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The influence of the isovalent tin impurity on the lifetime of nonequi-
librium charge carriers in Cz n-Si irradiated with «-quanta from
60Co has been studied experimentally and analyzed. The behav-
ior of the lifetime in ~y-irradiated tin-doped n-Si was shown to be
governed by the initial concentration of free electrons, ng. The
lifetime degradation factor k, is demonstrated to decrease in the
low-resistance and to increase in the high-resistance n-Si samples,
as the tin concentration in them grows. This fact can be explained
by a competition of the main recombination centers in n-Si with
Sn-complexes VO and SnV. The ratio between the reaction con-
stants for the formation of VO and SnV defects is determined, as
well as the cross-sections of hole capture by single- and double-
charged acceptor states of SnV.

1. Introduction

The isovalent tin impurity in silicon became a subject
of intensive researches owing to its ability to affect the
generation of secondary thermally and radiation-induced
defects. As early as in 1972, Brelot [1]| carried out one
of the first studies concerning the influence of tin on
the processes of radiation-induced defect formation in
silicon. Since then, there has been a permanent inter-
est in this subject (see, e.g., works [2-11]), and the re-
searches on this topic remain challenging as in the last
years [12,13]. In review [14], we carried out a detailed
analysis of the results obtained for the influence of tin
on the thermally and radiation-induced defect formation
in silicon. In irradiated silicon, tin can affect the genera-
tion of radiation-induced defects of the interstitial type;
in particular, the processes of generation of radiation-
induced carbon defects [10-13|. However, the majority
of researches deal with the tin influence on the generation
of radiation-induced vacancy defects, VO centers and di-
vacancies V2, which are responsible to a great extent
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for the degradation of parameters of silicon and silicon-
based devices at their irradiation. Tin intercepts free
vacancies generated in silicon subjected to high-energy
irradiation and, in such a manner, reduces the efficiency
of generation of other radiation-induced defects of the
vacancy type. In the course of those processes, com-
plexes SnV are formed, which are stable up to about
150 °C. They are amphoteric defects and can exist in
five charged states (++, 4+, 0, —, ——) inserting four
electron levels into the energy gap of silicon. Two donor
levels, E, 4+ 0.07 eV (++/+) and E, + 0.32 eV (+/0)
were found in the lower half of the energy gap [3,15]. In
addition, according to the data of deep level transient
spectroscopy (DLTS), two SnV acceptor levels with acti-
vation energies of 0.29 (——/—) and 0.58 eV (—/0) were
revealed [6,7,15]. As was shown in works [7, 15], there
are energy barriers of about 0.08 eV in n-Si for electrons
to be captured on those levels. Therefore, SnV has two
acceptor electron levels in the upper half of the energy
gap with the energies E, — 0.214 eV for SnV~—/~ and
E. —0.501 eV for Snv—/.

All those researches were mostly directed at study-
ing the properties of SnV complexes themselves and the
influence of tin on the generation of other radiation-
induced defects. The issue how the integrated param-
eters of irradiated tin-doped silicon (in particular, the
lifetime of nonequilibrium charge carriers) change in
this case has practically not been studied. In works
[4, 16], the influence of electron irradiation on the life-
time of nonequilibrium charge carriers in silicon was ex-
amined. It was found that, at tin concentrations of
(2+4) x 1017 cm ™3, the effect on the irradiation-induced
lifetime variation depends on the type of crystal dop-
ing. In p-Si, the presence of tin accelerates the process
of irradiation-induced lifetime reduction [4] and slows it
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down in n-Si [16]. On the other hand, it was observed
in work [17] that the growth in the tin concentration
from 1.7 x 108 to 6.5 x 10'® em ™3 also accelerates the
charge-carrier lifetime degradation in n-Si.

This work is aimed at elucidating the influence of the
tin impurity on a variation of the lifetime of nonequilib-

rium charge carriers in n-Si irradiated with y-quanta of
50Co.

2. Experimental Part

In our research, silicon samples of the n type, which were
doped with tin in the course of their growing from the
melt following the Czochralski method (Cz n-Si(Sn)),
are used. In Table 1, the main characteristics of the
examined samples — the tin, [Sn|, oxygen, [O], carbon,
[C], and phosphorus, [P], concentrations — are quoted.
As reference samples, we used undoped Cz n-Si samples
with similar characteristics.

Tin concentrations, which can be found in the litera-
ture while studying the radiation-induced defect forma-
tion in Si{Sn), lie in the interval 107 = 10'® cm~3. The
tin concentrations in the samples, the characteristics of
which are listed in Table 1, practically covered the whole
concentration range presented in the literature. More-
over, the concentration of free electrons in those samples
changed in wide limits, which allowed us to have both
high- and low-resistance Si(Sn) samples.

In the experiment, we used irradiation by ~y-quanta
of %°Co with the flux intensity J, ~ 10 ~-
quantum/cm?/s. The concentrations of free electrons
in the samples were determined with the use of the Hall
effect, and the lifetime of nonequilibrium charge carri-
ers from the relaxation characteristics of nonequilibrium
photoconductivity under the condition of low excitation
level (< 5%). Irradiation and measurements were car-
ried out at room temperature.

The influence of irradiation on the recombination of
nonequilibrium charge carriers in silicon was estimated
using the well-known relation

where 75 and 7 are the lifetimes of nonequilibrium charge
carriers before and after irradiation, respectively; ® is
the irradiation dose; and k., is the lifetime degradation
factor, which is a quantitative characteristic of the sili-
con sensitivity to the radiation action. The experimen-
tal k,-value for the investigated samples was determined
from the linear sections in the dose dependences of the
quantity A(1/7) = (1/7 — 1/7). It is eligible if the
concentration of radiation-induced defects, which are re-
sponsible for the variation of k., linearly depends on the
irradiation dose, i.e. provided that the concentration of
radiation-induced defects is low in comparison with the
concentration of impurity atoms that participate in the
generation of defects. In our experiment, this condition
was satisfied.

3. Results and Their Discussion

3.1. Experimental results

The results of our research concerning the influence of
the Sn impurity on the lifetime variation for nonequi-
librium charge carriers in y-irradiated n-Si are shown
in Fig. 1. Here, the dose dependences of the quantity
A(1/7) for tin-doped and reference crystals are depicted.
The values of lifetime degradation factor k. = A(1/7)/®
calculated from the experimental dependences in Fig. 1
and the ng- and 7p-values obtained for the same samples
are listed in Table 2.

From Fig. 1 and Table 2, one can see that the Sn-
doped n-Si samples demonstrate two qualitatively dif-
ferent types of k.-behavior in comparison with the ref-
erence material. In particular, the value of k, in the
n-Si(Sn-1) sample is lower, whereas, in the n-Si(Sn-2)
and n-Si(Sn-3) ones, on the contrary, it is higher than
that in the undoped n-Si. Such behavior of k, can be
not so much connected with different tin concentrations
in those samples as with (or together with) the differ-
ence between the initial free electron concentrations, ng.
This hypothesis is confirmed by the fact that the relative
variation of &, in the n-Si(Sn-2) and n-Si{Sn-3) samples,
which had almost identical ng-values, was not consider-

1 1
;:?OJFICT(I)’ D Table 2
Specimens ‘ no, 1013 cm—3 ‘ 0, US ‘ kr, 10712 cm2.s—1
Table 1 n-Si(Sn-1) ~ 200 70-80 43.1
Specimens | [Sn], 10'® | [O], 1017 | [C], 1016 | [P], 10%® n-Si-1 100-130 79.8
cm~3 cm ™3 cm ™3 cm~3 n-Si{Sn-2) 6.0 100-130 44
n-Si(Sn-1) 0.2 7.5 ~T-8 ~2 n-Si-2 60-70 3.0
n-Si(Sn-2) 1.7 6.5 <5 ~0.1 n-Si(Sn-3) 7.7 50-60 6.1
n-Si(Sn-3) 6.5 6.0 <5 ~0.1 n-Si-3 70-90 4.0
ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 11 1163
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Fig. 1. Dependences of A(1/7) on the dose of irradiation with

~-quanta, of 80Co for Sn-doped n-Si samples. Symbols correspond
to experimental data and curves show their linear approximations
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able against the background of the four-fold increase in
the tin concentration.

Therefore, the influence of tin on the lifetime of
nonequilibrium charge carriers in y-irradiated n-Si will
be analyzed with regard for not only different tin con-
centrations, but also different initial concentrations of
free electrons.

3.2. Generation kinetics for main secondary
radiation-induced defects in irradiated

n-S54(Sn)

The main secondary radiation-induced defects that are
generated in irradiated Cz n-Si(Sn) are vacancy com-
plexes VO, VP, and SnV. Therefore, the variation kinet-
ics for the vacancy concentrations in irradiated n-Si{Sn)
is governed by the generation rate of free vacancies and
the processes of vacancy capture by oxygen, phosphorus,
and tin atoms,

dav]

= Av = xvo[V][O] = xve[V][P] = xsav[V][Sn], (2)

where Ay is the rate of vacancy generation under irradia-
tion; and xvo, xvp, and xsnv are the reaction constants
describing the formation of VO, VP, and SnV complexes,
respectively. The stationary concentration of vacancies
is mainly determined by reactions between vacancies and
oxygen and tin atoms, the concentrations of which are
much higher than that of phosphorus. Then

Ay
Vst = .
[Vls xvo[O] + xsnv[Sn]

(3)

Accordingly, for the generation kinetics of specific va-
cancy defect types, we obtain

dvo] wv[Sn)\

i S <1+><>;Swva[(>]> ’ W
d[VP] xvolO] | xsav[Sn]\ ™'
=~ <pr[P} T [P ) ; (5)
d[SnV] _ 0]\

v (L) o

One can see that the generation efficiencies for and, ac-
cordingly, the concentrations of specific defects depend
on the concentrations of corresponding impurities and
the constants of vacancy capture by them. Let us esti-
mate how effectively tin captures vacancies in silicon in
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comparison with other impurities (oxygen and phospho-
rus). Earlier, just such samples were studied using the
DLTS method in works [6, 14, 17, 18] dealing with the
influence of tin on the spectrum, generation efficiency,
and properties at a thermal treatment of electrically ac-
tive radiation-induced defects. Substituting the concen-
trations of the corresponding impurities from Table 1
and the experimentally measured generation efficiencies
for radiation-induced defects (taken from work [6] for n-
Si{Sn-2) and n-Si(Sn-3) and from work [18] for n-Si{Sn-
1)) into expressions (4)—(6), we calculated the ratios be-
tween the reaction constants for defect generation (see
Table 3).

The tabulated data testify that tin has no substan-
tial advantage over oxygen at the vacancy capture. To
some extent, it is clear, because oxygen and tin im-
purities in silicon are electrically neutral in the dis-
persed state and characterized by almost identical mag-
nitudes of deformation charge A with the same sign
(the parameter A, which characterizes the variation of
silicon crystal volume owing to the action of elastic
stresses that arise in silicon at impurity insertion, equals
(1.140.1) x 10724 cm? for oxygen and (8+1)x 10725 cm?
for tin [19]). The tin impurity captures vacancies in
n-Si(Sn-1) up to three times more efficiently than the
oxygen one does. This fact coincides with the data of
works [4, 16], which were obtained for silicon with a
close tin concentration. At first sight (see Table 3), an
increase of the tin concentration gives rise to a reduc-
tion of the tin ability to capture vacancies. If this ten-
dency really takes place, it can testify to a nonuniform
distribution of tin at its high concentrations, because
some tin atoms, which can be aggregated, do not cap-
ture vacancies. It should be noted that the ratio between
the reaction constants for the generation of VP and VO
centers is evaluated as xvp/xvo =~ 20, similarly to the
results obtained in our previous [20] and other [21] re-
searches.

3.3. Tin influence on the lifetime variation of
nonequilibrium charge carriers in
~-irradiated n-Si

8.8.1. Main centers of nonequilibrium-charge-carrier
recombination in y-irradiated n-Si(Sn)
and their parameters

In Sn-undoped n-Si irradiated with y-quanta, the main

recombination centers at room temperature are VO cen-
ters [20,21]. Therefore, for the lifetime of nonequilibrium
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charge carriers, we may write down

So—=— ™)

where 7y is the lifetime of nonequilibrium charge car-
riers associated with the presence of VO centers. The
generation of SnV defects in irradiated n-Si doped with
Sn affects the lifetime decrease for nonequilibrium charge
carriers both owing to a reduction of the generation ef-
ficiency of VO centers and due to the contribution of
SnV’s themselves,

1 1 1 1 1
- ==t + 5 (8)
7—VO TSnv—/0 TSnv——/-

where 708, Tq,v-/0, and Tgy——-/— are the lifetimes of
nonequilibrium charge carriers determined by VO cen-
ters in n-Si(Sn) and one- and two-charged acceptor
states of the SnV defect, respectively. In our case,
namely n-Si, a low excitation level (An < ng) and
the recombination levels VO (E, — 0.17 eV), SnV~—/~
(E. —0.21 eV), and SnV~/9 (E, — 0.50 eV) are located
in the upper half of the energy gap. Hence, the lifetime
of nonequilibrium charge carriers is determined by the
lifetime of holes, and the following expression is valid for
each of recombination centers:

n N, exp(—F;/kT)
no '

h (9)

T — (O’i’UpNi)
Here, o is the transverse cross-section of hole capture by
the i-th recombination center, v, the thermal hole veloc-
ity, IV; the concentration of the i-th center, F; the elec-
tron level depth at the i-th recombination center reck-
oned from the conduction band bottom, and N, the ef-
fective density of states in the conduction band. From
Eq. (1), taking Eqgs. (7)—(9) into account, we obtain

(10)

N.exp(—FE;/kT)]
k_[_ _ Zo'ivpfrh |:1 + eXP( / ) )

o

where 7; = N;/® are the center generation efficiencies
In expression (10), the only unknown parameters,
which we must know to analyze the tin influence on
the change of hole lifetime in irradiated n-Si, are the
transverse cross-sections o, of hole capture at SnV—/°

Table 3
Specimens ‘ Xsnv/Xvo ‘ XVPXVO
n-Si(Sn-1) ~3 ~ 20
n-Si(Sn-2) ~1 -
n-Si(Sn-3) ~0.8 -
1165



M.M. KRAS’KO

10°

15

. 10
n, , cm

Fig. 2. Experimental (symbols) and calculated (solid curves) de-
pendences of kr on the free electron concentration for the ~-
irradiated n-Si and n-Si(Sn-3) samples. Solid curves correspond
to the VO contribution for n-Si and the cumulative contribution
by the components SnV~=/° (1), VO (2), and SuV~—/~ (3) for n-
Si(Sn-3)

and SnV~/~. For their determination, let us use the k.-
values obtained experimentally (Table 2) and calculate
the generation efficiency for VO and SnV defects with
the help of formulas (4) and (6). The ratio between
the reaction constants of defect generation, xsnv/Xxvo,
is taken from Table 3 for each material. Earlier [20], we
determined the transverse cross-section of hole capture
by VO centers, ovo ~ 2.5 x 1073 cm?, and the effi-
ciency of free vacancy generation in n-Si at vy-irradiation,
Av ~ 4 x107* cm~!. Then, with the help of expressions
(10), we obtain the transverse cross-sections of hole cap-
ture at SnV—/? and SnV——/~. The corresponding values
for those quantities are quoted in Table 4.

The data in Table 4 testify that the cross-sections of
hole capture at SnV defects are a little smaller in com-
parison with that for VO centers. In n-Si, the complex
SnV is an acceptor, whereas the calculated op-values
better correspond to the hole capture by a neutral de-
fect. However, in works [7, 15], it was shown that, in
n-Si, there are energy barriers of about 0.08 eV for the
electron capture on the SnV levels. Similar barriers
may exist for the hole capture as well. Then the de-
pendence of o, on the temperature 7' is described by
the expression o, = ogexp(—AE/kT). Supposing that
oo = 2.5 x 10713 em? for SnV~/? (the same value as o,
for VO=/0), we obtain that the energy barrier for the
hole capture at a single-charged state of the SnV defect
equals AE ~ 0.14 eV.
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3.3.2. Analysis of the Sn influence on the lifetime
of nonequilibrium charge carriers
in y-trradiated n-Si(Sn)

With the help of expression (10) and applying the
values 0, and 7; obtained for defects, we calculated
the dependence of k. on the free electron concentra-
tion ng for each material. In Fig. 2, the dependences
kr(ng) for the ~-irradiated n-Si and n-Si(Sn-3) sam-
ples — the latter is characterized by the highest tin con-
centration — in the range of free electron concentration
no = (6 x 1013 + 2 x 10'°) cm™3 are exhibited. We
took into account that the main recombination centers
in n-Si are VO centers and that the lifetime degrada-
tion in Sn-doped n-Si is determined by the cumula-
tive contribution of SnV—/°, SnV~~/~, and VO. From
Fig. 2, one can see that the relative variation of k. in
the tin-doped and reference n-Si samples depends on
the initial concentration of free electrons. In the high-
resistance section (ng < 2 x 10* cm™3), the k,-values
are larger for the Sn-doped n-Si sample in compari-
son with the reference one. In the low-resistance sec-
tion (ng > 2 x 10 ¢cm™=3), the inverse situation is ob-
served. Therefore, let us consider the influence of differ-
ent tin concentrations on the lifetime degradation factor
for the maximum (np = 2 x 10'® ecm™3) and minimum
(no = 6 x 10*® cm~3) values of free electron concentra-
tion. The corresponding results are depicted in Figs. 3
and 4, respectively. One can see that the tin impurity re-
duces the lifetime degradation in the low-resistance n-Si
sample (Fig. 3, curve 1) and increases it in the high-
resistance one (Fig. 4, curve 1). Moreover, those pro-
cesses run more efficiently in samples with higher tin
concentrations. Let us analyze the results presented in
Figs. 2 to 4 from the viewpoint of the tin-related effect.

A. High-resistance n-Si(Sn) As is seen from Fig. 2
(curve 1) and Fig. 4 (curve 4), the main recombina-
tion center in the high-resistance Sn-doped n-Si sample
is SnV~/%. Then, from Eq. (10), we obtain

~ Snv—/0
k’T ~ Jpn

(11)

In this case, tin can affect k, owing to a change in the
efficiency of the SnV defect generation. Namely, the in-

UpTlgny—/0-

Table 4
Specimens ‘ Defect Op, cm?
n-Si vO~/0 ~25-10713
vO~/0 ~25.10713
n—Si(Sn) SnV——/— ~5-1071°
Snv—/0 ~1-10"15
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Fig. 3. Calculated dependence of k; on the tin concentration for
the y-irradiated low-resistance n-Si(Sn-3) sample (1) and its com-
ponents: VO (2), SuV~==/= (3), and SnV~/0 (4). Points corre-
spond to experimental data

crease in the tin concentration stimulates the growth
of the SnV generation efficiency (see expression (6))
and, accordingly, the increase of k., which is demon-
strated in Fig. 4 (curve 1). Comparing the absolute val-
ues of k, for the reference and tin-doped n-Si samples
(no = 6 x 1013 cm ™3 for both of them), we see that the
corresponding values are close to each other, although
the lifetime degradation in the Sn-doped n-Si develops
a bit quicker (Figs. 1,b, 2, and 4). This result can be
explained by the fact that, owing to a deeper level loca-
tion in the silicon energy gap, the electron population of
the SnV~/? level (the main recombination center in Sn-
doped n-Si) at room temperature is approximately by
two orders of magnitude higher than that of the VO one
(the main recombination center in Sn-undoped n-Si), the
latter being characterized by an equivalently larger cross-
section of hole capture (Table 4). At ng < 6x 10 cm =3,
the ratio between k,.-values in the tin-doped and refer-
ence n-Si samples has to grow, because the electron pop-
ulation of the SnV~/° level remains constant, whereas
that of the VO level decreases. In Fig. 2, this tendency
is already observable.

B. Low-resistance m-Si(Sn) As the concentration of
free electrons, mng, grows, the electron populations of
SnV~~/~ and VO levels increase, as well as their relative
contributions to the hole recombination process (Fig. 2).
Accordingly, the k,-value in Sn-doped n-Si turns out
smaller than that in Sn-undoped n-Si, irrespective which

ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 11
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Fig. 4. The same as in Fig. 3, but for the v-irradiated high-
resistance n-Si{Sn)

of defects, SnV or VO, plays the role of main recombi-
nation center. It is so, because tin and oxygen atoms
are competing vacancy sinks at the vacancy generation,
and, in addition, the both levels of the SnV defect have
smaller hole capture cross-sections. The above is illus-
trated in Fig. 3, where the influence of tin on k. in the
~-irradiated n-Si(Sn) sample with the free electron con-
centration ny = 2x 10 cm~3 is shown. In this case, the
main recombination defects are VO centers. Therefore,
from Eq. (9), we obtain

N, exp(—FEvyo/kT) -1

(12)
no

K, ~ Y umvo |1+
From Eq. (12), one can see that the behavior of k, is
governed only by the efficiency of VO center formation.
The increase in the tin concentration reduces the effi-
ciency of VO center generation (see expression (4)) and,
as a result, &k, (Fig. 3, curve 1).

4. Conclusions

Having studied the influence of the isovalent tin impurity
within the concentration interval (0.2 +6.5) x 10'® cm =3
on the lifetime variation of nonequilibrium charge car-
riers in y-irradiated n-Si, the following results were ob-
tained and the following facts were established.

1) The behavior of the lifetime in Sn-doped n-Si irradi-
ated with y-quanta of 5°Co depends on the initial con-
centration of free electrons. As the tin concentration
grows, the lifetime degradation factor was shown to de-
crease in low-resistance and increase in high-resistance n-
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Si samples. This fact can be explained by a competition
between the main recombination centers in Sn-doped
n-Si, namely, VO and SnV complexes. The transverse
cross-sections of hole capture by one- and two-charged
states of SnV defect are determined. The cross-section
of hole capture equals about 1 x 10715 ¢cm~2 for SnvV—/°
and 5 x 10715 ¢cm~2 for SnV——/~.

2) The ratio between the reaction constants for the gen-
eration of SnV and VO defects is evaluated to equal
Xsnv/Xvo ~ 0.8 = 3. A tendency is observed that an
increase in the tin concentration gives rise to a reduction
of the tin ability to capture vacancies. It may testify to
a nonuniform distribution of tin at high concentrations.
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BILJIB JJOMIIIKN OJIOBA HA PEKOMBIHAIIIHI
XAPAKTEPUCTUKU n-KPEMHIIO ITPU ~-OITPOMIHEHHI

M.M. Kpacvko
Peszowme

EkcneprnMmeHTaIBbHO JIOCTII?KEHO Ta IPOaHAaJi30BaHO BILIMB i30Ba-
JIEHTHOI TOMIIIIKH 0JIOBa Ha 3MiHY YacCy »KUTTs HEPIBHOBAa*KHUX HO-
ciiB 3apsimy B onpominenomy y-kBautamu °0Co n-Si, BupormeHOMy
3a meronoMm Yoxpanbcekoro (Cz). Busieneno, mo noseainka dacy
KUTTS B Y-OLPOMiHEHOMY N-Si 3 Sn BU3HAYAETHCH BUXIJIHOIO KOH-
LEHTPAIII€IO BIIBHUX eJIEKTPOHIB (ng). ITokazano, 1mo i3 36iibiue-
HHSIM KOHIIEHTPAIIil 0JI0OBa KOHCTaHTa Jerpasanii acy xkurrs (k)
3MEHIIIYEThCSl Y HU3BKOOMHOMY 1 30LJIBIIYETHCS Y BUCOKOOMHOMY
n-Si. Ile MOsSICHIOETHCSI KOHKYPEHIEI MiK OCHOBHUMHM IIEHTPAMU
pekoMGinanil B n-Si 3 Sn-kommziekcamu VO i SnV. Busnaueno crmis-
BIJIHOIIIEHHS] KOHCTAHT peakliliii yreopenns nedekris SnV i VO, a
TAKOK IIOIIEPEeYHi IIepepi3u 3aXOIVIEHHS AiPOK OJHO- 1 JBO3aps  HU-
MM aKIENTOPHUME CTaHaMu SnV.
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