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Self-diffusion in crystalline silicon: A single diffusion activation enthalpy down to 755°C
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Self-diffusion in silicon and the contribution of vacancies and self-interstitials have been controversially
discussed for 50 yr. Most recent results show that the intrinsic silicon self-diffusion coefficient deviates from
an Arrhenius-type, single exponential function for temperatures below 950 °C [Y. Shimizu, M. Uematsu, and
K. M. Itoh, Phys. Rev. Lett. 98, 095901 (2007); R. Kube, H. Bracht, E. Hiiger, H. Schmidt, J. L. Hansen,
A. N. Larsen, J. W. Ager, E. E. Haller, T. Geue, and J. Stahn, Phys. Rev. B 88, 085206 (2013)]. This led us to
propose temperature-dependent thermodynamic properties of vacancies in order to achieve full consistency to
vacancy-mediated dopant diffusion in silicon. Concepts of temperature-dependent properties of native defects
or distinct forms of defects with different formation entropies suggested by Cowern et al. [N. E. B. Cowern, S.
Simdyankin, C. Ahn, N. S. Bennett, J. P. Goss, J.-M. Hartmann, A. Pakfar, S. Hamm, J. Valentin, E. Napolitani, D.
De Salvador, E. Bruno, and S. Mirabella, Phys. Rev. Lett. 110, 155501 (2013)] question the present understanding
on atomic transport in semiconductors. To verify these concepts, additional self-diffusion experiments under
particular gettering conditions were performed. As a result, silicon self-diffusion was found to be accurately
described by one single diffusion activation enthalpy of (4.73 4= 0.02) eV down to 755 °C. This provides full
consistency to dopant diffusion without claiming native-defect concepts that were originally proposed by Seeger
and Chik in 1968 [A. Seeger and K. P. Chik, Phys. Stat. Sol. 29, 455 (1968)] and confirms most recent density
functional theory calculations on the activation energy of self-diffusion via vacancies and self-interstitials. Overall,

this unravels the old debate of self-diffusion in silicon with the supposed intrinsic temperature dependence.

DOI: 10.1103/PhysRevB.94.125208

I. INTRODUCTION

Understanding the self-diffusion of silicon (Si) is important
both scientifically and industrially. Early Si self-diffusion
studies that utilized the radioactive isotope *'Si were limited
in the time of diffusion due to its short radioactive half-life of
2.6 h (see data collection [1]). More recently, Si structures
with alternating layers of different Si isotopes (**Si, 2°Si,
and 3°Si) were prepared for studying the mechanisms of self-
diffusion and dopant diffusion. Combined with state-of-the-art
depth profiling and scattering methods such as secondary ion
mass spectrometry (SIMS) [2-7], Raman scattering [8,9], and
neutron reflectometry (NR) [7,10-12], even small diffusion
lengths of a few nanometers were determined. Most recent
results on Si self-diffusion reported by Kube et al. [7]
confirmed the data of Shimizu et al. [9], for temperatures
between 735 and 875°C. Combining the experimentally
determined self-diffusivity between 735 and 1388°C an
activation enthalpy of 3.6 eV is suggested for self-diffusion
via vacancies (V). This value is significantly lower than the
activation enthalpy of self-diffusion via self-interstitials (/)
that according to metal-diffusion studies is equal to or above
4.8 eV [13-19]. The low-activation enthalpy for V-mediated
self-diffusion gives rise to inconsistencies in V-mediated
dopant diffusion [7]. In order to solve this inconsistency,
temperature-dependent thermodynamic properties of V were
proposed, which describe a defect that gets more extended
or spread out with increasing temperature. This concept
of extended point defects, which was first introduced by
Seeger and Chik [20], seems to be strengthened by recent
experiments and computational modeling of Cowern et al.
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[21]. Moreover, it was discussed that vacancies generated at
carbon and/or vacancy clusters could give rise to the bowing in
the temperature dependence of self-diffusion [22,23]. Before
moving forward with such scientific discussions [22-25], we
decided to verify the “intrinsic” annealing ambient condition,
which may be difficult to achieve at low temperatures for
realistic annealing times. As a result we report Si self-diffusion
experiments to modify the low-temperature data reported
recently [7,9].

II. EXPERIMENT

Three different isotope structures (#1, #2, and #3) were
used for the self-diffusion experiments. Structure #1 consists
of 8 bilayers of (10 nm ™Si/10 nm 2¥Si) grown by means
of molecular beam epitaxy (MBE) on top of an n-type
(100)-oriented Cz-Si wafer with a specific resistivity of >
2000 €2 cm. Structure #2 with 28 bilayers of (6 nm "Si/6 nm
28Si) was grown by MBE under the same conditions as
structure #1 on top of a p-type (100)-oriented Si wafer (1—
20 2 cm). Details about the MBE growth that was performed
at Keio University are described in Refs. [26-28]. Finally,
structure #3 consists of an isotopically enriched 2%Si layer
sandwiched between layers of natural Si, i.e., 200 nm "'Si/670
nm 28Si/200 nm ™'Si. This structure was prepared by means
of chemical vapor deposition on B-doped (p > 10 Q2cm)
(100)-oriented natural floating-zone Si substrates. The latter
structure, #3, was also used for the self-diffusion experiments
reported in Refs. [29,30] (labeled as #5) and in Ref. [7] (1abeled
as SW-structure).

Samples with lateral dimensions of 4 mm x 4 mm were
cut from wafers with isotope structures #1, #2, and #3,
cleaned in organic solvents, etched in 5% diluted HF, and
purged in distilled water. Natural boron-doped float-zone (FZ)

©2016 American Physical Society
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FIG. 1. *°Si concentration-depth profiles measured with SIMS
before (dashed lines) and after (symbols) annealing of the isotope
structures #1 (a), #2 (b), and #3 (c) at the temperatures and times
indicated in the figure. Solid lines show best fits to the experimental
Si profiles based on solving Fick’s second law of diffusion. A reduced
number of data points are shown for clarity.

Si with a specific resistivity of 800 €2 cm with carbon and oxy-
gen concentrations of <5 x 10" cm™3 and ~3 x 10! cm~3,
respectively, was crushed into pieces of about 1 to 5 mm. The
crushed FZ Si (crushed Si) was etched 30 s with CP6 etching
solution composed of nitric acid (70 vol%), hydrofluoric acid
(50 vol%), and acetic acid (98 vol%) in a volume fraction
of 2:1:1. The etching process was terminated by purging
with distilled water. Samples of structures #1, #2, and #3
were embedded in crushed Si within quartz glass ampoules,
evacuated to a pressure of 107® mbar after flushing several
times with argon beforehand (purity of 99.998%), and finally
sealed. The sealed ampoule volume filled with crushed Si
and the isotope samples is about 3 cm?. The ampoules
were placed in a resistance heated furnace and annealed at
temperatures between 755 and 825 °C for appropriate times.
The temperature was monitored by a type-S thermocouple
contacting the ampoule with an uncertainty of 1 K. Time-
of-flight (TOF) secondary ion mass spectrometry (SIMS) was
applied to measure the concentration profiles of the Si isotopes
before and after diffusion annealing. SIMS was performed in
a dual beam mode with 1-keV oxygen ions for sputtering and
25-keV bismuth ions for analysis. The depths of the SIMS
craters were determined with an optical profilometer and used
to convert the sputter time to penetration depth assuming a
constant sputter rate during SIMS analysis.

III. RESULTS

Figures 1(a), 1(b), and 1(c) show 30Si concentration profiles
of structures #1, #2, and #3, respectively, before and after
annealing in crushed Si at the temperatures and times indicated.
A distinct diffusional broadening is observed for all three
isotope structures. Experimental Si profiles are accurately
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TABLE I. Self-diffusion coefficients D$> determined from *°Si
concentration profiles after annealing Si isotope structures #1—#3 at
temperatures 7 between 755 and 825 °C for times ¢.

Structure T (°C) t (h) DSP (ecm?s7!)
#1 755 1992 3.21 x 1074
#2 755 1992 3.53 x 107%
#1 766 1536 5.16 x 1072
#2 766 1536 6.29 x 107
#1 775 912 6.63 x 1074
#2 775 912 7.81 x 1072
#3 775 912 5.72 x 1074
#1 785 1200 1.64 x 1072
#1 800 1536 2.82 x 1072
#2 800 1536 3.37 x 1072
#1 825 912 8.80 x 10720
#2 825 912 7.48 x 10720
#3 825 912 8.70 x 10720

described by numerical solutions of

2
% —pppl s (M

t ox

Equation (1) represents Fick’s second law of self-diffusion in
solids. The profile measured before annealing is considered
as the initial profile. Data obtained for D from all self-
diffusion experiments at temperatures between 755 and 825 °C
are summarized in Table 1.

In the case of Si, both vacancies (V') and self-interstitials (/)
exist under thermal equilibrium and contribute to self-diffusion
(see, e.g., Ref. [31]). Accordingly, the self-diffusion coefficient
reads

D = DY + Dl = fyCDy + £iC3D;. (2)

The first (second) term considers the contribution of V (1)
to self-diffusion. Self-diffusion via direct exchange of lattice
atoms is neglected in Eq. (2), since theory predicts that this
does not play a role [32-34] and no experimental evidence has
been found for it. C f,q ; and Dy ; are the thermal equilibrium
concentrations in atomic fractions (unitless) and diffusion
coefficients of V and I, respectively. fy ; are the diffusion
correlation factors, which were calculated to be fy =0.5
[35] and f; =~ 0.6 [36] for self-diffusion via vacancies and
dumbbell self-interstitials in the diamond lattice.

IV. DISCUSSION

The self-diffusion coefficients determined in the framework
of this work are shown in Fig. 2 in comparison to high- and
low-temperature data given in the literature. The new data
for DgiD are lower than the results reported by Shimizu et al.
[9] and Kube et al. [7]. Kube et al. [7] and Shimizu et al.
[9] performed diffusion anneals in quartz ampoules without
crushed Si and under flowing inert gas, respectively. The
authors of both papers took extra care to avoid oxidation
during the long annealing time; i.e, no significant thermal oxide
growth was detected by ellipsometry and neutron scattering
after the diffusion anneals. However, their data may still be
affected by residues of oxygen, hydroxyl groups, or other
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FIG. 2. Silicon self-diffusion coefficients DSP (red symbols)
obtained from diffusion annealing of Si isotope structures #1—#3.
Data reported in the literature (black symbols) and the respective
temperature dependence (dashed lines) are shown for comparison.
DSiD data for low temperatures (red symbols) and high temperatures
(circles [2]) are accurately described by a single Arrhenius equa-
tion with pre-exponential factor Dy = 42374* cm?/s and activation
enthalpy Q5P = (4.73 £ 0.02) eV (solid line). Note, only literature
data of DSP for T < 1100°C are shown for clarity.

crucial contaminants such as transition metals. Interaction
of such residues with the Si surface can inject native point
defects. Accordingly, their concentration will exceed the
thermal equilibrium concentration and, as a consequence, will
enhance self-diffusion.

Self-diffusion data given in the literature for high tem-
peratures were also deduced from diffusion experiments in
closed ampoules without crushed Si. However, the diffu-
sional broadening of the isotope structures strongly exceeds
the values established in this and previous works at low
temperatures. Moreover, small oxygen or hydroxyl residues
released during annealing at high temperatures will affect
self-diffusion mainly at the onset of the diffusion annealing
due to the increased reaction rates at higher temperatures. The
agreement in the Si self-diffusion coefficients for temperatures
above 800 °C given in the literature [2,3,5,9] and determined
in this work from self-diffusion in crushed Si supports that
the high-T" data are representative for intrinsic, i.e., thermal,
equilibrium conditions. The higher self-diffusion data obtained
for temperatures below 800°C from diffusion experiments
performed in closed quartz ampoules [7] or in quartz tubes
under a continuous flow of inert gas [9] remain unsolved
in detail. However, first experiments are presented in the
following that demonstrate a gettering of unintentionally
introduced impurities by annealing in crushed Si.

First, it is noteworthy that self-diffusion is the slowest
process of transport of matter in Si, i.e., all foreign atoms
investigated so far diffuse faster than self atoms [37]. This
is not self-evident since results on self- and foreign-atom
diffusion in germanium (Ge) demonstrate that the diffusivity
of, e.g., boron is several orders of magnitude lower than Ge
self-diffusion [37,38]. The peculiar case of Si is a consequence
of the contribution of both V and [ to the atomic transport.
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FIG. 3. Spreading-resistance profiles of Ge samples prepared in
cross section. Profile a represents the resistance profile of the as-
received high-purity intrinsic Ge. Profiles b and c are the resistance
profiles of Ge samples annealed in quartz ampoules at 680°C for
25 min without and with crushed Si, respectively. The inset shows
the concentration profile that is deduced from the resistance profile b
assuming substitutional copper (Cu,) as the main impurity atom. The
solid line shows the best fit to the Cu, concentration profile (see text
for details).

Consequently, it is very unlikely if not impossible to retard
self-diffusion in Si by an imbalance of one type of native defect
because this imbalance would increase the contribution of the
other native defect to self-diffusion. Accordingly, any reaction
at the Si surface taking place during annealing can enhance
self-diffusion. This may be due not only to oxygen or hydroxyl
residues in the diffusion ampoule but also to transition metal
impurities that react with Si to form metal silicides. A critical
element in this respect is copper (Cu). As trace impurity Cu
is omnipresent but hardly detected directly by, e.g., SIMS
since its solubility in Si is below 10'” cm~ for temperatures
lower than 800 °C [39]. Moreover, Cu is mainly dissolved on
interstitial lattice sites, diffuses exceptionally fast in Si (see,
e.g., Ref. [40] and references therein), and tends to form small
precipitates when the saturated Si sample is cooled to room
temperature. This behavior of Cu in Si explains why its direct
electrical detection is difficult. On the other hand, Cu in Ge
is mainly dissolved on the substitutional lattice site and acts
as a triple acceptor (see, e.g., Ref. [40]). Accordingly, Cu in
Ge is readily detected electrically even for concentrations well
below 10'7 cm~3.

In order to demonstrate the gettering effect of annealing
in crushed Si, natural high-purity Ge samples with a specific
resistivity of ~30 2 cm were sealed in quartz glass ampoules
filled with and without crushed Si and annealed at 680 °C for 25
min in aresistance heated furnace. Figure 3 demonstrates resis-
tance profiles measured by means of the spreading-resistance
technique before and after the different anneals. Compared to
the as-received intrinsic Ge sample (see profile a in Fig. 3) a
clear decrease in the resistance is observed for the Ge sample
annealed in the quartz ampoule without crushed Si (see profile
b). On the other hand, the sample annealed in crushed Si
shows a much less pronounced decrease in the resistance.
The observed resistivity change is attributed to Cu because
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the diffusion coefficient and surface concentration obtained
from fitting the concentration profile [41] shown in the inset
of Fig. 3 show a distinct correlation to Ge self-diffusion: The
concentration profile is accurately described by Cu indiffusion
from the two opposite surfaces [42] as demonstrated by
the solid line in the inset of Fig. 3. An effective diffusion
coefficient of 3.18 x 1078 cm? s~™! and surface concentration
of 1.7 x 10" cm~3 is obtained whose product multiplied by
the diffusion correlation factor of 0.5 for Ge self-diffusion via
V and divided by the Ge atom density (4.413 x 10?2cm™)
yields 6.12 x 1071 cm? s~!. Within an experimental accuracy
of 20% this value is in accurate agreement to the Ge self-
diffusion coefficient DZ2 = 7.16 x 1070 cm?s~! at 680°C
given by the temperature dependence reported by Hiiger
et al. [10]. The interrelation between the detected impurity
in Ge provides strong evidence that Cu is unintentionally
introduced by annealing in quartz ampoules without crushed
Si but effectively gettered by annealing in crushed Si. This
interpretation would also explain the strong impact on self-
diffusion at low temperatures. Cu silicide formation with an
associated injection of native defects is mainly expected for
temperatures below the eutectic temperature Ty, of the Si:Cu
binary phase diagram, i.e., below T, = 802 °C [39].

The impact of unintentional contaminations is, in particular,
very critical for diffusion experiments at low temperatures
where the diffusional broadening even for long diffusion times
is still small so that any enhanced diffusion at the onset of the
diffusion anneal will provide a diffusivity that exceeds the
true intrinsic diffusion coefficient. In this respect, diffusion
in crushed Si with its high-Si surface area is a protective
measure to suppress the impact of any possible unintentional
contamination on diffusion at low temperatures. More gener-
ally, the present study shows that diffusion experiments in
Si at low temperatures must be considered very critically
to identify those experiments that reflect intrinsic diffusion
conditions. Previous experiments on Si self-diffusion at low
temperatures [7,9] were all performed without taking extra care
to suppress contamination by transition metals. Accordingly,
the reported self-diffusion data do not reflect the intrinsic,
thermal equilibrium Si self-diffusion coefficient.

Taking into account the DSiD of this work (red symbols in
Fig. 2) and of Bracht er al. [2] (open circles in Fig. 2) the
temperature dependence of self-diffusion can be accurately
described over 9 orders of magnitude by an Arrhenius equation
with a single diffusion activation enthalpy of (4.73 &+ 0.02)
eV and a pre-exponential factor of Dy = 42373 cm? s~! (see
black solid line in Fig. 2). This clearly disproves the bowing in
the temperature dependence of the DSiD reported by Shimizu
etal. [9] and Kube et al. [7] and indicated in Fig. 2 by the long-
and short-dashed lines, respectively. The single Arrhenius
dependence not only demonstrates that identical experimental
diffusion conditions prevailed at low and high temperatures
but also shows that the activation enthalpies for the contri-
butions of V and I to self-diffusion must differ less than
1 eV [43].

The uncorrelated contribution C qu ; of I to self-diffusion
[see Eq. (2)], often called the I -transport capacity, is accurately
known from diffusion studies of gold (Au) [13-15], zinc
(Zn) [16,17], and platinum (Pt) [18,19] in dislocation-free Si.
These elements diffuse rapidly in Si via interstices but are
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FIG. 4. Temperature dependence of the uncorrelated transport
capacity quD, of Si self-interstitials / deduced from Au, Zn, and
Pt diffusion experiments. The literature data are best described by an
Arrhenius equation with Dy ; = 42277339 cm¥s and Q3P = (5.01 +
0.05) eV (dashed line). Neglecting the data of Mantovani et al. [18] the
temperature dependence is best described by Dy ; = 819tg‘3; cm?/s

and Q5P = (4.82 £ 0.05) eV (solid line).

mainly dissolved on substitutional lattice sites. The associated
interstitial-substitutional exchange is described by the kick-out
and dissociative diffusion mechanisms. The indiffusion of
these elements in undoped Si is mainly mediated by / via the
kick-out mechanism. Data reported for C fq D; from Au, Pt, and
Zn diffusion studies are summarized in Fig. 4. The temperature
dependence of all experimental results is described by a single
Arrhenius equation with an activation enthalpy of Q?D =
(5.01 £0.05) eV and a pre-exponential factor of Dy ; =
42271337 cm?/s (see red dashed line in Fig. 4). Considering the
various metal-diffusion studies in more detail, the data given by
Mantovani et al. [18] are likely less reliable since the solubility
Cp of Pt was not independently measured to determine
C;'D; via the product Cp! Di. In the case of the other metal-
diffusion studies the diffusion coefficient D} = C}*D;/Cy
extracted from metal profiles is multiplied with the solubility
C;q of the metal X € {Au,Pt,Zn} measured independently
[14,16,19]. This solubility equals to a good approximation
the concentration Cy' of the substitutional dissolved metal.
Neglecting the C;?D; data reported by Mantovani et al. [18]
the temperature dependence of C;'D; is best described by
Do, = 8197500 cm?/s and QSP =4.82+£0.05 eV (see red
solid line in Fig. 4).

Taking into account the temperature dependence of C;q Dy
from metal diffusion and the diffusion correlation factors
fy = 0.5 [35] and f; = 0.6 [36] for self-diffusion via V
and I dumbbells, respectively, the uncorrelated V contribution
Cy'Dy = (DSP — f1C}"Dy)/fy to self-diffusion is obtained.
Based on the temperature dependence of quDl obtained
with and without the results of Mantovani et al. [18] (see
Fig. 4), C}'Dy is best described by an Arrhenius equation
with Doy = 623; cm?/s and Q‘S/D = (4.51 £0.05) eV and
Doy = 2067112 cm?¥/s and Q5P = (4.65 + 0.05) eV, respec-
tively. The two temperature dependencies of 0.5 C f,qDV are
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FIG. 5. Temperature dependence of Si self-diffusion determined
in this work (open circles) and reported by Bracht et al. [2,29,30]
(open squares). The V contribution (blue lines) to self-diffusion is
calculated by means of Eq. (2) via vaf,qDV = (DgiD — f,quD,)
taking into account the total self-diffusion coefficient DSP (symbols),
the correlation factors fiy = 0.5 and f; =~ 0.6, and the / contribution
fi1C'D; (red lines) to self-diffusion from metal diffusion. Consid-
ering f;C;1D; (red dashed line) from all data shown in Fig. 3,
the uncorrelated transport capacity Cy'Dy of V is best described
by an Arrhenius equation with a pre-exponential factor of Dy y =
62735 cm?/s and an activation enthalpy of Q3" = (4.51 +0.05) eV
(blue dashed line). Neglecting the data of C;'D; reported by
Mantovani et al. [18], Cy' Dy is described by Dy y = 206712 cm?/s
and Q?,D = (4.65 £ 0.05) eV (blue solid line).

shown in Fig. 5 (see blue lines) together with the corresponding
dependence of 0.6 C;'D; (see red lines) by the dashed and
solid lines in comparison to the total Si diffusion coefficient
DSiD (see symbols and black solid line). It is obvious that the V
and [ contributions to self-diffusion are of similar magnitude.
This confirms the results of Ural et al. [3,4]. These authors
studied the impact of oxidation and nitridation on dopant
diffusion and self-diffusion. The fractional self-interstitial
components fsi; = 0.5770% and fsi; = 0.50™0 05 reported by
Ural et al. for 1000 and 1100 °C, respectively, are considered
to be most reliable [44,45]. fsi; equals the ratio Déi / DgiD
between the I contribution D{ to self-diffusion and the
Si self-diffusion coefficient D" under thermal equilibrium.
Taking into account the temperature dependence of DSiD given
in this work and of 0.6 quDl obtained without (with) data
reported by Mantovani et al. [18], a fractional self-interstitial
component fsi; of 0.51 (0.47) and 0.54 (0.56) is obtained for
1000 and 1100°C, respectively. The comparison to the values
given by Ural et al. [3,4] reveals an accurate agreement for the
individual contribution of [ to self-diffusion determined from
metal- and dopant-diffusion experiments. The / contribution to
self-diffusion extracted by neglecting the results of Mantovani
et al. yields a slightly better agreement on fs;; compared to the
case where all metal data for C ?q Dy are considered. This favors
activation enthalpies of 4.82 and 4.65 eV for self-diffusion via
I and V, respectively, rather than 5.01 and 4.51 eV. Overall,
the V and I contributions to self-diffusion derived from
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self-diffusion, metal-diffusion, and dopant-diffusion studies
are in excellent agreement.

The value determined in this work for QSP = (4.65 £ 0.05)
eV is also consistent with the activation enthalpy of dopant
diffusion. For example, antimony (Sb) in Si mainly diffuses
via V [46] and is described by an activation enthalpy of 4.08 eV
[47]. Assuming the difference between the activation enthalpy
of self-diffusion and dopant diffusion in Si to be similar to
that of Ge [48], that is, 0.3 to 0.6 eV [49], the activation
enthalpy of V-mediated self-diffusion in Si is expected to be
in the range of 4.4 to 4.7 eV (see Ref. [50]). This shows
that the value of 4.65 eV for V-mediated self-diffusion is
consistent with V-mediated dopant diffusion without claim-
ing temperature-dependent thermodynamic V' properties as
recently proposed by Kube et al. [7]. Moreover, the similarity
between the activation enthalpy of V- and /-mediated self-
diffusion confirms recent theoretical predictions of Bruneval
et al. [51].

The data of DgiD summarized in Fig. 5 (see symbols)
are accurately described by one single diffusion activation
enthalpy (Q3P = 4.73 eV). This not only sets constraints with
regard to the activation enthalpy of self-diffusion via V and [
(see above) but also provides additional insight on the nature of
the native point defects involved. Obviously, self-diffusion in
Si under thermal equilibrium is accurately described by V and
I contributions with constant, i.e., temperature-independent,
diffusion activation enthalpies that are equal within 0.2 eV.
This strongly questions the occurrence of distinct forms for
both I and V with low and high entropies that were recently
proposed by Cowern et al. [21]. Instead, the pre-exponential
factors Doy and Dy ; provide activation entropies of S‘S,D =
(10.9 £0.4)kp and S?° = (11.6 = 0.5) k for self-diffusion
via V and I [52]. No evidence of different types of either
V- or I-related native defects at high and low temperatures
is found. Accordingly, the concept of extended defects in Si
with the temperature-dependent properties first proposed by
Seeger and Chik [20] and recently renewed by Kube et al. [7]
and Cowern et al. [21] is not supported by Si self-diffusion at
temperatures in the range from 750 to 1400 °C.

V. CONCLUSIONS

Self-diffusion experiments were performed with Si isotope
structures annealed in high-purity crushed FZ-Si. Annealing
in crushed Si effectively getters any possible residues of
oxygen, hydroxyl groups, and transition elements due to the
high-Si surface area. This limits surface reactions to the very
beginning of the diffusion anneal and facilitates establishing
thermal equilibrium conditions. Combining self-diffusion data
determined in this work for low temperatures with equilibrium
diffusion data reported in the literature for high temperatures,
the Si self-diffusion coefficient DgiD is accurately described by

DéiD = 423féé3 exp (— —(4.73 :]E 07',02) eV)sz s 3)
B

for temperatures between 750 and 1400°C. Taking into
account results of the self-interstitial contribution to self-
diffusion determined from metal-diffusion studies, the con-
tributions of self-interstitials and vacancies to self-diffusion
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are given by

4.82£0.05)eV
Di = 0.6 x 8197307 exp (—#>cm2 s,
kgT
“)
4.65 £ 0.05)eV
DY = 0.5 x 2067132 exp _(465£005ev cm?s7!,
kgT
®)

where 0.5 and 0.6 represent the diffusion correlation factors
fv and f; for self-diffusion via the respective point defect. The
activation enthalpy for self-diffusion via V is consistent with
dopant diffusion in Si without claiming temperature-dependent

PHYSICAL REVIEW B 94, 125208 (2016)

properties for native point defects. Overall the equilibrium
self-diffusion data demonstrate that the properties of V and [
do not change with temperature, i.e., the sum of the formation
H‘J,C’ ! (S"’,C’ ;) and migration Hy', (Sy ;) enthalpy (entropy)
equals H3P = (4.65 +0.05) eV [S;P = (10.9 + 0.4) kp] and
H?P = (4.82 £0.05) eV [SPP = (11.6 £ 0.5) kp] for V and
1, respectively.
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