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Helium in silicon: Thermal-desorption investigation of bubble precursors
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Thermal desorption measurements are performed 09-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 interacti¢8€163-18207)05035-7

[. INTRODUCTION the tetrahedral sitd4. In the same work the migration en-
ergy is ascribed to the energy barrier encountered during the
Room-temperature He implantation into silicon at highzigzag movement from the tetrahedral to the hexagonal sites;
doses(of the order of 16° cm™2) produces cavities of vari- the value estimated is 0.84 eV, in agreement with the experi-
ous sizes filled with He. The subsequent thermal treatmentsnent. It is also evidenced that the single vacancy does not
at temperatures above 700 °C, cause He to effuse and tlaet as a trapping center for He atoms because of its high
remaining voids to coalesce producing empty bubbles witlelectronic density compared to that in interstitial regions.
dimensions in the range 5-100 rnf. The walls of these The same authors show that two He atoms in a perfect crys-
cavities, supposedly perfectly clean, are of great scientifital tend to occupy adjaceiit; interstitial sites so minimizing
interest either for fundamentaP or for applied the total energy due to lattice relaxation. The energy gain
research:*°~12Bubbles are observed in silicon whenever acompared to the case of two single interstitial He atoms is
critical He concentration of 3:810°° cm™ 3 is exceeded, in- 0.08 eV, which can be regarded as binding energy of the He
dependent of the energy used during room-temperaturatom pair in Si. The He pairs are therefore stable at room
implantation®* Though many papers have been devoted taemperature and the process of pairing can lead to clustering.
the search for the conditions of preparing the bubbles withThe activation energy for He release from stable buBbles
convenient dimensions and located at the desired depths, tipeoduced by high doses of ion implantationlg,ppe= 1.7
microscopic interactions at the origin of the formation of theeV. In permeation experimentdwhere similar results have
bubbles are not adequately investigated yet, in particulalheen obtained, the activation energy has two contributions:
very little is known about the physical phenomena that pro-one from the enthalpy of solution of He and the other from
duce the release of He atoms and create the nanocavitiie migration energy. The same contributions should be
precursors of the bubbles. present in the ion implantation cases dabg,,, e Should be
Bubbles in ion-implanted materials are the end productsegarded as the upper limit of the dissociation energy of He
of several processes which include the interactions of Hérom any defect in Si, if the van der Waals binding can be
with the defects, the creation of nanocavities, the release afeglected.
He atoms, and finally, the agglomeration of nanocavities. The purpose of this work is the study of the defects, pre-
The defect production is well described by simulation codesursors of the bubbles in Si, by means of their interaction
based on Monte Carlo or molecular-dynamic approaches thatith He employing thermal-desorptioD) spectrometry.
simulate ion-matter interactions. Although He in metals hasThe experiment is performed in an unusual fashion since He
been extensively investigated, very few thermodynamic ands used both for damage production and as a probe for de-
kinetic data are available on the Si:He system. The solutioffiects. In addition, for the energy and doses used, the defect
energy,AH,~0.9 eV, of He in Si can be evaluated as thedensity and He concentration around the projected range of
difference between the permeation enthalpy of 1.74R&f.  the implantation profile can reach values such that the phe-
13) and the migration enerdy,, of 0.8 eV* Calculations of nomena of retrapping as well as multiple decoration of the
heats of solution of the He atom in various Si interstitial sitestraps can appreciably affect the desorption process. In these
performed by Alatalo, Puska, and Niemiftradopting a conditions, the interpretation of the TD spectra must take
Car-Parrinello first-principle molecular-dynamics schemeinto account possible heterogeneity in the trap binding en-
give the absolute minimum value of 0.88 eV in very goodergy produced by the different sizes of traps and by their
agreement with the experiment. This value is found for He ineffect on diffusion. For the interpretation of the experimental
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results, a semiquantitative model will be proposed in the dis- +oo
cussion accounting for the formation of small vacancy clus- Ch(t)= fo C(t,E)¢(E)dE. (4)
ter precursors of the bubbles.
II. THERMAL-DESORPTION SPECTROMETRY This approach does not distinguish the case of a distribu-

tion of populations of traps simultaneously present and stable

Thermal-desorption spectrometry, originally developed(fixed heterogeneijyfrom the very different case in which
for surface analysi¥>!” is also a powerful instrument for the process at timé is characterized by a single activation
studying defects in bulk by means of their interactions withenergyE(C) function of C(t) (induced heterogeneity
noble gases, e.g., He. The He atoms, brought into the mate- According to Eq.(2), we use the family of functions
rial by implantation, tend to occupy regions of minimum
electron density where they are trapped. He implantation t
close to the critical doses for bubble formation produces C(t,E)=C0exp( _—), (5)
damage mainly composed of point defects and small defect ToeXP(E/KkgT)
clusters. It is reasonable to expect that the He atoms result,
trapped by a population of sinks, characterized by a sligh@s a kernel of Eq(4). As a distribution function we assume
dispersed activation energy for He dissociation. In this sec-

tion, we first recall the fundamental equations of the homo- 0, O0<E<E

geneous He emission, then we will derive the equation for

the case of energy heterogeneity of the traps by analogy with e(E)=1 Aexp(—E/A), Emp<E<Emx  (6)
the case of chemisorption and adsorption on real 0, E>Emax

surfaced®1®

A TD measurement is performed by recording the considyhere A is a normalization constanty a fitting parameter
ered gas partial pressure, proportlon_al to the Qesorptlon rat®at measures the energy spread, Bpg, and E ., are the
r(t)=|dC/dt| (the amount of He leaving the unit surface per exiremes of the activation energies that appreciably contrib-
unit time), during sample heating in a known temperature-;te tg the desorption process. Equati6his widely used in
time profile, usually constant in isothermal measurements, Ofierature and the combinations of the values of the three
with constant slope in constant ramp rd@RR) measure- parameters, E,,, andE,., allow a wide class of possible
ments. _ _ _ _ situations to be describeth) boxlike distribution(producing

In the presence of singly occupied noninteracting traps of; pure time-logarithm law for Ea— Emin<A and A
only one kind, the desorption consists of He release Wit@kBT; (b) exponential distribution, foE 5 Eqint A, A
first-order kinetics described by the differential equation:  finite and greater thakgT; and(c) energy homogeneity for

A<kgT. The case of energy distribution monotonically in-
d_C: _ c (1) creasing is not considered since it is not compatible with the
dt (T,E)’ experimental results, as will be shown later.

In the fitting procedure, a crucial point is the choice of the
preexponential factor, in Eq. (5) since it determines the
absolute values of activation energies. What is strictly nec-
essary is a guess of its order of magnitude that can be evalu-
ated performing the fits using the parametenstead ofE
[by the substitutioE—kgT In(#/7p)] and from an Arrhenius

where 7(T,E) = roexpE/kgT) is a characteristic time, ther-
mally activated, function of the absolute temperatlirand
of the binding energye proper of the trapkg is the Boltz-
mann constant.

Denoting byC, the total amount of matter involved in the
process, the isothermal solution, with initial conditiGii0)

o plot of 7.
=Co, Is given by The function of the isothermal rate is given ksee the
¢ appendix
C(t) Coexp< T(T,E)). 2 ] T ot ot
- - L rp(t)cB —|t~KeT/AT .- 7
The desorption rate resulting from the measurement is given h dt A Toin’ Tmax |
by

where B is a constant, 7pin= 70€XPEmin/KeT), Tmax
F(t)=— d_C: & exr{ _£> _ 3) = roexp_(Emax_/kBT), andI'(s,a,b) =fgxf‘ lexp(—x)dxis the
dt 7 T generalized incomplete gamma function.
In Fig. 1 we report calculated heterogeneop@) for the
The energy heterogeneity can be introduced through théhree mentioned cases. In the same figure we have overlaid
definition of the activation energy distributian(E), where  the same numerical data referred to convenient ordinate
¢(E)dE represents the fraction of material that desorbs withscales on the right axes to furnish a rule for the recognition
activation energy betwedh andE + dE. The normalization of the three kinds of heterogeneity. Cades and (c) are
condition requires thaf, “¢(E)dE=1. The heterogeneous identified by a straight-line behavior of theri(t) and
isothermC,(t) is then constructed by observing that all ho- In[r(t)] plots respectively, while cad®) can be recognized
mogeneous isothern(t,E) at timet contribute to the de- by a slight superlinear deviation in ther}(t) plot, accen-
sorption process, each weighted by its own probability: tuating with decreasing.
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0.01 : J_15 £ temperature He-implanted silicon of 20 keV at different doses.
.01 F ¢ 3

0.00 2 LN 2 lecular pump that, by means of the counterflow method, di-

200 400 600 800 1000 rects preferentially the He atoms towards the head of a quad-
Time (s) rupole. The counter-flow method is based on the principle of
mass-dependent compression: the second turbomolecular
FIG. 1. Calculated isothermal desorption rates for three differenpump (pumping speed for air of 50 I's, for He of 2 1s° %
energy heterogeneity conditions assumigg: 10 '%s. (a) Boxlike  functions as a mass separator allowing light gases to pass
energy distribution Ei,=1.2 eV, Epa=2 €V, A=10 eV); (b)  through to the mass spectrometer against the direction of the
exponential distributionEyp=1.2 eV,Ena=2 €V,A=0.1 eV);  eyacuation flux. The first pump guarantees a prompt He
(c) homogeneity Eq. (3) with E=1.2 eV]. Solid lines are referred  eyacuation from the sample chamber, while the particular

to the left axes, dashed lines are referred to the right axes. position of the quadrupole, along the only path permitted to
the gas, allows a direct evaluation with high sensitivity of the
1. EXPERIMENT AND RESULTS actual He flux leaving the sample. The response time to a He

excitation is below 1 s, the exhaustion time is below 4 s, and

It is believed that no voids or bubbles are observed inthe minimum detectable flux is>10~ 1% mbar | . Both
silicon after annealing if they were not already present in thésothermal and CRR desorption measurements were per-
as-implanted sampleThis means that the implantation con- formed. All the thermal treatments started from a tempera-
ditions are the main parameters for bubble production. Weure of 50 °C; for isothermal measurements the desired an-
have chosen an implantation energy of 20 keV in order tmealing temperature was reached with a ramp of 60 °C
drive the ions deep into the samples and avoid He effusiomin™, while for CRR measurements the maximum
during implantation or during the storage at room temperaachieved temperature was 800 °C.
ture. The implantation profile was simulated by means of the Figure 2 reports the He CRR desorption spe¢tating
TRIM95 code” in order to estimate the influences suitable forrate 45 °C min 1) of the four samples. In all the cases the He
the experiment. At 20 keV the He projected rari§g is  release starts at 250 °C with a maximum desorption rate in
expected to be about 235 nm with a stragglihB, of 85  the range 250-500 °C: the higher the dose, the higher the
nm, hence an implantation of some'2@m~? is expected to  temperature. The samples with the two highest doses present
produce a maximum He concentration slightly below thea second large broad peak at about 700 °C that, for shape and
critical concentration for bubble formation. temperature position, could be due to He released from

Four 150-mm, p-type (1.7-2.5 Q cm), Czochralski- bubblest?* Transmission electron microscope images in
grown, (100-oriented silicon wafers were implanted at 20 cross-sectional conditions moreover confirm the presence of
keV and influences 1X410' 5x 10, 2x10'%, and 3.5 the bubbles only in the samples that have the peak at 700 °C.
X 10' cm™2, respectively, with a beam current of about 8 For the aim of this work was selected thex &0 cm ™2
A cm~2 and keeping the sample holder near room temperasample since it does not contain bubbles, at least for the
ture. Sample tilt was 7° to avoid ion channeling. sensitivity of our TD system and for the electron microscope

TD measurements were performed in a vacuum chambeesolution. In the following, we will refer to this sample, if
of volume 2000 cri where the sample is in contact with a not otherwise stated. CRR measurements, in addition to that
heater made by a rigid stainless-steel bar. Silver paint is useshown in Fig. 2, was performed at 4 °C mh and
to ensure good thermal contacts both for the sample and fat00 °C min *; even for the fastest ramp the pumping system
a Chromel-Alumel thermocouple, placed on the back side ofvas able to adequately exhaust the sample chamber. The
the bar, just behind the sample. The chamber is equippedesorption spectra at the three different heating rates are
with a turbomolecular pumgwith pumping speed for He of shown in Fig. 3. As expected, for a kinetically controlled
370 Is1) that mounts on the exhaust of a second turbomogprocess, the peaks shift towards higher temperatures as the
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Temperature (°C) ture experienced py the samp_le is 253°C for 5 s. The two
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FIG. 3. CRR spectra of the %10 cm 2 sample at thatthe second one is shifted by about 200 s afterwards; the
different heating rates{@ 4°Cmin%, (b) 45°Cmint, (c)  resultof their union reproduces, considering an experimental
400 °C min * (circles. The solid lines are calculated in the hypoth- €ITOr in temperature reproducibility of2 °C, the 250 °C
esis of an energy distribution as shown in Fig. 8. noninterrupted isothermal measurement of Flg 4. This indi-

cates that the experimental conditions do not modify the sta-
ramp rate is increased. The maxima are positioned at 28%us of aggregation of He and, moreover, that the rising part
330, and 390 °C, respectively.

The isothermal treatments were performed at 190, 200, 12
250, 270, and 300 °C. These temperatures have been selected *-0X10 " [T T T
compatibly with the characteristics of the measurement sys- [ ——250°C 1st run

.. 4 — —250°C 2nd run
tem: the minimum temperature, 190 °C, ensures desorption -
rates significantly higher than the instrumental sensitivity
and the maximum temperature, 300 °C, is the highest con-
trolled temperature without appreciable He loss before tem-
perature stabilization. The He desorption rate at 250 °C as a
function of time is reported in Fig. 4; it reaches a maximum
at about 190 s, then decreases monotonically with time. After
250 min some He is still retained in the sample. In the inset
it is shown that the spectrufsolid line) obtained in the same
sample cooled at room temperature and then heated at
45°C min 1. As a comparison, it is reported the spectrum
(dashed ling was obtained in the same CRR conditions but
from a sample not previously heat treated. The two curves

= N g
o o n
T T ™

I

Desorption rate (He/cm?s)
o
|
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are practically superimposed in the 400—600 °C temperature 0.5
range. -

In order to check if the time to reach the maximum He i | | | N
effusion rate is a physical phenomenon connected to the 0.0 500 0 To0 200 300 400
sample or is an instrumental artifa@due, for example, to Time (s)

conductance or sample thermalization delay times iso-

thermal measurement at 250 °C was interrupted when the He £ 5. pesorption rate during two subsequent isothermal treat-
flux was at the maximum and restarted after the sample wagents at 250 °C on the same sample. The first anfsedild line)

left for few minutes at room temperature. Figure 5 comparegroceeded until the He flux reached the maximum value, then the
the measured rates during the first seconds of the isothermgdmple was cooled down to room temperat(aeaboutt =200 9.
treatments before and after the interruption. In the curve reAfter 10 min, the second isothermal treatment was started and com-
ferred to in the second run, the spike arousd0 is due to  pleted. The time axes are so alignedtas) corresponds in both
temperature fluctuations during the heater stabilization at theases to the time when the sample temperature reached 250 °C.
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DY L P —— S little-differing, activation energies. Evidence of the sound-

1 ness of the hypothesis of energy heterogeneity can be de-
. duced also from this inset of Fig. 4: after an isothermal treat-
ment at 250 °C, the He remaining in the sample desorbs in a
narrower temperature range and shifted towards higher tem-
peratures compared to the case of the as-implanted sample,
suggesting the presence of a fraction of He atoms released
from traps to which it is bonded more strongly. Also in this
case, the characteristic time for conventional diffusiQ
results in two orders of magnitude lower than the character-
] istic time 7,,, of the isothermal measurement estimated as the
3 absolute minimum of the functiom(t)/C(t)|. For example,
] at 250 °C,r, is about 200 s which should be compared with
E the previously calculatedy;~4 s.
Analyzing the CRR measurements and focusing the atten-
- tion, for example, on the 45 °C miirt spectrum of Fig. &),

r(t)

In(r(t))

5x10” "

1
= - ] it is clear that the desorption peak presents an inappropriate
E 1.0 : B shape for pure first-order kinetics, asymmetric towards the
A 3 high temperatures with a long tail from about 400 up to
’ 1 600 °C. An objective indication can be obtained by means of
0.0 L \ ) L] the skewness parametefs defined by Chan, Aris, and

0 50 100 150 200 250 Weinberg?? calculated at various fractions of the maxi-
Time (min) mum. All the skewness parameters are inconsistent with the
theoretical predicted values for homogeneous first-order ki-
FIG. 6. Isothermal He desorption rate at 250 °C as a function Ohetics; in the case of half maximum’ the experimenta| value
time in (a) linear scale(b) logarithmic scale, an¢c) inverse scale. of x1,,is +5 versus a predicted theoretical value-o15.
, ) The previous qualitative phenomenological observations
and the decreasing part oft) can be ascribed to two se- |0 us to conclude that we are in the presence of a desorp-

quential phenomena. tion process that requires a finite time to reach the maximum
efficiency, then decreases and vanishes in a long time, with a
IV. DATA ANALYSIS character of energy heterogeneity leading to strong devia-

Thermal desorption measurements, especially in CRFE'Q”S _from the pure homogeneous flrst-_order kmet!cs_._The
diffusion of He in a defect-free region is not the limiting

conditions, cannot be univocally interpreted since the same
results can be obtained by suitable combinations of variou8'0Cess-

processes with different kinetics. As a consequence, before

analyzing the data in detail, it is necessary to identify the B. Isothermal measurements

kind of kinetics involved in He release. - - .
The data shown in Fig. 5 indicate that the rising part and

the decreasing part of the desorption rate are due to two
separate, sequential processes, and in this way they will be

The isothermal measurements present first of all a riséreated. Figure 7 shows an Arrhenius plottpf No point at
timet,, here defined as the time required for the He to react800 °C has been reported because the maximum desorption
the highest desorption rate, monotonically decreasing withate was reached during thermalization. The rise time results
temperature. The rise time cannot be due to conventionare thermally activated, with an effective activation energy
diffusion time, 74, of He from the implantation peak. In E,=(1.30+0.05) eV.

A. Preliminary observations

fact, using literature datéfor the diffusion coefficienD, at The analysis of the decreasing part requires a fitting pro-
250 °C, 14 = Rf)/D~4 s whilet, =190 s, about two orders cedure of the experimental data using a parametric heteroge-
of magnitude higher. neous isotherm. At present, we are not able to select on a

To investigate the kind of kinetics of the subsequent dephysical basis a suitable distribution function and we assume
creasing part of (t), in Fig. 6 are reported the experimental the widely employed expression fgr(E) given by Eq.(6).
data obtained at 250 °C and plotted in various wagsas Table | reports the values of the fitting parameters of [&y.
r(t), (b) as Ifr(t)], (c) as 1f(t). Higher integer negative for the five employed temperatures. The relative uncertainty
powers of the rate are ignored when corresponding to kineten 7, is about 5% while omA is about 30%. The major
ics orders greater than one. No linear dependence is observednsitivity and precision is on the parametgf, which is the
in the logarithmic plofFig. 6(b)] excluding pure first-order dominant contribution in the effusion kinetics, whibe,,
kinetics, while a slight superlinear dependence is obtained inan be evaluated only as a lower limit since the fast decreas
Fig. 6(c). Such behavior, according to the scheme of Sec. lljng character of the assumed distribution function makes it
evidences the presence of energy heterogeneity, with an eineffective above a certain value. The Arrhenius plotrgf;
ergy spreadA>kgT. Energy heterogeneity means, in this furnishes the corresponding effective activation energy, the
case, that the He effusion can be thought of as the superinminimum of the distributionE,;,, as well as the preexpo-
position of different contributions with kinetics of as many, nential factorr, that can be adopted as a guess of the pref-
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FIG. 8. Distribution functions of the effective activation ener-
gies for the release of He obtained from the isotherfoatve) and
the CRR (histogram measurements. The shadowed areas denote
the uncertainty on the fitted parameters.

imposed on the experimental ones in Fig. 3. They match
fairly well in the entire spectrum. The slight anomalies ob-
served when effusion starts to occur can be interpreted as a
consequence of the non-negligible time required for He to be
emitted from the sample surface, also reflected by the pres-
ence of the rise time in the isothermal measurements. The

actor for the whole distribution. The values &g,,=(1.17
+0.08) eV and & 10 °s<r,<3x10 8 s. Figure 8 re-
ports the effective activation energy distributiefE) is rep-
resentative of the five isothermal measurements, assuming
70=4X10"° s. The boundaries of variation a§(E) are
marked considering the uncertainty An The value ofE .,

resulting effective energy distribution is reported in Fig. 8 as
histogram. The error bars are the ranges of variation of the
fitted values for the three employed sample heating rates.
The agreement shown in Fig. 8 between the results of the
data analyses both in isothermal and in CRR conditions sug-
gests that the different thermal treatments employed in the

is not indicated for the indetermination aty,,,; however,

value of dissociation energy of He from any defect in Si.

C. CRR measurements

According to the previous analysis of the isothermal mea-
surements the experimental peak in CRR conditions can be
thought of as composed of several close peaks, with activeh—O
tion energies above 1.1 eV. To introduce the energy heter
geneity in the theoretical peak construction we adopt theE
description in terms of energy distribution function and per-
form a best fit approximation of the(E) segmented into
adjacent steps of constant height, assuming the previousb{

. . e e
estimated preexponential factor. The fitting curves are supet-

TABLE I. Values of the parameters obtained by fitting the iso-
thermal TD measurements on the<80* cm™2 sample with Eq.

@).

TD measurements do not appreciably alter the effusion pro-
'Wess and that in first approximation the He desorption pro-
ceeds always through quasi equilibrium configurations, at
least after a thermal treatment corresponding to the rise time.

V. DISCUSSION

The experimental results suggest the presence of interac-
dion processes among He and Si crystal or Si defects with
distributed interaction energies. Moreover, as evidenced by
he isothermal results, the processes responsible for the ini-
tial increase and for the subsequent decrease of the desorp-
ion rate curves have comparable activation energies and
ed to be interpreted with a comprehensive model. In such
a model other results reported in the literature should also be
included and in particular the formation of voids. The pres-
ence of He must play a fundamental role in the process, since
the radiation damage itself does not necessarily evolve to-
wards the formation of the bubbles. Moreover, the appear-
ance of the bubbles results correlated to the He local
concentratiofirather than to the total ion dose or the implan-
tation energy. Finally, the theoretical predictions that He is
not trapped at single vacancies and that it is able to form
interstitial clusters in a perfect Si crystal suggest that it is
reasonable to propose a model for void production where He

Temperature Tmin Tmax A
(°0) 6] € (eV)
190 17 500 =3x10 0.1
200 6000 =1x10° 0.15
250 800 =2x10° 0.2
270 180 =2X10° 0.2 is supposedly the only agent.
300 50 =1x10° 0.2

A semiquantitative model which enables us to rationalize
the results can be constructed referring to the large quantity
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of data available on He in metals. If we assume that He in Si t,=AX?/D*, (8

has a similar behavior with tendency towards clustering, the . . .
binding energy of ther{+1)th He atom to an existing clus- whereAX is the thickness of the region where the trap are

ter of n He atoms increases with up to the condition of present and* is the effective diffusion coefficient given by

maximum packin’ that, for Si lattice, is presumably around T
the minimum allowed by the structure, i.az=4. By increas- D*=D = +7&D =
ing the He local concentration, the cluster can grow and o
reach a critical dimension that allows the formation of awherer is the average nonthermally activated time between
number of adjacent Si vacancies capable to accommodate &Wo serial collisions with the traps and the average trap-
the existing He atoms. The energy for the production of theping time. The activation energy evaluated torcan be in-
needed Frenkel pairs comes from the exothermic transfer derpreted as the sum of the He migration energy ifd8e to
the He atoms from solid solution to the gas phase into th®) and the He enthalpy of solution from the nanoblisters
created void. A rough estimate of the critical cluster dimen<(due to 7*): E,=AH} +E,. In our caseAH} results in
sion can be performed assuming the blister composed of folt, — E,~0.4 eV. This value, much lower than the solution
vacancies and the Frenkel pair average creation energy oféhergyAHg, indicates that we are in the presence of those
eV: the number of required He atoms is at least 30. From thisraps we have named bubble precursors.
guess, the gas pressure into the blister should be of the order The decreasing part aof(t) occurs in a quasisteady state
of 10° Pa. Such a pressure, especially for the smaller blistersyhere the desorption can be considered the outdiffusion of
can facilitate the He reemission allowing He effusion at rela-an activated concentration. The effective activation energy of
tively low temperatures. In terms of energy, He-He hard-corehis process is the sum of the solution energy from the traps
repulsion effects, He interaction with the blister walls and,and the energy barridf, .4 for outdiffusion that for He in
presumably, quantum effects due to He confinement are fa@Si is expected to be very similar to, or at most slightly lower
tors that contribute to lower the He solution enthalpy fromthan, the migration energ¥ = AHY + Eqyqir- This analysis
these sinks. Such effect vanishes with decreasing gas presxplains the similarity between the experimental values of
sure and with the evolution of the blisters towards the stablgs, =1.3 eV andE=E,,,,=1.17 eV since they are obtained in
configuration typical of the bubble in Si. In this sense, ansimilar conditions of desorbed He quantities. The energy het-
operative definition of bubble precursor can be that cavityerogeneity exhibited by the desorption process can be attrib-
where there are relevant He atoms mutual interactions asted to the variations of the contribution AHZ in the ef-
well as the interactions with the walls, characterized by a Heective activation energy that assumes its lowest value at the
solution enthalpy lower thadHs. beginning of the process when the He pressure into the
The discussion will proceed considering the presence ohanoblister is maximum then increases and, in principle, can
such He-filled nanoblisters even in the as-implanted samplgeach the unperturbed valueH,=0.9 eV, typical of He in
At the He dose here employed, the peak concentration ielatively large voids. Such interpretation of the experimen-
close to the critical value for bubble formation and He-Hetg| results is compatible with the concept of induced hetero-
interactions are highly probable. The most probable state qjeneity since the effective activation energy measured at
He in the as-implanted sample is in the gas phase into smafime t is related to the pressure inside the nanoblisters that
vacancy clusters. It is not eXCIUded, hOWeVer, that impuritie%epends on the He concentration still present into the
such as O, C, or dopants, normally present in various Consample. Fixed heterogeneity is also present, for the simulta-
centrations in commercial Si wafers, can act as nanoblistéfeous presence of various traps differently decorated, but its
nucleation sites or that the vacancies produced during thgffect on the desorption kinetics is minimized by the He
implant can contribute to the blister growth. Besides the Heraps homogenization occurring during the early stages of the
atoms contained in the nanoblisters, some small He interstihermal treatment.
tial clusters as well as isolated He atoms can still be present, The evolution of the system with He implantation doses
especially in the boundaries of the defective region of thezan be qualitatively deduced from the CRR spectra of Fig. 2.
implantation peak. Below the critical concentration for bubble formatitdoses
From the agreement between the results from isothermajf 1 4x 10'® and 5x 10'° cm™2) only the peak arising from
and CRR measurements, we will refer for simplicity only to He ponded to the precursors is observed. As the dose is
the first ones. The CRR measurements will be employed tihcreased this He desorbs at higher temperatures, indicating
qualitatively deduce the influence of the He dose. In the firsthe presence of stronger trafiarger voids and the peak
stages of the isothermal treatments, the system, created Bynical of the bubbles appears at 700 °C. Bubbles are pre-

the implantation process far from thermodynamic equilib-symably formed by coalescence of smaller voids during the
rium, evolves towards a more equilibrium situation throughthermal treatment.

those processes allowed at the temperature of the thermal
treatment. The rise time can be regarded as the time required
by the system to reach a quasiequilibrium state where all the
He atoms are trapped into nanoblisters at a pressure roughly In conclusion, we have studied the defects formed by He
homogeneous within the defective region. The characteristiton implantation in Si near the critical conditions for bubble

time for such initial process can be evaluated as the timéormation. The technique employed, thermal desorption
spent by the He atoms to diffuse throughout the defectivespectrometry, allows information to be obtained about the
region (the defect-free region does not limit the effusion ki- interactions of the He atoms with these defects, in terms of
netics: their dissociation energy. The data analysis of the He re-

P
x

, T, €)

VI. CONCLUSIONS



7338 F. CORNIet al. 56

leased in the temperature range 200—-500 °C has revealed the Substituting Eqs(5) and (6) into Eq. (4), we obtain the
presence of heterogeneous traps characterized by an effectiggpression of the heterogeneous isotherm in the case of the
activation energy spread of about 0.2 eV starting from aassumed energy distribution function:
minimum effusion energy of about 1.1 eV.
To explain our results, a semiquantitative model, based on Emax t E
the present knowledge about the Si:He system, has been pro- Ca()= L _ ex;{ 7o eXp(ElkgT) ex;{ _K) dE.
posed. This model accounts for He-filled nanoblister forma- mn (A1)
tion through interstitial He clustering and precipitation.
These sinks have been called the precursors of the bubbleBhe need of knowing the value of, is eliminated with the
The model, in agreement with our results, suggests that, dugategration variable substitutioBE— kgT In(7/7) leading to
to He-He and He-wall interactions into the nanoblisters, thehe equation:
solution energy from these traps varies during the thermal
treatment and, especially at the beginning of the thermal Tmax t
emission process, it can result in decidedly lower He solution Ch(t)= J exp{ —;) 7 (179dr, (A2)
energy evaluated by permeation experiments. Tmin

where  7in= 70€XPEmin/KeT),  Tmax= T0EXPEmax/KaT),
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APPENDIX: DERIVATION OF THE PARAMETRIC = —t_sF< s,
EQUATION OF THE THERMAL DESORPTION RATE
IN PRESENCE OF ENERGY HETEROGENEITY

t t
1 K) 1 (A3)
Tmin Tma

where the generalized incomplete gamma function appears.
All the multiplication constants will be omitted and the  The desorption rate is obtained by time differentiation of
normalization condition will be applied to the result. Eq. (A3):

s—, Tra€XP — — Toexp —
Tmin  Tma; ma® Tma min Tmin

Finally, the normalization condition is satisfied by imposiffg”r,(t)dt=C,.

:t(1+s)(

d . t ot
(0= g3 t=slls,———Jt. (A4
min ma
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