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Recent work has suggested that prior determinations of diffusion mechanism and point defect thermody-
namics in silicon have been affected by nonequilibrium effects stemming from uncontrolled adsorption-
induced suppression of a pathway for defect creation at the surface. Through silicon self-diffusion measure-
ments in ultrahigh vacuum in a short-time kinetic limit, the present work shows unambiguously that interstitials
are the primary mediators of self-diffusion over the range 650–1000 °C, moving over distances of 5–9 nm
before exchanging into the lattice. The Frank-Turnbull mechanism of interstitial formation does not play a
significant role.
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I. INTRODUCTION

Native point defects in silicon have been studied exten-
sively for many years1 to understand their diffusion and ther-
modynamics, which govern the growth of high-quality single
crystals for most microelectronic devices2–4 as well as the
doping processes required for their fabrication.5,6 Remark-
ably, considerable debate still surrounds the mechanism of Si
self-diffusion,7–15 the question of whether interstitial atoms
are the prime mediators �especially at temperatures below
about 900 °C�, the specific mechanism by which interstitials
might operate, and the value of the interstitial formation en-
ergy. Computational approaches15–22 have not proven to be
sufficiently reliable to resolve these questions, with calcu-
lated formation energies ranging from 2.2 to 4.5 eV. In this
work, self-diffusion measurements exploiting a surface path-
way for efficient defect formation show that interstitials are
the primary mediators of self-diffusion over the range
650–1000 °C, moving over distances of 5–9 nm before ex-
changing into the lattice. The work also shows that intersti-
tials mediate self-diffusion through a kick-out mechanism of
exchange with the crystalline lattice, rather than a Frank-
Turnbull mechanism of interstitial-vacancy creation.

Recent experiments in this laboratory have shown23 that
surface chemical bonding state affects the self-diffusion rate
in silicon by influencing the concentration of point defects
within the solid. Diffusion measurements have typically been
made in the presence of surfaces whose dangling bonds are
largely saturated with adsorbates of various kinds. However,
maintaining an atomically clean surface opens a pathway for
native point defect formation at the surface that is much
more facile than corresponding pathways within the solid.
The surface pathway fosters a much larger solid defect con-
centration on a several-hour laboratory time scale than in
conventional approaches, with correspondingly larger self-
diffusion rates. Data taken under clean conditions therefore
yield substantially lower values for the defect formation en-
ergy.

II. EXPERIMENT

The present experiments employed atomically clean sur-
faces in conjunction with isotopic heterostructures.7,8 Layers

of silicon were grown epitaxially, by low-pressure chemical-
vapor deposition, on Si substrates having a different ratio of
the isotopes 28Si and 30Si. The natural isotope abundances in
Si are 92.2% mass 28, 4.7% mass 29, and 3.1% mass 30. The
concentration of 30Si within the grown layer was 0.002%.
Hence, a step concentration profile of 30Si formed at the
interface between the epitaxial layer and the substrate. These
isotopic heterostructures were obtained as 4 in. n-doped wa-
fers from Isonics Corporation. Arsenic served as the dopant
and was present at a uniform level throughout the step-
function structure at a concentration of 1�1019 cm−3. Speci-
men samples �within 1° of the �100� orientation� of approxi-
mate dimensions of 1.3�0.7 cm2 were cut from the wafers
and degreased by successive 5 min rinsing cycles in
electronic-grade trichloroethylene, acetone, and methanol.
Native oxide was removed with 49% HF followed by rinsing
in de-ionized water for 1 min. Temperature was monitored
with a Chromel-Alumel thermocouple junction pressed into a
small pit drilled into the specimen. Immediately thereafter,
the specimens were mounted in the ultrahigh-vacuum cham-
ber for resistive heating using Ta clips. The chamber was
quickly pumped down to 10−9 torr to avoid significant native
oxide formation. Auger electron spectroscopy verified that an
atomically clean surface was maintained throughout the an-
nealing process.

After annealing between 650 and 1000 °C, diffused 30Si
profile shapes were measured ex situ with secondary-ion-
mass spectroscopy �SIMS� using a CAMECA IMS-5f instru-
ment with a cesium ion beam. Other procedural details have
been described elsewhere.23

III. RESULTS

Most experiments employed a kinetic short-time limit.24

This short-time limit circumvents a problem of data interpre-
tation that has plagued most experimental work on Si self-
diffusion. Typically, the spreading rate of isotopic concentra-
tion profiles has been measured to yield a composite
diffusivity that incorporates parameters for native defect for-
mation and migration. These parameters could not be sepa-
rated, thereby leading to multiple possible interpretations of
the data. In the short-time limit, however, fast-diffusing spe-
cies �such as interstitial atoms� that occasionally exchange
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with the lattice lead to exponential diffusion “tails” that
evolve from initial delta-function25 or step-function24 pro-
files. A simple vacancy mechanism cannot yield such a sig-
nature in diffused profiles. Hence, although continuum diffu-
sion profiles cannot be uniquely correlated to particular
diffusion mechanisms,26 certain mechanisms can be ruled out
through suitable experimental design.

Note that some types of exponential tails can result from
SIMS artifacts. For example, Ref. 27 shows exponential tails
in isotope multilayer structures even before annealing. Well-
defined steps were expected. The tails were ascribed to a
SIMS artifact stemming from an ion-sputtered crater that
was tilted with respect to the surface. That effect should not
operate in the present work, however. If the present shapes
were subject to this effect, then the exponential tails at all
temperatures should have had the same slope. This pattern
was evident in Ref. 27 but not in the present data. Further-
more, the ion-beam alignment, raster size, and detection area
in the present work were chosen to avoid any significant
sidewall contribution to the detected secondary ions. The
sputtered crater depth was measured by stylus profilometry
multiple times in both the length and width directions to
ensure evenness of the crater bottom.

Profile fitting was performed using the series solution to
the diffusion equations for mobile species as described in
Ref. 24. This procedure yielded two parameters, namely, the
mean path length � between the generation and annihilation
events of the fast-diffusing mobile species and the corre-
sponding first-order rate constant Kgen for generation of this
species. The effective diffusivity was computed from the re-
lation Def f =Kgen�

2.28 The initial step profile exhibited non-
trivial spreading in the as-received wafers. A nonlinear least-
squares fitting routine employed together with direct
numerical solution of the diffusion equations24 showed that
the slight spreading present in the initial step profiles af-
fected the calculated values of Def f by no more than 10%.

In the short-time limit, the mean number of migration
events �given by Kgent� is less than about 1.25 In this limit, it

was quite straightforward to obtain unique values for the
parameters Kgen and �. Kgen governs the “breakaway point”
of the diffused profile from the initial step, whereas � gov-
erns the slope of the exponential profile. As the diffusion
time approaches infinity, the profile evolves asymptotically
into a true complementary error-function shape.25 In this
long-time limit �Kgent�1000�, the profile is completely de-
scribed by the single parameter Def f, which cannot be disag-
gregated into Kgen and � from the profile alone. However, at
intermediate times before the asymptotic limit is reached,
Kgen and � remain separable, although with progressively
increasing uncertainty in the individual values. A few supple-
mentary experiments were also done in this intermediate-
time limit. Table I summarizes the experimental conditions in
all regimes together with the parameters derived from the
profile fitting.

Figure 1 shows typical 30Si diffused profiles at 900 °C
along with their corresponding analytical fits. Exponential
tails are evident in the short-time data. At larger times, the
profile shape evolves toward the true complementary error-

TABLE I. Annealing conditions and fit parameters.

Sample
No.

Annealing
temperature

�°C�

Annealing
time
�h�

Diffusion
time regime

�
�nm�

Kgen

�s−1�
Def f

�cm2/s�

1 650 4 Short 8.2 1.7�10−7 1.1�10−19

2 650 4 Short 8.2 1.9�10−7 1.3�10−19

3 650 4 Short 8.1 2.2�10−7 1.4�10−19

4 700 1 Short 8.0 2.0�10−6 1.3�10−18

5 700 1 Short 8.1 2.0�10−6 1.3�10−18

6 700 1 Short 8.0 2.2�10−6 1.3�10−18

7 800 1 Short 7.1 8.4�10−5 4.2�10−17

8 800 1 Short 6.9 8.8�10−5 4.2�10−17

9 800 1 Short 7.0 8.5�10−5 4.2�10−17

10 900 1 Short 5.9 1.6�10−3 5.6�10−16

11 900 6 Intermediate 5.9 1.8�10−3 6.3�10−16

12 900 12 Intermediate 5.8 2.0�10−3 6.7�10−16

13 950 2 Intermediate 5.5 6.5�10−3 2.0�10−15

14 1000 6 Intermediate 5.0 3.0�10−2 7.5�10−15

FIG. 1. Examples of SIMS profiles of 30Si after diffusion at
900 °C for 1, 6, and 12 h. The 1 h profile is in the short-time limit,
with an exponential tail. The other two profiles at 900 °C are in the
intermediate-time limit.
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function form. Figure 2 shows related data for several tem-
peratures. Figure 3 focuses on shorter diffusion lengths at
lower temperatures.

It was important to test for temporal effects in the effec-
tive diffusivity Def f measured in the experiment. Temporal
variations in Def f would reflect time-dependent interstitial
concentrations and affect the derived value of the formation
energy. Indeed, Gossmann et al. observed time-dependent
changes in Si interstitial concentration within the solid dur-
ing the spreading of doping superlattices under modest
�10−7 torr� vacuum.29 However, the adsorption state of the
surface could not be directly monitored in those experiments,
so the free dangling bond concentration at the surface could
not be quantified.

The derived values of Kgen and � obey an Arrhenius tem-
perature dependence as shown in Fig. 4 and are given by

Kgen = 8 � 1011 exp��− 3.42 ± 0.03� eV/kT� s−1 �1�

and

� = 1.3 � 10−7 exp��0.15 ± 0.01� eV/kT� cm, �2�

where k represents Boltzmann’s constant and T the tempera-
ture. The parameter � ranges from roughly 5 to 9 nm in the

temperature range reported here. The effective diffusivity
Def f is hence given by

Def f = 0.01 exp��− 3.12 ± 0.05� eV/kT� cm2/s. �3�

Figure 5 shows the effective diffusivities calculated for
900 °C as a function of time from 1 to 12 h. The plotted
diffusivities include those estimated based on the equation
Def f =Kgen�

2 at 900 °C and various annealing times between
1 and 12 h. The remaining values in Fig. 5 were calculated
by converting the diffusivities obtained at other annealing
temperatures to equivalent values at 900 °C using the acti-
vation energy of 3.12 eV in Eq. �3�. Def f remains constant
within experimental error. These data indicate that the defect
concentration does not change significantly over this time
frame.

IV. DISCUSSION

A. Diffusion mechanism

The exponential shape at the lower temperatures and short
anneal times gives clear evidence of a highly mobile inter-
mediate species. A mechanism in which 30Si atoms pair up
with vacancies to diffuse in tandem could explain the data, in
principle.24,28 However, such a mechanism seems unlikely in

FIG. 2. Examples of SIMS profiles of 30Si after diffusion at 800,
950, and 1000 °C. At 800 °C, the diffusion is in the short-time
limit, with an exponential tail. The other two profiles at 950 and
1000 °C are in the intermediate-time limit.

FIG. 3. SIMS profile of 30Si after diffusion at 650 °C for 4 h.
An exponential tail is observed in this short-time diffusion limit. A
profile measured at 750 °C and 1 h lies almost exactly on top of the
profile shown, with very similar shape. The x=0 location is also
shown for the initial step profile.

FIG. 4. Arrhenius plots for the mean path length � and the
generation rate parameter Kgen.

FIG. 5. Def f at 900 °C as a function of annealing time. Def f

remains constant over this time scale. Triangles ��� represent val-
ues taken at 900 °C. Circles ��� represent values of Def f taken at
other temperatures and converted to equivalent values at 900 °C
using the activation energy of 3.12 eV.
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the case of Si self-diffusion because there exists no obvious
means for strong pairing. Such pairing has been postulated
for diffusion of dopants in Si, where interaction between the
vacancy and dopant atom arises from Coulombic attraction
or possibly short-range elastic forces.12 However, both of
these interactions require the pairing atom to differ chemi-
cally from the host, so that differential charging and/or lattice
distortion can take place. Although interstitials are com-
monly agreed to mediate diffusion in silicon above about
900 °C, there exists considerable debate over the diffusion
mechanism below this temperature,8,9 with evidence being
cited for both interstitials and vacancies. The present data
show that when the surface pathway for defect formation
functions efficiently, interstitials mediate diffusion in this
lower-temperature range as well.

If interstitial atoms were created within the solid alone,
the mere presence of exponential tails would be unable to
distinguish between creation mechanisms involving vacancy-
interstitial �or “Frank-Turnbull”� dissociation as opposed to
kick-out, as has been shown by Marioton et al.30 and
Cowern.31 Distinguishing between the mechanisms would
require variation of point defect concentrations in a con-
trolled manner as outlined by Cowern et al.28 However, the
primary source of Si interstitials within the solid in the
present case is the surface. Thus, most 30Si interstitials re-
sponsible for profile evolution are created by direct exchange
between 28Si interstitials and 30Si residing on lattice sites,
akin to conventional kick-in/kick-out reactions. A Frank-
Turnbull mechanism involving the formation of interstitials
together with vacancies is not a major factor.

B. Energetics of lattice exchange

The exchange reaction between the interstitial and the lat-
tice can be written as

30Sil + 28Sii�
rann

rgen
30Sii + 28Sil, �4�

where the subscripts i and l denote “interstitial” and “lattice.”
The forward reaction rate rgen refers to the generation of
mobile interstitials of the minority atom �30Si�, and the back-
ward reaction rate rann refers to the annihilation of this inter-
stitial species. We assume that the forward generation reac-
tion obeys the expression

rgen = kgen�
28Sii��

30Sil� = Kgen�
30Sil� , �5�

where Kgen=kgen�
28Sii�. Similarly, the reverse annihilation re-

action obeys

rann = kann�
28Sil��

30Sii� = Kann�
30Sii� , �6�

where Kann=kann�
28Sil�. With the assumption of no signifi-

cant kinetic isotope effects, we set kann=kgen.
The rate parameters in Eqs. �5� and �6� were obtained

from the parameters in Eqs. �1� and �2�. The mean hop length
�= �Dhop /Kann�1/2, where Dhop represents the diffusivity for
site-to-site hopping of the Si interstitial �of either isotope,
again assuming no kinetic isotope effect�. The parameter kgen
can be calculated from the experimental data for � together

with an estimate for Dhop and the 28Si lattice density �28Sil�
=5�1022 cm−3. For Dhop, the activation energy has been es-
timated using maximum likelihood methods from a wide va-
riety of literature reports to be 0.72±0.03 eV,32 while the
pre-exponential factor was assumed to be 1�10−3 cm2/s.
This procedure yields

kgen = 1.2 � 10−12 exp�− 1.02 eV/kT� cm3/s. �7�

Equation �7� in combination with Eq. �1� for Kgen yields

�28Sii� = 6.8 � 1023 cm−3 exp�− 2.4 eV/kT� . �8�

This expression yields an enthalpy of interstitial formation of
2.4 eV and a normalized entropy �S /k of 2.6. The value of
�S /k is modest and is not unusual for a formation entropy,
but the computed enthalpy is much lower than most reported
values.

Most quantum calculations15,18–20,33,34 report a formation
energy for the neutral interstitial in the range of 3.3–4.5 eV,
although there are a few exceptions with much lower values.
�The formation energy of the silicon interstitial depends on
its charge state, though for the modestly n-type silicon used
in our experiments, the interstitial is probably in the neutral
state.35� A wide variety of diffusion mechanisms have been
propounded. The studies differ in the details of the compu-
tational method, and indeed there is considerable debate over
the best method to use because the combination of strong
and weak bonds in many interstitial configurations poses sig-
nificant challenges for electronic structure calculations.20,22,36

Two studies give formation energies close to the 2.4 eV
observed in this laboratory. Goedecker et al.21 reported a
quadruply coordinated configuration at 2.4 eV, but indicate
that this structure does not participate in diffusion. Clark and
Ackland16 reported a low-symmetry caged structure �akin to
a distorted split-�110� interstitial� having a formation energy
of 2.2 eV. Our results accord well with this value. The cal-
culations indicated that the diffusing interstitial can move
from cage to cage without lattice exchange, but can also
undergo lattice exchange into a higher-symmetry split-�110�
�“dumbbell”� configuration. The presence of exponential
tails in the experiments helps us to distinguish among these
site-to-site hopping mechanisms; the long path length of
5–9 nm indicates that lattice exchange is relatively infre-
quent compared to diffusion without lattice exchange.

Subsequent calculations by Leung et al.20 and Needs19 did
not confirm the stability of the caged structure, but instead
reported the higher-symmetry split-�110� and hexagonal con-
figurations as having the lowest formation energies of 3.3 eV
�in the local-density approximation� and 3.8 eV �in the gen-
eralized gradient approximation�. The results also pointed to
two diffusion mechanisms: one involving repeated lattice ex-
change and another involving diffusion between hexagonal
sites without lattice exchange. Although the present experi-
mental results do not conflict with the predicted diffusion
mechanisms, the formation energies indicated by the calcu-
lations are much higher than those observed here. Marques et
al.22 reported the tetrahedral structure as the most stable with
a formation energy of 3.45 eV, but all their diffusion mecha-
nisms involve lattice exchange.
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The present estimate for the formation energy depends on
the accuracy of the parameters employed for site-to-site dif-
fusion. Reference 32 gives a lengthy discussion of this issue,
and the parameters employed here are the best available, but
independent checks on the parameters derived here would be
useful. One such check is the 1.02 eV activation energy cal-
culated for exchange of the Si interstitial with the lattice.
This reaction resembles the kick-out of dopants, for which
data exist. For example, for a small, covalently bonded ele-
ment such as boron, the activation energy for kick-out based
on experiments and quantum calculations is 1.05 eV,32 very
similar to the number reported here.

V. CONCLUSION

Self-diffusion experiments in silicon with isotopic profile
decay in the presence of an atomically clean surface, and in
the short-time kinetic limit show that the mechanism is me-

diated primarily by interstitial atoms over the broad tempera-
ture range 650–1000 °C and involves migration over a long
path length of 5–9 nm with occasional lattice exchange. A
Frank-Turnbull mechanism involving simultaneous creation
of interstitials and vacancies in the bulk does not play a
significant role. The interstitial formation energy is estimated
to be 3.12 eV, which is significantly lower than the values
reported earlier in literature.
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