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We study the microwave photo-response of a quantum point contact (QPC) formed on a GaAs/

AlGaAs heterostructure with a high-electron-mobility two-dimensional electron gas. The QPCs are

fabricated by two types of gates: a traditional split gate and a specially designed bridged gate. We

observe a three orders of magnitude enhancement of the dark QPC conductance in the tunneling

regime at the incident microwave power density of �10 mW/cm2. The response of the bridged-gate

structure is more than ten times larger than that of the split-gate QPC. This giant effect and the differ-

ence between the two types of gates are explained by the influence of microwaves on the steady-state

electron distribution function in the vicinity of the tunnel contact. Experimental results are in good

quantitative agreement with theoretical calculations. The bridged-gate QPC can be used for the crea-

tion of highly sensitive detectors of electromagnetic radiation. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4928733]

A quantum point contact (QPC) is a narrow constriction

between two wide conducting areas.1 QPCs can be fabricated

on a semiconductor structure with a two-dimensional elec-

tron gas (2DEG) by applying a negative bias to a split gate,

see Figure 1(b). Dependent on the gate voltage, the resist-

ance of such a split-gate QPC can be varied from ’10 kX,

when the conductance r ¼ nr0 is quantized2,3 in units of

r0 ¼ 2e2=h (n is integer), up to several M X in the tunneling

regime.

It was shown4 that in the tunneling regime the split-gate

QPC can be used for detection of microwave radiation (with

the frequency f< 40 GHz in Ref. 4). In this letter, we experi-

mentally study the microwave photo-response of a tradi-

tional (split gate) and a specially designed bridged gate QPC

in the frequency range from 110 to 170 GHz. The bridged

gate QPC consists of a single piece of a metal with a semi-

elliptical narrowing, Fig. 1. We show that in the tunneling

regime both QPCs, but especially the bridged gate one,

become very sensitive to the irradiation: at the microwave

power density �10 mW/cm2, we observe a two orders of

magnitude (more than three orders of magnitude) exponen-

tial growth of the split-gate (bridged gate) QPC conductance.

The physical mechanism of the detection is not restricted by

the investigated frequencies. The bridged gate device can

thus be used as an extremely sensitive detector of electro-

magnetic radiation in a broad frequency range.

Our samples are modulation doped GaAs/AlGaAs hetero-

structures with a 2DEG taken from two different wafers. The

structure, referred to as A in this letter, has the density and the

mobility of 2D electrons of about ð7� 8Þ � 1011 cm�2 and

3� 106 cm2/V s, respectively, which corresponds to the mean

free path of ’ 60 lm, substantially exceeding the QPC

dimensions. The second structure B has the same density and

a lower mobility 1:5� 106 cm2/V s. The gate is fabricated on

the surface of the heterostructure using electron beam lithog-

raphy; the distance between the gate and the 2DEG is 90 nm.

The samples are irradiated by microwaves with the fre-

quency in the range from 110 to 170 GHz and the power den-

sity �ð1� 10ÞmW/cm2, corresponding to the microwave

FIG. 1. (a) A schematic set-up of the bridged gate sample. (b) Top view of

the sample. The magnified images of the split- and bridged-gates are shown

in the left side of the figure.a)Electronic mail: gusev@if.usp.br
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electric field of Ex � ð0:6� 2ÞV/cm. The measurements

were carried out in a VTI cryostat with a wave-guide deliver-

ing microwave radiation down to the sample and by using a

conventional lock-in technique to measure the resistance

R ¼ 1=r. The sample was rotated with respect to the orienta-

tion of the waveguide but no polarization dependence has

been observed. Nine devices were studied and similar results

have been obtained for all of them. Below, we focus on

results obtained from two representative bridged gate

devices.

Figure 2 illustrates the gate-voltage dependence of the

conductance rðVgÞ=r0 at the frequency 149 GHz, tempera-

ture T¼ 4.2 K, and several microwave power attenuation fac-

tors for the bridged-gate sample from the wafer A. The

results for the split-gate QPC are also shown for comparison.

The conductivity exponentially decreases as the gate voltage

becomes more negative, indicating a tunneling regime with

the resistance up to several MX.

Microwaves strongly influence the conductance, espe-

cially in the tunneling regime, leading to a few orders of
magnitude change of rðVgÞ. Such a strong effect cannot be

explained by heating, since simultaneous measurements of

the Shubnikov–de Haas oscillations in the Hall-bar part of

the device (shown in the middle of Fig. 1) indicate a sample

overheating by not more than 1� 2 K, and the QPC conduct-

ance shows only a weak (�30%) growth when the tempera-

ture increases from 1.4 to 10 K. This excludes the bolometric

mechanism of the photodetection in our devices. A similar

behavior was observed in ballistic quantum dots.5

The bridged-gate devices are substantially more sensi-

tive to the irradiation than the split-gate ones. This is illus-

trated in Figures 2 and 3 where results for the split- and

bridged-gate samples from the wafer A are shown. In

Figure 3, the gate voltages are chosen so that the dark con-

ductances (P¼ 0) are approximately the same in both devi-

ces. The maximum power P0 was also approximately the

same both in the split- and bridged-gate QPCs which was

independently controlled by the amplitude of the micro-

wave induced resistance oscillations6–8 measured on the

Hall bar. The split- and bridged-gate devices demonstrate

more than one and three orders of magnitude growth of the

conductance, respectively. Figures 4 and 5 show the gate

voltage and power (P) dependencies of the conductance

r=r0 for one of the bridged-gate samples from the wafer B.

These experimental findings are explained as follows.

Without the microwaves and at a large negative bias Vg, only

a small amount of 2D electrons can tunnel through (or move

over) the barrier, so that the dark current of the detector is

very low. When the device is irradiated, the 2D electrons in

the close vicinity of the QPC acquire an additional energy

from the microwave field which increases their probability to

get through or over the barrier. It is important to emphasize

that the local ac electric field near the barrier can be much
larger than the field of the incident wave, since the metallic

areas covering the device (Figure 1) serve as antennas focus-

ing the field in the QPC region. Moreover, the bridged gate

has that advantage that the ac electric field is mainly polar-

ized in the direction of the electron tunneling, thus substan-

tially increasing the sensitivity of the QPC detector. Indeed,

if an unpolarized radiation is incident on the thin metallic

layer (gate) lying on top of the heterostructure, the field com-

ponent parallel to the metallic edge is reduced, while the

component perpendicular to it is increased, due to the

FIG. 2. The gate voltage dependence of the relative conductance rðVgÞ=r0

in (a) the split-gate and (b) the bridged-gate QPC devices (wafer A), at the

microwave frequency 149 GHz, T¼ 4.2 K, and different values of the micro-

wave power density. Insets schematically show the gate geometry and the

direction of the electron tunneling (red horizontal arrows) and of the ac elec-

tric field in the tunnel barrier area (blue arrows).

FIG. 3. The power dependencies of r=r0 at the fixed gate voltage in the

split-gate (Vg ¼ �2:65 V) and bridged-gate (Vg ¼ �2:2 V) QPC from the

wafer A.
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screening of the electric field in the metal.9 In the split-gate

structure, the local electric field is then mainly polarized per-

pendicular, while in the bridged-gate structure—parallel to the

direction of the electron tunneling, see insets to Figure 2. This

substantially increases the photocurrent in the latter case.

Quantitatively, the conductance of the tunnel barrier is

described, in the Ohmic regime, by the formula

r
r0

¼ �
ð1

0

dET Eð Þ @F Eð Þ
@E

; (1)

where E is the electron energy, T(E) is the transmission coef-

ficient of the tunnel barrier, and F(E) is the electron distribu-

tion function near the QPC (in the absence of microwaves,

F(E) is given by the Fermi distribution). To estimate the

transmission coefficient T(E), we assume that the barrier has

the form

UðxÞ ¼ U0cosh�2ðx=wÞ; (2)

where U0 and w are the barrier height and width. Then,

TðE;U0;KwÞ ¼ ð1þ A2Þ�1
, where

A ¼
cosh p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U0=Kw � 1=4

p� �

sinh p
ffiffiffiffiffiffiffiffiffiffiffiffi
E=Kw

p� � ; (3)

and Kw ¼ �h2=2mw2, Ref. 10. At low temperatures, the dark

conductance is then rðVgÞ=r0 � TðEFÞ which is illustrated

in Fig. 4 by the symbols labeled as “Theory.”

Microwaves modify the electron distribution function

F(E, P) in the vicinity of the barrier. To find the function

F(E, P), we solve the kinetic Boltzmann equation in the

momentum-relaxation-time (s) approximation at xs� 1.

For the linearly polarized (in the x-direction) external elec-

tric field, we get the QPC conductance at T¼ 0

r Pð Þ
r0

¼
ðp

�p

dx

2p

ð2p

0

dy

2p
1� 2

ffiffiffi
P
p

sin x sin y
� �

� T EF 1� 2
ffiffiffi
P
p

sin x sin y
� �2

;U0;Kw

� �
: (4)

Here, P ¼ ðeEx=xpFÞ2 is the dimensionless microwave-

power parameter, and pF ¼ �hkF is the Fermi momentum.

The calculations at T 6¼ 0 have been also done but the corre-

sponding corrections have been found to be small.

The solid curves in Figure 5 show the calculated micro-

wave power dependences rðPÞ=r0 obtained from Eq. (4).

All five curves have been fitted by the same values of the

parameters Kw=EF ¼ 0:006 (corresponds to kFw ¼ 12:9)

and Pmax¼ 0.0037 (the maximum power level used in

FIG. 4. The gate voltage dependence of r=r0 of the bridged-gate QPC (wa-

fer B) at the microwave frequency 145 GHz, T¼ 4.2 K, and different values

of the microwave power density. The theory curve corresponds to Eq. (4) at

P¼ 0 and Kw=EF ¼ 0:006.

FIG. 5. The lower panel shows the power dependence of the conductance

at fixed values of the gate voltage in the bridged-gate sample from the

wafer B. The circles are experimental data, the lines are theoretical curves

based on Eq. (4) with the fitting parameters kFw ¼ 12:9 and Pmax

� 0:0037. The top panel shows the potential energy of the barrier (2) at

five values of U0=EF corresponding to the curves on the lower panel. The

solid and dashed horizontal lines correspond to the effective Fermi energy

without and with microwaves.
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the experiment). The dimensionless barrier height U0=EF has

then been found by fitting the theory to the experimental

points at low P. Although the shape of the real potential bar-

rier of the QPC is unknown and may substantially differ

from the model expression (2), the agreement between the

theory and experiment is surprisingly good in a very broad

range of microwave powers.

The microwave power parameter Pmax¼ 0.0037 extracted

from the experiment corresponds to the maximum ac

electric field Ex ¼ xpF

ffiffiffiffiffiffiffiffiffi
Pmax

p
=e ’ 70 V/cm (calculated at

f¼ 145 GHz and the density ns ¼ 7� 1011 cm�2). This value

is about 35 times larger than the estimated electric field of

the incident electromagnetic wave, which is a consequence

of the focusing of the ac electric field by the gate antennas

discussed above. In the split-gate devices, the same enhance-

ment of the local ac field leads to a smaller photo-response

since, in contrast to the bridged gate device, the ac electric

field is mainly polarized perpendicular to the electron tunnel-

ing direction.

The proposed device can be used as a detector of micro-

wave/terahertz/infrared radiation. Its responsivity can be

estimated as follows. As seen from Fig. 3, the slope of the

black-symbol curves at low P is about

dr=r0

dP=P0

’ 0:05: (5)

This can be rewritten as dR=dP ’ 0:05R2=P0R0, where R0

’ 1=r0 ’ 12 kX, R � 1 MX is the sample resistance, and

P0 is the incident power. Estimating the latter as the power

density 10 mW/cm2 times the squared length of the bridged

gate (’10� 10 lm2, see Fig. 1) and taking into account the

current ’ 10�8 A in our sample, we get the responsivity of

order of 106V/W. This value is substantially higher than in

other 2D electron gas detectors, see, e.g., Refs. 4, 11, and 12.

The large photoresponse in our experiment is achieved

due to the strong enhancement of the local ac electric field

near the sharp edges of the metallic gate placed on top of the

heterostructure. These local fields can be orders of magnitude
larger if the thickness of the metallic gate and the distance

between the gate and the 2D layer (both �100 nm in our

experiment) will be smaller. For example, replacing the GaAs

quantum well by a single atomic layer of semiconducting

MoS2, dielectric AlGaAs by few-layered hexagonal boron

nitride (h-BN), and the metallic gate by mono- or few-layered

graphene would tremendously increase the local fields and,

hence, the sensitivity of such a detector.

To conclude, we have observed a giant microwave pho-

toresponse of the specially designed (bridged gate) QPC.

Experimental observations are in very good agreement with

the theory. The observed effect can be used for efficient

detection of microwave, terahertz, and infrared radiation. A

similar detector built using graphene related materials could

have orders of magnitude higher sensitivity to the electro-

magnetic radiation.
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