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Defect formation during deposition of undopeda-Si:H by rf glow discharge
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Dependence of the as-grown defect concentration in undagicH deposited by rf glow discharge on the
deposition parameters is investigated. It is found that the defect density behaves similarly to the concentration
of SiH, configuration in the films deposited at substrate temperatures below 300 °C. The defect concentration
varies proportionally to about the third to fourth power of the Stdncentration depending on the deposition
conditions. The Urbach energy increases in samples deposited under the condition whezenSehtration
increases. An additional energy is necessary to convert the weak bond in the valence-band tail into the defect.
The observed characteristics are analyzed by a model in which this additional energy is produced by the
surface reaction of Siflincorporating the Sikl configuration into the network. These characteristics are
compared with those of the Staebler-Wronski effect. The increase of weak bond density contributes to the
increase of defect creation efficiency. The analyses give a quantitative explanation of the observed character-
istics and estimation of some parameters involved in the conversion process. Similarities in the mechanisms are
pointed out between the as-deposited defect formation and the Staebler-Wronski effect.
[S0163-182807)10707-X

[. INTRODUCTION by breaking the weak bond. This energy is to be supplied
from one of the surface reactions. This reaction has to pos-

Hydrogenated amorphous silicga-Si:H) is usually de- sess some special characteristics: it must be dominant at low
posited as a thin film by rf glow discharge of Silgas on a  deposition temperatures and produce enough amount energy.
substrate kept at temperatures below 400 °C. Defects in un- Recently, we proposed a mechanism of the surface
dopeda-Si:H film are considered to be the Si dangling bondsreactions. We investigated the H atom concentration in
(DB), although a controversy with the floating bond modela-Si:H films deposited under various conditions. It was sepa-
has not been completely settle@he concentration of Si DB  rated into the SiH concentratid®, and the SiH concentra-
in undopeda-Si:H film depends on the preparation condi- tion S, by decomposition of the IR absorption spectra. Since
tions including heat treatment after deposition. Numerous inthe release of H atoms is an essential part of the surface
vestigations have been made to understand the correlatioraction of incident Siklradicals, the configurations of hy-
between the DB densit), and the preparation conditions. drogen atoms retained in the network are a clue to under-
In an early stage of research on plasma-deposit&itH, it  standing how the reactions proceed. There are two kinds of
was revealed that there is a rapid increase of the defect desurface reactions; one is incorporating SiH and the other is
sity with an increase of hydrogen content as the coupledhcorporating SiH into the network. The latter becomes
SiH, configuratior? dominant at low deposition temperatures.

For the explanation of a decrease Nf with decreasing In this paper, we measured the defect deniifyin these
equilibrium temperature by annealing, the idea thei:H  films by electron spin resonan¢&SR. We found similar
network is in a quasithermal equilibrium condition that is behavior of loggNs and S, with changes in the deposition
frozen during the cooling process has been succeddful. parametersN varies exponentially witt8,. We also mea-
configuration involving the dangling bonds corresponds to ssured the Urbach enerdy, in these sample€, increases
high-energy state. However, it has been observed experimewmdth the increase of5, and Ng at deposition temperatures
tally that the as-deposited defect density increases with ddselow 250 °C. We discuss ambiguities involved in two pre-
creasing substrate temperatuFe during the deposition by viously proposed model$§ on the temperature dependence
two or three orders of magnitude with its minimum value atof as-grown defect afl below 250 °C. We propose a
a temperature of about 250 “Qt is considered that the de- mechanism of the defect formation during deposition based
fect density in the as-deposited state at low temperature ign our surface reaction mechanism. First, the cause of cor-
primarily determined by the deposition reaction. relation betweeg andS, is considered. According to our

A correlation has been found to exist betwéépand the  surface reaction mechanism, the bimolecular reaction of ad-
Urbach energy, of the valence-band tail stat®.When the  sorbed radicals leading to the incorporation of the Sibin-
Urbach energy becomes large, the density of states in thigguration is expected to accompany a reaction energy large
valence-band tail of comparable energy with the danglingenough to break a weak-SiSi bond. The observed charac-
bond increases. The thermal equilibrium relation between theeristics of the DB formation during deposition are compared
weak bond and the defect seems to have been acceptesith those of the Staebler-Wronsi&W) effect® The abso-
However, as for the mechanisms of this correlation betweefute value of the defect formation efficiency is in agreement
N and E, there remain several ambiguities. As discussedvith that of the SW effect. As for the exponential variation
later, an additional energy seems necessary to create defecsNg with S,, analyses are made in terms of the Urbach
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energyE, leading to satisfactory results: the defect forma-
tion efficiency is proportional to the weak bond density. The
configurational coordinate treatment is introduced in the
analyses. Some parameters involved in the conversion pro-
cess can be estimated.

The previously proposed mechanism of surface reaction is
briefly described in Sec. I, since it forms the basis of this
paper, but is quite different from the mechanisms so far
reported?® Our experimental results dig andE,, are pre-
sented in Sec. Ill. Discussion on the previously proposed
model$® and proposal of our model on the as-grolgare
made in Sec. IV. The observed characteristics are quantita-  gp
tively analyzed by a comparison with those of the Staebler- 0.0 0.1 0.2 0.3 0.4 0.5 0.6
Wronski effect and determination of some parameters in- P, (Torr)
volved in the defect formation process are made based on the
mechanism in Sec. V. The conclusion is given in Sec. VI.
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Il. MECHANISM OF SURFACE REACTION E<.> ool
It is known that the precursor of Sihblasma contributing g
to deposition is an Sikiradical in low rate depositions using s, 15| i
low rf power density with a sufficient Sitgas supply! It is 5
believed that an incident SiHadical is first adsorbed and é jolL J
then migrates on the H atom terminated surface until it forms
a Si-Si bond with the bulk? § .l |
The a-Si:H films used in the experiments to investigate ®
the surface reaction mechanism were prepared by PECVD ofT~-
)

a SiH, and H, gas mixture in a capacitively coupled reactor.
The gas pressure was 0.5 Torr in the reaction chamber and
the rf power density was 0.07 W/énirhe conditions for the
series of depositions varying either the substrate temperature
T, or the SiH, partial pressuré’s were as follows. For the FIG. 1. H-atom densities in-Si:H films. S, is SiH density(O)
variation of P, the total gas flow ratESiH,]+[H,] was kept and S, is SiH, density(A). Fil_ms were(a) deposited by varying
constant at 100 sccm afig was 250 °CP was varied from  Ps. and(b) deposited by varyings.
0.25 to 0.50 Torr by varying the SjHlow rate from 50 to
100 sccm. It was reported that the Siptoduction frequency netic resonancéNMR).* The concentration ratio by IR was
in a rf plasma of a KHSiH, gas mixture is independent of,H obtained using an equal proportional constarfor SiH and
dilution.*® Therefore P of the gas mixture is proportional to SiH,. The large H density with broad spectral component by
the SiH; precursor density in the plasma. For the variation ofNMR (Ref. 16 was attributed to the clustered SiH on inter-
T, the flow rate was fixed at 50 sccm for each Siid H,  nal surfaces of microvoid. The concentration ratio obtained
gas, andTl' was varied from 120° to 360 °C. by IR using Langford’s constant agrees quite well with that
The deconvolution of the IR-absorption spectra for deter-obtained by NMR. Therefore, an ambiguity involved in the
mining the H atom density was made using a personal conprevious analyses of H atom concentrations is remarkably
puter under the assumptions tlia} the peaks in the spectral decreased by reducing a large contribution of the indefinitely
region from 2000 to 2090 cnt are due to the stretching defined microvoid.
mode of the Si-H configuration having a peak at around The dependence of the deposition r&eon P and T,
2000 cm! and the Si=H, configuration having a peak at was measuredR increases linearly wittPs whenTs is kept
around 2090 cm'; and (2) the component spectrum has a constant. This result coincides with the interpretation that
Gaussian shapé.As for the proportional constark con-  only SiH; radicals derived from Sid contribute to the
verting the integrated absorption intensity to the atomic congrowth ofa-Si:H and thatPg is proportional to the precursor
centration, the values given by Langfoetlal'® were used; flux density incident upon the growing surface. The variation
A(SiH)=0.9x10?° cm 2 and A(SiH,)=2.2x10?° cm ™2 of S, as a function ofP¢ and Ty is plotted against the depo-
Figure 1 shows the results. The concentrations of SiH andition rateR in Fig. 2. S, increases in both cases with in-
SiH, thus obtained are shown for the variationRyfin Fig.  creasingR, but quantitatively at a different rate depending on
1(a), and for the variation of ¢ in Fig. 1(b). The variation of whetherPg or T is varied. This result, together with the
S, and S, is in opposite directions under the variation of result thatS, andS, have opposite dependencies Bpand
P andT,.The variation of total H atom concentration with Ts, can be understood if it is assumed that two different
the deposition parameters is dominated by the variation ofeaction processes are involved in the growth, and the varia-
S, in samples prepared d<250 °C andP,>0.3 Torr. tion of Pg and T has different effects on each reaction pro-
There has been a large discrepancy in the concentratiotess.
ratio of SiH to SiH, determined by IR and by nuclear mag-  For the analysis of the above experimental results, similar
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FIG. 2. SiH, densityS, against deposition rate. Films depos- Z"’ [ ]
ited varyingP, (O) and films deposited varyings (A). 107k -
: o) E
phenomena treated by two well-known theories are recalled. 16 :
One is the kinetics of crystal growth at different supersatu- R s T 3 T
. . e . X 00
ration, and the other is the kinetics of chemical reactions. T
While the lateral growth by single nucleation takes place in s (©)

the crystal growth at low supersaturation, the vertical growth

by multinucleation takes place at high supersaturation. Ac- FIG. 3. Variation of defect densitils with deposition condi-

cording to the kinetic theory of chemical reactions, elementions. (&) Films deposited varyings and (b) films deposited vary-

tary reactions of different reaction order lead to differenting Ts.

dependence of the reaction rate on the reaction parameters

such as temperature and pressure. surface is obtained to be 0.3 eV. This value is close to the
We proposed the mechanism of surface reaction to expreviously estimated value of 0.2 €¥.The jumping fre-

plain the results of IR absorptidnThese results cannot be quency in the diffusion is a reasonable value. The data of

explained by hitherto presented mechani€ifsThere is a S, variation are also analyzed and the minimum concentra-

first-order, monomolecular process and a second-order, biion of H atoms is found to be about 10 at. % in agreement

molecular process in the reaction of adsorbed,$édical. It~ with experiment.

is reasonable to associate the giidcorporation with the

bimolecular regction process Qf %imgdicals, sincesS; is IIl. EXPERIMENTAL RESULTS

enhanced at hightg, i.e., for high incident precursor flux

density. The SiH incorporation is associated with the mono- The defect concentratioNs was measured by ESR using

molecular process of Siftadical, sinceS, becomes larger at an X-band apparatus in the dark at room temperature. The

higherT, where the diffusion of the adsorbed radical on thedangling bond has an ESR absorption bandya®.0055.

surface becomes active and it takes little time to arrive at Zhe same kinds of samples were used as in the IR absorp-

favorable site to form a SiSi bond. tion. For several samples with small ESR signal intensity, the
These two processes coexist and compete with each oth#itickness dependence of the ESR signal intensity was mea-

under the conventional deposition conditions and a processured to obtain the bulk defect density excluding possible

with a short reaction time becomes the dominant processurface contributions. The variation b with Pg andT is

While the bimolecular process becomes dominant atTqw shown in Fig. 3.Ns decreases rapidly with increasing tem-

and under highPg, the monomolecular process becomesperature up to 250 °C, where it has a minimum value. Then,

dominant at highT and under lowP. The deposition reac- N increases slowly with increasing temperature. The tem-

tion by the bimolecular process incorporates an,Sidn-  perature dependence &f is in agreement with reported

figuration for each Si atom in agreement with the H contentesults>* N increases with increasings. log,oNs behaves

in the film deposited at low temperatureShe probability of ~ similarly to S, shown in Fig. 1 in the samples deposited at

incorporating an SiH configuration is small for aS6i bond  T¢<250 °C. While the temperature dependence Tat

formation by the monomolecular process at a steplike site o300 °C can be explained by an assumption of thermal

the growing surface. equilibrium at the deposition temperature, the temperature
By the analyses of the observed variationSfwith T, dependence a;<250 °C cannot be explained by the same

and P based on this model, the activation energy of theassumption.

surface diffusion of adsorbed SjHadical on the growing While the variations ofNg and S, with the deposition
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Yamasaki* measuredE; by the photoacoustic spectroscopy
(a) so0 , , (PAS technique. He prepared his samples shown in Fig. 4
under low SiH pressure of 50 mTorr at low rf power density
of 30 mW cmi 2. The H atom content in his sample prepared
at Ts=100 °C is only 24 at. %. Kid&t al?! reported rather
smallE, values shown in Fig. 4. They obtained their results
60 — O - by the primary photocurrent technique. It is considered that
their data may underestimate the valueEgf.°
50 ] It is considered thakE, reflects disorder broadening in
a-Si:H. The increase oEy in our samples is larger in the
T, variation than in thePg variation for nearly equal in-
creases 08, in the two variations. However, it was reported
that the increase dE, with decreasindl is rather small in
the sample of lowN and hydrogen conterftsas shown in
Fig. 4. These results seem to imply tHat is one of the
major factors determining the disorder in the samples depos-
ited at temperatures below the freezing temperature.

70 - O

Ey, (meV)

40 ] | | | |

(b) '

150+
IV. MECHANISM OF DEFECT FORMATION

Two models have been proposed to explain the increase
of Ng with increasingE, at T4 below 250 °C3® A state
containing a DB has an enerdyg higher than the state
without DB. When a weak bond in the tail state of high
energy is considered as the initial state of bond breaking,
Ug becomes small. The state density distributfép(E) in
the valence-band tail is given by

N+(E)=N* exf — (E—E,)/Ey], 1)

100 ‘ 500 300 whereN/ is the tail state density at the mobility edge of the
. valence band of enerdy, . Therefore, there are many initial
Ts (C) states with smallUg for the bond breaking in samples of
largeEy .

FIG. 4. Variation of Urbach energi, with deposition condi- Smith and Wagnérproposed a model for the deposition
tions. (a) Films deposited varyin@®, and (b) films deposited vary- at T¢<<250 °C in which the tail states of equal energy to the
ing T. In addition to our dat&QO), published data are also shown dangling bond are guaranteed to convert to the dangling
in (b): Kida et al. (Ref. 21,A), Nonomuraet al. (Ref. 22,*), Roxlo ~ bond. They sefNg equal to the tail-state density given by

(Ref. 23, ), and Yamasak{Ref. 24,00). integrating Eq.(1),
parameters are qualitatively similar, the greatest difference is %
that N, is plotted on a logarithmic scale in Fig. 3 a4 is NTsz N(E)dE=N/Ey exd —(Ep—E,)/Ey]. (2)

plotted on a linear scale in Fig. 1. It has been reported that Fo
the Urbach energ¥, of the valence-band tail state is cor- Since the observeH,, increases with decreasiriy, N in-
related withN, in the films deposited afs below 250 °C>®  creases exponentially with decreasifig. However, such a
It is plausible that a variation oEy is associated with an conversion is only possible in thermal equilibrium, if there is
exponential variation ofNs. We measuredEy in our  a potential-energy barrier between the tail state and the DB
samples by the photothermal deflection spectrosd®)S  state as is usually the case. The freezing temperaturef
method!? undopeda-Si:H is known to be about 200 °&2 At tem-

In Fig. 4, Ey is plotted against the variations & and  peratures belowTg it is difficult to reach thermal
T in the preparation condition. THg, value in the samples equilibrium® The increase o, at low temperatures implies
deposited al ;=250 °C varies linearly withP¢ and extrapo- that an increasing number of constituent atoms are becoming
lates to 45 meV aP¢=0 in agreement with the variation of trapped in the small and disordered potential. In such a situ-
Ey with the deposition rate by rf power densfy/For the  ation it is not guaranteed to consider the thermal equilibrium
variation with Ty, reported values ofE,; are also between the weak bond and the defect.
plotted?*~2* The variation ofE, with T4 below 250 °C is Stutzmanf ignored the potential-energy barrier and pro-
large compared with that above 250 °C. While the presenposed a model in which the bonding states of the valence-
results in the sample depositedTgt>250 °C agree with the band tail break spontaneously when the tail states are in an
reported values, the results in the samples depositék}, at energy level equal to the enerds, of DB. The value of
<250 °C do not agree. This seems to indicate tBgtis Ep—E, in Eq. (2) is important for the propriety of the
determined in thermal equilibrium 84>250 °C butE; de- model. It was determined to be 0.55 eV by fitting Eg)
pends on the preparation conditions &t,<250°C. with experimental datd.This value seems to be much
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smaller than the generally accepted vaiughe band gap

between the conduction band and the valence band is ap- ()

proximately 1.85 eV in undoped-Si:H. The gap state en- steplike
ergy of the native defect im-type a-Si:H is 0.8-0.9 eV I-ll site
below E.. While the correlation energy in the DB is not H-Si-H ?W W//[—lwi/lgmsurface
known accurately, it is considered to be positive and 0.1-0.2 ,:1 HiGi- = Higi-gj— + Ho+H
eV. ThereforeEp—E, is estimated to be about 0.8 eV. f_é::wf ! W/ﬁSi_‘

, |

Furthermore, a following ambiguity arises for this model,
which assumes the existence of the tail state of density
N+(E)expressed by Eql) up toE>Ep. If we consider the

dehydrogenation of a SiHrecursor radical in the network (b)

formation process, such a sequence of unstableSsibond SiHz SHg S”g’”’”’
formation and spontaneous breaking, i.e., a reaction of two WEMWW/HW surface I' 2= SI'HZ + 2Ho
Si—H bonds leading to spontaneous production of,arté|- -Sj- =Si-. - —S:i— —Sli-

} I

ecule and two dangling bonds, is very unlikely to take place
on account of the reaction energy estimated from the bond
energies given below; enthalpy increase by this reaction i%a)
estimated to be 33.6 kcal/mel.6 eV. It seems likely that
the tail state that breaks spontaneously does not extend {
energies higher thaB, . , _ . bonds are formed and two,Hnolecules are released. The

It is inferred from the above discussions that an add't'onabnthalpy change in this bimolecular reaction-is\Hg= 34
energy supply is needed to break a-Si bond in the tail kcq1=1.48 ev.

state. This additional energy can be prOduced by the heat of A|th0ugh the exact entha|py Change depends on the reac-
reaction, i.e., the enthalpy change in the deposition reactionjon involved, the enthalpy change in the bimolecular reac-
In order for the reaction to proceed spontaneously, a changgon — AHj is larger than that in the monomolecular reaction
in the Gibbs free energy should be negative for the reaction.—AHM . The reason is that the number of bonds, which are
Since a contribution of the entropy term is not considered tdroken and formed in the reaction, is larger in the bimolecu-
be important in the deposition reaction, the Gibbs free enlar reaction than in the monomolecular reaction and that the
ergy change can be approximated by the enthalpy change. hverage enthalpy change by bond rearrangement, i.e., by
Ref. 7, the enthalpy change or heat of reaction was calculatdareaking two Si—H bonds and forming a SiSi bond and a
for the monomolecular and the bimolecular reactions. It wasi—H bond, is negative;-6 kcal.
noted that the enthalpy change accompanying the bimolecu-
lar reaction is much larger than the monomolecular reaction.V. COMPARISON WITH STAEBLER-WRONSKI EFFECT

The following bond energies were given by Paulffig:
Si—H bond 70.4 kcal/mol, S+Si bond 42.2 kcal/mol, and . ] ] i
H—H bond 104.2 kcal/mol. The adsorption energy of aSiH ~ For a discussion on the mechanism of the-Si bond
radical on an H atom terminating the growing surface, Si Preaking, comparison with a similar phenomenon is indis-
H—Si, was assumed to be 10 kcal/mol, which is reasonabl@ens""_ble' While there has been some debate about the inter-
in comparison with the activation energy 0.3 eV of the sur-Pretation of the_ Staeb!er-WronsKSW) effect, the bond
face diffusion coefficient.As an example of the monomo- breaking model is considered to be the most reliable one at

lecular reaction of an adsorbed radical, the reaction at a steéE!s time: . According to the Si-Si b'ond breaking model,
) ) O X . . ) is effect is understood as folloWsrigure §a) shows the
like site shown in Fig. &) is considered in an analogy with

) L ._energy band diagram of undopaéSi:H. As described in the
the crystal growth._ Th_e stepllke_z site in amorphogs materia receding section, the energy level of the Si DB in undoped
does not mean a site linearly aligned on the growing surfac

. . e . ~.a-Si:H is about 0.8 eV above the valence-band mobility edge
The Si atom in a diffusing radical assumes a stable positiog: . the band gafE, of 1.85 eV. The valence-band tail is
v g . .

of low potential energy by forming two SiSi bonds simul-  ,roa4ened by the Urbach energy due to the irregularity of the
taneously with the network at this site. In this reaction, threeamorphous network.
Si—H bonds, and an adsorption of Si on H,$i-Si, dis- When an electron-hole pair produced by light illumination
appear and two Si-Si bonds and 3/2 H-H bonds are radiatively recombines, the excess enetfjys emitted as a
formed. The enthalpy changeAH), by this monomolecular  juminescent photon. Weak -SiSi bonds in the Urbach tail
reaction is calculated to be 20 ked.87 eV. are broken if the excess energy is enough to raise electrons in
For the bimolecular reaction, clustering of two Gitaddi-  the valence-band tail over the potential-energy barrier to the
cals on a flat surface is considered in analogy with the crystadangling bond level as illustrated in Fig(t8. Since a weak
growth. Each Si atom in Siftradicals becomes stabilized by Si—Si bond is comprised of two electrons, the energy dif-
simultaneously forming two Si-Si bonds to the network. It ference between the two minima in the potential energy is
is difficult to illustrate the reaction precisely, but one of thetwice the energy differencAEg between the DB energy
reactions incorporating the Sjitonfiguration is presumably Ep and the Urbach tail energl,. An extra energya is
represented by Fig.(B). By this reaction, four Si-H bonds  expected to be necessary to surmount the potential-energy
and two adsorptions of Si on H disappear. Three-Si  barrier separating the two minimum positions in the configu-

FIG. 5. Examples of surface reaction of adsorbed;S#dlical.
Monomolecular reaction at steplike site, afty) bimolecular
gaction on flat surface. Growing surface is indicated.

A. Defect creation efficiency
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Films deposited varyin&; (O) and films deposited varyings (A).
FIG. 6. (@) Energy band diagram of undopedSi:H. U is the
energy emitted by tail-to-tail recombinatioAE is the energy dif-  The exponential dependence of tail state density on energy is
ference between dangling bond DB and UrbachEgindN isthe  observed over the range oE{E,)=0.2-0.5 eV?® The
state density(b) Configurational coordinate diagram of tail state ahove relation is reasonable with regard to the value of
and defect state separated by a potential-energy barrier. the situation where the tail state density is closely correlated
with the defect creation efficiency.
rational coordinate diagram. Thus, the excess eneiggec- The defect creation efficiency in the SW effect by the
essary to break a weak bond becorigs=2AE + a. energy of tail-to-tail recombination of an electron-hole pair
The energy for breaking a weak bond oABs+« is  was defined by Stutzmann, Jackson, and Tsai as the energy
usually considered to be 1.3-1.4 eV from the tail-to-tail lu-transfer efficiency. They described the rate of DB creation
minescence energy .?® This energy is a little smaller than with the illumination timet;, by
the enthalpy change by the bimolecular reactioAHg but
is larger than the enthalpy change by the monomolecular dN/dty = CswANp. (6)
reaction—AH,, ; i.e.,

Here, Ainp is the number of tail-to-tail recombination per
—AHp>U>—AHy. (3)  unit time and volume, andsgy, is a constant describing the

average efficiency of these transitions for the creation of new
Therefore, it can be considered that the breaking of a weaRB. They evaluated,, experimentally to be %10~ °.

bond occurs by the energy of a bimolecular reaction but not The N versusS, relation in our study is shown in Fig. 7
by the energy of a monomolecular reaction. This is in agreefor the two series of samples, one deposited at varfaund
ment with the experimental result thislf increases with in-  the other deposited under variol’y. The variation ofNg
creasingS,, which is incorporated by the bimolecular reac- with T, is larger than that wittP,. From the gradient of the
tion for either variation ofPs or Ts in the deposition experimental points\; is proportional to the 4.4th power of
parameters. S, whenTy is varied and is proportional to the 2.9th power
Since the Frank-Condon principle applies in this case, i.e.of S, when P is varied. This results also indicates that the
the optical energy difference in light emission process isgefect creation efficiency by energy transfer is correlated
smaller than the energy difference in equilibrium, the supith the density of weak bond since the variation of Urbach
plied energy in the SW effect is expected to be larger than energy was observed. The rafiQ/S, in our experiment is
ThenUy, is set equal to- AHg. The relation among several i, 5 range of 5 10™* to 6x 10 ° as can be obtained from
energies discussed above becomes Fig. 7. A defect is considered to be created by a bimolecular
reaction process incorporating foul8, hydrogen atoms.
—AHg=2(Ep—E,) +a. (4  Then, cgy in the present evaluation is equal tiN4S,
=2.0X10"3t0 2.4x107°. The value ofcg is associated
While there are many uncertainties, E4) becomes under with the tail state density expressed by Ed). It becomes
the assumption-AHg=1.5 eV andE,—~D,=0.8 eV larger for largerE, and smallerE,—E, . Hence,cgy be-
comes larger in our study using samples of lafggr. From
E,—E,=(a+0.1 eV)/2. (5)  the above discussion it becomes clear that the absolute mag-
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. . . . - the best fit for bothT s and P variations as shown in Fig. 8.

EyE, This value is small compared witBy—E, values in the
4l o 0.05eV °v1°eV§g~2159V_ previous models; 0.85 eV by Smith and Waghand 0.55
% 03 eV by Stutzmanf.The difference has the numerical effect of
:’ /0.4 compensating the smallness of the defect creation efficiency
X ol o’ // /o.s i introduced into the present model. The potential barrier
o height« in the configurational coordinate diagram shown in
L /] Fig. 6(b) is then estimated to be approximately 0.3 eV by Eq.
g/ ob =~ 74 | (5). Therefore, the characteristics of as-deposited defect den-
! @ sity can be quantitatively represented by
u? z
£ > ZC, Ns=CSEy exd —(E,—E,)/Eyl, (7)
AINE whereC; is a proportional constant, which involves the de-
Ts l ¢ fect creation efficiency by energy transfer.
ARNA [ .
-4hL 1
3.5 4.0 4.5 5.0 5.5 B. Similarity and difference in characteristics

In E, (meV)
’ The dependence of DB densitygy, introduced by the

SW effect on the hydrogen atom density indicates the simi-
E,—E, values. The ranges of iy, with variations ofT, andPare @ity in the mechanism between the defect formation during
indicated horizontally. The ranges of variation ofNg(S,) with ~ deposition at lowTs and the SW effect. It was report€dhat
variations of T, and P are indicated vertically. The gradient of the light-induced degradation of photoconductivity decreases
hypotenuse in the triangles with InE,, and A In(N/S,) is com-  When the SiH bond density decreases &Si films depos-
pared with the calculated curves. ited at T;=200 °C with a low impurity content of around
108 cm*%. There is no strong relationship between the light-

nitude of the defect creation efficiency is in agreement withinduced degradation and the SiH bond density.
the SW effect. The dependence Nf on S, is discussed in Bhattacharya and Mah&hreported that the logarithm of
the following. the PDS signal intensity due to defects induced by the SW

weak bond has to be considered. An excited bonding state f§m. They defined the microstructure fractiép, by
conceivable to be produced due to the excess energy at the _
reaction site. This excited state can migrate some distance in Fm=[2070}/{[ 2000+ [2070]},
the network as an electron-hole pair, but is unable to movevhere the brackets denote the integrated band intensities of
around through the network since the energy is less than thie respective IR absorption. Since the proportional constant
band gap energy. The depth of the defect formation is coneonverting the absorption intensity to the atomic concentra-
sidered to be only a few atomic layers thick. The weak bondion is different for the 2000- and the 2070-chabsorption
satisfying the condition given by E@5) within this region  bands'® their definition of the microstructure fraction related
can be converted to the defect by the energy supply. with the density deficiency b¥,,, becomes ambiguous. Ac-
The variation ofNg with higher power ofS, than the cording to their datak, varies proportionally td=,. Their
linear is considered to be due to the variation of this wealdata of theNg, versusE, relation are plotted in Fig. 9. The
bond density with deposition conditions. The rag/S, is  light soaking was made for 22 h under an ELH lamp cali-
expected to be proportional to the weak bond density obbrated to 100 mW/chon a-Si:H films of 1—-2 um thick
tained by integrating Eq(l) betweenE, and infinity simi-  deposited atT,=250°C. There is a correlation that
larly to Eq.(2). In order to estimate the variation of the weak log,(Ns varies proportionally tcE, . Therefore, their data
bond density, the value off(—E,) is needed. We plotted seem to indicate that the bond breaking by the SW effect
the calculated values of B,—[(E,—E,)/Ey] against InE occurs preferentially at the weak bond induced by the intro-
in Fig. 8 for various values off,— E,) as a parameter. The duction of Sil configuration into the network.
observed ranges of Urbach energy,InE,, are indicated SinceNgy under the same light soaking in the SW effect
horizontally in this figure for the variation ofg (120— is proportional to N;/S, of as-deposited defects, the
250 °Q and P (0.25-0.50 Torr for increasingg from its  In(Ns/S)) versus I, plot in Fig. 8 is expected to be also
minimum value shown in Fig. 4. The logarithmic ranges ofapplicable in this case. A plot of the variation oNg,, with
observed variation In(Ns/S;) are also indicated vertically in  E shown by the straight line in Fig. 9 is made in the same
this figure for the variations of ¢ and P;. The hypotenuse way as in Fig. 8. The curve d&,—E,=0.10 eV gives the
making a rectangular triangle withh In(Ns/Sy)and AInEy  best fit to the data. The weaker dependenclgf, onEy in
can be drawn in the figure for the variation ©f and P, the SW effect compared with the as-deposited defects leads
respectively. Since the variation of My/S;) has a meaning to the smaller value oE,—E,;.
for this purpose, the triangles can be shifted vertically in this The most important difference between the as-grown de-
figure. fects and the Staebler-Wronski defects is the thermal stabil-
The (E,—E,) value can be determined of which curve ity. The defects due to the SW effect are usually produced at
has the same gradient to the hypotenuse ofthend P,  room temperature and disappear by thermal annealing at
triangle, respectively. The curve &,—E,=0.2 eV gives temperatures between 150 and 200P°Cn the other hand,

FIG. 8. InE;—[(E,—E,)/Ey] plotted against Ig, for various
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16.6 . : : i the surface of a microvoid can be neglected and that the
surface reaction is described by the two kinds of processes.
o However, a very largé, in films deposited at very lowr
might produce the microvoid. The IR absorption spectra of
the Si—H bond terminating the growing surfaCeevealed
that the dominant bonding configuration changes with de-
creasing temperature from SiH at 315 °C to gighd to
SiHj; at 25 °C. Such a change of H atom configuration in
the surface termination might be related with a change of the
surface reaction at very lowg.

The mechanisms of the Staebler-Wronski effect and the
as-deposited defect formation at low temperatures are very
158 L o § similar. The reason they have not been compared closely is
considered as follows. In the studies of the Staebler-Wronski
effect, the energy source, i.e., light illumination, has been

164 |

16.2

16.0 |

log1o Nsw (cm™3)

15.6 ! ) ' . emphasized. On the other hand, in the studies of as-deposited
40 50 60 70 80 defect density at low temperatures, the material condition,

i.e., the Urbach energy, has been emphasized; but both ne-

Ey (meV) cessity and the presence of the energy source to break the

weak bond have been disregarded.

FIG. 9. Logarithm of defect densitiMg,, produced by the SW
effect vs Urbach energg, for different a-Si:H samples.(See VI. CONCLUSION

Bhattacharya and Mahan, Ref.)31 The dependence of the as-deposited defect density in un-

- . doped a-Si:H deposited at substrate temperatures below
the defect density in the as-deposited state ggcreases Ve$Y0 °C by rf discharge is found experimentally to be similar
slowly by annealing at temperatures below 250"Gn ap- 14 that of Sik concentration. An additional energy supply
preciable annealing occurs at temperatures of about 300 “(uemg necessary to create defect by breaking the weak bond.

and above. Based on the surface reaction mechanism proposed previ-

A cause of this difference is considered as follows. They gy the characteristics of defect formation during deposi-

defect produced by the Staebler-Wronski effect is subject t§q, are compared with those of the Staebler-Wronski effect.
constriction in the bulk due to a deviation from the initial gjyce the analyses give a quantitative explanation of the ob-
network. Although some local atomic relaxations are madeygeq characteristics, it is concluded that the as-deposited
avoiding instantaneous restoration, the restoring force t0 th§atects are most likely formed near the growing surface dur-
initial low-energy state is still operating. Therefore, the DBing deposition owing to the enthalpy change accompanying
produced by the Staebler-Wronski effect disappears by afyg pimolecular reaction of adsorbed Sitadicals incorpo-
annealing at relatively low temperatures. On the other han ting a SiH configuration into the network. The exponential
the restoring force is weak for the defect introduced during, rease of defect density with the increase of Siencen-

deposition at a few atomic layers of depth under the growingaiion is due to the associated increase of the weak bond
surface at deposition temperature. The surrounding networ ensity in the valence-band tail, which is converted to the
has not yet become completely rigid for the DB. The restor-yatact. Finally

ing force to the initial state is largely relaxed during the
succeeding deposition process on the strained surface.

By the above comparison with the Staebler-Wronski ef-
fect it becomes most likely that the as-grown defects are
formed during deposition at temperatures below 300 °C ow-
ing to the enthalpy change accompanying the bimolecular The authors thank H. Horigome for his PDS measure-
reaction. The present simplified model is developed on thenents and Dr. H. Okushi for his critical reading of the manu-
basis of our assumptions that the H atom concentration oscript.

similarities in the mechanisms are pointed
out between the as-deposited defect formation and the
Staebler-Wronski effect.
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