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Effect of embedded microcrystallites on the light-induced degradation
of hydrogenated amorphous silicon
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We have studied the degradation kinetics of undoped hydrogenated amorphous ali8oH) samples, in
which a small fraction of microcrystallites is embedded. We find that the defect density increases with an
unusually slow initial pace, which is then followed by the “normaf’® law and the subsequent saturation.
The corresponding photoconductivity shows a remarkable initial stability. We present a model that reproduces
the experimental results, and relates the structural and degradation anomalies. The measured defect density is
interpreted as a superposition of contributions from a defective layer that wraps the microcrystallites and a
high-quality amorphous matrixS0163-18209)11531-3

The widespread application of photovoltaic cells based orsient  photocapacitance and transient photocurrent
hydrogenated amorphous silicom-Gi:H) is greatly impeded spectroscopie$The results are presented in Fig. 1, together
by the degradation of the material due to prolonged exposureith a representative spectrum for puaeSi:H. The photo-
to light, known as the Staebler-Wronski effé&WE).> The  current curve essentially resembles the absorption spectrum
most significant consequence of such exposure is the cref microcrystalline silicon, while the photocapacitance curve
ation of metastable dangling bon(3B’s), following a well  consists of a typicad-Si:H absorption curve on top of which
documented time and light intensity dependehcé.is  an extra feature at-1.2 eV is superimposed. Such absorp-
known thata-Si:H solar cells grown under hydrogen dilution tion curve§ indicate the inclusion of a small volume fraction
are more stabldand it has been recently argued that this isof microcrystallites in thea-Si:H film. This is confirmed by
related to the onset of silicon microcrystallite formation our Raman measurements, which show an additional “shoul-
within the amorphous materidlThe more stable material der” at 522 cm?, and by TEM micrographs of such filnfs.
can be thus viewed as an intermediate state between pure To study the degradation kinetics we determined the de-
a-Si:H and microcrystalline silicon, the latter of which is fect density using drive-level capacitance profili(igLCP)
knowr? to be stable. However, there have been only a few
studies of the degradation kinetics afSi:H films in this 2F
intermediate region. In this report, we examine the degrada- 108
tion kinetics of undoped-Si:H films that contain a small
fraction of microcrystallites. The films exhibit an abnormal
degradation kinetics, that can be accounted for by a model
that incorporates the mixed phase nature of the material.

The a-Si:H samples used in this study were deposited by
dc reactive magnetron sputtering of &612' planar Si tar-
get in an Ar-H, plasma® The argon pressure was 1.5 mTorr
and the hydrogen pressure was 0.6 mTorr. The samples were
simultaneously grown orp® ¢-Si and on Corning 7059
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glass. The substrates were kept at a temperature of 230 °C, 100 ¢ E
and the growth rate was about 170 A/min. For the capaci- .
tance measurements we evaporated semitransparent Pd dots 2 b .
on top of thea-Si:H/c-Si films. For the films grown on glass 101 E

(O  Conductance
/\  Capacitance

we evaporated Cr contacts in a coplanar configuration, thus
obtaining approximately ohmic contacts, which are suitable
for measurements of the secondary photoconductivity. Prior e
to the measurements the samples were annealed at 490 K for 07 09 11 1.3 15 1.7 1.9 21
1h. Light soaking was perforr_ned using a tungst_en-halogen Photon Energy (eV)
lamp, with a maximal intensity of 4.5 W/cnwith the
samples immersed in methanol, to maintain a surface tem- F|G. 1. Subband-gap absorption spectra as determined from the
perature below 60 °C. transient photocapacitance and transient photocurrent experiments.
To verify the presence of microcrystallites in our films we The solid line represents a typical spectrum for a paSi:H

measured the subband-gap absorption spectrum using trasemple.
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T T T T T of the recombination traffic is through the DB'’s, leading to

® 45Wiem? ] the N~2 dependence of the creation term. An approximate

A 29Wem? J Yk ] solution of Eq.(1) yields the commonly observed behavior
. of N(t)«G?3%3 which is quite different from our experi-

1016 W 1.7 Wiem?

. mental findings. We further note that the disagreement be-
3 tween the above model and our results cannot be attributed
] to an additive constant resulting from stable defects within or
] around the microcrystallites. Rather, the presence of the mi-
] crocrystallites leads to an altogether different degradation ki-
netics. We present below a modification of the theoretical
1075 Lo L e e 0 model that accounts for these differences without assuming
1! 10° 10" 10® 10° 10t 10° fundamentally different mechanisms for the creation and an-
Light soaking time (min) nealing of DB’s.
We believe that the observed behavior requires a second
grading phase, and thus, propose that inside the high-
quality amorphous silicon filnphase 1there are microcrys-
tallites (phase 3 which are surrounded by a highly defective
amorphous silicon layeiphase 2 Phase 2, which may also
include grain boundary states, can be thought of as a tissue
nger that wraps the embedded microcrystallites. While our
model consists of three phases, only the two amorphous
phases can degrade. Supporting evidence for this proposed
structure has been given independently by transport

Defect density (cm™)

FIG. 2. The defect density as a function of the light soakingde
time. The lines represent model fittings witho@tll) and with
(dashedlchangingC, as a function of the generation radsee text

measurements These were performed at 350 (4t a fre-

quency of 11 Hzto avoid thermal annealing effects. In Fig.
2 we present the defect densities as a function of light soa
ing time under three different intensities. Starting with the
high-intensity curve, we see that initially the defect density

increases very slowly, for about 10 mifereafter called measurementt and b bband-uap absorpidrstudie
“stage 1"). We note, however, that even after 1 min of light %erf:r%ed on films tha{ (:S(;Jntained-ga %uchshigher fr:cltiosn of
soaking the defect density is higher than its annealed Stamicrocrystallites. The latter work also showed that the defec-

value of 2¢ 10%cni™", After this stage of slow degradation, ive amorphous layer contains a high-hydrogen concentration
the defect density increases dramatically in the next timx%around 280/ h éI/ro en whereag ay“norgmal” value for
interval (“stage 2"”), and later at a more moderate pace .., o nydrogen,

a-Si:H is about 10%

(“stage 3"”) followed by saturation“stage 4"). All these .
behaviors, including the abrupt increase in stage 2, were For such a structure the overall measured defect density

: . . ill be given by a superposition of the contributions of the
completely reproducible. Turning to the degradation unde}(,jvifferent phases with their relative volume fractif;

lower light intensities we observe the same qualitative fea- L, L !
pere| signifies the phase numbeas a weighting function.

tures, except that stage 1 becomes even slower as the lig nce the defect density contributed by the microcrystalline
intensity decreases, while stage 2 is gradually suppressed. . y : y y
ase is expected only to contribute a small overall constant

is noteworthy that the transition point from stage 1 to stage P

occurs at longer times and lower defect densities as the Iigﬁllye havetf]et lih'stdefeit t?]en_slty to zerc;._tFo(rj pfha?% 2 fo[e can
intensity is reduced. The other differences between th&XPress the KInetics or the increase ot Its detec erdjty

curves, i.e., the lower overall defect density and the Ionge|JSIng Eq.(1) with C, and), as the creation and annealing

times required to achieve saturation under lower light inten-CoefﬁCientS in this phase, respectively. We also note that due

sity, are well known and generally occur for aSi:H to the high-initial defect density of this phade; is expected

sample<. The annealing kinetics of our samples were examl0 increase only slightly and relatively slowly upon light

ined in consecutive isochronal steps of 15 min at increasin&o"f‘rk'ng' t0 the first oh that in state

temperature. These data could be fitted by a single activated urning to the first phase, we assume that in s

process, suggesting the existence of a only single type C;‘flgnlﬂcant frac.tlon of the photocarriers d_|ffuse from phase 1

Iight-indhced defect Into the defective phase 2, and recombine there. We denote
The degradation.oa-Si:H is commonly explainédas a by Z density ofN, states that control the recombination of

consequence of nonradiative tail to tail recombination thafamers from phase 1. Accordingly, we obtain the kinetic

produces metastable DB’s in addition to those present dtquation

equilibrium. This process is eventually balanced by light-

induced annealing, which is attribut@do electron trapping dN; G2 G
into DB’s. Thus, one can write a kinetic equation for the DB T 01?—)\1? Ny, (2)
densityN as
dN G? where C; and \; denote the light-induced defect creation
at Cswm_ AG. (1) and annealing coefficients for phase 1. Due to the high value

of Z the degradation term is relatively small, so that for a
The coefficient<C,, and\ control the creation and annealing relatively long time the degradation of this phase will be
of DB’s, respectivelyG is the photocarrier generation rate, insignificant. During this “incubation” timeN; will remain
andt is the light soaking time. We have neglected thermalalmost a constant, bitiie overall defect density will exhibit a
effects due to the low-surface temperature of the sample dusmall increasedue to the contribution of phase 2. This slow
ing light soaking(see above This model assumes that most degradation corresponds to stage 1 in the experimental
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curves. Following this, recombination in the high-quality r””“ L LR LR
phase will gradually shift to its own DB’dut the lifetimes il
will remain constantsince an equivalent number dfstates
cease to act as recombination centers. This is because the
diffusion of carriers from phase 1 to phase 2 decreaség as
increases. This will result in &near increaseof N; with
time (stage 2. Eventually, the density of; states will ex-
ceed the number df states. From this time on, the lifetimes
in phase 1 will be determined solely by the density of dan-
gling bonds in phase 1. The degradation will then follow the
kinetics of Eq.(1), i.e., the “normal” t*® law and the sub- I
sequent saturatiofstages 3 and 4 of the degradation pro- gt LU e L L e e
cess. 107" 10° 10’ 10? 10°

The above discussion explains qualitatively how our Light soaking time (min)
model accounts for the entire experimental behavior. In ad-
dition, we can fit the experimental data in detail using a FIG. 3. The normalized photoconductivity as a function of light
reasonable set of parameters, as we show in Figfule  soaking time.
lines). We obtain satisfactory fits for all the experimental

curves simultaneoustyby changing only the generation rate photocarriers are more likely to overcome these fluctuations
(which is determmed from the measurec_i light intenséyd 54 recombine more efficiently, leading taCa(G) depen-

the corresponding value. In our calculations we have used dence. This scenario can also account for Z(&) depen-
initial defect denﬁsitieiof 510"cm _for the high-quality dence that we usef.e., at higher generation rate the pho-
phase and & 10"*cm = for the o_lefectlve phasc_a. It Is note- toncarriers are more likely to overcome the potential
worthy that the value oN,(0) is lower than in standard fluctuations and subsequently “see” more of tNe state$.

a-Si:H films. This is necessary to account for the initial low . : . .
value of the overall defect density, and is consistent with thé\/k_)re expenmental data will be needed to verify whether this

high performance of solar cells which utilize such a mixed'S indeed the case. . s
phase materidl We hypothesize that the presence of the mi- . In order to reproduce the relatively long mcubat_lon
crocrystallites leads to a reduction of the strain in the highlimé and the accelerated stage 2 of the degradation our
quality phase, leading to this exceptionally high-quality ma-Model assumes that the recombination in state governed
terial. Indeed, the high quality of the amorphous matrixPY the Z states. It thus predicts that the lifetime of the pho-
under such conditions has been noted previofisly. tocarriers in phase 1 does not significantly degrade until the
By fitting the experimental data we found realistic valuesbeginning of stage 3. To test this prediction we measured the
of C;=0.0013cm?3s and\;=6x10 '3 while the corre- effects of degradation on the photoconductivity,,. This
sponding values for the defective second phase were detenas measured in a coplanar configuration using the samples
mined to be about ftimes higher. The relatively low value grown on glass. In Fig. 3 we present the normalized photo-
of C; and the high value o€, are consistent with the re- conductivity as a function of light soaking time. Indeed, we
spective high and low qualit§ of the associated phases. The see an anomalous type of degradatiop;, remains initially
former value also assures that the saturated DB density ioonstant and starts to decrease only after a few minutes,
phase 1 will be lower than its usual value in p&i:H.  roughly following at~*®law. The time at whichr g, starts to
Since the recombination of photocarriers in st8tés re-  drop becomes longer with decreasing light intensity, and the
stricted to the high quality phase, this predicts an improvedaturation times were found to be roughly compatible with
saturated performance for a solar cell which utilizes such @ghose of the defect creation. A comparison of Figs. 2 and 3
mixed phase material. On the other hand, if the concentratioshows thawr,,, remains constant even though the defect den-
of the other phases becomes too high, then these phases vgity increases. This means that the corresponding metastable
dominate the overall recombination even in stBteand the defects are created without affecting the lifetime of the pho-
corresponding solar cell will perform poorly. tocarriers within the high-quality phase(Which dominates
The one feature that our model fails to reprodgcanti-  the photoconductivity due to its high-volume fractiomhus,
tatively is the dependence of the saturated defect density othe photoconductivity data provide independent experimental
light intensity. While the model predicts a dependence ofsupport for our model. The small time difference between
G2 the experimental results represent a somewhat highehe beginning of stage 3 in the DLCP data and the decrease
exponent of 0.6. The fitting can be significantly improved if of o, is attributed to slight differences in the growth on the
we allow C; to be slightly dependent o6, as is demon- different substrategc-Si and glass
strated in the dashed lines in Fi@). These were calculated In conclusion, we have studied the degradation kinetics of
by allowing C; to increase by 40% as the light intensity was a-Si:H samples which contain microcrystallites in the amor-
changed by a factor of 2.8. Here, we observe excellent agre@hous network. The most significant deviation of the degra-
ment with the experimental data. Such a proposed variatiodation kinetics from the “normal” behavior is a remarkably
of C, with light intensity may indicate the existence of po- slow initial degradation. We have suggested a model that
tential fluctuations in the high-quality phade,g., induced accounts for the complicated experimental results through
by the presence of the microcrystallitaghich separate the the existence of two phases ®{Si:H: One is of low-quality
electrons and holes. When the generation rate increases thad high-hydrogen concentration that lies adjacent to the
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micro-crystallites, and the other, of very high quality, is thenumerical simulations. The work at Oregon was supported
vast majority of the film. by NREL under Subcontracts Nos. XAN-4-13318-07 and
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