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Hydrogen loss ina-Si:C:H layers induced by MeV ion beam irradiation
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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-carbarSj; ,C, :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 hawg0.2, and escape into the ambient. For smaller valuesiod
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.

I. INTRODUCTION during ion-beam irradiation is lower than the onset tempera-
ture of thermal desorption of hydrogen from the considered
Elastic recoil detectiofERD) and other high-energy ion- materials, which is above 300 °Gee Table),"® we obtain
beam analysis methods like Rutherford backscattering spedaformation about the rate-limiting step in the loss of hydro-
trometry and nuclear reaction analysis are powerful techgen during heat treatment.
niques for quantitative elemental depth profiling of thin ~ The presence of H in low-temperature plasma-deposited
layers of materiat:? The number of atoms involved in the amorphous silicon and silicon alloys is important, since it
binary scattering process is negligible compared to the tots¢nables the application of these materials in optoelectronic
number of atoms in the material. From this point of view devices like solar cells. On the other hand, the presence of
these methods can be regarded as nondestructive. HowevBdrogen may be the source of instability in this class of
the primary particles lose energy on their way through thematerials’ Therefore, an understanding of the behavior of
material, mainly as a result of Coulomb interactions withhydrogen in these films may be of great help to understand
electrons and nuclei. In typical experimental situations théhe instability. Here we report on an investigation of hydro-
energy loss of the MeV projectiles is mainly due to the en-gen ina-Si:C:H layers with C contents o#0, 5, 10, and 20
ergy transfer to the electroRslhis energy transfer may lead at.%. Although thea-Si:C:H alloy with 20-at. % C is not
to considerable modifications of the material. These modifimeaningfully applied in device structures, the study of hy-
cations are sometimes accompanied by the loss of hydrogehogen transport in this material helps us to understand the
or other elements, which are present in the material undgphenomena at lower C concentrations. It has been
investigation. Successful models for the loss of hydrdgen showr(°*?thata-Si:C:H layers have open volume defects.
imply that H, molecules are formed from two diffusing H The defect density increases when hydrogen outdiffusion
radicals, created by the high-energy ion passage, in a reldakes place. The thermally stimulated induced outdiffusion
tively small volume in the region where they were originally of hydrogen results in desorption spectra which often show
bonded. The molecules created thus may subsequently mi-

grate through the material, and finally escape into the ambi- TABLE I. Overyiew of the samples _used. The individual de.pos-
ent. It is therefore possible to investigate the molecular hy!t€d layers have thicknesses of approximately Qus and thec-Si
bstrate is 52wm thick. The H and D concentrations have been

drogen transport mechanism by creating molecules inside &' . )
| 9 P . y : 9 . %‘etermlned using ERDI represents the onset of the thermal de-
ayer on purpose, while measuring the evolving Mol-

ecules. This will shed some light on the presence of molecu§orptlon of hydrogen from the layers.
lar hydrogen ina-Si:H (Ref. 6 anda-Si:C:H alloys, since it

H (D) conc. T,

becomes clear in the present W(_)rk that in some material M55 mple Structure (at. % ©C)

lecular hydrogen remains once it has been formed; we show

how this can be investigated. a956  a-Si:D/a-Si:H/c-Si 13 350
The aim of the present work is twofold: to experimentally a953  a-Sig 9:Co 05:H/@- Sig 9:Co.05:D/c- Si 20 350

show that the basic ingredients of models for an ion-beama950  a-Si:H/a-Siy Cq 1 :D/c-Si

induced loss of hydrogen are correct, and to apply the iona951  a-Siy oCq ;:H/a-Siy Co1:D/c-Si 28 300

beam-induced, local molecule formation to investigate the962  a-Si, ¢Cy ,:H/a-Sig &Co :D/c-Si 40 400

structure and hydrogen transport mechanisma#%i:C:H a964  a-Siy gCo,:H/a-Sip ¢Co:H:D/c-Si 40 400

layers. Since we estimate that the temperature of the material
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two peaks. We have deduced that hydrogen which desorbs at TABLE Il. The beam characteristics used in the ERD measure-
the lowest temperaturé&he LT pealk must be ascribed to ments. Recoil angleo=37.5°. The absorber foil thickness is 9.7
cross-linking of hydrogen atoms in the material, subsequentm Mylar. The beam spot is-0.15 cnf. « is the angle of incidence
transport of hydrogen molecules toward the surface withoutvith respect to the plane of the surface.

retrapping in the network, and desorption from the surfdce.

Energy Layer composition Stopping power at depth 0

Model for ion-beam-induced H loss lon (MeV) « of sample (eV orf/10%)
Observations of hydrogen loss induced by high-energy? 128 26 a-SiH 653
ion beams have been reported by different groups. Work by! 128 26 a-SigCo2:H 597
Moller et al. showed H release frora-C:H layers'* The Cu 460 25 a-SiH 1431
loss of hydrogen from organic layers and semiconductor&u ~ 46.0 25 @-SipgCo:H 1305
was investigated for different beam types by Maet al* Ag 433 24  a-SiH 1534
Making use of assumptions of Adet al.® Maree et al.de- Ag 433 24  a-SiggCoo:H 1423

veloped an adequate model to describe the rate and extent &f
hydrogen loss from these films. This model allows one to )

estimate the initial elemental constituency of the layers ofitom. It was suggested by de Joetal. that this may be
interest using the concepts of the effective interaction volimportant. We will present some indications in Sec. IlI that
ume, and the cross section for the férming process. A this latter reaction indeed may be important.

short description of the model follows here. The primary- We set up an experiment in which we monitored the hy-
beam ion breaks hydrogen bonds with probabiktyithin ~ drogen ERD yield froma-Si:C:H films during the measure-

an effective track radius.;. We takel as the characteristic Ments while also measuring the hydrogen gas pressure in the
distance for a hydrogen atom to diffuse before being bondeacuum chamber. In this way we directly measured the ef-
again. The hydrogen atoms are either trapped in the materi#Sing hydrogen species. The films which were used for the
by the dangling bonds predominantly created by the iorXPeriments consist of two layers. In one layer the most
beam or recombine with other hydrogen atoms, forming hy.common hydrogen isotope protiuntH) is present; in the
drogen molecules. Thus the hydrogen abstraction reaction Rther deuterium¥H,D), or a mix of both is applied. In this
second order in the hydrogen concentration. If the molecule&@y We obtained information on the region of formation of
can diffuse through the layer they will leave the layer, whichthe molecules by monitoring the relative effusion rates gf H
reduces the hydrogen concentration in the material under if4D, and D. As the molecular diffusion is strongly influ-
vestigation. In the formalism of Maeeet al? the H concen- €nced by the structure of the layers, we use the effusion

tration, as a function of the incident ion dogeis given by  characteristics o&-Si:C:H layers with different C contents
to obtain structural information.

H(4)= V+(1H(0)—V)e K¢’ @ Il. EXPERIMENT
whereH (0) is the initial hydrogen concentratiol,= Wr§ﬁ| lon irradiation and simultaneous ERD measurements were
is the effective recombination volume, and performed using three different types of ion beams on a se-
ries of a-Si:C:H samples. During the experiment the partial
Prechw-rgff gas pressure of hydrogen was monitored with a Balzers

i — (2)  QMG-064 quadrupole mass spectrometer. The time evolu-
tion of the hydrogen pressure was compared to that of the H

is the effective molecular release cross sectiors the angle  yield in the ERD spectrum. The irradiation and ERD mea-
of incidence with the plane of the surface, aRd. is the  surements were carried out in one of the chambers of the
proportionality constant which describes the rate of recomUHV systemocTopus®™® This chamber has a base pressure
bination to H%). From Eq.(1), it becomes clear that the in the low 10 °-mbar range, and is connected to the Utrecht
hydrogen concentration stabilizes a¥/14dt a high ion dose. 6.5 MV tandem Van de Graaff accelerator. TaeSi:C:H
A somewhat different formalism was presented by de Jondpyers were grown using a plasma-enhanced chemical-vapor
et al®> de Jonget al. made an explicit distinction between deposition process at a temperature of 250 °C in the deposi-
two processes, i.e., direct recombination of hydrogen antion systemasTER described in Ref. 16. The kind of hydro-
recombination after diffusion. The first process leads to argen isotopes present in the layers were adjusted by the choice
equation which describes the ion fluence dependence of thef the deposition source gases. The source gases wepe SiH
remaining H concentration in the material equal to that ofand CH, SiD, and CDO, or SiH, and CDO, to obtain
Maree et al. The second process takes into account that hya-Si:C:H, a-Si:C:D, or a-Si:C:H:D films, respectively. In
drogen radicals may diffuse inside and outside the ion trackhe single isotope layers(B) is bonded to both Si and €.
before recombination or trapping. In the model of Mare In all cases the total layer thickness amounted to 8
et al. these distinct two processes are combined into one, but In Table | an overview of the samples is displayed. In
the loss of hydrogen through recombination of hydrogeraddition, in Table Il we show the characteristics of the Si,
radicals outside the immediate ion track region is considere€u, and Ag ion beams which were used. The stopping power
to be so small that it can be neglected. Both models do notalues have been deduced for the assumed layer composi-
include the process of hydrogen molecule formation throughions from the tabulated values of Zieglerall’ The stop-
a reaction of a hydrogen radical and a bonded hydrogeping power, presented here for the energy of the ion at the
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TABLE Ill. H and D loss data for an experiment with a 46-MeV

§ e 104 b £ Cu beam.

© 3.0x10% [° i

2 20x10* :%: H(0) N K

g 1.0x10* & Sample Element (10'%at.cm?) (10%at.cm?®) (10 ®cn)
: 0 5

° 0 50 100 150 200 250 a962 H 38 11 7.6
. fime (9 R a%2 D 38 22 9.2

% sox10th 3 a964 H 55 17 7.1
© 40x10* % ag%64 D 20 14 10.7
‘o 30x10* . =

5, 20510 g ¢

§ 1.0x10* < and a lower D vyield due to deposition of the bottom layer

0 50 100 130 200 250 using SiH, and CDO,. The relative decrease in the H yield is
time (s) time (s) comparable to that in tha-Si:C:H/a-Si:C:D sample; the
FIG. 1. The change in H and D yields and thg HD, and D, ;eo‘f;ﬁ%” n tthe t.D y'e'f'- h]?WGDV.er-ﬂf T'gn'f'?alfg'yesml]efh
partial pressures for 20-at. % @&-Si:C:H/a-Si:C:D (top) and h o _.e .sa ura.!or? value (?r 'E, hls ayer 1s (\;vfr hl
a-Si:C:H/a-Si:C:H:D (bottom) samples during 46-MeV Cu ERD t ea—Sl.C.H/a—_Sl.C.D sample, which is expected from the
measurements. The solid lines in the left figures are fits withPréSence of H in the bottom layer. _
Eq. (1). The measurements of the partial pressufég. 1) show
that H, and D, molecules evolve from the

sample surface, is an important parameter for the tempera-Si:C:H/a-Si:C:D sample, but nearly no HD molecules are
ture rise of the material irradiated. More importantly, the detected. Apparently the molecules are formed inside the dis-
hydrogen loss cross section appeared to depend almost &fct layers and are mobile. Because of the spatial separation
the square of the stopping powel Although it has been of incorporated hydrogen and deuterium, only a very limited
verified earlier that the loss of H from the layers is not due toamount of HD molecules is formed. This confirms the as-
the temperature rise of the matettakie have carefully esti- sumption in the model that molecules are formed in a small
mated the temperature of the amorphous layers during irracolume along short segments of the ion track. Consistent
diation, because we want to study the transport of hydrogeWith the ERD data, the partial Horessures are larger than
through the films to the surface at temperatures lower thathe D, partial pressures during the ion irradiation, indepen-
the temperature at which thermal desorption of hydrogerlent of the order of growth of the deuterated and hydroge-
commences. The estimation of the temperature is presentéwted layers.
in the Appendix. In the Appendix we argue that the tempera- During the ion irradiation of the sample with the
ture in the first seconds after the start of the ion-beam irra@-Si:C:H:D bottom layer, the amount of detected iB very
diation, where the most important effects are already oblow, the H, signal has increased by a factor of 1.5, and the
served, is of the order of 50 °C or lower. HD signal is clearly present. Comparison of the two cases
shows that a layer containing both H and D gives rise to a
strong HD signal. This again supports the hypothesis that the
molecules are formed close to the place where the individual
First we concentrate on samples containing 20-at. % Catoms were bonded initially.
These samples have initial hydrogen and deuterium concen- We conclude, therefore, that hydrogen molecules are
trations of about 40 at. %. In Fig. 1 we show the H and Dformed locally under high-energy ion-beam irradiation, and
abundances in two samples, and the HD, and B, partial  that they are clearly mobile in 20-at. % & Si:C:H samples
pressures during the measurement in the ERD chamber. Fat temperatures lower than the onset of the LT thermal de-
this measurement we used a 46-MeV Cu beam at an ioBorption spectroscopy peak at 450 °C. At the onset of irra-
current of about X 10" particles/s. The samples consist of a diation of thea- Si:C:H/a-Si:C:D double-layer structure, the
150-nm a-Si:C:H layer on top of a 150-nna-Si:C:D or  HD gas phase signal is below 5% of the signal and 10%
a-Si:C:H:D layer. The amount of H in the ofthe D, signal. These observations pose an upper limit to
a-Si:C:H/a-Si:C:D sample after long irradiation is 30% of the value of the effective length of diffusion, presumably
the initial amount. In comparison, the D amount is only re-along the ion track,of about 10—15 nm.
duced to 60% of its initial value. One must note that the The samples with the lower C concentrations behave dif-
initial H and D concentrations are equal at the start of theferently. In Fig. 2 we show the results of the outdiffusion
irradiation. The smaller relative amount of the reduction of Dmeasurements of the 0-, 5-, and 10-at. % C samples during
compared to H is due to an isotope effect, and not to the fact3-MeV Ag ion irradiation and simultaneous ERD measure-
that the D-containing layer is located below the hydroge-ments. The HD and Psignals during measurements of the
nated film, since an inverted structure, i.e., a layer structur@- and 5-at. % C are below the detection limit, while the H
in which the deuterium layer is on top, essentially shows theignal is insignificant in the 0-at. % case and very weak in
same behavior. The solid lines in the two left parts of Fig. 1the 5-at. % C case. In conformity with these observations, the
show that both for H and D in both samples an excellent fitERD H and D yields show nearly no time or dose depen-
with Eq. (1) is possible. The fit parameters are presented ilence. This indicates that either no hydrogen molecules are
Table . formed, or that the formed molecules cannot leave the layers.
Thea-Si:C:H/a-Si:C:H:D sample shows a higher H yield If no hydrogen molecules are formed this would be due to an

Ill. RESULTS AND DISCUSSION



10 136 E. H. C. ULLERSMA, P. ULLERSMA, AND F. H. P. M. HABRAKEN PRB 61

H i~ 1.0F .
o —— o .
£ 0.60 2 5
e 0.50 D c
2 040 © 0.8
@ 0.30 Dy —— o
$ 400 — 0.6
o - ~—r
£ 0.10 "
2 0.00 8 0.4
o] 100 200 300 400 o) 100 200 300 400 =
. ) o
time (s) time (s) 0.2
e .
[ -
H, —— 2 0.0

HD —o—

D, ——

‘W o 4 .
o Mt i S

L a-Siy ¢Cp.2:H/a-Siy §Cy »:D sample during 12.8-MeV Si ERD mea-

0 100 200 300 400 0 100 200 300 400
time (s) time (s) surements.

FIG. 4. The H, HD, and DO partial pressures for an

FIG. 2. The H, HD, and D, partial pressures fora- depths smaller than the film thickness. This indicates that the
Si:D/a-Si:H (top left), a-Siy ¢:Co o5:H/a-Sig.0:Co.05:D (top right, cracks are not due to the accumglatlon of hydrp_gen mol-
a-Siy «Co 1 :H/a-Siy {Cy 1 :D (bottom lefd, anda- Si:H/a-Siy Co 1 :D ecules at the interface. The reduction of the mobility of the
(bottom righ} samples during 43-MeV Ag ERD measurements. molecules becomes even more clear from the effusion ex-

periment on ama-SiyCo1:D layer covered by ara-Si:H
- : layer (Fig. 2, bottom right During the first 40 s no outdif-
|[r£t|al(1)r]1ydrogen concentratiorf H(0)] lower than 1V fusion is observed; then the layer cracks and thenial-

g ecules leave the sample. No significant amounts pfahd

h dually i ing.Hianal and HD and 4D molecules are monitored. This indicates that the H con-
SNows a gradually Increasing,rsignal and no and centration in thea-Si:H layer is below the critical concen-

signal in the f|rs_t 40 s. After 40 s the HD and, Bignals . tration for molecule formation, but also that the device-
show a sudden increase, followed by a decrease of all S'quality a-Si:H is not permeable for molecular hydrogen.

nals. The gradual _rise indicates that the mobility of the hy- his implies that once these,holecules have been formed
drogen molecules is so low that more molecules are formeq " 0 large concentrations, they will remain in the ma-

in a certain time interval than are able leave the layer. Ap'terial at moderate temperatures.
parently, the D molecules formed in the bottom layer do not In Fig. 4 we show the effusion data of an

even reach the sample surface. A hydrogen pressure buil%s_Si Cop:H/a-Sig &Co,:D layer recorded during a 12.8-
up in the layer until the layer cracks or is blown away. ThenMeVO' SiOIZI.ERD mo'esas?jr.ement The signal shows a o ore
the F, HD,gnd D molctecufleligre relleasled. The fgrmjmontof radual decrease than in the case of the experiments with the
a measurable amount o molecules may be due 10 &, 5 Ag beams. This is due to the lower stopping power in
larger diffusion length or to an enhanced interaction betweerd1e film, as shown in Fig. 5. The layers with lower C con-
the H, and D, molecules in the film that is caused by the tents did not show a measurable outdiffusion, where we must

Ion_lg_]ﬁr tlrfr;e ?f re;:3|denl§:_e of :‘htﬁ mf(_JIIecuIeds in the Ilay(]::r. t keep in mind that the concentrations of H and D are lower in
e effects of cracking of the film and removal of mate-y,."|ower C content sampléZable ),

rial are clearly shown in the scanning electron microscopy
(SEM) recording in Fig. 3. Blisters are formed which crack,

leaving craters in the sample surface. Typical diameters of i i

the damage structures are &n. Cross-sectional SEM re- Can we learn something from the observation that the
cordings of cracks showed that the bubbles are formed &xtent of D loss from the films compared to that of H is

The outdiffusion measurement of the 10-at. % C sampl

Isotope effects
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FIG. 3. SEM recording of ana-Siy¢Cy1:H/a-SiydCo1:D FIG. 5. The energy of the analyzing ion and the stopping power

sample after 43-MeV Ag ERD measurement. 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 thecalculate that we lose one bonded H atom per 1-10 elec-
hydrogen loss as a result of ion-beam irradiation? Let us firstrons, emitted in the track, whereas one apparently needs
consider the distinct processes which lead to the disappeat®—1¢ electrons to stimulate hydrogen or deuterium de-
ance of hydrogen from the layers during ion-beam bombardsorption from a Si-surfac¥. Therefore, we think that this
ment. According to the models the first step is the productiortype of isotope effect, which is attributed to the longer life-
of atomic hydrogerfdeuterium as a result of decomposition time of a vibrationally excited Si-H bond, in comparison to
of Si-H and C-H(or Si-D and C-D bonds. This is assumed that of a Si-D bond®?°?2does not play a significant role in

to be an electronic process: the ion passage causes a track®f_case. _ _ _
ionization events, resulting in breaking of bonds. The result- ©ONn€ way to proceed is to hypothesize that the formation
ing H atoms are very reactive; they can react with each othe?f @ He or D, molecule does not occur solely via a reaction
to form a (desorbing molecule, or they can be trapped into With two free atoms, but also via a reaction of a freg

the network and become immobilized. The formation of dif-atom (radica) and a bonded HD) atom, resulting, apart
fusing and desorbing molecules has been shown in thffom the molecule, in a Si or C dangling bond. The possibil-
present work. The relaxation of the electronic system to 4 ©f thlsshydrogen ag?stractlon reaction was argued by de
ground state is supposed to be fast enough, such that diffionget al” and Maas? In fact, it was reported that the re-
sion and chemical reactions take place in an electronicallj;ction probability between H, chemisorbed on a Si surface in
relaxed system(In the ion track this ground state may very @ Si-H bond, and a gas-phase H radical has a value close to

. o 4 . .
well be different from that before the ion passagenally, ~ unity at 300 C*and a low activation energy of 0.1 &v.
when the H(D) concentration has become so low that the Therefore it is reasonable to attribute the isotope effect to the

probability for a H or D atom to become trapped is much significant contribution to the hydrogen loss of the reaction

larger than that for the formation of a molecule, the rate of HI-H+H-—H,+Si-. Here Si denotes a Si with a dangling
loss approaches zero. bond,. and H a hydrogen radical. Similar reactions may oc-
In the first approximation the electronic processes are ndtur With CH, groups. _
expected to be influenced by isotope effects. The effective !N the mixed hydrogenated/deuterated layer, hydrogen is
radius of the ion track depends on the ionization potential of?@inly bonded to Si, and deuterium to(€ee Ref. 18 and
the hydrogen-containing groups, and will therefore be differ-N€nce one might expect a difference in track radius for H and
ent for Si-H and C-H groups. We have deduced edfigrat D, in t.he sense that the group.wnh the Iargest. ionization
in double layers the distribution of H and D over the distinctPotential has the smallest effective ion track radius. There-
bonding configurations is similar for the hydrogenated and©re. this type of hydrogen bond exhibits the lowest loss rate.
deuterated layers. In this view, the extent of production of DT his is indeed the case: the Si-H type bonds in general have
atoms in the completely deuterated layer, and that of H at& smaller ionization potentléﬁand theref(_)re the H loss rate
oms in the completely hydrogenated layer by the passage ¥ far greater than.the D loss rate. Consistent with the above
the ion are equal. reasoning, the _5)3|gnal in _the gas phase appears to be low:
The vibrational properties of the hydrogenated groups$€e Fig. 1 We interpret this to be the result of the low r.ate of
(SiH,,CH,) differ from those of the deuterated groups the reaction C-B-D-—D,+C-. We conclude that th_e iso-
(SiD,,CD,). For instance, the zero-point vibrational energytope effect on the extent and rate of hydrqgen loss in hydro-
of Si-H is about 0.05 eV larger than that of Si-D, giving rise 9énated and deuterated amorphous silicon-carbon alloy
to a slightly smaller binding energy for Si-H. The vibration Stacks during MeV ion-beam irradiation can be accounted
frequency(also called the attempt-to-escape frequerisya for, p_ut the eX|§t!ng modells to describe thls loss must be
factor of 1.39 smaller in Si-D than in Si-H. For C-H bonds Modified. Thus it is not straightforward to discuss the mean-
the values are somewhat different, but of the same order dpd of the values foK andV [Eq. (1)] obtained from the fits
magnitude. This results in a slower rate of decompositioriS€€ Table Ill. The hydrogen abstraction reaction is second
reactions when D is involved in comparison with H. There-order in the hydrogen c.oncenyratlon;.theref(.)re, th_|s essential
fore, the observation of the smaller loss of D, in comparisorfeature of the models is applicable in th7e investigated sys-
to H, and the consistent appearance of a smallesignal in ~ tem. A modified model is being developéd.
comparison with the klgas phase signdFig. 1) point to a
significant contribution to the hydrogen loss of these decom-
position reactions. This contribution is not included in the
current models. In the models the formation of desorbing The combined measurements of the ERD vyield and the
molecules competes with the process of trapping of atomic Hlesorption products showed that during high-energy ion-
(D), and, at first sight, no decomposition reaction plays a roldeam irradiation of hydrogenated Si:C:H films, hydrogen
in these steps of the process. molecules are formed close to the position where the H at-
It is tempting to bring into the discussion the recentlyoms were bonded to the matrix. In samples with an open
observed and discussed isotope effects in the electron- amtiructure the molecules leave the sample on a time scale of
UV-radiation-induced desorption of hydrogen in Si-H andthe order of seconds or less. We thus have shown how the
deuterium in Si-D bonds, adsorbed on Si surfaces, at theondestructiveness of MeV ion-beam techniques, i.e., the
SiO,/Si interface or in GaA$®~%! For, as in the work of property that two subsequent analyses of the same piece of
Foleyet al. using a scanning tunneling microscdidaye are  material gives the same result, only applies for samples hav-
dealing with the interaction of Si-KiSi-D) bonds with low- ing a H concentration below the critical value. By this criti-
energy electrons, which in our case are emitted in the prical concentration we mean a hydrogen concentration which
mary track by the passing ion. However, in our case wds asymptotically reached at large fluences and whose value

IV. CONCLUSION
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depends, among other things, on the stopping power of the The equation of heat conduction for the three models is
ions used'. From our estimates of the sample temperature wesolved by applying the method of Laplace transformatizn
deduce that molecular hydrogen transport takes place at terGarslaw and Jaegdr. We will give the resulting expres-
peratures near room temperature, i.e., below 50 °C. Abovsions for the energy flux, the temperature profile, and the
that, samples with hydrogen concentrations higher than thglobal temperature rise of the sam#patial average of the
critical value, and which are not permeable fo5, Wecome temperatureas a function of time. Furthermore, the influ-
morphologically damaged during ion-beam irradiation. Thisence of the thermal resistance in mod@®l is addressed.
is due to the buildup of a large pressure as a result of H Thermal conductivity, difussivity, capacity, and the den-
formation, which in turn results in the removal of film flakes sity of silicon and stainless steel are indicatedky, «; ,,
with typical diameters of 5Qum. We suggest that the pres- c;,, andp; ,. These quantities are related by the equation
ence of molecular hydrogen in material which is not perme-
able for H, at moderate temperatures, as we have shown to _ k2
be the case foa-Si:H anda-Si:C:H with low carbon con- 2 1o
tents, is a source of instability without ion-beam irradiation _ _ s
also. In those circumstances the damage is not macroscopi'€ following numerical values were used for the calcula-
cally visible. tions:k;=1.49 Jstecm 1K1 k,=0.3Jstem 1K™ p,
. — +3 — ~3 — slw—-1

From the present results we conclude that in the process 2-33 gcm”, p,=8.02 gcm™, ¢;=0.705 Jg"K "7, ¢,
of hydrogen loss from the material during annealing at the=0:449 Jg*K™* «;=0.91 cnfs™!, and «,=0.083
lower temperaturefi.e., the LT H, desorption peak at 300 Cm’'s *. The thickness of the sample @-=0.055cm, and
<T<450°C(Ref. 8] the rate-limiting step is the formation the area of the sample &=0.49 cnf. The intensity of the
of hydrogen molecules inside the material, since transpor#3-3-MeV analysis beam is 2AL0" ions %, which corre-
already occurs at lower temperatures. The observed isotof®0nds to an energy fluko=2.7 Js* cm™? when the beam
effect in the ion-beam-induced hydrogen loss points to thé&Pot size is equal to the sample afe@dels(a) and(b)] and
significant role of thermal decomposition reactions in theFo=8.8Js*cm ? when the actual beam spot size is 0.15

hydrogen loss mechanism, which involve the Sk&i-D) ~ cm’ [model (c)]. To gain insight into the dependence of the
and/or C-H(C-D) vibrational system. thermal contact on the relevant quantities, we used different

values for the thermal conductance of the interface between
silicon and stainless steeH=1.1x10"%, 1.1x10°2, 1.1
ACKNOWLEDGMENTS %1071, 1.1x10°, and 1.%x10'Jstecm 2K~ The equa-
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(A1)

JAT(X,t)  JPAT(X,D)
g T

(A2)

2F,
ki

APPENDIX A: SAMPLE TEMPERATURE with the initial conditionAT(x,t)=0 at timet=0, and rel-
DURING ION IRRADIATION evant values folk.
) ) ) ) (@) Semi-infinite solid The situation of a semi-infinite

_The energy of ions in an analyzing beam is transformed,yjig with a fluxF, at the absorbing surface € 0) is treated
into heat in the sample under investigation. As argued in Secby Carslaw and Jaeg@tFirst, they solved the heat equation
Il, we need an estimate of the concomitant temperature risg,; ine energy fluxF(x,t), from which they obtained the
To take into account the effect of heat conduction in the,.rease of temperatuteT(x,t):
sample and its holder, we will consider three models.

In the first model(a) a semi-infinite solid it is assumed o X2 1 X
that the sample is semi-infinite, that the beam spot size I\ T(x,t)= \ /—lexp{ — _> — =X erf¢<—
equal to the sample area, that all heat is absorbed at the 77 dryt) 2 2\/K_1t
surface and that no heat is reemitted. Consequently the heat (A3)
conduction is one dimensional. .. ... Theresults in Fig. 6 show the time and depth dependence of

Th? Seco'.‘d model(b) a .two-componer?t sem|-|nf|n|.te the temperature increase. We observe that the distribution of
solid] is a refinement of the first one, in which we take MO e temperature increase over typical film and substrate di-
account the presence of a sample holder made of Stalnleﬁ?ensions(film thickness 30& 10’ cm, substrate thickness
steel. The sample and sample holder combination is rePres 055 cm. and surface area 8.0 7cm‘,2) may be regarded
sented by a silicon layer, with the thickness of the sample;a's homoéeneous over the debth of the sample and is on the
(0.055 cm on top of stainless steel. Furthermore, at th(?order of 20 K in 100 s. When thermal contact with the
boundgry betwgen the sample and the holder thermal reSI¥tainless-steel sample holder is lacking significant sample
tance Is taken Into account. . heating may occur. This we will discuss using mogsl

In the third model(c) a lateral modglwe describe how (b) Two-component semi-infinite salithe boundary con-
absorbed energy flows in an infinitely extended plane of th%ition at the sample surfacec£0) reads
sample. This represents the actual situation in which the
beam spot size is smaller than the area of the sample. The IAT(x,1)
energy is generated within a disk with the size of the beam —le =Fy. (A4)

spot. Consequently, the heat conduction is two dimensional. x=0
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FIG. 7. The time dependence of the global temperature increase
FIG. 6. The increase of the temperature @-8&i sample caused of a silicon sample on a stainless-steel substrate for different values
by a 43.3-MeV Ag ion beam with an ion current of X90"  of the thermal conductandé at the interface. The calculations were
ionss*. The calculations were done for a sample with an infinite done for a silicon sample with a thickness of 0.055 cm and an area
thickness and a surface of the size of the beam §pd5 cn?). of 0.15 cnf. The incoming energy flux is 8.8 J5cm™2.
Both time and depth dependences are shown.

At the interface between silicon and the sample holder ( AT(x,t)zFof Q(w,t)d(w,x)dw for 0<x<d,
=d), the boundary conditions are given by 0

(A11)
JAT(X,t) IAT(X,t)
—ky —x | = -k, | (A5) © 2 (w)
x1d x|d AT(t)=F0J’0 Q(W,t)—wz—dw, (A12)
IAT(X,t
- 1% =HAT ) g AT(X, ) |4 0)- -
x1d (A6) A®(t):Fon0 Q(w, 1) (w)dw. (A13)

These conditions express that the energy fluxes at both sidgst,rs out that within the silicon the variation of the tem-

of the interface are equal, and that the flux is proportional terature rise is so smafJAT(0) — AT(0.055t)<0.3K]
the thermal conductancd and the temperature difference hat one may restrict oneself to calculating the global tem-

over the interface. For practical reasons we define perature rise of the silicon. The time dependence of the glo-
=ki/Hd ando=k,/k;Vk1/k,. vis a measure of the ther- pa| temperature increase and the temperature step at the in-

mal resistance over the interface. Furthermore, we introducgrface between silicon and stainless steel are shown in Figs.
the functions 7 and 8 for different values dfi. These results show that for
2 lower values H<1.1Js'cm ?K™Y) the thermal conduc-
—w
1- ex;{ )

tance H will strongly influence the temperature rise. For
higher values the experimental conditions are not affected.

Qw,t)=—— —F— A7
W)= (A7)
1000.000 T T T
WX
dO' COS{ I_) N 100.000
D (w,x)= . (A8) g
o?(cosw— vw sinw)?+ sir’ w g 10000
S (w) dow sinw (A9) g o
w)= . °
a?(cosw— vw sinw)?+ sir? w 2 0o H=11 107 0 5™ om? k]
g E e H=1.1 1072 E
In this modelr=d? «y(7=0.003s). 5 e
As for model(a), first we derive the energy fluk(x,t), o010 e He1.1 10" 3
from which the temperature profileT(x,t), the global tem-
perature riseAT(t), and the temperature stépd (t) at the ooor s s - o
interface k=d) of silicon and stainless steel are obtained: time (s)

FIG. 8. The time dependence of the temperature step at the

F(x,t)=— Foklij(W,t) id)(w,x)dw, (A10) silicon stainless-steel interface for different values of the thermal
0 (2 conductanceH.
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AR T T T AR I different values of time. This demonstrates that this rise is
" =001 s E small compared to the results for the other models.
N fo01s B For the underlying models we also derived the asymptotic
S t=1s expressions t(—o,t>7) for the (global) temperature in-
\ .
< 10F N t=10s ] crease of the sample+$d). For the linear models one ob-
D N t=100s tains
-
P AN 7
T (@ AT~ \f for ts>7 wh &
g sk Sl ] a ~ - for t>r where r=—,
g 6: \\ \\ e - \/;kl T Kl
N T T N E (A17)
N e T . 2Fd [t d2
Eo e T (b) AT(t)= - for t>7 where r=—,
N e e Jakio ¥ 7 K
oL itaea.] L T T e e sl e a1
0 1 2 3 4 5 (A18)
osition (cm) . .
i and, for the two-dimensional model,
FIG. 9. The temperature rise of a 0.055-cm-thick silicon sample ) 5
in the case when the incoming energy is dissipated in the plane of (0 AT(D)~ Foa Ini for t>r where 7= a-
the sample surface. The sample is considered to be infinitely ex- ak,d "7 Ky
tended. (A19)

Because of the small value af[ 7=0.003 s for(a) and(b)],
the graphs in Figs. 6 and 7 are fitted well with these func-
tions with the exception of very small values lgf
The remaining difference between modal and (b) for
ge values ofH is due to the presence of two different
materials. This is controlled by in Eq. (A18).

From the two-dimensional situation we note that the heat
% distributed over the sample aré@.49 cnf) within sec-
onds. Experiments in which we repeated the irradiation at an
adjacent spot on the sample gave the same results. From this
we conclude that, even after elongated irradiation, the mate-
rial remains below the temperature where thermal release of

(c) The lateral systenmThe considered system consists of
an infinitely extended plane of silicon in which a disk with
the area of the beam sp.15 cnf) and a thicknessl ab-
sorbs the energy of the analyzing beam. The energy generg.
tion per unit of time and per unit of volume within the disk
equalsFy/d. The material constants inside and outside of
the disc are equal. By adapting the method of Carslaw an
Jaege?® for treating the heat conduction in a cylinder, we
obtained expressions for the temperature prdfie,t), the
energy currentS(t) through the margin of the disk and its
global temperature ris&T(t) (r is the distance to the center

of the disk: hydrogen start4300 °Q. We use this result to calculate a
Eomal (= wr lower limit for H. Requiring AT(t=250s)<300°C in
T(r,t)= °2d f Q(W,t)JO(?)Jl(W)dW, model (b) we obtainH>1.1x10"2? Js*cm 2K™L This
0

corresponds with the dotted line in Fig. 7. Most conclusions
can be drawn on the basis of observations in the first few
seconds after the start of the irradiation. So, finally, we de-
rive that the upper limit for the temperature in the most im-
portant experimental regime is on the order of 50 °C.

From the models treated above we conclude that to reduce
the heating of a sample one has to take care of sufficient
thermal contact between the sample and its holder. Further-
more, it appears that heat is quickly distributed over silicon
whereJO(w) andJ1(w) are Bessel functions, the radius of samples, even if their size exceeds several centimeters. This
the beam spoa=0.22cm, andr=a? k;(7=0.052s). In means that the dimensions of the sample are more important
Fig. 9 we show the temperature rise as a functiom ér  than the size of the beam spot.

(A14)

S(t):leOTrZaZmeQ(W,t)Jl(W)ZdW, (A15)
0

Foma? Jw Q(w,t)

AT(H) =5

Ji(w)’dw,  (A16)
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