
PHYSICAL REVIEW B VOLUME 42, NUMBER 10 1 OCTOBER 1990

Decay-kinetics study of atomic hydrogen in a-Si:(H,O,N) and natural beryl
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A method of data processing was applied to study the decay kinetics of interstitial atomic hydro-

gen in x-irradiated a-Si:(H,O,N) and uv-irradiated natural beryl. It was assumed that the interstitial
atomic hydrogen was produced by radiolytic irradiation of R-H type molecules and trapped at in-

terstitial sites of both materials. The heating releases the atomic hydrogen which quickly is either
retrapped, recombined with R radical left in the matrix, or combined with other atomic hydrogen
atoms forming H2 molecules. The parameters related to untrapping and recombination processes
were found to obey the Arrhenius law. On the other hand, the retrapping and H&-formation param-
eters were also fit to a function proportional to ( T' ' —T0 ' ), where T0 is a constant.

I. INTRODUCTION

Atomic hydrogen has been studied in several crystal-
line and amorphous matrices for about four decades. Un-
fortunately, there are still very few systematic studies of
the hydrogen centers concerning thermal decay kinetics.
Recent studies in a-Si:(H,O,N), ' natural beryl, barium
aluminoborate glasses, ' and tourmaline report interest-
ing results from atomic hydrogen thermal decay
electron-paramagnetic-resonance (EPR) measurements.

The H; observed in barium aluminoborate glasses is
unstable at room temperature. The kinetics of this
center was analyzed in terms of the Levy's model yield-
ing three first-order processes, each one having a different
activation energy. In contrast, the measured thermal de-
cay of the H, in find tourmaline, ' stable at room temper-
ature, follows first-order kinetics.

Pontuschka et al. ' observed that the x-irradiated hy-
drogenated amorphous silicon containing oxygen and ni-

trogen impurities a-Si:(H,O,N) shows the characteristic
H; doublet in the EPR spectrum. The absence of this
center in x-irradiated nominally pure a-Si:H led to the
conclusion that the presence of oxygen is needed to stabi-
lize this center. Second-order thermal decay kinetics was
assumed in the analysis of the data yielding an activation
energy of about 0.5 eV. Samples were irradiated at room

temperature until saturation. A series of EPR measure-
ments was performed to study the isothermal decay of
the atomic hydrogen centers. The measurements were
carried out at 310, 319, 323, 332, and 343 K, respectively.

Atomic hydrogen, stable at room temperature, was ob-
served in x-irradiated beryl by Koryagin and Grechushni-
kov in 1966 and by Bershov in 1970. When beryl was
completely dehydrated, H, was not detected, leading to
the conclusion that it originated from the H20 ra-
diolysis. Blak et al. also observed EPR of H,- centers
in beryl, uv irradiated at room temperature. Isothermal
decay measurements at 353, 373, 393, 413, 433, and 453
K could not be described in terms of first- or second-
order kinetics. This result suggests the superposition of

several kinetic processes occurring together. It is not
difficult to write down the differential equation for each
possible reaction.

Recent ionic thermocurrent (ITC) measurements in
beryl' showed that heat treatments between 1000 and
1200 K produce the disaggregation of clusters of water
molecules and bond breaking into OH and H . Above
1200 K a subsequent water disappearance was observed.
When the samples, thermally treated between 1000 and
1200 K in order to produce clusters disaggregation, were
uv irradiated, the intensity of the ITC OH bands in-
creased. It was concluded therefore that the efficiency of
the water photodissociation under uv irradiation was
considerably improved. For lower tempertures an aging
process was observed and the decrease of the intensity of
the OH bands was attributed to a reaction of the type
OH +H"~H20

Exact solutions of systems of chemical kinetics
differential equations can easily become laborious or even
prohibitive in most cases. For this reason one resorts to
numerical integration, which, with the present-day easy
access to personal computers, is quite manageable.

II. KINETIC EQUATIONS

We assume that the atomic hydrogen is produced dur-
ing uv and x irradiation of beryl and a-Si:(H,O,N) sam-
ples by photodissociation of R-H-type molecules leaving
H and R radicals. In beryl, R is assumed to be OH
which results from the dissociation of H~O. In a-
Si:(H,O,N), R is part of the disordered chain of its amor-
phous structure that lost an atom of hydrogen during ir-
radiation, leaving a dangling bond. The H diffuses
throughout the interstices of the network before being
recombined or trapped in stabilizing sites, where the
presence of oxygen is essential. Such a site should be a
potential well of depth F. (see Fig. 1) where the nature of
the repulsive forces performed by the walls are due to
Pauli exclusion repulsive interaction with neighboring
filled oxygen external orbitals. This obviously requires a
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where a, p, y, and 6 are adjustable parameters.
The above equations were normalized assuming that all

sites are filled. The initial conditions are given by X =1,
[H, ](0)= 1, [Hf ](0)=0, and [R ](0)= 1. The coupled
differential equations (2) were solved using the numerical
method of Runge and Kutta. The coupled
difFerential equations (2) were numerically solved with pa-
rameters fitted by a trial and error method, after few
iterations.

FIG. l. Sketch of the potential energy of H trapped in the
oxygen neighborhood stabilizing site. III. RESULTS

minimum number of neighboring oxygen atoms, sufficient
to form a cage. Inside this limited volume, the neutral
atomic hydrogen is nearly free, its paramagnetic nature
being preserved. After a sufficient time of irradiation, all
the available H traps are filled and the growth of the
concentration of interstitial atomic hydrogen [H,.] (the
brackets are referred to as concentration) reaches satura-
tion. In the following the subsequent notation will be
adopted: R, recombination center; H, trapping site' H

0. 0
17

trapped H;; Hf, free H; diffusing throughout the sample;
RH, molecules or macromolecules; 5, empty traps.

On heating, H, overcomes the trapping potential ener-

gy depth E and moves throughout the lattice prior to
the reactions of retrapping, recombination with dangling
bonds, or combination between a pair of Hf forming a H2
molecule. There is a very simple reason to rule out the
bond-breaking diffusion' ' or mediated by the dangling
and/or floating-bond migration model' ' as the mecha-
nism of the thermal annealing of [H;], as observed by
EPR: After the untrapping from its stabilizing site, the
neutral atomic hydrogen is no more observed after the
first covalent bonding could take place, either by recomb-
ing with a dangling bond or by breaking a weak Si—Si
bond. ' This situation is irrevesible, even if the motion of
the bonded hydrogen proceeds further by means of a hop-
ping mechanism. The paramagnetic neutral hydrogen
was only observed after the sample irradiation. There-
fore, the atomic hydrogen untrapping activation energy is
related to the energy depth F of its particular trapping
site and should not be confused with the activation ener-

gy of bonded hydrogen diffusion, which is equal to 1.53
12

Assuming that the total number of H; trapping sites is
constant, i.e,

[H ]+[~]=[&]*

where [X] is the concentration of trapping sites, the
change rates of [H, ], [Hf], [Sj, [R], [RH], and [H2] are
described by the following differential equations:
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FIG. 2. Numerical integration results (solid lines) adjusted to
the experimental points of the isothermal [H, j decay in a-
Si:(H,O,N) (Ref. 1).

The experimental values used in this work were taken
from Refs. 1 and 2 for applying the numerical method
described in Sec. II.

The diffusion of Hf throughout the interstices of an a-
Si network probably roughly follows the Maxwell speed
distribution for free particles. Thus the mean speed of
Hf is roughly given byu =(2kT/mH)', where mH is
the effective mass of Hf. If d is the collision mean free
path, the frequency of collisions of H& with Si atoms is

given by v/d and the mean free time is d/U. We assume
that the mean life of the excited electron spin state is

longer than the mean life of collision spin-lattice relaxa-
tion. In this case, the uncertainty A~ in the mean life of
the electronic excited spin state is roughly the mean free
time d/u. The uncertainty hE of the excited-spin-state
energy is about gphH, where b.H is the linewidth. Then,
using the Heisenberg uncertainty principle, we obtain a
EPR linewidth of about 5X10 G. Such a broad line is
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TABLE I. Parameters o., y, and 5 for a-Si:(H,O,N). TABLE II. Parameters a, P, y, and 5 for beryl.
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undetectable by EPR, and once the motion of Hf is such
that the linewidth is too large to enable Hf to be detected
by EPR, the observed signal was attributed to H, ex-
clusively.

The numerical integration results (solid lines) adjusted
to the experimental points for the isothermal decay of
atomic hydrogen for x-irradiated a-Si:(H,O,N) is shown
in Fig. 2 where p was assumed to be zero. Here the
recombination centers are ignored, because the large po-
tential barrier for the insertion of Hf in a weak Si—Si
bond makes this process less probable, within the temper-
ature range of measurements, than the process of forma-
tion of H2. The best-6t parameters are shown in Table I.
The results of our calculations are in good agreement
with the assumption proposed by Pontuschka et al. ' as-
cribing the principal process involved in the removal of
hydrogen from a-Si:H to the formation of H2.

The best fit (solid lines) for the [H, ] decay of uv-
irradiated beryl is shown in Fig. 3. The P value was no
longer negligible as occurred for a-Si:(H,O,N). The cal-
culated parameters are listed in Table II.

The Arrhenius law applied to the a parameter of a-
Si:(H,O,N) and the parameters a and p of beryl are
shown in Fig. 4. The H, untrapping activation energy of
a-Si:(H,O,N) is F. =0 56 eV and . the preexponential fre-
quency factor a0=1.5 X 10 s '. It is clear that both pa-
rameters a and p of beryl obey the Arrhenius law with
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FIG. 4. Arrhenius law applied to the parameters a and p for
beryl and o. for a-S:i(H,O,N).
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FIG. 3 ~ Numerical integration results (solid lines) adjusted to
the experimental points of the isothermal [H, ] decay in beryl
(Ref. 2).

FIG. 5. T' behavior observed for the y and 5 parameters of
[H,] in a-Si:(H,O,N). The common cutofF temperature is

T0 =269 K.
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FIG. 6. T' behavior observed for the y and 5 parameters of
[H, ] in beryl. The common cutofF temperature is To =266 K.

activation energies equal, respectively, to E =0.42 eV
and E&=1.51 eV, and preexponential frequency factors
ao=3.33X10 s ' and Po=3. 5X10' s

Figure 5 shows the correlation of y and 5 for [H, ] in
a-Si:(H,O,N) with T' . The observed correlation is
linear, with a common cutoff temperature To =269 K for
all parameters. Thus y and 5 are linear functions of
T 1/2 T 1/2

O e

The temperature dependence for y and 5 is observed
over a very small temperature range. It is easy to check
that lny and ln5 vary linearly with 1/T, too, and well
within the quoted error bars. The temperature depen-
dence is not established strongly enough to discard a
more classical Arrhenius behavior, since the accuracy of
the measurements is not suScient to retain a T'/ depen-
dence exclusively.

The dependence of y and 5 for [H, ] in beryl on T'~ is
shown in Fig. 6. The behavior is again linear, with cutoff
temperature TO=266 K, and here again y and 6 are
linear functions of T' —To

In Fig. 4 it is shown that the parameter P, adjusted to
the kinetics of [H, ] in beryl, obeys the Arrhenius law.
The parameter P is related to the recombination process
of R and Hf. The high activation energy suggests that
the irradiation produced an R radical from the radiolysis
of H&O, namely, energy OH . Therefore, the activation
energy is probably equal to the energy necessary for the
ionization of OH into OH+e before the reaction
OH+Hf ~HzO takes place. An alternative possible re-
action is OH +Hf ~HzO ~H&O+e

iV. TEMPERATURE DEPENDENCE OF 5 AND y

The hydrogen atom in silicon is trapped by an oxygen
defect because no H, EPR signal was observed in
oxygen-free silicon. The trapping of atomic hydrogen
changes the structure of the oxygen defect. This change

of structure requires energy, giving rise to a potential bar-
rier Eb for trapping atomic hydrogen. The untrapping of
atomic hydrogen requires an activation energy E .

The calculation of the interaction of atomic hydrogen
in crystalline Si by the completely neglected differential
overlap (CNDO) method showed that there is an energy
difference between tetrahedral and hexagonal sites of
0.052 eV. The relaxation of host atoms near the hydro-
gen alters this picture, however. There is very little
change of energy for the hydrogen in the tetrahedral site
if four neighboring Si atoms are moved, but if the six Si
atoms adjacent to the hexagonal site relax outwards by
only 1% of a lattice spacing, the energy of the hydrogen
in the hexagonal position drops to a very similar energy
to the tetrahedral one. Although a-Si has quite
different structure from crystalline Si, it is reasonable to
assume that the interaction of atomic hydrogen with a
neighboring Si atom is the same. Thus we assume that
atomic hydrogen can move through the a-Si network al-
most as a free particle with effective mass m H

(mH (m +m, ).
Here we assume that the free H; acquires, through col-

lisions with the atoms of the network, speeds varying
from 0 to high values, according to the free-particle
Maxwell speed distribution

' 3/2
mHv 2

2kT
4N mH

2kT
v exp2 (3)

where N is the concentration of Hf atoms, v is the speed,
and T is the absolute temperature. Consider N atoms per
unit volume traveling in the network with speeds between
u and v +du. By assuming that each collision with atoms
N' removes one Hf atom, we may evaluate the decreas-
ing rate of N between t and t +dt according to

dN = —PN dx, (4)

where P =o.N', 0 denotes a cross section, and dx =u dt.
The rate of concentration change for all speeds is then
given by the sum over all dN„giving

dN
cr vN' 1%„.

dt all
(5)

To calculate the integral of Eq. (5), we need to know
the dependence of o on u. One possible source of depen-
dence of o on u is the structure of the trapping defect.

The H in a-Si(H, N, O) is trapped in two sites as
showed by Pontuschka et al. ' One H is associated with
a sharper EPR line of about 3 G of linewidth, and the
other is associated to a broader EPR line of about 13 G
of linewidth. The sharp line is saturated at very low mi-
crowave power. This H could be assigned to H trapped
in the large cavities of Si (about 20 A) with the boundary
formed by Si-bonded hydrogen pointed to the outside of
the cavity and with the dangling bonds to the inner
part. This H is probably trapped in the field of Si—
0—Si bonds pointed to the inner part. The combination
of H with the dangling bonds and with oxygens of Si—
0—Si bonds is prevented due to the high reaction ener-
gies required. The broader 13-G linewidth was the sub-
ject of the Pontuschka et al. ' kinetics study, where the
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sharper line was eliminated measuring with high enough
microwave power. The strong broadening suggests high
spin-lattice relaxation. This is possible if H is trapped in
a site with short-distance neighbors, i.e., a site with local
structure similar to that found in crystalline Si.

In crystalline Si it was shown that the 40; defect is
stable. This defect is formed by the occupation by
atomic oxygens, of the four empty sites of tetrahedral
symmetry at the vertices of the cube of side a/2. The
other vertices of this cube are occupied by four Si atoms.
The center of this cube has tetrahedral symmetry and is
also empty. A possible trapping defect of atomic hydro-
gen is the empty site at the center of the cube.

Energy Eb is required to relax the 0; and Si atoms out-
ward to allow the introduction of atomic hydrogen. In
the inner part of the 40; defect, the interaction between
the atomic hydrogen atom with 0, and Si atoms, through
London dispersion forces, relax these atoms close togeth-
er. This relaxation traps the atomic hydrogen with an
energy E . The energy diagram for this defect is
sketched in Fig. 1.

If the kinetic energy of H is smaller than Eb, it has
probability that H will surpass the potential barrier, and
then the trapping cross section becomes negligible. How-
ever, because of the phonon distribution, it is possible to
assume that the reaction occurs according to the Ar-
rhenius scheme. In this case the probability of trapping
is roughly given by cr=crocoexp( EE, /kT)—for u (ub,
where co is a constant (0 ~ co ~ 1) and b E„=—,'mvb
—

—,'mu . The velocity u„ is given by (2Eb/m„)' and
corresponds to the velocity at which H surpasses the
barrier of potential.

If v & vb, H can be trapped only if there is a suitable
mechanism for energy loss. All the sublevels of the H
trapping potential energy are vibrational levels. Even for
particles with kinetic energy higher than Eb, there are vi-

brational levels along the H —0; or H —Si directions
(tracked lines in Fig. 1). The atomic hydrogen can jump
from one state to another with the help of a single pho-
non. Since the probability of one phonon transition is
substantial, such a transition enables H to be trapped.
The motion of the descent of H down the ladder of excit-
ed states, losing its energy by the successive emission of
single phonons, is so rapid compared with the rate at
which H is trapped that the corresponding delay may be
neglected. Also, this energy-losing process is faster than
the time by which H can surpass the defect. Thus, for
v & vb, we assume o. to be independent of v. Assuming
that o is continuous, we get o (u) =o'o.

Using Eq. (3), and the dependence of o on u as assumed
above, we obtain the rate equation

tential barrier is

dN
dt jU.m H

I /2

NN',

showing a t/T dependence for the rate constant. The
limiting value for low temperature or high potential bar-
rier is, for co@0,

1/2
dN 2Eb Eb Eb /k

O.oco e " AN',
dt wmH

—Eb /kt
showing a e ' /T dependence for the rate constant,
and for co =0,

1/2
b

kT

1 I
)

I I I 1

(X)—

1.0

0.5

e ' NN', (9)
dt

—Eb /kt
showing a e ' /T' dependence for the rate con-
stant.

Figure 7 shows the dependence of f (x) on x for co =0
and 1. There are two interv'als for x values where f (x)
can be fit to a linear function of the form p (x —xo). For
co =0 we have for the interval 0.6 &x & 1.1, p =1.51 and
xo=0.51, and for the interval 1.3&x &4, p =1.17 and

xo =0.32. For co = 1 we have for the interval
0.5&x &0.9, p =1.7 and xo=0.43 and for the interval
1.3 &x &2, p =1.04 and xo=0.07.

The linear part off (x) supports the empirical observa-
tion of (t/T —+To) behavior of the parameter y. Oth-
erwise, only this part of the dependence of y and T is not
enough for the determination of Eb.

The empirically determined function for
5=5o(v'T +To) is s—imilar to that observed for y.
Thus we would like to apply the present analysis to 5 by
assuming a potential barrier for the reaction
Hf+Hf H2. Of course, for free atoms there is no po-

GW 1—N'N2a ovb f (x),
dr v'~

where

(6)

0
0 0.5 1.0 1.5

—1/xf (x)=x 1+ + e
x 2x

and x =(/ kT/Eb.
The limit value for high temperature or negligible po-

FICs. 7. f (x) function vs x for co=0 (dashed line) and co= 1

(solid line). The straight line is the limit of the function

f (x)~x for x )& l.
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tential barrier. However, Hf is under the effect of the
atoms of the material network. These effects, which in-
clude dispersion and exchange interactions, could inhibit
formation of a H2 molecule, in a similar way as observed
in the inhibition of formation of 02 in crystalline Si.
This inhibition could explain the assumption of a poten-
tial barrier for the formation of Hz.

Here we assumed an Arrhenius fit to P, although the—Ep/kt
suggested behavior was e s /T due to the high E&
value. The error introduced in E& by the Arrhenius plot
is small because the 1/T function changes slower than—Es lk
e s . In fact, the log plot of (x) is a sum of lnT and
E&/kT. The lnT term introduces a contribution which
changes from 5.87 (353 K) to 6.12 (453 K) with about 4%
of variation. This variation is smaller than the error in
the determination of P, and the term lnT can be neglect-
ed.

V. CONCLUSIONS

The numerical Runge-Kutta method, applied to a sys-
tem of differential equations describing the isothermal de-
cay kinetics of [Hf] in x-irradiated a-Si(H, O,N) and uv-

irradiated natural beryl, led to conclusions which can be
summarized as below.

(a) The hydrogen removal mechanism which occurs on
heating a-Si:H is processed through the irreversible for-
mation of molecular H2, in good agreement with the as-
sumption proposed by Pontuschka et al. ' In this work it
is assumed that the reaction Hf+Hf ~Hz has a small
activation energy derived from the interaction of H with
the network.

(b) The untrapping of H, in a-Si:(H,O,N) obeys the Ar-
rhenius law with activation energy E =0.56 eV and
preexponential factor ao=1.5X10 s '. The present ac-
tivation energy is similar to the diffusion of the atomic
hydrogen activation energy of 0.48 eV found in single-
crystal silicon.

(c) The recombination parameter P is negligible for Hf
in a-Si:(H,O,N) (it is unlikely that the radiolytic Hf will

be recovered in the original structure).
(d) The recombination parameter P is not negligible for

Hf in beryl, a fact which minimizes the loss of hydrogen
by the sample.

(e) Both a (untrapping) and P (recombination) parame-
ters obey the Arrhenius law for beryl with activation en-
ergies equal, respectively, to E =0.42 eV and E&=1.51
eV and preexponential factors equal, respectively, to
ac=3.3X10 s ' and P&=3.5X10' s '. The recom-
bination of Hf in beryl is possibly processed through the
reaction

Hf +OH ~H20+e

and justifies the high E&=1.51 eV activation energy.
(f) The parameters y (retrapping) and 6 (H2 formation)

were found to fit a function proportional to T' —To
with To=269 K for Hf in a-Si:(H,O,N) and To=266 K
in beryl. It was shown that this function can be assigned
to the linear part of the f (x) function derived from free-
particle distribution of speeds attributed to Hf and the
potential barrier for retrapping and H2 formation.

As the dangling-bond population was minimized by
bonded hydrogen atoms in a-Si:(H,O, N), it is reasonable
to suppose that a neutral intersticial atomic hydrogen is
able to diffuse by a length at least greater than the dis-
tance to its nearest neighbors. This gives rise to a prelim-
inary diffusion with a different activation energy expected
than that reported for the motion of bonded hydrogen. If
the number of nonpassivated dangling bonds is
suSciently small, we expect that the probability of the
occurrence of extensive diffusion as a precursor of the re-
action H +H ~H2 turns out to be important in the sys-
tern.

ACKNOWLEDGMENTS

This work was partly supported by grants from the
Conselho Nacional de Desenvolvimento Cienti'fico
(CNPq) and from the Financiadora de Estudos e Projetos
(FINEP).

W. M. Pontuschka, W. W. Carlos, P. C. Taylor, and R. W.
Griffith, Phys. Rev. B 25, 4362 (1982).

A. R. Blak, W. M. Pontuschka, and S. Isotani, An. Acad. Bras.
Cienc. 60, 9 (1988).

W. M. Pontuschka, S. Isotani, A. Piccini, and N. V. Vugman,
J. Am. Ceram. Soc. 65, 519 (1982).

4W. M. Pontuschka, S. Isotani, and A. Piccini, J. Am. Ceram.
Soc. 70, 59 (1987).

5M. B. Camargo, %. M. Pontuschka, and S. Isotani, An. Acad.
Bras. Cienc. 59, 293 (1987).

P. W. Levy, P. L. Mattern, K. Lengweiler, and A. M. Bishay, J.
Am. Ceram. Soc. 57, 176 (1974).

7V. F. Koryagin and B. N. Grechusnikov, Fiz. Tverd. Tela 7,
2496 (1965) [Sov. Phys. Solid State 7, 2010 (1966)].

L. V. Bershov, Geochemistry 7, 853 (1970).
A. R. Blak, S. Isotani, and S. Watanabe, Rev. Bras. Fis. 12, 285

(1982)~

C. A. P. Vianna and A. R. Blak, in Proceedings of the Sixth

Europhysical Topical Conference: Lattice Defects in Ionic
Materials, Groningen, 1990 (to be published).

"B.Abeles, L. Yang, D. Leta, and C. Majkrzak, J. Non-Cryst.
Solids 97)%98, 353 (1987).
D. E. Carlson and C. W. Magee, Appl. Phys. Lett. 33, 81
(1978).

' R. A. Street, C. C. Tsai, J. Kakalios, and W. B. Jackson, Phi-
los. Mag. B 56, 305 (1987).

' J. Kakalios and R. A. Street, J. Non-Cryst. Solids 97&98, 767
(1987).

W. Jackson, C. C. Tsai, and R. Thompson, J. Non-Cryst.
Solids 114, 396 (1989).

' W. Beyer, J. Herion, and H. Wagner, J. Non-Cryst. Solids
114, 217 (1989).
S. T. Pantelides, Phys. Rev. B 36, 3479 (1987).
R. Shinar, S. Mitra, X.-L. Wu, and J. Shinar, J. Non-Cryst.
Solids, 114, 220 (1989).
M. Stutzmann, W. B. Jackson, and C. C. Tsai, Phys. Rev. B



5972 SADAO ISOTANI et al. 42

32, 23 (1985).
W. E. Milne, Numerical Solution of Differential Equations

(Dover, New York, 1970).
~tL. Brand, Differential and Difference Equations (Wiley, New

York, 1966).
W. E. Boyce and R. C. Di Prima, Elementary Differential
Equations and Boundary Value Problems {Wiley, New York,
1977).

A. Mainwood and A. M. Stoncham, J. Phys. C 17, 2513
(1984).

24W. Y. Ching, Phys. Rev. B 22, 2816 (1980).
25V. M. S. Gomes, L. V. C. Assali, and J. R. Leite, Jut. J. Quan-

tum Chem. Quantum Chem. Symp. 20, 749 (1986).
M. Jaros, Deep Leuels in Semiconductors {Hilger, Bristol,
1982), p. 180.

A. Van Wieringen and N. Warmoltz, Physica 22, 849 (1956).


