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We report on the development of nanowire-based field-effect transistors operating as high sensitivity

terahertz (THz) detectors. By feeding the 1.5 THz radiation field of a quantum cascade laser (QCL) at

the gate-source electrodes with a wide band dipole antenna, we record a photovoltage signal

corresponding to responsivity values >10 V/W, with impressive noise equivalent power levels

<6� 10�11 W/HHz at room temperature and a wide modulation bandwidth. The potential scalability

to even higher frequencies and the technological feasibility of realizing multi-pixel arrays coupled

with QCL sources make the proposed technology highly competitive for a future generation of THz

detection systems. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4724309]

Terahertz (THz) technology has become of large interest

over the last few years for its potential in non-invasive imag-

ing applications spanning from medical diagnostics to home-

land security1 as well as for its peculiar sensitivity to many

molecular absorption lines, appealing for spectroscopic2 and

biological analysis.3 In this context, the development of a

breakthrough solid-state technology for compact and reliable

high power THz sources as well as for fast and high-

temperature THz detectors is highly desired.

Efficient and miniaturized quantum cascade laser (QCL)

sources operating in the THz range have been developed in

the last few years.4,5 Despite the still cryogenic operating

temperatures QCLs actually show high output powers and

efficiencies,5–7 a wide operating frequency range

(1.2–4.5 THz),5,8,9 spectral purity,10 stability, and compact-

ness, therefore becoming the more versatile radiation source

across the far-infrared. However, to make the QCL technol-

ogy appealing and useful for imaging and spectroscopic

applications, the development of a suitable sensitive, fast,

and compact detector technology is crucial to fully exploit

the QCL capabilities.

Many THz detection system approaches have been

developed so far, although a miniaturized room-temperature

detector technology, which can be also easily integrated

in an array configuration, is still largely missing. Conven-

tionally, bolometric systems can be indeed easily coupled

with QCLs11 displaying excellent noise equivalent powers

(NEP¼ 2� 10�14 W/Hz1/2) and high modulation bandwidths

(�1 MHz and above for superconducting elements), but at

the cost of a deep cryogenic cooling and often a low dynamic

range. On the other hand, high-temperature THz detectors

are either not very sensitive, or extremely slow, or operate

well only at frequencies lower than �1 THz, therefore being

not ideal for QCL sources. Commercial micro-bolometer

THz focal plane arrays12,13 can be efficiently coupled with a

QCL but presently provide only moderate sensitivities and

response speed.

Fast electronic THz detectors have been realized in the

last years in high-electron-mobility transistors (HEMT),14 field

effect transistors (FET),15 and complementary metal-oxide

semiconductor (CMOS)16 architectures showing fast response

times in the sub-THz range and high detectivities.17,18

Although in principle easily scalable to even large arrays,

these technologies are still limited to frequencies of few hun-

dred GHz, above which responsivity rapidly drops. However,

the responsivity can be easily maximized with the gate bias,

while measuring the output at the drain with no source-drain

bias applied. This significantly improves the signal-to-noise

ratio. More recently, the FET detection mechanism has been

exploited to develop high-detectivity, room-temperature detec-

tors operating at 0.3 THz employing semiconductor nanowires

(NWs) as active channel in a 1D configuration.19 In the first

implementation, room temperature responsivity values of

�1.5 V/W and NEP� 2.5� 10�9 W/Hz1/2, already compara-

ble with commercial thermal THz uncooled detection systems,

have been obtained.19 Here we report on the development of a

one-dimensional nanowire FET THz detector operating up to

1.5 THz, efficiently coupled with a THz QCLs and showing a

dramatic improvement in terms of sensitivity and modulation

bandwidth.

Semiconductor nanowires represent an ideal building

block for implementing rectifying diodes or plasma-wave

detectors that could be well operated into the terahertz,

thanks to their typical attofarad–order capacitance. As active

channel of our FET detectors we select InAs nanowires since

they show reasonably high electron mobility20 even at room

temperature (l� 1000 cm2/Vs) and a potentially long elec-

tron mean free path, enabling high transconductance at very

low drive voltages.

1.5-lm-long InAs nanowires having a diameter of

�30 nm were grown bottom-up on InAs (111)B substrates

by chemical beam epitaxy (CBE) in a Riber Compact-21 sys-

tem by Au-assisted growth using trimethylindium (TMIn)

and tertiarybutylarsine (TBAs) as metal-organic (MO) pre-

cursors.21 For n-type doping during the growth we used

ditertiarybutyl selenide (DtBSe) as selenium source and fixed

its line pressure at 13.3 Pa to achieve a Se doping level of

�1016 cm3. Se-doping can be used to control both the charge
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density and optimizing source-drain and contact resistance,

while ensuring sharp pinch-off in the FET transconductance.

NWs were then mechanically transferred to a 350-lm-

thick high-resistivity Si substrate with a 500 nm SiO2 insulat-

ing surface layer. The samples were then spin-coated with

e-beam sensitive resist, and contact patterns were exposed

by electron beam lithography. To increase the asymmetry

and therefore the responsivity of our nanowire detectors, we

designed, as contact pads, low shunt-capacitance antennas to

funnel the radiation into the strongly sub-wavelength detect-

ing element. Antenna coupling ensures indeed selective

responsivity to both the spatial mode and the polarization of

the incoming radiation. A broad-band bow-tie (see Fig. 1(a))

dipole antenna has been therefore patterned between the

source and the gate contact, with each bow-tie arm having a

length of 100 lm. The gate was lithographically designed to

be lateral to the nanowire at a distance of 50 nm, with no

physical contact and a channel length L¼ 100 nm (see Fig.

1(b)). Surface oxides were then removed and the InAs con-

tact areas passivated by using a highly diluted ammonium

polysulfide (NH4SX) solution, before contact metal deposi-

tion, to prevent re-oxidation. This treatment proved to be

really crucial for an optimal electrical behavior of our devi-

ces, due to the high surface-to-volume ratio of the nanowires.

Ohmic contacts were then realized by thermally evaporating

a Ti(10 nm)/Au(90 nm) layer onto the samples. The Si sub-

strate was finally lapped down to 80-100 lm, and the device

was mounted on a DIL package, after being preventively

kept one day under vacuum.

The device electrical characterization was performed by

employing the DACs of a SR830 amplifier to drive inde-

pendently the source-to-drain (Vsd) and the gate (Vg) vol-

tages. The drain contact was connected to a current amplifier

converting the current into a voltage signal with an amplifi-

cation factor of 104 V/A. The latter signal was then measured

with an Agilent 34401 A voltmeter reader. An ohmic behav-

ior was observed at room temperature, while sweeping Vsd

from �0.025 to 0.025 V and while varying the gate voltage

in the range [�3; þ3 V]. At gate voltages Vg>�0.5 V, the

FET channel starts to conduct and the resistance Rd reaches a

�600 X value at current saturation; it increases instead up to

about 500 kX in the subthreshold region, i.e., at gate voltages

Vg lower than the voltage pinch off value Vt as shown from

the current (Ids) versus Vg characteristic, plotted in Fig. 1(c)

and measured while keeping Vsd¼ 0.005 V.

Photoresponse experiments were performed by using a

1.5 THz QCL,8,22 fabricated in a double-metal waveguide

and operating at T¼ 10 K in pulsed mode, with a train of

2168 pulses (1.7 A amplitude, 435 ns pulse width, 62.8%

duty cycle) repeated at a modulation frequency of 333 Hz.

The QCL active region design is based on a combined

bound-to-continuum and LO-photon depletion scheme.22

The radiation was collimated and focused on the antenna by

a set of two f/1 off-axis parabolic mirrors, and the photo-

induced source-drain voltage was measured by using a lock-

in without any pre-amplification stage. The vertically polar-

ized incoming radiation impinges from the free space onto

the nanowire devices through a �1 mm diameter pinhole

with an optical power Pt� 200 lW. The latter was measured

with a pyroelectric detector and compared with the Pt values

extracted with a calibrated absolute terahertz power meter

(Thomas Keating Instruments). The detector was moved

with a motorized X-Y translation stage.

The responsivity was extracted from the measured

photo-induced voltage DuðVgÞ ¼ 2
ffiffiffi

2
p

: p
4
:LIA by using the

relation: Rv ¼ ð2
ffiffiffi

2
p
� p

4
� LIA� StÞ=ðPtSaÞ, where St is the

radiation beam spot area, Sa is the active area, and LIA the

lock-in signal. Loading effects due to the finite impedance of

the lock-in input were neglected.19 The latter formula

assumes that the entire power incident on the antenna is

effectively coupled to the nanowire FET. However, owing to

the relatively high nanowire impedance, it is likely that a

considerable fraction of the radiation field is not properly

funneled onto the device due to the impedance mismatch

with the antenna output (<100 X), meaning that our respon-

sivity values have to be considered as a lower limit.

In the present case, taking into account the QCL beam

spot diameter d� 1 mm, St¼pd2/4¼ 0.79� 10�6 m2. More-

over, since the total area of our nanowire transistor including

the antenna and the contact pads was smaller than the dif-

fraction limited area Sk¼ k2/4, the active area was taken

equal to Sk. The latter area is roughly a factor of 2 larger

FIG. 1. (a) Scanning electron microscope (SEM) image of the detector

showing the bow tie antenna patterned between the source (S) and gate (G)

contacts. Each bow-tie arm was 100 lm long and featured an aperture angle

of 105�. (b) SEM image of a lateral gate nanowire device. The source, drain

(D) and gate contacts are marked on the picture. The source and drain pads

are linked through thin connection stripes, having an almost 90� orientation

angle, to one antenna lobe or to the drain main contact area, respectively. (c)

Responsivity of the NW FET to the radiation of a 1.5 THz QCL, modulated

at 333 Hz, as a function of the gate voltage measured at T¼ 300 K, and at

zero applied Vds while the polarization of the incoming beam is at an angle h
with respect to the bow-tie antenna axis. The left vertical axis shows the

current-voltage (Ids-Vg) transfer characteristic measured at room temperature

and at a drain to source voltage Vds¼ 0.005 V.

FIG. 2. Noise equivalent power as a function of the gate voltage. The

dashed line shows the minimum recorded NEP value.
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than the maximum effective area of a dipole antenna as

reported in the conventional antenna theory,23 therefore

making our responsivity values an underestimation.

Figure 1(c) shows the responsivity (Rv) plotted as a

function of the gate voltage Vg by varying the antenna orien-

tation angle (h) with respect to the polarization of the incom-

ing beam. The detector responsivity reaches up to 12 V/W

for h¼ 0, allowing a significant improvement of our detector

performances with respect to previous experimental reports

at 0.3 THz,19 despite the 5 times higher operating frequency.

This is mostly due to three main factors: (i) the one order of

magnitude reduction of the NW resistance; (ii) the antenna

geometry perfectly resonant with the 1.5 THz QCL; (iii) the

narrow gates employed.20 It is worth noticing that while h
increases, the detector responsivity is drastically reduced by

more than one order of magnitude, confirming the efficiency

of the employed antenna geometry.

Figure 2 shows the NEP as a function of the gate volt-

age, measured from the ratio N/Rv, where N is the transistor

noise that we can assume almost equal to the Johnson–

Nyquist one N¼
ffiffiffiffiffiffiffiffiffiffiffi

4kTR
p

as confirmed by previous experi-

mental reports.19 A minimum NEP value of �6� 10�11

W/HHz is reached in the sub-threshold regime, confirming

the dramatic improvement of our detector sensitivity levels,

significantly better than commercial thermal uncooled detec-

tion system operating at frequencies �1 THz.24

To test the response times of our NW detectors we modu-

lated the QCL beam in a frequency range spanning from

33 Hz up to �300 kHz. The detector responsivity as a function

of the modulation frequency is displayed in Fig. 3(a). Within

a four decades bandwidth Rv decreases by a factor of 3, still

remaining significantly higher than 1 V/W, meaning that the

response speed of our room temperature detectors is really

competitive with any cooled detection systems operating in

the far-infrared. It is worth noticing that the employed experi-

mental set-up poses a limit on the maximum modulation fre-

quency at �300 kHz. The corresponding response time

(�3ls) has then to be considered as an upper limit.

Finally, to investigate the dynamic range of our devices

we checked their linearity against the standard THz pyro-

electric system. Figure 3(b) shows the nanowire FET photo-

induced voltage Du measured while varying the QCL drive

current in its operating regime and by simultaneously record-

ing the QCL optical power with a pyroelectric detector while

the modulation frequency is fixed at 333 Hz. The trend is ba-

sically linear, up to the highest QCL power.
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FIG. 3. (a) Detector responsivity plotted as a function of

the QCL modulation frequency. The dashed line is a guide

to the eye. (b) Photoresponse signal Du recorded while

varying the bias/current of the QCL modulated at 333 Hz,

plotted as a function of the corresponding pyroelectric

response. The dashed line is a linear fit to the data.
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