
ly

PHYSICAL REVIEW B 15 SEPTEMBER 1997-IIVOLUME 56, NUMBER 12
Helium in silicon: Thermal-desorption investigation of bubble precursors
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Thermal desorption measurements are performed on~100!-orientedp-type Si wafers implanted with He ions
at 20 keV. The doses have been selected in order to produce crystal damage avoiding the formation of
detectable bubbles. The He effusion kinetics, studied both in isothermal and in constant heating rate conditions,
exhibit effective activation energy heterogeneity indicating the presence of various kinds of traps, precursor of
the bubbles. The energy distribution results peaked at about 1.1 eV with an exponential decay towards higher
energies and a width of about 0.2 eV. A semiquantitative model, based on the present knowledge about the
Si:He system, is proposed, that accounts for He filled nanoblisters formation through interstitial He clustering
and precipitation. The observed energy heterogeneity is ascribed to variations of the He solution energy from
these cavities due to He-He and He-wall interactions.@S0163-1829~97!05035-2#
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I. INTRODUCTION

Room-temperature He implantation into silicon at hi
doses~of the order of 1016 cm22) produces cavities of vari
ous sizes filled with He. The subsequent thermal treatme
at temperatures above 700 °C, cause He to effuse and
remaining voids to coalesce producing empty bubbles w
dimensions in the range 5–100 nm.1–4 The walls of these
cavities, supposedly perfectly clean, are of great scien
interest either for fundamental5–8 or for applied
research.3,4,9–12Bubbles are observed in silicon whenever
critical He concentration of 3.531020 cm23 is exceeded, in-
dependent of the energy used during room-tempera
implantation.3,4 Though many papers have been devoted
the search for the conditions of preparing the bubbles w
convenient dimensions and located at the desired depths
microscopic interactions at the origin of the formation of t
bubbles are not adequately investigated yet, in particu
very little is known about the physical phenomena that p
duce the release of He atoms and create the nanocav
precursors of the bubbles.

Bubbles in ion-implanted materials are the end produ
of several processes which include the interactions of
with the defects, the creation of nanocavities, the releas
He atoms, and finally, the agglomeration of nanocaviti
The defect production is well described by simulation cod
based on Monte Carlo or molecular-dynamic approaches
simulate ion-matter interactions. Although He in metals h
been extensively investigated, very few thermodynamic
kinetic data are available on the Si:He system. The solu
energy,DHs'0.9 eV, of He in Si can be evaluated as t
difference between the permeation enthalpy of 1.74 eV~Ref.
13! and the migration energyEm of 0.8 eV.14 Calculations of
heats of solution of the He atom in various Si interstitial si
performed by Alatalo, Puska, and Nieminen15 adopting a
Car-Parrinello first-principle molecular-dynamics sche
give the absolute minimum value of 0.88 eV in very go
agreement with the experiment. This value is found for He
560163-1829/97/56~12!/7331~8!/$10.00
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the tetrahedral siteTd . In the same work the migration en
ergy is ascribed to the energy barrier encountered during
zigzag movement from the tetrahedral to the hexagonal s
the value estimated is 0.84 eV, in agreement with the exp
ment. It is also evidenced that the single vacancy does
act as a trapping center for He atoms because of its h
electronic density compared to that in interstitial region
The same authors show that two He atoms in a perfect c
tal tend to occupy adjacentTd interstitial sites so minimizing
the total energy due to lattice relaxation. The energy g
compared to the case of two single interstitial He atoms
0.08 eV, which can be regarded as binding energy of the
atom pair in Si. The He pairs are therefore stable at ro
temperature and the process of pairing can lead to cluste
The activation energy for He release from stable bubb1

produced by high doses of ion implantation isEbubble51.7
eV. In permeation experiments,13 where similar results have
been obtained, the activation energy has two contributio
one from the enthalpy of solution of He and the other fro
the migration energy. The same contributions should
present in the ion implantation cases andEbubble should be
regarded as the upper limit of the dissociation energy of
from any defect in Si, if the van der Waals binding can
neglected.

The purpose of this work is the study of the defects, p
cursors of the bubbles in Si, by means of their interact
with He employing thermal-desorption~TD! spectrometry.
The experiment is performed in an unusual fashion since
is used both for damage production and as a probe for
fects. In addition, for the energy and doses used, the de
density and He concentration around the projected rang
the implantation profile can reach values such that the p
nomena of retrapping as well as multiple decoration of
traps can appreciably affect the desorption process. In th
conditions, the interpretation of the TD spectra must ta
into account possible heterogeneity in the trap binding
ergy produced by the different sizes of traps and by th
effect on diffusion. For the interpretation of the experimen
7331 © 1997 The American Physical Society
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results, a semiquantitative model will be proposed in the d
cussion accounting for the formation of small vacancy cl
ter precursors of the bubbles.

II. THERMAL-DESORPTION SPECTROMETRY

Thermal-desorption spectrometry, originally develop
for surface analysis,16,17 is also a powerful instrument fo
studying defects in bulk by means of their interactions w
noble gases, e.g., He. The He atoms, brought into the m
rial by implantation, tend to occupy regions of minimu
electron density where they are trapped. He implanta
close to the critical doses for bubble formation produc
damage mainly composed of point defects and small de
clusters. It is reasonable to expect that the He atoms re
trapped by a population of sinks, characterized by a sli
dispersed activation energy for He dissociation. In this s
tion, we first recall the fundamental equations of the hom
geneous He emission, then we will derive the equation
the case of energy heterogeneity of the traps by analogy
the case of chemisorption and adsorption on r
surfaces.18,19

A TD measurement is performed by recording the cons
ered gas partial pressure, proportional to the desorption
r (t)5udC/dtu ~the amount of He leaving the unit surface p
unit time!, during sample heating in a known temperatu
time profile, usually constant in isothermal measurements
with constant slope in constant ramp rate~CRR! measure-
ments.

In the presence of singly occupied noninteracting traps
only one kind, the desorption consists of He release w
first-order kinetics described by the differential equation:

dC

dt
52

C

t~T,E!
, ~1!

where t(T,E)5t0exp(E/kBT) is a characteristic time, ther
mally activated, function of the absolute temperatureT and
of the binding energyE proper of the trap;kB is the Boltz-
mann constant.

Denoting byC0 the total amount of matter involved in th
process, the isothermal solution, with initial conditionC(0)
5C0 , is given by

C~ t !5C0expS 2
t

t~T,E! D . ~2!

The desorption rate resulting from the measurement is g
by

r ~ t !52
dC

dt
5

C0

t
expS 2

t

t D . ~3!

The energy heterogeneity can be introduced through
definition of the activation energy distributionw(E), where
w(E)dE represents the fraction of material that desorbs w
activation energy betweenE andE1dE. The normalization
condition requires that*0

1`w(E)dE51. The heterogeneou
isothermCh(t) is then constructed by observing that all h
mogeneous isothermsC(t,E) at time t contribute to the de-
sorption process, each weighted by its own probability:
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Ch~ t !5E
0

1`

C~ t,E!w~E!dE. ~4!

This approach does not distinguish the case of a distr
tion of populations of traps simultaneously present and sta
~fixed heterogeneity! from the very different case in which
the process at timet is characterized by a single activatio
energyE(C) function of C(t) ~induced heterogeneity!.

According to Eq.~2!, we use the family of functions

C~ t,E!5C0expS 2
t

t0exp~E/kBT! D , ~5!

as a kernel of Eq.~4!. As a distribution function we assum

w~E!5H 0, 0<E,Emin

A exp~2E/D!, Emin<E<Emax

0, E.Emax,

~6!

whereA is a normalization constant,D a fitting parameter
that measures the energy spread, andEmin andEmax are the
extremes of the activation energies that appreciably cont
ute to the desorption process. Equation~6! is widely used in
literature and the combinations of the values of the th
parametersD, Emin , andEmax allow a wide class of possible
situations to be described:~a! boxlike distribution~producing
a pure time-logarithm law! for Emax2Emin!D and D
@kBT; ~b! exponential distribution, forEmax@Emin1D, D
finite and greater thankBT; and ~c! energy homogeneity for
D,kBT. The case of energy distribution monotonically i
creasing is not considered since it is not compatible with
experimental results, as will be shown later.

In the fitting procedure, a crucial point is the choice of t
preexponential factort0 in Eq. ~5! since it determines the
absolute values of activation energies. What is strictly n
essary is a guess of its order of magnitude that can be ev
ated performing the fits using the parametert instead ofE
@by the substitutionE→kBT ln(t/t0)] and from an Arrhenius
plot of tmin .

The function of the isothermal rate is given by~see the
appendix!

r h~ t !}B
d

dtF t2kBT/DGS kBT

D
,

t

tmin
,

t

tmax
D G , ~7!

where B is a constant, tmin5t0exp(Emin /kBT), tmax

5t0exp(Emax/kBT), andG(s,a,b)5*a
bxs21exp(2x)dx is the

generalized incomplete gamma function.
In Fig. 1 we report calculated heterogeneousr h(t) for the

three mentioned cases. In the same figure we have ove
the same numerical data referred to convenient ordin
scales on the right axes to furnish a rule for the recognit
of the three kinds of heterogeneity. Cases~a! and ~c! are
identified by a straight-line behavior of the 1/r h(t) and
ln@rh(t)# plots respectively, while case~b! can be recognized
by a slight superlinear deviation in the 1/r h(t) plot, accen-
tuating with decreasingD.
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III. EXPERIMENT AND RESULTS

It is believed that no voids or bubbles are observed
silicon after annealing if they were not already present in
as-implanted sample.4 This means that the implantation co
ditions are the main parameters for bubble production.
have chosen an implantation energy of 20 keV in order
drive the ions deep into the samples and avoid He effus
during implantation or during the storage at room tempe
ture. The implantation profile was simulated by means of
TRIM95 code20 in order to estimate the influences suitable
the experiment. At 20 keV the He projected rangeRp is
expected to be about 235 nm with a stragglingDRp of 85
nm, hence an implantation of some 1015 cm22 is expected to
produce a maximum He concentration slightly below t
critical concentration for bubble formation.

Four 1502mm, p-type ~1.7–2.5 V cm!, Czochralski-
grown, ~100!-oriented silicon wafers were implanted at 2
keV and influences 1.431015, 531015, 231016, and 3.5
31016 cm22, respectively, with a beam current of about
mA cm22 and keeping the sample holder near room tempe
ture. Sample tilt was 7° to avoid ion channeling.

TD measurements were performed in a vacuum cham
of volume 2000 cm3 where the sample is in contact with
heater made by a rigid stainless-steel bar. Silver paint is u
to ensure good thermal contacts both for the sample and
a Chromel-Alumel thermocouple, placed on the back side
the bar, just behind the sample. The chamber is equip
with a turbomolecular pump~with pumping speed for He o
370 l s21) that mounts on the exhaust of a second turbom

FIG. 1. Calculated isothermal desorption rates for three differ
energy heterogeneity conditions assumingt0510210 s. ~a! Boxlike
energy distribution (Emin51.2 eV, Emax52 eV, D510 eV!; ~b!
exponential distribution (Emin51.2 eV, Emax52 eV, D50.1 eV!;
~c! homogeneity@Eq. ~3! with E51.2 eV#. Solid lines are referred
to the left axes, dashed lines are referred to the right axes.
n
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lecular pump that, by means of the counterflow method,
rects preferentially the He atoms towards the head of a qu
rupole. The counter-flow method is based on the principle
mass-dependent compression: the second turbomole
pump~pumping speed for air of 50 l s21, for He of 2 l s21

)

functions as a mass separator allowing light gases to p
through to the mass spectrometer against the direction o
evacuation flux. The first pump guarantees a prompt
evacuation from the sample chamber, while the particu
position of the quadrupole, along the only path permitted
the gas, allows a direct evaluation with high sensitivity of t
actual He flux leaving the sample. The response time to a
excitation is below 1 s, the exhaustion time is below 4 s, a
the minimum detectable flux is 5310210 mbar l s21. Both
isothermal and CRR desorption measurements were
formed. All the thermal treatments started from a tempe
ture of 50 °C; for isothermal measurements the desired
nealing temperature was reached with a ramp of 60
min21, while for CRR measurements the maximu
achieved temperature was 800 °C.

Figure 2 reports the He CRR desorption spectra~heating
rate 45 °C min21) of the four samples. In all the cases the H
release starts at 250 °C with a maximum desorption rate
the range 250–500 °C: the higher the dose, the higher
temperature. The samples with the two highest doses pre
a second large broad peak at about 700 °C that, for shape
temperature position, could be due to He released fr
bubbles.1,21 Transmission electron microscope images
cross-sectional conditions moreover confirm the presenc
the bubbles only in the samples that have the peak at 700
For the aim of this work was selected the 531015 cm22

sample since it does not contain bubbles, at least for
sensitivity of our TD system and for the electron microsco
resolution. In the following, we will refer to this sample,
not otherwise stated. CRR measurements, in addition to
shown in Fig. 2, was performed at 4 °C min21 and
400 °C min21; even for the fastest ramp the pumping syste
was able to adequately exhaust the sample chamber.
desorption spectra at the three different heating rates
shown in Fig. 3. As expected, for a kinetically controlle
process, the peaks shift towards higher temperatures as

t

FIG. 2. TD spectra~heating rate 45 °C min21) of room-
temperature He-implanted silicon of 20 keV at different doses.
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7334 56F. CORNIet al.
ramp rate is increased. The maxima are positioned at
330, and 390 °C, respectively.

The isothermal treatments were performed at 190, 2
250, 270, and 300 °C. These temperatures have been sel
compatibly with the characteristics of the measurement s
tem: the minimum temperature, 190 °C, ensures desorp
rates significantly higher than the instrumental sensitiv
and the maximum temperature, 300 °C, is the highest c
trolled temperature without appreciable He loss before te
perature stabilization. The He desorption rate at 250 °C
function of time is reported in Fig. 4; it reaches a maximu
at about 190 s, then decreases monotonically with time. A
250 min some He is still retained in the sample. In the in
it is shown that the spectrum~solid line! obtained in the same
sample cooled at room temperature and then heate
45 °C min21. As a comparison, it is reported the spectru
~dashed line! was obtained in the same CRR conditions b
from a sample not previously heat treated. The two cur
are practically superimposed in the 400–600 °C tempera
range.

In order to check if the time to reach the maximum H
effusion rate is a physical phenomenon connected to
sample or is an instrumental artifact~due, for example, to
conductance or sample thermalization delay times!, an iso-
thermal measurement at 250 °C was interrupted when the
flux was at the maximum and restarted after the sample
left for few minutes at room temperature. Figure 5 compa
the measured rates during the first seconds of the isothe
treatments before and after the interruption. In the curve
ferred to in the second run, the spike aroundt50 is due to
temperature fluctuations during the heater stabilization at

FIG. 3. CRR spectra of the 531015 cm22 sample at
different heating rates:~a! 4 °C min21, ~b! 45 °C min21, ~c!
400 °C min21 ~circles!. The solid lines are calculated in the hypot
esis of an energy distribution as shown in Fig. 8.
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end of the initial 60 °C min21 ramp. The maximum tempera
ture experienced by the sample is 253 °C for 5 s. The t
curves are one being the continuation of the other provi
that the second one is shifted by about 200 s afterwards;
result of their union reproduces, considering an experime
error in temperature reproducibility of62 °C, the 250 °C
noninterrupted isothermal measurement of Fig. 4. This in
cates that the experimental conditions do not modify the
tus of aggregation of He and, moreover, that the rising p

FIG. 4. Desorption rate at 250 °C as a function of time. T
inset reports the subsequent CRR spectrum at 45 °C min21 ~solid
line! compared to the reference spectrum of the as-implan
sample~dashed line!.

FIG. 5. Desorption rate during two subsequent isothermal tr
ments at 250 °C on the same sample. The first anneal~solid line!
proceeded until the He flux reached the maximum value, then
sample was cooled down to room temperature~at aboutt5200 s!.
After 10 min, the second isothermal treatment was started and c
pleted. The time axes are so aligned ast50 corresponds in both
cases to the time when the sample temperature reached 250 °
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and the decreasing part ofr (t) can be ascribed to two se
quential phenomena.

IV. DATA ANALYSIS

Thermal desorption measurements, especially in C
conditions, cannot be univocally interpreted since the sa
results can be obtained by suitable combinations of vari
processes with different kinetics. As a consequence, be
analyzing the data in detail, it is necessary to identify
kind of kinetics involved in He release.

A. Preliminary observations

The isothermal measurements present first of all a
time t r , here defined as the time required for the He to re
the highest desorption rate, monotonically decreasing w
temperature. The rise time cannot be due to conventio
diffusion time, tdiff , of He from the implantation peak. In
fact, using literature data14 for the diffusion coefficientD, at
250 °C,tdiff5Rp

2/D'4 s while t r5190 s, about two orders
of magnitude higher.

To investigate the kind of kinetics of the subsequent
creasing part ofr (t), in Fig. 6 are reported the experiment
data obtained at 250 °C and plotted in various ways,~a! as
r (t), ~b! as ln@r(t)#, ~c! as 1/r (t). Higher integer negative
powers of the rate are ignored when corresponding to ki
ics orders greater than one. No linear dependence is obse
in the logarithmic plot@Fig. 6~b!# excluding pure first-order
kinetics, while a slight superlinear dependence is obtaine
Fig. 6~c!. Such behavior, according to the scheme of Sec
evidences the presence of energy heterogeneity, with an
ergy spreadD.kBT. Energy heterogeneity means, in th
case, that the He effusion can be thought of as the supe
position of different contributions with kinetics of as man

FIG. 6. Isothermal He desorption rate at 250 °C as a function
time in ~a! linear scale,~b! logarithmic scale, and~c! inverse scale.
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little-differing, activation energies. Evidence of the soun
ness of the hypothesis of energy heterogeneity can be
duced also from this inset of Fig. 4: after an isothermal tre
ment at 250 °C, the He remaining in the sample desorbs
narrower temperature range and shifted towards higher t
peratures compared to the case of the as-implanted sam
suggesting the presence of a fraction of He atoms relea
from traps to which it is bonded more strongly. Also in th
case, the characteristic time for conventional diffusiontdiff
results in two orders of magnitude lower than the charac
istic timetm of the isothermal measurement estimated as
absolute minimum of the functionur (t)/C(t)u. For example,
at 250 °C,tm is about 200 s which should be compared w
the previously calculatedtdiff'4 s.

Analyzing the CRR measurements and focusing the at
tion, for example, on the 45 °C min21 spectrum of Fig. 3~b!,
it is clear that the desorption peak presents an inapprop
shape for pure first-order kinetics, asymmetric towards
high temperatures with a long tail from about 400 up
600 °C. An objective indication can be obtained by means
the skewness parametersx f defined by Chan, Aris, and
Weinberg,22 calculated at various fractionsf of the maxi-
mum. All the skewness parameters are inconsistent with
theoretical predicted values for homogeneous first-order
netics; in the case of half maximum, the experimental va
of x1/2 is 15 versus a predicted theoretical value of215.

The previous qualitative phenomenological observatio
allow us to conclude that we are in the presence of a des
tion process that requires a finite time to reach the maxim
efficiency, then decreases and vanishes in a long time, w
character of energy heterogeneity leading to strong de
tions from the pure homogeneous first-order kinetics. T
diffusion of He in a defect-free region is not the limitin
process.

B. Isothermal measurements

The data shown in Fig. 5 indicate that the rising part a
the decreasing part of the desorption rate are due to
separate, sequential processes, and in this way they wi
treated. Figure 7 shows an Arrhenius plot oft r . No point at
300 °C has been reported because the maximum desor
rate was reached during thermalization. The rise time res
are thermally activated, with an effective activation ener
Er5(1.3060.05) eV.

The analysis of the decreasing part requires a fitting p
cedure of the experimental data using a parametric heter
neous isotherm. At present, we are not able to select o
physical basis a suitable distribution function and we assu
the widely employed expression forw(E) given by Eq.~6!.
Table I reports the values of the fitting parameters of Eq.~7!
for the five employed temperatures. The relative uncerta
on tmin is about 5% while onD is about 30%. The major
sensitivity and precision is on the parametertmin which is the
dominant contribution in the effusion kinetics, whiletmax
can be evaluated only as a lower limit since the fast decre
ing character of the assumed distribution function make
ineffective above a certain value. The Arrhenius plot oftmin
furnishes the corresponding effective activation energy,
minimum of the distributionEmin , as well as the preexpo
nential factort0 that can be adopted as a guess of the p

f
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actor for the whole distribution. The values areEmin5(1.17
60.08) eV and 6310210 s,t0,331028 s. Figure 8 re-
ports the effective activation energy distributionw(E) is rep-
resentative of the five isothermal measurements, assum
t05431029 s. The boundaries of variation ofw(E) are
marked considering the uncertainty onD. The value ofEmax
is not indicated for the indetermination ontmax; however,
the curve has been cut at 1.7 eV, considered the maxim
value of dissociation energy of He from any defect in Si.

C. CRR measurements

According to the previous analysis of the isothermal m
surements the experimental peak in CRR conditions can
thought of as composed of several close peaks, with act
tion energies above 1.1 eV. To introduce the energy het
geneity in the theoretical peak construction we adopt
description in terms of energy distribution function and p
form a best fit approximation of thew(E) segmented into
adjacent steps of constant height, assuming the previo
estimated preexponential factor. The fitting curves are su

FIG. 7. Arrhenius plot of the rise timet r in the isothermal mea-
surements.

TABLE I. Values of the parameters obtained by fitting the is
thermal TD measurements on the 531015 cm22 sample with Eq.
~7!.

Temperature
~°C!

tmin

~s!
tmax

~s!
D

~eV!

190 17 500 >33107 0.1
200 6000 >13106 0.15
250 800 >23105 0.2
270 180 >23105 0.2
300 50 >13105 0.2
ng

m

-
be
a-
o-
e
-

ly
r-

imposed on the experimental ones in Fig. 3. They ma
fairly well in the entire spectrum. The slight anomalies o
served when effusion starts to occur can be interpreted
consequence of the non-negligible time required for He to
emitted from the sample surface, also reflected by the p
ence of the rise time in the isothermal measurements.
resulting effective energy distribution is reported in Fig. 8
histogram. The error bars are the ranges of variation of
fitted values for the three employed sample heating rates

The agreement shown in Fig. 8 between the results of
data analyses both in isothermal and in CRR conditions s
gests that the different thermal treatments employed in
TD measurements do not appreciably alter the effusion p
cess and that in first approximation the He desorption p
ceeds always through quasi equilibrium configurations,
least after a thermal treatment corresponding to the rise ti

V. DISCUSSION

The experimental results suggest the presence of inte
tion processes among He and Si crystal or Si defects w
distributed interaction energies. Moreover, as evidenced
the isothermal results, the processes responsible for the
tial increase and for the subsequent decrease of the de
tion rate curves have comparable activation energies
need to be interpreted with a comprehensive model. In s
a model other results reported in the literature should also
included and in particular the formation of voids. The pre
ence of He must play a fundamental role in the process, s
the radiation damage itself does not necessarily evolve
wards the formation of the bubbles. Moreover, the appe
ance of the bubbles results correlated to the He lo
concentration4 rather than to the total ion dose or the impla
tation energy. Finally, the theoretical predictions that He
not trapped at single vacancies and that it is able to fo
interstitial clusters in a perfect Si crystal suggest that it
reasonable to propose a model for void production where
is supposedly the only agent.

A semiquantitative model which enables us to rational
the results can be constructed referring to the large quan

FIG. 8. Distribution functions of the effective activation ene
gies for the release of He obtained from the isothermal~curve! and
the CRR ~histogram! measurements. The shadowed areas den
the uncertainty on the fitted parameters.
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of data available on He in metals. If we assume that He in
has a similar behavior with tendency towards clustering,
binding energy of the (n11)th He atom to an existing clus
ter of n He atoms increases withn up to the condition of
maximum packing23 that, for Si lattice, is presumably aroun
the minimum allowed by the structure, i.e.,n'4. By increas-
ing the He local concentration, the cluster can grow a
reach a critical dimension that allows the formation of
number of adjacent Si vacancies capable to accommoda
the existing He atoms. The energy for the production of
needed Frenkel pairs comes from the exothermic transfe
the He atoms from solid solution to the gas phase into
created void. A rough estimate of the critical cluster dime
sion can be performed assuming the blister composed of
vacancies and the Frenkel pair average creation energy
eV: the number of required He atoms is at least 30. From
guess, the gas pressure into the blister should be of the o
of 109 Pa. Such a pressure, especially for the smaller blist
can facilitate the He reemission allowing He effusion at re
tively low temperatures. In terms of energy, He-He hard-c
repulsion effects, He interaction with the blister walls an
presumably, quantum effects due to He confinement are
tors that contribute to lower the He solution enthalpy fro
these sinks. Such effect vanishes with decreasing gas p
sure and with the evolution of the blisters towards the sta
configuration typical of the bubble in Si. In this sense,
operative definition of bubble precursor can be that cav
where there are relevant He atoms mutual interactions
well as the interactions with the walls, characterized by a
solution enthalpy lower thanDHs .

The discussion will proceed considering the presence
such He-filled nanoblisters even in the as-implanted sam
At the He dose here employed, the peak concentratio
close to the critical value for bubble formation and He-H
interactions are highly probable. The most probable stat
He in the as-implanted sample is in the gas phase into s
vacancy clusters. It is not excluded, however, that impuri
such as O, C, or dopants, normally present in various c
centrations in commercial Si wafers, can act as nanobli
nucleation sites or that the vacancies produced during
implant can contribute to the blister growth. Besides the
atoms contained in the nanoblisters, some small He inte
tial clusters as well as isolated He atoms can still be pres
especially in the boundaries of the defective region of
implantation peak.

From the agreement between the results from isother
and CRR measurements, we will refer for simplicity only
the first ones. The CRR measurements will be employe
qualitatively deduce the influence of the He dose. In the fi
stages of the isothermal treatments, the system, create
the implantation process far from thermodynamic equil
rium, evolves towards a more equilibrium situation throu
those processes allowed at the temperature of the the
treatment. The rise time can be regarded as the time requ
by the system to reach a quasiequilibrium state where all
He atoms are trapped into nanoblisters at a pressure rou
homogeneous within the defective region. The character
time for such initial process can be evaluated as the t
spent by the He atoms to diffuse throughout the defec
region ~the defect-free region does not limit the effusion k
netics!:
i
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t r5DX2/D* , ~8!

whereDX is the thickness of the region where the trap a
present andD* is the effective diffusion coefficient given b

D* 5D
t̄

t* 1 t̄
'D

t̄

t*
, t* @ t̄, ~9!

wheret̄ is the average nonthermally activated time betwe
two serial collisions with the traps andt* the average trap-
ping time. The activation energy evaluated ont r can be in-
terpreted as the sum of the He migration energy in Si~due to
D) and the He enthalpy of solution from the nanobliste
~due to t* ): Er5DHs* 1Em . In our caseDHs* results in
Er2Em'0.4 eV. This value, much lower than the solutio
energyDHs , indicates that we are in the presence of tho
traps we have named bubble precursors.

The decreasing part ofr (t) occurs in a quasisteady sta
where the desorption can be considered the outdiffusion
an activated concentration. The effective activation energ
this process is the sum of the solution energy from the tr
and the energy barrierEoutdiff for outdiffusion that for He in
Si is expected to be very similar to, or at most slightly low
than, the migration energy:E5DHs* 1Eoutdiff . This analysis
explains the similarity between the experimental values
Er51.3 eV andE5Emin51.17 eV since they are obtained i
similar conditions of desorbed He quantities. The energy h
erogeneity exhibited by the desorption process can be at
uted to the variations of the contribution ofDHs* in the ef-
fective activation energy that assumes its lowest value at
beginning of the process when the He pressure into
nanoblister is maximum then increases and, in principle,
reach the unperturbed valueDHs50.9 eV, typical of He in
relatively large voids. Such interpretation of the experime
tal results is compatible with the concept of induced hete
geneity since the effective activation energy measured
time t is related to the pressure inside the nanoblisters
depends on the He concentration still present into
sample. Fixed heterogeneity is also present, for the simu
neous presence of various traps differently decorated, bu
effect on the desorption kinetics is minimized by the H
traps homogenization occurring during the early stages of
thermal treatment.

The evolution of the system with He implantation dos
can be qualitatively deduced from the CRR spectra of Fig
Below the critical concentration for bubble formation~doses
of 1.431015 and 531015 cm22) only the peak arising from
He bonded to the precursors is observed. As the dos
increased this He desorbs at higher temperatures, indica
the presence of stronger traps~larger voids! and the peak
typical of the bubbles appears at 700 °C. Bubbles are p
sumably formed by coalescence of smaller voids during
thermal treatment.

VI. CONCLUSIONS

In conclusion, we have studied the defects formed by
ion implantation in Si near the critical conditions for bubb
formation. The technique employed, thermal desorpt
spectrometry, allows information to be obtained about
interactions of the He atoms with these defects, in terms
their dissociation energy. The data analysis of the He
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leased in the temperature range 200–500 °C has reveale
presence of heterogeneous traps characterized by an effe
activation energy spread of about 0.2 eV starting from
minimum effusion energy of about 1.1 eV.

To explain our results, a semiquantitative model, based
the present knowledge about the Si:He system, has been
posed. This model accounts for He-filled nanoblister form
tion through interstitial He clustering and precipitatio
These sinks have been called the precursors of the bub
The model, in agreement with our results, suggests that,
to He-He and He-wall interactions into the nanoblisters,
solution energy from these traps varies during the ther
treatment and, especially at the beginning of the ther
emission process, it can result in decidedly lower He solut
energy evaluated by permeation experiments.
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APPENDIX: DERIVATION OF THE PARAMETRIC
EQUATION OF THE THERMAL DESORPTION RATE

IN PRESENCE OF ENERGY HETEROGENEITY

All the multiplication constants will be omitted and th
normalization condition will be applied to the result.
en
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Substituting Eqs.~5! and ~6! into Eq. ~4!, we obtain the
expression of the heterogeneous isotherm in the case o
assumed energy distribution function:

Ch~ t !5E
Emin

Emax
expS 2

t

t0 exp~E/kBT! DexpS 2
E

D DdE.

~A1!

The need of knowing the value oft0 is eliminated with the
integration variable substitutionE→kBT ln(t/t0) leading to
the equation:

Ch~ t !5E
tmin

tmax
expS 2

t

t D t2~11s!dt, ~A2!

where tmin5t0exp(Emin /kBT), tmax5t0exp(Emax/kBT),
ands5kBT/D.

A more simple form can be obtained performing the su
stitution t/t→x leading to

Ch~ t !52t2sE
t/tmin

t/tmax
xs21exp~2x!dx

52t2sGS s,
t

tmin
,

t

tmax
D , ~A3!

where the generalized incomplete gamma function appe
The desorption rate is obtained by time differentiation

Eq. ~A3!:
r h~ t !5
d

dtF t2sGS s,
t

tmin
,

t

tmax
D G5t2~11s!H Ftmax

2s expS 2
t

tmax
D2tmin

2sexpS 2
t

tmin
D G ts2sGS s,

t

tmin
,

t

tmax
D J . ~A4!

Finally, the normalization condition is satisfied by imposing*0
1`r h(t)dt5C0 .
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