for Cu in Ga-doped (curves 1—3, solid lines) and
treatment by Eq. (5), which does not depend on the shapg q,heq (curves 1-3, dashed lines) Si. From a compari-
of the attractive potentiaV'(r) and anticipates only that g, heween calculations (curves 1—3, solid lines) and
the trapping of lons is d_lfoSlon limited [13]. The PrOCeSS the experimental data obtained on Si:Ga (triangles) it ap-
of trapping is characterized by a capture radts which o515 that no conclusion about the Cu diffusion barrier
is calculated from the condition that the average therm an be reached except for a lower estimate of approxi-
energy k1" equals the attractive potential enerdyr),  mately 0.35 eV. For diffusion barrier heights lower than
.., kgT = V(Rc). Since in most caselc is as large as yhis yalue (curves 2 and 3) a general agreement is ob-

sevetr)al nm,lthe c(:joval;nt componbent of the ion 'néekr)acno'?ained between experimental data and calculated curves.
can be neglected antd(Rc) can be approximated by & pecayse of the lower dissociation energy of CuB pairs,
screened Coulomb potential:

q? eeokpT 12
kT = dareegRc eXF{ RC/( q*p ) :|’ © 10°

where p is the free hole density. For the doping 10" Va
levelsN, < 10'7 cm™3 and under extrinsic conditions the . V4
screened Coulomb potential can be approximated by a 7,;10 i }
simple Coulomb potential, and the capture raddyscan = 101 L - / o
be obtained explicitly a®c = ¢?/4meeoksT. Inserting 8 y ~ s SiB
Egs. (4),(5) into Eq. (3), we obtain § 102} -

_ eegokpT A g sl ]

TTID = «& ¢*NoDin + aBryss - (7 5 10 ] //

The first term on the right-hand side of Eq. (7) de- = 104 - 4
scribes the average drift time of unpaired copper ions /  TID temperature
through the depletion region. The second term describes 10° g range .
the dissociation of copper-acceptor pairs. 7fip > - |<
a B4, the pairing is weak and the TID time constant 1061 .", :; = ;
is determined primarily by the intrinsic drift of copper 1000 (K*)

ions through the depletion region. The intrinsic diffusiv-
ity Die can in this case be determined directly from theFIG. 1. Experimentally measured dependence of the TID time

experimental data as follows: constant on temperature for gallium-doped silicon with the
5 doping level of1.5 X 105 cm™3 (triangles). Curves 1-3 are
Dy = ageokpT/q"Na (8) Simulated dependencies for gallium-doped (solid lines) and

boron-doped (dashed lines) silicon for copper diffusion barriers
. » of 0.35 eV (curve 1), 0.25 eV (curve 2), and 0.15 eV (curve 3).

On the other hand, ifTip = aB7aiss, then the pairing  The diffusivity prefactorD, used in the simulations was set
is strong and the denominator in Eq. (8) becomes arbitrargqual to that of Hall and Racette [6].
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an experiment done on B-doped silicon with a similar re-plot, built using our data and the data obtained on intrinsic
sistivity would enable us to distinguish curves 2 and 3, ifsilicon at 1173 K by Struthers [5]. This yields the
the experimental data were measured in the same tempeffallowing expression for the interstitial copper intrinsic
ture range (dashed lines in Fig. 1). The upper temperaturdiffusion coefficient:

limit where TID can be measured (about 380 K, denoted Dt = (3.0 = 0.3) X 107

by an arrow in Fig. 1) is imposed by the leakage currents nt R

generated due to the relatively narrow Si band gap. The % ex;(—o'lg + 0.01 9V> (/9. (10)
temperature range where TID measurements can be done kgT ’

under the conditions of weak pairing can be further exwhich is valid in the temperature range between 265 and
tended to lower temperatures by reducing the boron dopt173 K. The intrinsic diffusion barrier of 0.18 eV in
ing level [see Eq. (7)]. Eq. (10) is close to the values recently predicted by Woon
Figure 2 presents the TID measurements done on borogt a|. [16].

dOped float zone (FZ) silicon with boron densities of We emphasize that Eq (10) describes the copper dif-
1.5 X 10" cm™ and2 x 10" em™. Oxygen and car- fusivity in the absence of copper-acceptor pairing and is
bon concentration in the samples was belo®® cm™  yalid only in intrinsic orn-type silicon, provided that no
for both Impurltles. For the boron dOplng level NE = other trapping process exists. mtype materiaL how-

2 X 10" cm™’ the dependencerp(T) is determined by ever, it is the effective diffusivityDe; Which describes
pairing with boron up to the temperature of about 320 Kcopper diffusion and which is relevant for all practical ap-
(Fig. 2, triangles). In the low-doped samples (Fig. 2, Cir-plications. D.¢ can be either determined experimentally,

cles) the pairing of copper with boron is dominant only ate g., from TID measurements [Eq. (3)] or calculated using
T <255 K. Equation (8) can be used to determine thegqs. (4),(5):

time constant of CuB dissociation at temperatures where
the pairing is strong, and the intrinsic copper diffusion co- Det(Na, T) = Dine/[1 + 47 BDiniRcNaTaiss], - (11)
efficient at the higher temperatures. Using these two datahererg;ss and Dy, are given by Egs. (10) and (11). The
sets between 240 and 320 K, the following expression focapture radiu®¢ is determined by Eq. (6). As discussed
the CuB dissociation rate was obtained: in [14], the coefficientB reflects nonequilibrium capture
1 o 13 conditions in the depletion region during TID measure-
Taiss(T) = (205 = 0.80) X 10 ments and should be set to unity for bulk measurements.
% %_0-61 + 0.01 eV) Inserting the constants and Egs. (6), (9), and (10) into
exg ———m——7 . 9 . : . )
kgT Eg. (11), we obtain a convenient humerical equation for
effective diffusion coefficient in moderately boron-doped
This expression is very close to the one reported bynN, = 107 cm™3) silicon:

Wagneret al. [11]. The intrinsic diffusivity of copper 3 X 10~4 exp(—2090/T
calculated using Egs. (8),(9) for the samples with = Degr = ¥ 2584 X 10-20 X 4990§T)) T (12)
1.5 X 10" cm™3 is presented in Fig. 3 as an Arrhenius : expl a
T T T 10.4 7 1 v v v v ¥ v L L} v 1 v v Ll ’ I:
. ] 7 i ]
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FIG. 2. Experimentally measured dependence of the TID timéFIG. 3. Intrinsic diffusion coefficient of copper determined
constant on temperature for boron-doped silicon with thefrom our experimental datdv, = 1.5 X 10 cm™3) in the
doping levels ofl.5 X 10" cm™3 (circles) and2 X 10" cm™3  temperature range 265 to 380 K (circles) and experimental data
(triangles). point reported by Struthers ([5], open triangle).
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In Fig. 4 we present the effective Cu diffusivity, cal- O concentrations are 2 to 3 orders of magnitude higher,
culated for different doping levels using@ = 1 (bulk  and especially below room temperature.
diffusion). Also represented are the effective copper In conclusion, the intrinsic diffusion coefficient of sili-
diffusivities determined from TID measurements usingcon was determined experimentally in a wide temperature
Eq. (3) with 8 = 1.95 (diffusion in a depletion region) range using the transient ion drift technique. The use of
and the data of Hall and Racette. The different valueboron-doped FZ silicon with a low doping level enabled
used forB lead to a slight deviation between curves 2us to obtain, over a wide temperature range, the condi-
and 3 and the experimental points at temperatures whet®ns where the diffusivity of copper is determined by in-
pairing is dominant. The calculations agree over therinsic diffusion barrier rather than pairing with acceptors
whole temperature range not only with the data used foand can thus be determined directly. The obtained diffu-
the determination ob;,, but also with the data measured sion barrier of 0.18 eV agrees with the recent theoretical
in the medium doped materidlv, = 2 X 10" cm™3).  predictions. The corresponding intrinsic diffusion coeffi-
This confirms the validity of Eq. (10) used for the in- cient is consistent with all previously reported data on the
trinsic diffusion coefficient. The agreement also extenddiffusivity of Cu in silicon, provided that copper-acceptor
over the whole investigated doping level ranges (X pairing is properly taken into account. The final expres-
10" to 5 x 10%° cm™3) since Hall and Racette’s data sion obtained for the effective copper diffusivity can be
points are close to the calculated dependence (curve S)sed to model diffusion of Cu ip-type silicon for vari-
This confirms that the Hall and Racette data represent theus doping levels and temperatures.
effective diffusion coefficient forv, = 5 X 10%° cm™3 The help of E. Edelson with the preparation of the
and explains their significant deviation from the intrinsic manuscript is appreciated. This work was supported by
diffusivity curve. Furthermore, since the effective dif- the University of California MICRO program, the Wafer
fusion coefficient depends nonexponentially on temperakngineering and Defect Science Consortium, and the
ture [see Eq. (12)], the exponential expression suggestddational Renewable Energy Laboratory. The use of
by Hall and Racette can be used only as an approximaxperimental facilities of the Lawrence Berkeley Na-
tion in the temperature range where the data points wergonal Laboratory which are funded through DOE is
taken and may result in significant errors if extrapolatedacknowledged.
outside of this range.

In this study we neglected interaction of interstitial cop-
per with carbon and oxygen. There are indications that this
pairing is weak in FZ silicon [10], although it may become
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