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We report on the voltage response of carbon nanotube devices to sub-terahertz (THz) radiation. The

devices contain carbon nanotubes (CNTs), which are over their length partially suspended and

partially Van der Waals bonded to a SiO2 substrate, causing a difference in thermal contact. We

observe a DC voltage upon exposure to 140 GHz radiation. Based on the observed gate voltage and

power dependence, at different temperatures, we argue that the observed signal is both thermal and

photovoltaic. The room temperature responsivity in the microwave to THz range exceeds that of CNT

based devices reported before. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4828555]

The unique band structure of carbon nanotubes (CNT)

makes them good candidates for optoelectronic applications

in a wide frequency range.1–3 Due to the quantization of the

electron wave vector around the circumference a CNT with

n - m 6¼ 3i, where i is an integer is a semiconductor with an

energy gap eg� 1/r (with r the radius of the CNT).4 The opti-

cal properties of semiconducting nanotubes, in the visible

and near infrared range, have been intensely studied during

the last ten years.1,5,6 It has been shown that they can be

used as basic elements for different optoelectronic functions,

such as photodetectors6 or light emitting diodes.7 Nanotubes,

with n - m¼ 3i, with n 6¼m, are called quasi-metallic, due to

their small band gap, which ranges from about 1 to about

30 meV for nanotubes with a diameter of 1–2 nm.8,9 So-

called armchair CNTs, with n¼m, are truly metallic.

Quasi-metallic CNTs are potentially very good candidates

for optoelectronics in the THz range because their bandgaps

fall into the corresponding energy range.

Previous research on THz detectors based on CNTs has

brought interesting new results.3,10 Diode type detection and

bolometric detection were reported in Refs. 3 and 10. Photon-

assisted tunneling in the Coulomb blockade regime was reported

in Ref. 11. The response of antenna-coupled fully suspended sin-

gle carbon nanotubes to sub-THz radiation was reported in Ref.

12. A power-dependent DC voltage was reported in this work

and interpreted as a combined effect of the increased tempera-

ture of the electron liquid with respect to the electrodes and

requiring an asymmetry in the contact resistances.

Here we report on CNT devices, which will have a tem-

perature gradient due to a difference in heat transfer along

the CNTs while exposed to radiation. The different heat

transfer conditions occur because of a difference in coupling

to the substrate along the length. The devices show a DC

voltage signal in response to radiation in the sub-THz range

in the temperature range from 4.2 to 300 K. We argue that

the room temperature response is thermal in origin, similarly

to the photoresponse of CNT films reported before, e.g., in

Ref. 13. The data obtained at low temperatures indicate con-

tributions of both thermal effects and of photovoltaic effects.

While it is not clear if the observed effect can be used to de-

velop efficient THz detectors we note that the responsivity of

our devices exceeds that of CNT based devices in microwave

or THz range reported before (even at room temperature).

Besides at 4.2 K notable increase of the sample conductance

(at least four-fold) is observed.

The nanotubes are grown using the CVD method,

following the procedures described in Ref. 14. The catalyst

islands, containing Fe(NO3)3�9H2O, MoO2(acac)2 and

alumina (Al2O3) nanoparticles, are defined by e-beam

lithography and patterned by lift-off of a methacrylic acid

(MAA)/Poly(methyl methacrylate) (PMMA) bi-layer. The

substrate is boron-doped silicon covered with 250 nm of ther-

mally grown SiO2. The room temperature resistivity of the

silicon is 10 X�cm, which is practically transparent for radia-

tion in the used frequency range. The conductivity, even

down to liquid helium temperatures, is high enough to use it

as a backgate. The size of the substrates is 4 by 4 mm2. The

catalyst islands are located close to predefined alignment

marks (Fig. 1(a)). After the CVD growth of the CNTs they

are imaged with a scanning electron microscope (SEM) to

identify their position with respect to the alignment marks.

Subsequently, metal electrodes are formed, using lift-off.

As shown in Figs. 1(b) and 1(c) the area of the catalyst

island is covered with a relatively dense network of CNTs.

Most of the CNTs are sticking out of the catalyst islands and

are therefore suspended, i.e., not in direct contact with the

substrate. Some CNTs are directed to extend far outside the

area of the catalyst islands. These CNTs on the SiO2-surface

are attracted to the substrate by Van-der-Waals forces.
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The devices are coupled to the radiation with a logarith-

mic spiral antenna,15 which also serves for DC contacts (Fig.

1(a)). They are made in such a way that one of the electrodes

makes contact to the dense CNT-network, partially overlap-

ping the catalyst island, while the other one contacts the few

CNTs located outside this island. We will present results

obtained with in two samples referred to as D1 and D2 (see

Figs. 1(d) and 1(e)). Besides the unavoidable differences in

dimensions the electrodes of two samples are also different.

For sample D1 the CNTs are contacted with 100 nm thick

aluminum film with a thin (2 nm thick) adhesion layer of

chromium. For sample D2 the CNTs are contacted with a

70 nm thick gold film on a 2 nm adhesion layer of chromium.

The CNTs are characterized by measuring their Raman

spectra. A typical measured spectrum is shown in the inset to

Fig. 1(f). From the ratio of the Gþ and G� peak amplitudes

we conclude that about 1/3 of our CNTs are metallic or qua-

si-metallic.16 The observation of radial breathing mode

peaks observed between 120 and 140 nm (not shown) points

towards single walled CNTs with diameters between 1.5 and

2.3 nm. The fraction of metallic CNTs can also be estimated

using the transfer characteristics of our devices (Fig. 1(f)).

The ratio of the OFF and ON currents equals 0.4 6 0.1 con-

sistent with the Raman data. The enhanced conduction at

negative gate voltage indicates that the CNTs are p-doped.

The experimental set-up is shown in Fig. 2(a). The sili-

con substrates with the samples are fixed on a flat surface of

a silicon lens, placed inside the cryostat, equipped with

PTFE optical window. Measurements were carried out at

two temperatures: 300 K and 4.2 K. The sensing element of

the device, the CNTs inside the antenna, is located in the

focus of the lens, enabling good coupling to the incident

electromagnetic radiation. The power incident on the cryo-

stat window is measured with a Golay cell. The combined

optical losses at the PTFE window, the lens, etc. are esti-

mated to be approximately 3 dB and are caused primarily by

the reflection losses at the Si lens surface. A backward wave

oscillator (BWO) is used as a source of sub-THz radiation

with a frequency of 140 GHz. The maximum power of the

radiation at the cryostat window was 800 lW and was

adjusted by a wire-grid attenuator. A voltage VG can be

applied between the substrate and one of the antenna electro-

des. All measurements at a fixed gate voltage VG are carried

out with the gate shorted to the ground (VG¼ 0). The

response voltage across the nanotubes Vresp is measured

using a lock-in amplifier while radiation is amplitude-

modulated with a modulation frequency varied from 100 Hz

to 100 kHz. The I-V characteristics of the sample are meas-

ured using a Keithley 2400 sourcemeter.

The IV-curves measured at room temperature are fully

linear (Figs. 1(b) and 1(c)). For sample D1 the resistance is

about 200 kX while for D2 the resistance is about 15 kX.

Focusing first on sample D2 (Fig. 1(c)) at room temperature,

we observe that exposed to radiation with a power of

800 lW the IV curve shifts to the left so that the current at

zero bias voltage equals about 0.1 lA. The zero-current

crossing occurs at a bias voltage of �2 mV. This clearly indi-

cates the appearance of a DC voltage induced by the

FIG. 1. (a) Schematic diagram of the

measurement circuit. (b) Schematics

representation of the sensing element

illustrating the current path from on

electrode to another going from mostly

suspended CNTs to those attached to

the substrate. (c) Scanning electron mi-

croscopy (SEM) image of the CNT

film inside the catalyst island; scale bar

is 0.5 lm. (d) SEM image of device

D1; scale bar is 10 lm. (e) SEM

images of device D2; scale bar is

10 lm; the cross indicates position in

which the Raman spectrum was meas-

ured. (f) Transfer characteristic of de-

vice D2. The inset shows the Raman

spectrum measured in the spot labeled

with a cross in the image (e).

FIG. 2. (a) The general scheme of the experimental setup for recording the response of devices based on carbon nanotubes for THz radiation. IV-curves of D1

(b) and D2 (c). Room temperature dark current as a function of bias voltage compared to dark and photo current as a function bias voltage at 4.2 K. The inset

in (c) shows the differential conductance as function of bias voltage at 4.2 K with and without radiation.
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radiation, which we further refer to as the response voltage

Vresp. At this temperature no significant change in differen-

tial conductance, caused by the radiation, is observed. A sim-

ilar response to the radiation is observed for sample D1

although the magnitude of the response is much smaller

(about 50 lV for maximum radiation power) and detectible

only with the aid of the phase-sensitive lock-in technique.

As the temperature is decreased the resistance of both

samples goes up presumably due to suppression of conduct-

ance of the semiconducting nanotubes. At liquid helium tem-

peratures the IV characteristic of sample D1 remains linear

although the resistance increases to 330 kX. Also, in this

case the radiation induces a DC voltage with a larger value

of 550 lV at the maximum power of radiation, accompanied

by a small decrease in resistance by about 1%. The sample

D2 shows at liquid helium temperatures a nonlinear IV

curve. The differential conductance reaches its minimum at

zero source-drain voltage (see the inset of Fig. 2(c)).

Exposed to radiation we find again a DC shift to negative

voltages of about 3 mV, accompanied by a considerable

increase in conductivity by a factor of 3–4. Upon exposure

to radiation the non-linearity changes also. The conductance

minimum becomes a maximum at a negative voltage of

3 mV, roughly coinciding with the zero-crossing of the IV

curve. This qualitative change in non-linearity is currently

not well understood, and we focus further on the main obser-

vation: the radiation-induced DC voltage and the change in

conductivity-level.

In both samples the response at room temperature

increases linearly with power (Fig. 3(a)). The overall lower

response level in sample D1 is most likely due to its larger

resistance R, which is much larger than the antenna imped-

ance Z0. In this case the power delivered to the CNTs is

inversely proportional to the device resistance. The response

of sample D1 is about 20 times weaker than that of device

D2, consistent with a difference in device resistance by a fac-

tor of 16.

At liquid helium temperatures, 4.2 K, the Vresp depend-

ence on radiation power P is no longer linear for both devi-

ces and in fact shows a region where the sign of the response

is not but positive initially negative. Only for powers larger

than 70 lW the sign of the DC voltage shift is analogous to

what is observed at room temperature. At helium tempera-

ture Vresp has opposite sign for incident powers below

70 lW in case of D1 and below 25 lW in case of D2 (see the

inset of Fig. 3(a)). The fact that we observe this effect in

both devices is an indication that it is generic.

As a check on the measurement-method we measured

Vresp at different modulation frequencies F of the lock-in.

Fig. 3(b) shows the observed Vresp(F) curves. If we define

the response time sresp of the device by fitting with

Vresp ¼ V0
ffiffiffiffiffiffiffiffiffiffiffiffi

1þs2x2
p , we find a response time sresp¼ 120 ls for

the sample D1 and sresp¼ 9 ls for sample D2. Both values

are in fair agreement with the product of device resistance

and geometrical capacitance between the electrodes and the

gate.

Finally, we measured the response for different gate vol-

tages (Fig. 3(c)) for sample D2. We observe at room temper-

ature, that the signal goes down for all radiation-power

levels when the gate voltage is scanned from �3 V to þ3 V.

At liquid helium temperatures the dependence on Vg is not

monotonous and exhibits hysteresis. The latter we attribute

to the high resistivity of the silicon used for the gate. At low

power level the magnitude of Vresp(VG) changes sign in a

narrow range of gate voltages close to zero.

In interpreting the results we assume that the radiation is

absorbed by the charge carriers in the CNTs. The actual tem-

perature of the charge carriers may differ from the phonon-

temperature and is determined by the coupling to the thermal

bath, provided by the substrate and the electrical contacts,

FIG. 3. (a) Response voltage as a func-

tion of incident radiation power of D1

(circles) and D2 (triangles) at room

temperature (filled symbols) and 4.2 K

(hollow symbols). The inset shows the

small power area when the response

voltage Vresp is negative. (b) Response

voltage as a function of the modulation

frequency for the case of maximum

power of incident radiation at 4.2 K.

(c) Response voltage of D2 as a func-

tion of the gate voltage VG at room

temperature and incident power of

800 lW (squares) and at 4.2 K and

incident power of 8 lW (circles). (d)

Schematic band diagrams of a small

gap CNT in the region of contact

between suspended and non-suspended

parts under different gate voltages.

Dotted line shows position of the

Fermi level; upper and lower solid

lines show the edges of conduction and

valence bands, respectively.
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which act as equilibrium reservoirs. The observed decrease

of the device resistance under radiation indicates an overall

heating of the CNTs. Most of the nanotubes forming the

dense network on the catalyst island area are suspended and

they are poorly heat sunk to the substrate. The part of the

nanotubes lying on the surface of the substrates have much

better thermal contact to the substrate. We can thus assume

that the side of CNTs at the electrode contacting the catalyst

island are heated stronger than the part contacted to the other

electrode. The resulting temperature difference should give

rise to the DC voltage across the device, due to the thermo-

electric power (TEP) of the CNTs. Such an interpretation is

consistent with previous work done on CNT films (e.g., Ref.

13), in which the film was heated locally by the laser beam.

The sign of the signal at room temperature indicates that

the main type of carriers in our devices is holes, which is typ-

ical for carbon nanotubes17 and consistent with the I(VG)

data presented in Fig. 1(f). Applying a negative gate voltage

increases the number of holes and as shown in Fig. 3(c) the

Vresp signal is increased consistently with this scenario.

Since the radiation provides a small temperature rise, com-

pared to room temperature, a linear increase with incident

power is plausible.

At liquid helium temperature the observed response is

more complex. The change of the Vresp sign at lower radiation

power may indicate a change of sign of the thermoelectric

power of some CNTs. Indeed, it has been shown before18 that

the sign of the TEP of individual single-walled nanotubes is

tuned by the gate voltage. Importantly, the TEP sign change

with gate voltage was reported in Ref. 18 at temperatures up

to 300 K. Since our devices are made from multiple CNTs

their contributions are averaged so that we are likely to detect

the net response, which leads to a positive TEP at room tem-

perature regardless of the VG value. This would imply that at

low temperatures the response is dominated by fewer CNTs.

Apart from an interpretation based on the thermo-

electric effect one may also consider quasi-metallic CNTs

with a bandgap equal or close to the energy of the radiation

quanta at 140 GHz (which is about 0.5 meV). The response

of these CNTs may be affected by direct optical transitions

across the bandgap. Evidence for such transitions for quasi-

metallic CNTs was presented in experiments on the absorp-

tion of CNT films in the far-infrared part of the spectrum.19

In our case the asymmetry of the devices will result in differ-

ent gate efficiencies for the suspended and the non-

suspended parts of a CNT the shift of the bands with respect

to the Fermi level will be different. Therefore the devices we

study have p-n junctions on the current path from one elec-

trode to another at a certain range of gate voltages. Direct

optical transition in the vicinity of the p-n junction will result

in the appearance of a photo-induced voltage. Fig. 3(d)

explains why this may take place only in a narrow range of

gate voltages close to zero. Outside of this VG range the

Fermi levels stay either in the valence or in the conduction

band of the small gap CNTs and no p-n junctions are formed.

Since the frequency of the radiation corresponds to the

energy of �0.5 meV (�5 K) such an effect can only be

observed at low temperatures and not at room temperature.

We note that DC voltage response to sub-THz radiation

was observed in high-mobility 1D nanostructures and were

ascribed to plasmonic excitations.20 In our case this scenario

is not applicable since the gate electrode is not coupled

directly to the radiation and high-frequency modulation of

carrier density is not taking place.

Finally we discuss the responsivity of the more sensitive

sample D2. The room temperature responsivity is about

2.5 V/W. While this value is not approaching those for the

best available THz radiation detectors they are the best

reported for the CNT-based devices. As stated above at room

temperature the response is thermal in origin and should be

affected mainly by the antenna coupling efficiency. Since the

antenna used in the current work is optimized for the fre-

quency range 0.3–3 THz larger responsivity values may be

expected for a higher THz-frequency range.

At 4.2 K, at low modulation frequencies (below 1 kHz),

the responsivity reaches a value of at least 500 V/W at low

power level.21 The high responsivity at 4.2 K is observed in a

narrow gate voltage range, which makes at the moment prac-

tical applications difficult.

Due to the large impedance mismatch between the

antenna and the carbon nanotube, only a small fraction of the

incident power is absorbed in the nanotube. Comparison

of data obtained with samples D1 and D2 indicates that

decrease of device resistance may further increase the

responsivity. Connecting more CNTs in parallel would

improve the mismatch, but the heat conductance would also

presumably increase, so we believe that devices with smaller

interelectrode distance or smaller contact resistance would

yield better results.

In conclusion, we have fabricated devices with CNTs,

with asymmetric coupling to the thermal bath, as well as pos-

sible asymmetric doping. The devices demonstrate a strong

DC voltage signal in response to radiation in the sub-THz

range in the temperature range from 4.2 to 300 K. The

observed effect is of purely thermal origin at room tempera-

ture and may involve optical transitions over small bandgaps

of quasi-metallic CNTs at low temperatures. Since the pres-

ent experiments contain several different CNTs and the

response is some kind of average, future experiments are

needed with better defined asymmetrically mounted CNTs.
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