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Topological insulators (TIs) represent a novel quantum state of matter, characterized by edge or 

surface-states, showing up on the topological character of the bulk wave-functions. Allowing electrons 

to move along their surface, but not through their inside, they emerged as an intriguing material 

platform for the exploration of exotic physical phenomena, somehow resembling the graphene Dirac-

cone physics, as well as for exciting applications in optoelectronics, spintronics, nanoscience, low-

power electronics
 
and quantum computing. Investigation of topological surface states (TSS) is 

conventionally hindered by the fact that in most of experimental conditions the TSS properties are 

mixed up with those of bulk-states. Here, we devise a novel tool to unveil TSS and to probe related 

plasmonic effects. By engineering Bi2Te(3-x)Sex stoichiometry, and by gating the surface of nanoscale 

field-effect-transistors, exploiting thin flakes of Bi2Te2.2Se0.8 or Bi2Se3, we provide the first 

demonstration of room-temperature Terahertz (THz) detection mediated by over-damped plasma-

wave oscillations on the “activated” TSS of a Bi2Te2.2Se0.8 flake. The reported detection performances 

allow a realistic exploitation of TSS for large-area, fast imaging, promising superb impacts on THz 

photonics.  

The raising interest in THz radiation (loosely defined as the 0.1−10 THz frequency range, 3000 - 30 μm 

wavelength range) and in the related application-oriented issues in everyday life, requires the progressive 

development of sensitive and performing systems exploiting powerful, stable and coherent sources as well as 

fast, sensitive and portable photodetectors. These key priorities prompted in the last decade a major surge of 

interdisciplinary research, encompassing the investigation of different technologies in-between optics and 

microwave electronics, different physical mechanisms and a large variety of material systems offering ad-

hoc properties to target the expected performance and functionalities. 
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In this context, a wealth of room-temperature (RT) detection technologies
1
 have been recently 

proposed and implemented, e.g, focal plane arrays (FPA) of microbolometers based on semiconductor or 

superconductor thermal sensing elements, photoacoustic conversion detectors based on carbon nanotubes
2 

and fast nonlinear rectifying electronic components such as Shottky diodes, high-electron-mobility 

transistors (HEMT) and field effect transistors (FET)
1,3

 exploiting III-V semiconductors,
3
 semiconductor 

nanowires,
4
 carbon nanotubes,

5
 and more recently bi-dimensional (2D) materials, like graphene.

6-9
  

FET THz detectors conventionally operate at RT in the overdamped plasma waves regime (or 

distributed self-mixing regime) in which THz rectification appears when the electromagnetic ac field, 

coupled to the source (S) and gate (G) electrodes, simultaneously modulates the carrier density and drift 

velocity.
10,11

 The resulting current exhibits a continuous (dc) component, whose magnitude is proportional to 

the intensity of the incoming radiation, and can be measured at the drain (D) contact either in a short circuit 

(photocurrent mode) or in an open circuit (photovoltage mode) configuration. This mechanism depends on: i) 

the gate capability to modulate the channel density, i.e. the FET’s transconductance (gm), and ii) the 

asymmetric feeding of the ac field into the channel. The first condition can be achieved by increasing the 

gate-to-channel capacitance. For the second condition to be fulfilled, the S and D electrodes must have 

different geometries or the channel itself conceived to be intrinsically asymmetric.
12

  

Under this picture, if the electronic properties of a 2D active-channel material are properly 

engineered, THz radiation may activate over-damped plasma waves, leading to detection that can be a tool to 

unveil/investigate specific surface states -related plasmonic phenomena. 

Topological insulators can be, in this perspective, a very intriguing material platform.
13-16

 TIs are 

semiconductors in the bulk, while they exhibit metallic conduction at the surface, due to the existence of 

well-defined topological surface states (TSS). TSS form a Dirac cone around the Γ point and their presence is 

determined only by the bulk electronic structure, in which the strong spin-orbit interaction produces a 

symmetry inversion in the band gap order, giving rise to a topologically non-trivial band configuration.
13 

The activation and exploitation of TSS in an active device is a very demanding task, although one can easily 

release the ground-breaking potential for a variety of applications,
14,17,18,19

 and appealingly, even for light 

detection: i) the TSS are gapless, enabling charge carrier generation by light absorption over a very wide 

energy spectrum - including the ultraviolet, visible, near-infrared, mid-infrared, and THz spectral regimes - 

with a signal-to-noise ratio (SNR), which, via thickness control, can largely exceed that of conventional 

photo-detecting material (as bulk Hg1−xCdxTe)
1
; ii) the optical and electronic properties can be engineered by 

playing with the material stoichiometry;
20,21

 iii) the TSS mobility can reach values even larger than graphene 

due to the topological protection that prevents backscattering effects;
22

 vi) with almost the same high-

absorbance of graphene, they can exploit a tunable surface band gap which is a major need in 

optoelectronics;
9
 v) the two-dimensional electron gas (2DEG) arising from the TSS of three-dimensional 

(3D) TIs supports a collective excitation (Dirac plasmon) in the THz range.
23

 

 Presently, TSS have been only revealed via angle-resolved photoemission spectroscopy,
20,24

 in TI 

samples showing sufficiently high structural quality (both stoichiometric and crystallographic), i.e., a Fermi 

level shifted from the bulk band gap and pinned by the bulk states occupied by doping electrons or holes. 
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Conversely, TSS are not accessible via conventional transport measurements;
25

 as an example, the TSS 

conductivity in samples exploiting Bi2Se3, a prototypical TI material, is usually overshadowed by the high 

residual bulk conductivity. Furthermore, the presence of Se vacancies favors the formation of Bi-O bonds,
26

 

which induces rapid oxidation and surface degradation.  

Recently, the optimized use of the Bridman-Stockbarger method in vacuum/inert atmosphere,
27

 

proved to be a valuable tool to reduce the amount of vacancies in TI samples, allowing chemical inertness 

toward surface oxidation and the capability of a fine tuning of the Fermi level,
27

 opening appealing 

perspectives for band-structure engineering of TI heterostructures. In this context, bismuth chalcogenides 

alloys have established themselves as intriguing building blocks for optoelectronic applications at RT: their 

TSS carries can reach very high-mobility (9000 cm
2
/Vs),

28
 and superb carrier density tunability (~100%) 

through electrical gating.
29

 This makes these materials ideal to investigate THz detection mediated by TSS in 

the over-damped plasma-wave regime, providing an intriguing way to unveil the TSS, optically. 

In this letter, we report on the first demonstration of THz detection in top-gated nanometer FETs 

exploiting thin Bi2Te(3-x)Sex flakes. This material platform is very interesting for TSS investigations because 

on one side, the Te-free alloy, Bi2Se3, shows a topologically non-trivial energy gap of 0.3 eV, about ten times 

higher than thermal excitation at RT,
15

 and on the other side, recent experiments
20 

unveiled that the Fermi 

level of high Te-content alloys, like Bi2Te2.2Se0.8, crosses only the TSS Dirac cone, meaning that its TSS 

behave as an ideal 2D electron gas. Here, we compare THz detection in antenna-coupled FETs having as 

active channel the surfaces of Bi2Se3 (sample A) or Bi2Te2.2Se0.8 (sample B). 

Single-crystalline ingots of Bi2Se3 and Bi2Te2.2Se0.8 were grown from melt by the vertical 

vacuum/inert atmosphere optimized Bridgman-Stockbarger method (see Methods). Exfoliated flakes were 

then identified via optical and scanning electron (Figs.1a-b) microscopy (SEM) and characterized with 

atomic force microscopy (AFM) (Figs.1c-d) and micro-Raman spectroscopy (Figs.1e-f) (See Methods). Thin 

flakes (h ~ 10 nm, corresponding to ~ 7 quintuple layers) were then individually contacted with proper 

adhesion layer/metal sequences to define the S and D electrodes via aligned electron beam lithography 

(EBL) (see Methods). The S and G electrodes were then patterned in the shape of a half 100° bow-tie 

antenna, introducing the required asymmetry for over-damped plasma-wave detection (see Methods). The 

SEM images of the device are shown in Figs. 2a-d, together with the conceived device schematics (Fig. 2e). 

Flakes having total length < 2 μm have been selected as active non-linear elements of our FETs, in order to 

reduce both the parasitic capacitance and the resistances in the un-gated transistor regions. 

Figures 3a-b shows the transconductance characteristics of sample A (a) and B (b) measured while 

keeping fixed the source-drain voltage VSD = 1 mV, and while maintaining the gate bias (VG) below the 

breakdown voltage of the top-gate oxide (estimated to be ≈ 15 V). The unveiled n-type FET behaviours are 

likely due to Se vacancies, crystal defects or environmental doping. In a rigorous approach, two types of 

carriers (TSS and bulk) should be considered. Below, we roughly extracted carrier density (n) and active 

channel material mobility (μ) as n = CgcVth/(e·h·Ag) where Cgc is the gate-to-channel capacitance, Vth is the 

FET threshold voltage, e is the electron charge and Ag is the area of the gated region and µ = (neρ)-1 
= 

Lg
2
/(CgcVthRg) where ρ is the channel resistivity at VG = 0, Rg is the resistance of the gated region and Lg the 
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gate length (see Methods). We obtained n = 4.7 x 10
18

 cm
-3

 and μ = 136 cm
2
/Vs for Bi2Se3 (sample A) and n 

= 2.8 x 10
19

 cm
-3

 and μ = 210 cm
2
/Vs for Bi2Te2.2Se0.8 (sample B). Sample A shows an almost one order of 

magnitude higher conductivity modulation with VG, with an inaccessible charge neutrality point, as expected 

for oxide-gated FETs at RT.
30

 In both cases, the huge hysteresis is ascribed to traps activated inside the oxide 

layer above the flakes of the TI and at the interface between the two materials.
18

  

A deeper insight on the transport properties is provided by the analysis of the temperature 

dependence of the device resistance R(T) (see Methods). In the Bi2Se3 flake, R decreases while increasing T 

(Fig. 3c) and in the high-temperature range its electrical behavior can be fully explained in terms of an 

activated transport regime. For T > 40 K, R(T) follows the Arrhenius law R ∝ exp(Δ/kbT), where kb is the 

Boltzmann constant and Δ is the activation energy which results to be 37 ± 2 meV from a fit to our data. For 

T < 20 K, R saturates to an approximately constant value (22 MΩ) (Fig. 3d); this suggests that the metallic 

surface states start to provide a dominant contribution to the overall conductivity.
31

 The temperature 

dependence of the material mobility in the 200 –300 K range follows the power law T
-γ
, where γ = 1.8 ± 0.2, 

underlying that the dominant scattering mechanism in the Bi2Se3 flake, at high temperature, is the electron-

acoustic phonon scattering.
32

 Conversely, the exfoliated Bi2Te2.2Se0.8 behaves like a highly degenerate 

semiconductor: R(T) follows indeed the metallic law linear trend R = Rrt·[1+ α(T-T1)], where α is the positive 

thermal coefficient (α = 1.4·10
-3

 K
-1

), T1 = 300 K and Rrt is the RT resistance  (Fig.3e).  

To measure the photoresponse we employed a tunable electronic source operating in the 0.265-0.375 

THz range (see Methods). According to the Dyakonov-Shur theory,
3,6

 in the case of non-resonant 

(overdamped) detection, a diffusive model of transport applies (resistive self-mixing regime).
6 

The latter 

predicts a second-order nonlinear response when an oscillating THz field is applied between gate and source. 

The photovoltage is then: 

 

where the constant η represents the (antenna-dependent) coupling efficiency of the incoming radiation,
6
 σ is 

the overall channel conductivity, Rch is the total S-to-D resistance and ZL is the (complex) impedance of the 

readout circuitry. Because of hysteresis effects, photodetection and conductivity were compared for the same 

sweep. The experimental photovoltages Δu and the resultant responsivities (see Methods) are shown in Fig. 

4a and 4b for sample A and sample B, respectively. Equation (1), applied to the up-sweeps plotted in Figs. 

3a-b, results in the predicted photovoltage trends shown in the inset of Fig. 4a and on the left vertical axis of 

Fig. 4d, for sample A and sample B, respectively. The comparison with the corresponding experimental Δu 

curves, allows identifying the physical mechanisms at the origin of the observed photodetection. 

In the case of sample A (Fig. 4a), after an almost flat region, the responsivity Rν (see Methods) 

decreases while increasing VG, in evident contrast with the overdamped plasma-wave model (inset Fig. 4a).
10

 

As already demonstrated in graphene FETs,
6
 THz detection in an antenna-integrated FET can be, under 

specific geometrical conditions, mediated by photo-thermoelectric (PTE) effects occurring along the FET 

channel when the thermal distribution of carriers at the S is “heated” more efficiently by the incoming 

radiation due to the asymmetrical antenna design (see inset of Fig. 4c). As recently demonstrated,
33

 TSS in 
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Bi2Se3 can enhance PTE effects. The expected PTE voltage (VPTE) is proportional to the material Seebeck 

coefficient (Sb) which, in the case of non-degenerate semiconductors with only one carrier type, is related to 

the charge carrier density (n) via the relation: 

     (2) 

Here A is a constant that depends on the dominating scattering mechanism (A = 2 for acoustic phonons), kB 

and hp are the Boltzmann and Planck constants, respectively, q is the carrier charge (q<0 for n-type 

semiconductors) and σ = neµ. In order to infer the dependence of S (and then VPTE) from VG, both σ(VG) and 

µ(VG) should be known. At RT and taking into account the small Cgc value, combined with the limited gate 

voltage swing from -10 V to + 10 V, the gate voltage dependence of the material mobility can reasonably be 

neglected over σ(VG). Under this approximation, VPTE is then estimated as: 

                                                                   (3)  

where δTel is the electron temperature gradient along the FET channel and the last factor takes into account 

the loading effects. The gate bias dependence of the ratio VPTE/δTel is shown in Fig.4c. A very good 

qualitative agreement is found between the measured photovoltage Δu (right vertical axis of Fig.4a) and the 

ratio VPTE/δTel (Fig.4c), from which a channel electron temperature gradient of δTel ~ 100mK can be inferred. 

It is worth mentioning that equation (3) does not take into account the possible thermoelectric gate 

independent shift arising from the ungated regions of the channel. Furthermore, for high positive VG the 

Seebeck coefficient approaches zero non-asymptotically (the loading term is ~1 well above threshold): this 

can be related with the charge density increase above threshold, meaning that the FET material channel 

cannot be treated here as a non-degenerate semiconductor. In the degenerate case, the Sb~ln(1/n) dependence 

of eq. (2) has to be replaced by Sb ~ n
-2/3

 for which the expected asymptotic behavior would hold.
34

  

Conversely, in sample B (Fig. 4b), the experimental Rν curve well agrees with the overdamped 

plasma-wave predictions (Fig.4d): Rν peaks at high positive VG although no sign switch is visible at VG ~ 0V 

and an offset is present. Both features can be ascribed to a thermoelectric contribution of the ungated regions 

of the Bi2Te2.2Se0.8 flake, as already shown in graphene THz detectors.
6
 For sake of comparison the 

background signal Δudark, measured while blanking the THz beam is shown on the inset of Fig. 4b. To better 

elucidate the overdamped plasma wave contribution, Fig. 4d (right vertical axis) shows the experimental 

photovoltage value  = ΔI×σ-1 
extracted from the difference between the S-D 

current measured with (ISD,on) and without (ISD,off) the THz beam and from the measured conductivity σ (Fig. 

3b). The comparison with equation (1) (Fig. 4d, left vertical axis) shows an excellent agreement with the 

theoretical plasma-wave related behavior. Furthermore, by comparing ∆u* (Fig. 4d) and Δu (Fig. 4b) we get 

Δu/Δu* ~ 0.1, as expected if one considers that ΔI×σ-1 
is much less influenced by the loading than the 

photovoltage, since the former is a purely dc measurement, not affected by the device capacitive reactance.
7
 

It is worth mentioning that, in such dc configuration, the electrons thermalize more efficiently with the 

lattice, then reducing significantly the thermoelectric effect. 
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The achieved overdamped plasma-wave detection in the Bi2Te2.2Se0.8-based FET is mediated by the 

gated 2D electron gas of the massless Dirac fermions in the TSS.
14,20

 This conclusion is supported by the 

following arguments. From the transport experiments (Figs. 3), we can retrieve the photovoltage value 

expected in the resistive self-mixing regime (eq. 1) for samples A (inset Fig. 4a) and B (left vertical axis Fig. 

4d). The comparison shows that, under almost identical coupling conditions (η value, eq. 1), the expected 

rectified photovoltage is one-order of magnitude larger in sample A than in sample B. If one assumes that the 

rectification operated by the self-mixing of over-damped radiation-induced charge density waves occurs in 

the bulk materials, the rectified photovoltage (eq.1) should be more intense in sample A than in sample B. 

Conversely, no evidence of plasma-wave detection is visible in sample A. This provides the first 

experimental indication of plasma-wave detection mediated by TSS in an active TI-based device, and the 

first optical method to unveil TSS.  

Maximum Rν of 3.0 V/W and 0.21 V/W have been reached for sample A and B, respectively. Under 

the assumption that the detector noise figure is dominated by the thermal Johnson-Nyquist contribution Nth = 

(4RchkBT)
½
, we can infer the noise-equivalent power (NEP) i.e. the lowest detectable power in a 1 Hz 

bandwidth that can be calculated as Nth/Rν.
4,6

 The noise was then estimated by measuring the resistance of 

the device while the THz beam was impinging on it. Figures 5a-b show the extrapolated NEP values as a 

function of VG. In both cases, a minimum NEP of ≈ 10 nW/√Hz has been found. Despite the lower 

responsivity of sample B, its 300 times larger conductivity is beneficial to improve the signal-to-noise ratio, 

thus making such detectors already exploitable for practical applications. To provide a concrete exploitation 

in a quality control application, we have then employed sample B in a transmission imaging experiment. The 

0.33 THz beam was focused on the target object and the transmitted power was detected in photovoltage 

configuration while keeping VG = 0 V (all electrodes were unbiased). The 400 × 700 pixel image of a target 

object was acquired with a time constant of 20 ms. The THz scan is reported in Fig. 5c: the glue jar (Fig. 5d) 

is not completely full and the quantity of liquid, as well as the air gap in between, is clearly resolved by our 

THz detector with a remarkable high signal-to-noise ratio SNR ~ 1000, as extrapolated from the comparison 

between the background signal Δudark and the recorded photovoltage (Fig.4b). The achieved results represent 

a crucial milestone in the road map for TI-based science and technology. 

 

Methods 

 

Growth, material characterization and device fabrication 

The polycrystalline samples, synthesized from high-purity starting elements, were placed in a conical-bottom quartz 

ampoule, which was sealed under vacuum conditions. Before the growth process, the ampoule was held in the “hot” 

zone (1050 K) of the two-zone tube furnace for 12 h for a complete melting of the composition. Then, the charged 

ampoule was moved from the “hot” zone to the “cold” zone (~ 900 K) with a rate of 1.0 mm/h. The as-grown crystals, 

consisting of one large single-crystalline block, were then mechanically exfoliated on a 350 µm thick silicon wafer with 

a 300 nm thin insulating SiO2 top-layer. 

The AFM mapping has been performed by employing a Bruker system (IconAFM) with thickness resolution < 1 nm 

and lateral resolution ~20 nm. The Raman spectra of the exfoliated flakes were collected by exciting the samples with 
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the 532 nm line of a Nd-Yag pumping laser with an optical power density of 0.4 mW/µm
2
, exploiting a spatial lateral 

resolution of 2 µm. Due to the very poor thermal conductivity of both crystals, the Raman measurement is likely to 

damage the flakes even at low incident powers. Therefore, different flakes have been used for crystal characterization 

and device fabrication, respectively. The mechanical exfoliation of both Bi2Se3 and Bi2Te2.2Se0.8 crystals resulted in 

flakes of lateral size in the 1-8 µm range and thicknesses (h) in the 10-100 nm range. The Raman spectra show good 

crystalline quality for both materials. In the case of Bi2Se3 (Fig.1-e) the Eg
1
, A1g

1
, Eg

2
, A1g

2
 vibrational modes are clearly 

visible at wavenumbers of 36 cm
-1

, 72 cm
-1

, 130 cm
-1

 and 172 cm
-1

, respectively; alternatively, for Bi2Te2.2Se0.8 (Fig.1-f) 

the Raman spectrum shows the same set of peaks, but at wavenumbers of 36 cm
-1

, 62 cm
-1

, 101 cm
-1

 and 135 cm
-1

. 

Thin flakes (h ~ 10 nm, corresponding to ~ 7 quintuple layers) were individually contacted with Cr/Au (sample A) or 

Pd (sample B) to define the S and D electrodes via aligned electron beam lithography (EBL). Although the use of an 

adhesion layer (like Cr or Ti) could induce deterioration and a related rapid increase in contact resistance we did not 

found any noticeable differences in device performances in time. The S electrode was then patterned in the shape of a 

half 100° bow-tie antenna, introducing the required asymmetry for THz detection. A 60 nm thick layer of SiO2 was 

sputtered over the samples to form the top-gate oxide; we found that this technique provides good uniformity if the 

oxide is deposited at pressures below 10
-2

 mbar. The G electrode, designed with the same geometry of the S electrode, 

was aligned with the center of the channel via EBL and defined via thermal evaporation of 80 nm layer of Cr/Au. 

Sample A is equipped with a bow-tie antenna with radius L = 250 μm, while the bow radius of sample B is L = 500 μm, 

i.e. corresponding to the two strongest resonances of the designed antenna (2L = λ/2 and 2L = λ) at 0.3 THz. For sample 

A, the channel length is Lsd = 500 nm and the gate length is Lg = 220 nm while for sample B, Lsd = 1.2 μm and Lg = 400 

nm. These dimensions lead to different values of the geometrical gate-to-channel capacitance (Cgc): the simulated Cgc 

values are Cgc ≈ 100 aF and Cgc ≈ 240 aF for sample A and sample B, respectively.  

Transport and optical characterization 

The temperature dependence of the resistance of sample A and B has been measured by using a liquid helium cryostat 

equipped with a calibrated silicon diode as thermometer.  

The optical characterization has been performed by focusing the THz frequency beam on a spot of 4 mm diameter at the 

detector surface by means of a set of f/1 off axis parabolic mirrors and mechanically chopped at 619 Hz. The THz 

radiation was linearly polarized along the axis of the bow-tie antennas in order to maximize the photoresponse signal.
4
 

The power of the source (Pt), calibrated as a function of output frequency with a power meter, ranges between 200 μW 

and 450 μW. In our experiment, a photovoltage-mode (PV) configuration was employed: the S electrode was grounded, 

VG was set with a Keithley dc generator and Δu was measured at the D electrode with a lock-in amplifier (Fig. 2e). A 

low noise voltage pre-amplifier (input impedance = 10 MΩ) with a pass-band filter between 300 Hz and 1 kHz was 

used in the experiments with gain factor Gn = 250 for sample A and Gn = 1000 for sample B. From this voltage 

measurement Δu can be calculated using the equation:
4
 

                                                                                                                

where LIA is the voltage read by the lock-in, and the factor π√2/2 is a normalization that takes into account that the 

lock-in measures the rms of the fundamental sine wave Fourier component of the square wave produced by the chopper. 

We preventively measure Δu as a function of frequency by employing the tunable source to identify, in both 

cases, the antenna resonances: we found that A = 292.7 GHz (Pt = 370 μW) (sample A) and B = 332.6 GHz (Pt = 330 

μW) (sample B) correspond to the highest intensity response peaks that we selected as operating conditions. The 

responsivity (Rν) was then determined using the relation Rν = (Δu·St)/(Pt·Sa), where St is the beam spot area and Sa is the 
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active area of the detector; in the case of sample A, Sa is set equal to the diffraction limited area (Sλ = λ2
/4), being the 

antenna surface smaller than Sλ.
4
 

To assess the THz induced photocurrent we exploited a photoconductive scheme (Fig. 2e): a dc bias is applied 

to the source electrode (VSD) and the current is read at the D electrode with an amperometer while shining the THz 

radiation on the detector (ISD,on) or keeping the beam blanked (ISD,off). The photocurrent is then estimated as the 

difference between the currents measured in the two configurations: IP = ISD,on - ISD,off.  
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Figure captions 

Figure 1: Flake identification after mechanical exfoliation. (a,b) Scanning electron microscopy 

(SEM) images of exfoliated flakes of Bi2Se3, and Bi2Te2.2Se0.8, respectively; brighter flakes correspond 
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to thicker flakes. (c,d) Atomic force microscopy (AFM) images: the thickness of exfoliated flakes 

spans from 10 to 100 nm. (d) AFM scan of a single quintuple layer (thickness ~1.4 nm) (e,f) Micro-

Raman spectra measured using the 532 nm line of a Nd-Yag pumping laser. For Bi2Se3 (e) the Raman 

spectrum shows peaks at 36 cm
-1

, 72 cm
-1

, 130 cm
-1

 and 172 cm
-1

, corresponding to the Eg
1
, A1g

1
, Eg

2
, 

A1g
2
 vibrational modes, respectively. (f) The Raman spectrum of Bi2Te2.2Se0.8 shows peaks at 36 cm

-1
 

(Eg
1
), 62 cm

-1
 (A1g

1
), 101 cm

-1
 (Eg

2
), 135 cm

-1
 (A1g

2
). 

Figure 2: Device Fabrication. (a,b) False colors SEM images of the top-gated FETs in sample A (a) 

and sample B (b), respectively. (c,d) False colors SEM images of the patterned bow-tie antennas in 

sample A (2L = 0.5 mm) and sample B (2L = 1 mm), respectively. (e) Schematics of the THz 

detection principle, photovoltage and photocurrent modes are depicted in black and purple, 

respectively. 

Figure 3: Transport characterization. (a) Sample A: Transconductance ISD(VG) measured at RT in a 

Bi2Se3 based FET, sweeping the gate bias (VG) in the range (-10 V, +10 V) and keeping the source-

drain voltage VSD = 1mV. (b) Sample B: ISD(VG) measured at RT in a Bi2Te2.2Se0.8 based FET, 

sweeping VG in the range (-7 V, +7 V) and keeping the source-drain voltage VSD = 1mV. (c) Sample 

A: temperature dependence of the resistance (R). Insets: (left panel) logarithmic plot of the 

conductance, above 40 K the resistance follows the Arrhenius law (activated transport regime with Δ = 

37 ± 5 meV, fitted by the red line), for T < 20 K, R exhibits a metallic trend (blue line); (right panel) 

field effect mobility measured between 200 and 300 K as a function of the temperature. The fit to the 

data gives µ(T) ∝ T
-1.8

. (d) Sample B: temperature dependence of the resistance. R(T) follows a linear 

trend typical of degenerate semiconductors with α = 1.4 · 10-3 
K

-1
 (the dashed line is a linear fit to the 

data).  

Figure 4: Optical characterization. (a) Sample A: Experimental responsivity (left vertical axis) and 

photovoltage (right vertical axis) measured at room-temperature at a fixed frequency ν = 292.7 GHz 

while sweeping the gate bias VG in the range (-10 V, +10 V).  Inset: theoretical photovoltage (Δutheory) 

predicted by the Diakonov-Shur overdamped plasma-wave theory divided by the antenna coupling 

constant (η). (b) Sample B: Experimental responsivity (left vertical axis) and photovoltage (right 

vertical axis) measured at RT with a 332.6 GHz radiation while sweeping the gate bias VG in the range 

(-7 V, +7 V). Inset: Background signal (Δudark) measured while keeping the 332.6 GHz beam blanked. 

(c) Calculated PTE voltage (VPTE) for sample A. Inset: schematics of the main physical mechanism. 

(d) Left vertical axis: theoretical photovoltage (Δutheory) predicted by the Diakonov-Shur overdamped 

plasma-wave theory divided by the antenna coupling constant (η). Right vertical axis: difference 

between the source-drain currents measured while focusing the THz beam on the sample (ISD,on) and 

without it (ISD,off), multiplied by the channel resistance. Inset: transconductance curve of sample B 

collected while shining the 332.6 GHz radiation on the detector and while the THz beam is blanked 

(red and purple curves in inset) and while keeping VSD = 0.6 mV. 
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Figure 5. Fast, large-area, RT, THz imaging. (a) Sample A: noise equivalent power (NEP) plotted 

as a function of the gate bias VG for a 292.7 GHz impinging radiation frequency. (b) Sample B: noise 

equivalent power (NEP) plotted as a function of VG obtained for a 332.6 GHz impinging radiation 

frequency. (c) RT, large area THz imaging obtained while impinging the 332.6 GHz radiation on 

sample B, mounted on a XY stage, with an acquisition time of 20 ms/pixel. For visible light 

illumination the contents cannot be seen, either by naked eye or by the CCD camera used to take the 

picture. The detection of THz transmitted radiation gives information about the jar content. (d) 

Photograph of the glue jar.    
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