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Terahertz photoconductivity and plasmon modes in double-quantum-well
field-effect transistors
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Double-quantum-well field-effect transistors with a grating gate exhibit a sharply resonant, voltage
tuned terahertz photoconductivity. The voltage tuned resonance is determined by the plasma
oscillations of the composite structure. The resonant photoconductivity requires a double-quantum
well but the mechanism whereby plasma oscillations produce changes in device conductance is not
understood. The phenomenon is potentially important for fast, tunable terahertz detectors. ©2002
American Institute of Physics.@DOI: 10.1063/1.1497433#
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Double-quantum-well~DQW! heterostructures are im
portant in the scientific exploration of correlated electr
states in two-dimensional electron systems1 and potentially
important for novel field-effect transistors that add functio
ality by controlling electron transfer between the quant
wells.2 Interwell transfer can also be promoted by terahe
photon assisted tunneling, opening the possibility of fa
voltage tunable terahertz~THz! detectors.3 This motivated
our research on THz response of DQW field-effect transis
~FETs!. We report the THz photoconductivity of DQW FET
in which the gate is a periodic metallic grating. Strong ph
toresponse occurs at the plasma resonance of the comp
structure. Other detector proposals make use of plas
modes in single two-dimensional electron gas~2DEG!
systems.4 But, the relatively strong resonant response that
report here appears to require the presence of a DQW.
model the resonant response with a transmission line m
of the collective modes of the 2DEGs and correlate the
served resonances with standing plasmon resonances u
the metallic part of the grating gate.While the work was
motivated by the concept of interwell transfer, the actu
mechanism that gives rise to this response is not underst.

The FETs are fabricated from modulation doped Ga
AlGaAs DQW heterostructures grown by molecular be
epitaxy. Both wells are 200 Å wide and are separated by a
Å barrier. The nominal electron densities arenupper51.7
31011 cm22 andnlower52.5731011 cm22: the 4.2 K mobil-
ity is ;1.73106 cm2/V s. A 232 mm mesa is defined an
ohmic contacts to both quantum wells form source and dr
A 700-Å-thick TiAu grating gate~with no metallization be-
tween the grating fingers! is evaporated with the lines of th
grating perpendicular to the current flow. We explored 4 a
8 mm periods; half the period is metal. The grating mod
lates the electron density when a voltage is applied, sel
wave vectors of the excited plasmon and, coincidentally, p
duces both normal and transverse THz electric fields.

a!Electronic mail: xomalin@physics.ucsb.edu
1620003-6951/2002/81(9)/1627/3/$19.00
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inset in Fig. 1 for a cross section of the sample.
We apply a constant source-drain current of 100mA,

focus the radiation onto the sample, and study the photoc
ductive response of the DQW as a function of gate volta
THz frequency, and temperature. The radiation sources
the free-electron lasers at the University of California, Sa
Barbara, which cover a frequency range between 120 G
and 4.8 THz. The response is linear with respect to sou
drain current~photoconductive, not photovoltaic! and with
respect to incident power.

Figure 1 shows the conductance of the DQW channel
a function of gate voltage~depletion curve! and the photo-
conductive response at four different temperatures at a
quency of 570 GHz for the 4mm grating period sample. The
depletion curve shows that atVg;20.80 V thetop 2DEG is
fully depletedunder the metallic portion of the grating gate,
forming an array of disconnected 2mm stripes. As the gate
voltage becomes more negative, the lower 2DEG is also
terned into stripes until the conductance goes to zero w
both layers are cut off from the source and drain.

At T52.2 K the photoresponse at 570 GHz shows
broad structured peak atVg;21.19 V. This feature in-
creases and narrows as a function of increasing tempera

FIG. 1. Source-drain conductance as a function of gate voltage~dashed!.
Terahertz photoresponse at 570 GHz at four different temperatures~solid!.
Grating period is 4mm. Schematic cross section of the devices~inset!.
7 © 2002 American Institute of Physics
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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up to aroundT540 K, after which it decreases. The tem
perature dependence is unexplained at this time but enha
the potential usefulness as a future detector.

Figure 2 shows the gate dependent photoresponseT
525 K for different radiation frequencies. The resonant pe
moves to less negative gate voltage, higher electron den
as we increase the frequency of the incident radiation; th
expected plasmon behavior.

Figure 3 shows the photoresponse as a function of g
voltage at 600 GHz andT525 K for the 4 and the 8mm
periods. There are multiple resonances in the photoresp
of the 8mm period which are the high order spatial harmo
ics ~see below!. The presence of many higher harmonics
dicates that the THz electric field exciting the plasmons
very nonuniform, possibly localized at the edges of t
metal.

Plasmon modes have been studied both theoretical5,6

and experimentally,7–10 and there have been many differe
approaches to modeling them.11,12The structure presented i
this letter is complicated and can be split into tw
regions.13,14 there is a double layer ungated region and
double layer gated region with a varying electron density t
becomes a single layer at large negative gate voltages
chose to model the collective response of the compo
structure by treating the DQW as a single one, ignoring
effect of fringing fields on the ungated regions and using
equivalent circuit~lower inset in Fig. 4!. In the ungated re-
gion we combine the sheet densities of the two quan

FIG. 2. Terahertz photoresponse as a function of gate voltage at four d
ent frequencies. The temperature wasT525 K and the source-drain curren
was I SD5100mA. Grating period is 4mm.

FIG. 3. Terahertz photoresponse at 600 GHz for two samples with diffe
grating periods: 4 and 8mm atT525 K. Observe the multiple resonances
the 8mm period sample.
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wells into one (neffective5nupper1nlower) and keep it fixed.
The response for the gated region involves standing wa
under the grating metal. These are modeled by a ‘‘transm
sion line’’ with a variable density 2DEG~ranging from
neffective to zero!.

The total impedance is the sum of the impedances of
gated and ungated regions~in series!. We calculate the ratio
of the absorbed power to the incident power as a function
the electron density under the grating metallization. T
lower plot in Fig. 4 shows the resulting normalized abso
tion as a function of gate voltage for the 4mm period at
various frequencies. The resonant peak moves to lower
voltage as we increase the frequency of the radiation.

The upper plot helps us develop some intuition by sho
ing the plasmon wave vector in a uniformly metallize
2DEG at a particular frequency as a function of gate volta
The horizontal lines correspond to an odd integer num
plasmon 1/2 wavelengths underneath the 2mm metal finger
in our device~odd spatial harmonics!. The first set of reso-
nances in the normalized absorption~from right to left! cor-
responds to the plasmon with wave vector 3q
53* (2p/4 mm), as indicated by the parallel vertical line
The insets on the top right are schematic representation
the current density distribution under the metal gate for
corresponding resonant modes.

By lumping the two wells together we ignore the acou
tic plasmons in the double well regions; we assume only
optical plasmon is important. Nonetheless, the model c
tures the dependence on frequency, period, and density
leaves little doubt that the resonance is semiquantitativ
described by the collective modes. While we understand
the tunable resonance is caused by the composite pla
oscillations, the mechanism that gives rise to the chang
conductance at resonance is not clear. Relevant observa
follow.

r-

nt

FIG. 4. Top: Plasmon wave vector as a function of gate voltage, with
quency as a parameter. Horizontal lines: odd number of plasmon 1/2 w
length underneath the metal~inset!. Bottom: absorption as a function of gat
voltage for the frequencies used in the experiment. Elements of the tr
mission line model~inset!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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~1! While it is clear that the electron density under the ga
region controls the collective plasma oscillations of t
composite structure, the changes induced in the dc c
ductance can take place in either the gated or ung
regions.

~2! A single 2DEG processed in an identical manner show
no resonant response; the double well is necessary.

~3! The change in sign in Fig. 3 challenges the idea t
interwell transfer is responsible for this response beca
it is hard to imagine a reversal in the direction of t
electron transfer process.

~4! Coulomb interactions between two quantum wells
mediated by charge fluctuations, plasmons.15 Radiation
driven charge density fluctuations can lead to enhan
scattering between electrons in the two wells.

Figure 2 shows that this device could be used as a
able detector so we made an estimate of its noise equiva
power~NEP! without including optical coupling and found
NEP56 mW/Hz1/2 and a responsivity ofR5890mV/W.
This is not competitive with good incoherent detectors,
the other hand, the response time has been measured to
slower than 700 ns. If the speed is sufficiently fast, it m
find use as a THz heterodyne detector integrated with
~intermediate frequency! electronics.

We have demonstrated that a double-quantum-well fie
effect transistor with a grating gate exhibits striking volta
tuned resonant photoconductive response at terahertz
quencies directly related to plasma oscillations of this co
posite structure. To shed light on the photoconduct
mechanism, future work will explore the effects of both no
mal and in plane magnetic field. Optimization of the dev
for a tuned incoherent or coherent detector with integra
signal processing electronics is also indicated.
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