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Role of interstitial hydrogen and voids in light-induced metastable defect formation
in hydrogenated amorphous silicon: A model
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Densities of states of a large set of samples have been measured. Samples were deposited by radio-frequency
powered glow discharge under various conditions of temperature, power, gas pressure, and dilution of silane.
Density of states was studied in the as-deposited, light-soaked, and annealed states. For all the samples light
soaking resulted in an increase of both the deep defect density and of the conduction-band tail states. For
samples deposited on the edge of crystallinity and polymorphous materials irreversible modifications of the
density of states were observed after light soaking followed by annealing. Since none of the existing models of
the metastability can account for this behavior we propose a model. In this model, light induced creation of
dangling bonds is mediated by interstitial hydrogen. Hydrogen coming from the breaking of Si-H bonds is
trapped into voids or platelets during light soaking and released in the lattice during annealing. This model
fully explains our experimental results and also many other experimental observations found in the literature.
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[. INTRODUCTION speculate that, to be lost, hydrogen must be stored under a
form that could not be thermally broken and kholecule is
Since its discovery in 1977 the Staebler and Wrohski a possible candidate. Since large room is needed to store H
(SW) effect has attracted more and more research. The apnolecules they could be trapped in voids or platelets. Sur-
plication of hydrogenated amorphous silic@aSi:H) in thin ~ prisingly, despite the large quantity of voids @Si:H, they
films solar cells, for which light induced degradation is ahave attracted little attention about their possible role in the
major limitation to obtain high stable conversion efficiencies,SW eff(_ect? . _ _ N
stimulated this research to understand and eventually to !N this paper, we present a model in which both interstitial

minimize this effect. Many models have been proposed td¢l2 molecules and voids play a major role in the SW effect

explain the SW effect and the role of hydrogen is now rec-and that fully account for our results as well as for the results
many other experiments.

ized to be predominant. It is not th f thi of . " N
0gnized to be predominant. 1 1S NOt e PUTPose of this pape In Sec. Il, we present the different deposition conditions

to give a complete review of these models. Such a reviewnd ¢ which samples have been prepared and the experi
can be found in the literatufeThe fact is that none of the 1% ch samples have been prepared a € exper-

- : . . ments that have been performed on these samples. In Sec.
existing models can satisfactorily explain the results of the1II we present the evolution of the density of StatB©S) of

density-of-states measurements that we have made on a largg, yjeq samples that we have observed under light soaking
variety of samples. and annealing at different temperatures successively. In Sec.
_ For our study, samples have been prepared by rf glowy, \ve review some of the recent developments on the role of
discharge under various conditions of temperature, rf powetyqrogen during the light soaking and annealing processes.
gas pressure, and dilution of silane. The density of states ofnen we present our model and compare the expected out-
these samples has been studied in the as-deposited, lighfomes with recent results of characterizations performed on
soaked, and annealed states. We have obtained two surprigarious types of hydrogenated amorphous silicon thin films.
ing results. First, we observed an enlargement of the
c_onduction-ba_nd tail upon Iight_soaking showing that the lat- Il SAMPLES AND EXPERIMENTS
tice structure is modified by this process. Second, for some
samples, the annealing process, after light soaking, was un- Many types of samples, prepared under various condi-
able to restore the optoelectronic properties measured in tH®ns, have been studied. All the samples were deposited by
as-deposited state. In particular, the deep defect density readio-frequency(13.56 MH2 powered plasma enhanced
mained higher than that measured in the as-deposited state @semical vapor depositioitrf-PECVD) systems. The gas
if some hydrogen, essential to passivate the dangling bondgjere either pure silane, or a mixture of silane and helium or
had been trapped and lost during the light soaking or thergon or hydrogen. The deposition temperaflge the dilu-
annealing of the samples. This peculiar behavior, dependintijon ratios, the total gas pressure or the rf power were varied
on the microstructure of the samples, was mainly observetb obtain different series of materials.
on polymorphous material§pm-Si:H (Ref. 3 and on All the deposition conditions are summarized in Table I.
samples deposited on the edge of crystallifiiihis natu-  In this table, we also give some information on the type of
rally attracted our attention on the available traps for the Hhe materialfamorphous, polymorphous, or close to micro-
atoms removed from the Si-H bonds during light soaking andrystalling, and on the hydrogen content. For instance, con-
we wondered also under which form H could be trapped. Weeerning the Ar-diluted series, there is a clear evolution of the
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TABLE I. Summary of the deposition conditions, type of material, and hydrogen content of the studied
samples measured either by infraréd) or ERDA.

Power Density

Tq (K) % SiH, PressurdPa (mWicn?) Type of material % H
Standard 423 100 5 11 Amorphous 12(1R)
523 100 5 5 Amorphous 9-10R)
Ar 523 1 65.8 35.8-122.5 [Amorphous at 16-9(IR)
Diluted 523 1.5 26.4 20.4-81.6 low power, OR)
523 5 26.4 20.4—449  edge of crystal 11-6R)
523 10 26.4 20.4-353  athigh powef 9-11R)
He 523 45 80 33 Amorphous 12-1R)
Diluted 473 3 52-184 79 Polymorphous 1BRDA)
H 423 2 78.9-289.5 110 Polymorphous 15«ERDA)
Diluted 423 15 13-52.6 11 Polymorphous

material from amorphous to microcrystalline structure withing we noticed an increase of the deep defect density but
increasing powet® almost no change in the conduction-band (@iBT) states. It

For all the samples we have followed the same experiis worth to say that 2 min is not an unique scale of time to
mental procedure. The samples were first annealed?lhaat  observe such a behavior. Samples presenting a very fast
the deposition temperature under vacuum, leading to whdight-soaking kinetics may show a slight increase of the CBT
we call the as-depositedD) state in the following. In the states after 2-min light soaking, and, indeed, it is what we
AD state, the DOS above the Fermi level has been measurdthve observed. But still we believe that there exists a
by means of the modulated photocurréMPC) techniqué  sample-dependent time zone in which the deep defect den-
and for some samples below the Fermi level using the consity increases while the CBT remains constant. On the other
stant photocurrent metho@CPM).2 The samples were then hand, after full light soaking we observed an increase of both
light soakedLS), either 2 min or up to full saturation. Light the deep defect density, larger than the increase measured
soaking of the samples was achieved at 80°C under thafter only 2 min, and the CBT. This behavior was seemlbn
water-filtered light of a xenon lamp. The light was also fil- the studied sample@7 samples and, consequently, we be-
tered by a thina-Si:H layer resulting in a 300-mW/chred lieve that it is rather universal irrespective of the structure of
light flux. The light-soaking kinetics was monitored by mea-the material. As an illustration, this peculiar behavior is
suring the photocurrent of the sample at 20 °C regularly durshown in Fig. 1 for a standard sample deposited at 523 K.
ing the experiment. The DOS of the samples after LS was We have to underline that an increase of the capture cross
estimated by means of MPC and CPM. section of the probed states could be responsible of the in-

Annealing was performed under vacuum first at 420 K forcrease of the CBT and DOS measured by MPC. Indeed, the
samples deposited at this temperature or at 460 K foMPC technique does not probe strictly the density of states
samples deposited at higher temperatures. For all the samplBE) but the quantityN(E) v(E)/«, wherev is the attempt
deposited at 423 K the annealing at the deposition temperade escape frequency of the states anid the extended states
ture was followed by an annealing at 460 K because thenobility of the carriers interacting with the localized states.
annealing at 420 K was inefficient to restore the as-depositedihe plots of the DOS are done assuming that the electron
DOS.

After each 12 h annealing, we measured the DOS by 107 AR RRRRRsaREsEsS
means of the MPC technique and compared the result to the a-Si:H Standard 523 K 3
DOS obtained in the AD state. The annealing procedure was 107 o AsDep ]
repeated until the DOS in the annealed state and the DOS in e LS2min 3
the AD state were the same or until no change in the DOS = .. LS/sat i
could be obtained. The DOS below the Fermi level was es- g E
timated afterward by CPM. > Lo ]

g
Ill. RESULTS 10 00%0 E
A. Light-soaking results " T TN T AT

One sample chosen arbitrarily from almost all the series 01 02 03 04 E_Oés(e\,)o's 07 08
of samples have been light soaked for 2 min only. The DOS ’
was then measured by MPC. After a short annealingr 2 FIG. 1. Evolution of the DOS of a standard sample measured by

h) the sample was light soaked to saturation. All the sample8PC after 2 min light soakingLS/2 min) and after saturatiofl.S/
exhibited almost the same behavior: after 2-min light soaksa) compared to the as-depositédls-Dep DOS.
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) . FIG. 3. DOS measured by MPC of an Ar-diluted sample. Only
FIG. 2. E_volutlon_of the photoc_urrent W|th_t|me measured on thethe envelops of the DOS are presented for the measurement in AD
samplg of Fig. 1 d“““9 light soaking normalized to the value ME3%fyll line) and annealed statégashed ling In the LS state, only the
sured in the as-deposited state. points obtained at the highest frequencies at which the experiment
has been done are displayed. Clearly annealing 72 h at 460 K does

mobility is of the order of 10 cAV 's™* and thatv is in- 1t restore the deep states to their AD values.

dependent of the energy and equal td?19?, two values
that are the most accepted fatSi:H (details are given in ) ]
Ref. 7). Therefore, an increase of the MPC measured CBT FOr samples deposited at 523 K, some samples had their
and DOS can be related to an increase of the DOS or aROS totally restored by the annealing process performed at
increase of the capture cross section or both. Recently#60 K, but for many samples, mostly those prepared under
Meaudre and Meaudre have reported an increase of both tif dilution, we have observed that even after 72 h annealing
DOS and the capture cross section of states close to tHBe deep states density was still higher than the deep states
Fermi level upon light soakingSee Ref. 9 and references density measured in the as-deposited state. This behavior is
therein. shown in Fig. 3.

In Fig. 2, we present the light soaking evolution of the However, for deposition temperatures above or equal to
photocurrent with time normalized to the value before light473 K all the samples except twibvo among 23 had their

soaking for the same sample as in Fig. 1. conduction-band tail restored as in the as-deposited state.
The full line is a fit of the experimental data using two Note that, for the samples for which it was possible to restore
stretched exponential distributions with the equation the as-deposited DOS, the annealing kinetics of the CBT
| I | A I (B2 states was far longer than the annealing kinetics of the deep

_:[_} _{_ exp[—(—) J_ _ exp{ _(_) } defect densit)]/.0 This behavior indicates thdi) for some
lo [lolg Llo); 1 lo], 2 samples hydrogen is probably stored in some place during
(1)  light soaking from where release of hydrogen and, hence,

dangling bond(DB) passivation is not possible by thermal
The values ofr;, 7,, B1, and B, are reported on the annealing even at 460 K, ari) the structural modifications

figure. We have found this behavior on almost all ourihgyced by light soaking slowly recover by annealing.
samples irrespective of the preparation conditions. Note that This is not the case for samples deposited at 423 K. Only

we have used this type of equation only to show thatasingl%ne sampleé1 amona 14 orepared at 423 Kom-Si-H pre-
stretched exponential distribution is not sufficient to fit the pld g 14 prep Kp Lnp

experimental data. This two-exponent fit result is consister\ﬁ/ared at 263 Pashown reversible change of the DOS. Here
with the MPC results given above, both of which indicate e have to distinguish between standard samples and poly-
morphous samples.

that two types of states are sensitive to the light-soaking For standard samples deposited at 423 K annealing at the

process: the deep states whose density modifies rapidly an -
the band tail states whose density increases only after a givétfPOSition temperature leads to a decrease of the deep states

amount of time. The question is whether we can assume thdgward their as-deposited value but the conduction-band tail
the evolutions of these two distributions are independent, anffMains unchanged. We then annealed these samples at 460
then we can use two stretch exponential distributions to fif": The deep defect density was then fully restored but it was
the kinetics, or not. Actually, we believe that the increase of MPOSSible to restore the CBT to its AD valé8ee Fig. 4.

deep states density might cause some modifications of the At this point one can wonder if the irreversibility we have

structure that eventually results in an increase of the cgPPserved for the CBT is due to light soaking or annealing at
states. We shall come back to this point later. a temperature higher than the deposition temperature. To find

an answer, we have studied two layers of standard material
deposited in the same run at 423 K. Both layers presented the
same DOS in the AD state, as measured by MPC and CPM,
As far as annealing is concerned, we have observed margnd no evolution of DOS upon annealing at 420 K. Then,
different evolutions mainly depending on the deposition pa-one layer 1) was light soaked and the other one2() was
rameters. annealed 24 h at 460 K. This annealing resulted in a signifi-

B. Annealing results
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FIG. 4. Evolution with LS and annealing of the DOS measured

by MPC of a standard sample deposited at 423 K. After 60 h an-b ESCS' vaqutlgr_l_ with LSlan dd anne acliing szthe DOS mebasured
nealing at 420 K(+) the DOS is not restored to its AD value. y of a pm-Si:H sample deposited at 423 K. It can be seen

Annealing 24 h more at 460 K restores the deep defect density bdpat af_ter annealing at 420 K for 66 h, the gnnealed D@Sis not
not the CBT(O). very different from the LS DO%®), both being much higher than

the AD DOS(O). Annealing at 460 K does not restore the AD DOS
cant broadening of the CBT states but less than the one irgither.
duced inL1 by full light soaking.

Annealing ofL1 for 24 h at 420 K after light soaking From the above behaviors of the different samples upon
could not restore neither the deep states nor the band tallS and annealing, it is clear that LS and annealing mecha-
After another annealing of 24 h at 460 K the deep stateisms are not simply the opposite processes of the same
came back to their as-deposited value but the conductiormechanism. Influence of the annealing process on the DOS
band tail final value was that we had measured_@nafter depends largely on deposition conditions, that is on the
annealing 24 h at 460 K. We have not noticed any change isamples microstructure, whereas LS does not depend so
the valence-band tail by CPM in any cases. This may be dumuch on these conditions.
to the fact that the relative increase of the valence-band tail
states, if any, is small, the valence-band tail states being al-
ready very large in the AD state.

We have also checked that once a 423-K standard sample From the annealing results it is seen that the deep defect
has been light soaked and annealed at 460 K, further lighdlensities of some samples never recover their AD values.
soaking followed by annealing at 460 K process did notThis indicates that some of the hydrogen atoms removed
modify the DOS. Thus, we can say that for the 423 K stan{from the breaking of Si-H bonds, are stored in some trap
dard samples, for which it was impossible to bring back theand lost for DB passivation. Of course, we have rejected the
CBT to its as-deposited value, structural modifications ocpossibility of H effusion at the temperatures at which we
curred during first annealing at a higher temperature han  have performed annealing.
leading to an enlargement of the CBT.

The evolution of DOS of polymorphous materials depos-
ited at 423 K upon light soaking followed by annealing at
460 K is not as simple. First, annealing of all the polymor- The breaking of the Si-H bonds may not be as trivial as
phous samples at the deposition temperature was almost ithie simple abstraction of the H atoms as this process requires
efficient even after 66 fSee Fig. 5. Annealing at 460 Kwas 3.6 eV, a quite large value. Indeed, some authors have pro-
usually more efficient but not enough to restore neither thgposed another mechanism in which the H atom goes into
deep defect density nor the CBT for most of the polymor-bond-centered positiofH-BC) between two Si atoms leav-
phous samples except one among ten. For these sampliey a DB behind:? This mechanism requires only 1.74 eV
light soaking followed by annealing results in irreversibleand could be initiated by carrier recombination from tail
changes in terms of both passivation by hydrogen and strustates to tail states. The infrardtR) measurements per-
ture of the lattice. Second, the DOS evolves after each furformed by Darwichet al. favor the hypothesis of H-BC
ther light soaking followed by annealing at 460-K cycle.  creation™® They put into evidence that at the beginning of the

The evolution of the CBT and of the deep states of theLS process new absorption lines appear in the spectra that
different types of samples upon annealing is summarized ithey attributed to an increase of the H-BC population. Ac-
Table II. cording to Darwichet al. the creation of the H-BC is corre-

It is not surprising to observe different behaviors betweerlated with a decrease of the-SH IR absorption. They have
polymorphous materials and standard materials since the firalso noted that after a few hours of light soaking these new
one is believed to be made of nanocrystallites embedded inabsorption lines disappeared. Thus, H-BC is certainly not a
an amorphous matrixThe presence of these nanocrystallitesstable configuration and one has to find out a mechanism that
certainly induces a different microstructure in polymorphousresults in a further decrease of the H-BC concentration. Here,
material than in amorphous materiats. we can put forward the proposition of Van de Walle and

IV. DISCUSSION

A. H, in ¢-Si and a-Si:H

085206-4



ROLE OF INTERSTITIAL HYDROGEN AND VOIDS IN . .. PHYSICAL REVIEW B65 085206

TABLE Il. Evolution of the CBT and of the deep states upon annealing after light soaking for the different
types of samples.

Annealing at 420 K Annealing at 460 K
Ty Type of
Samples (K) material CBT Deep states CBT Deep states
Standard 523 Amorphous Restored Restored
Ar 523 Amorphous [Restored except  Restored
diluted edge of crystal two samples higher than
among 17 AD
He 523 Amorphous Restored Restored
diluted
He 473 Polymorphous Restored Restored
diluted
Standard 423 Amorphous No Slight Broader than AD Restored
influence decrease
H diluted 423 Polymorphous No No influence Broader than AD Higher than
influence AD

Tuttle in which another H atom comes to passivate the newly self-interstitial defect and, according to them, it is one of
created DB left by the H atom gone in BC positithiThis  the reason why Hl is detected only ir-Si containing a high
would result in an increase of the-SH IR absorption. The concentration of hydrogelf.Note that a high concentration
Si atom turns to be overcoordinated and, according to Van def hydrogen in that case corresponds toXL.1%'® cm™2 far
Walle and Tuttle* the two hydrogen atoms gather under below the concentration met &Si:H. Taking account of the
molecular form either H, if the molecule is afforded enough concentration of hydrogen presentarSi:H, even in low H
room—for instance, in voids or platelets, o lhterstitial ~ content samples prepared by hot-widhemical vapor dis-
(H,), equivalent to H' in T sites observed io-Si, and leave  position CVD,? it would be very surprising if B was not
a DB behind(~0.2 eV). Thus, a further decrease of the Si-H incorporated in large quantities in this material. Some evi-
IR absorption should be seen. This mechanism of H-BC credence of this incorporation was given recently by Fedders
ation and annihilation at the very beginning of the LS pro-et al?° These authors have shown thaj' hivas present in
cess indicates that H-BC could play the role of the “interme-large quantity, up to 40% of the total hydrogen present in the
diate precursor” put into evidence by Heck and Brahz. material. If according to Ref. 18, JHcan be easily dissoci-
Note that according to Safonov, Lightowlers, and Daviesated in close vicinity of a nonhydrogenated vacancy, we pro-
the hydrogen-vacancimterstitia) complexes in crystalline pose that the new dangling bond, created by the migration of
silicon (c-Si) could play the role of dimer precursors, provid- the previous H atom toward the BC position, can favor the
ing a mechanism for bringing hydrogen atoms togeth®ve  dissociation of any bl located close to it. The dissociation
have here another mechanism that would result in creation aff the H,' molecule could even be helped by recombination

H, molecules. of carriers at the newly created DB.
Also experimentally it was shown that one of the pro-
cesses responsible for the aging of MOS devices is the cre- B. Model for the Staebler-Wronski effect

ation of dangling bonds at the: Sia-Si0, interface via We then propose the following mechanism for light soak-

Si—H+H—DB+H, (0.2eV 2) ing._ In a first step, some SiH bonds are broken, Iikely
, assisted by the energy released from tail to tail recombina-
All these mechanisms show that,'Hcan be generated in tion of carriers. However, as the breaking of a-Sil bond
amorphous and crystalline silicon materials and we can reaeleasing a free H in the lattice needs a high ené¢gg§ eV),
sonably assume that,His a possible end product of the we believe that a reaction proposed by Tuttle and Van de
light-soaking process. However, one has to wonder about th@/alle is more likely to occur: the H moves from the-SH
source of the free H atom that will first passivate the newlybond to a BC positiorf1.74 eV} or even in the antibonding
created DB and then gather with the H-BC to form a H (AB) position (1.2 eV), leaving a dangling bond behirfd.
molecule. _ This reaction obviously results in a decrease of the-Bi
If H,' can be an end product, we suggest that flay  absorption and a possible increase of the absorption band at
also play an active role during the LS process. According ta1730—-1790 cm?, which has been attributed to the H-BC
Chevallier'” H,' in T site and H*, an equivalent of the configuration:> As H-BC and H-AB are not stable configu-
M(Si—H), of Branz? present roughly the same stability rations, the H atom, thermally assisted, may come back to
within a few meV inc-Si. The relative stability of these two passivate again the dangling bond it has left behind. Thus, at
species is still a matter of discussion. Some authors favor thihis stage, the annealing of the created dangling bonds would
existence of H*.*® In particular, they have shown that inter- be a fast process, and, indeed, we have observed rapid an-
stitial H, easily dissociates in close vicinity of a vacancy or nealing of our samples after 2-min light soaking. If the con-
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FIG. 6. Simple scheme presenting the different mechanisms occurring during the LS p¢ag¢éks: starting environment, the numbers
1 and 2 correspond to the indexes used in the equations describing the DB forr(Bitithre recombination of two carriers creates one DB
by giving enough energy to the H atom to move in BC or AB positi@@), this results in a breaking of the,Hthat passivates the DB and
insert a H in BC position close to a-SiH bond, (D) all the H atoms gather again into two,Heaving two DB behind.

centration of H' is as high as predictéd,some of the newly [Si—H];+[Si—H—Si];—DB; +[ Si—Si];

created dangling bonds are probably in a close vicinity of a i

H,'. The newly created dangling bond offers new states for +Hy (0.2eV). ®)

recombination of carriers that could break the equilibrium of ) ) ) )

this molecule and two hydrogen atoms are freed in the lat- If we add the reactior] Si—H],+[Si—H—Si],

tice. One, say H1, can passivate the freshly created dangling D i

bond and another one, say H2, can go into a bond-centered —DB#[Si=Silp+H; (02eV), ®

configuration for it is this reaction that is the less energyjt means that the global reaction is

demanding(0.87 e\).?! We have here a mechanism that fa-

vors the increase of the -SiH IR absorption in two ways: H, +2Si—H—2DB+2H, (3.01 eV}, (7)

first there is some sort of a compensation of the dangling _

bonds created by the first reaction and, second, the introdugvhere H' can be considered both as a catalyst on the left-

tion of a H atom in bond-centered position results in anhand side of the reaction and an end product on the right-

expansion of the lattice, the distance between the Si atonfzand side of the reaction.

increasing from 2.4 to 3.2 A2 This expansion may result in From Eq.(7), we obtain a reasonable formation energy of

a change on the oscillator strength of the-$il bonds?? ~1.5 eV per DB. This energy can even be lower if the first H
If the H atom(H1) passivates a DB that is linked to a Si atom goes to an AB position as suggested by Biswas and

atom that is already connected to another H atom, either iki.?® This movement would cost 1.2 eV according to Ref. 12

BC or in AB position, then the Si atom becomes over coor-and the total formation energy would be of the order of 1.2

dinated. In both case$i-BC, H-AB) we can then imagine, €V.

following the idea of Van de Walle, and also the idea of This scenario would be perfect if no passivation of the

Safonovet al, that these two H atoms gather again and arenewly created DB’s could occur. Also it does not mean that

freed in the lattice and trapped somewhere undgrdén-  two DB’s are necessarily created in close vicinity. Indeed,

figuration. If the other H atonfH2), coming from the broken the H2 atom may not be in the vicinity of a-SiH bond. In

H,', is in a BC position close to a-SiH bond then the same that case, it can either stay in bond-centered position, a con-

scenario can take place. At the end of the process two darfiguration which may not be very stabféor diffuse through

gling bonds and two k! are created. This simple scheme is the lattice migrating from BC to BC position, a diffusion

presented in Fig. 6. Obviously this last part of the mechafprocess proposed by Van de Wadieal. on the basis of the-

nism results in a decrease of the number of the-Bibonds  oretical calculationd? While diffusing, this H atom can meet

and thus of the Si-H IR absorption. Nevertheless, since the €ither a Si—H bond, and create a DB according to our

lattice has expanded under the introduction of H-BC, thesimple scheme, or a DB that it will passivate. In the first case

oscillator strength of the SiH bond may have increased two DB are created but in the second case the net number of

and the absorption coefficient may still remain higher than ircreated DB is zero. Also, one can wonder what happens to

the as-deposited state. the newly created bl. Indeed, if it is not trapped in a stable
In summary, creation of DB would obey the following configuration it will probably dissociate again releasing two
reactions: H atoms that could passivate some dangling bonds. In that

case the net rate of DB creation is also zero. Then, it is clear

that during light soaking many H atoms, depending on the

[Si—H];+[Si—Si];—DB;+[Si—H—Si]; (1.74 eV}, flux of light, are freed in the lattice and that there exists a
(3 dynamic equilibrium between creation and annihilation of

DB. This equilibrium will tend towards a metastable state if

A some of the H' are trapped during the process. A possible

DB, +[Si—Si],+ Hy'—[Si—H]; trap for hydrogen under molecular forrsr;smay be either voids

. . or platelets that could storesHnolecules® In that case, the
+[S—H—Sil, (0.87eV), metastable DB would be preferably created in close vicinity
(4) of voids but all the material would be affected by the pro-
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cess. Indeed, the creation/annihilation of DB in the amoramorphous layet In this model growth of the-Si:H layer
phous matrix would result in an expansion of the lattice dueresults from direct adsorption of SiHadicals at strained
to insertion of H atoms in BC or AB position during this S—Si bonds. The surface further reconstructs by directly
process. Also, this dynamic equilibrium, can explain whyforming surface monohydride and releasing Kolecules.
with, say, 10% of hydrogen present in the material5(  These H molecules are mainly emitted toward the plasma in
X 10%! at.cni ®), one ends with only 16-10" DBcm™3  a gas form but one can imagine that part of them are incor-
created after saturation: the creation of DB is not very effi-porated in the layer under interstitial form.
cient though the whole process may affect the whole lattice.
We now address the annealing process. According to our
light-soaking mechanism the molecular hydrogen produced
in reaction(7) is stored in microvoids ira-Si:H or platelets We can now have a look at how our model correlates with
located close to the nanocrystalli@sSi:H interface for ma- some established experimental observations.
terials deposited on the edge of crystallization. Depending on In this qualitative model, we can see that after light soak-
the room affordable for the Hmolecule, it can be stored ing there are more $i because they are created during the
either under some “pressuré® that is under some intersti- process. Thus, we expect to observe an expansion of the
tial form, or as a free or less constraint, kholecule. It  material since room is needed to store this interstitial hydro-
means that the energy of the stored hydrogen is somewhgen. Also a lattice expansion of all the material is expected
distributed. Depending on the energy supplied during anneaHlue to the intermediate H-BC configuration. And indeed such
ing this hydrogen can be either injected again into the latticean expansion was observed by Gogital 3 This expansion
and make passivates the DB througjifusion or not. Note  could result in an enlargement of the conduction-band tail, as
that Vanecelet al. have already speculated that the H atomsseen with our MPC technique in all our samples, because of
moving during annealing could come from microvofds. a new “disorder.” The question of the range of modification
This process would be rather equivalent to hydrogenation off this “disorder” (short range order or intermediate range
c-Si from a H gas sourcé® The energy distribution of ordep is still a matter of debat&, and beyond the scope of
stored hydrogen explains why annealing at 420 K is not veryhis paper.
efficient, the provided thermal energy can release only few H Here we can come back to the increases of both deep
atoms. Even annealing at 460 K may not be sufficient if pardefects and band tail states during light soaking. In our view
of the hydrogen is stored under free molecular form. In thishese increases cannot be independent. Indeed, creation of
case, the thermal energy to break the molecule is too higB is probably initiated by tail state to tail state recombina-
and the molecule is lost for DB passivation. This behaviortion. Thus, the number of band tail states certainly plays a
was observed on some Ar-diluted samples deposited on thele in DB formation. While DB are created an expansion of
edge of microcrystallinity(see Fig. 3. In such materials it the lattice results in an increase of the CBT states. This in-
has been shown that hydrogen bonding could be enhanced @ease in the number of tail states enhances tail-to-tail re-
the nanocrystallitieatSi:H interface compared to the amor- combination that in turn favors the creation of DB. In con-
phous matriX® This H-rich interface could be made of clusion, creation of deep defect and band tail states are two
platelets?® According to Keudell and Abelson, the IR signa- intricate processes. The description of the evolution of the
ture of these platelets is an absorption band at 2033'cm photocurrent by two stretched exponentials, as we have
that we have observed on the Ar-diluted samples presentinghown in Fig. 2, is therefore to be considered more as a

C. Correlation with other experimental results

some irreversibility of the deep defect denSityreversibil-  phenomenological description than coming from a precise
ity of the deep defect density upon annealing was also obmathematical model.
served on pm-Si:Hsee Fig. 4, a material made of nano- In respect of the whole process described above, we can

crystallities embedded into amorphous matrix. Note thadescribe the expected evolution of the number of-&i
Keudell and Abelson have proposed that platelets are presehonds or, more precisely, the evolution of the IR absorption
in pm-Si:H?® We then propose that Hmolecules released band corresponding to-SiH bonds. First, a decrease of this
during LS are stored in these platelets. Indeed, it was showabsorption band should be seen wheH atom moves from
that it was the case io-Si (Ref. 26 and in poly-Si*® Also  the Si—H bond to the BC position. Then, the passivation of
Estreicher, Hastings, and Fedders have reported thaSin  the newly created DBya H atom from H' would result in
the Raman intensity of the interstitial,Hsignal is reduced some compensation of the breaking of8# bonds. This
upon illumination while the amplitude of the platelets-relatedprocess together with an expansion of the lattice due to in-
H, signal increase¥ Moreover, according to our results and corporation of H-BC atoms, gives rise to a change in the
to the results of Nickel, Jackson, and Johri8ave can rea-  oscillator strength and lead to an increase of the Si-H absorp-
sonably assume that some of these molecules can be lost fiton band. The final creation of a DB by putting two H atoms
DB passivation. together leads to a final decrease of the Si-H absorption band
The last point we have to address is how interstitial mo-whose value should saturate at a higher value than in the
lecular hydrogen could be incorporated in the material duras-deposited state because of the lattice expansion. Such an
ing deposition? According to Robertson; tfholecules are evolution was precisely observed by Sheng, Kong, and
formed during removal of hydrogen from the H-rich surfaceLiao.??
during depositiori® Also, recentin situ IR measurements In this model, though we have not rejected the possibility
have proposed a new mechanism for the construction of thef H diffusion, note that H diffusion is not needed for the
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creation of DB. Consequently, since hydrogen diffusion isupper limit of the metastable DB of the same order as the
not needed to create dangling bonds, it is possible to observeumber of voids in standard-Si:H that is of the order or

a light-soaking effect even when the illumination is achievedslightly higher than 1¥ cm™2. Experiments should be per-
at low temperaturg4.2 K).>° formed in this way to confirm this prediction.

This model can also account for the better stability ob- The fact that DB are preferably created close to voids
served in materials prepared by hot-wire CVD or materialgneans that the mean distance between two DB should be of
prepared on the edge of crystallinity with high hydrogenthe same order of the mean distance between two \8ials
dilution.3%%" Clearly, hydrogen content is not the key param-100 A). This estimated value is in agreement with the results
eter for stability since the HW-CVD material contains only Of Yamasaki and Isoy&:

1% hydrogen or less whereas the second type of material Finally, another very important point is that there is no
contains more than 15% of hydrogen. As suggested bgorrelation between Si-H and DB because there is no reason

Vaneceket al?” and also by Maharet al,? the stability is  for these two species to be created one close to the other.

probably not linked to the hydrogen content but to the pecu:I'his fits the electron spin resonance results of Stutzitfann
liar microstructure of materials in which large voids or plate-as Well as the results of Yamasaki and Is8¥a.

lets are surrounded by large zones of rather well ordered and

less hydrogenated material. Our model is in perfect agree- V. CONCLUSION

ment with this idea. Indeed, a less number of large voids
implies a smaller surface area between voids and amorpho%%
matrix. Thus, for samples having this structure, the flux of

We have studied the evolution of the DOS of many

mples prepared by rf PECVD under various conditions.
. For all the studied samples we have found that light-soaking
H, mole.cule§, created dur'mg the LS process and to bf’esults in an increase of the deep defect density and of a
trapped in voids, would be limited. Hence, creation of meta'broadening of the conduction-band tail. For some of these

lstable SB in the V(;C;n'tt{] of ttheze \{'quS or platerl]ets WOIUId besamples, mainly those prepared on the edge of crystallinity
owetr)e c;)mpalrle .8 1€ stan %CL case Wther%aB arge o for the polymorphous materials, we have also observed
number ot Smafl VoIds IS preserit-oncerning the '€ some anomalous behaviors. In particular, the annealing pro-

ated far from these vo_ids, sincg there is no hydfoge“ r8P8ess was unable to restore the DOS of the as-deposited state.
they are probably passivated while created by a simple redl%ince none of the existing models of the SW effect could

tribution of H atoms. So in such samples we expect a IoWe[)ropose satisfactory explanation for this behavior, we have

metastability. - .

. N N developed a model. This model proposes that, during the LS
h (Ijn our |dea,a—S|.Hhor pthESI.H C.OL.'tld b? f:egresentedlas a rocess, defect formation is mediated by interstitial molecu-
ydrogen sponge where the majority of hydrogen reiease, hydrogen present in the material. It also suggests that

during LS is stored in voids or platelets. If one could emptyvoids or
! platelets play the role of hydrogen traps by captur-
out _the hydrogen from the voids then LS would be moreing hydrogen during LS and releasing it during annealing.

hvd g f the LS Anint i 'vith this model we can fully account for our results. For
yadrogen coming from the pro%cé;aAss. n nteres 'ng.eXpe”instance, our model predicts a modification of the lattice
|me|:1tt has beten pﬁrfgrmed b);fYo. " samtple priﬁentlng ;"(‘ tructure responsible for the broadening of the CBT in agree-
ow oempera ure hydrogen € Lismn spectra, with a pea ent with the observed material expansion. Assuming that
350°C, was anneale_d at 400°C. The proportion of defect art of the hydrogen trapped in platelets could not be re-
created by light soaking increased by a factor of 4 compare ased during annealing to passivate the DB created during

to the result obtained before exodiffusion. In our view, heat—Iight soaking, we can explain the irreversible modifications

ing the sample at 400 °C resulted in exodiffusion of hydro-of the DOS that we have observed for pm-Si:H or materials
gen stored in platelets, and, consequently, this eXOdiﬁUSiordeposited on the edge of crystallinity

left more room to store the hydrogen created by LS leading We have also shown that many established experimental

to a more efficient Process. On the othe_r_hand, if one COUIﬁjesults found in the literature can be explained by means of
hydrogenate the material at the deposition temperature t

avoid H exodiffusion and structural modifications of the lat- 8ur model. Finally, we have suggested a few experimental

tice, it should lead to a decrease of the LS influence. UIti-teStS of this model that will be a part of future work.

mately, a material presenting voids or platelets completely

saturated with hydrogen should show an improved stability.
Also, we can address the question of the upper saturation We thank P. Roca | Cabarrocas for providing #&i:H

limit of DB creation. The creation of, say, and pm-Si:H samples, P. Bergonzo for one helium-diluted

10'°- 10" DB/cm?® in continuous wavecw) illumination is  a-Si:H sample, and P. Chaudhuri for the argon-diltaesi:H

far below the available number of voids estimated to besample. Many thanks to S. Vignoli for discussion about IR

equal to 3x10' cm 3.3 Thus, it is apparent that under measurements and resultsasi:H and pm-Si:H. This work

“standard” LS process the number of created DB is not lim-has been partly supported by the Indo French Center for the

ited by the number of available voids. However, it wasPromotion of Advanced Resear¢lirCPAR) under Contract

shown that using a pulsed light it was possible to create up tdlo. 2104-1 and by Center National de la Recherche Scienti-

3% 10" DB/cn?,*® much higher than that one obtains with fique and Agence pour le Deloppement et la Maise de

cw illumination but still below the number of available I'Energie (ECODEV program One of the author¢D.R.)

voids. Actually, according to our model, we expect to find anthanks the IFCPAR for financial support.
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