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Abstract
Semiconductor nanowire field-effect transistors represent a promising platform for the development of room-
temperature (RT) terahertz (THz) frequency light detectors due to the strong nonlinearity of their transfer
characteristics and their remarkable combination of low noise-equivalent powers (<1 nW Hz−1/2) and high
responsivities (>100 V/W). Nano-engineering an NW photodetector combining high sensitivity with high speed (sub-
ns) in the THz regime at RT is highly desirable for many frontier applications in quantum optics and nanophotonics,
but this requires a clear understanding of the origin of the photo-response. Conventional electrical and optical
measurements, however, cannot unambiguously determine the dominant detection mechanism due to inherent
device asymmetry that allows different processes to be simultaneously activated. Here, we innovatively capture
snapshots of the photo-response of individual InAs nanowires via high spatial resolution (35 nm) THz photocurrent
nanoscopy. By coupling a THz quantum cascade laser to scattering-type scanning near-field optical microscopy (s-
SNOM) and monitoring both electrical and optical readouts, we simultaneously measure transport and scattering
properties. The spatially resolved electric response provides unambiguous signatures of photo-thermoelectric and
bolometric currents whose interplay is discussed as a function of photon density and material doping, therefore
providing a route to engineer photo-responses by design.

Introduction
Photodetection relies on the ability to convert absorbed

photons into a stable electrical signal.1 Photocurrent
generation at terahertz (THz) frequencies in semi-
conducting nanostructures can be mediated by different
physical mechanisms such as the bolometric effect,2–4

photo-thermoelectric effect (PTE),1,5,6 photovoltaic
effect,7 galvanic effect,8,9 and excitation of plasma waves
(PWs).10–13

InAs nanowires (NWs) have proven to be an efficient
active material for the development of state-of-the-art
field-effect transistors (FETs) operating as room-
temperature (RT) THz photodetectors14,15 due to their

high electron mobility16,17 (up to 6000 cm2 V−1 s−1),
attofarad (aF) capacitance,16,17 and high saturation velo-
city18 (~1.3 107 cm s−1 at a field of 16 kV cm−1), which
can easily enable high transconductance at low gate vol-
tages and high cut-off frequencies18 (~1 GHz). Further-
more, their narrow bandgap and degenerate Fermi-level
pinning allow for the easy formation of stable ohmic
contacts, which become increasingly important as the
transistor is scaled down.
While in the last few years, the dependences of the THz

detection performance of semiconductor NW photo-
detectors on material-related parameters (NW doping,19

carrier concentration, geometry, and/or material choice)
have been widely investigated,20 a systematic study of the
physical mechanisms at the base of RT photodetection is
still lacking.
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Present assumptions indeed only rely on what can be
indirectly inferred by mapping the gate-tunable con-
ductivity through transport experiments, analysis of
photo-responses in antenna-integrated devices,21 or on-
chip photocurrent pump-probe studies.22

Mapping the spatial distribution of the photocurrent in an
active material conversely represents an unambiguous way
to discriminate the dominant process controlling photo-
detection since individual physical mechanisms correspond
to distinctive profiles of the light-induced photocurrent.
Scanning photocurrent microscopy based on far-field

optics has been successfully applied in the last few years to
investigate local photocurrents induced by visible and
near/mid-infrared illumination in one-dimensional (1D)
nanostructures such as NWs13,23 and nanotubes.24–26

The extension of photocurrent microscopy to the THz
frequency range, an interesting frontier for the rapidly
emerging development of micro- and nanosources,22,27

nanodetectors,14,20,25,28 modulators29–31 and metamater-
ials,32 has been, however, traditionally hindered by the
diffraction limit. Overcoming this limitation, near-field
techniques can have a tremendous impact on engineering
the aforementioned technologies with progressively
improved performances and functionalities.
Near-field optical microscopy has shown amazing

potential in the last few years for investigating optoelec-
tronic properties of nanoscale materials and devices,
thanks to its unique capabilities of inspecting charge
carrier density13,33–37 and plasmon–polariton38–41 and
phonon–polariton42–44 modes45 with unprecedented
spatial resolution. Furthermore, near-field microscopy can
allow mapping of the spatial variation and the bias
dependence of local currents induced by light illumina-
tion, therefore tracking the photocarrier transport and
electronic band bending in electronic and photonic
nanodevices.
Very recently, scattering-type scanning near-field opti-

cal microscopy (s-SNOM) has been exploited at THz
frequencies to map photocurrents in graphene46 with sub-
diffraction spatial resolution, exploiting lightning-rod
effects in a metal-coated atomic force microscopy
(AFM) tip illuminated by the THz output of a bulky,
table-top, gas laser.47

Here, we conceive and devise a compact, portable,
scanning near-field system that functions at THz fre-
quencies and is capable of simultaneously performing
photocurrent nanoscopy48–59 and detectorless near-field
imaging60 of a 1D NW field-effect nanodetector with
~35 nm spatial resolution, which corresponds to a wave-
length fraction <λ/3000. The system comprises a
continuous-wave (CW) THz quantum cascade laser
(QCL) coupled to s-SNOM and is here innovatively
exploited to trace and map, unambiguously, the physical
mechanisms inducing light detection at THz frequencies.

Results
Our samples employ Au-catalysed InAs NWs slightly

doped with Se grown by chemical beam epitaxy (CBE)
following a bottom-up approach.61 The resulting crystal-
line phase is wurtzite, and the InAs NWs exhibit {110}
facets and hexagonal cross-sections with lengths ∼2.5 µm
and radii ∼40 nm. Following the fabrication procedure
described in the “Methods” section, the individual NWs
are integrated in lateral-gated FETs.
Figure 1a shows scanning electron microscopy (SEM)

images of two prototypical devices, each consisting of a
single NW-FET with source (S), drain (D), and gate (G)
contacts as indicated. The two devices, denoted NW1 and
NW2, differ in the gate-NW distance d (dNW1= 210 nm,
dNW2= 267 nm) and the channel length l (lNW1=
1.95 µm and lNW2= 0.86 µm). In both cases, the gate
length W (WNW1= 1 µm and WNW2= 328 nm) is smaller
than the FET channel length. The FETs are primarily
characterized through transport experiments, showing a
stable ohmic behaviour, on–off current ratios higher than
10 (NW1) and 3 (NW2), and a lack of gate leakage
through the SiO2/Si substrate (see Supporting
Information).
The conductivity σ of the two devices as a function of

the gate voltage VG is reported in Fig. 1b. The resistivities
ρ at VG= 0 V are ρ0

NW1∼ 3mΩm−1 and ρ0
NW2∼

1.2 mΩm−1, and the transconductances g in the linear
regime are gNW1= 1.6 mSm−1 and gNW2= 13mSm−1.
We estimate the capacitance C between the lateral gate
and the NWs for the two devices as CNW1= 41 aF and
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Fig. 1 a Scanning electron microscopy (SEM) images of InAs NW field-
effect transistors labelled NW1 and NW2, with source (S), drain (D), and
gate (G) contacts indicated. b The conductivity σ of NW1 (black line)
and NW2 (red line) measured at room temperature applying drain-to
-source voltage of VDS= 2 mV for NW1 and VDS= 5 mV for NW2,
reported as a function of the gate voltage VG.
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CNW2= 12 aF by numerical simulation based on a finite
element method (FEM) using the AC/DC module of
commercial software (Comsol Multiphysics). The carrier
mobility µ in the two NWs can be extracted from the gate
capacitance using the Wunnicke metrics62 as µ= gl2/
(CVDS), giving µNW1= 740 cm2 V−1 s−1 and µNW2=
505 cm2 V−1 s−1 for the two devices. From the current
dependence at the applied VDS, we estimate the carrier
density at zero gate voltage ne= (μeρ0)

−1, where e is the
electron charge, obtaining the following estimations for
the two devices: ne

NW1= 3 × 1016 cm−3 and ne
NW2= 1 ×

1017 cm−3. The local modulation provided by the gate
enables us to investigate the photo-response as a function
of the carrier density with an expected carrier density
modulation on the order of 1016 cm−3 V−1.
The near-field photocurrent measurements are per-

formed by combining scanning near-field THz nanoscopy
with the electrical read-out at the S and D contacts of the
FET, as sketched in Fig. 2a. The output of a THz-QCL
emitting at 2.7 THz, operating in CW and linearly p-
polarized, is focused on the 10 nm radius PtIr-coated
AFM tip of an s-SNOM instrument, with a 30° incident
angle relative to the sample surface. The AFM tip couples
to the incident THz light, which is funnelled at its apex63

and interacts with the approached sample. While per-
forming a raster scan of the sample, we simultaneously
monitor the topography with an infrared laser focused on
the AFM probe cantilever and the D–S electrical signal.
Specifically, we detect the D–S photovoltage ΔV when no
VDS is applied (VDS= 0 V) using a high input impedance
(R= 100MΩ), low-noise voltage amplifier, or, alter-
natively, the photocurrent ΔI for a finite VDS by using a
low input impedance (R= 50 Ω), low-noise (50 fA) tran-
simpedance amplifier.
Near-field photoexcitation with the CW THz-QCL

field, impinging on the AFM tip with a 30° angle with
respect to the sample plane, is funneled onto the NW,
introducing an asymmetry along the NW axis and pro-
ducing strongly localized heating in the NW caused by
THz photon absorption via intraband transitions. Con-
versely, interband absorption can be discarded consider-
ing that the ∼356 meV energy gap of InAs64 largely
exceeds the THz photon energy (11.2 meV). The absorbed
heat results in finite gradients of both Te and Tph along
the NW axis that depend on the AFM tip position.
To predict the temperature profiles during a sample

scan, we first simulate the electromagnetic field distribu-
tion along an NW via FEM simulation as a function of the
tip position xtip, and then we extract the power loss map
(see Supporting Information). Interestingly, the simulated
THz field power peaks below the tip apex and at the NW/
electrode interfaces. The Te and Tph corresponding to a
given xtip, i.e., to a given distribution of the THz field, are
then estimated by solving a 1D heat-diffusion model along

the NW, including heat exchange with the substrate65 (see
Fig. 2b, c). Details on the thermal constants employed in
the simulation are given in the Supporting Information.
While the retrieved Te profiles along the NW axis peaked
at xtip (see Fig. 2b), the Tph, which describes the lattice
temperature increase due to the coupling with the hot
electron bath, presents a broader profile that is less
dependent on xtip and peaked at the NW centre. The
photocurrent signal at each xtip value is finally calculated
from these temperature profiles, assuming thermally dri-
ven effects, i.e., bolometric and PTE photocurrents. The
bolometric (IB) and thermoelectric (IPTE) photocurrents as
a function of xtip are reported in Fig. 2d, e following the
expressions:

IB ¼ Rþl=2
þl=2

dσ
dT Tph � T0
� �

dV
dx dx

IPTE ¼ Rþl=2
þl=2σSe Teð Þ dTe

dx dx
ð1Þ

where σ is the electrical conductivity, Se is the Seebeck
coefficient, and x spans the NW length l. The two effects
exhibit consistently different photocurrent profiles.
The expected near-field IB photocurrent profile (Fig. 2d)

resembles the bell-shaped trend of Tph, with a maximum
near the NW centre and constant polarity. In contrast, the
PTE voltage VPTE and the current IPTE= σVPTE exhibit a
sign change along the NW, with zero signal near the NW
centre. The bolometric current IB results from the varia-
tion of σ with Tph, as quantified by the bolometric coef-
ficient dσ/dT. In contrast to PTE, IB could also arise when
the device is homogeneously heated (∇T= 0) and depends
only on the temperature variation with respect to the dark
condition (To= 296 K). The polarity depends on the sign
of the bolometric coefficient, which is negative (positive)
for a degenerate (nondegenerate) semiconductor.
The PTE response instead emerges thanks to the

combination of a finite Te gradient induced by the local
photoexcitation and to a spatially varying Seebeck coef-
ficient Se. For the InAs NWs, a Seebeck coefficient
Se

NW ∼ 150 μVK−1 is extrapolated from the transfer
characteristics (see Supporting Information), in good
agreement with the recently determined temperature
dependence of the transport properties of InAs NWs.66

On the other hand, the Au electrodes have Se
Au∼ 0 μV

K−1, so the interface electrodes/NW acts as a thermo-
couple, able to translate temperature gradients into an
electrical signal. When the tip is at the centre of the NW,
the two opposite PTE currents, originating at the S and D
electrodes, cancel out, resulting in a clearly zero signal
(Fig. 2e). The maximum PTE signal appears at a finite
distance from the metal/NW interface since the difference
(Te−To) reaches its minimum on the metallic electrodes.
The photovoltaic mechanism is not considered for InAs
NWs because the THz incident photon energy is not
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compatible with interband transition photo-exciting
electron–hole pairs. As expected, simulations confirm
that the different photodetection mechanisms that can
come into play in InAs NWs correspond to clearly dis-
tinguishable near-field photocurrent profiles.
To perform photocurrent nanoscopy experiments, we

operate our s-SNOM tip in tapping mode, with an
oscillating frequency Ω. To isolate the components of
the electrical signals due to the near-field photoexcita-
tion, i.e., those induced solely by the light scattered by
the tip, the signals are demodulated at high harmonics
of the tapping frequency Ωn= nΩ, i.e., at the order n in
the range n= 2–5. First, we collect near-field maps
while setting VDS= 0 V on sample NW1, with S
grounded and collecting ΔV at the D electrode, as
sketched in Fig. 3a. ΔV is the superposition of signals
oscillating at the tapping frequency Ω and at its har-
monics ΔVn: ΔV= Σ5

n=0 ΔVn= ΔV0+ ΔV1+ ΔV2+…;
the second-order (n= 2) component ΔV2 is shown in
Fig. 3c for different values of VG. A finite value is

reported only when the tip scans the portion of the NW
that is not covered by the metallic electrodes. Indeed,
the THz near-field is screened by the metal contacts and
fails to photo-excite the portion of NW buried beneath.
The horizontal cut of each individual photovoltage map,
taken by averaging over 50 nm (5 pixels) around the NW
centre (as identified by the topographic image in
Fig. 3a), is shown in Fig. 3e.
In the maps and line profiles, the photovoltage exhibits

a phase change along the NW; it increases in amplitude
approaching the contacts and becomes negligible at the
NW centre, as expected when photodetection is governed
by the PTE. Moreover, the signal progressively increases
with VG, while the position of the zero signal along the
NW axis remains practically unperturbed. Since VDS=
0 V, we can only probe the photovoltage signal that is
directly generated by photoexcitation, as in the case of the
PTE or PW excitation, but we are not sensitive to any
photo-induced variation of the conductivity, i.e., to any
bolometric effect.

–800 –400 0 400 800

0.2

0.4

0

I B
 (

nA
) 

Xtip(nm)

–800 –400 0 400 800

0

1

I P
T

E
(n

A
) 

Xtip(nm)

a

e

b c

ΔR

ΔT
S D

S2 S1S1 S2

PTEBolometricd

Te–To (K) Tph–To (μK)

x (nm) x (nm)

800

x t
ip
 (

nm
)

x t
ip
 (

nm
)

800

–800 –800

–400 –400

400 400

0 0

0 350–350–700 7000 350–350–700 700

00 5 10 15 40 80
Topography

Electrical
read-out

xtip

x

V,I

THz
QCL

DS

G

N
IR

xT

�

Fig. 2 a Sketch of the photocurrent nanoscopy experiment. A THz-QCL coupled to the AFM tip of an s-SNOM photo-excites a single InAs NW
integrated into a FET. Source (S), drain (D), and gate (G) contacts are marked on the graph. In the experiment, the S–D signal is monitored together
with the sample topography. b, c Simulated local increases in the electron Te (b) and lattice Tph (c) temperatures with respect to the room-
temperature To= 296 K induced by photoexcitation in a 1.4 µm long NW with a diameter of 80 nm and its centre at x= 0 as a function of the
position x along the NW axis and of the position xtip of the tip scanning the sample. d, e Simulated photocurrent profiles induced by the bolometric
(d) and PTE (e) effects as a function of the tip position xtip. The slightly positive shift of xtip at which the photocurrent value crosses zero reflects the
near-field photoexcitation with the CW THz-QCL field funnelled by the AFM tip, which is illuminated from one side of the NW with a 30°
incident angle.
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Accordingly, we repeat the same measurements on
NW2 as sketched in Fig. 3b while applying VDS= 1mV at
the S contact, corresponding to a DC dark current of
∼5 nA. The near-field maps and line profiles, corre-
sponding to the second-order (n= 2) component of the
photocurrent ΔI2, are shown in Fig. 3d and f, respectively.
Since the signal is acquired from D, a positive photo-
current corresponds to a current flowing from S to D. At
VG= 0 V, as we illuminate NW2 with THz light, we
observe a ΔI2 signal with constant polarity along the
whole NW, with only small intensity modulations, which
resembles the expected response for the bolometric effect,
plotted in Fig. 2d. Since the number of carriers con-
tributing to the conduction is not affected by THz-light
absorption, the conductance change associated with the
observed bolometric photocurrent can be ascribed to a
temperature-induced mobility variation. Interestingly, by
increasing VG above the pinch-off (VG > 2.5 V), the

photocurrent maps drastically change, and the phase
jump, distinctive of the PTE, reappears. The enhancement
of the PTE, which eventually dominates at high carrier
densities, overwhelming the bolometric response, is
encoded in the dependence of Se on the carrier density ne,
which determines the increase with VG. To elucidate the
interplay between the bolometric effect and the PTE, we
explore the dependence of the photocurrent signal in
NW2 in two opposite regimes: when the photo-response
is dominated by the PTE (VG= 6 V) and when the bolo-
metric effect is dominant (VG= 0 V). Figure 4 shows the
ΔI2 maps and the related horizontal cuts as a function of
the incident THz field power P and as a function of VDS.
The incident power is progressively increased by varying
the bias applied to the THz-QCL heterostructure, and it is
measured with a calibrated power meter (Thomas Keating
THz Absolute Power & Energy Meter System) placed at
the entrance of the s-SNOM instrument. To better
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quantify how the incident power affects the retrieved
near-field signals, we integrated the horizontal line
profiles, extrapolating the area underneath. In the PTE
regime (Fig. 4a–f), the signal increases with the inci-
dent power (see Fig. 4e) and remains almost constant
while varying VDS up to VDS = 10 mV (see Fig. 4f).
Conversely, in the bolometric regime, see Fig. 4g–l, the
near-field photocurrent increases linearly, both with
the incident THz power (see Fig. 4k) and with VDS (see
Fig. 4l).
In addition to thermally driven effects, PW photo-

excitation could generate ΔV and ΔI signals via the
Dyakonov–Shur rectification51 due to the capacitive
coupling between the S and D contacts and the AFM tip.
Since this coupling depends on the relative distance
between the tip and the electrodes, it is influenced by tip
tapping. Accordingly, the PW photo-response can, in
principle, contribute to the demodulated signal at n= 2.
The signal profile and photocurrent versus VG expected
for the PW excitation is the same as that for the PTE,67

meaning that a phase change is expected at the NW
centre. However, the PW photo-response is expected to

increase with the applied VDS because of the forced
injection of electrons in the FET channel and the
enhanced asymmetry induced by the IDS current.11,68

Accordingly, the lack of dependence on VDS in the regime
where we observe the phase change (Fig. 4d) clearly
indicates that the PW effect is here negligible and over-
whelmed by the PTE response.
In all the explored conditions, the PTE photocurrent is

at least four times more intense than the bolometric
photocurrent; however, due to the different dependences
on VDS, the bolometric contribution can eventually
become comparable to the PTE current even at high
carrier density (VG above the pinch-off) if VDS is suffi-
ciently high. This is clearly probed by measuring the VG-
dependent photocurrent maps at VDS= 10mV (see Sup-
plementary Information). At gate voltages VG= 4 V and
VDS= 10 mV, the two physical effects (photo-thermo-
electric and bolometric) become comparable, leading to a
higher detected total photocurrent at the expense of a
mixed detection regime. The dominant role of the PTE is
not surprising considering the giant thermoelectric
response demonstrated in InAs NWs.66
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Detectors relying on the PTE can operate without the
application of any current; conversely, for bolometers, the
detector current represents an additional source of noise.
To take advantage of the strong PTE response of InAs
NWs, the coupling elements used to funnel the THz light
into the nanoscale active region can be designed to favour
the formation of thermal gradients through asymmetric
photoexcitation of the active element. This is achieved by
using a nanoscale antenna with one arm coupled to the
gate and the other to the source or drain electrode.
The carrier density has a paramount role in defining the

mechanism that dominates the photocurrent generation
in InAs NWs at THz frequencies and can be quantita-
tively determined from measurements of nano-optical
properties.13,35,69

To this aim, we exploit the capability of THz-QCL to
serve both as a powerful source and as a phase-sensitive
detector to monitor the change in field scattered by the
InAs NW as a function of the applied VG. The THz light,
back-scattered by the AFM tip, eventually returns into the
laser cavity, perturbing its emission via the self-mixing
effect.61,70 We isolate the near-field contribution to the
back-scattered light by monitoring the QCL contact vol-
tage VQCL and demodulating it at Ωn. The sn signal from
InAs NWs has generally lower intensity than those cap-
tured from the undoped Si substrate and from the gold
electrodes, as seen in the map of the second-order com-
ponent s2 in Fig. 5b and the corresponding topography
(Fig. 5a), where the NW appears as a dark stripe bridging
the much brighter gold contacts. The self-mixing signal s2
is a function of the length Lext of the external cavity
defined by the AFM tip and by the laser emission facet
such that self-mixing fringes can be acquired by changing
Lext with a delay line in the optical path. The fringes
collected at three different spots on the sample corre-
sponding to the NW, substrate, and electrodes are shown
in Fig. 5d. The phase of the back-scattered field (φn) is
directly related to the phase of the self-mixing fringes.
By scanning the sample, we observe a change in the

amplitude and degree of asymmetry of the self-mixing
fringes due to the variation in the scattered intensity,
which is fed back into the laser cavity. The self-mixing
contrast is evaluated by subtracting the signal from the
substrate and by normalizing the maps to the value
retrieved on the gold electrodes. The line profiles are
extracted by averaging the horizontal cuts of the maps of
Fig. 5b in a 50 nm range centred on the NW. Negligible
variations are seen by changing the current flowing in the
NW with VDS (see Supporting Information). In contrast,
as ne increases with VG, we observe a clear change in the
near-field contrast at a fixed Lext (see Fig. 5b, c). This
change can be attributed to variations in the dielectric
permittivity ε of the NW with carrier density ne, as
described by the Drude model.

The field scattered by the tip is indeed related to the
incident field by the complex-valued scattering coefficient
σs ¼ ð1þ rpÞ2αeff , where rp is the Fresnel coefficient
accounting for the reflection by the sample surface and
αeff is the effective polarizability that depends on the
sample-tip near-field interaction and is the function ε. We
can expand the second-order scattered signal s2 in ε in the
framework of the point dipole moment model,71 as
detailed in the “Methods” section, to trace the changes in
s2 to the dependence of ε on ne.
In the investigated carrier density range, the model

predicts a small variation in the signal amplitude and a
consistent shift of the phase of the scattered field. To
disentangle the effects of carrier injection on the phase
(φ2) and amplitude (s2) of the scattered field, we acquire
the self-mixing signal of NW1 as a function of Lext at
different gate voltages, as reported in Fig. 5e. While s2
remains barely unchanged at VG values up to 6 V, a phase
drift is observed, a signature of a signal depletion at
increasing VG in the maps, at constant Lext in Fig. 5b. The
phase shift can be attributed to the photoexcitation of
plasmon resonance of the NW,13 whose frequency mat-
ches the probe photon energy at carrier densities on the
order of 1017 cm−3. To compare the observed trend with
predictions based on the Drude model of ε of the InAs
NW (see “Methods”), we evaluate the carrier density ne
corresponding to the applied VG from the transconduc-
tance curve in the range VG= 1–6 V while assuming
constant mobility (Fig. 5f). The signal amplitude s2 is
normalized to the predicted value for VG= 1 V to rule out
any dependence on the acquisition parameters (align-
ment, self-mixing parameters, THz coupling to the tip).
The model predicts the observed trends of signal ampli-
tude and phase, but it indicates that ne is overestimated. A
better agreement is reached by dividing the extracted ne
values by a factor of 1.6, meaning that the carrier mobility
is slightly underestimated here (see Fig. 5f).
The carrier density ne corresponding to the applied VG is

determined from the transconductance curve in the range
VG= 1–6 V, assuming constant mobility. More carriers
are injected in the NW, more the plasmon resonance of
the NW13 approaches the probe photon energy, resulting
in a phase shift of the field scattered back into the QCL to
produce the self-mixing signal. To rule out any depen-
dence of the absolute value of s2 on the acquisition para-
meters (alignment, self-mixing parameters, THz coupling
to the tip), the signal reported in Fig. 5f is normalized to
the predicted value for VG= 1 V (green open circle).
The THz response at 2.7 THz shows a strong depen-

dence on the carrier density ne
34 in the range 1016–1018

cm−3, and the trend of the self-mixing signal of the NW
indicates that at VG up to 6 V, the gating effect is not
saturated, as it can occur when the charge carriers in the
NW shell screen the gate potential, and we are then still
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able to inject carriers into the NW. Finally, by exploiting
the imaging capability of s-SNOM, we observe that the
self-mixing signal in Fig. 5b, c varies along the NW axis,
exhibiting a minimum contrast near the D contact, which
could be induced by local variations in the carrier density
caused by crystal impurities.

Discussion
In conclusion, we exploit photocurrent nanoscopy at

THz frequencies to identify the photodetection mechan-
isms in InAs NW FETs. Once the radiation of a THz QCL
source impinges on the s-SNOM AFM tip, we capture
snapshots of the photocurrent flowing in the strongly

subwavelength NW section, and we retrieve clear sig-
natures of two thermally driven processes: the PTE and
the bolometric effect. The interplay between these two
mechanisms is discussed as a function of the carrier
density, VDS and incident THz power.
Interestingly, at VDS= 0 V, the PTE dominates at high

carrier density. Such a condition is extremely advanta-
geous in engineering RT photodetectors combining low
noise-equivalent powers (NEPs) and high speeds. Indeed,
the zero-bias operation reduces dominant noise sources
such as flicker noise, shot noise, and generation-
recombination noise, owing to the absence of a static
current. Moreover, the high carrier density operation
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Fig. 5 Detectorless near-field optical microscopy. a Topography of the NW1 nanowire. b Self-mixing intensity maps demodulated at 2Ω (s2) at
different VG values scaled to the substrate value and normalized to the value measured at the gold contacts. The maps are acquired at fixed Lext=
33.5 μm, corresponding to the maximum of the individual self-mixing fringes on gold electrodes. c s2 line profiles obtained by integrating horizontal
cuts of the s2 maps in a 50 nm range around the NW1 centre and at different VG values. d Self-mixing fringes as a function of the external cavity
length Lext at VG= 0 V. Individual curves correspond to different positions on the sample, marked as coloured crosses in panel a: blue for the gold
electrode, red for NW1, and black for the substrate. e Self-mixing fringes acquired at a fixed position on NW1 as a function of the external cavity
length Lext for different gate voltages VG. f Amplitude s2 (black) and phase φ2 (blue) of the second-order demodulation self-mixing signal of panel e as
a function of the carrier density ne estimated from the transconductance curve assuming a constant mobility (open triangles), together with the
predictions of Eq. (4) (solid lines). The experimental s2 values are scaled by a factor of 0.55 μV−1 to match the model at VG= 1 V. Better agreement
between the experiment and model is observed for carrier densities ne scaled by a factor of 1.6 (full triangles)
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entails a reduction of the channel resistance (the NW can
be operated at its maximum conductivity state), which, in
turn, results in a proportional reduction in the overall RC
time constant. Eventually, the positive correlation
between the device temperature and the Seebeck coeffi-
cient, given by the Mott relation, makes the PTE
mechanism ideal for RT operation. On the other hand, to
take full advantage of the bolometric detection mechan-
ism, low temperatures are preferable because of the
reduced lattice thermal conductivity, and suitable device
architectures capable of minimizing the thermal exchange
between the NW and its surroundings, such as suspended
NW architectures, should be employed. The achieved
results provide a route for engineering THz RT photo-
detectors with larger NEPs and inherently high speeds,
which could be attained by favouring the formation of
light-induced thermal gradients along the NW axis to
exploit the highly efficient photo-thermoelectric response
of InAs NWs and by the inherently small (attofarad)
capacitance. In InAs NWs, knowledge of the local pho-
tocurrent can be used to select the ideal position of the
lateral gate in a planar NW geometry, where the gate is
coupled to one of the arms of a dipole antenna.14 In turn,
this choice can simultaneously maximize the photo-
current and determine the dominant detection mechan-
ism. By maximizing the photocurrent, the NEP can be
reduced.21,72

On the other hand, it is well known that a specific
detection mechanism directly affects both the NEP and
the response time of a detector, and this is valid for dif-
ferent material platforms.73–75 Indeed, a device operating
via the PTE, not requiring a direct bias through the
channel (unlike what happens in a bolometer65,73,75), is
less prone to a number of noise sources, as mentioned
before: flicker noise, generation-recombination noise and
shot noise all scale with increasing current, eventually
dominating the noise figure of a bolometer even at RT.
Therefore, THz photocurrent nanoscopy measurements
indicate a way to reduce NEP by identifying a route to
selectively activate the PTE.
Selective activation of the PTE detection mechanism would

also allow increasing the detection speed, which, in a ther-
mally driven THz photo-response, is limited by the efficiency
of the energy transfer between incoming photons and the
photo-detecting system. In the case of the PTE, the photo-
detecting system is the electronic thermal distribution that is
modified by the absorption of a photon.65 The characteristic
timescale of the photo-response is then given by the elec-
tronic specific heat, which limits the rise-time of the signal,
and by the electron cooling rate (mainly towards the phonon
bath). On the other hand, the bolometric effect is driven by a
change in the lattice temperature, which occurs subsequent
to the formation of a temperature gradient in the electronic
distribution,65 i.e., the lattice temperature changes as a

consequence of the increase in the electronic temperature, in
agreement with the model described in Fig. 2.
The proposed THz nanoscopy investigation will open

up research opportunities in many application domains:
real-time pulsed imaging and time-of-flight tomography;
time-resolved THz spectroscopy of gases, complex
molecules and cold samples; coherent control of quantum
systems; quantum optics, where high-power pulses can
drive molecular samples out of equilibrium and ultrafast
detectors can capture such an effect; metrology; and ultra-
high-speed communications, where THz frequency car-
riers will become increasingly more important in the
quest for higher bandwidth data communications and
finally can promise extraordinary impacts on the market
for biomedical imaging, security and process control. The
photocurrent distributions and polarities corresponding
to the two effects are consistently different, making pho-
tocurrent nanoscopy a very valuable tool in investigating
photo-conduction in low-dimensional materials.
Furthermore, we demonstrate that a detectorless s-

SNOM system built with a THz-QCL can serve as a
multimodal near-field microscope, providing com-
plementary information on optical properties via self-
mixing interferometry. The strong dependence of the
THz scattered intensity makes this technique particularly
useful to probe the Drude response to THz fields for
charge carrier densities in the 1016–1018 cm−3 range.

Materials and methods
Sample fabrication
Au-catalysed n-doped InAs NWs are grown by CBE on

InAs (111) substrates using trimethylindium and tertiar-
ybutylarsine and ditertiarybutylselenide as metal-organic
precursors. As-grown InAs NWs have an average length
of 2.3 ± 0.5 μm and radii in the 40–120 nm range. NW
FETs are realized with standard nano-fabrication meth-
ods. NWs are transferred from the growth substrate to the
host substrate via dry transfer. The host substrate is a 350-
μm-thick intrinsic silicon wafer capped by 500 nm SiO2.
Individual NWs are then geometrically analysed with
SEM imaging, and electrical contacts are defined by
aligned electron beam lithography. Before metal eva-
poration, a chemical wet passivation step is performed on
the exposed NW areas. The ammonium polysulfide
(NH4)2Sx solution, employed for this step, removes the
oxide layer that covers the NW before metallization, thus
ensuring Ohmic metal-semiconductor contacts. The
lateral-gated FETs are then finalized by the thermal eva-
poration of a 10/100 nm Cr/Au layer and lift-off.

Near-field microscopy
The THz-QCL is mounted in a liquid helium

continuous-flow cryostat with a polymethylpentene win-
dow and maintained at a fixed heat sink temperature of
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13 K. The emitted THz beam is collimated using a 90° off-
axis parabolic mirror with an effective focal length of
50 mm. The collimated THz beam is fed into the entrance
optical port of a commercial near-field microscope
(NeaSNOM, Neaspec, Martinsried, Germany). The opti-
cal path length is varied using a delay line, with a linear
translation stage having a 30 nm precision. In the
microscope, a second paraboloid mirror with an equiva-
lent focal length of 25 mm focuses the beam onto a PtIr
tip (RMN-25PtIr300B-H10) having a nominal apex radius
of 10 nm and a shank length of 80 μm that is resonant at
tapping frequency Ω= 20 (±30%) kHz. The laser polar-
ization lies in the plane containing the tip to efficiently
induce an oscillating dipole in the tip. The metallized
AFM probe in close proximity to the NW can influence
the potential in the transistor channel and thus photo-
current generation by screening the gate field. To mini-
mize this impact, we do not electrically ground the metal
cladding of the tip. To maximize the sensitivity to
coherent optical feedback, in the self-mixing measure-
ments, the QCL is driven in a continuous wave at the
current I= 780 mA (J= 256 A cm−2), which is just 5%
higher than the threshold current density (Jth= 240 A
cm−2), using a highly stable current generator (Lightwave
Electronics, mod. QCL 2000). To perform photocurrent
nanoscopy, the QCL is driven in a continuous wave with a
current in the range I= 780–830mA. The THz radiation
scattered by the sample is collected by the same focusing
parabolic mirror and coupled back to the laser cavity
along the same incident optical path. The voltage mod-
ulation across the QCL terminals produced by the self-
mixing effect is pre-amplified using a low-noise amplifier
(DL Instruments, mod. 1201) and demodulated up to the
highest harmonic order (n= 5) allowed by the electronic
card of the NeaSNOM. The average optical path length
from the QCL front facet to the tip is 60 cm. Approach
curves reveal that the second harmonics (n= 2) of the
electrical signals are already free from far-field back-
ground contribution (see Supporting Information), and
they are chosen as experimental result metric.

Near-field self-mixing signal and carrier density estimation
In the framework of the point dipole moment

model,63,71,76 the effective probe polarizability αeff can be
expressed in terms of the electrostatic coefficient α, which
is the dipole-polarizability, and β, which is the quasi-static
reflection coefficient:

αeff ¼ α

1� αβ
16πðRþhÞ

ð2Þ

where h is the sample-probe distance and R is the tip
radius. To estimate the second-order scattering contribu-
tion to the s-SNOM signal s2, we consider the second-

order expansion of αeff at a power of h, which is varied
with a sinusoidal function at a frequency equal to the
tapping frequency. The second-order coefficient is

s2 / � 3
128

α2βð1þ βÞð8þ αβÞ ð3Þ

We can expand Eq. (3) in the dielectric constant ε of the
NW considering that β ¼ ðε�1Þ

εþ1 and that for a metal-coated
tip α ¼ ðε�1Þ

εþ2 � 1. The expression of the complex-valued s2
simplifies as

s2 / �3ε
ð7þ 2ε� 9ε2Þ

ð3εþ 5Þ3 s2 ð4Þ

The permittivity is described by the Drude model as

ε ¼ ε1ð1� ω2
pl

ω2�iω
τð ÞÞ, where the high-frequency dielectric

constant ε∞= 13.13 as in ref. 13; ωpl is the plasma fre-
quency, which depends on the carrier density

ωpl ¼
ffiffiffiffiffiffiffiffiffi
4πne
ε1m�

q
; m* is the carrier effective mass (=0.023me);

me is the free electron mass; τ= 10 fs is the Drude scat-
tering time as in ref. 13 and ne is the carrier density tuned
with the lateral gate.
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