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ABSTRACT

A method of data processing was developed and applied

to the study of decay kinetics of interstitial atomic hydrogen

1
(HE} in X-irradiated a—Si:(H,O,N)2 and natural beryl.

A system ol differential k;netic equations was
constructed considering multiple possible reactions. The solutions
were evaluated by Runge-Kutta's method of numerical integration.

it was_assumed that the HE was produced by radiolytic
irradiation of R-H type molecules and trapped at interstitial

Q

sites of both materials. The heating releases the H which

quickly is either retrépped, recoﬁbined with R-radical left in

the matrix or combined with other 4 atoms forming H2 molecules.
The parameters related to untrapping and recambination

processes were Lound to-obey Arrhenius- law. On the other hand,

the retrapping and Hz—formation parameters were fit to a function

1/2—T;j2L where at T0 they vanish.

propertional to (T




I. INTRODUCTION

Atomic hycrogen in natural'crystals and amorphous
materials has been studied by several authors [see references
in 1}, Unfortunately, there are still very few systematic -
studies of the hydrogen centers isothermal kinetics. Recent
studies in a—si:(H,O,N)z, natural berle, barium aluminoborate
glasses4, and tourmaline5 report interesting results on atomie
hydrogen- thermal decay.

Q
The Hi

observed in barium aluminoborate glasses4
is unstabie at room temperature. The kinetics of this center
was analysed in terms of the Levy's mode1® vielding three first
order processes, each one having a different activation energy.
In contrast, the measured thermal decay of the Hf in pink
tourmallnes, stable at room temperature, follows a {irst order
kinetics. . A structural model was proposed to describe the
trapping site &f the atomic hydrogen in this crystal.

Pontuschka et al.2 observed that the X-irradiated

hydrogenated'aﬁorphohs silicon containing oxygen and nitrogen
0

impurities a-si:(H,0,N) -shows-the.characteristic B, doublet

- in. the-EPR spectrum. The absence of this center in X-irradiated

nomlnally pure a- Sl'H led to the conclusion that the presence
of oxygen- it néeded to stabilize this center., a second ‘order
thermal decay klnetlcs was. assumed in the andlysis of the data

yleldlng an activation energy ol about 0,5 ev, Samples were

.4

irradiated at room temperature t111 saturatlon. A series of EPR

measurements was performed to study the 1sothermal decay of the

atomic hydrogen centers. The measurements were carrled out at

310, 319, 32?, 332 and 343K, respectively.

A;to‘mic hydrogen, stable at room teir;perature, v;fas
observed in X}irradiated beryl by Koryagin and Grechushnikov7
in 1966 and Ey Bershov8 in 1970. When beryl was completely
dehydrated, éf was not detected leading to the conclu51on that,
it is orlglnated from the H o} rad101y5157. Blak et al.’ also
cbserved EPR c£ H centers in beryl, Uv—irradiatec at room

temperacure, ;n 1982, Isothermal decay measurements at 353,

373, 393, 413} 433 and 453K could not be described in terms of

first or'seccnd order kineticsl3. ThlS suggests the need of
considering the superp051tlon of several klnetlc prccesses
ocourring tcgether.r It is not difficult to write- down the
d1fferent1al equatlon for -each p0531ble reactlon '

7 However, exact solutions cf systems cf.chemicai .
kinetics dif{erential equations can easily become iaborious or
even prohibitite in most cases. For this reasen ane resorts

to numerical lntegratxon whlch with the present day easy access

“to pesonal computers,ls quite manageable.
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II. THE KINETIC EQUATIONS

" “Wg assume that-atomic hydrogen is produced during
UV and X=irradiation of.ﬁéryl arnd a-Sir(H,0,N)  samples by
photo=dissociation of-R-H-type'molécules leaving  H° and R
radicals:” In'bele}”'R ig assumed to be OH , from dissociation
of HZO'”ana in "a-8i¥(H,0,N) ;'R is part of the disordered
chain of its'amorbhoﬁs structure during irradiation.. The 1’
diffuses throughout the interstices of the network before being:
recombined’ or trapped in stabilizing sites. After sufficient
time of'irradiation,'all.the available trapsfareffilled and the
growth of ;hterstitial atomic hydrogen [Hf]' {the brackets are
reterred to as concentratioen})-:reaches saturation. In the

following, the ‘subsequent notation will: be adopted;

R_.: _recombination cénter;

H : trapping site;

.H : tréppeé .Hf H

H. : (ree Hf diffusinglthroughout the sample;
RH : molecules; .

S : empty traps.

On heating, the Ht overcomes -the energy barrier
and moves throughout the lattice interstices prior to the
reactions of retrapping, recombination, or combination of twe

Hf forming 'Hz molecule,

~The change rates of [Ht], [Hf], [s], [R], [RH] and

[H2} are described by the following differential equations:

g 8.1 = - elB ] + yiE ][s] {1a)
d _ 2

3g [Be) = ofm ) - vy ){s] - BIHCI(R] - 6[B.]" (1b)
L (s} = alH ] - y[H_I[S] | ' {1c)
at =ooalH TLHg _ e
4 [R] = ~B[H.IIR] - | (1d)
dat £

2 [rH) = BlH.][R] : o {1e)
dt T f :

d 2 . . .
3¢ [H,1 = 6[Hg] (1E)

where o, B, v and § are adjustable parameters.
The number of Hi trapping'sites is assumed to be

constant
[H.) + [s] = [N] _ ‘ ' | (2)

where ([N] is the concentration of trapping sites,

From the eguations {(1d) and (1e} we observe that
the sum of [R] and [RH] is constant. The equations (le) and
(1) are independent of the others and may therefore be solved

separately.
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The system is then reduced to the following coupled

kinetics equations:

a5 1) = - alH + vl {N- [Ht]} : (2a)
o Mgl = alBg) - vig) {N- [H1} - BIHIIR) - 6lug]®
(2b)
SRl = - BEIR] (
at = £ 2e)

The above equations were normalized assuming that
all sites are filled. The initial conditions.afe given by:
N=1, {H](0)=1, [H.1(0) =0 and ([R]{0}=1. The coupled
differential equations (2) were solved using the numerical
methéd of Runge-Kutta'°~ 12,

' The Runge-Kutta's method is especially suited to
| solve numerically a system of first order dif[erential equations.

Among the advantages of this method it is important to éee that
it is not hecessary to calculate dérivatives as ih'Taylor series;

since the calculation of (n+i)th functional value “depends

e
only on the value of the nth function ¥y -

The error in this method.can be evaluated as the.
sum over all step errors assuming all of them being equal for
each iteration. For n points iteration, the error in the nth

I,
peint is €y = E e = ne

IXI. RESULTS

The experimental values used in.this work are the

12 and Blak]3. The coupled

same published by Pontuschka
differential eguaticns (2) were numerically solved with parameters
fitted by trial and error method, after a few iterations. Once

the motion.of the Hy is such that the mean.time .between . .

collisions is too short to enable.the.. H, ..be.detected by EPR,'_-

the EPR signal intensity was attributed_onlyrto,the B
We start studying the curve dependence fof.smal;

variations in each of the previously adquted,pa;ameteré.:a,.

B, Y, and §, the others reméining constaﬁt at a:given ﬁamxnatqre.

In Figure 1, the solid iine‘corrésﬁonds to:the best fit obtained

- for ®=24.0, B=1.0, y=41.0  and &= 15.5 in beryl at

413K. The dotted and daShedflines represent the effect of the
parameter change on the calculated thermal decay, respectively,
for o (Figure 1a), B (Figure tb}), y (Figure fc) and ¢

(Figure 14},

INSERT FIGURE 1

The'numerical-integration results (solid lines}

'adjusted‘to the experimental points for the isothermal

decay of atemic hydrogen ﬁcr X-irradiated a-Si:(H,0,N) is

shown in Figure 2 where B was assumed to be zero. The best

s




INSERT FIGURE 2

fit parameters are shown in Table I. The results of our calculations

INSERT TABLE I

are in good agreement with the assumption proposed by Pontuschka
et al.? ascribing the principal process involved in the removal
of hydrogen from. a-Si:H as the formation of H, . Figure 3

shows the Arrhenius law applied to « parameté:. The activation

_ INSERT FIGURE 3

energy is Ea; 0.56 &V and the p:efexppnential frequency fdctor
. 9 -t
a, = 1.5x 167 s . .
The best fit (solid lines) for the [Ht] decay of

UV-irradiated beryl is shown in Figure 4. The B-value was ho

INSERT FIGURE 4

longer negligible as occurred for a-Si:{H,0,N). The calculated

parameters are listed in Table II. In Figure 3 it is clear that

INSERT TABLE II

both parameters o and 8 obey Arrhenius law with activation

.10,

energies respectively equal te Ea==0.42 eV and 'EB =1.51 eV

-1

and pre-exponetial frequency factors o, = 3.33x 106 s and

B, = 3.48 x 108 571 .

IV. DISCUSSION

Concerning the changes in the isothermal decay curve, -
caused by variétions in the parameters o, B, v, and §, our

calculations led to the following observations:

a) An increase in the untrapping parameter .o produces a
faster isothermal decay.. As the bebavior of this parameter is
expected to obey Arrhenius:law, o=, exp(-EE/kT), where Ea
is the activation energy, it is clear that the shallowar the

trap, the faster the decay (Figure la).

b} In the case of the recombination parameter B, it is
also observed that an increase in this parameter induces a faster
isothermal decay, asscciated with an increased recombination

probability (Figure 1b).

¢} The retrapping parameter <y produces a trend opposite
to the isothermal decay. The increased value of . vy decreases .
the thermal décay rate, since it contributes to restore the.

trapped hydrogen population (Figure lc).
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L1,

d)fThe'Hé—formation parameter § , when increased, accelerates
the isothermal decay as expected from an increased rate of H2

production (Figure 1d},

When Ht is released f{rom its trap, transforming in
Hf . it behaves like a free atom, forming a gas-like system and
in this case we can apply the concepts of the elementary theory
of gas kinetics. As the parameters y and § are products of
collision cross-sections x velocities of meving particles, their

e E TS INCLSAE8E with temperacure as expected, The speed dis-

tribution for the diffusion of H throughout the material

L
network is temperature dependent. Thus, analysing the'séeed
distribution, allows us to sketch a temperature dependence Eof
theée_pafémeters. .

_Lét-us assume again that Hf_bdfwes 1iké a

0
£

mass mg, . The density of atoms varies accordingly the Maxwell

free atom, forming a gas-like system of H atoms wiﬂuefiaﬂﬁve"

speed distribution

o )32 : mﬁvz P
_ 4N H |- 2 . L
dN = {E-[EiiJ v~ exp [ TEEF] év f , (3)7

where N is the concentration of ' H atoms, v the speed and

f
T the' absolute temperature. Consider 'Nv atoms per unit volume
travelling'in the network with speed between v and v+dv.,

By'assuming that each collision with atoms W' removes one Hf

where v = (BkT/ﬂmH)

L2,

atom, we may evaluate the rate of c'lec'fe'asing of Nv between  + and

t +dt according to:
dN = ~PN dx ' (4)
v v ) .

where P=0N', ¢ = cross section and dx=vdt. . The rate of

change of concentration for all speeds is thgnngiven:py_thg sum

over all ,de ' giving:

w .; RERR S ..:,.."‘:,: -
& = -ou J valn o T 45)

all .

‘Using the equation (3), we obtain the rate equatioh:.

.%%,_:' -_d;fNNi” - o : n S e

v VVZ._VThiS—result yields‘—,V'I'"'2 behavior for

“the parameters <y ‘and 6.

Figure 5 shows the cotrrelation of v and § “for

[Ht] in a-Si:(H,0,N} with: ‘T2, The cbserved correlation is

INSERT FIGURE 5

linear, with a common cutoff temperature T_ = 269K for all the

0
/2

g ).

parameters, Thus, y and 6'éfe linear functions ol (T1/2-T
The dependenqe,of ¥y and 4§ f{or th] in beryl on

T2 is shown in Figure 6. The behavior is again linear, with




INSERT FIGURE 6

cutoff températuren-Ta=-265K and here again vy, and 8 are

V2 _ /2
i o

liﬁear’functions of (T ).

In-Figure 3 it is. shown that the parameter B.,
adjusted to the kinetics of [Ht} in beryl, obeys Arrhenius law.
The parameter B is related. to' the recombination process of R
and. Hf . ‘The high activation energy . suggests that the irradiation
produced.ad R’ radical from the 'radiolysis of “H,0, - namely
OH™ .’ - Therefore,’ the activation energy is probably equal to.the

ene:gjxnecessary1for the ionizawion of. OH .. into OH +.e . before

the :eactionu.OH:+Hf rﬁsto took. place. . An alternétive-possible

‘reaction.is . OH. + Hg -+ Hy0 ...

B0 > H0 +e . .
IV. SUMMARY =~

-Numerical Rungé—Kutta‘shmethod,_appLied to a system
o£~aifferentiq1'equations describing the isothermal decay kinetics
of.[Ht} in X-irradiateg ‘avéi:(HhQ,Nln-and‘Uv—irradiated natural
beryl,-led:to:conclusions ,whi_ch:_ can.be summarised a_{s below. .

é}”The'hydfogen:removaI mechéniém Which-ocdurs~on'heating
a=-8i:H is processed thfdugh the irréeversible formation of -
molecular sz:in'good agreement with the:assump£ion proposed

by Pontuschka et al.?. In'this work it is assumed that the

= 3.48x 10"%5

were found to it a function proportional to (T

14,

reaction Hf

potential barrier).

+Hf —* H2 has zero activation energy {absence of

b) The untfapping of He in a-8i:{H,0,N) obeys Arrhenius

law with activation energy Ea ={0.56 eV and pre-exponential
factor a, = 1.5 x 107 3'1.

c) The recombination parameter 8 is negligible for Hf
in a-Si:(d,0,N) {it is unlikely that the radiolytic Hf be

recovered in the original structure}.

d) The recombination parameter f is not negligible for
He in beryl, a fact which minimizes the loss of hydrogen by the

sample.

&) Both a {untrapping) and :B {recombination) parameters
chey Arrheniué law for béryl'with activation energies respectively

equal to Ea= 0.42 eV and E,=1.51 eV and pre-exponential

g
factors respectively equals to o, =3.33x t0° 51 ana By =.
-t The recombination of He in beryl, processed

through the reaction

Hf.+ OH —F H20+e

B activation energy (EB = 1,51 ev).

justifies the high E
£) The parameters vy (retrapping) and & (H, formation)
Y% _r/?) with

cutoff energy T =269K for H. in a-Si:(H,0,8) and

£
TD = 266K in beryl.
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FIGURE CAPTIONS

" FIGURE 1

FIGURE 2

FIGURE 3

" FIGURE 4

FIGURE 5

FIGURE 6

parameters of [Ht} in a—Si:(H,O,N).

- Isothermal IHt].decay curve dependenée for small

variations in the adjusted parameters o (FIG. 1),

B (FIG. 1B}, vy (FIG, 1C), and § (FIG. 1D), in beryl

at 413 K13.

Numerical integration results {solid lines) adjusted

§:

to the experimental points of the isothermal £

12

decay in a-8i: (H,0,M) .

Arrhenius law applied‘to the parameters o and B

for beryl and o for a-Si:{H,OQ,N).

Numerical integration results (solid lines) adjusted
to the experimental points of the isothermal [Ht}

decay in beryll3.

The T”2 behavior observed for the Y and' 8
The common

cutoff temperature is- T, = 269K.

The T? behavior observed for the’ vy and &

‘parameters of'{Ht] in beryl. The common cutoff

ﬁemperature is -T0= 266K .

TABLE I - Parameters a, y and § for a-Si:{(H,0,N).°

T(K} o Y KR
310 1.25 ig:gg 28.5 t?:g. 165 tjg
323 2.9 fg:g 375f;§ - 215 t}g
332 5.1 D4 4_;.;5 _ﬁ:_g. 250 * 20
| ety |omny | owln
?ABLE II - Parametersré, B,:T and S.F?r ﬁér#lu
@ :B‘ f- | ‘§
353 3.45 1213 - ~24.5 f}g 9:87 00
S RIS S (X Bt RT3t
393 13.8 'fg;.g 0."14"3: g:gg | '_3.5.;1 M 13.5 f?g
413 240" *0%3 10 fg? 41°t ;:.g.' ; 155 .-_g:-_g:'
433 cfag o P2 6 T : 46.0 f?g i i8§
453 72 fé 20, f; 50.-'0 g:g '1-9-0‘;:;8:2
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