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Abstract: This paper theoretically explores photocontrolled terahertz amplified modulator
in electron plasma wave optically switched resonant tunneling diode (ORTD) gate high-
electron mobility transistor. We present a developed distributed circuit model based on the
Khmyrova model. Photoexcitation causes ORTD operating state between negative differen-
tial conductivity and positive differential conductivity, which power gain of the device can be
control by photoexcitation. Numerical and analytical results show that photoexcitation en-
abling amplified modulator can realize much larger modulation depth (>95%) than what has
been reported in photocontrolled modulator. Our results show the potential of this device in
several fields of terahertz technology, such as photocontrolled modulator, mixer, and other
two port networks.

Index Terms: Optically switched resonant tunneling diode (ORTD), high-electron mobility
transistor (HEMT), photo-controlled, amplified modulator

1. Introduction
Terahertz electromagnetic waves, lying at the boundary between microwave and infrared wave, has
many excellent features, such as better penetrability, its ability to observe inter-molecular vibrations
[1]. Due to its inherent unique properties, terahertz technology attracts much of attention in astron-
omy, spectroscopy, wireless communication, imaging, etc [2]–[4]. Two-dimensional electron gas
materials, including heterostructure [5]–[7] and graphene [8]–[10] with remarkable optoelectronic
properties in terahertz band, become very promising materials to develop terahertz devices, such
as modulators, amplifier, and so on. Generally speaking, electrical-controlled modulators have only
approximately 10 MHz modulation bandwidth [11]–[13]. Photo-controlled terahertz modulators com-
bined with ultrafast laser can achieve over 1 GHz modulation bandwidth [14]–[16]. Photo-controlled
modulators, using two-dimensional electron gas materials, are very promising device in terahertz
communication.

In this paper, we study the possibility of a plasmonic terahertz amplified modulator basing on
photo-controlled functions. In architecture of the device, amplified modulation originates from the
different operating state of the optically switched resonant tunneling diode (ORTD) between the

Vol. 9, No. 5, October 2017 5900708



IEEE Photonics Journal Photocontrolled Terahertz Amplified Modulator

Fig. 1. (a) Schematic structure of the device, n-InGaAs layer is the light absorption layer; (b) distributed
circuit model of the device, VS represents the input sign, Z S and Z L represents the impedance of source
and load.

negative differential conductivity (NDC) and positive differential conductivity (PDC) by photo excita-
tion. As discussed by Sensale-Rodriguez in their works [6], [7], [18], the NDC can compensate for
the loss of the electron-plasma-waves in high-electron mobility transistor (HEMT) channel, which
forms a gain medium at terahertz frequencies. ORTD combination with ultrafast lasers, which can
deliver optical pulses of <1 ps pulse width, is suitable to develop a ultrafast THz modulator [19]
By means of numerical simulation for ORTD-gated HEMTs, we show that (I) the mechanism of the
photo-controlled amplified modulator, (II) the difference of power gain between photo-excitation and
non-photo-excitation, (III) the power density of the photo-excitation is an important parameter to the
modulator depth level, signal bandwidth as well as high level voltage.

2. Modeling
Structure of the device is shown in Fig. 1. The material system of HEMT is InGaAs. A double
barrier structure (DBS) consists of a thick InGaAs quantum well and two thick AlAs barriers. The
plasma wave in the channel of the HEMT is under the DBS. The n-InGaAs layer is light absorption
layer on the DBS. A polymer electrolyte poly (ethylene oxide) and LiClO4) layer, as light window,
was spin-coated on the entire chip [20]. The light absorption layer generates electron-hole parts by
Photo-excitation. Photo-excited electron-hole parts subjected by an electric field in biased ORTD
become locally separated [21], [22], which cause a shift on the I-V curves of ORTD. We bias ORTD-
gate HEMT at the maximum NDC point to realize maximum power gain. The optical modulation
mechanism is based on the scenario that photo-excitation causes a shift of ORTD operating state
from NDC to PDC. The power gain of the device decreases under this condition, which causes
intensity modulation.

According to Beown et al. [23] theory, the effects of photo-excitation on ORTD I-V curve can be
described by:

J = A I n
(

1 + eB−C+n1(V +Vp h )q/kT

1 + eB−C−n1(V +Vp h )q/kT

) (
π

2
+ arctan

(
C − n1(V + Vp h ))

D

))
+ H e

n2q(V +Vp h )

kT −1 (1)

where J is the current intensity, Vp h is a photoinduced voltage due to the charge accumulation
effect, q is the electron charge, k is Boltzmann’s constant, T is thermodynamic temperature, A
is the peak current density, B = E F

q (where E F is the Fermi level in the emitter), C = E r
q (where

E r is the ground state level in the quantum well), D = �
2 (where � is the resonance width), H

is reverse saturation current density, and n1, n2 is fitting coefficients to I − V curve under dark
condition. The fitting coefficients are: A = 1.2067e + 10A/m2, B = 0.085 V, C = 0.1334 V, D = 0.1 V,
H = 7.7600e + 10A/m2, n1 = 0.1502 n2 = 0.0041. Under photo-excitation, Vp h is given by [24] :

Vp h = �n
c0

= ατI d
c0hυ

(1 − e− 1
τ ) (2)
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Fig. 2. Equivalent circuit for analysis for an ORTD-gated plasma wave HEMT.

where �n is the rate of the photon-generated carrier, d is the thickness of the gate, h is Planck’s
constant, α is the absorption coefficient of n-GaAlAs, τ is lifetime of photon-generated carrier, υ, I
is frequency and power density of the photo-excitation, c0 is the capacitance per unit area of gate.

According to Dyakonov and Shur theory [25], [26], plasma wave in the channel of the HEMT
behaves like two-dimensional electron fluid (2DEF). The 2DEF can be described by a hydrodynamic
model. Providing appropriate electrical boundary conditions, the plasma wave can be continuously
increased until it’s limited by the mechanism of energy loss. For a typical submicron GaAlAs HEMT,
the group velocity of plasma waves is larger than the electron drift velocity, whose characteristic
frequency is in the Terahertz band [27]. Fundamental characteristic frequency f is given by:

f = �

2π
= 1

2L

√
πe2

εr m∗ (3)

where � is the characteristic angular frequency of plasma wave, e and m∗ is the electron charge
and effective mass, εr is the dielectric constant of gate, L is the gate length. The width of the device
is 20 μm in the simulation. Here we considered L = 300 nm as the gate length in the design, which
characteristic frequency is 718 GHz.

Due to similarity of electromagnetic wave propagation in the channel of 2DEG-gate HEMT struc-
ture, a transmission line model explicitly employed to model of high-frequency effects in such a
2DEG system by Burke et al. [28]. In this paper, to facilitate the amplified modulator design, a
distributed circuit model has been developed based on Khmyrova model [27], as shown in Fig. 2.
Vs with the impedance Z s represents the input terahertz signal source, and Z L represents the load
between drain and gate. In small-signal approximation, ORTD can be regarded as a differential
conductance g. The distributed circuit model has similarity with a transmission line, which contain
distributed resistance r , kinetic inductance l, gate capacitance c and differential conductance of
ORTD g [27]:

r = 1
eμnsW

(4)

l = m∗

e2μnsW
(5)

c = c0W (6)

g = g0W = W
∂J
∂V

(7)

where μ is electron mobility of GaAlAs, V is the bias voltage of the gate, W is the gate width. A
transmission line propagation constant and characteristic impedance can define as [29]:

γ =
√

(r + jωl)(g + jωc) (8)

Z =
√

r + jωl
g + jωc

(9)

where ω is the angular frequency. To a two-port network, the transducer power gain G T is given by:

G T = |S21|2(1 − |�S|2)(1 − |�L |2)
|1 − �S�L |2|1 − S22�L |2 (10)
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where

S11 = S22 = ξsinh(γL ) − ξ−1sinh(γL )
2cosh(γL ) + sinh(γL )(ξ + ξ−1)

(11)

S12 = S21 = 2
2cosh(γL ) + sinh(γL )(ξ + ξ−1)

(12)

�i n = S11 + S21S21�L

1 − S22�L
(13)

ξ = Z
Z 0

(14)

where �S and �L is the source and load reflection coefficients with respect to Z 0 = 50 �, �i n is
reflection coefficient of the input, S11 is return loss and S21 is transmission gain. The maximum
transducer power gain occurs in a specific case where the input and output matched. In this
condition, �S = �L = 0, transducer power gain can be simplified as

G T = |S21|2 (15)

In amplitude modulation, the terahertz signal m(t) is impressed on the amplitude of the carrier
signal c(t) = S21(t) [30]. The amplitude modulated u(t) signal is obtained by multiplying by m(t) and
c(t)

u(t) = m(t) × S21(t) (16)

The S21(t) changes by photo-excitation and is facilitated by two state, non-photo-excitation state
S1

21 and photo-excitation S2
21. The u(t) can be simplified as

u(t) =
{

m(t)S1
21, non - p hoto - exci tati on

m(t)S2
21, p hoto - exci tati on

(17)

The modulation depth M T of the modulator can be defined by [31]:

M T = Tmax − Tmin

Tmax
× 100% (18)

where Tmax and Tmin is the maximum and minimum of the intensity. In this paper, the modulation
depth is

M T =
∣∣S1

21

∣∣ − ∣∣S2
21

∣∣∣∣S1
21

∣∣ =
√

G 1
T −

√
G 2

T√
G 1

T

(19)

where
√

G 1
T is the transducer power gain in non-photo-excitation,

√
G 2

T is the transducer power gain

in photo-excitation. As can be seen, by in (19), that decreasing
√

G 2
T is a necessary condition to

achieve large modulation depth.

3. Simulation and Discussion
In our simulation, device physical parameters are listed in Table I. Fig. 3(a) shows the I − V curve
of ORTD at non-photo-excitation and different photo-excitation. Firstly, supposed that the device is
set at the maximum NDC point when no photo-excitation, the return loss S11 being very small, the
S21 parameter realize maximum gain 4.28 dB which the transducer power gain is 8.56 dB. When
the device is photo-excited, the photo-excitation causes a shift on the I − V curve of ORTD. This
causes the ORTD operating-state swinging from NDC region to PDC region, as shown in Fig. 3(b).
Under the influence of the photo-excitation, absolute value of NDC decreasing, the ability of NDC
in the gate to counteract the friction (distributed resistance r ) of the plasma wave in the channel is
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TABLE I

Device Parameter [27], [32]–[34]

Parameters Value

Electron Mobility μ 27000 cm2V−1s−1

2DEG Sheet Electron Density ns 1012 cm−2

Average Lifetime of Optically Excited Carriers τ 2.58 ps

Electron Effective Mass m∗ 0.036 m0

Dielectric Constant of Gate εr 12

Photo-excitation frequency ν 474 THz

Absorption Coefficient α 5.52 × 106

Fig. 3. (a) ORTD current as a function of gate voltage without photo-excitation. Black line is non-photo-
excitation condition; color lines are photo-excitation condition. (b) Differential conductance as a function
of the photo-excitation; (c) S11 parameter as a function of the photo-excitation and frequency. The
S11 < −10 dB is in black district of the partial magnification between 0.5–1 THz and 0–2.5 × 10−10 W/m2;
(d) S21 parameter as a function of the photo-excitation and frequency.
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Fig. 4. (a) The effect of photo-excitation on modulation depth. The areas inside the black lines are
M T > 90%; (b) the Signals envelope as a function of time. The period of photo-excitation is 60 ps; the
rise time is about 8.4 ps and the fall time is about 2 ps. (c) The effects of photo-excitation on tr and
high-level voltage receding.

decreasing. The energy loss of plasma wave is increasing, return loss increasing, which cause S21

as well as power gain deteriorating, as shown in Fig. 3(c) and (d).
As analyzed above, the power gain of the device decreases under photo-excitation since the

operating condition is moved from NDC to PDC. This causes intensity modulation. The effect
of photo-excitation on modulation depth is shown in Fig. 4(a). The modulation depth increases
effectively with the increasing of photo-excitation. However, enhancing the power density of the
light, the power gain of the device deteriorates, as shown in Fig. 3(d). This causes Tmin becoming
smaller and Tmax alter little. Numerical simulation may help to make the tradeoff and it shows that
under proper photo-excitation density, the modulation depth can realize >95%. The modulation rate
is limited by the lifetime life of photongenerated carrier τ. As shown in Fig. 4(b), rise time of the
device is much large than fall time. During photo-excitation, the photoinduced voltage Vp h (see (2))
need very little time to rise large enough. However, Vp h needs > 3τ to drop to a negligible size in
decay process after photo-excitation, in which the signal bandwidth WB = 0.35/tr is above 40 GHz.
Vp h in decay process still have a tiny one after long time, which may cause magnitude of high
level voltage decreasing after large photo-excitation. To describe magnitude of high level voltage
decreasing after photo-excitation, we use the voltage-decay rate η by:
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η = V1

V0
(20)

where V0 is the voltage without photo-excitation, V1 is the high level voltage induced by photo-
excitation. A tiny photoinduced voltage causes magnitude of high level voltage decreasing without
photo-excitation, and causes rise time increased, as shown in Fig. 4(c). These results show that
modulation depth of device is much larger than optical modulator [14]–[16] and operating frequency
as well as bandwidth is much larger than electrical modulator [11]–[13].

4. Conclusions
To conclude, this paper demonstrates the possibility of photo-controlled terahertz amplified mod-
ulator based on plasma wave ORTD-gate HEMT. Photo-excitation causes a shift on I-V curve of
the ORTD, absolute value of NDC decreasing. This leads to a deteriorating in the power gain,
which cause amplitude modulation. With appropriate photo-excitation, the modulator can realize
an extremely high modulation depth (>95%) with the power gain >8 dB and a broad bandwidth
(>40 GHz). On account of its outstanding performances, the photo-controlled plasmonic terahertz
amplified modulators may have promising applications in terahertz technology, especially in com-
munications [31].
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