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THz responses of Schottky wrap gate (WPG)-controlled quantum dots were investigated. Normal 
incidence THz irradiation on single-dot and multi-dot devices with a CH3OH laser (2.54 THz) changed 
conductance behavior and produced an additional conductance peak in the I-V characteristics of WPG 
single electron transistors (SETs) at 5 - 20K. The effect depended on the THz electric field polarization. 
The observed behavior was explained by photon assisted tunneling based on Tien-Gordon theory. 

1 Introduction  Solid-state devices operating in the so-called "THz gap" region of electromagnetic 
waves are highly demanded for possible applications in advanced information technology (IT), 
biochemistry, nanotechnology and so on. Semiconductor quantum dots have high potentials for solid-
state THz devices, since their energy scales such as subband spacing fall in a few meV range, 
corresponding to THz frequencies. 

This paper investigates THz response of Schottky wrap gate (WPG)-controlled semiconductor 
quantum dots in view of application to solid-state THz devices.  
 The WPG structure and WPG-controlled quantum dot are schematically shown in Figs. 1(a) and (b). 

Two nanometer-sized Schottky gates, wrapped around a GaAs nanowire with a narrow spacing, form 
double tunnelling barriers and a quantum dot in between. The barrier height and width, dot size and dot 
potential are controlled by the gate bias. In the dark, this structure operates as a single electron transistor 
(SET)[1]. The WPG with simple lateral structure is suitable for planar integration of quantum devices, as 
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Fig. 1 (a) Basic structures of WPG SET, (b) and (c) designs of single dot SET and parallel SET integration. (d) and 
(e) are SEM images of fabricated single dot SET and SET-integrated device, respectively. 
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has been demonstrated recently by a novel hexagonal BDD quantum circuits [2]. In this study, THz re-
sponse of single dot devices shown in Fig. 1(b) and an integrated device having 50 SETs in parallel 
shown in Fig. 1(c) were investigated. 
 
2  Experimental  GaAs nanowires, having wire widths of a few hundred nm, were fabricated on 
AlGaAs/GaAs heterostructure wafers by EB lithography and wet chemical etching. Cr/Au WPGs with a 
typical length of 85 nm were formed by EB lithography, metal deposition and lift-off process. SEM 
micrographs of completed devices are shown in Figs. 1(d) and (e).  
 Figure 2 shows the experimental set up. THz response of the WPG devices was measured by irradi-
ating a THz (far infrared) laser beam at normal incidence on the samples using a CH3OH laser (λ = 118 
µm, ν  = 2.54 THz). The sample was placed in a liquid He cryostat, and the SET drain current, ID, was 
measured as a function of the gate voltage, VG. 
 
3  Result and Discussion  Figure 3 shows measured ID-VG characteristics of a single dot device with 
and without THz irradiation. In this figure, the nanowire direction was parallel to the electric field 
polarization of the THz wave as schematically shown in the figure. In the dark, the sample showed a 
single clear conductance peak followed by a rapid increase of current. The difference of the drain current, 
∆ID, with and without THz irradiation is also shown in Fig. 3 as a function of VG. Here, ∆ID was obtained 18 
after extracting the exponentially increasing thermal current components from ID curve by fitting. With 
THz beam irradiation, the height of the first peak of the current decreased, showing a negative peak in 
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D plot was about 0.7 nA. When the nanowire direction was 
perpendicular to the polarization of the THz wave, no clear change of the current was seen.  
 The observed modulation cannot be due to thermally heating. In order to understand the 
experimental result, a theoretical analysis based on the photon assisted tunneling (PAT) theory[3,4] was 
attempted. Examples of calculated shape of the surrounding tunneling barrier profile and quantum dot 
are shown in Figs. 4 (a) and (b), respectively. In the dark, basic transport through such a structure can be 

explained by single electron resonant tunneling, 
as we showed previously [1]. The observed rapid ex
due to thermal transport of electrons over the barrie
TPAT(E), through this system, can be calculated by t
Gordon Hamiltonian [3] on the THz irradiation, 

                   

  
TPAT E( )=

ΓLΓR Jn(
E − E0 + nh(n=−∞

∞

∑
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Fig. 2 Measurement set up. 
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Fig. 3 ID-VG characteristics and ∆ID-VG curves. 
ponential increase of current after the single peak is 
rs. Then, the photon assisted tunneling probability, 

he following formula based on an analysis by Tien-

qVac hν)2

ν)2
+ Γ 2( )2

                            (1) 
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quantized state in the dot, J
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n is Bessel function, Vac is amplitude of ac voltage induced by THz irradiation 
and hν is THz photon energy. In this calculation, it was assumed, as a first approximation, that the tunnel 
barrier profile did not change as the Fermi level was swept with the gate voltage. The energy scale was 
translated to VG by ∆VG =∆E/α with α = 0.05. The dependence of Γ on the quantized energy level was 
considered and estimated from the calculation of tunneling probability using transfer matrix method. The 
current was calculated using the TPAT(E) in the conductance formula[1,5]where the currents of n = 0, ±1 
for the first conductance peak was considered.  

An example of the calculated current is shown in Fig. 5(a) for the cases with and without photo 
assisted tunneling. By THz irradiation, the main peak height decreased and an additional peak appeared 
at a higher gate voltage. A peak corresponding to n = -1 did not appear, since the energy becomes lower 
than the bottom of the dot potential for a large THz photon energy of hν = 10.1 meV. Theoretical and 
experimental results are compared in Fig. 5(b) in terms of ∆ID-VG curves. Excellent agreements were 

obtained with the theoretical curve of Vac = 6 
mV which seems to be reasonable from the 
intensity of laser beam. Thus, the experimental 
characteristics are due to PAT currents. The calculated temperature dependence of ∆ID-VG is also shown 
in Fig. 5(c).  The PAT-induced second peak survives up to 30-50 K, whereas the negative peak quickly 18 
disappears and becomes positive, resulting in a single broad peak. This is due to the fact that thermal 19 
electrons can tunnel through n = +1 PAT channel at elevated temperatures even if the Fermi level lies at 20 
n = 0 position.
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Fig. 4 Potential simulation on WPG SET: (a) 
equipotential contour map and (b) potential profile.
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Fig. 5 (a) Example of calculated current peaks by PAT. 
 (b) and (c) are theoretical ∆ID-VG curves for various Vac and 
temperatures, respectively. 
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1  The THz response of the integrated device having 50 SETs in parallel, measured at 20 K, is shown in 
Figs. 6(a) and (b). The PAT induced a new peak. Since the temperature was relatively high, only a single 2 
positive peak was appeared in the ∆ID-VG, which is in qualitatively agreement with the result shown in 3 
Fig. 5(c). The peak has a large height of 38 nA which roughly corresponds to 0.7 nA x 50. This indicates 
that it is possible to increase the overall THz responsivity by forming large array of WPG SETs. 
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4 Conclusions  THz responses of Schottky wrap gate (WPG)-controlled quantum dots were investi-
gated. Normal incidence irradiation of THz beam on the single and integrated device surfaces using a 
CH3OH THz laser (ν  = 2.54 THz) changed conductance behavior and produced an additional conduc-
tance peak at 5 - 20 K. Conductance change depended on the polarization of the beam, indicating the 
effect is induced by the THz electric field. The observed characteristics were explained by photon as-
sisted tunnelling. As compared with the quantum well infrared photodetectors (QWIPs), the present 
device allows normal incidence of THz beams as well as high-density planar integration. The responsiv-
ity of the integrated device was high, being 0.3 A/W at 20K. Thus, it is promising for solid state THz 
detectors by enhancing the operation temperature with reducing device feature sizes. 
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Figure captions 
Fig. 1 (a) Basic structures of WPG SET, (b) and (c) designs of single dot SET and parallel SET integration. (d) and 
(e) are SEM images of fabricated single dot SET and SET-integrated device, respectively. 
Fig. 2 Measurement set up. 
Fig. 3 ID-VG characteristics and ∆ID-VG curves. 
Fig. 4 Potential simulation on WPG SET: (a) equipotential contour map and (b) potential profile. 
Fig. 5 (a) Example of calculated current peaks by PAT. (b) and (c) are theoretical ∆ID-VG curves for various Vac and 
temperatures, respectively. 
Fig. 6 (a) ID-VG and (b) ∆ID-VG characteristics of device integrating 50 WPGSETs in parallel. 
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Fig. 6 (a) ID-VG and (b) ∆ID-VG characteristics of device integrating 50 WPGSETs in parallel. 


