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The irreversible isothermal annealing of the as-deposited defects of hydrogenated amorphous
silicon, a-Si:H, deposited at room temperature by concentric-electrode radio-frequency glow
dischargc i3 studicd using dark and photoconductivity, space-charge limited current, and
time-of-Hight. The photoconductivity increases as a power law of the annealing time with
exponent 0.8, The density of states at the Fermi level, measnred by space-charge limited current,
is inversely proportional to the annealing time. These results are compatible with bimolecular
annealing kinetics. The dark conductivity obeys a Meyer—Nelder rule during the isothermal

anneal.

L. INTRODUCTION

Studies of annealing kinetics have increasingly been
recognized as valuable tools for understanding the physics
of metastability and equilibrium processes in a-Si:H. The
first report of the Staebler—Wronski effect' already sug-
gested that light-induced degradation was reversible by an-
nealing the light-soaked sample at 150 *C. Early studies of
the hydrogen evolution and defect density in o-Si:H as a
function of temperature® also showed that defects annealed
out below 230 °C and were created above that temperature.

Ast and Drodski observed® an increase in the dark con-
ductivity, o at 300 K of samples that were fast-gquenched
from 473 K. The isothermal annealing of this excess o
followed bimolecular kinetics with an activation energy
E,~0.9 eV. More recently, Lee et al. reported* a kinetical
study of the decay of the increase in the electron spin res-
onance {ESR) signal caused by light soaking. This decay
obeyed second-order kinetics for the density of unpaired
spins, N
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—vﬁf, (1)

1 1
N,(1,) N,(0)

where £, is the annealing time. The bimolecular rate v was
found to be thermally activated [v=wyexp(—E/kT)]
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with activation energy E,=1.1 ¢V. The interpretation of
these results was based on the prediction of charge transfer
between pre-existing charged dangling bond defects,**
which must be in the order of 10'" cm ™. In this model,
defect annealing corresponds to the thermal excitation of a
charge from the neutral dangling bond followed by a lattice
relazation to form charged defects (during light soaking,
charged defects trap electrons and holes during illumina-
tion, followed by a lattice relaxation to stabilize the result-
ing neutral dangling bond). The distribution of environ-
ments for these charged defects, such as varations in the
nearest neighbor distance or in the bond angles, was
thought to produce a distribution of barrier heights.””
Power-law kinetics were again reported for the recovery of
the photoconductivity, oy, after light soaking by Eser, !
who found that the recovery of o, was a fifth-order reac-
tion, with oy« 5% and E,=1.35 eV, by Qiu ef ol who
obtained'! a power-law behavior for the mobility-lifetime
product ure« £, and by Tzeng er al.?

Monomolecular kinetics for the annealing of light-
induced defects, as described by the equations

dN,

2= (3)
N () =N (0)exp(—vr,), (4)

was proposed by Stutzmann, Jackson, and Tsai'™'* who, in
order to fit the experimental results, had to include in the
model a distribution of activation energies f(E) (with a
spread op=0.07 ¢V around E4=1.1 ¢V). This distribu-
tion of activation energies was again ascribed to the differ-
ent structural environments of a given dangling bond. This
mechanism involved the breaking of chemical bonds asso-
ciated with atomic hydrogen diffusion. During defect an-



nealing hydrogen moves away, allowing the two dangling
bonds to recombine (during light soaking. the first step is
weak-bond breaking followed by the stabilization of the
dangling bonds via H mugration). More recently, Mat-
suura found'” that simple monomolecular kinetics [Egs.
(3) and (4)] sufficed to fit his isothermal annealing data.

Kakalios er al.'® '* suggested that the annealing of
both light- and thermally induced defects followed a
streiched exponential curve. The stretch exponential rela-
tion is

M:[ Ia} =&N:ED:IEEP[ - {raff:lp].l I:'S}

where AN (z,)=N(t,) — Ny and AN, (0) =N_ — N, with
N being the initial as-deposited deep state density (at ¢,
=0) and N, the fully annealed deep state density (when
t— e ). v was found to be thermally activated,

r=Tyexpl E kT, (6)

with E,~0.9-1.0 ¢V and the dispersion parameter § lin-
early dependent on the temperature (B=—T/T),, with
Ty=~600 K ). These authors suggested that this dispersive
behavior resnlted from a distribntion of hond energies for
the breaking of the silicon-hydrogen bond with E, closely
related to the activation energy for the diffusion of hydro-
gen, which is!? ~ 1.5 eV. These same authors also mention
that monomolecular kinetics with a distribution of activa-
tion energies could explain equally well'® their experimen-
tal results.

Recently, Parsons ef @l published™ a study on the
post-deposition relaxation of electronic defects in a-Si:H.
They deposited a-8i:H at T,=40°C by reactive magnetron
sputtering and performed isothermal annealing on the
films. They observed “small but systematic” deviations
from the stretched exponential behavior for o, both at
short and long annealing times. They also measured the
activation energy of the relaxation time of the annealing of
Og Ea~ 1.6, 1.7 eV. These authors suggested that higher
energies are necessary to anneal-out defects that change the
Fermi-level position (thus influencing o;) than those that
are measured via ESR. They also found that the annealing
of as-deposited defects showed smaller activation energy
and longer time constants than that of light-induced de-
fects and attributed this difference to possible variations in
the local microstructure in the neighborhood of the defects.

This article is a stndy of the irreversible isothermal
annealing of the as-deposited defects in a-5i:H films depos-
ited at room temperature by concentric-clectrode plasma-
enhanced chemical vapor deposition. First, it is shown that
ay oheys a Meyer—Neldel mile, and second, that the anneal-
ing of as-deposited defects follows second order kinetics.
Finally, a discussion of alternative mechanisms and of the
possible microscopic mechanisms of the annealing of these
defects in these films is presented.

IL EXPERIMENTAL PROCEDURES

A concentric-electrode plasma-enhanced chemical va-
por deposition {CE-PECYD) reaclor was used®! Lo depusil
the a-Si:H thin films. The reactor consists of a quartz tube,

TABLE I. Deposition conditions and physical properties of @-5i:H sam-
ple RT-2.

Flow rate (silane) [5 sem
Taotal presenre O Toarr
of power" BO W
Substrate temperature” 25°C

Film thickness O pem
Film growth rate 58 Ads
Optical band gap® 163 eV
Hydrogen content” 1495
SiH/SiH," 7
Refractive index’ 14

*rf power corresponds to power densities of ~0003 Wem ™ (with re-
spect to the volume of the reactor) or of ~0.06 W em=? (with respect to
the area of the powered electrode).

"Nominal temperature, real substrate temperature —440°C,

Taus's .E"um.

“Estimated form the integrated intensity of the stretching bands in the
2000-2100 cm ™" region.

“Cgrresponds to the ratio of & at 2000 and 2090 cm ™',

"Extracted from the interference fringe spacing in the low absorptior
region below E

lined imside by a grounded, cylindrical electrode (anode),
which functions as a counter electrode to a 13.56 MHz,
radio-frequency (rf)-powered, paddleshaped electrode
placed near the center of the reactor (cathode). The sub-
strate is placed on the cathode electrode. The cylindrical
symmetry of the CE-PECVD reactor creates a plasma with
a high degree of dissociation and very symmetric potential
distribution. The combined effects of electron confinement
and moderate jon bombardment result®'** in high-growth
rate, high-density, and low-hydrogen content g-5i:H films.

The a-8i:H sample used in this study was deposited at
room temperature from silane. The deposition condition:
and some physical properties of the as-deposited sample.
prior to annealing, are indicated in Tahle 1. These deposi
tion conditions result in low hydrogen conceniration and &
dominant monohydride silicon-hydrogen bonding configu-
ration. Quartz substrates were used for the optical trans-
mission and conductivity measuremenis, while double-
side-polished wafers were used for the infrared absorption
measurements.

Cr electrodes were evaporated in a coplanar gap strue-
ture (0.2 cm wide, 1.0 cm long) for conductivity measure-
ments parallel to the film surface. These contacts were
found to be chmic for the voltages applied ( ~100 V). o,
was measured using bandpass filtered illumination from &
tungsten-halogen lamp adjusted to yield an approximately
uniform volume carrier generation rate, G, of 10"
em~'s~', The photoconductivity ¥ factor was measured
from the intensity dependence of oy, (o, = G¥) using cal-
ibrated neutral density filters, such that & varied from 10l
to 10*' cm ™ 57", The activation energies £, and E,_, ol
g and o, respectively, were extracted from the temper-
ature dependence of oy and oy, in the temperature range
between 300 and 400 K, using o,=0,4exp( —E, s/kT)
and o, = og g expl — £, /kT), respectively, where g,
and oy, are the pre-exponential factors of o, and oy,
respectively. The isothermal anneal was performed in e
furnace under nitrogen flow. The samples were quenched



to room temperature for measurement after a given anneal-
ing time.

The determination of the density of states at the Fermi
level, g(Eg), was made uvsing the space-charge-limited-
current technique® (SCLC). The measurement took place
with the sample in the sandwich configuration with the
bulk film between »-type erystalline 8i on one side and Cr
contacts on the other. Using the analytical approach of
Solomon et al, i.e., by fitting,” the theoretical SCLC di-
mensionless current-voltage (/-F) curves to the experi-
mental data, one is able to extract the parameters ¥, (the
transition voltage at which the current goes from the
ohmic to the space-charge-limited regime) and / (I=T,/
T, where T, characterizes the electron trap distribution In
g(E)=N exp[—(E.—E)/kT,], and E, is the energy of
the conduction-band edge). Using these two parameters,
g(Eg) can be calculated using V. =eg(E)kTId® (where e
is the electronic charge, and 4 is the thickness of the sam-
ple).

The drift mobility, u;, and the drift mobility-deep
trapping lifetime product, (p7,), for holes were deter-
mined by the time-of-fight technique®* on Schottky bar-
riers formed with 10-nm-thick semitransparent Pd dois.
The breakpoint of the log-log plot of the photocurrent ver-
sut time is the trancit time, t;, from which the drift mo-
bility can be calculated (y,=d"/Viy, where ¥ is the ex-
termally applied voltage). The total collected charge O (the
integrated photocurrent) can be plotted versus ¥ and fitted
to the Hecht expression®® to extract {Eama) s

lll. RESULTS

Isothermal annealing was performed on the as-
deposited sample at three temperatures, T',, respectively,
107, 160, and 200°C. The kinetics of the isothermal an-
nealing were followed using several optoelectronic charac-
terization techuiques, namely vy, vgy [mensured as a func-

tion of the temperature (o, and oy, ) and carrier generation

rate (u'ph }]. SCLC, and time-of-Aight.

A. Dark conductivity

Figure 1 shows o, as a function of ¢, for the three
annealing temperatures. o, remains approximately con-
stant al oy~ 10 "0 'em ! for T,= 107 and 160 "C. For
T,=200°C, o, drops slightly from ~6x107!! to ~3
# 10~ =V em™! as #, - 10° 5. Figure 2 shows the vari-
ation of E,, with r,. For all annealing temperatures, an
approximately linear increase of £, with In ¢, is observed,
E, 4 increasing ~0.08 ¢V from the initial, nonannealed,
state as ¢,— 10" 5.

Figure 3 is a plot of £, ; as a function of the logarithm
of oy 4 The experimental points for the three I', fall on the
same siraight line, thus obeying a Meyer—Neldel rule
(MNR).” To our knowledge, this is the first chservation
of « MNE behavior in which the variation of K, ; has been
experimentally followed, in a single sample, by annealing
of the as-deposited defects. The fit to the MNRE rule, o,
=0n exp( BE, Jlexp( —E, #/AT), indicated in Fig. 3
yields B=38.5 eV~' and Inoy=—23. Note that the
Meyer-Neldel slope,™™! B=1/kT is approximately equal
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FIG. 1. Dark conductivity, o, measored at room temperature (300 K)
plotied 22 & fonction of the annealing time, 1, The snnealing tempera-
tures, T, were 107 (@), 160 (M), and 200°C (& ). The open symbols
correspond to the initisl, nonannealsd values for o, measured at £,=0 5.

oy Mtays approximately constant with £,

to the value of 1/kT at room temperature. When this hap-
pens, g~y 15 approximately constant and independent
of the particular value of E_,, as is the case in Fig. 1. oy is
directly related to the intrinsic extended state mobility pig,
which should remain approximately constant during an-
necaling, and the product exp(BE, jJexp(—E, kT) is
proportional to exp[— (E-—Eg)] thus indicating that Ep
remaing approximately constant during isothermal anneal-
ing of the as-deposited defects. This conclusion is in good
agreement with the observation of a nearly constant oy
during annealing (Fig. 1), which would yield a constant
E-—Eg if one considered a constant pre-exponential fac-
tor.

The current models for the MNR™* rely on the sta-
tistical shift of the Fermi cnergy with tcmperature in a
region with a steep slope of the density of states (DOS).
Although the Meyver-Nelder behavior 15 not sensitive to
the details of the DOS, physically unrealistic values of high

V)

E
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FIG. 2. Activation energy, E, . from o,=0 exp{ — E, /kT) plotted as
a function of the annealing time, £, The measurement temperature range
was between 20 and 60 *C. The straight lines are least square fits to the
data (for 1, »0).
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FIG. 3. Plot of E, ; a5 & Tunction of the pre-exponential factor, oy, of oy
[z = expl = E, »/kT)], showing a proportionality between the log,o
and E, ; (ie, ogobeys o Meyer=Neldel rule).

&y and low B are expected if the density of %ap states
changes substantially during the experiment.”® In this
woark, the value of the MNR slope, B, translates® into a
slope of an exponential tail state distribution of G~ B/0.6
=&4 ¢V~', which is high comparsd with typically ob-
served values of 2540 eV—' and oy, is correspondingly
lower. This behavior suggests that in the annealing of the
as-deposited states in CE-PECVD 2-8i:H a large decrease
of the density of gap states may occur.

In early papers by Spear’®™ it was shown that for films
deposited by rf glow discharge at substrate temperatures
below 350 K, the transport is dominated by holes hopping
in localized states near the valence-band edge, while for
higher deposition témperatures the transport mechanism
involves electrons in extended states above the conduction-
band edge. At the transition temperature botween thesc
two regimes, these authors observed an increase of £, a
minimum of o, and an increass in the pre-exponential fac-
tor o similar to what is observed in Figs. 1 and 2. Mea-
surements of (u,r;),; during isothermal annealing at T,
=135-140"C show a reduction of (ugr,), from -3
X 10" ¥ em® V' for 1,=2.6 X107 s to ~4x 10~ ¥ em? v—!
for ¢,=93 10* 5. This reduction of (u,r,), is in agreement
with the hypothesis of a changeover in the majority carrier.

B. Photoconductivity

Figure 4 shows a strong variation of oy, with 7. After
t,~10° 5, g, showed an increase of approximately three
urders of magnitude for ¥,=200°C and of two orders of
magnitude for T,=107°C. For T,=107 and 160 °C, oy,
clearly obeys a power-law dependence on 1, o), = A while
for T,=200°C, a saturation of oy, is already reached at
1,23 % 10% 5. A least-square fit of oy, (1,) —o,,(0) results in
a slope of §=0.73 for T,=160°C and 5=0.84 for T,
=107"C. Figure 5 shows a plot of £, as a function of
Inf; An approximately linear decrease in E, . for T,
=107 and 160°C is observed, while for the sample an-
nealed at 200 °C, saluration behavior is observed for £ 10°
% in agreemeni with the results of Fig. 4. Figure 6 shows

w0 =y
T =200°C
1‘]_5 I L \*‘/—k_“i
_.E 10t ___...a-.'_:.-.'l
g T=160°C —p o - o~
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w0 b B T =107C ]
t_=l]sec 1
IU'J- L =l "
107 10" 10 10°

FIG. 4. Photocondootivity, o, measured at room emperaturs and un-
der a generation rate G~ 107" cm~? 5~ using approximately uniformly
absorbed light ploited as & function of the annealing time, £, Motice the
power-law relationship oy, = £ for T,=107 and 160°C (5=<0.8) and the
saturation behavior observed for T,=2100"C., The full kne (for T,
=200 "C, £,=00 joins the experimental points.

that ¥ drops abruptly (Ay~0.1) after an initial annealing
period (f,~10 s) and then levels off at ~ 0.8, remaining
approximately independent of , for 1,2 10° 5,

According to the model of Rose,*® when y~0.5, one is
in the presence of recombination through shallow traps,
whereas when y~1.0, region recombination proceeds
through the deep states. In general, an intermediate situa-
tion is found in ¢-5i:H, with 0.5<y<1.0. According to the
model proposed by Rose, ¥ is related to the slope of the
density of states, kT, (at the energy range over which the
electron quasi-Fermi level, Eg,, 15 swept by varying the
generation rate & or the temperature), by the relation
y=kT/ (kT +kT,). The sharp drop in ¥ observed in Fig.
6 suggests that, before annealing, Er, moves in a region of
approximately constant density of states (kT »&T) and,
by the time the first cxperimental point after the beginning
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FIG. 5. Activation energy, E,, of oy plotted as a function of the
anncaling time, 1, {oy, « eapl = E,,/kT)]. Measurements of o, wers
pﬁfnrmadbﬁmﬂmm'tﬂ:mmim rate G- 10" em=%5~".
E, . decreases as the annealing proceeds. The straight lines are beast-
square fits of the experimental data (for (;>0).
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FIG. & Photoconductivity y factor (o = G%, where G is the currier

peneration rate) plotted as a function of the annealing Ume, £, 7 was
measured at room temperature while & was varied between 10" and 107
am~ s\ A sharp drop of ¥ I8 cbserved with anncaling, followed by
satoration at ¥—~0.8.

of the isothermal annealing was taken, at 1,~10° s, E,
(kT .~0.1 eV). This behavior suggests either a sharp drop
in the midgap density of states or a Fermi level shift, or
bﬂLE#,.f.decu£p,minlﬂmwdﬂwnﬂ
mation the Rose model of oy, related by Eopph
= [E.:-— Eg {1 — 7). Fer t,50, ¥ rémains approxi-
matc]yamuunumﬂ:eumﬂdmmmhlﬁ'“‘mmhc
attributed to an increase in the Fermi level splitting during
illumination (Eg— Eg,), which Is in turn compatible with
a reduction in the defect density in the energy range
scanned by Ep, during annealing.
ammﬂm-nmmﬂummwmn:ndw
tivity model shows®’ that the photosensitivity o/0 is a
power [aw of the deep defect density IV, with exponent —y

a,
—F

;En:ﬂ, . (N
Since o, remains constant throughout the isothermal an-
nealing and o, (1, > 0)>0p,(1,=0), one can replace Eq.
(7) into Eq. (2), and obtain o, =L, in good agreement
with the results in Fig. 4, in which oy, showed a power-law
dependence om £, with § ~y~0.8. Note that this result
does mot sinictly require a constant o, Indeed, the same
result would have been obtained if o, had been replaced
by the photosensitivity oy/o, as lnn,[ a8 [ou/od(t,
>0 [vp/ud(,=0).

C. 8CLC

A plot of g(Eg) resulting from the analysis of I-F
characteristics showing space-charge-limited current as a
function of annealing times is given in Fig. 7. Also shown
in this figure is a straight line with slope of —1. The ex-
perimental results are clearly compatible within the exper-
imental error to 1/g(Eg) e ¢,. If the total deep defect den-
sity N, is proportional to the density of states at the Fermi
level g{Eg), this behavior confirms the bimolecular model
presented before in which 1/N, =1, [Eqgs. (1) and (2)] [if
N (t,>0)<N (1,=0)]. The proportionality beiween N,
nﬂsﬁ:ﬁ]mﬂﬁumfﬂ:@udm:umm:

g(E )(Cm eV

30 10’ 0
1 (sec)

FIG. 7. Densiry of states a1 the Fermi lévél, §1E, ), for a sample annealed
at 160°C messured by the SCLC technique. The straight line shown has

2 slope of —1 (showing that the experimental resuls follow
LgiEp) =4,).

same overall shape during annealing, in which case a MNR
is expected. The simple picture"™" that g, proportional to
1/N, nrmlmrhuumw"mmﬂum
ations in the photoconductivity may reflect changes in the
recombination rate constant rather than changes in the
defect density, the self-consistency revealed by the SCLC
and the o, mﬂmrnnmhillmnﬂrmnhmuhhtnppﬂ-
cability of the models used above’’ relating N, and o

this particular situation.

iV. DISCUSSION

The microscopic mechanism resulting in bimolecular
kinctics for annealing consis of the simultaneous removal
of a pair of dangling bonds with local formation of a weak
bond. A monomolecular process is to be expected in the
context of the Inndrh-i.in; model for the Stacbler—
Wronski effect.”’ In this case, although two dangling bonds
are nceded for bond formation, monomolecular kinetics
are still followed if the two dangling bonds involved are
statistically correlated.™* In order for bimolecular kinet-
ics to be observed, any statistical correlation between this
pair of dangling bonds must be eliminated. This can hap-
pmtftburhhﬂutnmlptulhmu;hutm:nmrphmn

In light of these arguments, it is likely that the
as-deposited condition ensures that the dangling bonds in-
volved in the annealing process are not statistically corre-
lated. A bimolecular mechanism for the irreversible iso-
thermal annealing of the as-deposited defects will occur in
these films if one assumes random locations for the as-
deposited defects.t

From a fitting of the data in Fig. 4 using bimolecular
kinetics, we obtain values for the activation energy of v of
E,=1.13%0.1 ¥ in reasonablc agreement with previous
studies*™"%*! of annealing of light-induced defects. A fit of
the data in Figs. 4 and 7 using monomaolecular kinetics
[Eqs. (3) and (4)] was also attempted, but the experimen-
tal results could not be fitted. A bimolecular model with a
distribution of annealing énérgies was also tned, bui the



quality of the fit did not improve significantly with respect
to that using a bimolecular mode] with a single activation
Energy.

An attempt to fit the results presented in Figs. 4 and 7
using a siretched exponential (or, equivalently, using
monomolecular kinetics with a distribution of annealing
energies) was also performed. No good fitting could be
achieved, but the limited set of experimental data available
docs not allow a definitive conclusion based solely on these
results, The best adjusted curves result in a £ that is ap-
proximately independent of temperature and ~0.18+0.2,
The activation energy for r was approximately 1.1+0.2
¢V. K decreased from 2.4 for T7,=200"C to 0.68 for T,
=107°C (K=7+"%). Note the small relaxation time,
To~ 1075, when compared to the values in the Literature,
which are typically*! between 1072 and 107" 5. On the
other hand, Xu ¢ al. point out® that when they alloy with
carbon or nitrogen, the relaxation time increases. They
suggesi that the longer relaxation time resulis because a
larger defact density in the alloye chould be associated with
a broader distribution of hydrogen bonding energies, which
is responsible for the dispersive behavior. Early papers on
dispersive transport suggested that a temperature-
independent 8 could be the result of tunneling or hopping
carrier transport to the defect site.™* More recently, a
nearly iemperature-independent value of f was measured
for ¢-5i:H samples deposited using dc sputtering and a
decrease in the apparent activation energy of 7 with "’ﬁ"“
to a glow discharge sample (1.8 cV) was attributed®* to
a phonon-assisted hydrogen tunneling process. The source
of the observed dispersive behavior was attributed to flue-
tuations in the wave-function overlap integral between the
states involved in the hopping process. The low value of &,
which appears to be independent of temperature, would
indicate***" that the annealing pracess is due to a tunneling
transport mechanism in this temperature range and not
muitiple trapping. This observation is compatible with the
high N, present in the initial state of films deposited at
room temperature.

V. CONCLUSIONS

The irrevercible annealing of the as-deposited defects
of CE-PECVD ¢-5i:H samples deposited at room temper-
ature was found to follow second-order kinetics. Although
one should be careful not to mistake the molecularity for
the order of the reaction,'” these results suggest an anneal-
ing process in which a pair of statistically uncorrelated
dangling bonds (present in the film as as-deposited defects
at random locations in the film) is simultaneously removed
with formation of a Si-8i chemical bond. No need was
found to invoke dispersive behavior in this particular an
nealing situation.
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