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Hydrogen loss ina-Si:C:H layers induced by MeV ion beam irradiation

E. H. C. Ullersma, P. Ullersma, and F. H. P. M. Habraken
Interface Physics, Debye Institute, Utrecht University, P.O. Box 80 000, NL-3508 TA Utrecht, The Netherlands

~Received 17 August 1999!

Irradiation of hydrogenated amorphous silicon and its alloys with MeV ions causes the formation of hydro-
gen molecules inside the material in the region where they were originally bonded. In this paper this effect is
experimentally detected by making use of double-layer structures consisting of plasma-deposited hydrogenated
and deuterated amorphous silicon-carbon (a-Si12xCx :H) alloys, with various carbon contents. At the same
time we use this effect to study the low-temperature transport of hydrogen molecules through this class of
materials. We deduce that at temperatures below the temperature of the onset of thermal desorption, hydrogen
molecules can migrate through material havingx50.2, and escape into the ambient. For smaller values ofx the
formation of molecules inside the material eventually results in morphological damage of the films. The results
indicate that in the process of hydrogen loss from the material during annealing at lower temperatures, the
rate-limiting step is the formation of molecules inside the material. The observation of an isotope effect in the
extent of the ion-beam-induced hydrogen desorption leads to a modification of an existing model for this
process.
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I. INTRODUCTION

Elastic recoil detection~ERD! and other high-energy ion
beam analysis methods like Rutherford backscattering s
trometry and nuclear reaction analysis are powerful te
niques for quantitative elemental depth profiling of th
layers of material.1,2 The number of atoms involved in th
binary scattering process is negligible compared to the t
number of atoms in the material. From this point of vie
these methods can be regarded as nondestructive. How
the primary particles lose energy on their way through
material, mainly as a result of Coulomb interactions w
electrons and nuclei. In typical experimental situations
energy loss of the MeV projectiles is mainly due to the e
ergy transfer to the electrons.2 This energy transfer may lea
to considerable modifications of the material. These mod
cations are sometimes accompanied by the loss of hydro
or other elements, which are present in the material un
investigation. Successful models for the loss of hydrogen3–5

imply that H2 molecules are formed from two diffusing H
radicals, created by the high-energy ion passage, in a
tively small volume in the region where they were origina
bonded. The molecules created thus may subsequently
grate through the material, and finally escape into the am
ent. It is therefore possible to investigate the molecular
drogen transport mechanism by creating molecules insid
layer on purpose, while measuring the evolving H2 mol-
ecules. This will shed some light on the presence of mole
lar hydrogen ina-Si:H ~Ref. 6! anda-Si:C:H alloys, since it
becomes clear in the present work that in some material
lecular hydrogen remains once it has been formed; we s
how this can be investigated.

The aim of the present work is twofold: to experimenta
show that the basic ingredients of models for an ion-bea
induced loss of hydrogen are correct, and to apply the i
beam-induced, local molecule formation to investigate
structure and hydrogen transport mechanism ina-Si:C:H
layers. Since we estimate that the temperature of the mat
PRB 610163-1829/2000/61~15!/10133~9!/$15.00
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during ion-beam irradiation is lower than the onset tempe
ture of thermal desorption of hydrogen from the conside
materials, which is above 300 °C~see Table I!,7,8 we obtain
information about the rate-limiting step in the loss of hydr
gen during heat treatment.

The presence of H in low-temperature plasma-depos
amorphous silicon and silicon alloys is important, since
enables the application of these materials in optoelectro
devices like solar cells. On the other hand, the presenc
hydrogen may be the source of instability in this class
materials.9 Therefore, an understanding of the behavior
hydrogen in these films may be of great help to underst
the instability. Here we report on an investigation of hydr
gen ina-Si:C:H layers with C contents of'0, 5, 10, and 20
at. %. Although thea-Si:C:H alloy with 20-at. % C is not
meaningfully applied in device structures, the study of h
drogen transport in this material helps us to understand
phenomena at lower C concentrations. It has be
shown7,10–12thata-Si:C:H layers have open volume defect
The defect density increases when hydrogen outdiffus
takes place. The thermally stimulated induced outdiffus
of hydrogen results in desorption spectra which often sh

TABLE I. Overview of the samples used. The individual depo
ited layers have thicknesses of approximately 0.15mm, and thec-Si
substrate is 525mm thick. The H and D concentrations have be
determined using ERD.T0 represents the onset of the thermal d
sorption of hydrogen from the layers.

Sample Structure
H ~D! conc.

~at. %!
T0

~°C!

a956 a-Si:D/a-Si:H/c-Si 13 350
a953 a-Si0.95C0.05:H/a-Si0.95C0.05:D/c-Si 20 350
a950 a-Si:H/a-Si0.9C0.1:D/c-Si
a951 a-Si0.9C0.1:H/a-Si0.9C0.1:D/c-Si 28 300
a962 a-Si0.8C0.2:H/a-Si0.8C0.2:D/c-Si 40 400
a964 a-Si0.8C0.2:H/a-Si0.8C0.2:H:D/c-Si 40 400
10 133 ©2000 The American Physical Society
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two peaks. We have deduced that hydrogen which desorb
the lowest temperature~the LT peak! must be ascribed to
cross-linking of hydrogen atoms in the material, subsequ
transport of hydrogen molecules toward the surface with
retrapping in the network, and desorption from the surfac13

Model for ion-beam-induced H loss

Observations of hydrogen loss induced by high-ene
ion beams have been reported by different groups. Work
Möller et al. showed H release froma-C:H layers.14 The
loss of hydrogen from organic layers and semiconduc
was investigated for different beam types by Mare´e et al.4

Making use of assumptions of Adelet al.,3 Marée et al. de-
veloped an adequate model to describe the rate and exte
hydrogen loss from these films. This model allows one
estimate the initial elemental constituency of the layers
interest using the concepts of the effective interaction v
ume, and the cross section for the H2 forming process. A
short description of the model follows here. The prima
beam ion breaks hydrogen bonds with probabilityP within
an effective track radiusr eff . We takel as the characteristic
distance for a hydrogen atom to diffuse before being bon
again. The hydrogen atoms are either trapped in the mat
by the dangling bonds predominantly created by the
beam or recombine with other hydrogen atoms, forming
drogen molecules. Thus the hydrogen abstraction reactio
second order in the hydrogen concentration. If the molecu
can diffuse through the layer they will leave the layer, whi
reduces the hydrogen concentration in the material unde
vestigation. In the formalism of Mare´e et al.4 the H concen-
tration, as a function of the incident ion dosef, is given by

H~f!5
1

V1~1/H~0!2V!e2Kf , ~1!

whereH(0) is the initial hydrogen concentration,V5pr eff
2 l

is the effective recombination volume, and

K5
PrecP

2pr eff
2

sina
~2!

is the effective molecular release cross section~a is the angle
of incidence with the plane of the surface, andPrec is the
proportionality constant which describes the rate of reco
bination to H2

3!. From Eq. ~1!, it becomes clear that th
hydrogen concentration stabilizes at 1/V at a high ion dose.
A somewhat different formalism was presented by de J
et al.5 de Jonget al. made an explicit distinction betwee
two processes, i.e., direct recombination of hydrogen
recombination after diffusion. The first process leads to
equation which describes the ion fluence dependence o
remaining H concentration in the material equal to that
Marée et al. The second process takes into account that
drogen radicals may diffuse inside and outside the ion tr
before recombination or trapping. In the model of Mar´e
et al. these distinct two processes are combined into one,
the loss of hydrogen through recombination of hydrog
radicals outside the immediate ion track region is conside
to be so small that it can be neglected. Both models do
include the process of hydrogen molecule formation throu
a reaction of a hydrogen radical and a bonded hydro
at
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atom. It was suggested by de Jonget al. that this may be
important. We will present some indications in Sec. III th
this latter reaction indeed may be important.

We set up an experiment in which we monitored the h
drogen ERD yield froma-Si:C:H films during the measure
ments while also measuring the hydrogen gas pressure in
vacuum chamber. In this way we directly measured the
fusing hydrogen species. The films which were used for
experiments consist of two layers. In one layer the m
common hydrogen isotope protium (1H) is present; in the
other deuterium (2H,D), or a mix of both is applied. In this
way we obtained information on the region of formation
the molecules by monitoring the relative effusion rates of H2,
HD, and D2. As the molecular diffusion is strongly influ
enced by the structure of the layers, we use the effus
characteristics ofa-Si:C:H layers with different C content
to obtain structural information.

II. EXPERIMENT

Ion irradiation and simultaneous ERD measurements w
performed using three different types of ion beams on a
ries of a-Si:C:H samples. During the experiment the part
gas pressure of hydrogen was monitored with a Balz
QMG-064 quadrupole mass spectrometer. The time ev
tion of the hydrogen pressure was compared to that of th
yield in the ERD spectrum. The irradiation and ERD me
surements were carried out in one of the chambers of
UHV systemOCTOPUS.15 This chamber has a base pressu
in the low 1029-mbar range, and is connected to the Utrec
6.5 MV tandem Van de Graaff accelerator. Thea-Si:C:H
layers were grown using a plasma-enhanced chemical-v
deposition process at a temperature of 250 °C in the dep
tion systemASTER, described in Ref. 16. The kind of hydro
gen isotopes present in the layers were adjusted by the ch
of the deposition source gases. The source gases were4
and CH4, SiD4 and CD4, or SiH4 and CD4, to obtain
a-Si:C:H, a-Si:C:D, or a-Si:C:H:D films, respectively. In
the single isotope layers H~D! is bonded to both Si and C.13

In all cases the total layer thickness amounted to 0.3mm.
In Table I an overview of the samples is displayed.

addition, in Table II we show the characteristics of the
Cu, and Ag ion beams which were used. The stopping po
values have been deduced for the assumed layer com
tions from the tabulated values of Ziegleret al.17 The stop-
ping power, presented here for the energy of the ion at

TABLE II. The beam characteristics used in the ERD measu
ments. Recoil anglew537.5°. The absorber foil thickness is 9.
mm Mylar. The beam spot is'0.15 cm2. a is the angle of incidence
with respect to the plane of the surface.

Ion
Energy
~MeV! a

Layer composition
of sample

Stopping power at depth 0
(eV cm2/1015)

Si 12.8 26 a-Si:H 653
Si 12.8 26 a-Si0.8C0.2:H 597
Cu 46.0 25 a-Si:H 1431
Cu 46.0 25 a-Si0.8C0.2:H 1305
Ag 43.3 24 a-Si:H 1534
Ag 43.3 24 a-Si0.8C0.2:H 1423
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sample surface, is an important parameter for the temp
ture rise of the material irradiated. More importantly, t
hydrogen loss cross section appeared to depend almos
the square of the stopping power.4,18 Although it has been
verified earlier that the loss of H from the layers is not due
the temperature rise of the material,4 we have carefully esti-
mated the temperature of the amorphous layers during
diation, because we want to study the transport of hydro
through the films to the surface at temperatures lower t
the temperature at which thermal desorption of hydrog
commences. The estimation of the temperature is prese
in the Appendix. In the Appendix we argue that the tempe
ture in the first seconds after the start of the ion-beam i
diation, where the most important effects are already
served, is of the order of 50 °C or lower.

III. RESULTS AND DISCUSSION

First we concentrate on samples containing 20-at. %
These samples have initial hydrogen and deuterium con
trations of about 40 at. %. In Fig. 1 we show the H and
abundances in two samples, and the H2, HD, and D2 partial
pressures during the measurement in the ERD chamber
this measurement we used a 46-MeV Cu beam at an
current of about 231011particles/s. The samples consist of
150-nm a-Si:C:H layer on top of a 150-nma-Si:C:D or
a-Si:C:H:D layer. The amount of H in the
a-Si:C:H/a-Si:C:D sample after long irradiation is 30% o
the initial amount. In comparison, the D amount is only
duced to 60% of its initial value. One must note that t
initial H and D concentrations are equal at the start of
irradiation. The smaller relative amount of the reduction o
compared to H is due to an isotope effect, and not to the
that the D-containing layer is located below the hydrog
nated film, since an inverted structure, i.e., a layer struc
in which the deuterium layer is on top, essentially shows
same behavior. The solid lines in the two left parts of Fig
show that both for H and D in both samples an excellen
with Eq. ~1! is possible. The fit parameters are presented
Table III.

Thea-Si:C:H/a-Si:C:H:D sample shows a higher H yiel

FIG. 1. The change in H and D yields and the H2, HD, and D2

partial pressures for 20-at. % Ca-Si:C:H/a-Si:C:D ~top! and
a-Si:C:H/a-Si:C:H:D ~bottom! samples during 46-MeV Cu ERD
measurements. The solid lines in the left figures are fits w
Eq. ~1!.
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and a lower D yield due to deposition of the bottom lay
using SiH4 and CD4. The relative decrease in the H yield
comparable to that in thea-Si:C:H/a-Si:C:D sample; the
reduction in the D yield, however, is significantly smalle
30%. The saturation value for D in this layer is lower than
the a-Si:C:H/a-Si:C:D sample, which is expected from th
presence of H in the bottom layer.

The measurements of the partial pressures~Fig. 1! show
that H2 and D2 molecules evolve from the
a-Si:C:H/a-Si:C:D sample, but nearly no HD molecules a
detected. Apparently the molecules are formed inside the
tinct layers and are mobile. Because of the spatial separa
of incorporated hydrogen and deuterium, only a very limit
amount of HD molecules is formed. This confirms the a
sumption in the model that molecules are formed in a sm
volume along short segments of the ion track. Consist
with the ERD data, the partial H2 pressures are larger tha
the D2 partial pressures during the ion irradiation, indepe
dent of the order of growth of the deuterated and hydro
nated layers.

During the ion irradiation of the sample with th
a-Si:C:H:D bottom layer, the amount of detected D2 is very
low, the H2 signal has increased by a factor of 1.5, and
HD signal is clearly present. Comparison of the two ca
shows that a layer containing both H and D gives rise t
strong HD signal. This again supports the hypothesis that
molecules are formed close to the place where the individ
atoms were bonded initially.

We conclude, therefore, that hydrogen molecules
formed locally under high-energy ion-beam irradiation, a
that they are clearly mobile in 20-at. % Ca-Si:C:H samples
at temperatures lower than the onset of the LT thermal
sorption spectroscopy peak at 450 °C. At the onset of ir
diation of thea-Si:C:H/a-Si:C:D double-layer structure, th
HD gas phase signal is below 5% of the H2 signal and 10%
of the D2 signal. These observations pose an upper limit
the value of the effective length of diffusion, presumab
along the ion track,4 of about 10–15 nm.

The samples with the lower C concentrations behave
ferently. In Fig. 2 we show the results of the outdiffusio
measurements of the 0-, 5-, and 10-at. % C samples du
43-MeV Ag ion irradiation and simultaneous ERD measu
ments. The HD and D2 signals during measurements of th
0- and 5-at. % C are below the detection limit, while the2
signal is insignificant in the 0-at. % case and very weak
the 5-at. % C case. In conformity with these observations,
ERD H and D yields show nearly no time or dose depe
dence. This indicates that either no hydrogen molecules
formed, or that the formed molecules cannot leave the lay
If no hydrogen molecules are formed this would be due to

h

TABLE III. H and D loss data for an experiment with a 46-Me
Cu beam.

Sample Element
H(0)

(1018 at. cm22)
1/V

(1018 at. cm22)
K

(10215 cm2)

a962 H 38 11 7.6
a962 D 38 22 9.2
a964 H 55 17 7.1
a964 D 20 14 10.7
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initial hydrogen concentration@H(0)# lower than 1/V
@Eq. ~1!#.

The outdiffusion measurement of the 10-at. % C sam
shows a gradually increasing H2 signal and no HD and D2
signal in the first 40 s. After 40 s the HD and D2 signals
show a sudden increase, followed by a decrease of all
nals. The gradual rise indicates that the mobility of the h
drogen molecules is so low that more molecules are form
in a certain time interval than are able leave the layer. A
parently, the D2 molecules formed in the bottom layer do n
even reach the sample surface. A hydrogen pressure b
up in the layer until the layer cracks or is blown away. Th
the H2, HD, and D2 molecules are released. The formation
a measurable amount of HD molecules may be due t
larger diffusion length or to an enhanced interaction betw
the H2 and D2 molecules in the film that is caused by th
longer time of residence of the molecules in the layer.

The effects of cracking of the film and removal of mat
rial are clearly shown in the scanning electron microsco
~SEM! recording in Fig. 3. Blisters are formed which crac
leaving craters in the sample surface. Typical diameters
the damage structures are 50mm. Cross-sectional SEM re
cordings of cracks showed that the bubbles are forme

FIG. 2. The H2, HD, and D2 partial pressures fora-
Si:D/a-Si:H ~top left!, a-Si0.95C0.05:H/a-Si0.95C0.05:D ~top right!,
a-Si0.9C0.1:H/a-Si0.9C0.1:D ~bottom left!, anda-Si:H/a-Si0.9C0.1:D
~bottom right! samples during 43-MeV Ag ERD measurements.

FIG. 3. SEM recording of ana-Si0.9C0.1:H/a-Si0.9C0.1:D
sample after 43-MeV Ag ERD measurement.
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depths smaller than the film thickness. This indicates that
cracks are not due to the accumulation of hydrogen m
ecules at the interface. The reduction of the mobility of t
molecules becomes even more clear from the effusion
periment on ana-Si0.9C0.1:D layer covered by ana-Si:H
layer ~Fig. 2, bottom right!. During the first 40 s no outdif-
fusion is observed; then the layer cracks and the D2 mol-
ecules leave the sample. No significant amounts of H2 and
HD molecules are monitored. This indicates that the H c
centration in thea-Si:H layer is below the critical concen
tration for molecule formation, but also that the devic
quality a-Si:H is not permeable for molecular hydroge
This implies that once these H2 molecules have been forme
in not too large concentrations, they will remain in the m
terial at moderate temperatures.

In Fig. 4 we show the effusion data of a
a-Si0.8C0.2:H/a-Si0.8C0.2:D layer recorded during a 12.8
MeV Si ERD measurement. The signal shows a m
gradual decrease than in the case of the experiments with
Cu and Ag beams. This is due to the lower stopping powe
the film, as shown in Fig. 5. The layers with lower C co
tents did not show a measurable outdiffusion, where we m
keep in mind that the concentrations of H and D are lowe
the lower C content samples~Table I!.

Isotope effects

Can we learn something from the observation that
extent of D loss from the films compared to that of H

FIG. 4. The H2, HD, and D2 partial pressures for an
a-Si0.8C0.2:H/a-Si0.8C0.2:D sample during 12.8-MeV Si ERD mea
surements.

FIG. 5. The energy of the analyzing ion and the stopping pow
as a function of depth for three different ion beams.
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smaller, i.e., that there is a significant isotope effect in
hydrogen loss as a result of ion-beam irradiation? Let us
consider the distinct processes which lead to the disapp
ance of hydrogen from the layers during ion-beam bomba
ment. According to the models the first step is the product
of atomic hydrogen~deuterium! as a result of decompositio
of Si-H and C-H~or Si-D and C-D! bonds. This is assume
to be an electronic process: the ion passage causes a tra
ionization events, resulting in breaking of bonds. The res
ing H atoms are very reactive; they can react with each o
to form a ~desorbing! molecule, or they can be trapped in
the network and become immobilized. The formation of d
fusing and desorbing molecules has been shown in
present work. The relaxation of the electronic system t
ground state is supposed to be fast enough, such that d
sion and chemical reactions take place in an electronic
relaxed system.~In the ion track this ground state may ve
well be different from that before the ion passage.! Finally,
when the H~D! concentration has become so low that t
probability for a H or D atom to become trapped is muc
larger than that for the formation of a molecule, the rate o
loss approaches zero.

In the first approximation the electronic processes are
expected to be influenced by isotope effects. The effec
radius of the ion track depends on the ionization potentia
the hydrogen-containing groups, and will therefore be diff
ent for Si-H and C-H groups. We have deduced earlier13 that
in double layers the distribution of H and D over the distin
bonding configurations is similar for the hydrogenated a
deuterated layers. In this view, the extent of production o
atoms in the completely deuterated layer, and that of H
oms in the completely hydrogenated layer by the passag
the ion are equal.

The vibrational properties of the hydrogenated grou
(SiHn ,CHn) differ from those of the deuterated group
(SiDn ,CDn). For instance, the zero-point vibrational ener
of Si-H is about 0.05 eV larger than that of Si-D, giving ri
to a slightly smaller binding energy for Si-H. The vibratio
frequency~also called the attempt-to-escape frequency! is a
factor of 1.39 smaller in Si-D than in Si-H. For C-H bond
the values are somewhat different, but of the same orde
magnitude. This results in a slower rate of decomposit
reactions when D is involved in comparison with H. Ther
fore, the observation of the smaller loss of D, in comparis
to H, and the consistent appearance of a smaller D2 signal in
comparison with the H2 gas phase signal~Fig. 1! point to a
significant contribution to the hydrogen loss of these deco
position reactions. This contribution is not included in t
current models. In the models the formation of desorb
molecules competes with the process of trapping of atomi
~D!, and, at first sight, no decomposition reaction plays a r
in these steps of the process.

It is tempting to bring into the discussion the recen
observed and discussed isotope effects in the electron-
UV-radiation-induced desorption of hydrogen in Si-H a
deuterium in Si-D bonds, adsorbed on Si surfaces, at
SiO2/Si interface or in GaAs.19–21 For, as in the work of
Foleyet al. using a scanning tunneling microscope,19 we are
dealing with the interaction of Si-H~Si-D! bonds with low-
energy electrons, which in our case are emitted in the
mary track by the passing ion. However, in our case
e
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calculate that we lose one bonded H atom per 1–10 e
trons, emitted in the track, whereas one apparently ne
105– 106 electrons to stimulate hydrogen or deuterium d
sorption from a Si-surface.19 Therefore, we think that this
type of isotope effect, which is attributed to the longer lif
time of a vibrationally excited Si-H bond, in comparison
that of a Si-D bond,19,20,22does not play a significant role in
our case.

One way to proceed is to hypothesize that the format
of a H2 or D2 molecule does not occur solely via a reacti
with two free atoms, but also via a reaction of a free H~D!
atom ~radical! and a bonded H~D! atom, resulting, apar
from the molecule, in a Si or C dangling bond. The possib
ity of this hydrogen abstraction reaction was argued by
Jonget al.5 and Maas.23 In fact, it was reported that the re
action probability between H, chemisorbed on a Si surface
a Si-H bond, and a gas-phase H radical has a value clos
unity at 300 °C,24 and a low activation energy of 0.1 eV.25

Therefore it is reasonable to attribute the isotope effect to
significant contribution to the hydrogen loss of the react
Si-H1H•→H21Si•. Here Si• denotes a Si with a dangling
bond, and H• a hydrogen radical. Similar reactions may o
cur with CHn groups.

In the mixed hydrogenated/deuterated layer, hydroge
mainly bonded to Si, and deuterium to C~see Ref. 13!, and
hence one might expect a difference in track radius for H a
D, in the sense that the group with the largest ionizat
potential has the smallest effective ion track radius. The
fore, this type of hydrogen bond exhibits the lowest loss ra
This is indeed the case: the Si-H type bonds in general h
a smaller ionization potential,26 and therefore the H loss rat
is far greater than the D loss rate. Consistent with the ab
reasoning, the D2 signal in the gas phase appears to be lo
see Fig. 1. We interpret this to be the result of the low rate
the reaction C-D1D•→D21C•. We conclude that the iso
tope effect on the extent and rate of hydrogen loss in hyd
genated and deuterated amorphous silicon-carbon a
stacks during MeV ion-beam irradiation can be accoun
for, but the existing models to describe this loss must
modified. Thus it is not straightforward to discuss the me
ing of the values forK andV @Eq. ~1!# obtained from the fits
~see Table III!. The hydrogen abstraction reaction is seco
order in the hydrogen concentration; therefore, this essen
feature of the models is applicable in the investigated s
tem. A modified model is being developed.27

IV. CONCLUSION

The combined measurements of the ERD yield and
desorption products showed that during high-energy i
beam irradiation of hydrogenateda-Si:C:H films, hydrogen
molecules are formed close to the position where the H
oms were bonded to the matrix. In samples with an op
structure the molecules leave the sample on a time scal
the order of seconds or less. We thus have shown how
nondestructiveness of MeV ion-beam techniques, i.e.,
property that two subsequent analyses of the same piec
material gives the same result, only applies for samples h
ing a H concentration below the critical value. By this cri
cal concentration we mean a hydrogen concentration wh
is asymptotically reached at large fluences and whose v
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depends, among other things, on the stopping power of
ions used.4 From our estimates of the sample temperature
deduce that molecular hydrogen transport takes place at
peratures near room temperature, i.e., below 50 °C. Ab
that, samples with hydrogen concentrations higher than
critical value, and which are not permeable for H2, become
morphologically damaged during ion-beam irradiation. T
is due to the buildup of a large pressure as a result of2
formation, which in turn results in the removal of film flake
with typical diameters of 50mm. We suggest that the pres
ence of molecular hydrogen in material which is not perm
able for H2 at moderate temperatures, as we have show
be the case fora-Si:H anda-Si:C:H with low carbon con-
tents, is a source of instability without ion-beam irradiati
also. In those circumstances the damage is not macrosc
cally visible.

From the present results we conclude that in the proc
of hydrogen loss from the material during annealing at
lower temperatures@i.e., the LT H2 desorption peak at 300
,T,450 °C~Ref. 8!# the rate-limiting step is the formatio
of hydrogen molecules inside the material, since transp
already occurs at lower temperatures. The observed iso
effect in the ion-beam-induced hydrogen loss points to
significant role of thermal decomposition reactions in t
hydrogen loss mechanism, which involve the Si-H~Si-D!
and/or C-H~C-D! vibrational system.
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APPENDIX A: SAMPLE TEMPERATURE
DURING ION IRRADIATION

The energy of ions in an analyzing beam is transform
into heat in the sample under investigation. As argued in S
II, we need an estimate of the concomitant temperature
To take into account the effect of heat conduction in
sample and its holder, we will consider three models.

In the first model@~a! a semi-infinite solid# it is assumed
that the sample is semi-infinite, that the beam spot siz
equal to the sample area, that all heat is absorbed at
surface and that no heat is reemitted. Consequently the
conduction is one dimensional.

The second model@~b! a two-component semi-infinite
solid# is a refinement of the first one, in which we take in
account the presence of a sample holder made of stain
steel. The sample and sample holder combination is re
sented by a silicon layer, with the thickness of the sam
~0.055 cm! on top of stainless steel. Furthermore, at t
boundary between the sample and the holder thermal re
tance is taken into account.

In the third model@~c! a lateral model# we describe how
absorbed energy flows in an infinitely extended plane of
sample. This represents the actual situation in which
beam spot size is smaller than the area of the sample.
energy is generated within a disk with the size of the be
spot. Consequently, the heat conduction is two dimensio
e
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The equation of heat conduction for the three models
solved by applying the method of Laplace transformation~cf.
Carslaw and Jaeger28!. We will give the resulting expres
sions for the energy flux, the temperature profile, and
global temperature rise of the sample~spatial average of the
temperature! as a function of time. Furthermore, the influ
ence of the thermal resistance in model~b! is addressed.

Thermal conductivity, difussivity, capacity, and the de
sity of silicon and stainless steel are indicated byk1,2, k1,2,
c1,2, andr1,2. These quantities are related by the equatio

k1,25
k1,2

r1,2c1,2
. ~A1!

The following numerical values were used for the calcu
tions: k151.49 J s21 cm21 K21, k250.3 J s21 cm21 K21, r1
52.33 g cm23, r258.02 g cm23, c150.705 J g21 K21, c2
50.449 J g21 K21 k150.91 cm2 s21, and k250.083
cm2 s21. The thickness of the sample isd50.055 cm, and
the area of the sample isA50.49 cm2. The intensity of the
43.3-MeV analysis beam is 1.931011 ions s21, which corre-
sponds to an energy fluxF052.7 J s21 cm22 when the beam
spot size is equal to the sample area@models~a! and~b!# and
F058.8 J s21 cm22 when the actual beam spot size is 0.
cm2 @model ~c!#. To gain insight into the dependence of th
thermal contact on the relevant quantities, we used differ
values for the thermal conductance of the interface betw
silicon and stainless steel:H51.131023, 1.131022, 1.1
31021, 1.13100, and 1.13101 J s21 cm22 K21. The equa-
tion for the temperature riseDT(x,t) for models~a! and~b!
reads

]DT~x,t !

]t
5k

]2DT~x,t !

]x2 , ~A2!

with the initial conditionDT(x,t)50 at timet50, and rel-
evant values fork.

~a! Semi-infinite solid. The situation of a semi-infinite
solid with a fluxF0 at the absorbing surface (x50) is treated
by Carslaw and Jaeger.28 First, they solved the heat equatio
for the energy fluxF(x,t), from which they obtained the
increase of temperatureDT(x,t):

DT~x,t !5
2F0

k1
FAk1t

p
expS 2

x2

4k1t D2
1

2
x erfcS x

2Ak1t
D G .

~A3!

The results in Fig. 6 show the time and depth dependenc
the temperature increase. We observe that the distributio
the temperature increase over typical film and substrate
mensions~film thickness 30031027 cm, substrate thicknes
0.055 cm, and surface area 0.730.7 cm22! may be regarded
as homogeneous over the depth of the sample and is on
order of 20 K in 100 s. When thermal contact with th
stainless-steel sample holder is lacking significant sam
heating may occur. This we will discuss using model~b!.

~b! Two-component semi-infinite solid. The boundary con-
dition at the sample surface (x50) reads

2k1

]DT~x,t !

]x U
x50

5F0 . ~A4!
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At the interface between silicon and the sample holderx
5d), the boundary conditions are given by

2k1

]DT~x,t !

]x U
x↑d

52k2

]DT~x,t !

]x U
x↓d

, ~A5!

2k1

]DT~x,t !

]x U
x↑d

5H~DT~x,t !ux↑d2DT~x,t !ux↓d!.

~A6!

These conditions express that the energy fluxes at both s
of the interface are equal, and that the flux is proportiona
the thermal conductanceH and the temperature differenc
over the interface. For practical reasons we definen
5k1 /Hd ands5k2 /k1Ak1 /k2. n is a measure of the ther
mal resistance over the interface. Furthermore, we introd
the functions

V~w,t !5
2

k1p

12expS 2w2t

t D
w2

, ~A7!

F~w,x!5

ds cosS wx

l D
s2~cosw2nw sinw!21sin2 w

, ~A8!

S~w!5
dsw sinw

s2~cosw2nw sinw!21sin2 w
. ~A9!

In this modelt5d2/k1(t50.003 s).
As for model~a!, first we derive the energy fluxF(x,t),

from which the temperature profileDT(x,t), the global tem-
perature riseDT(t), and the temperature stepDQ(t) at the
interface (x5d) of silicon and stainless steel are obtained

F~x,t !52F0k1E
0

`

V~w,t !
]

]x
F~w,x!dw, ~A10!

FIG. 6. The increase of the temperature of ac-Si sample caused
by a 43.3-MeV Ag ion beam with an ion current of 1.931011

ions s21. The calculations were done for a sample with an infin
thickness and a surface of the size of the beam spot~0.15 cm2!.
Both time and depth dependences are shown.
es
o

ce

DT~x,t !5F0E
0

`

V~w,t !F~w,x!dw for 0,x,d,

~A11!

DT~ t !5F0E
0

`

V~w,t !
S~w!

w2 dw, ~A12!

DQ~ t !5F0nE
0

`

V~w,t !S~w!dw. ~A13!

It turns out that within the silicon the variation of the tem
perature rise is so small@DT(0,t)2DT(0.055,t),0.3 K#
that one may restrict oneself to calculating the global te
perature rise of the silicon. The time dependence of the g
bal temperature increase and the temperature step at th
terface between silicon and stainless steel are shown in F
7 and 8 for different values ofH. These results show that fo
lower values (H,1.1 J s21 cm22 K21) the thermal conduc-
tance H will strongly influence the temperature rise. F
higher values the experimental conditions are not affecte

FIG. 7. The time dependence of the global temperature incre
of a silicon sample on a stainless-steel substrate for different va
of the thermal conductanceH at the interface. The calculations wer
done for a silicon sample with a thickness of 0.055 cm and an a
of 0.15 cm2. The incoming energy flux is 8.8 J s21 cm22.

FIG. 8. The time dependence of the temperature step at
silicon stainless-steel interface for different values of the therm
conductanceH.
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~c! The lateral system. The considered system consists
an infinitely extended plane of silicon in which a disk wi
the area of the beam spot~0.15 cm2! and a thicknessd ab-
sorbs the energy of the analyzing beam. The energy gen
tion per unit of time and per unit of volume within the dis
equalsF0 /d. The material constants inside and outside
the disc are equal. By adapting the method of Carslaw
Jaeger28 for treating the heat conduction in a cylinder, w
obtained expressions for the temperature profileT(r ,t), the
energy currentS(t) through the margin of the disk and it
global temperature riseDT(t) ~r is the distance to the cente
of the disk!:

T~r ,t !5
F0pa2

2d E
0

`

V~w,t !J0S wr

a D J1~w!dw,

~A14!

S~ t !5k1F0p2a2E
0

`

wV~w,t !J1~w!2dw, ~A15!

DT~ t !5
F0pa2

d E
0

` V~w,t !

w
J1~w!2dw, ~A16!

whereJ0(w) andJ1(w) are Bessel functions, the radius
the beam spota50.22 cm, andt5a2/k1(t50.052 s). In
Fig. 9 we show the temperature rise as a function ofr for

FIG. 9. The temperature rise of a 0.055-cm-thick silicon sam
in the case when the incoming energy is dissipated in the plan
the sample surface. The sample is considered to be infinitely
tended.
d

l.

n,

in
f

ra-

f
d

different values of time. This demonstrates that this rise
small compared to the results for the other models.

For the underlying models we also derived the asympto
expressions (t→`,t@t) for the ~global! temperature in-
crease of the sample (x<d). For the linear models one ob
tains

~a! DT~ t !'
2F0d

Apk1

A t

t
for t@t where t5

d2

k1
,

~A17!

~b! DT~ t !'
2F0d

Apk1s
A t

t
for t@t where t5

d2

k1
,

~A18!

and, for the two-dimensional model,

~c! DT~ t !'
F0a2

4k1d
ln

t

t
for t@t where t5

a2

k1
.

~A19!

Because of the small value oft @t50.003 s for~a! and~b!#,
the graphs in Figs. 6 and 7 are fitted well with these fun
tions with the exception of very small values ofH.

The remaining difference between model~a! and ~b! for
large values ofH is due to the presence of two differen
materials. This is controlled bys in Eq. ~A18!.

From the two-dimensional situation we note that the h
is distributed over the sample area~0.49 cm2! within sec-
onds. Experiments in which we repeated the irradiation a
adjacent spot on the sample gave the same results. From
we conclude that, even after elongated irradiation, the m
rial remains below the temperature where thermal releas
hydrogen starts~300 °C!. We use this result to calculate
lower limit for H. Requiring DT(t5250 s),300 °C in
model ~b! we obtain H.1.131022 J s21 cm22 K21. This
corresponds with the dotted line in Fig. 7. Most conclusio
can be drawn on the basis of observations in the first
seconds after the start of the irradiation. So, finally, we
rive that the upper limit for the temperature in the most i
portant experimental regime is on the order of 50 °C.

From the models treated above we conclude that to red
the heating of a sample one has to take care of suffic
thermal contact between the sample and its holder. Furt
more, it appears that heat is quickly distributed over silic
samples, even if their size exceeds several centimeters.
means that the dimensions of the sample are more impo
than the size of the beam spot.
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