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On the Role of Dangling Bond Defects in Early Recombination in
‘ Hydrogenated Amorphous Silicon

Douglas R. Wake and Nabil M. Amer
_ Applied Physics and Laser Spectroscopy Group
Lawrence Berkeley Laborﬁtory
University of California

Berkeley, California 94720

Abstract: Relaxation of photoexcited carriers is studied in a-Si:H using

photoinduced IR absorption. The role of the dangling bond defect in

recombination is investigated with samples of defect density from 1013

to >1018 em™3. During the first Hsec the dangling bond acts indirectly
through iﬁs influence on the density and shape of the exponential dis-
tribution of trap states extending beyond the band edges (the band téil)
rather thaﬁ as a recombination center, contrary to-ﬁhe common perception

of the defect’s role.

PACS: 72.20.Jv, 71.55.Fr, 81.40.Tv, 78.65.Jd



Dangling bond (DB) defects afe the focus of many investigations
dealing with tetrahedrally bonded amorphous semiconductors [l]. The
simple picture is that of an wunsatisfied tetrahedral bond with an
unpaired electron which is disruptive both structurally and electroni-
cally, and whose density caﬁ be observed by electron spin  resomnance
(ESR). The presence of DB defects correlates strongly with luminescence
quenching [2], sﬁort free carrier 1lifetime [3], increased sungap
absorption [4], and the shape of the absorption edge [5], [6]. DB
defectg can be passivated in amorphous silicon (a-5i) by .alloying with
hydrogen (a-Si:H). The defect density is controlled by material deposi-
tion conditions; it is increased with hydrogen evolution and 1is par-

tially diminished by rehydrogenation.

There is strong circumstantial evidence from several experiments

that DB defects play an active role in electron hole recombination in

amorphous silicon [1] analogous to the role of defects im crystalline-

materials [7]. 1In particulaf, at low temperatures fast recombination by
direct tunneling of carrie:s to DB defects is‘assumed to- be the main
mechanism which 1limits cafrier lifetime and quenches luminescence [2].
" In this Letter we present evidence that DB defects are not fast recombi-
nation centers. We emphasize ﬁhat the dispersive influence of the
exponential distribution of localized states extending into the gap (the
band tail) dominates the recombination process in the multiple trapping

model (MTM) ([8].

Photoexciting carriers across the gap in a-Si:H allows the absorp-
tion of IR by the nonequilibrium population of electrons and holes, as

these carriers make transitions to the extended states deeper in the
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bandé. Similar PA data have been reported for a=Si:H for times from 0.5
pusec and have been interpreted in terms of multiple trapping [9], [10].
Our data span the time regime from 4 to 500 nsec. This time regime is
important for a number of reasons: very few carriers have actually
recombined, although trapping processes and luminescence quenching have

begun, and carrier thermalization is important.

We used a 10 Hz Nd:Yag pumped dye laser with 4 nsec (FWHM) pulses
of 2.2 eV photons to photoexcite a carrier density of ~1018 cm™3 in a-
Si:H. A cw IR beam (0.9 to 1.45 eV) from a filtered tungsten lamp was

passed through this carrier population, and changes in the IR tran-

sparency were detected by a fast Ge photodiode with a rise time of 1.5

nsec. Changing the spectral width of the IR with a crystalline Si.
filter had no effect on the_PA response. The change in detector photo-.
current Qés amplified and recorded by a Tektronix 7912 AD transient
digitizer. At lo§ températures, lumiﬁescence is unavdidably emitted into
the photodiode optics, but it was separately recorded and subtracted.
Data were taken for undoped samples of various defect densities over a

temperature rahge of 10 to 300 K.

Fig. 1 shows the fA data for representative a-Si:H samples. The
defect density, NS, is measured by ESR at g = 2.0055. A simple power
law describes the PA decay of these samples over this time pefiod very
well with an e#ponent ofv"a". The rate of decay systematically decreases
with increasing defect density. This trend is opposite to that expected

if DB defects were controlling recombination!

We can, however, successfully interpret these results in terms of a

multiple trapping model [8] with a distribution of localized trapping .




states, N (E), whose density declines exponentiaily into the gap; N, (E)
= Noexp(-E/E;), where E is the depth of the trap level from the band
edge and Eo is the Vidth of this band tail. There is evidence that this
is the case not only for a-Si:H but also for a large number of amorphous
and disordered crystalline systems. The model implicitly assumes that
direct transitions either wiﬁhin the band tail or to deep centers are
ﬁegligible when compared to thermally stimulated transitions to the band
edge followed by retrapping. Upon photoexcitation, the carriers are
quickly trapped into the band taiis {31, écquiring an exponential energy
distribution which parallels the density of trap states. The.top of the

trapped distribution thermalizes; the level at which thermalization

begins, Ed,‘descends through the distribution as Eg = kBT In vt, where Vv

is an attempt-to-escape frequency on the order of 1013 sec~l. Below-Ed,
the probability of thermal release at time t is negligible. The conse-
quence is an exponentially spiked distribution of charge localized
(énergetically) neat. Ed. Capturé vby carriers of bpposite charge or
deeper levels which are not part of the band tail competeé with retrap-

ping; when the probability of capture there exceeds the probability of

retrapment at states below E4» the population in the band tail dimin-

ishes as t =, where a = T/To, and T°=E°/kB. This time dependence is

observed from our earliest time of 4 nsec.

The.shape‘of the trap distribution, then, determines the exit rate
of ;he carriers from the band tail. Oﬁher experiments have shown that
increasing the DB defect density leads to widening of the band edge,
increasing E ) [5,6]. Since E; descends through the band tail at a rate

independent of trap or defect density, a larger fraction of carriers are
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localized below Ed in a high defect density material than in a low
defect density material at comparable times. The high defect density

material holds carriers in the band tail longer-.

A test of this interpretation is to decrease the temperature, which

slows the rate that carriers are released to the band edge and thus the

rate at which E; moves through the trap state distribution. In Fig. 2

“we plot "o", obtained from the power law fit to PA at 200 nsec, as a

function of temperature for a sample of defect density of 1.5 x 1016
cm"3. As predicted by the MTIM, « varies linearly with temperature
between 50 and 250K. A similar temperature dependence has already been

observed at longer times [9]. Fig. 2 shows that the band ﬁail width of

this sample is E, = 46 meV or T, = 534K.

We have also méasﬁred E directly from optical 'absofétion_ and in
Figf 3 compared kpT/E, with the "o from PA. Since the optical abéorp-
tion data represents a joint: density of states involving both the
valence and éonduction bands,. the.convolution of a nafrow feature of one
band witﬁ a broad feature of the ofher b#nd will m;p out the broad
feature in the absorption spectrum. The broader of the two band tails
wili dominate the ;ptical absorption edge; in a-Si:H this ié the valence‘
band edge [11]. Thus the excellent agreement in Fig. 3 for all but the.
lowest defect density samples (<1016 cm™3) indicates that the shape of
the valence band tail determines ché'rate of PA decay. O°Connor and
Tauc [12j have concluded that they are not observing electrons in theirv
PAvexperiments on a-Si:H. We interpret our results as strong and direct
evidence that the PA decay is due to hole activity. In the lowést

defect density samples, the PA decays faster than the rate predicted by




‘thical absorption, indicating that hole movement is not the limiting
rate that it 1is in the sampies withvmore defects. This suggests that
electron transport assists band-to-band recombination in the lowest
defect density samples, and that the faster decay perhaps yields infor-

mation on the conduction band instead of the valence band.

Fig. 1 shows that at 295 K, the low defect density sample relaxes

much more quickly than the high defect density sample. Below 50 K both
samples are relaxing at about the same rate, @ "0.07 (very slow;y), and
the PA signal is approximately equal for all samples near 10 nsec [13].
This is in sharp contrast to luminescence experiments which show that
the low defect density material has a iuminescencevquantum_efficiency
near unity_for the l.4 eV emission and the high defect density material

has a weaker band at 0.9 eV [l4]. One interpretation of this has been

that the carriers are rapidly tunneling to the DB defects which act as

nonradiative recombination centers. The PA results indicate this is not
hapéening. At low T, the highest defect density sample’s IR absorption
is reduced only 50% at 2 usecs; yét the luminescence is weak and aecays
rapidly. The rate of PA decay correlates with spin density, but with
scatter typical of efforté‘to link other sample properties to spin den-
sity. Correlation of band tail wi?tbs with PA decay rate shows less
scatter. We c§nc1ude that the DB defect is not a rapid recombination
center in undoped amorphous silicon, but instead influences the recombi-

nation process indirectly by its effect on the width of the band tail.

We can only suggest alternative quenching mechanisms for the
luminescence such as charged defect electric field quenching [15], DB

induced strains, or tightly localized carriers in the higher defect den-
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sity material. We do not completely rule out the possibility that the
electrons are rapidly captured by DB defects followed by a élower cap-
ture of holes. Yet serious difficulties exist with all of these sugges-

tions and will be discussed in a future paper.

In order to separate the role of defects from the effects of vari-

" ous deposition conditions used in the samples in Fig. 3, we stepwise

evolved hydrogen from an initially low defect density sample by anneal-
ing it to temperatures of 300 to 530 OC.. We directly monitored the opt=~

ical absorption edge with photothermal deflection spectroscopy [16] and

found that the edge widened (Eo increased) as the DB defect density

increased, in agreement with Cody et al. [5]. The dashed line of Fig. 3

follows the comparison between the PA " and«kﬁT/Eo as the gample is

annealed to higher'temperatures. The comparison is complicated by the

faster decay noted for the lower defect density material, but the trend -

to slower PA decay with increasing Eo is confirmed.

We find it unlikely that PA and luminescence dovndt arise from the
same population of electrons and holes due to the following considera-~
tions. 1) Assuming oscillator strengths of unity for the IR cross séc—
tions over the bandwidth used, we find a minimum estimate for the popu-
lation observed when PA is at its highest (earliest) level. We obtain ‘a
value from an integfated absorption estimate [17] that is ~BOZ.of that

expected from the photoexcited carrier density. Coupled  with an

" estimated luminescence efficiency - of 50-100% in low defect density

" material, this argues against separate populations. 2) PA and lumines-

cence have very similar temperature quénching dependences. 3) Similar

PA maximum amplitudes near 10 nsec for all the samples support the argu-




ment that nearly all of the photoexcited population is being observed.

4) Luminescence recombination kinetics have been observed to change from

monomolecular to bimolecular at a photoeXcited cafrier.density, Np’ of
1=2 x 1018 cm”3 [18). We have discovered [19] a similar change in
recombination kinetics at the same density of 1 x 1018 cm°3, where the
PA amplitude shifts from Npo'9 to Npo‘s'with increasing excitation den-

sity. A more extensive study of this transition is in prbgress.

There may be another deep gap state more important in recombination

18 cm-'3 the recombination is slowe.

than the DB since even at Ns > 10
Evidence for other staies exists in the light -induced Staebler-Wronski
states (20}, the hole trap state deduced from photoconductivity [21],
and the hoie trap states observed in a-Si:H:P [22]. The luminescence
iine due to oxygen _is occasionally reported but other impurities may

- exist at significant densities in a typical sample. Surface states . may

also play a role. Clearly more work is needed.

In conclusion, our PA data show that the band tail of a-Si:H plays

a more importaht role in the early recombination pfocessrthan does the
DB defect density. Luminescence does not detect carriers which do. not
radiativély recombine and photoconductivity does not detect carriers
which are immobilized in deép traps. PA is a complimentary probe for
studying the time evolution of the carrier population. We have shown
that DB defects are not fast recombination centers. We suggest another
more important recombination channel may exist, although we acknowledge
the difficulty of reconciling the eQidence from non~PA experiments that

seem to imply otherwise. If the DB defects are not important recombina-

tion centers, then other roles proposed for this state (23] must be more

s
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carefully considered.
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FIGURES

Fig. 1: Relative change in transmission (photoinduced absorption) 'vs.
time delay for samples of various defect densities showing a power law

decay t‘a.

Fig. 2: Temperature dependence of ®. The weakening of ‘the temperature

dependence at low temperature is most likely due .to a£competing local;

to-local recombination process.

.. Fig. 3: o from transient photoinduced absorption compared with kBT]EO

from optical absorption'at 295K. Open symbols represent samples depo¥

sited under a range-ofvcohditions which vary NS (ESR), = triangles are

"optimal", low defect density samples. Solid symbols show the effect of -

evolving H from a single sample.-
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