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We have determined silicon self-diffusivity at temperatures 735–875 �C based on the Raman shift of
longitudinal optical phonon frequencies of diffusion annealed 28Si=30Si isotope superlattices. The
activation enthalpy of 3.6 eV is obtained in such low temperature diffusion annealing. This value is
significantly smaller than the previously reported 4.95 eVof the self-interstitial mechanism dominating the
high temperature region T � 855 �C and is in good agreement with the theoretical prediction for the
vacancy-mediated diffusion. We present a model, containing both the self-interstitial and the vacancy
terms, that quantitatively describes the experimentally obtained self-diffusivity between 735 and 1388 �C,
with the clear crossover of the two diffusion mechanisms occurring around 900 �C.
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Self-diffusion investigation using silicon (Si) is impor-
tant, because Si single crystal boasts unsurpassable crys-
talline perfection and chemical purity, which are crucial for
the exclusive probing of the self-diffusion phenomena in
solids. In addition, understanding of the Si self-diffusion
mechanism that plays a key role in the impurity diffusion,
annealing of the implantation damage, etc., is needed for
the development of process simulators for future nano Si
electronics. One of the major focuses of discussion is
whether the vacancy-dominated diffusion, which is pre-
dicted to be important theoretically [1–8], ever takes a
visible role. Bracht et al. [9] established that the experi-
mental self-diffusivity (DSD

Si ) between 855 and 1388 �C
could be described by a single exponential as

 DSD
Si � �530�250

�170� exp
�
�
�4:75� 0:04� eV

kBT

�
cm2 s�1: (1)

Together with other studies which established the activa-
tion enthalpy HI � 4:95 eV for the self-interstitial mecha-
nism [10], they concluded that the contribution of the
vacancy mechanism is very small in diffusion at such
high temperatures. Accurate determination of the self-
diffusivity at low temperatures T < 850 �C by the standard
method, e.g., secondary ion mass spectrometry (SIMS) of
the depth profile of the specific Si isotopes, is difficult
because the diffusion length after reasonable annealing
duration in the lab (<180 days) is still too small for the
depth resolution of SIMS. The present study overcomes
this challenge by detection of the very small diffusion
length in isotope superlattices of Si by Raman spectros-
copy. The method has been proven useful in the past for the
accurate determination of the self-diffusivity in Ge [11]
and characterization of Si isotope superlattices [12,13].

Si self-diffusion is expected to occur predominantly via
two types of native defects: self-interstitials (I) and vacan-
cies (V) [9,10,14–18]. Thus, the Si self-diffusivity DSD

Si is
expressed by

 DSD
Si � fI

Ceq
I

C0
DI � fV

Ceq
V

C0
DV: (2)

Here Ceq
I;V and DI;V are the equilibrium concentrations and

diffusivities of I and V, respectively. C0 is the concentra-
tion of the Si atoms. fI 	 0:73 [19] and fV � 0:5 [20] are
the correlation factors for interstitial and vacancy mecha-
nisms in the diamond structure, respectively.

The vacancy term is not well-understood because the
vacancy-mediated self-diffusion has never been observed
directly in its equilibrium form. The enthalpy for the
vacancy-mediated diffusion HV is given by the sum of
the formation and migration enthalpies: Hf

V �H
m
V . Experi-

mentally reported Hf
V are 2:8� 0:3 [21], 2:44� 0:15 [22],

and 2:1� 0:7 eV [23], while large cell size (
256) calcu-
lations predict slightly larger values confined between 3.1
and 3.6 eV [4–6]. In parallel, Hm

V � 0:18–0:45 [24], 1.3
[21], and 1:8� 0:5 eV [23] are found experimentally,
while theory predicts 0.4 [6] and 0.58 eV [7]. Because
Hm
V � 0:45 eV was obtained experimentally below room

temperature [24], it has been suggested thatHm
V depends on

the temperature. Thus, a theoretical model has been pro-
posed that bridges between experimental values 1.3 (or
1.8) eV for high temperatures and 0.4 (or 0.58) eV calcu-
lated theoretically for low temperatures [8]. In the present
work, we show that the experimentally obtained Si self-
diffusivity can be described quantitatively by a simple
double-exponential equation [Eq. (2)].

A 28Sin=30Sin isotope superlattice with n � 20 atomic
layers was grown by solid-source molecular beam epitaxy
[12,13]. The details of the growth have been described in
Ref. [13]. In short, the starting substrate was a high resis-
tivity (� > 2000 � cm), n-type Si f001g-oriented 2-inch
substrate, onto which a buffer layer of	100 nm-thick natSi
(28Si: 92.2%, 29Si: 4.7%, 30Si: 3.1%) was formed prior to
the growth of the isotope superlattice that composed of
alternating layers of isotopically pure 28Si (99.92%) and
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30Si (99.3%). The degree of intermixing at the 28Si and 30Si
interfaces is less than a couple of monolayers in an as-
grown isotope superlattice [13]. The wafer was cut into
2� 2 mm2 squares for diffusion annealing in a resistance
furnace under a pure argon (99.99%) atmosphere. The
temperature inside the furnace was monitored with a
Pt=PtRh thermocouple to stabilize the furnace within
�2 �C. The intrinsic carrier concentration was 
1�
1018 cm�3 at the lowest diffusion annealing temperature
of 735 �C, which ensured that the sample remained intrin-
sic and the Fermi level effect did not play a role. The
Raman measurements of the longitudinal optical (LO)
phonon frequencies were performed using an Ar�

514.5 nm line. The scattering light was dispersed by a
single spectrometer and detected by a charge coupled
device with the spectral resolution of 0:7 cm�1. All spectra
were recorded in the backscattering geometry with the
sample temperature T � 8 K.

The depth profile of the 30Si concentration C30Si�x; t; T�
in the diffusion annealed 28Si=30Si isotope superlattice is
given in terms of the depth x, diffusion annealing time t,
and the self-diffusivity DSD

Si �T� for a given annealing tem-
perature:

 C30Si�x; t; T� � Cd30Si
�
Ce30Si

� Cd30Si

2

�
Xp
k�1

�
erf
�
x� f�k� 1�de � kddg

2�l�
�����������������
DSD

Si �T�t
q

�

�

� erf
�
x� �kde � kdd�

2�l�
�����������������
DSD

Si �T�t
q

�

��
: (3)

Here Ce30Si
and Cd30Si

are the concentrations of 30Si in the

isotopically enriched and depleted layers, respectively, in
the 28Si=30Si isotope superlattice prior to the diffusion
annealing assuming perfectly abrupt interfaces. Likewise,
de and dd are thicknesses of the isotopically enriched ‘‘30Si
layer’’ and the depleted ‘‘28Si layer,’’ respectively. The
degree of intermixing before diffusion annealing is intro-
duced by the intermixing parameter l. p is the number of
periods of the 28Si=30Si layers. The isotope superlattice
employed in the present study has Ce30Si

� 0:993, Cd30Si
�

0:0008, de � dd � 2:7 nm, and l 	 2.
The corresponding average mass of an atomic layer

M�x; t; T� situating at a depth x before and after annealing
in the Si isotope superlattice is given by

 M�x; t; T� � C028Si
�x; t; T�M28Si � C

0
30Si
�x; t; T�M30Si; (4)

where M28Si and M30Si are the masses of 28Si and 30Si
atoms, respectively. C028Si

�x; t; T� and C030Si
�x; t; T� are the

normalized concentration [i.e., C028Si
�x; t; T��

C030Si
�x; t; T� � 1] as introduced in Ref. [11]. Because

M�x; t; T� oscillates also with the periodicity de � dd,
new phonon modes whose vibrations are confined in 28Si

and 30Si layers emerge. The frequencies (wave numbers) of
such confined phonons are very sensitive to the periodicity,
de and dd, and the abruptness of the 28Si=30Si interfaces

given by l and
�����������������
DSD

Si �T�t
q

. Since the interface prior to
diffusion annealing is very sharp (l is only 2), the frequen-
cies of confined phonon modes in the diffusion annealed
samples are given solely by

�����������������
DSD

Si �T�t
q

, since de � dd �

2:7 nm remain unchanged for any annealing. Thus, a mea-
surement of vibrational frequencies of confined phonons
for a variety of diffusion annealed isotope superlattices
allows us to precisely determine the Si self-diffusivity
DSD

Si �T� for a given temperature.
Figure 1 shows Raman spectra of the 28Si20=

30Si20 iso-
tope superlattice annealed at 815 �C for various durations t.
Raman peaks of the confined LO phonons observed clearly
on the left side of the large LO peak of natSi in the as-grown
sample correspond to LO3�

28Si�, LO5�
28Si�, and LO1�

30Si�
in the order from the higher to lower Raman shifts, respec-
tively. Here the notations LOm�

28Si� and LOm�
30Si� repre-

sent the mth confined vibrational mode in the 28Si and 30Si
layers, respectively, as was introduced originally for con-
fined phonons in Ge isotope superlattices [25]. Inter-
diffusion of isotopes at every 28Si=30Si interface in the
superlattices occurs exactly in the same manner. There-
fore, peak positions of the confined phonons shift system-
atically with the diffusion annealing time t. For example,
as t increases, the lowest Raman shift peak LO1�

30Si�
disappears, while the LO1�

28Si� hidden in the natSi sub-
strate peak emerges after 12 h annealing. DSD

Si �T� for a
given temperature is obtained by quantitative comparison
with a theoretical calculation using the planar bond-charge
model [26], which allows us to calculate precisely the
frequencies of confined phonons in a given Si isotope
superlattice as we have demonstrated in Ref. [13].

Figure 2 shows direct comparison of the frequencies of
the confined LO phonons between the experiment and
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FIG. 1. Raman spectra of the 28Si20=
30Si20 isotope superlattice

annealed at 815 �C for various durations as labeled in the figure.
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calculation for the 815 �C annealed samples shown in
Fig. 1. Solid circles are the experimentally determined
peak positions, while solid curves are the calculation by
the planar bond-charge model using DSD

Si �815 �C� � 6:4�
10�20 cm2=s. Note that DSD

Si �T� is the only adjustable
parameter in the model, and the excellent agreement be-
tween the experiment and calculation as shown in Fig. 2 is
achieved only with a single DSD

Si �T� with the tolerance
much less than a few percent. Figure 3 shows the annealing
time (t) evolution of the depth profile of the 30Si atomic
fraction, C030Si

in the 28Si20=
30Si20 isotope superlattice us-

ing the Si self-diffusivity DSD
Si �815 �C� � 6:4�

10�20 cm2=s determined for 815 �C. The sample prior to

annealing has a small interdiffusion characterized by l 	
2. Then the same interdiffusion of 28Si and 30Si isotopes at
every 28Si=30Si interface takes place as the annealing
duration increases. Eventually, 28Si and 30Si will be mixed
completely for infinitely long annealing, for which the
periodicity de and dd disappear, and the phonon modes
are characterized as those of the bulk sample having the
average mass approximately of 29Si.

Finally, in Fig. 4, the temperature dependence of DSD
Si

determined in the present study is shown by solid circles
together with those determined previously by SIMS of
isotope heterostructures in open circles [9]. The experi-
mental error of our DSD

Si is the order of the solid circles
representing the data. We stress first that the self-
diffusivities determined by the present method agree very
well with open circles determined by Bracht et al. in the
overlapping temperature range between 850 and 900 �C.
Precise determination of the self-diffusivity by the present
method becomes difficult above 900 �C, because the pe-
riodicities de and dd of the superlattices disappear very
quickly (within a few minutes of annealing) due to the
large diffusivity at the high temperatures. Therefore, we
analyze the solid circles and open circles together to obtain
the overall self-diffusivity of Si for T � 735–1388 �C. The
solid curve in Fig. 4 is the result of such analysis, and it is
expressed by the following equation composed of a sum of
two exponential terms:

 DSD
Si � 2175:4 exp

�
�4:95 eV

kBT

�

� 0:0023 exp
�
�3:6 eV

kBT

�
cm2 s�1: (5)
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FIG. 2. Annealing time dependence of the Raman shifts of the
localized phonons in the 28Si20=

30Si20 isotope superlattice. The
annealing temperature was 815 �C. Solid circles are experimen-
tal LO phonon frequencies determined from the peak positions in
Fig. 1. Solid lines are a theoretical calculation of the confined
peak frequencies using DSD

Si � 6:4� 10�20 cm2=s.
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FIG. 3. Calculated annealing time evolution of the depth pro-
file of the 30Si atomic fraction in the 28Si20=

30Si20 isotope super-
lattices for T � 815 �C. Experimentally determined DSD

Si �

6:4� 10�20 cm2=s for T � 815 �C is used for this calculation.
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FIG. 4. Temperature dependence of the Si self-diffusivity.
Results of the present study are shown by solid circles together
with those determined previously by SIMS of isotope hetero-
structures in open circles [9]. The solid line is the fit described by
Eq. (5). Contributions of the self-interstitial and vacancy mecha-
nism are shown by the dashed and dotted lines, respectively. See
text for details.
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Here the first term represents the self-diffusion due to the
self-interstitial mechanism I, and, therefore, the estab-
lished value of the enthalpy HI � 4:95 eV and prefactor
2175:4 cm2 s�1 are assumed from the first place [10]. The
remaining two parameters, the enthalpy and prefactor in
the second term, were obtained by fitting. The enthalpy
3:6�0:3
�0:1 eV in the second term agrees within the experi-

mental error with the value HV � 3:9 eV determined pre-
viously for Si self-diffusion in vacancy-rich Si single
crystals [23]. Thus, it is reasonable to conclude that the
experimental results in Fig. 4 are the first observation of the
crossover from the self-interstitial mechanism at the high
temperatures to the vacancy mechanism at the low tem-
peratures. To find the crossover temperature, we separately
plot in Fig. 4 the first and second terms in Eq. (5) by dashed
and dotted lines, respectively. Their intersect situates ap-
proximately at 900 �C. Seeger and Chik have obtained the
same 900 �C intersect through very indirect experiments;
Ni precipitation assuming Si vacancies are playing the
dominant role [27]. Further indirect experiments, in fact,
moved this crossover temperature up to 1000 �C and above
[14]. The present experiment is the first direct measure-
ment that firmly establishes the crossover temperature of
900 �C.

The enthalpy for the vacancy mechanism HV is com-
posed of HV � Hf

V �H
m
V , where Hf

V and Hm
V are the

formation and migration enthalpies of Si vacancies, re-
spectively. The present HV � 3:6�0:3

�0:1 eV together with
the most reliable calculation Hf

V � 3:1–3:6 eV lead to
Hm
V < 0:8 eV with the most probable value around Hm

V �
0:4 eV, which agrees with 0.45 eV obtained with an elec-
tron paramagnetic resonance by Watkins [24]. However,
the analysis with the most direct experimental Hf

V � 2:8�
0:3 eV [21] yields 0:4 eV<Hm

V < 1:4 eV with the most
probable value around 0.8 eV. Thus, while further experi-
ments are needed, our analysis indicates thatHm

V is likely to
be less than 1 eV even at the annealing temperatures
employed in this study.

In summary, the crossover between the self-interstitial
and vacancy mechanisms were experimentally observed
for the first time at 900 �C, and, therefore, HV � Hf

V �
Hm
V � 3:6 eV is established firmly. This finding is of great

technological importance since the process simulation of
state-of-the-art Si electronic devices requires precise val-
ues of Si self-diffusivity. The present study has shown that
the self-diffusivity at T < 900 �C is much larger than what
has been employed as a standard [9].
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