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Fast Metastable-Defect Creation in Amorphous Silicon by Femtosecond Light Pulses
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The creation of metastable dangling-bond defects in hydrogenated amorphous silicon subjected to
short, intense laser pulses is investigated. It is found that pulse excitation leads to an order-of-magnitude
increase in the defect creation rate compared to continuous illumination with the same average photon
flux and photon energy. This implies that metastable-defect formation depends superlinearly on the den-
sity of photoexcited carriers. The much larger defect creation rate in the case of pulse excitation allows
us to clarify the origin of saturation effects in the metastable-defect density, that are important for an
assessment of the long-term conversion efficiency of amorphous-silicon solar cells.

PACS numbers: 72.40.+w, 61.80.Ba, 73.60.Gx

Light-induced reversible structural changes are a fun-
damental phenomenon in many amorphous semiconduc-
tors. The best known examples are the reversible photo-
darkening of chalcogenide semiconducting glasses [1,2]
and the light-induced creation of metastable dangling-
bond defects in hydrogenated amorphous silicon (a-Si:H,
“Staebler-Wronski effect”) [3-5]. In this article, we pre-
sent new experimental results for metastable dangling-
bond creation using femtosecond laser pulses instead of
continuous illumination. These results can serve as a test
of the various models proposed so far for light-induced
metastability in undoped a-Si:H.

The samples used in this study were deposited by glow
discharge of silane and had a thickness of 1.5 ym. II-
lumination was performed at room temperature with an
intensity of 300 mW/cm? for periods up to 8 h. The pho-
toconductivity and the dangling-bond density (from spin
resonance and defect absorption) were measured repeat-
edly during the illumination runs to monitor the increase
in the number of metastable defects. The reversibility of
all light-induced effects was verified by annealing at
180°C for 1 h. Three types of illumination were em-
ployed: continuous illumination with a Kr™¥-ion laser at
1.92 eV (“cw”), light pulses with a duration of 300 us
and a repetition rate of 330 Hz using the same laser, and
ultrashort (defocused) pulses at 2 eV with a duration of
100 fs and a repetition rate of 7 kHz. In the latter case,
the laser source consisted of a colliding-pulse mode-
locked laser (CPM) operating at 620 nm and amplified
by a Cu-vapor-laser-pumped six-pass dye cell. Details of
this laser system have been described previously [6]. The
low repetition rate of 7 kHz is necessary in order to
achieve a complete relaxation of photoexcited carriers be-
tween consecutive pulses. The photon energies of the
different laser sources correspond to an absorption coef-
ficient in the a-Si:H samples of = 10*cm ~'.

As a reference for the case of pulse illumination, we
first summarize in Fig. 1 the light-induced changes of the
ESR spin density Ns and of the photoconductivity oph
caused by cw irradiation. The spin density increases from
=~5%10" cm ™3 to 10'7 cm ~3 after 4 h and eventually
reaches a steady state at a level of =2x10'” cm 3 after
1 d of illumination. The inverse of Ns is shown in Fig.
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1(a) to provide a better comparison with the photocon-
ductivity opp in (b). Also shown in Fig. 1 is the exponent
y of the generation-rate dependence of oph, ophxG7,
where the generation rate G is proportional to the light
intensity /.

One of the key features of the metastable-defect cre-
ation in Fig. 1 is the strongly sublinear dependence of Ng
or oph on illumination time. For #i;= 100 s the time
dependence can be described by oy 1/Ns ot '3,
Originally, this sublinearity was explained by a kinetic
model in which metastable dangling bonds are created by
rare nonradiative, bimolecular recombination events be-
tween electrons and holes trapped in conduction and
valence band tail states [4]. Then, one obtains for the de-
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FIG. 1. Dependence of various sample parameters on il-
lumination time iy during prolonged irradiation of a-Si:H with
cw light (hw=1.92 eV, =300 mW/cm?): (a) inverse
dangling-bond spin density Ns '; (b) room-temperature photo-
conductivity oph; and (c) exponent y of the intensity dependence
oph < G?. Note the logarithmic scale for Ns™' and opn in (a)
and (b). For long times, both quantities follow a riif /> time
dependence within experimental accuracy.
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where we have used the experimental observation that
during most of the degradation procedure the electron
and hole densities #n and p are governed by monomolecu-
lar recombination via (stable or metastable) dangling-
bond defects: n,p & G/Ns. Integration of Eq. (1) directly
yields the ¢ 13 time dependence in Fig. 1.

More recently, alternative kinetic models based on
stretched-exponential time dependences for structural re-
laxation processes in a-Si:H [7] have also been applied
successfully to cw-light-induced defect formation in this
material [8,9]. In the stretched-exponential approach,
the defect creation rate is written as

dN

—gaGliﬂa{Ns(w)_Ns}, 2)
dta

where Ng(o0) is the “saturated” metastable defect densi-
ty reached for ¢j— o and 0 << a <1 is a characteristic
parameter related to the time dispersion of relaxation
processes in a disordered solid. For a-Si:H it has been
suggested that a is determined by dispersive diffusion of
hydrogen atoms [9]. The saturated spin density Ng(oo)
is thought to arise either from preexisting charged defects
(D*,D ™), which are converted into paramagnetic, meta-
stable defects (D°) by carrier trapping [10], or from im-
purity atoms such as carbon and oxygen being responsible
for the creation of metastable defects by an extrinsic
mechanism [11]. On the other hand, in the model based
on tail-to-tail recombination of photoexcited carriers, sat-
uration occurs because of a balance between light-
induced creation of metastable defects and their thermal
annealing [4].

For the specific process of metastable-defect creation in
a-Si:H we exploited in this study the fact that the same
average photon flux, when concentrated into short, in-
tense pulses, can maintain bimolecular recombination
even for relatively high densities of recombination cen-
ters. Then, processes like defect creation by tail-to-tail
recombination should also proceed much faster than for
the same photon flux in a cw experiment, and also a ki-
netic behavior different from the tih/ 3 dependence in Fig. 1
should be observed. The general solution of the carrier
rate equations in a semiconductor in which recombination
can occur either by bimolecular band-to-band transitions
or monomolecular recombination via defects is given by

A,p=GIN+IN*+G1'3 1, 3)
where 7, p, G., and N are generalized expressions for the
electron and hole densities, the generation rate, and the
recombination-center density, for which all rate constants
have been set to unity. In Fig. 2, we show a plot of Eq.

(3) for dlﬂ"erent values of N and G. The two limiting
cases, i=G ' for N=0 and #=G/2N for large NV are
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FIG. 2. Generalized excess carrier density 7 as a function of

generation rate G for different densities N of recombination

centers. y=3 and y=1 denote the bimolecular and mono-
molecular limits, respectively.

clearly seen. N=1 and G =1 approximately correspond
to the case of @-Si:H in the annealed, stable state with
Ns<10'® cm 72 under illumination with an intensity of
= 100 mW/cm?, for which the recombination is essen-
tially bimolecular (y= +; of. Fig. 1). The important
point in connection with Fig. 2 is that an increase of N
quickly changes the recombination to monomolecular.
Thus, if we were to maintain a bimolecular recombina-
tion for N between 10 and 100 (Ng =~ 10'7- 10'® cm ™% in
a-Si:H), we would need a generatlon rate of G between
10% and 104, ie., 10 W/cm? to 1 kW/cm?2. Obviously,
such high illumination intensities are prohibitive in a cw
experiment because of sample heating. In a pulsed exper-
iment, however, high generation rates are easily achieved
for sufficiently short pulses.

In Fig. 3, we show the dependence of o, = eu,n on il-
lumination time z;; for two examples of pulse excitation:
300-us pulses at a power of 1 W with a repetition rate
Vrep Of 330 Hz, and 100-fs pulses with a peak power of
1.5x10® W and a repetition rate of 7 kHz. In both cases,
the average intensity on the sample, T = VrepT pulsel pulses 1S
equal to 100 mW within 10%, and we show for compar-
ison a cw illumination run with the same intensity and
photon energy. The experimental results in Fig. 3 essen-
tially agree with what is to be expected from the bimolec-
ular model for metastable defect creation: With increas-
ing concentration of photons in short pulses, the defect
creation and the resulting decrease of op, proceed much
more rapidly, and the overall time dependence changes
from =t '3 (cw) to =1ii'/? (fs pulses). Whereas for
cw illumination a decrease of op, by 1 order of magnitude
requires an irradiation time of 3 h, the same decrease for
fs pulses is obtained after only 5 min. For longer, less-
intense pulses a lower defect creation rate is obtained;
however, still faster than for the cw case. We have found
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FIG. 3. Decrease of the dc photoconductivity oph in undoped
a-Si:H during illumination with three different methods: con-
tinuous illumination (cw, solid circles), 300-us pulses (crosses),
and 100-fs pulses (open circles). In the case of pulse excitation
the pulse power and repetition rate were adjusted so as to ob-
tain the same average intensity (100 mW) also used for cw irra-
diation. The dotted curve shows the ¢ ~' dependence expected
for a defect creation rate which is independent of the density of
already existing defects.

that the length of the laser pulses (and thus the peak
power) is quite unimportant for the accelerated defect
creation, as long as the pulse length remains short com-
pared to the typical excess carrier lifetime of about 10 ~¢
s. In particular, we can exclude multiphoton processes as
a possible origin of the accelerated defect creation, since
such processes should strongly depend on peak power.
No significant changes were observed for peak powers
varying between 10® W for fs pulses to 102 W for us
pulses. Also, a similar acceleration was obtained for il-
lumination with pulsed light sources of different wave-
lengths.

Obviously, the large increase in the metastable defect
creation rate caused by the same average photon flux for
pulsed versus cw creation implies a superlinear depen-
dence of dNg/dty, on the photoexcited carrier densities, 7
or p. For a microscopic mechanism with a probability de-
pending linearly or sublinearly on excess carrier density,
the time average of dNs/dt;, over the duration of a pulse
would be equal to or even lower than in the case of cw il-
lumination, so that such processes are incompatible with
the present experimental results. On the other hand, the
G? or n? dependence for the tail-to-tail recombination
model in Eq. (1) immediately provides the superlinearity
leading to the increased degradation rate in the case of
pulsed excitation, since the time average {n2(z)), is much
larger for pulsed than for cw excitation. For a simple
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FIG. 4. Electron-spin-resonance spectra showing the dan-
gling-bond spin signal at g=2.0055 in the annealed state (solid
curve), after 4 h light soaking with continuous laser light (1.92
eV, 300 mW/cm?, dashed curve), and after 2 h illumination
with fs laser pulses (2 eV, 300 mW/cm?, dash-dotted curve).
Note that the trace in the case of fs pulse light soaking has been
scaled down by a factor of 2. The respective spin densities are
approximately 1x10'6, 1x10'7, and 6x10'" cm ~3.

analysis, we have assumed that after fs pulse excitation
and thermalization of the excess carriers into band-tail
states the density of trapped charge carriers follows the
relation

n(t) =n(0)exp[—%], T putse K1 < <t, 4)

Veep

where the initial excess carrier density n(0) for short
pulses (7 puse K 7 == 10 ~% 5) is directly proportional to the
pulse energy Gtpyise, and the lifetime 7 of thermalized
excess carriers in @-Si:H at room temperature is limited
by recombination via dangling-bond defects, t o« Ng !
By discretizing Eq. (1) in terms of individual pulses and
substituting Eq. (4) for the (time-dependent) excess car-
rier density n(z) during each pulse, one obtains for the in-
crease of the metastable defect density with illumination
time in the case of pulsed illumination

Ns(ti) ={N30) + EveepG 21 Zusetind V2. (5)

Thus, the Ngs o G*?t}{*> dependence following from Egq.
(1) for cw illumination should be replaced by an Ng
<JCG'ti'||/2 dependence for pulsed illumination. This is in
agreement with the time dependence shown in Fig. 3 for
oph, and also the linear dependence on the average pulse
energy Gtpyse in Eq. (5) has been verified experimentally
by varying the generation rate G over 1 order of magni-
tude.

As a final point, we address the saturated metastable-
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defect density Ns(eo) obtained after long illumination
times. Three different models for this saturation effect
have been discussed: a balance between light-induced
creation and thermal annealing, a balance between light-
induced creation and light-induced annealing, or a de-
pletion of available defect creation sites [4,8,12]. Among
these models, the last one can be discarded on the basis of
our present results: As shown in Fig. 4, already after 2 h
of fs pulse illumination, the metastable-defect density
largely exceeds the saturated density in the cw case. For
the same sample, metastable-dangling-bond densities in
excess of 10'® cm 3 have been obtained by long illumina-
tion with an unconverted Cu vapor laser (A =510 nm,
Tpuise =15 ns), showing that the saturated defect densities
of =2x10'7 cm ~3 observed for cw illumination cannot
be due to depletion of a limited density of specific defect
creation sites, e.g., impurity-related complexes. In con-
trast, a balance between creation and thermal annealing
is compatible with the experimental results in Fig. 4. Be-
cause of the larger defect creation rate in the case of
pulsed excitation, the steady-state defect density should
occur at higher values than in the case of cw excitation.
Note that for both cases the same average light intensity
has been employed, so that identical thermal conditions in
the sample during irradiation prevail. The third possibili-
ty, namely, a balance between light-induced creation and
light-induced annealing, would also be consistent with our
present results, provided that the probability of light-
induced annealing does not increase in the same manner
as defect creation when going from cw to pulse excitation.

In conclusion, we have shown that illumination of a-
Si:H by short, intense light pulses causes a much faster
formation of metastable dangling-bond defects than cw
irradiation with the same average intensity and photon
energy. For fs laser pulses, an increase of the defect
creation rate by more than a factor of 30 has been ob-
tained. This result implies a strongly superlinear depen-
dence of the defect creation rate on photocarrier density
and is quantitatively consistent with the bimolecular
recombination model for metastable defects in a-Si:H.
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The results are incompatible with models involving a
linear or sublinear carrier-density dependence of the de-
fect creation rate le.g., Eq. (2)]. From the fact that the
metastable-defect density after prolonged pulse excitation
significantly exceeds the constant, “saturated” density ob-
tained after long cw irradiation we can also conclude that
this steady-state density is not due to depletion of a limit-
ed number of available defect creation sites. Finally, we
would like to mention that pulse irradiation can be used
for accelerated lifetime testing of a-Si:H-based solar
cells and photosensors under realistic conditions.
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