Sign inversion in the terahertz photoconductivity of single-walled carbon nanotube films
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In recent years, there have been conflicting reports regarding the ultrafast photoconductive response of films
of single walled carbon nanotubes (CNTs), which apparently exhibit photoconductivities that can differ even
in sign. Here, we observe explicitly that the THz photoconductivity of CNT films is a highly variable quantity
which correlates with the length of the CNTs, while the chirality distribution has little influence. Moreover, by
comparing the photoinduced change in THz conductivity with heat-induced changes, we show that both occur
primarily due to heat-generated modification of the Drude electron relaxation rate, resulting in a broadening of
the plasmonic resonance present in finite-length metallic and doped semiconducting CNTs. This clarifies the
nature of the photoresponse of CNT films and demonstrates the need to carefully consider the geometry of the
CNTs, specifically the length, when considering them for application in optoelectronic devices.

The optical and electronic properties of single-walled car-
bon nanotubes (CNTs) have been intensely investigated for
several decades due to their fascinating physical properties
and potential for advanced applications [1-5]. Understand-
ing the ultrafast dynamics of photoexcited charge carriers in
CNTs is critical due to their potential applications in photonics
and optoelectronics [6—11]. For this reason, many groups have
utilized time-resolved measurements to study the ultrafast re-
sponse of CNTs due to optical photoexcitation, documenting,
for example, the presence of excitons in photoexcited CNTs
[12-17].

While visible pulses can detect the presence of excitons,
terahertz (THz) pulses are ideal for probing low-energy exci-
tations such as free carriers and plasmons, since each of these
species have distinct features in the THz photoconductivity
[18]. Thus a proper understanding of the THz response of
CNTs is key to understanding the ultrafast charge-carrier
mechanisms in CNTs. Many groups have utilized optical
pump-THz probe time-domain spectroscopy to investigate
the ultrafast charge-carrier dynamics in CNTs [16,19-23];
however, there are conflicting reports of the sign and fre-
quency dependence of the observed photoconductivity. This
discrepancy has led to wildly different interpretations and
conclusions about the photoinduced THz response. For ex-
ample, Xu ef al. [19] deduced that excitons are the dominant
photogenerated species detected in these experiments, while
Luo et al. [16] concluded the ultrafast THz response orig-
inates from transitions between exciton states. Beard et al.
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[21] and, more recently Jensen er al. [23], have meanwhile
concluded that free carriers are the dominant photoexcited
species, an interpretation broadly shared by Kampfrath et al.
[20,22], with small-gap interband transitions also contributing
to the THz response. While most of these measurements have
been carried out on samples of mixed chirality (i.e., mixed
semiconducting and metallic CNTs) it is important to note that
Beard er al. [21] found THz photoconductivities of samples
containing 94% semiconducting and 93% metallic CNTs to
be similar. Moreover, discrepancies persist even for nominally
similar samples, with Luo ef al. [16] and Xu ef al. [19]
reporting a photoconductivity of different sign for samples of
predominately small-diameter semiconducting CNTs.

Since all of these groups have measured CNTs under sim-
ilar excitation and preparation conditions, these discrepancies
must originate from a difference in the measured samples
themselves. The key to understanding these discrepancies lies
in the observation of a broad peak in the THz conductivity
of CNTs, observed for the first time, to our knowledge, in
Ref. [24]. While there has been some discussion regarding
the nature of this resonance, with some groups proposing
an interband transition of small-gap CNTs [20,25-27], more
recent papers [28-31] show clear evidence that it results from
a localized plasmon in finite-length CNTs, which we denote
the finite-length effect, first proposed in Refs. [32,33]. Theo-
retical modeling [34] and experimental observations [28-31]
substantiates the dominant role of the finite-length effect in
the equilibrium THz response. Understanding the true ori-
gin of this THz resonance is also key to understanding the
ultrafast charge-carrier dynamics of CNTs. However, due to
the inherent difficulty in fabricating isolated CNT samples,
most measurements have been carried out on mixtures of
CNTs with various distributions in length, thickness, chirality,



TABLE I. Summary of our CNT films; thickness (D), length
(L) (average length in parenthesis), diameter (d), and content of
semiconducting (sem.) and metallic (met.) CNTs. Note that /-, m-,
and s-CNT is short notation for long-, medium-, and short-CNT,
respectively.

Sample D (nm) L (um) d (nm) sem. met.
sem-CNT 500 0.1-1 0.8-1.2 99% 1%
met-CNT 500 0.1-1 0.8-1.2 5% 95%
{-CNT 55 2-100(10) 1.3-2 66% 33%
m-CNT 500 0.3-2(1) 0.8-1.2 66% 33%
s-CNT 800 <0.3 0.8-1.2 66% 33%

and bundle size, all fabricated using a variety of techniques
[19-21,28,34-36].

In this paper, we use optical pump-THz probe time-domain
spectroscopy to systematically investigate the influence of
tube length and chirality on the THz photoconductivity of thin
films comprising single-walled CNTs. We observe explicitly
that the THz photoconductivity of CNT films is a highly vari-
able quantity which correlates with the length of the CNTs,
while the chirality distribution (i.e., the relative concentration
of metallic versus semiconducting tubes) has very little in-
fluence. Moreover, by comparing the photoinduced change in
THz conductivity (Aap;) to the change on heating from 10
to 300 K (AGhea), we show that both occur primarily due
to the temperature-induced modification of Drude electron
relaxation rate, which results in a broadening of the plasmonic
resonance present in finite-length metallic and doped semi-
conducting CNTs.

To study the influence of tube length and chirality, we
prepared five types of films comprising CNTs in bundled
form, where the average lengths of the CNT bundles and
the chirality distributions of the films vary significantly, see
Table I. The details of the sample preparation can be found in
Secc. S1in Ref. [37].

In order to observe the influence of the broad THz peak
on the photoconductivity of CNTs, it is important to probe at
or below the resonance frequency, which typically lies in the
range 1-10 THz [28]. We carried out both transmission and
photoconductivity measurements over the range 0.2—1.5 THz,
where THz pulses were incident normal to our samples. Trans-
mission spectra were obtained using a simple time-domain
spectrometer, where THz pulses were generated and detected
by commercially available Photoconductive Antennas (PCAs)
[38] from Batop using a 40-MHz, 1064-nm, femtosecond
fibre-laser from Ekspla. To investigate the photoexcited THz
response of our samples, we employed a 100-fs, 1050-Hz
repetition rate, 800-nm Ti:sapphire amplified laser, where
THz pulses were generated and detected by optical recti-
fication [39] and electro-optic sampling [40], respectively,
in 1-mm-thick ZnTe crystals. To photoexcite the sample,
we again use 800 nm pulses, with fluences in the range
of 0.7—15 pJ/cm?. By analyzing the frequency-dependent
transmission amplitude and phase of a sample (see Sec. S2 in
Ref. [37]), we can determine its complex equilibrium effective
conductivity, o (v), as in Refs. [19,21,29], where v is the fre-
quency. Similarly, by recording the difference in transmission,
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FIG. 1. The photoinduced relative change in the THz transmis-
sion AE/E due to the 800-nm photoexcitation at 300 K of (a) met-
and sem-CNT and (b) /-, m-, and s-CNT vs pump-probe delay time
At and normalized by the absorbed photon density N. The incident
fluence is 15 pJ/cm? for all films except I-CNT, where the fluence is
0.7 jJ/cm?. The full lines are the experimentally obtained data, and
the dashed lines are exponential fits. The decay time 7 is found to be
1.8, 1.6, 1.9, and 1.9 ps for sem-, met-, /-, and m-CNT, respectively.
For s-CNT, an initial fast decay of 0.7 ps is observed, followed by a
slow decay of 4.4 ps.

AE = Ei — E, between a photoexcited (Eex.) and unex-
cited sample (£), a complex photoconductivity Ao, (v, AT)
can be obtained as a function of pump-probe delay-time At
(again, see Sec. S2 in Ref. [37]). To investigate the temper-
ature dependence of the THz conductivity in the range 10—
300 K, we employed a closed cycle helium cryostat (ARS)
[18] with quartz windows. Note that the relatively narrow
bandwidth of our measurements is determined by the trans-
mission through this cryostat system and the absorption of our
CNT films, see Sec. S2 in Ref. [37] for details. In Fig. (1),
we plot the photoinduced change in transmission (AE/E) as
a function of pump-probe delay time Az and normalized to
the absorbed photon density N, for the met- and sem-CNT
(a), and the [-, m-, and s-CNT films (b).! We note that
the 800-nm photoexcitation occurs primarily off-resonance in
terms of the optical transitions in the CNTs, meaning the only
on-resonance photoexcitation occurs for a small subset of the
semiconducting CNTs in the s- and m-CNTs, see Sec. S3
in Ref. [37]. We observe that the decay dynamics of all the
films are quite similar, with decay times in the range of 1.6—
1.9 ps, comparable to previous reports [19,22,23,41,42],
which has previously been attributed to Auger recombination
of the photoexcited electron-hole pairs [19,42]. Since we
observe little fluence dependence in the decay times of the var-
ious CNT films (see Sec. S3 in Ref. [37]), we rule out Auger
recombination as a significant relaxation mechanism for our
films. Instead, we associate the THz photoresponse and decay

"Note that in order to facilitate comparison of photoconductivities
of similar order, the incident fluence used for the /-CNT is two orders
of magnitude smaller than for the other samples, due to the relatively
large photoresponse of [-CNT (however, the dynamics and conduc-
tivity spectra are observed to be relatively fluence independent for
our samples, see Sec. S3 in Ref. [37]).
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FIG. 2. Effective conductivity (a) Re(o) and (b) Im(o) of met-
and sem-CNT at 300 K, and change in effective conductivity (c)
Re(Ao) and (d) Im(Ao ) due to 800-nm photoexcitation at pump-
probe delay time At = | ps. The incident fluence is 15 jJ/cm?,
The frequency spacing of the data points correspond to the Nyquist
limit of the measurements, and the error bars indicate the standard
deviation of each data point. The negative region of the second axis
in (a)—~(d) have been shaded to highlight the difference in sign of o
and Ao.

times with cooling of the CNT electronic system and lattice,
which will become evident later on. While the decay dynamics
of the different films are similar, the magnitude of AE/E
varies significantly between the samples, and even changes
sign. It is the origin of this large variation in photoresponse
that forms the basis of this paper.”

In Figs. 2(a) and 2(b), we plot the real and imaginary parts
of o(v) for the predominantly semiconducting (sem-CNT)
and metallic (met-CNT) films, extracted following section
S2 in Ref. [37]. The films show similar conductivities in
terms of frequency dependence and sign, resulting from driven
oscillation of the plasmon resonance at higher frequency
[28,29]. We observe a factor of three difference in conduc-
tivity between sem-CNTs and met-CNTs due to the higher
free charge density in metallic tubes. However, the frequency
of the plasmon resonance is not expected to depend on the
density of free charges [43]. When we photoexcite the films
away from the optical resonances, we see that the similarity
in the responses persists, as previously reported by Beard
et al. [21]; in Fig. 2(a), we plot the photoconductivity of
each film, Ao, measured | ps after excitation (At = 1 ps).
This similarity suggests that the variation in ultrafast CNT
photoconductivities reported in the literature [16,19-23] is not

2The initial oscillatory behavior of the m-CNT film is difficult to
interpret, since it occurs on a subpicosecond timescale, meaning it
could very likely be an artefact from our measurement technique
[50].

directly linked to a variation in the chirality distribution of the
samples.

We therefore move on to consider influence of nanotube
length, where we compare the /-, m- and s-CNT films in
Fig. 3, defined by average lengths 10, 1, and <0.3 um,
respectively. Here, we see a drastic difference in the real and
imaginary parts of o(v). For [-CNT, we observe a typical
free electron (Drude) response (dashed line), indicating that,
in this sample, the carriers are free to move along the tube
length. However, the m- and s-CNTs both display a typical
plasmonic resonance, located above 1.5 THz, due to the
finite-length eftect [28,34,44]. Broadband infrared conductiv-
ity measurements of these CNT films confirm that the THz
resonance shifts to higher frequencies with decreasing tube
length [44]. Likewise, the photoinduced THz response is quite
variable for these samples of different length CNTs, plotted in
Figs. 3(c) and 3(d). For short tubes (s-CNT), we observe a
photoconductivity Ao, measured at At = 1 ps, which has a
positive real component and a negative imaginary component
for all frequencies in our range. The medium length tubes
(m-CNT) display a real component of photoconductivity,
which changes sign at approximately 0.7 THz, while the
longest tubes ([-CNT) display a real component of the photo-
conductivity which is negative for all frequencies in our range.
It is interesting to note that the photoconductivity observed for
the /-CNT film is similar to that observed in the literature by
Xu et al. [19], and the m-CNT is similar to the observation
by Kampfrath et al. [20], while the behavior of films s-, sem-,
and met-CNT is similar to that observed by Beard et al. and
Jensen er al. [21,23]. Thus the photoconductivities observed
for our films extend across the full range of photoresponses
observed previously in the literature.

After illumination with a femtosecond optical stimulus,
the electron temperatures in CNTs are thought to rise by
several hundred Kelvin [45,46], and the heating of electron
and phonon systems occurs even at low pulse fluence, e.g.,
5 ul/em?, as shown for graphite film in [47]. Therefore,
to elucidate the origin of this rather peculiar variation in
behavior, we also investigate the change in conductivity on
heating our samples. In Figs. 3(e)-3(h), we compare Ao, to
the change induced by heating from 10 to 300 K (Ao ). The
similarity in the change in the frequency response for heating
compared to photoexcitation is striking [with the exception of
Im(Ac) for s-CNT, discussed below]. Very similar behavior
is also observed for the sem- and met-CNT films, shown in
Sec. S3 in Ref. [37]. Our observations suggest that Ao,
and Aopey likely originate from the same underlying mech-
anism, one that is related to heating induced changes in the
conductivity. We note that the intrinsic terahertz conductivity
of metallic CNTs with diameters less than 2 nm follows the
Drude law, where the plasma frequency does not depend
on the temperature (see Ref. [48], Eq. (24)). A dominant
heating effect may arise from electron scattering by hot optical
phonons [47] as well as acoustical phonons, which have a
linear temperature dependence of the Drude scattering rate in
CNTs below 500 K [44.,49]. However, the influence that this
has on the THz conductivity will depend on the frequency
and oscillator strength of the THz plasmon resonance. In
general, one would expect heating to induce a broadening of
the THz peak. However, depending on the frequency of the
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FIG. 3. Effective conductivity (a) Re(o) and (b) Im(o) of /-, m-, and s-CNT at 300 K, as well as a Drude fit of the /[-CNT, and change
in effective conductivity (c) Re(Ac) and (d) Im(Ao) due to 800-nm photoexcitation at pump-probe delay time At = | ps. The incident
fluence is 0.7 1 /cm? for [-CNT and 15 wl/cm? for s- and m-CNTs. Note that the values of I-CNT have been scaled by 107! in (a)~(d). The
frequency spacing of the data points correspond to the Nyquist limit of the measurements, and the error bars indicate the standard deviation
of each data point. Change in effective conductivity [Re(Ae ) and Im(Ao )] of (e) and (f) I-CNT and (g) and (h) s-CNT due to heating from
10-300 K (filled symbols), compared with the same Ao, data as in (c) and (d) (open symbols). Additionally, the black lines in (e)~(h) show
the fitted change in conductivity for three simple Lorentzian resonances at resonance frequency wy = 27 x 1072 (long, full line), 27 x 10
(short, dashed line), and 2 x 8 THz (short, dash-dotted line), respectively, which have been fitted to Ac,,, for I-CNT and Ac,;, and Aoy
for s-CNT, respectively. These illustrate the difference in Ao when increasing the scattering rate Ay > 0 and when decreasing the resonance
frequency Awy < 0. Here, we have chosen y = 2x x 1.5 and 27 x 50 THz, for the long and short resonances, respectively, and Ay = |1 THz
and Awy = —1 THz. Note that all data in (e)—(h) have been normalized by the maximum absolute value of each Ag in the displayed frequency

region to make the overall frequency behavior more comparable.

resonance, this can lead to either an increase or decrease of the
effective conductivity of the CNT film in the THz range. To
illustrate this effect, in Figs. 3(e)-3(h), we fit the differential
conductivity expected for a Lorentzian resonator, given by

A
= — _— ], 1
o zwen(mz > +ia)y) (D

where A is the oscillator strength, €y = 8.85 x 107> Fm™!
is the vacuum permittivity, and y is the scattering rate. We
note that this simple model ignores contributions to the scat-
tering rate from inhomogeneous broadening over CNT length
(see Egs. (1) and (2) in Ref. [34]). The fits give us three
Lorentzians with resonance frequencies located at wy = 2w %
10 and 27w x 8 THz, representing s-CNTs (fitted to Agpy,
and Aoyey for s-CNT, respectively), and wy = 27 x 1072
THz, representing [-CNTs (fitted to Aoy, for [-CNT). It is
straightforward to qualitatively reproduce the general trends
of the observed real part of the value Ao = (do/dy)Ay in
Figs. 3(e) and 3(f) by assuming a heat induced increase in
the scattering rate, y. This gives rise to a change in the real
part of the conductivity, which is negative for a low-frequency
resonator (&g = 2 x 107> THz) and positive for a high-
frequency resonator (wy = 27 x 10 and 27 x 8 THz). Based

on this simple consideration, we conclude that both Aoy,
and Ao, are determined predominantly from heat induced
changes to electron scattering.

It is interesting to note that the opposite signs of Im(Aopea)
and Im(Acp,) for s-CNT below 1.25 THz indicate that ther-
mal heating and photoexcitation bring about slightly different
changes to the carrier distribution. In order to reproduce
this sign change, we must additionally introduce a small
change to the resonance frequency, shifting to lower frequency
after photoexcitation [see black dash-dotted line for Ao =
(do/dwp)Awy in Figs. 3(g) and 3(h)]. The origin of this
effect can be understood as follows. In such a percolated CNT
network, the plasmon resonance frequency is determined not
by the physical length of each tube, but by the effective length
of conductivity pathways in the network (see Ref. [44]). On
photoexcitation with optical light, some energetic carriers
will be able to escape local energy minima, become more
delocalized, and increase the average effective length. Such
an effect will be most important for short length tubes, as
observed in experiment.

In conclusion, using optical pump-THz probe time-domain
spectroscopy, we measured the photoinduced change in THz
conductivity, Aapy, in free-standing carbon nanotube (CNT)
films of different lengths and chirality distributions. By






comparing CNT films with average individual tube lengths
ranging from 0.3 to 10 pum, we demonstrated that drastic
variations in Aa,;, observed for various films primarily orig-
inate from changes to the plasmonic resonance observed in
finite length CNTs due to expected heat-induced changes to
electron scattering. Thus we conclude that the photoexcited
ultrafast THz response is predominately plasmonic in nature,
and that the length of the CNTs is what determines the
frequency-dependent behavior. This explains the conflicting
reports presented in Refs. [16,19-23] and underlines the
need to carefully consider the length of the CNTs when
analyzing their ultrafast THz response, and more importantly,
when developing nanotube-based optoelectronic devices such
as photodetectors [10] and ultrafast polarization modulators
[11], since the CNT geometry in these devices will have
a huge influence on their performance. To this end, we

have also shown OPTP to be a simple and efficient tech-
nique for predicting the geometry of CNT films, which cur-
rently requires careful statistical measurements with electron
microscopy.
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