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Plasmon enhanced electron drag and terahertz 
photoconductance  

in a grating-gated field-effect transistor 
with two-dimensional electron channel 

 
I. MOTIVATION AND STATEMENT OF THE PROBLEM. 
 

The present study is motivated by the recent observations of the plasmon 
resonances in the THz photoconductivity of two-dimensional (2D) electron channel in the 
grating-gated field-effect transistor (FET) [1,2]. The original experiments were 
performed in the double-quantum-well semiconductor structures [1]. However, very 
recent experiments revealed similar effects in the single quantum wells [2]. In these 
experiments grating-gated FET was irradiated by the electromagnetic (EM) wave of 
terahertz frequency at normal incidence. The EM wave was linearly polarized in the 
direction perpendicular to the grating fingers. Source-drain dc current was applied in the 
same direction and the dc photoresponse (linear in the THz power) was measured as a 
function of electron density (controlled by the gate voltage), terahertz frequency, and 
temperature. Strong resonant peaks have been observed in the photoresponse as a 
function of the electron density. Dependence of the peak positions on the electron 
density, frequency and the wave number (determined by the grating period) allowed to 
reliably identify these peaks with collective plasma excitations in the 2D electron gas. 
However, physical mechanism responsible for the changes in the photoconductance of 
this system remained unknown. 

We present a theory of plasmon enhanced photoconductance in a homogeneous 
2D electron channel in the grating-gated field-effect transistor irradiated by an 
electromagnetic wave of terahertz frequency. We determine photo induced dc correction 
to the source-drain voltage and demonstrate that it has resonant peaks when the frequency 
of an external radiation coincides with 2D plasmon frequencies. The dc photoresponse is 
shown to depend on the asymmetric electron drag in the 2D channel with applied dc bias 
current. In high mobility samples, amplitude of the photoresponse resonant peak has non-
monotonic temperature dependence with maximum at elevated temperatures. Our results 
are in good qualitative agreement with recent experiments.  
 
II. THEORY OF THE DC PHOTORESPONSE IN THE GRATING-GATED FET 
 

In a series of recent experiments [1-6] it has been demonstrated that collective 
charge density oscillations (plasmons) in 2D electron systems (2DES) can be used for 
detection of THz EM radiation. When the plasmon wave in 2DES is excited by an 
external EM radiation the induced ac electric fields can be converted into the measurable 
dc signal via some non-linear conversion mechanism. Typical frequencies of plasmons in 
2DES lie in the sub-THz and THz range and can be easily tuned by changing the electron 
density in the gated structures. Excitation of the plasmons by an external EM field is the 
resonant effect provided that 1>>τω p , where pω  is the plasmon frequency and τ  is the 
momentum relaxation time. These features make low-dimensional semiconductor 
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structures very promising candidate in regard to the fabrication of the THz detector with 
tunable frequency control and narrow spectral bandwidth. 
 
Recently explored plasmon resonant THz detectors use plasmon excitations in the 2D 
channel of the submicron-size GaAs-based high electron mobility field-effect transistor 
(HEMT) [3-5] and in the grating-gated 2D GaAs/AlGaAs field effect transistor (FET) 
[1,2]. Alternative approach based on excitation of the edge magnetoplasmons has been 
developed in Ref. [6].  
  
In the resonant THz detector based on GaAs-HEMT a short gated 2D electron channel of 
submicron size serves as a resonant cavity for the plasma waves. Rectification, i.e. 
generation of the dc signal between the drain and source contacts, occurs due to 
asymmetric boundary conditions at the source and the drain sides of the 2D channel [7]. 
Because of its small size, such a detector represents a lumped load for the incoming THz 
radiation and requires special antenna elements to couple the detector to an external THz 
EM field. 
 
Terahertz photovoltaic as well as photoconductive responses in a distributed grating-
gated GaAs/AlGaAs heterostructure FET have been observed in Refs. [1,2]. 
Measurements were made in the double and single quantum well structures of relatively 
large area (typically 2×2 mm2). In this geometry, grating gate covering the structure acts 
as an effective receiving antenna for incoming THz radiation and couples an external EM 
field to the plasmon excitations in the 2D channel. This gate was also used to control and 
modulate electron density in the channel. The resonant dc voltage was measured between 
the source and drain contacts when constant source-drain current was applied. 
Experimental data clearly demonstrate that the resonant photoresponse is connected with 
excitation of plasmons in the 2D electron channel. This conclusion was confirmed in 
Refs. [8,9] where it was shown that the resonant peaks in the photoresponse correlate 
with plasmon resonances in the channel under the grating gate fingers. In this structure, 
boundary conditions at the opposite edges of the grating gate fingers are symmetric and 
can not produce signal rectification.  
In this report, we present a theory of photoconductance in a homogeneous 2D electron 
channel in the grating-gated FET interacting with an external THz EM field. We 
demonstrate that dc photoresponse (ac signal rectification) is produced by the plasmon 
enhanced asymmetric electron drag in the grating-gated 2D channel with applied dc bias 
current. Resonant peaks in the dc photoresponse are formed when the frequency of 
external radiation coincides with the 2D plasmon frequencies. Calculated photoresponse 
spectra reproduce many basic characteristic features of the THz photoresponse observed 
in Refs. [1,2]. 
 
We assume that 2DES in the FET channel can be described by the hydrodynamic 
equations (Euler equation and equation of continuity) and consider an interaction of the 
2D electron fluid with normally incident external EM wave of frequency 0ω  polarized 
perpendicular to the grating fingers ( x -axis). The wave is modulated in the x -direction 
by the grating gate fingers so that the total self-consistent electric field in the 2D plane is 

),(0 txEE +  where 0E  is constant bias field and ),(),( tlxEtxE +=  is spatially periodic 
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THz correction, l  is the grating period. Local density ),( txn  and velocity ),( txυ  in the 
2D electron fluid can also be represented as ),(),( 0 txnntxn δ+=  and 

),(),( 0 txtx δυυυ +=  , where nδ  and δυ  are spatially periodic THz corrections to the 
equilibrium 2D electron density 0n  and constant drift velocity ∗−= mEe /00 τυ , with 

e− and ∗m  being an electron charge and effective mass, respectively. We represent the 
total current, ),(),(),( txtxentxj υ−= , as ),(),( 0 txjjtxj δ+=  where 000 Ej σ=  is 
constant applied dc current, ∗= mne /0

2
0 τσ , and ),( txjδ is local spatially periodic THz 

current correction. Our quantity of interest is space and time average of the THz current 
correction 00jδ . 
 
Equations for the Fourier transformed density and velocity corrections qnωδ  and qωδυ  can 
be obtained from the hydrodynamic equations for the 2D fluid. These non-linear 
equations couple different harmonics with frequencies 0ωn . We assume that the 
amplitude of an external THz wave is relatively small and consider photoresponse linear 
in the THz power. (This type of photoresponse was reported in Refs. [1,2].) In this case 
terms with frequencies 0ωn  ( 1>n ) can be omitted since they contribute to the 
photoresponse at the higher orders in the THz power [7]. In this approximation solution 
of the linearized hydrodynamic equations for qnωδ  and qωδυ  yields 

                                                    qq Eq
e
qn ωω ωσ
ω

δ ),(−=  ,                                              (1) 

and 

                                               ∑∑ −−
±=

∗=
q

qq En
m
ej ωω

ωω

δτδ
0

2

00 ,                                            (2) 

where 

                                   ( )( )ivqq
viq

+−−
=

00
0),(

υωυω
ωσωσ  ,                                (3) 

is the dynamical conductivity of a drifting 2D electron fluid [10] and τν /1= . In the 
constant bias current regime THz illumination of the grating-gated FET results in an 
additional dc photovoltage 0Uδ  developed between the source and drain 
contacts: 0000 /σδδ LjU −=  where L  is the channel length. This photovoltage was 
measured as a photoresponse in Refs.[1,2]. Combining Eqs. (1)- (3) we finally obtain 

                                
( ) ( )[ ]∑
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q

vqq
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m
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22
0000

2

0 2
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δ   ,                              (4)                       

where qq EE
0ω

≡  is the Fourier harmonic of the total self-consistent in-plane electric field 
of frequency 0ω  with wave vector lmq /2π=  ,  ,...2,1,0 ±±=m  . 
 
Physical mechanism of the dc photoresponse can be explained based on Eq. (4). 
Normally incident THz radiation is spatially modulated by the grating gate and induces 
periodic electric field profile in the 2D plane. This profile represents a longitudinal 
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standing electric wave. Each traveling component of the standing electric wave with 
amplitude qE  produces electron drag in the direction of its wave vector q . The net drag is 
determined by the sum of all partial contributions in Eq. (4). At zero bias current 
( 00 =υ ), qE  is equal to qE−  for symmetry reasons, and the electron drag due to 
components of the standing waves with wave vectors q and q− traveling in opposite 
directions cancel each other resulting in the zero photoresponse, see Eq. (4). Constant 
source-drain current breaks the symmetry of these two components ( qq EE −≠  as shown 
below) giving rise to the non-zero net electron drag in the direction of the traveling 
electric field component with larger amplitude. The difference between qE and qE−  

depends on the parameter 00 /ωυq  which is very small in the experiment [1,2]. In this 
case dc photoresponse should also be very small. However, the situation changes near the 
plasmon resonance where Fourier amplitudes qE  are resonantly enhanced due to 
excitation of the plasma waves in the 2D channel. These resonant photoresponse peaks 
have been measured in Refs. [1,2]. At plasmon resonance with wave vector q  the Fourier 
amplitude qE  of the total electric field is enhanced in compared with the external THz 

electric field amplitude ext
qE  as ext

qq EQE = , where ωω Δ= /pQ  is the plasmon 
resonance quality factor, and ωΔ  is the full width of the plasmon resonance line at half 
of its maximum (FWHM). The FWHM is determined by both dissipative (v ) and 
radiative ( rγ ) damping of the plasmon mode: rv γω +=Δ . The radiative damping is 
proportional to the equilibrium 2D electron density and also depends on the coupling of 
the plasmon mode to the EM radiation [8,11]. Dissipative damping is determined by the 
mobility and increases with the temperature. In the high-mobility samples, the values of 
v  and rγ  can be comparable in magnitude [11]. These results can be used to explain non-
monotonic temperature dependence of the photoresponse peak amplitude observed in 
[1,2]. Equation (4) written in terms of the external THz electric field yields 

( )2
0 /~ rvvU γδ + . If at low temperatures rv γ< , the photoresponse increases with the 

temperature taking the maximum value when rv γ=  and then decreases again at higher 
temperatures. Under condition rv γ= , THz absorbance at the plasmon resonance also 
takes the maximum value [8]. Enhancement of both THz absorbance and photoresponse 
occurs due to the maximum pumping of the THz power into the 2D channel at rv γ= . In 
fact, this condition implies impedance matching. 
 
We calculated the components of the total electric field qE and the photoresponse 0Uδ in 
Eq. (4) numerically using self-consistent electrodynamic approach developed in Ref. [8]. 
In our calculations we used the following parameters for the grating-gated GaAs/AlGaAs 
FET: 2=L mm, μ4=l m, 11

0 1057.2 ×=n cm-2, 05.00 =j  A/m, the width of the grating 
gate finger μ2=w m, the distance between the grating gate and the 2D channel 

μ4.0=d m, input THz radiation intensity is 1W/cm2 with the device area 22× mm2. Our 
numerical results for the dc photoresponse as a function of the THz frequency near the 
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first plasmon resonance ( lq /2π±= ) are presented in Fig. 1. The photoresponse curves at 
different values of τ demonstrate a non-monotonic behavior of the resonant peak height 
with the maximum at 111067.6 −×=τ s. Besides the main resonant peak near the plasmon 
frequency of 375 GHz additional resonant feature was found near the frequency of 430 
GHz. This result can be explained as follows. In homogeneous 2DES with metal grating 
gate each plasmon mode with wave vector lmq /2π= splits into two modes of different 
frequencies −ω and +ω . At zero 2D electron drift −ω - and +ω -modes have even 
( qq EE −= ) and odd ( qq EE −−= ) in-plane electric field distribution under the grating 
gate finger, respectively [12,13]. Because of the symmetry, only an even mode is 
optically active and can be excited by an external EM field. Finite bias current breaks the 
symmetry of the in-plane electric field distribution for both modes and makes +ω -mode 
optically active so that both modes contribute to the dc photoresponse. The main resonant 
peak in Fig. 1 corresponds to the −ω -mode whereas additional resonant feature at larger 
frequency is related to the +ω -mode.  
 
In Fig. 2, Fourier amplitudes of the total in-plane electric field 1±E  are shown as a 

function of the THz frequency. Field amplitudes 1±E  as well as the difference 
2

1
2

1 −+ − EE  responsible for the photoresponse peak are resonantly enhanced near the 

first plasmon resonance of the −ω -mode. Similar dependence for the +ω -resonance is 
shown in the Fig. 1 insert. Here the difference 11 −+ − EE changes sign at the plasmon 
resonance giving rise to the photoresponse peaks of opposite sign in Fig. 1. 
 
Coupling of an external THz field to the plasmons becomes stronger for the grating gates 
with narrow slits between the fingers [11-13]. Stronger coupling results in the increased 
height of the photoresponse peaks. In Fig. 3, dc photoresponse is shown as a function of 
the gate voltage at two different frequencies for the same grating-gated FET structure as 
discussed above but with μ6.3=w m. In this calculation an equilibrium 2D electron 
density was related to the gate voltage using the parallel plate capacitor model, and 
spatial modulation of the electron density was neglected. The latter approximation is 
justified when lwl <<− and ld << . For narrow grating slits the splitting of the −ω - and 

+ω -modes decreases [12,13], and both plasmon resonances merge producing one 
combined resonance of complex shape shown in Fig. 3. One should point out that the 
higher order plasmon resonances give larger photoresponse in Fig. 3 due to increased 
wave vectors q involved, i.e. stronger spatial inhomogeneity of the induced electron 
density. 
 
The dc photoresponse also increases with the bias current. At larger values of 0υ the 
difference between qE and qE− increases. The plasmon frequencies −ω  and +ω also 
change due to Doppler shift [14]. At low drift velocities corresponding to the small bias 
currents used in [1,2] the frequency change with 0υ is small (the so called non-linear 
Doppler shift [15] ). At larger values of 0υ the plasmon frequencies demonstrate a linear 
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Doppler shift [15,16]. In this regime, near the plasmon resonance the resonant Fourier 
harmonics qE± are concentrated in one of the two split plasmon modes: 0→qE , 0≠−qE  

in the −ω -resonance and 0→−qE , 0≠qE  in the +ω -resonance, resulting in the 
enhanced photoresponse. These conclusions are demonstrated in Fig. 4 where dc 
photoresponse is shown as a function of frequency in the linear Doppler shift regime for 
the current density 50 A/m and two different values of lw / . 
 
Physical model developed above explains qualitatively many characteristic features of the 
dc photoresponse in the grating-gated GaAs/AlGaAs FET measured in Refs.[1,2]. 
However, experimental dc photoresponse is much stronger than the one predicted in our 
model. This quantitative discrepancy can be attributed to the equilibrium density 
modulation induced by the grating gate in the experiment [1,2]. This effect, not included 
into the present model, significantly increases the coupling of an external THz field to the 
plasmons and can modify an in-plane electric field distribution, both contributing to the 
stronger photoresponse. This conclusion is confirmed by the fact that the maximum 
photoresponse has been observed when the 2D electron channel was near complete 
pinch-off [1,2]. Generalization of the theory to include the density modulated electron 
channels is required to achieve quantitative agreement with the experiment. This work is 
in progress now. 
 
III. SUMMARY 
 
Physical model of the dc photoresponse in the grating-gated FET irradiated by THz EM 
wave is developed. The model predicts resonant peaks in the dc photovoltage at 2D 
plasmon frequencies. It is demonstrated that both positive and negative peaks can be 
observed dependent on the device geometry. The peak amplitudes are shown to have non-
monotonic temperature dependence with maximum at elevated temperatures. The 
resonant peak enhancement is predicted at larger bias currents. The theoretical results 
explain many experimental observations and can be used to optimize performance of the 
THz detector based on the grating-gated FET. 
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Fig. 1  Photoresponse vs THz frequency for the grating-gated GaAs/AlGaAs FET near    
the first plasmon resonance for different electron relaxation times: 11101 −×=τ s (dashed 
curve), 111067.6 ×=τ s  (solid curve), 101067.6 −×=τ s (dotted curve), and 

91067.6 −×=τ s (thin solid curve). Bias current density is 0.05 A/m, all other parameters 
are given in the text. Main peak at 375 GHz corresponds to the even −ω -mode, resonant 
feature at 430 GHz corresponds to the odd +ω -mode, see text. 
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Fig. 2   Frequency dependence of the resonant Fourier amplitudes 1+E (solid curve) and 

1−E (dashed curve) of the total in-plane electric field in the 2D FET channel near the first 

plasmon resonance for the even −ω -mode. Data are normalized to the amplitude of the 
incident THz EM wave iE . 111067.6 −×=τ s, other parameters are the same as for Fig.1 
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Fig. 3    Photoresponse of the narrow-slit grating-gated FET as a function of the gate 
voltage for two different frequencies: 450 GHz (solid curve) and 400 GHz (dashed 
curve). Plasmon mode numbers are indicated, 11101 −×=τ s, 9.0/ =lw , other parameters 
are the same as for Fig. 1. 
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Fig. 4    Photoresponse vs frequency for the grating-gated FET in the linear Doppler shift 
regime for two different slit widths: 9.0/ =lw (solid curve), 5.0/ =lw (dashed curve). 
Bias current density is 50 A/m, 111067.6 −×=τ s, other parameters are the same as for  
Fig. 1. 
 


