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Absorption of terahertz radiation by plasmon modes in a grid-gated
double-quantum-well field-effect transistor
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The terahertz absorption spectrum of plasmon modes in a grid-gated double-quantum-well~DQW!
field-effect transistor structure is analyzed theoretically and numerically using a first principles
electromagnetic approach and is shown to faithfully reproduce important physical features of recent
experimental observations. We find that the essential character of the response—multiple resonances
corresponding to spatial harmonics of standing plasmons under the metal grating—is caused by the
static spatial modulation of electron density in the channel. Higher order plasmon modes become
more optically active as the depth of the electron density modulation in the DQW tends towards
unity. The maximum absorbance, at plasma resonance, is shown to be 1/2. Furthermore, the
strongest absorption also occurs when the standing plasmon resonance coincides with the
fundamental dipole mode of the ungated portion of the channel. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1599051#
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I. INTRODUCTION

Recently, the terahertz~THz! photoconductivity of a
double-quantum-well~DQW! field-effect transistor~FET!
with a periodic metal grid gate~Fig. 1! was observed.1,2 It
appears that the presence of adoublequantum well is impor-
tant to produce a strong photoresponse. The positions an
strengths of the peaks in the photoresponse, photocon
tance~the change of channel conductance!, are controlled by
both the voltage,Vg , applied to the gate and the period
the grating gate. This strongly suggests that the sharply r
nant features are related to plasma oscillations in this c
posite device. The strongest THz photoresponse occurs w
the upper QW is fully depleted under metallic portions of t
grating gate, while the lower one remains connected,
with laterally modulated electron density. The response
fast ~less then 1 ms! and it depends on the presence of t
double quantum well channel. Remarkably, the sharpest
strongest resonance response does not occur at the lo
temperatures, but rather between 25 and 40 K. The sig
the photoconductance is not unique, but depends on the
ing period. An in-plane magnetic field shifts the resonan
towards smaller depletion gate voltages and higher cha
densities.2 It can also reverse the sign of the terahertz pho
conductance. The physical mechanism responsible for
THz photoconductivity is not evident at this time. In partic
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lar, the temperature dependence, as well as the revers
sign of the photoconductance, is not understood.

These experimental results indicate that a grating-ga
double-quantum-well field-effect transistor is potentially im
portant as a tunable incoherent detector or coherent~hetero-
dyne! detector in the terahertz regime, particularly with si
nal processing electronics integrated on the same chip.
further development requires a realistic and physically w
founded model of~i! the electromagnetic interaction of tera
hertz radiation with the device, the excitation of the plas
resonances, and~ii ! the device physics responsible for link
ing the resonant excitation of the plasmons with a change
dc channel conductance. This article addresses the firs
pect of the problem~i!, the resonant THz absorption an
excitation of plasmons in a grating-gated double-quantu
well field-effect transistor.

A simple ‘‘transmission line’’ model discussed in Ref.
that describes plasma oscillations in the grid-gated DQ
FET provided a rough qualitative guide and suggested
the series of frequency dependent resonances observed
THz photoconductance corresponds to the excitation
plasma waves in the structure. However, this simple mo
fails to explain the measured separation inVg between reso-
nances at different frequencies and variation of the line sh
with frequency.

Far infrared absorption in density modulated tw
dimensional electron systems has been studied theoreti
in a series of papers,3–9 including studies of structures with
6 © 2003 American Institute of Physics
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metal gratings.4,6,8 In this article we develop a detailed, rea
istic model of plasmon electrodynamics in the grid-ga
DQW FET structure studied experimentally in Ref. 1. In S
II we start with the simplest model of a resonant surfa
electron layer in order to examine the essential physics
energy transformation in the structure. In Sec. III we disc
the plasmon electrodynamics of the model of a sin
density-modulated two-dimensional electron gas~2DEG!
layer. In Sec. IV we present the results of our electrodyna
simulation of the absorption spectrum, taking account of
essential features of the actual composite structure studie
Ref. 1. Conclusions are presented in Sec. V, along wit
description of problems that still need to be resolved.

II. SIMPLE MODEL OF A RESONANT SURFACE LAYER

To examine the essential physics of energy transfor
tion in the system we employ the simplest phenomenolog
model of a resonant surface layer here in Sec. II. Since
vertical dimensions and the period of the laterally perio
FET structure under consideration~Fig. 1! are much smaller
than THz radiation wavelength, we can treat the whole str
ture as a single plane with a surface admittance of the fo

Yeff~v!5 (
n50

`

Yn~v!52 i s̄0(
n50

` 2bn
2vge

v22vpn
2 22igev

,

~1!

where s̄0 is the surface dc conductivity averaged over t
period of the structure,vpn is the frequency of thenth
plasma resonance,ge51/2t is the broadening of the reso
nance caused by electron scattering in the QWs with a p
nomenological relaxation timet, and bn

2 is the strength of
coupling between the incident THz electromagnetic wave
frequencyv and thenth plasmon mode. A similar approac
was used in Refs. 10 and 11 that describes plasmon resp
in a single 2DEG layer with a metal grating coupler. Assu
ing v050 and b0

251 we have the zeroth term in serie
equation~1! as the Drude background admittance,

Y0~v!52 i s̄0

2ge

v22ige
.

Conventional Fresnel formulas immediately yield the
flectivity and transmitivity of the system as

T5
4A«1«2

~Z0Yeff1A«11A«2! ~Z0Yeff* 1A«11A«2!
,

FIG. 1. Schematic of the grid-gated double-quantum-well field-effect tr
sistor structure under consideration.
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22«1#@~A«21Z0Yeff* !22«1#

~Z0Yeff1A«11A«2!2~Z0Yeff* 1A«11A«2!2
, ~2!

where«1 and«2 are the dielectric constants of the adjoinin
media above and below the resonant surface layer~medium 1
and medium 2, respectively!, andZ0 is the free space imped
ance. In the vicinity of thenth plasma resonance,v'vpn ,
the nth term dominates in series~1! and we have

Yeff~v!'Yn~v!'2 i s̄0

bn
2ge

v2vpn2 ige
. ~3!

Substitution of Eq.~3! for Yeff(v) into Eqs. ~2! yields
the transmittivityTn(v) and reflectivityRn(v) in the neigh-
borhood of thenth plasma resonance as

Tn~v!'T0

~v2vpn!
21ge

2

~v2vpn!
21~ge1g rn!2

,

Rn~v!'R0

~v2vpn!
21~ge1g rn /AR0!2

~v2vpn!
21~ge1g rn!2

,

where

T05
4A«1«2

~A«11A«2!2

and

R05
~A«22A«1!2

~A«11A«2!2

are the transmittivity and reflectivity in the case where th
is no resonant surface layer (Yeff50) at the interface be-
tween medium 1 and 2, and

g rn5s̄0ge

Z0bn
2

A«11A«2

.

If we ignore electron scattering in QWs (ge50), then the
full linewidth of the nth transmittivity and/or reflectivity
resonance would be given by the value ofg rn ; correspond-
ingly, g rn describes the radiative broadening of the plas
resonance. Since the products̄0ge does not depend on elec
tron scattering, one may think of the radiative broadening
the plasma resonance as the parameter that describes
pling between the incident THz wave and thenth plasmon
mode.

The absorbance,An512Rn2Tn , is given by the above
equations having a Lorentzian line shape of

An~v!5
2geg rn~12AR0!

~v2vpn!
21~ge1g rn!2

,

with the total broadeningge1g rn . At resonance,v5vpn , it
is given by

Ares5
2geg rn

~ge1g rn!2
~12AR0!.

It is readily seen thatAres#0.5 for any values ofge , g rn ,
and R0 . The maximum value,Ares

max50.5(12AR0), occurs
when

-
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ge5g rn . Furthermore, we can consider two limiting case
Ares.2(12AR0)g rn /ge when ge@g rn and Ares.2(1
2AR0)ge /g rn whenge!g rn . It should be noted that ther
are inverted dependencies ofAreson the ratioge /g rn in these
two limiting cases.

Within the framework of this simple model of a surfac
resonant layer, the plasmon frequencies,vpn , and radiative
broadening,g rn , are phenomenological parameters to be
ted to their experimental values or to be calculated from
first principles electromagnetic approach.

III. SINGLE DENSITY-MODULATED 2DEG LAYER

The metal grating gate used in the experiments in Re
produces electron density modulation in both QWs of
double-quantum-well structure. In addition, the metal grat
having periodL couples THz radiation to plasmon mod
with in-plane wave vectors 2pn/L, with n an integer.10–12In
fact, all these wave vectors correspond to zero wave ve
in the reduced zone scheme of the periodic structure.
frequencies of these plasmon modes with zero reduced w
vector increase with an increase ofn.12

Once induced, the electron density modulation itself c
couple THz radiation to plasmon modes even without c
sidering the coupling role of the metal grating. Such ‘‘se
coupling’’ may be more important than metal grating co
pling since the metal grating is located a large distance fr
the 2DEGs in the DQW. To distinguish the effects of se
coupling from those of metal grating coupling, we consid
here in Sec. III the absorption of THz radiation power in
density modulated DQW structure without the metal grati

The separation between the centers of the two QW
the DQW structure studied in Ref. 1~27 nm! is two orders of
magnitude less than the period of the structure and the w
length of plasmons excited by the incident THz radiatio
Accordingly, we examine a model of the DQW as asingle
2DEG layer having the combined electron density of the t
wells in Ref. 1, located at the interface between the t
adjoining dielectric media with dielectric constants«1 and
«2 . In the context of this model, we ignore the bilayer aco
tic plasmon modes13,14 of the system.

We assume a rectangular profile for the surface elec
density distribution in thex direction of the single 2DEG
layer under consideration, given by

Ns~x!5H NA for 0,x,w,

NB for w,x,L,

whereL is the period of the structure. To analyze this syst
we employ a first principles electromagnetics approa
elaborated upon in Ref. 15. In this approach, the integ
equation for the surface electron current density in the pl
of the 2DEG is developed and studied in terms of a se
orthogonal basis functions, yielding an infinite system of l
ear algebraic equations which is truncated and solved
merically within a desired level of convergence. The
sponse of the 2DEG is described by a local surfa
conductivity in Drude form,
:
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e2NA(B)

m*

t

12 ivt
,

wheree andm* are the electron charge and effective ma
respectively, andt is a phenomenological electron relaxatio
time.

Following the results of Ref. 16, as the modulation fa
tor, Dns5uNA2NBu/(NA1NB), approaches unity, the spec
trum of plasmons at spatial harmonics of the periodica
modulated electron gas moves towards lower frequency,
with oscillator strengths that grow for the higher spatial h
monics. Correspondingly, higher plasmon modes,n.1, be-
come sequentially more optically active with an increase
Dns .

In Fig. 2~a! we exhibit the frequencies of four (n
51, 2, 3, 4) plasmon modes as functions of the modulat
factor for characteristic parameters of the actual Ga
AlGaAs DQW FET structure studied in Ref. 1:«15«25«
512.24,m* 50.069me , whereme is the free electron mass
The electron density,NA54.2731011cm22, is kept un-
changed whileNB varies as a function of the gate voltageVg

(NB decreases with an increase ofuVgu). The dependence o

FIG. 2. ~a! Frequencies of the lower order plasmon modes and~b! the
associated absorption resonances as functions of the gate voltage. S
resonances for the second, third, and fourth plasmon modes are sh
Vth522.5 V, L54 mm, w52 mm.



de

e
d

u
ur

n
o

lu
en
e
d
o
n
o

e
o
er
uc

on
od
th
tt

e
c
.

i
th
;
th
e
o

p
it

y
en
o

n
f

f
o

ta
h

on
0.5

is

EG
e

tions
ose in
olt-
fre-

ET

3559J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Popov et al.
NB(Vg) was obtained from a parallel plate capacitor mo
with the gate voltage threshold value,Vth , chosen as a fitting
parameter to the experimental data of Ref. 1~and with zero-
gate-voltage electron density in a single 2DEG layer giv
by NBuVg50

5NA). This electrostatics problem was solve

separately, and theNB value obtained was used as an inp
parameter in our electrodynamic modeling of the struct
without a metal grating.

Figure 2~b! shows the resonant absorption of incide
THz electromagnetic radiation at several frequencies. In
calculations we used a fitting parametert58.5310212s.
This is roughly an order of magnitude less than the va
extracted from the dc mobility. Although the measurem
temperatures are substantially above that used to measur
dc mobility, it is not likely that the dc mobility has droppe
by an order of magnitude. On the other hand, one may c
sider inhomogeneous broadening of the plasma resona
the mean free time for a carrier to traverse a half period
the modulation is;L/vF , wherevF is the Fermi velocity of
electrons in the QWs, yielding;10211s for characteristic
parameters of the structure under consideration. This valu
of the same order of magnitude as the scattering used t
the data. It is not productive to pursue this issue further h
but it is possible that a nonlocal description of the cond
tivity may be more appropriate.

This description of the electrodynamic role of plasm
resonances is more physical than the transmission line m
used in Ref. 1, and it leads to better agreement with
experimental observations than that obtained from the la
model.

Figure 3 shows the amplitude of charge and current d
sity oscillations in the plane of the 2DEG layer for the se
ond and third plasmon modes at frequency of 570 GHz
standing plasma wave appears in the 2DEG stripw,x,L
with lower equilibrium electron density,NB,NA , support-
ing the speculation in Ref. 1. Note that in our electrodynam
approach, the number of electron density oscillations in
interval is not exactly equal ton, the plasmon mode index
and the current density is not pinned at the edges of
interval, because the edges of the 2DEG strips with differ
electron densities are not perfect plasma wave reflect
However, the dipole-like distribution of nonequilibrium
charge density in the 2DEG strip of 0,x,w with higher
equilibrium electron density,NA5const, shown in Fig. 3, is
more important. The strength of this dipole controls the o
tical activity of a given plasmon mode. The charge dens
and, correspondingly, thex derivative of the current densit
distribution, diverge at the edges between 2DEG segm
having different equilibrium electron densities as a result
the buildup of edge charges.

The radiative broadenings,g rn , of the resonances show
in Fig. 2~b!, which were estimated from the full linewidth o
the transmittivity resonances calculated at 1/t50, are about
one tenth the fitted value ofge51/2t.

It is readily seen in Fig. 4 that the optical activity o
higher plasmon modes does indeed increase when the m
lation factor, Dns , tends towards unity~i.e., Vg→Vth).
Therefore, the absorption of THz radiation can be subs
tially enhanced if one excites higher plasmon modes. T
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maximum absorbance at resonance for the fourth plasm
mode exceeds 0.3, which is close to the limiting value
~see Sec. II!. Correspondingly, in this case we haveg rn

.ge .
In Fig. 4, the plot of absorbance versus gate voltage

used to illustrate the relative absorbance of then52 plasmon

FIG. 3. Amplitude of charge~solid curves! and current~dash-dotted curves!
density oscillations over a period of the density-modulated single 2D
layer for two plasmon modes (n52 and 3) at frequency of 570 GHz. Th
parameters of the structure are the same as those in Fig. 2.

FIG. 4. Absorbance resonances of the first four plasmon modes as func
of the gate voltage. The parameters of the structure are the same as th
Fig. 2. Remarkably, the absorption maxima that occur at different gate v
ages for different plasmon modes require nearly the same excitation
quency, which is'450 GHz for parameters relevant to the actual DQW F
structure in Ref. 1.
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mode for the four different frequencies used in Ref. 1. Th
frequencies are seen to resonate at gate voltage far from
the maximum of the absorbance curve for the second p
mon mode. The absorbance maxima at the resonances o
various plasmon modes occur at frequencies which dev
by less than 5% from that of the fundamental dipole mode
the system of isolated 2DEG strips with electron densityNA .
This further corroborates the crucial role of dipole-like osc
lations ~in the strips of the 2DEG bilayer with higher ele
tron density! in THz absorption processes. The frequency
this dipole mode,v1D , can be estimated from the formula16

v1D5A NAe2

«0«m* w
, ~4!

where«0 is the dielectric permittivity of free space. For th
actual characteristic parameters used in our calculations
have v1D'450 GHz. It follows from Eq.~4! that v1D is
controlled by both the electron densityNA and the width of
the strips of 2DEG bilayer under the metal grid-gate op
ings.

IV. COMPOSITE DQW FET STRUCTURE

Finally, we address the actualdouble-quantum-well mul-
tilayered laterally periodic structure of Ref. 1 here in Sec.
using a scattering matrix approach17–19 to analyze all of its
essential electrodynamic features and to determine its pla
resonance absorption spectrum. The scattering matrix
proach employed involves the following steps:~i! the Max-
well equations are rewritten in an in-plane momentum r
resentation; ~ii ! then, the electromagnetic eigenmo
problem is solved in each layer to obtain a basis set of pl
waves that propagate across the layer;~iii ! electromagnetic
fields in each layer are represented in terms of forward
backward propagating waves;~iv! the scattering matrix of
the whole structure is determined using this plane wave
resentation; and~v! the scattering matrix is then used to ca
culate reflectivity, transmittivity, and absorbance.

In carrying out this analysis we assume that the effec
thicknesses of the upper and lower QWs in the DQW str
ture are the same, 10 nm each, and that the separation
tween the center planes of the QWs is 27 nm. We ass
that the upper 2DEG is fully depleted under the meta
portions of the grating gate, and forms an array of disc
nected 2 mm strips with electron density ofNU51.7
31011cm22. The lower 2DEG is density modulated wit
NL52.5731011cm22 essentially unchanged under the stri
of the upper 2DEG~i.e., under the open parts of the gratin
gate!. The electron density of the lower 2DEG under meta
portions of the grating gate was obtained from the para
plate capacitor model described in Sec. III. The metal gra
strips are composed of a 20 nm Ti layer covered by a 50
Au layer. We took the bulk conductivities ass52.3
3104 S/cm for Ti ands54.853105 S/cm for Au. The pe-
riod of the grating is 4mm with half the period being metal

By comparing Figs. 2~b! and 5~a!, one can see that th
principal absorption resonances in the structure with a m
grating are much stronger than can be attributed to actio
the metal grating as the sole coupler. This supports the
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gestion made in Sec. III that the self-coupling effect in
density-modulated 2DEG is more important than metal g
ing coupling. Moreover, the presence of the metal gate
well as the finite thickness of the QWs and the QWs sepa
tion, leads to relative suppression of the higher freque
absorption resonances. In considering all these issues,
clear that the variation of line shape with frequency is ve
close to that observed.

It is worth noting that acoustic plasmon resonances
not manifested in Fig 5~a!. This supports our use of th
single 2DEG model in Sec. III.

The calculated THz absorption spectra and measu
THz photoresponse of two different periods of the DQ
FET structure withw5L/2 are shown in Fig. 6. It is evident
for both periods, that the positions of the resonances in p
toresponse are related to those of corresponding plasma
nances, although the signs of the photoresponse mea
ments are opposite for the different periods involved.

It can be seen in Figs. 5 and 6 that the separation
tween the resonances of THz photoresponse exceeds the
culated separation by about 15%. This difference may be
to the fact that the parallel plate capacitor model we used
calculate the equilibrium electron density in the lower Q
suffers by not considering the fringing field effects.

While the resonant positions and strengths are rep
duced well by our electrodynamic model, the model has
dealt with the physical mechanism whereby excitation of
plasmon resonances induces changes in the dc transport
change of sign shown in Fig. 6~b! underscores the fact tha
this mechanism is not at all understood.

FIG. 5. ~a! Calculated absorption spectra of the composite DQW FET str
ture at several different THz frequencies.Vth522.6 V is a fitted value.~b!
Terahertz photoresponse measured as a function of the gate voltage fo
different frequencies atT525 K ~reported in Ref. 1!.
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V. CONCLUDING REMARKS

We have modeled the absorption spectrum of THz rad
tion in terms of plasmon modes in a grid-gated DQW F
structure. The simplest model of a surface layer having re
nant admittance provided insight into the essential physic
the electromagnetic energy transformation within the sys
and it showed that the greatest possible absorbance at pl
resonance~which is limited by 0.5! takes place when dissi
pative broadening of the resonance is equal to its radia
broadening.

Using a numerical simulation of THz absorption in a fir
principles electromagnetic approach, we have obtained a
ries of plasma resonances which agree very well with
observed photoresponse resonances in a DQW FET rep
recently in Ref. 1. A comparison of the separation betwe
plasma resonances at different THz frequencies obta
from theory with those observed experimentally shows a
ference of less than 15%. The model developed here
vides firm physics-based theoretical support for the not
that the resonances are related to standing plasmons u
the metallic parts of the grating gate. It also shows that
essential feature involved in the absorption spectrum is
density modulation in the channel.

Acoustic plasmons do not seem to influence THz abso
tion. Modeling absorption by an effective single 2DEG
appropriate in this respect. However, this does not precl

FIG. 6. ~a! Calculated absorption spectra of the composite DQW FET st
ture at frequency of 600 GHz for different periods of the structure. T
parameters of the structure are the same as those in Fig. 5.~b! Terahertz
photoresponse measured as a function of the gate voltage at frequen
600 GHz for different periods of the metal gate atT525 K.
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the possibility that DQW-tunnel-coupled 2DEGs are impo
tant in the mechanism that leads to changes in the dc c
ductance.

We have also shown that higher order spatial harmon
become more optically active as the depth of the elect
density modulation in the DQW tends towards unity. T
maximum absorbance at high order plasmon mode re
nances can approach the limiting value of 0.5.

The frequency of maximum THz absorption at resonan
of each plasmon mode is close to the frequency of the f
damental dipole mode in the isolated strips of 2DEG form
when the DQW under metallic portions of the grid gate
fully depleted. A simple evaluation formula for the latter fr
quency was presented and it provides a useful ‘‘rule
thumb’’ for estimating a set of parameters that will yie
enhanced THz absorption of the composite structure.

This theoretical development of the electrodynamics
plasma oscillations in the DQW FET structure was seen
reproduce the experimental observations quite accura
With this validation, our theoretical approach can be e
ployed to maximize the coupling of THz radiation to grid
gated double-quantum-well field-effect transistors and o
mize their performance as incoherent or coherent detect

More sophisticated modeling, which takes into accou
interwell electron transfer in a grid-gated DQW FET stru
ture, is now in progress. We believe that this continui
analysis will provide an even better correspondence betw
theoretical predictions and experimental results, as wel
advance our understanding of the physical mechanism
gives rise to the change in conductance at resonance.
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