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ABSTRACT: Terahertz (THz) technologies are promising /" THz L e e L

for diverse areas such as medicine, bioengineering, astronomy, 'ba::r; 1ob4 & 341 THe l
environmental monitoring, and communications. However, il . fgg ;:z é
despite decades of worldwide efforts, the THz region of the o 081 l‘ R ,‘ 7
electromagnetic spectrum still continues to be elusive for solid Zosl -A “ i
state technology. Here, we report on the development of a 3 ‘ff‘A ou
powerless, compact, broadband, flexible, large-area, and o4r "‘l‘ ):: )
polarization-sensitive carbon nanotube THz detector that 02t .-\_:f' .
works at room temperature. The detector is sensitive o L
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throughout the entire range of the THz technology gap,
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with responsivities as high as ~2.5 V/W and polarization ratios
as high as ~5:1. Complete thermoelectric and opto-thermal
characterization together unambiguously reveal the photothermoelectric origin of the THz photosignal, triggered by plasmonic
absorption and collective antenna effects, and suggest that judicious design of thermal management and quantum engineering of
Seebeck coefficients will lead to further enhancement of device performance.
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ecently, carbon-based nanomaterials—carbon nanotubes approaches or materials systems are being sought for detecting
(CNTs) and graphene—have emerged as extraordinary THz radiation. THz detection has been reported by using
low-dimensional systems with a variety of outstanding antenna-coupled, bundled”' and individual®® metallic single-
electronic and photonic properties,'” including those ideally wall CNTs at low temperatures, while THz-frequency
suited for terahertz (THz) devices."”'* Carbon nanotubes electronic transport phenomena in single-tube devices have

(CNTs) have an extraordinary ability to absorb electromagnetic
waves in an ultrawide spectral range, from nearly DC to the

ultraviolet, through both intraband (free carrier)7 flg)ls?fftizz properties,25’26 but much like the above CNT devices, these

and 1nterband. (excitonic) absm.*ptlon. processes. small-area devices require coupling of the THz radiation with
ensemble of single-wall CNTs with mixed chiralities can thus o
antennas. Furthermore, none of the existing approaches have

absorb electromagnetic radiation essentially at any frequency in R o o
. . demonstrated intrinsic polarization sensitivity due to the
the entire electromagnetic spectrum, a property also shared by ; ) ”
absorbing material. As described below, we have developed a

graphene.">™"” This ultrabroadband property of these materials, )
combined with high-mobility carriers, promise high-speed and powerless, compact, broadband, flexible, large-area, and polar-

also been investigated.”>** In parallel, graphene THz detectors
have recently been fabricated and shown to possess promising

broadband photodetectors as well as high-efficiency solar ization-sensitive CNT THz detector, which works at room
cells.*™¢ temperature.
THz detectors are required for a wide range of applications
in astronomy, sensing, spectroscopy, imaging, defense, and Received: April 5, 2014
communications."*™*° Current THz detectors are mostly Revised: ~ May 18, 2014
cryogenic, narrow-band, or bulky, and thus, entirely novel Published: May 29, 2014
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Results. Our device is based on a macroscopic array of
highly aligned and ultralong single-wall CN'Ts,'”*”** consisting
of a ~2:1 mixture of semiconducting and metallic single-wall
CNTs. The device fabrication process is described in Methods.
Initially, aligned ultralong CNTSs are grown vertically from a
single line of catalyst particles on a silicon substrate by chemical
vapor deposition (Figure la). The nanotubes are then
transferred onto any desired substrate (Teflon or AIN in this
study) to form a macroscopic film of horizontally aligned
CNTs; see Figure 1b. The film is highly flexible, as shown in
the inset to Figure 1b. In addition, the film shows strongly
polarization-dependent absorption in an ultrabroad band
spectral range, due to both intraband and interband absorption,
as shown in Figure lc. In the THz range, there is strong
intraband absorption arising from plasmon resonance in
metallic and doped semiconducting nanotubes,”® 3! whose
polarization anisotropy is further enhanced by collective
antenna effects'> when the CNTs are highly aligned. To
complete the devices, two gold contact electrodes are made on
both ends of the film, and a p—n junction is created through
partial doping of the CNT film (see Figure 1d); the n-type
region is made bzr doping the as-grown, p-type film with benzyl
viologen (BV).* Note that, in these devices, the CNTs are
aligned perpendicular to the direction of current flow.

The device is illuminated in air at room temperature by a
linearly polarized THz beam (Figure 2a) generated from a
CO,-laser-pumped molecular gas laser (see Methods). Among
the many discrete lines produced by this laser, we use the 3.11
THz (96.5 ym), 2.52 THz (119 um), and 1.39 THz (215 pm)
lines for the present study. Figure 2b shows the current (I)
versus voltage (V) characteristic of the device in the absence
(black curve) and presence (red curve) of THz radiation at 2.52
THz. It is observed that the I—-V curve rigidly shifts to one side
in response to the THz beam, producing a finite short-circuit
photocurrent (Igc) and open-circuit photovoltage (Vic), as
indicated in the graph. The absence of any change in the slope
of the I-V curve excludes bolometric effects as the origin of the
THz photosignal observed here.

The THz photosignal produced by our detector is strongly
dependent on the polarization of the incident THz beam with
respect to the nanotube alignment direction, as shown in Figure
2¢; this behavior arises from the polarization-dependent CNT
absorption shown in Figure 1lc. Here, the THz-induced Vi is
plotted for the three THz frequencies used as a function of the
angle between the THz polarization and the CNT alignment
direction; the photovoltage is normalized to the value obtained
when the THz polarization is parallel to the nanotube
alignment direction. In the perpendicular geometry (ie., 90°),
the photovoltage is suppressed by as much as ~82% (or, the
parallel-to-perpendicular ratio ~5:1) in the case of 2.52 THz.
Finally, Figure 2d shows the power dependence of Vi for the
three frequencies, showing a linear response in a wide range of
incident power. We can determine the responsivity of the
detector from the slope of the photovoltage versus power curve.
The extracted responsivity values are 2.5 V/W, 2.4 V/W, and
1.7 V/W at 3.11 THz, 2.52 THz, and 1.39 THz, respectively.

The origin of the photoresponse in carbon-based devices has
been the subject of much discussion in the literature.*>™>* The
photothermoelectric effect (PTE) has been discussed as a
mechanism, but to date few measurements have been provided
that directly verifies the photothermoelectric nature of the
signal. In the PTE, the voltage across the p—n junction device is
given by
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Figure 1. Terahertz photodetector based on a p—n junction film
containing macroscopically aligned, ultralong single-wall carbon
nanotubes. (a) A scanning electron microscopy image of vertically
aligned CNTSs grown on a silicon substrate. (b) An optical microscope
image of horizontally aligned CNT's after transfer to a Teflon substrate.
The inset shows a photograph of the CNT film, which is highly bent,
to demonstrate its flexibility. (c) Absorbance spectra in the THz and
infrared ranges for polarizations parallel and perpendicular to the
nanotube alignment direction, showing strong polarization anisotropy
in the THz range. (d) An optical image of the fabricated detector with
two gold electrodes. The n-type region was made by doping the as-
grown, p-type film with benzyl viologen.

AV = SAT, — S,AT, (1)

where AV is the voltage across the electrodes, S, is the Seebeck
coefficient of the p-type film, and AT, is the temperature
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Figure 2. Characteristics of the carbon nanotube THz detector. (a) A schematic diagram of the experimental geometry. The I-V characteristics are
measured, while the device is illuminated in air at room temperature by a linearly polarized THz beam. (b) Current—voltage characteristics under
illumination by a THz beam with a frequency of 2.52 THz (red), together with that without illumination (black). The THz beam induces a finite
short-circuit photocurrent (Ic) and an open-circuit photovoltage (Vo). (c) Polarization dependence of V¢, normalized by its value for parallel
polarization, for frequencies of 1.39 THz, 2.52 THz, and 3.11 THz. (d) Power dependence of Vo for frequencies of 1.39 THz, 2.52 THz, and 3.11
THz, yielding responsivities of 2.5 V/W, 2.4 V/W, and 1.7 V/W, respectively.

difference across the p-type segment and similarly for the n-
type film.

We measured the Seebeck coefficients of p-type and n-type
films, as shown in Figure 3a, b and as discussed in the Methods
section, obtaining values of S, = 75.2 4V/K and S, = —=71.0 uV/
K. It is clear that these CNT films have a significant Seebeck
coefficient and that the BV doping is efficient at converting the
films to n-type. Note that metallic CNTs have in principle a
zero Seebeck coefficient, and thus the presence of semi-
conducting CNTs seems essential to obtain a meaningful
Seebeck coeflicient.

Next, we used direct heating of the p—n junction with a
localized heater (no illumination) to demonstrate that heat
alone is sufficient to generate a voltage (Figure 3c), of the same
sign as that obtained from the THz illumination experiments.
Furthermore, the thermovoltage generated by heating the p—n
junction equals the sum of the thermovoltages of the individual
p-type and n-type films shown in Figure 3a,b. This can be seen
by using eq 1 and the values for S, and S, obtained from Figure
3a,b and the AT values from the x-axis in Figure 3c; this gives a
voltage in excellent agreement with Figure 3c. This directly
demonstrates that optical generation of electron—hole pairs
(ie, a photovoltaic effect) is not necessary to generate a
photocurrent in these devices.

To connect the thermoelectric measurements to the
photocurrent experiments, we used an infrared camera to
measure the temperature rise during illumination with a red
laser, as shown in Figures 3d,e (the optical absorptions of the
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CNT films at 632 nm and in the THz are similar®®). The results
clearly show a significant temperature rise at the location of the
laser spot, with the temperature decaying away from this
location. In addition, the maximum temperature is found to
scale linearly with the laser power (Figure 3f). Using eq 1 and
the measured values for the maximum temperature, we obtain a
photovoltage of AV = 1.53 V/W; this value compares favorably
with the data presented in Figure 2d and the responsivities
reported above. (For the highest THz laser power of 10 mW,
this gives a temperature increase of about 100 K; while we have
not measured the temperature increase at this larger power, we
expect that the linear dependence of the temperature will
extend to this larger power.)

The photothermoelectric nature of the detector was further
confirmed by controlling the thermal environment by putting
the CNT devices on different substrates (Figure 4): (a) a
suspended Teflon substrate, (b) Teflon placed directly on top
of an AIN substrate, and (c) an AIN substrate. The
corresponding thermal conductivities range from 0.25 W/m-K
(in a) to 280 W/m'K (in c). As shown in Figure 4d, the THz-
induced photosignal drastically decreases as we increase the
substrate thermal conductivity, fully consistent with a thermal
mechanism.

Existing room-temperature THz detectors have noise-
equivalent power (NEP) on the order of 1 nW/Hz"%* Our
noise measurements (see Methods) combined with the
photoresponse data of Figure 2 give a NEP for the CNT
THz detector of 20 nW/Hz"/%; this is already quite promising,
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Figure 3. Thermoelectric measurements of the carbon nanotube THz detector. (a) Top: Representation of device setup for Seebeck coefficient
measurements consisting of the p-type CNT film (blue) being contacted by two Au electrodes (gold) atop of Teflon tape (light aqua) supported by
a glass slide (aqua), which is being thermally contacted on one side by Cu foil (orange) while being heated by the heater (gray). Bottom:
Thermovoltage as a function of the temperature difference between the two edges of the film (AT) for the p-type CNT film. The temperature is
measured using an infrared camera. (b) Top: Representation as in (a), but with the CNT film being n-doped (green). Bottom: same as in panel (a),
but with the n-doped CNT film. (c) Top: Representation as in panel (a), but with a p—n junction CNT device with glass slide removed and the
heater and Cu foil being repositioned to heat the Teflon tape directly below the p—n junction. Bottom: Total thermovoltage measured across the
two electrodes as a function of the temperature difference AT between the middle and the n-side edge (blue) and between the middle and the p-side
edge (red). Curves are plotted for both values of AT since they are not necessarily equal. (d) Top: Representation of the focused laser illumination
setup for determining the temperature profile across the film length using an IR camera. Bottom: IR camera image of a film being heated by a
focused laser with the temperature scale as indicated. (e) Temperature profile across the heated portion of the CNT film during laser illumination for
different laser power densities. (f) Maximum temperature rise as a function of laser power obtained from the data of panel (e).

particularly given the additional attributes provided by the accomplished, for example, by controlling CNT alignment,

CNT detector (e.g., intrinsic polarization sensitivity, flexibility). density, electronic type, or intertube interactions.

Furthermore, our combined thermoelectric and optothermal In summary, we developed a room-temperature CNT p—n
characterization of the CNT detector allows us to assess the junction THz detector that is powerless, compact, broadband,
prospects for improving the device performance. Indeed, much flexible, large-area, and polarization-sensitive. At the core of the
like thermoelectric devices, the performance of photothermo- detector is a macroscopic array of highly aligned and ultralong

CNTs that strongly absorb THz radiation in a broad spectral
range with extreme polarization sensitivity. The device design
incorporates the Seebeck coeflicient engineering through the
formation of a p—n junction by chemical doping and is based
on the photothermoelectric mechanism that is firmly supported
by direct thermoelectric and optothermal measurements. These
results suggest that further engineering of thermal and
electronic properties, combined with the superb mechanical

electric detectors is determined by the figure of merit ZT =
S*6T/k, where o is the electrical conductivity and « is the
thermal conductivity. We extracted the thermal conductivity of
the CNT films by analyzing the temperature profile obtained
from optothermal measurements (see Supporting Information),
obtaining k = 60 W/m-K. Combined with the above measured
values of S and 6 = 100 S/m, this gives ZT = 2.6 X 1076 at

room temperature, a value that is much lower than ZT ~ 0.08 strengths and flexibility of CNTs, will lead to the development
recently reported for CNT films.*' This implies that CNT THz of novel carbon-based THz detectors.
detector performance can be significantly improved by Methods. Device Fabrication. Our THz detectors are

engineering CNT thermoelectric properties. This could be based on highly aligned and ultralong single-wall CNT thin

3956 dx.doi.org/10.1021/n15012678 | Nano Lett. 2014, 14, 39533958
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Figure 4. Substrate dependence of the THz photoresponse of the carbon nanotube detector. Devices were fabricated on substrates of increasing
thermal conductivity (a) Teflon, (b) Teflon on AIN, and (c) AIN. Panel (d) shows that the open-circuit photovoltage, V¢, increases with a decrease

of the substrate thermal conductivity.

films, fabricated through the following procedure. First, using
photolithography and electron-beam evaporation, we formed
microlines of double-layer catalysts (Fe/Al,O;) on a Si
substrate with a width of 2 ym and length of 2 mm. Vertically
aligned CNT's were grown from these microlines of catalysts
using chemical vapor deposition.”” The grown samples were
checked using a JEOL 6500 scanning electron microscope
(SEM), which showed that the CNTs arrays had a typical
height of ~150 pm. The CNTs were then wet-transferred to
another substrate (Teflon tape or AIN) to form horizontally
aligned CNT thin films. Benzyl viologen (BV) was used to
convert the unintentionally p-doped CNT films to n-type.”* A
p—n junction was created by n-doping only one-half of the p-
type film. Two gold electrodes with a thickness of 45 nm were
deposited on the two ends of the film by electron-beam
evaporation.

THz Experiments. For absorption spectroscopy (Figure 1c),
we used time-domain THz spectroscopy in the 0.15—-2.5 THz
range and Fourier-transform infrared spectroscopy (FTIR,
Jasco-660) in the 3—300 THz range. For THz detection
(Figures 2 and 4), we used a model 295 FIR laser (Edinburgh
Instruments, Ltd.) pumped by a model PLS CO, laser as the
THz source. The PLS CO, laser produces 9—11 um
wavelength CW infrared radiation with output power more
than 50 W. The model 295 FIR laser generates 40 ym - 1.2 mm
wavelength (0.25—7.5 THz) CW radiation, and the maximum
output power is roughly 150 mW. For the present study, we
used the 1.39 THz, 2.52 THz, and 3.11 THz laser lines, using
difuluoromethane (CH,F,) for the 1.39 THz line and methanol
(CH;0H) for the 2.52 and 3.11 THz lines as the gain medium
pumped by the CO, laser. The THz beam first went through a
linear polarizer and was then reflected and focused by an off-
axis parabolic mirror onto the p—n junction region of the
detector. The beam at the focus was measured to be a
Gaussian-shaped beam with a typical diameter of ~1 mm, as
shown in Figure S1 in the Supporting Information. The open-
circuit photovoltage and short-circuit photocurrent were
measured using a Keithley 2400. The effective area of the
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detector was estimated to be 150 ym (limited by the width of
the film, which is the CNTs’ length) X 100 ym (which was
determined through scanning photocurrent imaging along the
film length direction using a tightly focused visible beam, as
shown in Figure S2 in the Supporting Information). Therefore,
when calculating the responsivity, we used only the portion of
the incident Gaussian intensity distribution of the THz beam
that overlaps the effective area.

Thermoelectric and Optothermoelectric Measurements.
The Seebeck coeflicients were obtained by creating a
temperature gradient across the devices using a resistive heater
positioned under one side of the devices while measuring the
voltage across the electrodes in a probe station in ambient. The
temperature profile across the devices was measured using an
Inframetrics 760 infrared camera and assuming a CNT
emissivity equal to 1.* The temperature gradient was obtained
from the difference in temperature on the CNT film near the
two contacts. The Seebeck coefficients of the CNT films were
calculated from the thermovoltage and temperature measure-
ments taking into account the Au Seebeck coefficient of 1.5
#V/K. A similar approach but with the heater under the p—n
junction was used to demonstrate the voltage generation under
direct heating. The temperature profile during illumination was
obtained by focusing a red laser on the devices to a spot size of
about 2 pm and measuring the temperature profile with the
infrared camera (the optical absorption in the visible and THz
is comparable for these CNT films®”). The laser intensity was
measured using a photodiode placed at the laser focus.

Noise Measurements. We measured the noise spectrum at
room temperature in ambient by modulating the voltage in the
devices with a function generator and using a Stanford Research
SR860 lock-in amplifier to demodulate the signal. The noise
power was obtained from the intrinsic function of the SR860.
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