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ABSTRACT 

We have cxtcndcd our photomodulation studics of nc-Si:H to thc 
picosecond time domain. We measured the dccays of photoinduced reflectivity 
with Wafs temporal resolution as a function of light intensity. Comparison with 
the data obtamed on a-Si:H and c-Si indicates that ultrafast trapping and 
recombination processes are mainly the properties of the amorphous phase. It 
has also been observed that nc-Si:H is unstable under high illumination. 

Introduction 

We have applied the photomodulation (PM) spectroscopy to the study of 
e1cctron statcs and carricr dynamics in nanocrystallinc hydrogenatcd silt con 
(nc-Si:H). This technique employs two light sources: a pump beam for 
photogeneration of carricrs, and a probe bcam for measuring photoinduced 
changes in transmission and reflectivity. We have measured steady-state and 
time-resolved PM spectra in the time domain from 10.7 to 1O·2s, and have 
found that thc data are compatible with the presence of two phascs, amorphous 
and crystalline [1]. More recently we have employed the picosecond pump and 
probe technique to study ultrafast decays m rcflectivity with a temporal 
resolution of lOafs. In this paper, we summarize the rcsults on long time scales 
and present our new work in the picosecond regime, which provides 
information about ultrafast carrier trapping and recombination as well as 
photoinduced defects in nc-Si:H. 

Experimcntal 

The samples were nc-Si:H films 3-5jLm thick deposited on crystalline Si 
substrates. They were prepared by the glow-discharge process in low-pressure 
hydrogen plasma in the floating potential condition with the substrate held at 
300°C[1]. For the steady-state measurements the pump was a mechanically 
chopped cw Ar+ laser beam with an intensity of lOOmW!cm2 and the probe 
beam was derived from an incandescent lamp dispersed by a monochromator. 
The transient spectra with nanosccond resolution were measured on the systcm 
developed by Stoddart [2,3]. The pump pulse was obtained from a 
frequency-doubled Nd:YAC laser, and had a duration of IOns, energy of 100111, 
and repetition rate of 20s·1. The diameter of the illuminated spot was about 
lcm. The probc beam was produced with O.leV spectral resolution by an 
incandescent lamr. and a set of interfcrence filtcrs of known transmission 
characteristics [2. The transmission T and its photomodulation AT were 
recorded in the spectral range 0.25-1.8eV. In this range photoinduced chan~es 
in reflectivity can be neglected [4], and -AT(f = dAa, where d is the fIlm 
thickness and Aa is the change in the absorption coefficient a. 

The light source for the low intensity picosecond experimcnts was a 
colliding pulse modelocked ring laser (CPM) [5], which produces 2eV optical 
pulses of Wafs duration and O.lnJ pulse energy. These pulses were amplified to 
2111 with a copper vapor laser pumpcd amplification stagc [6] for the high 
intensity experiments. The beam was split into pump and probe pulses. Under 
high excitation conditions thc pump pulse was focused to a diamctcr of 80jLm 
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Fig. 1. Steady-state PM spectra of 
three samples--D, C, and B--at 150K: 
grain sizes are 830A (sample D), 420A 
(sample C), and 70A (sample B). 
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Fig. 2 Measured PFCA decays of 
sample D using a probe energy of 0.25 
e V at several temperatures. The fits 
(solid lines) are stretched exponentials. 

on the sample. The probe pulse was delayed usin~' a translation stage and 
focused insIde the pump area to ensure the probmg of a uniform carrier 
density. For the low excitation measurements both pump and probe pulses were 
focused to 25 lIm. In both cases the pump-induced change in reflectivity AR as 
measured by the modulation of the probe pulse was recorded as a function of 
the delay time between the probe and the pump pulses. 

Steady-S tate and Transient Spectra 

The steady-stat e PM spectra of three nc-Si:H films with crystallite grain 
sizes of 70A (sample B), 420A (sample C), and 830A (sample D) at temperature 
9 = 150K are shown in Fig. 1 [1,7]. The spectrum obtained for sample B is 
similar to that of a-Si:H [8J, with an onset of photoinduced absorption (PA) at 
about 0.5eV followed by ,Photoinduced bleaching (PB) at about 1.0eV. In 
sample D this PM band IS very weak, but there is a very strong onset of 
photoinduced absorption at low energies not found in sample B or a-Si:H. 
This lon~ wav~length absorp!ion has a freque~cy depend~nce of aPl?roximately 
w-2 and IS asCrIbed to photomduced free-carner absorptIon (PFCA) [7]. The 
spectrum of sample C shows both characteristics of samples Band D; with 
respect to sample B the PA band is shifted toward higher energies. This data 
provides strong evidence for the existence of amorphous and crystalline phases 
m nanocrystalhne samples. 

This two-phase model is corroborated by the transient spectra. It was 
found [1] that the PM band of the amorphous phase in nc-Si:H has spectral 
features and time dependencies similar to those observed in a-Si:H [2,3], but 
with differences which can be understood as being due to increased disorder. 
Fig. 2 shows the decay of PFCA at 0.25e V as a function of delay time. The 
data can be described using stretched exponentials, which extend into much 
longer times than the exponential decays due to recombination in crystalline Si. 
They also show that the rate of recombination of free carriers in the crystalline 
phase is detennined by recombination in the amorphous phase. The 
mterpretation proposed in Ref. 1 assumes that the carriers generated in the 
grains have high mobilities and reach the grain boundaries very quickly, but 
only the holes become directly trapped in the amorphous phase. The electrons 
encounter a barrier in the conductIon band due to the gap mismatch between 
the two phases and this prevents them from entering the higher lying 
conduction band or bandtail states in the amorphOUS phase. Thus, 
recombination is slower than in c-Si because the hole density in the grain has 
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Fig. 3. Decays in photoinduced 
reflectivity -toR at 4.5mJ/cm2 pump 
intensity for four samples: a) a-Si:H; 
b) sample B; c) sample C; d) c-SL 

Fig. 4. Comparison of decays in toR for 
samples B (solid lines) and C (dashed 
lines) at four carrier densities (a) 
N=7xlO20 (b) 3xlOw (c) 1x1020 (d) 
2x1018cm-3• 

been reduced. The dominant recombination rate will be determined by how 
fast the electrons from the grain can reach a hole. Using this model and the 
transient decays measured in Ref. lone obtains stretched exponentials as in 
Fig. 2 which are consistent with the existence of amorphous and crystalline 
phases. 

Results in the Picosecond Time Range 

Previous studies Ii'lO] of a-Si:H and c-Si [10] under low intensity 2eV 
excitation (-1017 - 10 carriers/cm3) have shown striking differences In the 
lifetime of carriers in extended states. Carriers in a-Si:H are trapped in low 
mobility states in tens of picoseconds, while those in c-Si live longer than a 
nanosecond. Recently, it has been found [11-13] that under high excitation 
conditions (10W-10 21 carriers/cm3) the lifetime of carriers in extended states for 
both of these materials is sharply reduced, coincidin~ with heat production on a 
picosecond time scale. In a-Si:H ~1, 12] the lIfetime T is approximately 
proportional to N-t, whereas in c-Si 13] it is proportional to N·2, where N is 
the density of photoexcited carriers. e former has been attributed to a fast 
nonradiative recombination of highly spatially correlated e-h pairs [14] due to 
either an Auger [111 or bimolecular [121 process. The latter is due to the 
normal Auger recombination. Since nc-S i:H may be viewed as a two-phase 
material, it is interesting to examine the picosecond trapping and recombination 
processes to determine under what conditions the amorphous or crystalline 
phase dominates on very short times scales. 

Fig. 3 compares the transient decays in -toR for a-Si:H, c-Si, sample B 
and sample C under hij?;h illumination. The response in a-Si:H (Fig. 3a) is 
characterized by an initIal decrease in reflectivity due to the excitation of free 
carriers by the pump pulse. This is followed by a subpicosecond decay to a 
constant positive value in -lOps. This decay is attributed to the nonradiative 
recombination of free carriers and subsequent production of heat [11,12], which 
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Fig. 5. Power law behavior of the decay 
time T for a-Si:H and the three nc-Si:H 
samples. 13 is the slope of the straight 
line fits. 

Fig. 6. Comparison of the decays in 
Sample C before and after high 
intensity illumination (>5mJ/cm3). 

causes a positive change in reflectivity. A similar behavior is observed in 
sample B, but the decay is somewhat slower, and LlR decays to a less positive 
value than in a-S i:H. In sample C there is a fast decay component in the first 
lOps followed by a much slower one over the duration of the trace, but no 
crossing of the zero line. The data in sample D are nearly identical to those 
on sample C, except for a slightly slower decay. In c-Si there is almost no 
decay on this time scale. 

Further insight can be gained from Fig. 4, in which the decay curves for 
samples Band C are shown for a number of carrier densities between 1018 and 
1021/cm3. For all carrier densities -LIR decays more slowly in the sample with 
the larger grain size. Moreover, for both samples the decays become faster 
with increasin~ carrier density. The data for sample B exhibit no positive LlR 
below 2 x 10 ~cm3 and are qualitatively similar to those of a-Si:H over the 
entire range of carrier densities studied. Finally, we note that for all the 
nc-Si:H samples there is a striking difference in the decay time between the 
data at high excitation densities (> 1019/cm3) and those at low densities 
(-1018/cm3). In Fig. 4a through 4c, both samples exhibit a rapid decay in -LIR 
in the first lOps; in Fig. 4d the decays are clearly much slower--on the order 
of hundreds of picoseconds. This indicates that we are in a different regime of 
carrier dynamics. 

The data for all three grain sizes and a-Si:H were quantitatively analyzed 
by defining the decay time T as the time at which -LIR reaches half its initial 
v~lue. Log-log plots of T versus carrier density N for each sample are shown in 
Fig. 5. For a-SI:H, TaN-13, where 13=0.65. The data for samples Band C also 
exhibit power law behavior with exponent 13~.45. It is important to note, 
however, that as the grain size increases one needs larger carrier densities to 
reproduce the same decay times and decay curves as are found in a-Si:H. In 
sample C, T becomes insensitive to N below lO20/cm3, and in sample D it is 
relatively independent of N except for the highest carrier densities studied. 

Discussion 

These observations lead us to suggest the following model to explain the 
data. At low intensities the carriers generated in the amorphous phase 
thermalize quickly «Ips) and are trapped, while the electrons generated In the 



grains live in extended states for a long time, in agreement with the stretched 
~xponentials from the transient PM spectra shown 10 Fig. 2. As the grain size 
mcreases, a larger percenta~e of the total number of photogenerated carriers is 
excited in the grains. This IS evident from the steady-state spectra in Fig. I, in 
which the relative strength of PFCA increases with respect to the PM band 
characteristic of the amorphous phase as the grain size becomes larger. One 
therefore sees an initial fast contribution to the decay in -AR due to trapping, 
and a very slow contribution is probably due to free carriers in the crystalline 
phase. Typical trapping times in good quality a-Si:H are 20-30ps [11]. On the 
other hand, T = 408ps for c-S i. The results for nc-Si:H for the same carrier 
density lie in between these values, with T = 81ps for sample B, 207ps for 
sample C, and 303ps for sample D. This indicates that one sees an average of 
these two contributions weighted by the grain size. 

As noted earlier, the decay times drop dramatically for high excitation 
densities. These results strongly suggest that carrier trapping is replaced by an 
ultrafast nonradiative carrier recombination process as the dominant decay 
mechanism. This is most clearly evident in sample B, which exhibits (Fig. 4a,b) 
a decay to a positive t.R that cannot be explained by trapping, but only by heat 
production. Since the power law exponent /3 for nc-Si:H is closer to that of 
a-Si:H than the value reported for c-Si [13], we conclude that this 
recombination process is primarily a characteristic of the amorphous phase. At 
high intensities spatially correlated e-h pairs are generated in both phases at t = 
O. However, the electrons and holes diffuse rapidly away from each other as 
they thermalize in the crystalline phase, with the holes becoming trapped in the 
amorphous phase while the electrons remain behind in the grains. Therefore,. 
only those carriers generated in the amorphous phase remain spatially 
correlated long enough to participate in a fast recomb mati on process. It then 
follows that this process would be less efficient in nc-Si:H than in a-Si:H and 
would become even more so with increasing grain size. Sample C, for 
example, requires more carriers to obtain the same decay time measured in 
sample B because a greater percentage of carriers go into the crystalline phase, 
where they become ineffective in the recombination process. When the 
effective carrier density is rendered low enough, T becomes nearly insensitive to 
the excitation density, as is exhibited in sample D and in sample C at 
intermediate intensities. It is surprising that /3<1 for all the samples measured. 
This indicates that the fast recombination process observed is not entirely the 
same as the one described in Refs. [11] and [14]. It is also clear that dispersive 
bimolecular recombination of trapped electrons and holes [15] is not applicable, 
since this would yield /3> 1. In our case, the excitation densities under high 
illumination are large enough (> 1020/cm3) to saturate the shallow traps in the 
conduction band tail, thus indicating that at very short times « Ips) we may be 
in a different regime of recombination kinetics than the one described in Ref. 
15. 
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We have also found that the nc-Si:H samples are unstable under high 
illumination independent of grain size. Fig. 6 shows the decays in sample C at a 
s.iven light intensity before and after the sample had been exposed to high 
Illumination levels. The decay is more than three times as fast after the exposure. 
This is attributed to the creation of light-ind uced defects in the films, which 
increases the efficiency of the recombination process. Therefore all the 
measurements for this work were performed after the samples had been 
illuminated until they did not change anymore. It is important to note that under 
similar experimental conditions this effect was found to be negligible in a-Si:H. 

In conclusion, steady-state and time-resolved spectral measurements have 
been rerformed which indicate that nc-S i:H can be described by a two-phase 
mode with amorphous and crystalline phases. Ultrafast trapping and 
nonradiative recombination under high excitation conditions are pnmarily 
characteristics of the amorphous phase. It has also been shown that nc-Si:H is 
much more sensitive than a-Si:H to defect production under high illumination. 
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