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INFLUENCE OF TIN IMPURITY ON DEGRADATION
OF CONDUCTIVITY IN ELECTRON-IRRADIATED n-Si

The influence of an isovalent tin impurity on the electron concentration in Cz n-Si irradiated
with 1-MeV electrons has been studied both experimentally and theoretically. It is found that
the Sn impurity leads to the acceleration of the conductivity degradation in electron-irradiated
nSi. The effect is more pronounced in high-resistance samples, whereas the rates of electron
removal from low-resistance ones are almost identical in both materials. This fact can be
explained by the difference between the formation efficiency of main compensating radiation-
induced defects in n-Si doped with Sn (SnV and VP complezes) and undoped n-Si (mainly,

VP complezxes), which depends of the concentration of phosphorus in the samples.
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1. Introduction

This work continues our researches concerning the in-
fluence of an isovalent tin impurity on the integrated
parameters of irradiated n-Si, which were started
in work [1]. This issue remained almost overlooked
against the background of intense researches dealing
with the radiation-induced defect formation in n- Si
doped with Sn (see the references in work [1]). The
most sensitive parameters in silicon with respect to
irradiation are the lifetime of nonequilibrium charge
carriers and the concentration of majority charge car-
riers. In the previous work [1], the results of re-
searches concerning the influence of Sn on the life-
time of nonequilibrium charge carriers in y-irradiated
(°Co) n-Si were reported. This work aimed at
studying the influence of Sn on the radiation-induced
degradation of the conductivity (change in the free
electron concentration) in n-silicon irradiated with
1-MeV electrons. This information is important for
both the search of a method to enhance the ra-
diation resistance of silicon-based devices and the
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improvement of the radiation technology at their
manufacture.

2. Experiment

Specimens of n-silicon doped with tin in the course
of their growing from a melt (Cz n-Si(Sn)), as well
as reference Cz n-Si samples with similar concen-
trations of oxygen [O], carbon [C]|, and phospho-
rus [P], were used in the experiment (see Table 1).
The samples were irradiated with 1-MeV electrons
at room temperature on a pulsed electron accelera-
tor (the pulse duration ¢, = 3.3 us, the duty cycle
s = 10, and the average intensity of the electron flux
J. ~ 3 x 10'2 clectron/(cm’s)).

The initial (linear) sections in the dependences of
the free electron concentration on the electron irra-
diation dose were used to determine the conductivity
degradation constant by the formula

n=mng— k,®, (1)

where ng and n are the concentrations of free elec-
trons before and after irradiation, respectively; and
® is the exposure dose. The k,-values were used to
compare and to analyze the influence of Sn on the
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Fig. 1. Dependences of the free electron concentration in n-Si
samples on the dose of irradiation with 1-MeV electrons
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Fig. 2. DLTS spectrum for n-Si{Sn) irradiated with 1-MeV
electrons (. = 1 x 106 cm—2)

efficiency of free electron removal in irradiated n-Si.
The concentration of free electrons in the samples was
determined before and after every irradiation stage
with the help of the Hall effect. The spectrum of
radiation-induced defects that are responsible for a
degradation of the conductivity and the efficiency of

Table 1
o [Sn], (0], [C], [Pl,
Specimens 1017 em=3 1017 em—3 1016 em—3 | 1015 cm—3
n-Si(Sn) 2 ~6 ~7 ~2
n-Si 0 ~T7 <7 ~2
244

their formation were determined with the help of the
DLTS method.

3. Results and Their Discussion
3.1. Experimental results

In Fig. 1, the dependences of the free electron con-
centration on the electron-irradiation dose obtained
for the n-Si(Sn) specimen and the reference n-Si one
at room temperature are depicted. One can see that
the charge carriers are removed from the irradiated
n-Si{Sn) much more rapidly than those from the ref-
erence one. The experimental values of degrada-
tion constant for the concentration of free electrons,
k, = An/®, determined from the dependences ex-
hibited in Fig. 1, equal (5.3 £0.5) x 1072 em~! for
n-Si(Sn) and (1.3+£0.2) x 1072 cm ™! for Sn-free n-Si.
Such a substantial difference between the k,-values
for both materials has to be associated with the dif-
ference in the compositions and /or the efficiencies of
formation of radiation-induced defects responsible for
the conductivity degradation.

In Fig. 2, the DLTS spectrum for n-Si(Sn) irra-
diated with 1-MeV electrons is shown. The nota-
tion for the defects that induced peaks in Fig. 2,
their recharge activation energies, F,, and the for-
mation efficiencies, 7, are quoted in Table 2. The
presented spectrum is typical of irradiated n-Si sam-
ples doped with Sn [2-4]|. First, the spectrum
demonstrates the peaks characteristic of well-known
acceptor radiation-induced defects that are avail-
able in Sn-free n-Si, such as the VO centers, two-
, Vo =/ ~, and single-charged, V, /0 (plus VP cen-
ters), states of divacancies. Second — this is im-
portant — the spectrum of irradiated n-Si{Sn) con-
tains two additional levels belonging to the double
acceptor center SnV. For the electrons to be cap-
tured on those levels, there exist energy barriers
of about 0.08 eV in n-Si, and, therefore, SnV has
electron levels with the energies E. — 0.214 eV for
SnV~—=/~ and E, — 0.501 eV for SnV=/% [2, 3]. In
addition, as is seen from Table 2, the presence of tin
with a concentration of 2 x 10" em™3 in silicon re-
duces the formation efficiency of main vacancy de-
fects, VO and VP centers, by two times in compari-
son with the reference material owing to the forma-
tion of SnV.

Hence, a reduction of the free electron concentra-
tion in n-Si(Sn) at the electron irradiation of the lat-
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Table 2
kn, 1072 cm™! kn, 1072 cm™! kn, 1072 cm™!
S . E \V4 ) —1 m, n, "y
pecrmens Defect @ ¢ m, 107 em (calculation) (calculation) (experiment)
VO 0.17 8 0.2
77/7
n-Si Va_ o 0.23 0.1 0.02 ~1.2 1.340.2
v, 0.42 0.1 0.1
VP 0.42 0.43 0.86
VO 0.17 4.1 0.1
v, /T 0.23 0.1 0.02
n-Si(Sn) SHV:/_O/_ 0.29 4.1 0.5 ~5.4 5.340.5
v, 0.42 0.1 0.1
VP 0.42 0.27 0.55
Snv—/0 0.58 4.1 4.1

ter (Fig. 1) occurs owing to the electron capture by
acceptor VO, VP, V5, and SnV centers. In this case,
the expression to estimate the degradation constant
for the free electron concentration looks like

An _ d[VO d[SuV
R
d[V
+ fonv--/-) + 725} (Fyzro+ fyz=r-)+
d[VP
+2%fvpf/0, (2)

where f is the function describing the filling of centers
by electrons, and the multiplier 2 takes into account
that every VP center removes two electrons from the
conduction band. In n-Si with ng = 2 x 10'° cm™3,
the Fermi level is located at E. — 0.25 eV at room
temperature. Therefore, in essence, the electron fill-
ing has to be taken into consideration only for VO,
two-charge states of Vg, and SnV.

With the use of Eq. (2) and experimental data from
Table 2, we calculated the degradation constant of
free electrons separately for each defect, as well as
their total contribution, in both n-Si(Sn) and the
reference n-Si. The corresponding results are also
quoted in Table 2. One can see that

— the experimentally obtained values of k,, satisfac-
torily coincide with the calculated ones;

— in n-Si without Sn, the main compensating
radiation-induced defects are VP complexes;

— in n-Si(Sn), the main compensating radiation-
induced defects are SnV complexes; in this case, the
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main contribution (of about 80-90%) to a change of
the electron concentration in n-Si(Sn) is made by
SnV—/0 owing to a deep arrangement of its level in
the silicon energy gap;

— the Sn impurity accelerates the conductivity
degradation in irradiated n-Si, because the formation
efficiency of main compensating radiation-induced de-
fects in n-Si(Sn) (these are SnV complexes) is by an
order of magnitude higher than those in n-Si without
Sn (VP complexes).

3.2. Analysis of the influence of Sn
on the removal rate of equilibrium charge
carriers in irradiated n-Si(Sn)

In work [1], we showed that, depending on the ng-
value, the degradation of a lifetime in ~y-irradiated
n-Si{Sn) can occur both quicker and slower in com-
parison with the reference n-Si. Let us analyze and
compare the behavior of k,, in n-Si and n-Si(Sn) in
the same interval of the free electron concentration,
no ~ 10 = 10*® cm =3 as was studied in work [1].
By changing ng, we change the degree of level filling
in radiation-induced defects by electrons and, respec-
tively, the relative contribution of those defects to the
process of charge carrier removal. The value of ng is
determined by the degree of doping with phosphorus;
therefore, the variation in the phosphorus concentra-
tion also affects the processes of vacancy capture by
oxygen, phosphorus, and tin atoms. Expressions for
the formation kinetics of VO, VP, and SnV complexes
in irradiated Cz n-Si{Sn) were obtained in work [1].

245



M.M. Kras’ko

T T T T
10"} .
E 107} 1
-
10°F E
10II3 1(;14 I(I'IS 1(;16
n,cm’®

)
Fig. 3. Dependences kn(ng) for n-Si with various Sn concen-
trations of 0 (1), 2 x 1016 (2), 5x 1016 (3), and 2 x 1017 cm ™3
irradiated with 1-MeV electrons. Solid curves correspond to
calculation results, and points to experimental data
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Fig. 4. Calculated dependences kn(ng) for n-Si irradiated
with 1-MeV electrons: cumulative contribution (1) and con-
tributions of components VP (2), VO (3), VQ_/O (4), and
vy T (5)

Now, for the calculations to be proper, let us take
into account that the stationary concentration of va-
cancies is also determined by phosphorus rather than
only by reactions between vacancies and oxygen and
tin atoms, the concentrations of which are higher.
Then, the expressions for the formation kinetics of
VO, VP, and SnV complexes in irradiated Cz n-Si(Sn)
read

dvo] _ N <1 N Xsnv [Sn] N (3)

dt XVO [O]
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Fig. 5. Calculated dependences ky(ng) for n-Si(Sn) irradi-
ated with 1-MeV electrons: cumulative contribution (1) and
contributions of components SnV~=/9 (2), VP (8), SnV——/~
(4), VO (5), V5% (6), and V; /7 (7)

d[VP] xvolO] | xsav[Sn]\ ™"
(ﬁ—“@mﬁm+ghﬁ’ W
d[SnV] xvolO] xve[P]\

at Av (1 * Xsnv[Sn]  Xsnv [SH]> ©)

where Ay is the rate of vacancy generation at irradi-
ation, and xvo, xvp, and xs,v are the reaction con-
stants for the formation of complexes VO, VP, and
SnV, respectively.

The dependences ky(ng) for irradiated n-Si and
n-Si(Sn) are exhibited in Fig. 3. Figures 4 and 5
demonstrate the contribution of each defect to the
conductivity degradation in those materials. The cal-
culated dependences shown in Figs. 3 to 5 were ob-
tained using expression (2), where the formation effi-
ciencies for specific types of defects were determined
from expressions (3)—(5). The following parameters
were determined experimentally (Table 2): the ratios
between the reaction constants of defect formation
Xsnv/xvo =~ 3 and xvp/xvo = 20, and the efficiency
of free vacancy generation Ay ~ (8+8.5)x1072 cm 1.
Figure 3 testifies the following.

1. In the examined interval of concentrations ng,
the conductivity degradation constant k, changes
much stronger in n-Si without Sn (by more than two
orders of magnitude, curve 1) in comparison with the
corresponding change in n-Si(Sn) (in particular, by
approximately half as much in n-Si with the Sn con-
centration equal to 2 x 1017, curve /). Moreover, the
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dependences for n-Si(Sn) contain sections, where k,
is practically independent of ng (i.e. k, = const).
The length of those sections is determined by the
tin concentration. For example, k,, =~ const at
no < 2x10% ecm =2 for n-Si with [Sn] = 2x 107 cm ™~
(curve /) and at ng < 2 x 10 cm~3 for n-Si with
[Sn] = 2 x 10*® em ™3 (curve 1).

2. In n-Si(Sn), the conductivity degradation at the
electron irradiation occurs more rapidly than in n-
Si without of Sn. This difference is considerable for
high-resistance samples. If the concentration of free
electrons ng > 1 x 10' cm™3, the rates of free elec-
tron removal come closer in both materials, with this
effect happening earlier in samples with lower tin con-
centrations.

The features of the conductivity degradation in
undoped and tin-doped n-Si, which were described
above, can be explained if we analyze the relative con-
tribution of each radiation-induced defect that com-
pensates the conductivity in the materials (Figs. 4
and 5). From Fig. 4, it is evident that the main
compensating radiation-induced defects in n-Si with-
out Sn are VP complexes in almost the whole in-
terval of variation of ng, except for the values ng <
< 1x10* cm~2, where the contribution of the single-
charged state of divacancies V, /% dominates. From
Eq. (2), we obtain that, in n-Si with a phosphorus
concentration higher than 1 x 10'* ¢cm™2 and irradi-
ated with electrons, the rate of free electron removal
is determined as follows:

d[VP]
kyp ~2——. 6
1% (6)
In n-Si(Sn), the main compensating radiation-

induced defects are SnV complexes (Fig. 5). At
the Sn concentration [Sn] = 2 x 10}” em~2 (when
no < 2 x 10 cm~3), the contribution of SnV~/° to
the variation of the electron concentration is not less
than 90% (curve 2). This is so because the level of
SnV~/? is arranged practically in the middle of the
energy gap in silicon and is completely filled with elec-
trons. For this case, from expression (2), we obtain

__ d[SnV]
b = (7)

When ng > 2 x 10'° ¢cm™3, the relative contribution
of SnV~/9 diminishes against the growth of contribu-
tions made by VP (curve 3) and SnV~==/~ (curve 4)
complexes.
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Fig. 6. Dependences of the formation efficiency 7 on the con-
centration ng for main compensating radiation-induced defects
in n-Si(Sn) with [Sn] = 2 x 10’7 cm™3 (curve 1 for SnV and
curve 3 for VP) and reference n-Si (curve 2 for VP). Solid
curves correspond to the results of calculation by formulas (4)
and (5), and points to experimental data

This means (see expressions (6) and (7)) that the
formation efficiencies of the corresponding radiation-
induced defect govern the behavior of the depen-
dences ky,(ng) for irradiated textitn-Si and n-Si(Sn).
Figure 6 illustrates how the formation efficiencies
n for main compensating radiation-induced defects
change with the concentration of free electrons ng in
irradiated n-Si{Sn) with [Sn] = 2x 107 cm~3 (curve 1
for SnV and curve 3 for VP) and n-Si (curve 2 for
VP). While comparing Fig. 6 with Figs. 4 and 5, we
see that, in the high-resistance region, the following
inequalities hold true: (nsnyv + 7ve)sn > (MvP)sn=0
and (nsnv)sn > (nve)sn- Therefore, the conductiv-
ity degrades under electron irradiation much more
rapidly in n-Si(Sn). In the low-resistance material
(no > 1 x 1016 cm™3), nyp sharply increases in both
doped with tin (Fig. 6, curve 3) and reference (Fig. 6,
curve 2) n-Si owing to the high concentration of phos-
phorus. In this case, (nsnv +7vP)sn =~ (Pvp)sn=o0 and
(Msnv)sn < (Mvp)sn, and the k,-values in both ma-
terials come closer. It is clear that the variation of
the Sn concentration in n-Si gives rise to a change
of ngnv (see expression (5)) and to the corresponding
change in the contribution of SnV complexes to the
conductivity degradation at irradiation.

4. Conclusion

In this work, the influence of the isovalent Sn impu-
rity on the change of the free electron concentration
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in Cz n-Si irradiated with 1-MeV electrons was exper-
imentally studied and analyzed. It is found that the
Sn impurity leads to the acceleration of the conduc-
tivity degradation in irradiated n-Si. This difference
is considerable for high-resistance samples, whereas,
in low-resistance samples, the rates of free electron
removal become almost equal in both materials. This
phenomenon is related to the fact that, in the high-
resistance substance (ng < 2x10'® cm=3?), the forma-
tion efficiency for the main compensating radiation-
induced defects in n-Si doped with Sn (SnV com-
plexes) is much larger than that in n-Si without Sn
(mainly, VP complexes). In the low-resistance mate-
rial (ng > 1x10'6 cm~3), the presence of phosphorus
in high concentrations gives rise to a drastic growth of
the formation efficiency for VP complexes (and, as a
result, of their relative contribution to the conductiv-
ity degradation) in both doped with tin and reference
n-Si. This fact explains why the values of k,, in both
materials come closer to each other.
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BILUIMB JIOMIIIKI OJIOBA
HA JIETPAJIAIIIO IPOBIIHOCTI B n-KPEMHIT
[IPU EJIEKTPOHHOMY OITPOMIHEHHI

Peszmowme

ExkcnepuMeHTaIBHO JOCTIIZKEHO Ta TPOAHAJI30BAHO BILIUB i30-
BaJIEHTHOI JJOMIIIIKM OJIOBA Ha 3MiHY KOHIIeHTpalil BIIbHUX eJte-
KTpPOHIB y n-Si, Bupomenomy 3a MmeronoM Joxpasbcbkoro (Cz),
onpoMiHeHOMY ejiekTpoHamu 3 eHepriero 1 MeB. Bcranosie-
HO, II[0 JOMIIIKa OJIOBA IIPUCKOPIOE JErpaJIalliio IPOBiIHOCTI
B onpoMmineromy n-Si. IlokazaHo, 110 1€ NPUCKOPEHHSI € 3Ha-
9HUM y OBl BUCOKOOMHHUX 3pa3KaX, & Y HU3bKOOMHHUX 3pa3-
KaX IIBUIKOCTI BUJIAJIEHHSI BIJIbHUX €JIEKTPOHIB B 060X MaTe-
pianax maiike 3piBHIOIOTBCs. Lleit dakT moscHIOETHCA BigMiH-
HICTIO ¥ e(DEKTUBHOCTSAX YTBOPEHHS OCHOBHHUX KOMIIEHCYIOYNX
pagianiiianx nedexris y n-Si 3 Sn (kommrekcie SnV i VP) Ta
n-Si 6e3 Sn (rosoBHEM 4YHHOM KOMIUIEKCIB VP) 3asexkHO Bix
KoHneHTpauil dpochopy B 3paskax.
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