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GENERATION OF THz RADIATION DUE TO 2D-PLASMA
OSCILLATIONS IN INTERDIGITATED GaN QUANTUM WELL
STRUCTURES AT ROOM TEMPERATURE

A. Penot?, J. Torres * P. Nouvel , L. Varani ?, E Teppe °, C. Consejo *, N. Dyakonova ®,
W. Knap ®, Y. Cordier ¢, S. Chenot ¢, M. Chmielowska ¢ P. Shiktorov ¢, E. Starikov ¢, and

V. Gruzinskis ¢

“ Institut d’Electronique du Sud UMR 5214 - TeraLab, Université Montpellier 2, France
" Laboratoire Charles Coulomb UMR 5221 - TeraLab, Université Montpellier 2, France
¢Centre de Recherche sur 'Hétéro-Epitaxie et ses Applications — UPR 10, Valbonne, France
4 Semiconductor Physics Institute, Center for Physical Sciences and Technology, A. Gostauto 11, LT-01108 Vilnius, Lithuania

E-mail: pavel@pav.pfi.lt

Received 18 November 2013; accepted 4 December 2013

We report on room temperature electrically-induced terahertz emission from interdigitated GaN quantum well structures.
The emission spectrum has been analysed in a Michelson interferometer using a 4K-Si bolometer as a terahertz detector. A reso-
nant peak at the frequency of around 3 THz was observed in emission spectra. A threshold behaviour of the resonance with
respect to applied voltage takes place. By using the proposed analytical model the measured/observed experimentally resonant
behaviour of emission spectra is interpreted as a result of ungated stream-plasma instability in the channel.
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1. Introduction

In the last years, there has been a growing interest in
using terahertz (THz) radiations as a powerful tool to
investigate materials, structures, and devices in phys-
ics and materials science, chemistry, biology, medicine,
etc. [B]. To develop future electro-optic systems ac-
cording to the THz roadmap [E, E], it becomes man-
datory to have efficient emitters and detectors, along
with solid-state devices able to control and modify
THz beam parameters such as intensity, polarization,
phase, etc.

Rapid advances in group III nitrides provide mate-
rials with a great potential for high-power and high-
frequency applications [[]. These materials present
such a small electron relaxation time that electron
response is expected up to the THz frequency range.
Such a bandwidth was theoretically estimated [E] and
observed in GaN [E, E] . Nowadays, GaN quantum well
heterostructures can be grown with excellent transport
properties and sufficiently high electron concentration
to ensure strong interaction with electromagnetic radi-
ation in the THz range. As transport properties of two-

dimensional electron gas in GaN quantum wells can
be modified by an applied voltage, a frequency tunable
THz emission at room temperature is expected using
two-dimensional gated plasma waves [] in field effect
transistors (FETs) or high electron mobility transistors
(HEMTs) and has been discussed in the literature [].
However, plasma instability could also occur in ungat-
ed components [B]. Even if plasma wave mechanisms
in FETs/HEMTs has been widely discussed in the liter-
ature, studies on ungated devices are limited to simula-
tions [@, ] and no experimental demonstration has,
to our knowledge, yet been performed.

In this paper, we present experimental results on
THz emission by ungated plasma waves in a GaN
quantum well heterostructure under dc voltage driving
operation and its theoretical explanation using a spe-
cifically developed model.

2. Studied structure

Studied devices are ungated GaN HEMT-like struc-
tures and their layers have been grown by molecular
beam epitaxy and processed as described in []. As
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Fig. 1. (a) Studied device structure. (b) Contact pattern.

presented in Fig. E](a), the structure consists of a GaN
buffer, an iron-doped GaN on the GaN substrate, a GaN
1 ym thick buffer, a 1 nm-AIN/21 nm-AlO_ngaO.nN,
and a 3 nm-GaN active layer. This heterostructure is
covered by interdigitated Ti/Al ohmic contacts with
a distance between contacts of 6 to 52 ym (Fig. E](b)).
The total area of the device is roughly a square area of

500 x 500 ym?.
3. Experimental set-up

The device under test lays at the focal point of an ex-
perimental set-up composed of two parabolic mirrors,
a Michelson interferometer and a liquid helium cooled
Si bolometer. It is biased by a pulsed voltage from 0
to 25 V with a filling factor of 0.5 and a frequency of
123 Hz. A lock-in amplifier is synchronized with the
excitation pulses to improve the signal to noise ratio.
The beam splitter used in those experiments allows us
to work on the frequency range extending from 0.6 up
to 4.5 THz with a frequency resolution of 15 GHz. The
experimental procedure was as follows: first, the refer-
ence background spectrum, e. g. the spectrum of the
sample with no current flowing through the channel,
was measured. This spectrum contains information
about the 300 K blackbody emission modified by spec-
tral functions of all spectral elements (beamsplitter, fil-
ters, ...) of the spectrometer. Then, the spectra of the
sample for dc-bias voltages were measured. The final
results were obtained by normalizing the spectra with
applied voltage by the reference spectrum.

4. Experimental results

Figure P| shows an example of measured smoothed
Fourier transformed spectra for different bias-voltages
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Fig. 2. Emission intensity spectrum. Each curve repre-
sents the emission of the same structure for different ap-
plied biases from 2.5 up to 25 V. Curves have been ran-
domly translated vertically for clarity and Lorentzian fits
of the emission spectra have been used to determine the
peak positions.

from 2.5 up to 25 V. Lorentzian fits of the emission
spectra were used to determine the peak positions.
As a first result, for each value of the applied voltage,
a peak corresponding to an emitted radiation to the
surrounding space at around 3 THz clearly appears.
This peak has an estimated quality factor Q = f/Af of
around 5 for applied voltages between 12.5 and 17.5 V.
This value strongly decreases while the applied voltage
increases.

As predicted in [, B], in the absence of an exter-
nal applied voltage (e. g. electrical excitation), there is
no measurable emission from the device related to the
self-excitation of ungated plasma waves. As observed
in Fig. E(a), a sharp resonant growth of the peak am-
plitude was measured by Fourier transform spectros-
copy at T'= 300 K at values of the voltage drop between
source-drain contacts higher than U, ~ 10 V. Once the
threshold is overcome, the peak amplitude remains
more or less constant. Figure E(b) presents the varia-
tion of the central frequency of the emitted radiation
while increasing the applied voltage over the threshold
value. By increasing the applied dc bias up to 17.5 V
the central frequency of the peak varies from 2.8 to
3 THz. Then, increasing even more the applied volt-
age, the peak is red shifted to lower frequencies down
to 2.9 THz.

5. Theoretical model

In this Section, we will analyse in detail the experi-
mentally measured THz emission with threshold-like
behaviour and frequency tuning when the GaN-based
quantum wells are biased by an external voltage. Here,
we shall consider a simplified theoretical model which
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Fig. 3. Amplitude (a) and frequency (b) of the emitted
radiation in function of the applied voltage.

describes frequency features of experimentally ob-
served emission of the structure under investigation.

The investigated sample will be interpreted as a
conducting §-layer with 2D concentration of free car-
riers, 0?® placed on one surface of the isolated substrate
characterized by the width d and dielectric constant
€. At the surface of the conducting -layer, the ohmic
contacts with the period L are periodically placed (see
Fig. m(b)). The periodic sequences consisting of N an-
ode and cathode contacts are shifted one with respect
to the other by the distance d..

Between the cathode and the anode contacts a cer-
tain potential difference U, is applied. It supports the
current flow ] in an external loading circuit for the con-
sidered structure. As this source produces the electro-
magnetic radiation emission into the space surround-
ing the considered structure (vacuum with € = 1) we
shall consider thermal/diffusion fluctuations of the
current flowing along the conducting §-layer.

Furthermore, we shall suppose that distribu-
tions of the potential, U(x, y), of the carrier density,
0*(x, y), and of currents in the conducting &-layer,
7°(x, y), are independent of the coordinate y along
the multi-finger contacts. In such a case, the spatial
distribution of fluctuations appearing in the consid-
ered structure will depend merely on the coordinate
x in the direction transverse to the sequence of the
contacts. So it can be represented as

84(x) = 334, expli Z nx), (1)

where 7 is the number of spatial harmonics (modes)
and 0A stands for 6U, §j*°, §0*°.

5.1. Selection rules for spatial modes

The restrictions put by the geometry of the structure
under investigation on the spatial distribution of the po-
tential applied to the §-layer and the currents which flow
along it impose for spatial modes with index # to satisfy

sin(zTﬂdsn) 0. (2)

For the structure with L = 58 ym and d = 52 ym
investigated in the present work, the selection rules
for spatial harmonics given by Eq. (2) show that the
contribution into emission can be given only by very
high harmonics/modes. As a result we obtain n = 29k
with k = 1, 2, ... which corresponds to the spatial pe-
riod A =2 ym.

In the experiment, the resonance of the emission is
observed at the frequency of about f ~ 3 THz. This cor-
responds to an electromagnetic wave with the length
A = 100 ym radiated by the structure under investiga-
tion into the surrounding space. Therefore, one can
conclude that the structure under investigation cannot
be considered directly as the antenna which emits radi-
ation into the open space, since the spatial period of os-
cillations of the current §;*” and the charge density do*”
which can take place in the structure (A = 2 ym) are
considerably less than the detected radiation length.

In such conditions, the role of the source of the ob-
served emission resonances can be played by the cur-
rents oscillations due the excitation of non-radiative
plasma waves in the conducting J-layer of the structure
under investigation, while the role of the antenna which
radiates into the open space is played by the external
circuit which loads the structure under investigation.

Below we shall consider the frequency features of
such plasma excitations in the §-layer of the structure
under investigation in the framework of the scalar
(non-radiative) potential formalism.

5.2. Influence of the isolated substrate on the spatial

modes of the potential

Here, we shall consider the influence of the isolated
substrate — surrounded by two dielectric media of di-
electric permittivity €, - characterized by the dielectric
permittivity € and the width d on the distribution of
potential fluctuations SU(x, z) induced by free-carrier
charge fluctuations do*” in the plane transverse to the
conducting é-layer.
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By using the harmonic representation of the fluc-
tuations of the potential and charge density (where
q :ZT”n is the wave vector of the nth mode of the
plasma waves in the J-layer) the Poisson equation,
which describes the fluctuations of dU(x, z), takes the

form

-q* €(2)0U,(2) + aﬁ[ E(Z)§5Uq(2):|
(3)

__€ 2D
= 6050',1 0 (2).

From the homogeneous solution of Eq. (3) (that is
without the term in the r.h.s.) valid for all the values
of z (except the boundaries of the dielectric substrate
at z =0 and z = —d) one can obtain the explicit expres-
sion of the amplitude of gth harmonic of the potential
U (0) = A7in the conducting &-layer:

1
SU (0)=—2 o> (4)
’1( 2’ GOch ‘ q‘ !
where
2 2
Eef_l(EerEl) exp(2’|q|d)7(€s 761) (5)

2 (€,+€)exp(2|q| d)+(€, — €)

is the effective dielectric permittivity of the medium
surrounding the conducting -layer. Atd > 0 or €, > €,
the influence of the substrate which contains at its sur-
face the conducting d-layer becomes negligible since
€.~ €,. In this limit one obtains the well-known expres-
sion for the amplitude of g-th harmonic of the potential
é Uq in the d-layer placed in the vacuum (€, = 1) [B].

5.3. Kinetics of free-carrier transport in the conducting
O-layer

By the help of the transport and fluctuation equations
of free carriers in the conducting d-layer in the frame-
work of the kinetic approach based on the Boltzmann
equation as developed in [], one obtains the follow-
ing system of interconnected material equations which
relate ampitudes of fluctuations of spatial harmonics of
the current and potential, §j; and 6U, with fluctua-
tions of thermal source 7 :

wdo’=qdj,"

(6)
i[wﬁjqz[’-irq’:a;%[/q}:nﬁ z[; B 5033}

Equation (6) jointly with (4) form the full set of
equations which allows to determine the spectrum of
current fluctuations &j; induced by the source of ther-
mal fluctuations y . In the general case the solution of

those equations is sufficiently difficult due to mixing of
spatial harmonics, i. e. due to the presence of the sum
over ¢ in the r. h. s. of (6). Below we shall consider the
simple case when the mixing effects of spatial harmon-
ics are not essential and they can be neglected.

5.4. Approximation of independent spatial
modes/harmonics

If in the rh.s. of Eq. (6) only the term with g' = 0 re-
mains under the sum sign, the system of interconnect-
ed equations given is splitted into the set of independ-
ent equations which describe the behaviour of current
fluctuations of each spatial mode with the wavevector
g- Such an approximation is physically valid under con-
ditions close to thermal equilibrium for the distribu-
tion function f(v, x) of free carriers in the §-layer. This
is satisfied when a strong electric field and hot carrier
effects do not prevail. In this case Eq. (6) takes the form

_949s:
do2° —55]?’
(Hw +v,) ;" =iq%o§D6Uq =1,. 7

By solving Eq. (7) jointly with Eq. (4) one obtains:

. !
K ®
0 q

where

eZO_ZD
w, = |—2— 9
’ \Izeoeefmm' ©)

is the frequency of plasma oscillations of free carriers
in the d-layer corresponding to excitation of the spa-
tial harmonic with the wavevector q.

As follows from Eq. (8) the amplitude of currents
072" of the qth harmonic/mode of plasma oscillations
in the d-layer excited by thermal source #_has the
resonant growth at @ > w . Let us estimate the fre-
quency of such resonanses for the case of the struc-
ture experimentally measured in this work. Accord-
ingly with the selection rules considered above, only
high-frequency modes with n = 29k (k =1, 2, ...) can
be excited in the structure under investigation:

2 2

=" T (129

k, (10)

where L = 58 ym. Taking into account the struc-
ture parameters (the substrate thickness d = 46 ym,
€, = 12 (what corresponds to € = 6.5 in accordance
with Eq. (5)), carrier concentration in §-GaN-layer
02 =1 - 10" cm™, and corresponding effective mass

0
m=0.2 m, one obtains:
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w
=—% ~ 3.1k (THz).
T

11
res 2 ( )

Since the amplitude of the current ;7" is transferred
into the external circuit which plays the role of antenna
emitting radiation, the current resonances of the per-
mitted harmonics correspond to the resonance emis-
sion. Comparing the presented in Eq. (11) estimations
of permitted resonant frequencies with the experimen-
tal result (see Fig. E) we have a good quantitative agree-
ment for the first permitted harmonic with k = 1.

6. Conclusion

We have measured by THz-FTIR experiments the
room-temperature THz emission from GaN quantum
wells structures with a threshold-like behaviour in re-
spect of the applied dc bias. The frequency tuning of
the line between 2.9 up to 3.4 THz has also been dem-
onstrated. We have also shown, in the framework of
the independent modes approximation, that the above-
proposed analytical model well describes the frequen-
cy of the emission resonance of the structure under
investigation measured near f = 3 THz. In accordance
with such a model, we determine that the resonance is
caused by the thermal excitation of ungated 2D-plasma
waves in the conducting J-layer with the characteristic
period of spatial oscillations of about 2 ym.
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2D PLAZMOS VIRPESIU SUKELTAS THZ SPINDULIUOTES GENERAVIMAS
SUNERTU PIRSTU PAVIDALO GaN DARINIUOSE SU KVANTINIAIS SULINIAIS
KAMBARIO TEMPERATUROJE
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Santrauka

Kambario temperatiroje tirta elektriskai indukuota
teraherciné emisija i§ sunerty pirSty pavidalo GaN
dariniy su kvantiniais $uliniais. Emisijos spektras buvo
iStirtas Michelsono interferometru naudojant 4K-Si
bolometrg. THz emisija i§ GaN dariniy su kvantiniais
$uliniais turi slenkstinj pobuadj pridétos nuostoviosios

jtampos atzvilgiu. Pademonstruota emisijos daznio de-
rinimo galimybé nuo 2,9 iki 3,4 THz. Misy pasitlytas
analitinis modelis gerai apraso tiriamo darinio emisijos
rezonanso daznj, i$matuota f ~ 3 THz daznio aplinkoje.
Sutinkamai su $iuo modeliu nustatéme, kad rezonansas
atsiranda dél 2D plazminiy bangy terminio suzadinimo
& sluoksnyje su erdviniy osciliacijy periodu apie 2 ym.



