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ABSTRACT

We experimentally demonstrate that above 300GHz, the plasmonic phase shifter can operate at up to room temperature. We investigate the
temperature-dependent behavior of the phase shift introduced by a two-dimensional electron system in a GaAs/AlGaAs heterostructure. We
find that the temperature-effected changes in the relaxation time and effective mass contribute most to the phase shifter performance. The
physical model developed in the study shows good agreement with the experimental data. The results open up the prospects for the practical
applications of plasmonics in the terahertz frequency gap.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0160612

Over the years, 2D plasmonics in semiconductor heterostructures
and graphene have been the subject of considerable interest in the field
of research.1–6 It has been receiving increasing attention partly due to
lacking technological development in the terahertz (THz) frequency
range (0:1� 10 THz) used in a number of devices.7,8 These include
ultrasensitive plasmonic detectors,9–15 spectrometers,16,17 and
generators.18–21

A critical advantage of plasmonic devices is the tunability of their
parameters accomplished by changing the density in a two-
dimensional electron system (2DES). Recently, a new application of
plasmonic devices in the area of THz phase shifting and modulation
has been theoretically proposed.22–27 An active array of such phase
modulators can play a significant role in applications involving beam
steering and programmable holographic projections, ultimately aimed
at developing THz communication systems. Recent experiments on
AlGaAs/GaAs semiconductor heterostructures have shown that a bare
2D layer of electrons can efficiently tune the phase of the penetrating
electromagnetic radiation.28 Indeed, the 2DES impedance is well
described by the Drude model as follows:29–33

Z2DESðxÞ ¼ Rþ ixLK; LK ¼
m�

nse2
: (1)

Here, R ¼ m�=nse2s is the resistance per square unit area of the 2DES,
m� is the effective mass, ns is the 2DES electron density, s is the relaxa-
tion time, and LK is the kinetic inductance arising from the collective
motion of 2D electrons. Provided that xLK � R, which is equivalent

to xs� 1, the two-dimensional electron layer acts as 2D plasma. In
this plasmonic regime, the phase shift in the radiation passing through
the 2DES can be expressed as (see the supplementary material for
details)

D/ ¼ arctan
Z0=2xLK

1þ 1þ Z0

2R

� �
1

x2s2

; (2)

where Z0 ¼
ffiffiffiffiffiffiffiffiffiffiffi
l0=e0

p
¼ 377X is the vacuum impedance, which, in

Gaussian units, can be expressed as Z0 ¼ 1. We note that the inductive
reactance, xLK, can be tuned either by adjusting the 2DES electron
density, ns, or by applying an external magnetic-field perpendicular to
the 2DES plane.

Unfortunately, all 2DES-based plasmonic devices suffer from
severe degradation in their performance with increasing temperature.
However, there is not much experimental data on the temperature
effects on the performance deterioration in plasmonic THz devices. In
the present paper, we study the temperature degradation of the phase
shift D/ introduced by the two-dimensional layer. We find the rela-
tionship (2) to be in good agreement with the experimental results,
indicating the dominant role of the xs factor in the relaxation of the
2D plasma. We demonstrate that at frequencies above 300GHz, the
GaAs semiconductor phase modulator can operate at up to room tem-
perature with virtually no degeneration in its performance. These find-
ings open up exciting possibilities for the practical application of the
developed plasmonic technology.
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Experiments have been performed on a Al0.3Ga0.7As/GaAs/
Al0.3Ga0.7As heterostructure grown by molecular beam epitaxy. The
first industrial wafer has a 20 nm quantum well located at a distance of
210nm below the crystal surface. The 2DES electron density in the
quantum well was ns ¼ 1:3� 1012 cm�2 with low-temperature mobil-
ity of around 105 cm2/V (T¼ 5K) and room temperature mobility of
9000 cm2/V s (T¼ 300K). A 1� 1 cm2 sample is mounted on a sam-
ple holder with an 8mm pinhole at the location of the sample. The
entire arrangement is oriented in the Faraday geometry inside an opti-
cal cryostat, with a split-coil providing the magnetic field of up to
67T applied perpendicular to the sample surface. Continuous mono-
chromatic radiation is generated by backward-wave oscillators operat-
ing in the submillimeter frequency range of 20–600GHz. The phase of
the electromagnetic wave transmitted through the 2DES is measured
using the Mach–Zehnder interferometric method.28,34 In this tech-
nique, the interferometer is set to operate in such a way that during
the magnetic-field sweep, the mobile mirror in the reference arm is
constantly moving to maintain the interferometer in a balanced
state, with zero signal on the detector. The phase shift is then calcu-
lated according to the measured displacement in the mirror position
[Fig. 1(a)].

To determine the phase shift, D/, introduced by the 2DES, we
rely on applying the external magnetic field.35 When the applied mag-
netic field is strong, i.e., xcs ¼ ðeB=m�Þs� 1 and xc � x, it
quenches the 2D plasma motion, leading to the unitary transmission
through the 2DES. Indeed, in the presence of the magnetic field, the
transmission and reflection from the 2DES can be expressed as36

Tr ¼ jtj2 ¼ 1� C2 þ 2cC

ðx� xcÞ2 þ ðcþ CÞ2
;

R ¼ C2

ðx� xcÞ2 þ ðcþ CÞ2
;

C ¼ nse2

2e0m�c
c ¼ 1

s
:

(3)

Therefore, since the 2D electron layer does not contribute to the
phase shift at TrðB!1Þ ¼ 1, we arrive at D/ ¼ /ð4 TÞ � /ð0TÞ
for the given data. As was mentioned earlier, the phase shift can also
be tuned electronically by sweeping the gate voltage,28 which is gener-
ally preferred in device applications. In the present investigation, how-
ever, the magnetic-field sweep is chosen as a matter of convenience.
Regardless of a particular choice, both approaches give the same result.

Figure 1(b) shows the dependence of D/ on frequency. In
order to eliminate the effect of the semiconductor substrate, the
measurements are taken at the Fabry–P�erot resonance frequencies:
xN ¼ Nxd ¼ Ncp=

ffiffi
e
p

d (N ¼ 1; 2; 3…), where e is the dielectric per-
mittivity of the substrate and d is its thickness.37 In this case, the sam-
ple with d¼ 0.62mm and ns ¼ 1:3� 1012 cm�2 is measured at
T¼ 5K. In the figure, the measurement data (red dots) are compared
to the theoretical prediction (2) in the limit of xs� 1. The resulting
dependence D/ ¼ arctan (Z0/2xLK is in good agreement with experi-
mental results.

One of the crucial questions on the way to the practical applica-
tion of the developed phase shifter is whether it can be used at room
temperature. It follows from Eq. (2) that it is, indeed, possible, pro-
vided that xs > 1. Figure 2(a) shows D/ as a function of temperature
T, measured at 139 and 410GHz. At these radiation frequencies, we

obtain D/ ¼ 46:8� and 15:6� at a temperature of 5K. For better visual
comparison, we plot the two datasets normalized to the phase shift at
T¼ 5K. The graphs make it evident that with increasing frequency,
the degradation of the phase shifter performance becomes less promi-
nent. Most importantly, the data demonstrate that at 410GHz, the
device can operate at temperatures as high as 300K (room tempera-
ture). In this case, the phase of the electromagnetic radiation is tuned
by the magnetic field in the range of D/ ¼ 7�.

To compare the experimental data with the quantitative descrip-
tion of the temperature effect, Fig. 2(a) includes the predictions calcu-
lated from (2) plotted in solid lines. The effective mass m� and the
relaxation time s are determined from the B-field position and line
width of the cyclotron resonance observed in transmission. There is a
good agreement between the experimental data and theory. In the

FIG. 1. (a) Schematic diagram of the Mach–Zehnder interferometric setup. (b) The
phase shift D/ vs the Fabry–P�erot resonance frequency fN, measured for the
2DES with ns ¼ 1:3� 1012 cm�2 at T¼ 5 K (red dots). The solid line is the theo-
retical prediction according to D/ ¼ arctanðZ0=2xLKÞ. The left inset shows the
transmission-line model of the device under study. The right inset is a plot of the
magnetic-field dependence of the phase of the electromagnetic wave transmitted
through the 2DES at f¼ 139GHz.
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same figure, we additionally plot the expected behavior of D/ vs tem-
perature calculated for f¼ 2THz (green line) to illustrate the general
trend over higher frequencies. The resultant temperature dependence
of the relaxation time is plotted in Fig. 2(b), indicating that s ¼ 0:5 ps
at room temperature. Therefore, to fulfill the plasma condition
xs > 1, it is required to have f > 1=ð2psÞ � 300 GHz. It is the criti-
cal frequency above which the response of the 2DES to the electromag-
netic radiation becomes plasmonic at room temperature. It is
interesting to understand what determines phase degradation at fre-
quencies above 300GHz.

Figure 3(a) shows the magnetic-field sweeps recorded for
f¼ 410GHz at the temperatures of 5, 150, and 250K, with a well-
resolved cyclotron resonance (CR) observed at xc ¼ eB=m�.
Importantly, we clearly see that the cyclotron resonance shifts to larger
magnetic fields with rising temperature. It indicates a substantial
increase in the effective mass of charge carriers (m�) shown in detail in

Fig. 3(b). A similar effect has been reported in AlGaN/GaN hetero-
structures.38,39 Part of the change in mass with increasing temperature
is due to the effects of band non-parabolicity. Indeed, the two-
dimensional electrons form a Fermi sphere with Fermi energy of
Ef¼ 46meV. This results in an increase in mass from the GaAs band
value of 0:067m0 to 0:072m0 observed in the experiment. The room
temperature 300K corresponds to the non-degenerate electron energy
of 26meV. Therefore, non-parabolicity effects can only explain the
change in mass of Dm� ¼ 0:003m0. This is a minor part of the discov-
ered change in mass Dm� ¼ 0:026m0.

Although the physical origin of the observed drastic change in
effective mass is not clear at the moment, it has been suggested that it
might be related to the interaction between electrons and optical pho-
nons,40 or to a change in spatial confinement of two-dimensional

FIG. 2. (a) Dependence of the phase shift D/ on the temperature T measured at
f¼ 139 GHz (blue squares) and f¼ 410 GHz (red dots). The solid lines indicate the
theoretical predictions according to Eq. (2). Experimental data for 410 GHz prove a
successful operation of the device up to room temperature. (b) The plot of the relax-
ation time, s, vs temperature. At room temperature, the plasma condition xs > 1
is satisfied when f > 1=ð2psÞ � 300 GHz.

FIG. 3. (a) Magnetic-field sweeps of transmission measured for f¼ 410GHz at
three different temperatures T. The transmission curves for T¼ 150 and 250 K
have been shifted vertically by 0.2 and 0.4, respectively. The dashed lines for each
of the curves show the level of total transmittance. The data show that CR reso-
nance shifts to larger magnetic fields as the temperature increases. (b)
Dependence of the effective mass m� on temperature measured for the GaAs/
AlGaAs 2DES with ns ¼ 1:3� 1012 cm–2.
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electron gas at room temperature.38 We can see in Fig. 2(a) that the
temperature dependency of D/ does not significantly differ between
410GHz and 2THz. This result indicates that the main factor in D/
degradation above 300GHz is not related to the plasma parameter xs,
but rather to the increase of the effective mass. This phenomenon
should be given due consideration in the practical design of plasmonic
devices.

In conclusion, we have investigated the operation of the plas-
monic phase shifter at different temperatures. We have found the
temperature-dependent change in the relaxation time and effective
mass to be the major factor contributing to the degradation of the
phase shifter performance. The CR spectroscopy experiments reveal
an unexpectedly large change in the effective mass with increasing
temperature. Importantly, experiments demonstrate that above
300GHz, the phase shifter can operate at up to room temperature.
These findings pave the way to the plasmonic phase-shifting technol-
ogy in a range of beam steering applications.

See the supplementary material for the derivation of the phase
shift in electromagnetic radiation passing through a 2DES.
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