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Abstract: A reproducible terahertz (THz) photocurrent was observed at low temperatures in a Schottky wrap gate

single electron transistor with a normal-incident of a CH; OH gas laser with the frequency 2. 54THz. The change

of source-drain current induced by THz photons shows that a satellite peak is generated beside the resonance

peak. THz photon energy can be characterized by the difference of gate voltage positions between the resonance

peak and satellite peak. This indicates that the satellite peak exactly results from the THz photon-assisted tunne-

ling. Both experimental results and theoretical analysis show that a narrow spacing of double barriers is more ef-

fective for the enhancement of THz response.

Key words: single electron transistors; THz photon detection; photon-assisted tunneling

EEACC: 2560

CLC number; TN321 Document code: A

1 Introduction

The terahertz (THz) wave frequency region
has attracted considerable attention as a remai-
ning frequency resource for applications such as
high-capacity communications, biomedical ima-
ging, chemical analysis by molecular spectrosco-
py.airport security,and remote sensing in space.
Low-dimensional semiconductor systems are one
of most suitable candidates for working in the
THz frequency regime. This is due to the fact that
the conducting electrons in low-dimensional sys-
tems are confined within a nanoscale spacing, so
that the quantized energies fall into the meV
scale, corresponding to the THz frequency re-
gime.

Tien-Gorden theory described the photon-as-
sisted tunneling in superconducting tunnel junc-
tions'", through which the tunneling of an elec-
tron with energy E can exchange a photon energy
hw with a microwave field, creating a new set of
clectron states E + nhw. Based on this idea, pho-
ton-assisted quantum tunneling has been widely
studied for tunnel semiconductor devices such as
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resonant tunneling diodes (RTD)"', semiconduc-

M1, and

tor superlattices® , point contact devices
single electron transistors (SET)"* . The scale of
quantized energy in such semiconductor nano-
structures is comparable to the energy of a THz
photon. If a THz wave couples into this kind of
low-dimensional semiconductor quantum device,
THz photon-assisted electrons will modify the
tunnel current according to Tien-Gorden theory.
The Asada research group observed the gradual
current change of a triple-barrier RTD under THz
irradiation from the classical square-law detection
to photon-assisted tunneling with increasing THz
photon energy'?'. The THz operation of the RTD
was based on an inter-subband resonance and de-
pended on the applied bias voltage producing the
correct subband alignment of the two wells. In a
superlattice driven by intense THz electric fields,
Keay et al. also observed absolute negative con-
ductance and new current steps and plateaus™* . At
low DC bias the drift of electrons in a superlattice
is reduced because of the frequency modulation of
the Bloch oscillation by the intense THz frequen-
cy field. At higher DC bias, the THz field opens
new conduction channels in the neighboring well
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and the current increases, resulting in the forma-
tion of current steps. Wyss et al. reported that
pronounced far-infrared photon-induced current
ministeps could be detected by quantum point
contact devices defined by split-gate electrodes'"' .
The quantum point contact exhibits the current
plateau behavior of a one-dimensional electron
system. Incoming photons increase the energy of
electrons so that electrons can travel through the
opening channels in a one-dimensional gas. Many
researchers have studied THz photon detection by
SET. In one detection mechanism, ordinary Cou-
lomb blockade oscillations are modified by the ab-
sorption of photons by tunneling electron"*’ . Side-
bands originate from matching the ground and ex-
cited states to the Fermi levels of the leads by a
photon energy. Such a quantum dot detector of-
fers the possibility to tune the discrete states of
the dot easily by varying electro-static potentials,
thus allowing for frequency-selective detection.
Another mechanism is based on the polarization
of charges in a quantum dot created by far-infra-
red photons, which cause the conductance reso-
nance peaks to shift®’. A quantum-dot single-pho-
ton detector was developed by Komiyama using a
cold (50mK) SET in a high magnetic field and
using double quantum dots with no magnetic
field. Incident THz photons are coupled into the
quantum dot via small dipole antennas. Within the
quantum dot,an electron-hole pair created by the
incident photon releases energy to the crystal lat-
tices, which causes a polarization between two
closely coupled electron reservoirs. Electron tun-
neling occurs,causing a shift in the gate voltage of
the SET.

In this paper, we report the investigation of
the mechanism of THz photon-assisted tunneling
by means of a GaAs-based Schottky wrap-gate
single electron transistor at low temperatures. A
normal-incident THz laser induces a change in the
source-drain current, which shows that a satellite
peak generates beside the resonance peak. The
THz photon energy can be characterized by the
difference in gate voltage positions between the
resonance peak and satellite peak.

2 Experiments

The SET devices were fabricated on a o-

doped GaAs/AlGaAs heterostructure wafer. The
GaAs/AlGaAs heterostructure wafer was grown
by molecular beam epitaxy and consisted of a
semi-insulating GaAs substrate, a 500nm-thick
buffer layer of undoped GaAs,a 100nm-thick lay-
er of undoped Al,Ga,-,As,x =0. 33,a 20nm-thick
layer of undoped GaAs,a 10nm-thick layer of un-
doped Al,Ga,-,As,x =0.33,a 5-doped layer with
carrier density 3X10%cm™?,a 50nm-thick layer of
undoped Al,Ga,-,As, x =0.33,and a 10nm-thick
GaAs cap layer doped with Siat 1X10"®cm™?. Fig-
ure 1 (a) shows a scanning electron microscope
(SEM) image of the fabricated SET, which con-
sists of a GaAs-based heterostructure nanowire
surrounded by double nanoscale Schottky gates.
The nanowires were patterned on top of the
GaAs/AlGaAs heterostructure wafer using clec-
tron-beam lithography and a developing proce-
dure. Isotropic wet etching in a cooling H,SO, :
H,O, : H;O solution was carried out to transfer
the nanowire pattern onto the GaAs/AlGaAs het-
erostructure. The two-dimensional electron gas
(2DEG) that forms at the GaAs/AlGaAs hetero-
interface is located 70nm below the sample sur-
face and has a mobility ,=1.19X10°cm*/(V = )
and sheet electron density n, =6.43 X 10" cm™? at
a low temperature of 77K. From these data we can
extract a mean free path of I, =25. 8ym and Fer-
mi wavelength in the ZDEG region of Ay = 31nm.
The nanowires of the two investigated devices had
widths of 680nm and 580nm, respectively. The
Ohmic contact of the source and drain electrodes
was fabricated by following procedures including
photolithography, the evaporation of multiple
metal layers Ge/Au/Ni/Au, and lift-off and an-
nealing at 430C. E-beam overlay exposure was
used to pattern double gate stripes. The gate
length is 100nm and the gate spacing is 200nm or
300nm for different devices. Metal Cr/Au deposi-
tion and lift-off procedures transfer the nanoscale
gate pattern onto the nanowire mesa. Schottky
barriers of about 0.7eV were formed between Cr
and GaAs interface to stop leakage current. Then
an SiO, layer with a thickness of 30nm covered
the whole surface of the sample for the passiva-
tion of surface states. Finally, for electronic tests,
electrode down-leads were impressed on the elec-
trode windows of SiO, layer.

The devices were shielded in a vacuum test
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Fig.1 (a) SEM image of a fabricated Schottky-wrap
gate SET; (b) Schematic diagram of THz detection
measurement by the SET

box in order to screen out disturbances from the
environment. In order to avoid heating electrons
by the electric field, the source/drain voltage was
kept at 0. 2mV , which is below kz T/ e=0. 862 mV at
10K. The current-voltage characteristics between
the source-drain current and gate voltage were
measured at low temperatures using an Agilent
4156C semiconductor parameter analyzer. With
suitable negative voltages of double Schottky wrap
gates, electrons under the gates were depleted to
form a quasi-one-dimensional electron gas in a
short central channel (i.e.,a quantum point con-
tact structure). Further negatively increasing the
gate voltage,the electrons along the channel were
pinched off completely to form double barrier po-
tentials. Then a quantum dot was sandwiched be-
tween both barriers. The size of the quantum dot
could be adjusted flexibly by double gates so that
the energy level position and level spacing could
be tuned effectively. The smaller the quantum
dots became,the thicker double barriers needed to
be. Thus only a few current peaks resulting from
resonant tunneling could be observed near the
pinch-off gate threshold voltage.

Figure 1(b) shows the measurement of THz
detection. The detection experiments were per-

formed by measuring the change of source-drain
current with varying gate voltages in the SET at
temperatures of 6~7K under the normal-incident
2.54 THz far infrared laser, which radiates from
CH;OH gas pumped by a CO, laser. The size of
the conductive mesa is of the order of several
hundred microns, comparable to a THz wave-
length of 118mm. The alternate THz electric field
is perpendicular to the THz wave propagation.
Therefore the normal incident THz laser wave
was very helpful to induce electrons confined in
the nanowire and the quantum dot. By adjusting
the gate voltage,the change of level spacing in the
quantum dot makes tunable THz photon detection
more effective. THz photocurrent response was
obtained from the difference between source-
drain current with and without THz laser irradia-
tion. In order to exclude the influence of random
noise, the source-drain current was measured re-
peatedly using a fine scanning step (0. 01mV) of
the gate voltage. Reproducible response results
confirm that the photocurrent closely relates to
the absorption of THz photons.

3 Estimation of THz photocurrent

At finite temperature, the current peak of
single-electron resonant tunneling can be given by
a Landauer-type formula for symmetric barri-

erst”,
_ 1 [ Z2 E
Ins(Ve) = Gy Vi 4kBTLccosh (ZkBT>X
1-12
E 1
[E - ea(Vy— VG)]Z+FZd B
2

where G, = € A and A is the temperature-inde-

h
pendent energy-integrated strength of resonance,
T is the low temperature, " is the level broade-
ning resulting from resonant tunneling,and Vy is
the gate voltage at resonance. The scaling factor «
=AE/eAV and quantized energy AE are deter-
mined by quantum level spacing Ae and charging
energy U =e”/2C(C is the total capacitance) . For
sufficiently low temperatures (I'kT <<Ae<< U),
electron transport across the device with low
source-drain bias is dominated by quantum tunne-
ling through a single level. In this temperature
range,the full width of the resonance peak at half
maximum,arising from the thermal broadening of
the Fermi distribution of the electrons, is linear:
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FWHM=3.52ks T/ ea.

The current peak line shape modified by THz
photon-assisted tunneling is given by Tien-Gorden
theory'" . In this theory, n photon absorption or
emission is viewed as creating a new set of elec-
tron eigenstates with energies E + nhw,where E is
the eigenenergy of the original electron state
without irradiation and n is a negative integer for
absorption and positive integer for emission. The
time dependence of the wave function for every
single-electron state will be modified according to

g(x, 1) = gb(x)exp[— %ert(E + eVacCOSwt)}

=¢(x) D) J,(eV./hw)exp[— i(E + nhw)t/h]

(2
where E is the unperturbed energy of the Bloch
state,J, is the nth order Bessel function of the
first kind, V. is the AC-coupling voltage,and hw
is the photon energy. The applied AC voltage is
assumed to modulate adiabatically the potential
energy for each quantum level, which is equivalent
to DC voltages nhw/e applied across the barrier
with the probability amplitude J, (eV,./hw)e "™
for transitions between the modulated state and
any unmodulated eigenstates. Thus source-drain
current modulated by the absorption of THz pho-
tons can be given by

~ 1
Ins(Vg) = Go Vs mj

+ o0

L E
wcosh (ZkBT>X
i J: eV ha) TP
n=—o EE - C(I(VN - VG) + nhw]z + FZ
Therefore,a THz photocurrent can be determined
from the difference between the resonance peaks

with and without THz irradiation,namely,
Alps (V) = Tns(Vg) = Ins(V) (4)
The response of THz photocurrent might

provide a kind of spectrum in both frequency and
intensity of THz waves. Since the THz photocur-

dE (3)

rent is extracted from the resonance peaks of the
source-drain current, the separation of the THz
photocurrent is most important for the spectrum.
In order to obtaining a clear spectrum, the pho-
ton-assisted tunneling must be dominant in the e-
lectron quantum transport with following challen-
ges:

(1) The charge energy must be larger than
the thermal energy (U>>ky T) ,because the opera-
tion of a single electron tunneling through the

SET depends on the Coulomb blockade effect.

(2) The THz photon energy should exceed
the level broadening (i.e. hw >TI") for the elec-
trons on the quantum dot. When the photon ener-
gy hw>TI,i.¢e.w>1/r,cach electron experiences
at least one period of the THz signal within the
mean time t tunneling through the double barri-
ers’® . If the THz frequency w<C1/z,each electron
on the dot hasn’t gone through a period of the
THz field. In this adiabatic driving regime, elec-
trons on the dot only see an essentially static po-
tential and cannot be induced by THz alternative
electric field.

(3) A THz photocurrent might be observed
clearly if the THz photon energy is larger than
thermal broadening of the resonant levels hw >
3.52ky T .
masked by thermal broadening of levels at higher

However, THz photocurrents are

temperatures. In that case the THz photocurrents
have to be extracted from the difference between
source-drain current with and without THz laser
irradiation.
Electrons by photon-assisted tunneling
through the quantum dot can conserve both ener-
gy and momentum. The electrons that absorb THz
photons will not release the THz photon energy
casily by an LO-phonon due to the strong quan-
tum confinement in the nanostructure. The LO-
phonon scattering can be prohibited during the e-
lectron tunneling process from electron reservoirs
to the quantum dot according to Fermi’s Golden

rule and the momentum selection rule.

4 Results and discussion

Reproducible THz photocurrents of two de-
vices with different quantum dot sizes have been
obtained from the difference between source-
drain current with and without THz laser irradia-
tion,as shown in Fig. 2. By comparison of the cur-
rent characteristics of the two devices, both the
resonant current peak and the photocurrent peak
in device B are more remarkable than in device
A. Table 1 shows the confinement space size of
quantum dots for devices A and B by comparing
the scale parameters of the nanowires and double
gates. The smaller the quantum dot size, the better
the device characteristics become. The improve-
ment of local confinement in the quantum dot can
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increase the level spacing and enhance the dis-
creteness of the resonance peaks. Figure 2 indi-
cates that the increased local confinement of the
quantum dot in device B is very useful for increas-
ing the THz response.

2.0 0.2
(a)
Sample A
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Fig.2 THz photocurrent response and source-drain

currents with and without 2. 525THz normal-incident
far infrared laser (FIRL) irradiation for device A (a)
and device B (b)

Table 1 Parameters of device structure
Device Nanowire Gate
No. Width/nm | Length/pm | Length/nm | Spacing/nm
A 680 4 100 300
B 580 4 100 200

If the photocurrent response results from the
THz laser irradiation, the gate voltage difference
(AVs, =70mV for both devices) between the res-
onance peak and satellite peak should be suffi-
cient to THz photon energy
(10. 5meV),i.e. hw =aeAVg,. In order to prove
this assumption, a source-drain current with THz
irradiation was simulated by Tien-Gorden theory
for both devices. The simulated current curves a-
greed well with the characteristics of the experi-
mental source-drain current. From the curve fit-

characterize

ting process,we obtained the same scaling factor «
=0.15 for both devices. This value of the scaling
factor is just what we hoped. Since the scaling fac-
tor is related to gate capacitance and total capaci-
tance,the same scaling factor « indicates that both
devices with the same gate length have similar
gate depletion layers.

The scaling factor « is very important for the
scale of the THz photon energy. The experiment
on the temperature dependence of the resonance
peaks in sample A was done for the verification of
the scaling factor. The measured conductance
characteristics as a function of temperatures are
shown in Fig.3(a). With the increase of tempera-
ture,the resonant current peak width is basically
broadened as (I'+3.52ks T)/a e in Fig.3(b). The
level broadening of the resonance peak is I' =
3meV, which is extracted from the curve fitting
process. The scaling parameter « was estimated to
be 0. 146 at 6. 4K. This indicates that the satellite
peak was exactly generated by THz photons.

@) Sample A
L Vps=0.2mV

~

I=11.0K

I/nA

2.8K

1.6K, -~ | |
-2.30 -2.25 -2.20 -2.15 -2.10
VeV
50 D)
Sample A
451 AE=eaAV,
a=0.15 at 6.4K
> 40
£
= 35
=
= 30
25
1 1 1 1 1
200 2 4 6 8 10 12
/K

Fig.3 Temperature dependence of current peak (a)
and their full width at half maximum (FWHM) (b)

In order to develop the SET into a THz pho-
ton detector operating at higher temperature, the
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theoretical temperature dependences of the THz
photocurrent for device B with smaller quantum
dots are shown in Fig.4. We have noticed that the
THz photocurrent is sensitive to the resonant level
broadening I" and THz voltage V,.. The THz pho-
tocurrent peak might persist up to room tempera-
ture if I" and V,. are suitable. Figure 4 (a) shows
that the THz photocurrent height is increased
when eV,./ho< 2. The THz voltage could be ad-
justed by input power (V,cc/P;,). Figure 4 (b)
indicates that the increase of the resonant level
broadening I is useful for the improvement of the
THz photocurrent response at higher tempera-

ture.
0.5
& Sample B
04 hw=10.5meV
' eV Jhw=2 I'=8mev
< 2 5Fho=10.5meV
& 03 F20F T
% 10 =15k
25 0.2 0.8 E 1.0k
063 0.5F
1 1 1 1 1 1 1
01 00 "0.51.01,52.02.53.0
eV, /ho
0
50 100 150 200 250 300
T/K
0.25 Sample B
ho=105meV 5
0.20 eV, /ho=1
§ I=3meV
& 6meV
e
< 010}
0.05F
0 1 | 1
0 50 100 150 200 250 300
/K
Fig. 4  Temperature dependence of simulated THz

photocurrent amplitude

For a symmetric double barrier structure,the
resonant level broadening I" depends not only on
the double barrier spacing but also the barrier
thickness and height,namely
p=h b ZJW om ($(x) — E,)/B dx)

0

Td Tr

(5)
where 74 is the dwell time, w is the barrier thick-
ness, $(x)is the barrier height, E, is the resonance

energy.and m " is the effective electron mass. The
return time r, of a electron reflecting between
barriers is determined by barrier spacing a and e-
lectron velocity:

2m’
N (6)
Assuming quantum dot as a box with area a”,the
_ R*x®p? _ _
p-th state E,, = m (p =1,2,3-).If E, =
E, .then
2a°m”
T = W D)

Therefore increasing I' mainly requires a narrower
barrier thickness and shorter barrier spacing. The
experiment results in Fig. 2 show that the THz
photocurrent in device B with shorter barrier
spacing is better than that in device A. Although a
small quantum dot can increase the level broade-
ning I'sthe dwell time of electrons on the quantum
dot will be shorter than a period of a THz wave.
More clectrons in the nanowire would rather ab-
sorb THz photons than in the quantum dot. The
discrete levels of the quantum dot will provide
tunneling channels for those activated electrons.
In that case, THz photon detection by the device
will depend on the polarization of THz wave.
Otherwise,a THz wave will only heat electrons to
broaden the resonance peak.

5 Conclusions

Reproducible THz photocurrents have been
detected by a GaAs-based wrap-gate single elec-
tron transistor at low temperature. Analysis based
on Tien-Gorden photon-assisted-tunneling theory
shows that the THz photon energy could be char-
acterized by the gate voltage spacing between the
resonance peak and satellite peak. The tempera-
ture dependence of the resonance peak further
verifies that the satellite peak is exactly generated
by THz photons. Both experimental results and
theoretical analysis show that the narrow spacing
of double barriers is the most useful for the en-
hancement of THz response at higher tempera-
ture. Narrow gate length is also helpful for the in-
crease of THz response. A future THz detector of
a single electron transistor should consist of a very
small quantum dot and very thin tunneling barri-
ers.
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