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Abstract—We have studied the low-temperature diffusion of sodium atoms implanted (at primary ion energy
E = 300 keV to total doses within Φ = 5 × 1014–3 × 1015 cm–2) in single-crystalline silicon grown by the
method of f loat-zone melting (fz-Si) with low oxygen concentration NO and by the Czochralski method in
the presence of magnetic field (mCz-n-Si and mCz-p-Si) with NO ≈ 5 × 1017 cm–3. The diffusion was studied
at annealing temperatures within Tann = 500–420°C for periods of time tann = 72–1000 h. It is established
that the temperature dependence of the diffusion coefficient D(103/T) of sodium in fz-Si in a broad
range of Tann = 900–420°C obeys the Arrhenius law with Efz = 1.28 eV and D0 = 1.4 × 10–2 cm2/s. The
same parameters are valid for the implanted sodium diffusion in mCz-Si in the interval of Tann = 900–700°C.
However, at lower temperatures, the values of D in mCz-Si are lower than to those in fz-Si, which is related
to the formation of more complicated Na–On (n > 1) complexes in the former case. Estimation of the diffu-
sion activation energy of these complexes yields ΔE ≈ 2.3 eV.
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The first experiments on ion implantation of
sodium into silicon, which were performed in the sec-
ond half of the 20th century, already showed that a
small fraction of embedded Na atoms exhibited the
properties of mobile shallow donors. In contrast,
sodium introduced by thermal diffusion did not
exhibit such behavior. The unusual behavior of impu-
rity dependent on the method of introduction
prompted investigations of the properties of this sys-
tem (see, e.g., review [1] covering publications until
1985). Later, this problem has also continuously
drawn the attention of researchers [2–10].

Until recently, the diffusion of implanted sodium
in silicon was studied at annealing temperatures Tann
above 500°C [1, 5–7, 10]. It was recently proposed [8]
to use sodium dopant for the formation of a deep
donor profile in high-ohmic Si for the technology of
high-power devices. Instead of the traditional doping
of silicon by phosphorus diffusion (1300°C, 100 h), we
have jointly introduced phosphorus and sodium into
silicon by ion implantation with subsequent annealing
at 750°C for 35 min. This processing ensures a suffi-
ciently high level of doping with phosphorus and,
simultaneously, creates a deep (~150 μm) n-Si layer as
a result of sodium diffusion. To complete this task, it is
necessary to obtain data on the thermal stability of
implanted sodium in silicon at lower temperatures.
The present work was aimed at partly filling this gap.

The experiments were performed on p-type silicon
grown by f loat-zone melting (fz-Si) with low oxygen

concentration NO and a resistivity of ρ = 2–3 kΩ cm,
as well as on silicon grown by the Czochralski method
in the presence of magnetic field (mCz-n-Si and
mCz-p-Si) with NO ⩽ 5 × 1017 cm–3 and ρ = 0.5 and
1 kΩ cm (for n- and p-type, respectively). Sodium ions
were implanted at primary energies of E = 50 and
300 keV to total doses within Φ = 5 × 1014–3 ×
1015 cm–2. The subsequent diffusion spreading was
carried out in air in a quartz tube heated to annealing
temperatures within Tann = 500–420°C for periods of
time tann varied from several dozen hours up to
~1000 h, which provided conductivity profiles σs(x)
with widths (50–160 μm) convenient for measure-
ment. Prior to diffusion spreading, the implanted
samples were subjected to short-time annealing at
T1 = 590–630°C for t1 = 5–15 min in order to form a
shallow profile of implanted sodium that played the
role of a diffusion source.

Concentration profiles n(x) of free electrons were
constructed using σs(x) curves measured using the
four-point-probe method with layer-by-layer removal
of material by grinding. Since the donor concentration
did not exceed 1 × 1016 cm–3, the mobility of electrons
along the diffusion layer was assumed to be μ =
1250 cm2/(V s). The diffusion coefficient of sodium in
mCz-n-Si was determined from the profiles of donor
concentration expressed as NNa(x) = n(x)–Nd, where
Nd is the concentration of donor measured in the sam-
ple upon grinding. As is known, silicon annealed in
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the given interval of Tann is characterized by the forma-
tion of thermal donors (TDs). In order to remove
these, the samples upon long-term low-temperature
diffusion annealing were additionally annealed at T2 =
600–630°C for t2 = 5–15 min [11]. Nevertheless, the
measured value of Nd may contain a very small contri-
bution due to retained (unannealed) TDs in addition
to phosphorus. For taking into account the contribu-
tion of additional annealing to smearing of the profile
of sodium dopant concentration, we used the follow-
ing equation:

Deffteff = D1t1 + Dtann + D2t2,

where Deff is the effective diffusion coefficient of
sodium in the measured donor profile and D1, t1 and
D2, t2 are the diffusion coefficients and durations of
the corresponding annealing, respectively. By setting
teff ≈ tann, we obtain the following formula for calcula-
tion of the diffusion coefficient of sodium:

 (1)
For fz-Si samples in the given interval of Tann, the D1t1
correction term can be ignored in view of its smallness
in comparison to Dtann.

It was shown previously [8] that the diffusion of
ion-implanted sodium at Tann ⩽ 600°C is character-
ized by some delay (incubation period td) related to the
presence of structural imperfections and radiation-
induced complexes involving sodium atoms. For
example, in mCz-p-Si implanted with sodium ions at
E = 50 keV and annealed at Tann = 550°C, the delay
time was td ~ 1 h, while in fz-Si annealed at Tann =
500°C this delay amounted to td ≈ 1.5 h. In the present
work, td vales were determined for fz-Si samples
implanted at E = 300 keV. The results of these mea-

eff 1 1 2 2 ann( )/ .D D D t D t t= − +

surements are presented in Fig. 1 by the dependences
of depth Xj of the n–p junction on annealing time tann

plotted as Xj = f( ) for the samples annealed at
Tann = 600, 570, and 550°C. As can be seen, these plots
appear as straight lines, the intercepts of which with
the abscissa axis determine the corresponding values
of delay time at these annealing temperatures: td = 5.5,
9.5, and 36 min for curves 1–3, respectively. Note
that, for the sample implanted at E = 300 keV and
annealed at Tann = 600°C (curve 3), the td value is not
zero in contrast to that for a similar sample implanted
at E = 50 keV (curve 4).

Figure 2 shows the profiles sodium donor concen-
tration in (a) mCz-n-Si and (b) fz-Si samples with
characteristics listed in the table, including ion
dose Φ, regime of diffusion spreading (Tann, tann) and
additional annealing (T1, t1; T2, t2), and the measured
diffusion coefficient D (the sample numbers coincide
with curve numbers on the corresponding figure).
Each figure shows the sodium concentration profiles
for the maximum initial annealing temperature T1 =
630°C used in this work. The samples of fz-Si upon
the annealing spreading at Tann = 430 and 420°C
(Fig. 2b, curves 5 and 6, respectively) show a signifi-
cant decrease in the amount of sodium atoms
involved in diffusion as compared to that at higher
Tann (curves 2–4), which can be explained as being a
result of the reverse diffusion taking place at Tann >
600°C [1, 3, 9].

Figure 3 presents the plot of D(103/T) for the sam-
ples of (open circles) fz-Si, (open squares and black
triangles) mCz-n-Si, and (open triangles) mCz-p-Si.
The points for Tann > 500°C refer to experimental data
obtained previously [6, 10]. As can be seen, the tem-
perature dependence of the diffusion coefficient of
sodium in fz-Si (solid line) in a broad temperature
range obeys the Arrhenius law with parameters Efz =
1.28 eV and D0 = 1.4 × 10–2 cm2/s, which are in good
agreement with data reported previously [7]. The
D(103/T) plot of sodium diffusion in mCz-Si coin-
cides with that for fz-Si in the interval of Tann = 900–
700°C. However, with further decreasing annealing
temperatures, the values of D in mCz-Si shift down-
ward from a straight line, which is related to the inter-
action of diffusing Na atoms with oxygen and the
resulting formation of Na–O complexes [6]. It was
previously suggested [10] that these complexes, simi-
larly to Li–O [12, 13], represent immobile shallow
donors. An increase in the annealing temperature
leads to their reversible decomposition via reaction
NaO+  Na+ + O, and the released sodium atoms are
again involved in diffusion. In the equilibrium state,
the concentration of Na–O complexes and their
decomposition products is characterized by the equa-
tion (NaO+)C = (Na+)(O), where C is the tempera-
ture-dependent dissociation constant. This constant

0.5
annt

�

Fig. 1. Plots of n–p junction depth Xj vs. time tann of
annealing at Tann = (1, 4) 550, (2) 575, and (3) 600°C for
mCz-p-Si implanted with sodium at primary ion energies
(1–3) 300 and (4) 50 keV.
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can be expressed as C = C0exp(–ΔENa/kT), where
ΔENa is the binding energy of Na–O complexes.

The proximity of the properties of sodium and lith-
ium impurities allows us to assume that the diffusion
coefficients of sodium in mCz-Si (Dcz) and fz-Si (Dfz)
at the same temperature obey a relation that was estab-
lished for lithium diffusion [12]:

 (2)

where NO is the oxygen concentration. This formula
was also used for determining a set of C values and
plotting their temperature dependence (see the inset to
Fig. 3). This straight line is characterized by parame-
ters ΔENa = 2.3 eV and C0 = 1.9 × 1032 cm–3, which
have been used to approximate the experimental Dcz
values by the calculated Dcz(103/T) dependence
(dashed curve in Fig. 3). It should be noted that the
obtained activation energy ΔENa is significantly greater
than the value (0.82 eV) obtained previously for the
Tann = 600–500°C interval [10]. This difference is
explained by the fact that the dependence approximat-
ing the experimental Dcz values has been calculated
using a significantly smaller value of C0 = 4.5 ×
1022 cm–3. A sharp decrease in Dcz at Tann < 500°C
(where TDs are intensively generated) suggests that
the interaction of sodium and oxygen leads to the for-
mation of involved complexes of the Na–On type
(with n > 1), which possess significantly higher bind-
ing energies compared to that of a simple N–O com-
plex. As a result of this interaction, sodium atoms
become much less mobile. Complexes of this type
have been observed in silicon doped with nitrogen
[14], where the N–On complexes with n = 2–5 pos-
sessed a binding energy of ~2.5 eV, which is close to

cz fz O/(1 / ),D D N C= +

Fig. 2. Sodium donor atom concentration profiles in
(a) mCz-n-Si and (b) fz-Si samples with characteristics
listed in the table.
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Characteristics of samples (for Fig. 2)

*Sample numbers coincide with curve numbers on the corresponding figures.

Sample no.* Φ, cm−2 T1, °C t1, min Tann, °C tann, h T2, °C t2, min D, cm2/s

mCz-n-Si (Fig. 2a)
1 2 × 105 630 15 − − − − 5.4 × 10−10

2 3 × 1015 625 5 500 72 − − 3.0 × 10−11

3 3 × 1015 600 5 470 482 600 10 1.5 × 10−12

4 1.5 × 1015 615 10 430 1150 590 15 2.4 × 10−13

fz-Si ( Fig. 2b)
1 2 × 1015 630 15 − − − − 1.2 × 10−9

2 3 × 1015 630 10 500 72 − − 7.5 × 10−11

3 3 × 1015 630 10 465 336 − − 2.7 × 10−11

4 2 × 1015 610 10 440 670 − − 1.5 × 10−11

5 1.5 × 1015 615 10 430 1030 − − 5.9 × 10−12

6 1.5 × 1015 615 10 420 986 − − 4.2 × 10−12



418

TECHNICAL PHYSICS LETTERS  Vol. 42  No. 4  2016

ZASTAVNOI, KOROL’

the ΔENa value estimated above from the experimental
data.

In concluding, the activation energy for implanted
sodium diffusion in mCz-Si at Tann ⩾ 700°C coincides
with that for fz-Si (Efz = 1.28 eV), while at lower tem-
peratures its effective value increases as a result of the
interaction of sodium with oxygen and the formation
of both simple Na–O complexes and more involved
complexes of the N–On type with n > 1. In fz-Si, the
diffusion coefficient D(103/T) in a broad temperature
interval Tann = 900–420°C obeys the Arrhenius law with
parameters Efz = 1.28 eV and D0 = 1.4 × 10–2 cm2/s.
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Fig. 3. Experimental temperature dependence of the coefficient D of sodium diffusion in (1) fz-Si, (2, 3) mCz-n-Si implanted at
E = 300 and 50 keV, respectively, and (4) mCz-p-Si. Solid line 5 shows the Arrhenius plot of Dfz(103/T) with parameters Efz =
1.28 eV and D0 = 1.4 × 10–2 cm2/s; dashed curve 6 presents the effective diffusion coefficient Dcz(103/T) in oxygenated Si with
ΔENa = 2.3 eV and C0 = 1.9 × 1032 cm–3. The inset shows the temperature dependence of dissociation constant C.
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