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DEFECTS FORMATION IN BORON
IMPLANTED SILICON DURING
RAPID ISOTHERMAL ANNEALING

LENHARD, R.Y), Roznov pod Radhostém, LUBY, 5.2), Bratislava

A simple model of secondary defect formation in implanted layers is presented. It
describes the precipitation of postimplantation non- equilibrium silicon interstitials,
the growth of stable disc agglomerates and their transformation to dislocation loops.
The influence of the heating rate on the precipitation phenomena is studied and it
is shown that using a sufficiently rapid annealing, the secondary defect formation
can be avoided.

The model is experimentally verified using boron implanted silicon processed
by furnace rapid isothermal annealing. The rate of temperature increase was 1-
1000°C/s. Secondary defects were visualized by reoxidation and chemical etching
of silicon. Defect formation was dependent on the implantation dose Ny and at
higher doses a faster temperature rise o was necessary in order to achieve defectfree
structure. (E.g. o = 100°C/s was sufficient for Ny = 10" em~2, but not for-
Ng = 5 x 1014 naln.v For the activation energy of the migration of interstitials the
value of 1.7eV was estimated. The times of the outdiffusion of defects at various
doses and temperatures were calculated as well. The experimental results are in
agreement with the proposed model.

L INTRODUCTION

Due to collisions of implanted atoms in the semiconductor lattice primary point
defects, e.g. vacancies, divacancies and interstitials, are created. Already during
the implantation process, which is performed at the temperature of 2 300K as a
rule, point defects partly recombine or they agglomerate into complexes. For the
agglomerate formation the content of impurities, like boron, phosphorus, carbon
or oxygen in the case of silicon is also important.

In the subsequent thermal processing of the implanted material the primary de-
fects continue to recombine. However, in the case when their concentration is high,
not only recombination but also agglomeration into energetically more favourable
configurations occurs. The agglomerates may then transform into secondary de-
fects — rod like defects, dislocation loops or stacking faults.

The implantation caused radiation damage and the corresponding primary de-
fect behaviour was studied in many papers, e.g. {1, 2, 3] including our previous
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work [4]. In the present paper our attention extends to the secondary defects. A
simple model for the defect formation in boron implanted silicon is presented. Us-
ing this model, the influence of the implanted dose and the heating rate on the
secondary defect formation is studied.

II. MODEL OF SECONDARY DEFECT
FORMATION IN IMPLANTED LAYERS

The role of post-implantation annealing is twofold: to activate the implanted
dopants and to restore the damaged crystal lattice. With regard to the second part
it is important to reduce the implantation caused point defects and to prevent or
at least suppress their transformation into stable secondary configurations.

The thermodynamic system is in equilibrium at the minimum of the free en-
thalpy. Nonequilibrium defects involved by implantation increase this enthalpy,
which can be again decreased by the defect recombination but also by the forma-
tion of energetically more favourable precipitates or interstitial planes inside the
dislocation loops.

Let us consider a certain spherical region of the crystal containing N; nonequilib-
rium silicon interstitials. Vacancies are not considered here, because the secondary
defects formed from vacancies are observed rarely in silicon. Let N, of interstitials
be incorporated in an agglomerate, whereas the remaining N; — N, interstitials
are distributed randomly. The volume of the mentioned region is expressed as

V(@) = ma 2Dy 2], 1)

where R = 2(D;t)!/2 is the diffusion length of interstitials, ¢ is time and D; is the
diffusion coefficient of interstitial atoms [7).

We shall consider now the free enthalpy decrease via the formation of a disc
agglomerates in the silicon (111) plane. (Spherical agglomerates as well as dislo-
cation loops have a higher energy for the same number of interstitials.) The free
enthalpy of the system is

Q = Qn e Q..la‘ va

where G, G;_, relates to the agglomerate and to the rest of the region, respec-
tively. We can write [5]

Qm-an»ﬂﬁzus Azﬂ.\m_.zav - N, T Az..\(mazﬁv Lﬁ. (3)

Here, Neg 1s the number of interstitials which are in thermodynamic equilibrium
in the volume V(t) and kT has the usual meaning.
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Fig. 1. Spherical region of the crystal with diameter B = 2(Dit)'/? containing N, interstitials

incorporated into the energetically more favourable defect and N; — N, interstitials distributed
randomly in the rest of the spherical volume. C;(z) represents the depth distribution of the

implantation caused nonequilibrium silicon interstitials

The number of nonequilibrium interstitials N in V(¢) (<f. Fig. 1) can be ob-
tained by integration of the Gaussian distribution of interstitials (see [4]). Further,
we assume a nonamorphized implanted layer.

The quantity G, for a disc agglomerate in silicon is given by {6]

mz AZQE . .
Ga = Wf?ﬂ«v Hah] o )

where K, = 8 x 10 ¢em=2 is the density of atoms in the silicon (111) plane,
Apg is the silicon lattice constant and o is the density of energy at the boundary
of the precipitate and the surrounding crystal: o = 2H:; /7 Af [eV/cm?], Hiy =
4.13 x 107%(T — Tp) + 2.59 [eV]for T > Ty, Ty = 570K [7].

The dependence of the free enthalpy on the number of interstitials in the ag-
glomerate in silicon is shown in F ig. 2 (curve an. The maximum is reached at
Ny = Nge. )

Now two possibilities are to be considered:

a) For N, < N, the free enthalpy is decreasing by the decrease of Ng, ie. by
the dissolution of the agglomerate.

b) For N, > N,. the decrease of free enthalpy is taking place by the further
growth of the stable agglomerate.

From the condition dG/dN, = 0, assuming N; > N, and using egs. (2, 3, 4),
Ny can be expressed as follows:

4 \Aw
Nge = 3K, 0 2 Amv

[0 () - 2]’

The temperature dependence of N,, (Fig. 3) shows that at a higher temperature

only larger agglomerates are stable and, therefore, the probability of formation of
stable agglomerates decreases with increasing temperature.
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Fig. 2. Free enthalpy of disc agglomerate (Ga) and of dislocation loop Gy vs. the number of
Interstitials in the defect. Boron dose implanteq into silicon is Ny = 1014 em™?, V() = 2
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. 204N ._mﬁ us discuss the free enthalpy of the dislocation loop Gi. The number of
interstitials in the loop again will be denoted N,, b will be the absolute value of

the plane of the loop. Following [8] we can write

Gi = Ay(N,)V/2 ?Exz..v_ﬁ - \i_ (6)
where
- b’ 2 2-v .,
AT e+ S5 s,
4 .
Ay = ETANE (2cos ¢ +sin ),

As = cosp + 2sin .

Here p is the shear modulus of silicon and v is the Poison ratio. For the evaluation
of energy the values ¢ = 30°, 1 = 1/3 and p = 7.5 x 106 N/em?, b = Ay /2 (110)
are used. The result is shown in Fig. 2, curve G,.

From the results it follows that the system will decrease its energy up to the
point A (Fig. 2) by the growth of the agglomerates. At point A the agglomerates
will transform to dislocation loops. The energy of dislocation loop with critical
size is too high, therefore in the implanted layer the loops do not form directly
but via disc agglomerates.

Using the described model the influence of annealing and implantation condi-
tions on the growth of agglomerates will be studied experimentally.

III. THE INFLUENCE OF THE HEATING RATE
ON THE GROWTH OF AGGLOMERATES

As it was shown in the previous chapter, smaller agglomerates (N, < Ng.) are
not stable; they form and dissolve concurrently and their equilibrium concentration
is given by the vant’Hoff isotherm

N; Ga

Ca= 0] meAlm . (7

Here, C, is the concentration of agglomerates containing N, interstitials in the
system with the concentration of interstitials Ci = N;/V(t). If the concentration
of the agglomerates with the critical number of interstitials Ny, is lower than a
certain minimum value Ca min, we shall assume for simplicity that in the implanted
layer the conditions are not appropriate for agglomerate growth.

In Fig. 3 there are shown the numbers of interstitials in the largest agglomerates
that can be formed at various rates of temperature increase (full lines). For the
growth of the agglomerates it is decisive whether stable configurations are formed.
If the temperature increases slowly (¢ = 1 and 10°C/s), N, > N,, at Ca > Chmin.
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M,.a o.\ Irowmmmu M:W 1000°C/s ::w. situation is quite different. The Inequality C, <«

»,OM :::m < efore No > N,, 5.?5:3. Therefore, stable agglomerates are not

‘ormed and in this case the full lines in Fig. 3 denote the numbers of interstitial

In the agglomerates with the concentration C, ;.. o

nrmeM“ SMMm %mwvn:mmMm m:.om.& m.e follows :....pm at a rapid increase of the temperature,

o » Whic is ::.:8& by the diffusion length of the Interstitials, is not
€ to reach the size whijch 1s favourable for the growth of agglomerates.

Qm““”mw“\ MMMMNMMMW boron dose the number of nonequilibrium interstitials in-
Lo ! and, oo:mmm:.w:.ﬁva agglomerates are formed at a smaller value of
- +he situation is shown ip Fig. 5 for two doses, It is evident that at the higher
dose mmm.@onm are formed even at o — 100°C/s. This means that the Enammmmzm of
the rowsc.m rate does not principally prevent the formation of secondar mmmmmo
But there is the Important mutua] relation — the higher the heating Bﬂm 1s Mrma.

higher may be the ion dose whj
ich can be annealed out wit
formation during heating up. thout reeondany defets

222

d
s: a) 1000°C/s, b) 100°C/s,
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Fig. 4. The density of defects after annealing at various heating rate:

) 16°C/s, d) 1°C/s. Annealing conditions are 1100 °C/30s, boron dose was 1014 ¢ —2
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Fig. 5. Temperature dependences of the critical numbers Ny of interstitials in the agglomerate
(dashed lines) and the numbers of the interstitials in the agglomerates of the maximum size (full

lines) for o = 100°C/s and two boron doses

In further experiments the maximum doses that can be annealed out at various
temperatures were studied. The results are in Fig. 6. Using the roughly drawn
boundary it can be calculated that the maximum concentration of interstitials

after the out-diffusion process (at t = const.) has a limiting value of Ciay =

5.7 x 10'% cm~3, which is temperature independent. The slope of the line in Fig. 6
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Fig. 6. The dependence of the implanted dose necessary for secondary defect formation vs. an.
nealing temperature for the heating rate o = 100°C/s and annealing time ¢ = 305, The density
of defects js shown by various symbols

is proportional to the activation energy of the migration of Eamnmssﬁm_ which has
a value of H;, = 1.7eV. This is in an approximate agreement with the value of
the migration enthalpy 1.86¢v obtained by Seeger [7] for 1047°C. These results
confirm the assumption that the decrease of the concentration of nonequilibrium
interstitials is governed by their outdiffusion.

Providing that secondary defects were not formed during heating up, from the
formerly mentioned results follows the second requirement for defect-free annealing
and this is the outdiffusion of interstitials below the maximum acceptable nonequi-
librium concentration. It meaps that in a crystal containing less than Chmax inter-
stitials secondary defects cannot be formed even during the temperature decrease
or the subsequent temperature Processing. Therefore the whole annealing cycle is
to be taken into account. :

Using the values of Him [7], Chax and that of the maximum concentration of
primary defects after ion implantation [4], the time of outdiffusion of the primary
defect (tmin) at various doses and temperatures can be calculated at least approxi-

Let us now comment on Fig. 4 again. The annealing at 1100°Cwas performed
» however, that for Ng= 10" cm=2 ¢he time of
outdiffusion is 200s. Therefore the concentration of interstitjalg did not decrease
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Fig. 7. The time of the outdiffusion of primary defects to the concentration below the value

Cmax vs. temperature for various boron doses

up to Cihax and during cooling or the subsequent reoxidation secondary mwmwnam
with small densities could be created. Perhaps in this way the small density of
defects in samples a, b (Fig. 4) could be explained.

The calculated and experimental results are schematically summarized in Fig. 8.
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Fig. 8. Summarization of defect-formation in boron implanted silicon
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V. CONCLUSIONS

a) Disc-like agglomerates of silicon interstitials precede dislocation loop forma-
tion.

higher is the ion dose which can be annealed out without secondary defects for-
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®OPMMWPOBAHUE AEPEKTOB B KPEMHUU
NMIINIAHTUPOBAHOM BOPOM ITIPU BLICTPOM
M30TEPMUYECKOM OTXKUTE.

BaHUE Ne(eKTOB 3aBUCHT Ha Ho3e MMINAHTAIMU Ny, HO IIPM BRICOKMX fo3ax
Tpebyerca mia nonyuenus 6esnedexrroi CTPYKTYPHI yBeJWdeHue CKOPOCTH
HapacTaHUA TEMHOEPaTypHl a. A:w:w. a = Scoo\nmx AOCTATOYHO IaA N, =
10' cM~2 HO yiKe He anA Ng = 5x10" cM~2.) Drepruu AKTMBAIMM UHTEDCTULMAI
onereHa Ha 1,79B. Pacuntano ramxe BPEMA INPY3IMOHHOTO yaateHus nedek-
TOB NPH pa3HbIX R03aX M TeMIlepaTypax. @xn:%:!mmemhwmzm pPe3yabTaTh
HaXOAATCA B XOPOIIEM COrNacHy ¢ npenjaraemoif MO IeJIb10.
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