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We have conducted visible pump-TEHz—terahertz probe measurements on single wall carbon
nanotubes deposited on quartz substrates. Our results suggest that the photoexcited nanotubes
exhibit localized transport due to Lorentz-type photoinduced localized states from 0.2 to 0.7 THz.
Upon modeling the THz transmission through the photoexcited layer with an effective dielectric
constant given by Maxwell-Garnett theory we found that the data are best fit by a broad Lorentz
state at 0.5 THz. These experiments were repeated for ion-implanted, 3—4 nm Si nanoclusters in
quartz for which a similar behavior was observed.2004 American Institute of Physics
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I. INTRODUCTION . METHODOLOGY

Films consisting of SWCNTs were synthesized using a

Single wall carbon nanotubgSWCNTS have been ex- chemical vapor deposition technique at a relatively low tem
tensively studied in recent years owing to their unique opti- cal vap postl qu Iely low

cal and electronic characteristit& Most growth techniques, perature of 750 °C. The nanotubes were formed on a quartz

. . §ubstrate in the presence of CO gas using Co particles as a
employed by many research groups, result in a mixture o

semiconductor and metallic tubes. In contrast, our SWCNTscatalySt' It will be shown that the catalyst did not play a role
in our measurements. This growth method resulted in pre-

predominantly consist of the semiconductor type, makingdominan'[ly semiconductive nanotube¥he average diam-

them smte}ble candidate .matenals_ for carner-mducgd appll'eter of the tubes was 0.9 nm. The tubes were distributed over
cations. Linear and nonlinear optical characterization tech-

niques have been used for SWCNTSs in susperﬁ;'nnnem a 2 cn? area with a film thickness of less than 100 nm. White
: - X ~ light experiments exhibited a large lo t elength
bedded in a dielectric host materfalWhether they are in 9 xpermens Sxnil a larg SS at wavelengins

) ) : . __shorter than 500 nrhA separate set of samples consists of
dielectric hosts or, directly deposited on a substrate, optlcaj

. ) X ilicon nanocrystals formed by ion implantation into fused
techniques have been used to deduce carrier dynamics Q.o g pstrates. The film thickness was 300 nm and was
nanocomposites in the visible, near, and mid-IR wavelengt

et ; X X i?:omposed of 3—4 nm Si nanocrystals. The overall thickness
region? Although these techniques provide a wealth of infor-

, o i of the quartz substrate was 2. Previous white light and
mation there have been only a few studies in the far"nfrare%hotoluminescence measureméheschibited an absorption
region of the spectrum and, in particular, the tetrah€ft#z)  hang around =400 nm suggesting that the carrier dynamics

. 6,7 . .. .
regime;"" where intraband transitions are expected. This iS5 pe well examined with a visible pump-THz probe tech-
also true for artificial dielectrics made of CdSe nique.

nanoparticle$ and InP nanoparticle arraysvithin another The samples were placed into our THz-TDS system,
host material. THz time domain spectroscoHz-TDS)  \hich can be easily configured for visible pump-THz probe
and visible pump-THz probe spectroscopy has beerpectroscopy as described below and shown in Fig. 1. The
widely used o study ultrafast dynamics of many THz pulses were on the order of a few picoseconds. The
semiconductors’** One major advantage of THz spectros- pulses were generated and detected using low-temperature
copy is the ability to deduce electronic properties of materi{| T)-GaAs antennas. These antennas were irradiated by 10
als without the necessity to overlay physical contacts makingnw, ~100 fs pulses from a Ti:sapphire laser with a center
it a “noncontact” technique. Therefore, by probing photoin-wavelength at\=800 nm. The pulsed THz radiation from
duced carriers with THz spectroscopy one hopes to directlyhe transmitter was collimated and focused down to a spot
deduce the electronic mobility in these nanostructures. size of 3 mm onto the back side of the sample surface using
In this paper we report on results for the nonlinear re-a series of parabolic mirrors. The sample was placed at 45°
sponse of SWCNT films and ion implanted Si nanocrystalgelative to both the pump and probe beams. The visible ex-
using visible pump-THz probe spectroscopy. The samplesitation atA=400 nm and pulse duration o100 fs was
exhibited unique differentiglpump light on/ pump light off  generated through a second harmonic generator using a 1
spectra that can be analyzed to extract their electronic propnm thick crystal of lithium triborate. The pulses were inci-
erties. With our experimental setup we were able to scan thdent on the front side of the sample with a beam diameter of
response of the samples from 0.2 to 0.7 THz. ~5 mm. The THz probing pulses were transmitted through
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ﬁ pumping atA =400 nm with a power level of 30 mW. The
two curves of Fig. 2 were taken from two different positions
on the sample to effectively study sample inhomogeneity.
The t=0 point corresponds to the time at which the peaks of
the pumping and THz pulses arrive concurrently on the
Ti:Sapphire f N sample. This t=0 point was determined by time-resolved vis-
Laser ible pump-THz probe measurements on a low-temperature
Pump grown (LT)-GaAs sample. Multiple visible pump-THz probe
. v . scans of the SWCNTs were obtained and then averaged to
transmitter recetver . . . . . .
nd . improve the signal-to-noise ratio. This averaging was re-
2 Harmonic . . .
Generator ced \/\/‘X}M« ~~~~~ ced quired due to the relatively thin layer of the sample. The
= change in THz transmission is expected to be small due to
the relatively low pump power levele<1/100, compared
to previous visible pump-visible probe measurements on
similar samples. However, we note that the THz probe is
inherently more sensitive than the visible probe employed in
computer — those measurements
Lock-in In addition, pump/probe experiments were performed on
_ _ S the substrate with and without the catalyst in order to elimi-
FIG. 1. Visible pump-THz probe spectroscopic configuration. A second har-nate the catalyst effects. It was found that the catalyst par-
monic generation module is required to generate blue light for photoexcita-. . ; .
tion of the nanocomposites. ticles had no absorpt|on features in the THz frequency range.
In all of our experiments, the THz center wavelength was
uch larger than any of the nanoscale features of our

Delay line ——p

2f

Delay line —-—»ﬁ Current
pre-amp

the sample and then collimated and focused down onto the! |
receiver. The frequency dependent absorption and dispersi mples. . .

of the sample could be obtained with Fourier analysis of the Differential pump/probg expenments V\.”.th pump power
transmitted and reference pul§t§3n the visible pump-THz .Of 30 mw at)\.:'400 nm on |on-|mplanted silicon embe:\dded
probe configuration a dc bias was used and the probing puLJ; quart_z _exhlblted 5|m|IaSr16behaV|or as the SWC!\[FSQ'
was delayed with respect to the pump pulse. With this con—(a)]_' Similar _to S_WCNT , these samples e)$h|b|te(i]r$ast
figuration, the THz electric field was always measured whe arr|er_r(_ala>§at|_on t_|me on the orde_r of a few picosecarids.
the peak pump intensity was incident on the sample. Th ulk Si (intrinsic Si wafer W'th gthmkness of.7q0m) was
measured signal was detected by phase-sensitive detectigﬁed as a reference mgten[&hg. 3(b)].' Again, ”.‘“'“p"‘".
(i.e., lock-in amplifiej techniques, and was referenced to theSCaNs Were averaged to improve the signal-to-noise ratio.

visible pump beam that was mechanically chopped. Usin In further analysis, the pump power levelXt 400 nm

this differential technique, the measured THz signal was gvahs'bI.(:V\/dered to Ifble;/el O.f i? mLN. Ior; '”.‘p'a”te‘?' hSI films
direct measure of the change in THz transmission throug xhibited a weak but a visible absorptiphig. 3&)]; how-

the illuminated(at the peak of illuminationand unillumi- ever, th_e pump power was not high enough to produce a
nated sample. similar time-domain trace.

Ill. RESULTS IV. ANALYSIS

The THz transmission spectra through unilluminated  The presence of noise in the time-domain signals of
SWCNTs exhibited an essentially flat spectrum with no sig-Figs. 2a), 2(b), and 3a) must be considered while comput-
nificant absorptive features. However, upon visible illumina-ing the Fourier transform of the time-domain data to extract
tion and the photogeneration of charge carriers, changes ihe frequency domain data. Subtle changes in the padding of
the spectral response of the SWCNT samples were observeghe data, prior to the Fourier transform algorithm, for ex-
Figures 2a) and 2b) shows the response of the transientample, can lead to large spectral features in the frequency
THz electric field through a SWCNT sample under visible domain. Since the window of data collection is limited in
time, zeros are added to the beginning and end of the data set
so that its Fourier transform appears smoother and more pro-
nounced. Prior to computing the Fourier transforms, one
needs to ensure that no discontinuity was introduced in the
time-domain data. The offset of the padding was varied rela-
tive to the offset of the raw data to ensure that erroneous
spectral features were not introduced. The significant noise
contribution to the time-domain signals required special at-

2o 012 2 4 % ' 2 tention to ensure that the corresponding spectral features
@ Time Delay (ps) ®) Time Delay (ps) were not attributable to noise in the time-domain signal. Fine
FIG. 2. Differential THz electric field transmission of SWCNTs on quartz scale time-domain features on the order of 100 fs are noise
substrates. The two curves are taken from two different sample locations.since the THz detectors are not sensitive to electric field
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FIG. 3. lon-implanted Si in a quartz substrata). visible pump-THz probe 02 03 04 05 06 07
with visible excitation at\ =400 nm and power=30 mW/dnysolid line),
the dashed line is taken at a pump power of 20 mW i) Differential (@) frequency(THz)
transmission under a CW Aiion laser(\ =514 nm through bulk silicon for
comparison with ion-implanted Si nanocrystals. 0.010

fluctuations on this time scale. These fluctuations, therefore,
give an estimate of the noise contribution to the THz wave
form.

In order to assess the effect of the time-domain noise on u@j ; ;
the frequency domain spectral features, Fourier transforms of - L
different time-domain data sets, which were consistent with
the noise level, were compared. Based on the variation in the 0.000
Fourier transforms for the SWCNT data over the range of 02 03 04 05 06 07
0.2-0.7 THz, the error in the value tEE/E| was assessed (b) frequency(THz)
as =~20%. A similar analysis suggested that the error in the
magnitude of ion-implanted differential spectra was roughly 0.0040
30%. Within these noise limits, the SWCNT sample exhib- 0.0035 1
ited a broad peak in the 0.2—0.7 THz range, while the differ- 0.00304,
ential THz spectrum for the ion-implanted silicon sample 0.0025-
was essentially flat. i 0.0020]
A better understanding of the significance of the differ- E 0.0015 1
ential spectrum of the above nanocomposites can be ex- T omio0le
tracted by analyzing the pump-THz probe spectra using two 0.0005/
different transport models: a free-carrier Drude model and a 0.0000 . ' . .
Lorentz model. In the free-carrier Drude model, the fre- 02 03 04 05 06 07
quency dependent dielectric constant of the nanofilm is mod- () frequency(THz)
eled as ] ) ] ]
FIG. 4. Fits using both a DrudelLorentz model to raw data differential
wz transmission curves f@gg) SWCNTs,(b) ion-implanted Si nanocrystals, and
s(w) =&y~ _p__, (1) Drude only model foric) SWCNTs. Bold lines are the raw data while the
w(w +il7) dashed lines are best fit curves; error bars show the fluctuation in the raw

h is the dielectri tant of th terial at high data due to noise as described in the analysis. Drude parameters for all fits
wheree., IS the dielectric constant 0 € matenal at Nign \ o6 7=1g-11 s, AN=1E12 cm® for fits in (@ and (b) and AN

frequencies, 174 is the collision frequency, wp =1E18 cm?in (c), with Garnett parameter df-X=0.05, for upper curve
=(47Ne?/m)Y2 N, e, andm are the plasma frequency, num- SWCNTs,1-X=0.02 for lower curve SWCNTs, anti-X=0.05 for ion-
ber density, charge, and mass of the free carriers, respetfplanted Si(Lorentz parameters are given in Tabje |

tively. Upon visible excitation, the free-carrier contribution is

change by the photoexcitation of free carriers. Previous at- |, analyzing the SWCNT and ion-implanted silicon data,

tempts to fit our data to a Drude motfetlemonstrated that we can model the presence of localized stat®by incorpo-

the photoexcited carriers do not exhibit Drude-like transport. _.. S . .
rating a Lorentz-type contribution to the dielectric constant
In contrast, pump-THz probe measurements of a CdSe nano-

particle system exhibited a Drude-like respofsgimilar of the mater?al. Since the unpumped transmission .thrgugh
measurements on InP nanoparticlesuld not be explained ©OU' samples is featureless, we assume that the contribution to
by a simple Drude conductivity behavior. However, a Drude-the differential transmission is due to photoexcited carriers
Smith model, which included a parameter for the degree oPnly. One can approximate(w) as e(w)+Ae, whereAe is
carrier backscattering produced a satisfactory fit to the InRlue to the photoexcited carriers. In this model, the dielectric
data. constant of the nanotubes can be expressed as
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4mANem M 2 over the range of 10>10%° s and 16-10"* cm™3, respec-
wwtiln m (2)  tively, does not affect the curve fitting. The fits were mostly
m=l m sensitive to the Lorentz parameters but not to the Drude
whereAN, Q,,, o, Iy, andM are the photoexcited carrier model parameters. Using E@) for the dielectric constant of
density, quantum efficiency, resonant frequency, resonarthe nanoparticles, the differential THz transmission through
width, and number of resonance, respectively. Of these pahe sample can be modeled. Assuming a double layer with
rametersAN is estimated from the visible pump power den- nanocomposite on a quartz substrate, one can write the trans-
sity, assuming 1% of light being absorbed. Varyingnd AN mission of the electric field at normal incidence in the f6tm

Ae(w) =

E 8nyn,, g (ns~ Dol
E_O - (ns+ nn)(l + nn) 1 _eianLko[(nn - ns)(l - nn)]/[(nn + ns)(nn + 1)] , (3)

whereny is the index of refraction of the substratg,andL are the index of refraction and thickness of the nano layer, and
k,=c/w, wherec is the speed of light in a vacuum. For our experimental configuration, the THz differential signal is
proportional toAE=E,—E,, whereE, denotes the transmitted electric field through the material under optical illumin&tjon,
represents the electric field transmission without illumination, Bpds the incident electric field. In the limit of a small
photoinduced change in the nanotube’s index of refradtigr \e=n,+An, whereAn=(Ae/2)..], the differential THz signal

can be expressed using E@®) and(3) to first order inAn,

|AE| ‘ [“@] [1+ik,LAN]a, .
IE,| N, 1[N, + ng+ An)(1 +n,+ An)]— €2"-e[(n, — ng+ An)(1 —n,— An)][1 +ik,LAn]

(4)

with V. DISCUSSION

_ i Differential transmission in the frequency domain
t=[(My + (L + )] = [y =N (1 =) oo, (5) proved useful when analyzing THz transmission under de-
The analysis may be simplified if reflections from the layed pump beam. The optically generated carriers respond
front and back surface of the substrate are neglected. This ¢ the probing THz radiation and, therefore, modify the THz
justified since time window is in a very narrow time region transmission in the visible pump-THz probe geometry. Both
around the pulse so that reflections are not “seen” in our tim&WCNTz and ion-implanted samples, which were used in
window. Reflections from the front and back surfaces of theour experiments, exhibit nonlinear characteristics of short-
nanofilm are included in the calculation. In addition, we ap-lived photoinduced carrier$:*’
ply Garnett theory which describes an effective dielectric  Initially, in the case of the ion-implanted silicon, we
constant for conductivéor doped semiconductiygarticles  compared the data to what we would expect from bulk semi-
embedded in a dielectric layerThis model is applicable to conductors. The differential transmission spectra of the bulk
our samples since transmission electron microscopy mesemiconductor silicofiFig. 3(b)] can be fit using only a free-
surements showed that both the SWCNTs and Si nanoclugarrier Drude model. Similarly other bulk semiconductors
ters were well separated and statistically distributed, imply-such as InRRef. 9 also exhibited photoinduced Drude-like
ing that the dc conductivity was negligible. We treat the ion-behavior. The differential transmission data for our nano-
implanted Si nanocrystals as embedded particles in theomposite samples clearly indicate the necessity for a model
quartz substrate and the SWCNTs as embedded in a layer beyond the Drude only or Drude-Smith model. A simple
air on top of quartz. In this model the dielectric constant isfree-carrier dispersion model could not explain the large sig-
represented as nal observed with our samples when pumped with relatively
low pump intensitie§<<10 nJ) and when assuming accepted
dc conductivity and electron mobility valués.

— EnZ 8 (6) Given these values, to be able to fit the observed differ-

L= (1-x) ,
e+ 2¢; ent 2¢;

. . . TABLE I. Extracted Lorentz parameters from differential THz spectra.
whereg, ¢, &; are dielectric constants for the effective nano- P P

layer, the nanomaterial itself, and the insulator, respec- M w, (crYy? Q, (cm™) T, (e
tively. 1-X represents the fraction of nanomaterial in that

effective layer. Using Eqe4) and (6), the Lorentz param- SWCNT 1 16 1180 130
eters(Table ) are extracted from the differential spectra. In 3-4 nm lon 1 18 1420 260
Fig. 4, the Fourier transform of the raw data is compared to 'MPlanted Si

the Lorentz fits. 33 cn=1 THz.
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ential transmission with the Drude model, the photoinduced/I. CONCLUSION
carrier density for a single 100 fs pulse would need to be |, summary, with the use of a noncontact visible pump-

~10*cm™ (compared to 1% cm™ as with the Drude Ty, probe technique, the differential THz spectra of
+Lorentz modej in order to produce the experimentally ob- s\ cNTs and ion-implanted Si nanoclusters exhibited the
served |AE/E| ratio of ~10° [Fig. 4c)]. The required existence of photoinduced states. A photoinduced free-carrier
photoinduced carrier density would therefore correspond to g,,de or Drude-Smith model was not consistent with the
photoexcitation energy value of 4 mJ in our experimentsmagnitude of the transmission value changes. A better fit was
Given that the spot size of our pump beam, laser repetitiogyhtained when incorporating Lorentzian-like discreet states.
rate, pulse duration, and thickness of the nanolayer were ¥he SWCNT data were consistent with a single Lorentz state
cm, 82 MHz, 100 fs, and 100 nm, respectively, a value of 4in the measured frequency range. The flatness of the ion-
mJ is orders of magnitude larger than the actual experimentamplanted Si nanocluster spectra indicated either the pres-
pulse energy valuegestimated at 4 nj in our experiment ence of a broad Lorentz state in the 0.2-0.7 THz range or the
For this estimation to hold, it was assumed that 1% of thepresence of a much broader Lorentz peak outside our spec-
pump light was absorbed and that one electron-hole pair wagal range.

generated for each photon of the pump beam. As with the
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