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Ultrafast carrier dynamics in nanocrystalline silicon
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We present studies of the ultrafast dynamics of photoexcited carriers in thin-film nanocrystalline silicon
materials in which the degree of crystallinity has been systematically varied by controlling the deposition
conditions. Femtosecond pump-probe measurements reveal a multicomponent response that can be understood
in terms of the separate phases of the heterogeneous material. We observe a 240-fs exponential relaxation
process associated with intraband carrier relaxation in the silicon crystallites, a response characteristic of
bimolecular recombination in the amorphous silicon matrix, and a long-lived component assigned to grain-
boundary states.
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Thin-film hydrogenated nanocrystalline silicomc-Si:H), cesses observed in a-Si:H, and a slowly relaxing component
which is comprised of nanoscale crystallites of silicon em-that likely includes contributions from grain-boundary states.
bedded in a hydrogenated amorphous siliGi$i:H) matrix, The nanocrystalline silicon thin films studied in these ex-
has attracted a great deal of recent attention due to its poteReriments were grown by the hot-wire chemical vapor depo-
tial optoelectronic applications as well as the interestingsition (HWCVD) technique, and the composition of the ma-
physical properties that result from its heterogeneous naturéerials was controlled by variation of the hydrogen dilution
This material is particularly promising for photovoltaic ap- atio R=H,/SiH, during deposition. The films were depos-
plications, especially given its high efficiency and resistancdt€d at a substrate temperature of 240°C on Corning 7059

to the photoinduced degradation characteristic of thin-film@lass, and the hydrogen dilution ratio was varied while main-

amorphous silicon. Important material parameters for nci@ining a total gas pressure of 30 mTorr. The samples have

Si:H include the size of the crystallites and the crystalline€€n extensively characterized by x-ray diffraction as well as

fraction, or ratio of the volumes of the crystalline and amor—by Raman, photoluminescence, and optical Spectroscopy.

. . . . X-ray diffraction measurements indicate the presence of a
phous components. A key issue in the physics of this hetero- .
eneous material is the extent to which its optical and elec(—:rySta”me component foR>3, and x-ray measurements, :
9 together with Raman measurements, show that both the grain

tronic properti_es can be understood simply asa combinatiogize and the crystalline fraction increase WRHRef. 4. All
of the properties of the separate phases, and in particular, ﬂb‘? the nc-Si:H samples show nearly identical optical-

role of the grain-boundary regions. We note that similar Mazpsorption spectrawith a monotonic increase over the mea-
terials have sometimes been referred to in the literature aSured range of 0.8—2.0 eV.

microcrystalline silicon f.c-Si) or as polycrystalline silicon;  The properties of the samples are summarized in Table I.
here we use the designation nc-Si, since this more accurateferage crystallite grain sizes are determined by x-ray dif-
reflects the size scale of the crystalline inclusions. fraction along th&111) and(220) directions. These measure-

Previous studies of the dynamics of photoexcited carriergnents indicate that the preferred growth direction changes
in these and related materials on subpicosecond and longgiith increasing dilution ratio, resulting in a variation of the
time scale5™ have reported time-resolved responses qualicrystallite shape withR. The composition of each sample is
tatively similar to those observed in thin-film amorphous sili- estimated from the relative intensities of Raman features as-
con, suggesting that the disordered nature of the heterogseciated with each component, as discussed in Ref. 4, and is
neous material is the dominant effect seen by theexpressed in terms of the percentage volume fractins
photoexcitations, but not providing a definitive understand-Xa, and Xy, for the crystalline, amorphous, and grain-
ing of the photophysics. In this work, we have carried outboundary phases, respectively. The Raman results demon-
high sensitivity and high time-resolution measurements on &trate the variation of the material composition wig
series of materials of systematically controlled compositionthough the values for the fractional compositions should be
allowing us to definitively interpret the carrier dynamics in considered approximate: in contrast to the time-resolved op-
terms of contributions associated with each of the componen{_A
phases of the heterogeneous material. Of particular interest is
the new observation of an ultrafast, 240-fs relaxation process

BLE I. Properties of nc-Si:H as a function of dilution rati®

o -
in nc-Si:H, which we have identified as carrier relaxation R (l(i;;m suze(?ng)o) X vol. fr?(ctlon, % X
within the silicon crystallites through the dependence of its ¢ o a
amplitude on composition and by direct comparison with the 4 7.1 26.9 43 38 19
femtosecond optical response of bulk crystalline silicon. 5 10.7 35.1 56 27 17
Also observed are an excitation density-dependent compo- 19 18.7 32.1 63 26 11

nent consistent with the bimolecular recombination pro
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tical measurements, which sample the entire 1.4—2w
thickness of the films, the Raman measurements were carried
out at an excitation wavelength of 514.5 nm, giving a pen-
etration depth of only~200 nm in the nc-Si:H films. De-
tailed studies of nc-Si:H filmshave shown that the structure
varies with film thickness, with the region adjacent to the
glass substrate forming a thin amorphous layer.

Time-resolved measurements of the carrier dynamics
were carried out using a femtosecond pump-probe technique,
in which a short pump pulse excites carriers in the sample
and a time-delayed probe pulse measures the resulting
change in transmission as a function of the pump-probe de-
lay time. The optical pulses were generated using an ampliz
fied Ti:sapphire laser system operating at a repetition rate
1 kHz. Pulses 35 fs in duration centered at 800(4rB5 eV
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FIG. 1. Time-resolved negative differential transmittance of a
¢-Si:H thin film with dilution ratioR=4 measured over a range of
ump-probe delay times extending to 15 ps. The solid line repre-
sents a fit to the three-component model described in the text, and

were used to excite the samples. Probe pulses of variablge gashed lines show the contributions of the individual compo-

wavelength were produced by using a portion of the amplinents[- - - exponential process, — — — bimolecular recombination,
fied 800-nm beam to generate a femtosecond white ||ght con-= . _ . |0ng_|ived (Constan): Componen]:

tinuum in a 1-mm thick sapphire plate, and the near-infrared

components of the continuum were compressed using ef less than 0.1. Care was also taken to minimize distortion
fused-silica prism delay line to give an overall time resolu-of the measured pump-probe response by thin-film interfer-
tion of ~40 fs in the pump-probe measurements. Wave-ence effects. In general, excitation of carriers in a semicon-
length resolution was achieved by spectrally filtering theductor will perturb both the real and imaginary parts of the
probe beam with a 10-nm bandwidth interference filter afteindex of refraction, and the measured change in transmission
it had been transmitted through the sample. The pump beawr reflection of a thin-film sample will include both of these
was modulated with a mechanical chopper operating at affects due to the resulting modulation of the etalon re-
frequency of~100 Hz, and the resulting change in the en-sponse. In this study, we are interested in photoinduced
ergy of the spectrally filtered probe beam was detected usinghanges in the absorption of the material, and accordingly,
lock-in amplification. For purposes of noise reduction, awe have carried out the pump-probe measurements at condi-
separate reference beam was split off from the probe beations that correspond to a transmission maximum of the eta-
prior to its interaction with the sample. The reference beanion response, largely eliminating contributions from modula-
was spectrally filtered in a manner identical to that used fotion of the real part of the refractive indéxSince the
the transmitted probe beam prior to detection by a separatsamples have a small, but nonzero, variation in thickness
matched photodiode, also using100 Hz modulation and over the area of the film, this condition could be met by
lock-in amplification. To correct the pump-probe signal for choosing an appropriate position on each sample.
intensity fluctuations in the continuum at the selected probe Measurements of the time-resolved differential transmit-
wavelength, the signal was normalized by the reference antance were carried out on nc-Si:H films prepared at hydrogen
plitude at each delay time point, providing a significant im-dilutions R=4, 5, and 10. For each sample, measurements
provement in the sensitivity of the measurements. For thisvere carried out over a range of pump fluences, correspond-
study, all measurements were carried out at room temperang to a range of initial excitation densities. In all of the
ture and with mutually perpendicular pump and probe polarmaterials, photoexcitation of carriers resulted in a net in-
izations. Pump-probe signals were measured over a range dficed absorbance signal, which is presented in the figures as
pump intensities to ensure linearity of the response with rea negative differential transmittance,AT/T, whereAT is
spect to the initial excitation density. the change in transmittance due to the action of the pump
Since the dynamics of the photoexcited carriers depend opulse, andr is the transmittance of the sample in the absence
excitation density, care was taken in the experimental desigaf the pump pulse. The response was probed at a detection
to minimize distortion of the measured pump-probe response/avelength of 940 nni1.32 e\). In the small signal limit,
by spatial inhomogeneity of the excited carrier distribution.the differential transmittance measurements are expected to
The pump and probe beams were focused on the sample proportional to the photoinduced carrier population, and
using a 9-cm focal length achromat, and the diameters of ththe time course of the signal reflects the dynamics of the
beams were adjusted so that the probe beam sampled onthotoexcited carrier distribution. The sharp features riear
the central portion of the pumped area, with Gaussian bears 0 include contributions from nonlinear effects that occur
diameters at the sample 6f120 wm for the 800 nm pump during the temporal overlap of the pump and probe pulses,
beam and~30 pwm for the 940 nm component of the probe and are excluded from the analysis of the population dynam-

beam used in the measurements. To ensure the reproducibits.

ity of the alignment, the spatial overlap of the beams was set Representative data for tie=4 material over the first 15
using a precision pinhole. Spatial variation of the density ofps of the delay range are presented in Fig. 1. The time-
photoexcited carriers across the depth of the sample wagsolved response can be seen to include a rapid, sub-
minimized by using optically thin films with optical densities picosecond component, together with a more slowly varying
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FIG. 2. Time-resolved negative differential transmittance of a  FIG. 3. Time-resolved negative differential transmittance of a

nc-Si:H thin film with dilution ratioR=4, at initial carrier den-  nc-Si:H thin film with dilution ratioR= 10, at initial carrier densi-
sities of approximately 2410 cm 3, 1.8x10%cm % 15 ties of approximately 1810 cm3, 15x10%cm 3, 1.2
><101: cm’z, 1.2x 1919 mea, 9.0x10' cm’f, and 6.0 x10°cm 3, and 9.010' cm=3. The solid lines correspond to
X10'® cm™3. The solid lines correspond to fits to the three- fits to the three-component model described in the text.
component model described in the text.

response. These dynamics are well characterized by a mod#jth @ bimolecular recombination mechanism. For compari-

consisting of three components son, pump-probe measurements over a similar range of ini-
tial excitation densities on nc-Si:H samples witl+ 10 are
n(t)y=ae Y7+ ng/(1+ngkt) +c, ) presented in Fig. 3. Measurements on all of the samples give

excellent fits to Eq(1). All of the nc-Si:H materials yield

which represent a population that undergoes fast exponentighnsistent values for the exponential time constan240
dynamics with a time constamt a population that undergoes (+10) fs and the bimolecular recombination constant3
bimolecular recombination with an associated rate con&tant 5 -9 cm®/s, indicating that the associated components
[the second term of the right-hand side of K@) corre-  haye the same physical origin in all samples. The relative
sponds to the solution to the rate equatin/dt=—kn®>  gmpjitudes of the components vary systematically with
with n(t=0)=n], and a component of amplitude that  sample composition, as can be seen in Table I, which pre-
decays slowly compared to the time scale of the measuresgnts the values of the amplitudes c, andng as a fraction
ments. The results of a fit to this model, together with tracegf the total signal amplitude for each sample composition.
corresponding to the three individual components, are shown The excellent fit between the data and the physical model
along with the data in Fig. 1. As is discussed in more deta‘?epresented by Eq1) allows the photoexcited carrier dy-
below, the fast 240-fs exponential component is identified agamics in nc-Si:H to be understood in terms of the compo-
carrier relaxation within the silicon crystallites, and the com-pent phases of the heterogeneous material, with separate car-
ponent consistent with bimolecular recombination dynamicsier populations evident in the crystalline and amorphous
originates in .the amorphous fraction of nc-Si:H. The COMPOphases. The fast, 240-fs exponential response is a new obser-
nent of amplitudee represents a response that decays slowlyation in nc-Si:H, and can be identified as originating within
on the time scale of the measurements, and effectively apne sjlicon nanocrystallites. Comparing the different sample
pears constant within the 40 ps time scale investigated her%ompositions, we find that the amplitude of the exponential
As discussed below, this component is identified with contri-component as a fraction of the total signal level increases
butions from long-lived states, and may also include som&yith dilution ratio R, which correlates with increasing crys-
contribution from lattice heating. Since we observe no pumptajline fraction and crystallite size. We have identified the
probe response at negative time delay, where the probe pulggst exponential component as intraband carrier relaxation in
precedes the pump pulse, we can conclude that the longhe crystalline phase of the material by comparison with the
lived component completely recovers within the 1 kHz rep-time-resolved differential transmittance response measured
efition rate of our laser system. directly in thinned crystalline silicoh Excitation of carriers

The time-resolved response measured over a 40 ps range 1 55 eV, well above the indirect gap of crystalline silicon

at a series of initial excitation densities fB=4 nc-Si:H is  of 1.1 eV, creates a nonequilibrium carrier distribution that is
shown in Fig. 2, together with the results of fits to Efy).

The dependence of the response on initial excitation density
is accurately reflected by the model: the amplitudesc,

and n, associated with each of the components increase i
direct proportion to the initial density of photoexcited carri-

TABLE Il. Component amplitudes determined by fitting the
Hme-resolved response to the three-component model oflqg.

ers, while the values of the parametersand k remain the R a@+neto No/(@+ ot c) c/(atno+c)
same for all of the data traces. The dependence of the time- 4 0.23+0.032 0.210.062 0.56:0.068
resolved differential transmittance on initial excitation den- 5 0.41+0.031 0.08-0.028 0.51-0.043
sity confirms that the component of the response that has anig 0.62+0.012 0.06:0.015 0.32-0.014

effective rate increasing with excitation density is consistent
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expected to relax to the band edge via phonon emissiorcharacteristic of a-Si:H indicates that the excitation-density-
Time-resolved differential transmittance measurements odependent portion of the nc-Si:H response originates from
thinned crystalline silicon probed at a detection wavelengthhe amorphous fraction of the material, and the relative am-
of 940 nm(1.32 eV} show a bleacHincrease in transmis- plitude of this response varies appropriately with dilution
sion) that forms with an exponential rise time of 240 fs andratio R

then remains constant on picosecond and longer time scales, The constant in Eq. (1) corresponds to a component that
consistent with the initially excited carriers relaxing to the gecays slowly on a picosecond time scale, effectively giving
indirect band edge. In nc-Si:H, the net differential transmit-jse 1o a constant response on the measured time scale. This
tance signal is negative, SO this rising bleach component aRsomponent is expected to include an offset of magnitade
pears as a fast exponential decay on top of the overall ingoy the residual bleach in the crystalline fraction, but
duced absorbance response. In the nc-Si:H materials studiefhaly includes other contributions, since it is observed as a
here, the size of the crystallites is larger than the threshold qfqt induced absorbance. The component may include effects
~5 nm below which quantum confinement effects havefom |attice heating due to the photoexcited carriers, as ob-
been detected in silicdhgonsistent with the observation of sapved in previous studi¥son a-Si:H. However, the large
bulklike properties associated with the crystalline fraction Ofamplitude of the slowly decaying response in nc-Si:H, to-
the material. We note that our measured time constant for th&ether with the observed dependence of its relative ampli-
onset of the bleach in the differential transmittance measurgyge on sample composition indicates that it includes addi-

ments is consistent with transient components previously r&jona| contributions, likely from long-lived carrier states

ported in the time-resolved reflectivity response of bulk crys-ssociated with the grain-boundary regions.

talline silicon materials as seen in c-Si wafeand silicon- In conclusion, we have carried out systematic studies of

on-sapphire thin f”mé? _ the ultrafast dynamics of photoexcited carriers in nc-Si:H as
The second term in Eq1) represents the time depen- 4 fynction of material composition. We find that the response

dence of a carrier populatiam, that undergoes bimolecular can pe understood in terms of contributions from the separate

recombination, giving rise to an effective decay rate that depnases of the heterogeneous material, and we have identified

pends on excitation density. The resulting value of the bimoz, fast, 240-fs relaxation component associated with intraband
lecular recombination constaktis consistent with that de- carrier relaxation within the crystalline regions.

termined using a straightforward rate equation analysis of the

pump-probe response in previous studies of a-Si:H and re- This work was supported by a subcontract from the U.S.
lated material$!~1* Although the detailed nature of the re- Department of Energy National Renewable Energy Labora-
laxation processes in a-Si:H and related materials is still untory and by the National Science Foundation Division of
der discussion, the correspondence with the responddaterials Research under Grant No. 9973615.
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