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A new approach of using distributed transmission line analogy for solving transport
equations for ballistic nanostructures is applied for solving the three dimensional problem
of the electron transport in gated ballistic nanostructures with periodically changing
width. The structures with the varying width allow for modulation of the electron drift
velocity while keeping the plasma velocity constant. We predict that in such structures
biased by a constant current, a periodic modulation of the electron drift velocity due the
varying width results in the instability of the plasma waves if the electron drift velocity to
plasma wave velocity ratio changes from below to above unity. The physics of such
instability is similar to that of the sonic boom, but, in the periodically modulated
structures, this analog of the sonic boom is repeated many times leading to a larger
increment of the instability. The constant plasma velocity in the sections of different
width leads to the resonant excitation of the unstable plasma modes with the varying bias
current. This effect (that we refer to as the super plasmonic boom condition) results in a
strong enhancement of the instability. The predicted instability involves the oscillating
dipole charge carried by the plasma waves. The plasmons can be efficiently coupled to
the terahertz (THz) electromagnetic radiation due to the periodic geometry of the gated
structure. Our estimates show that the analyzed instability should enable powerful tunable
terahertz electronic sources.
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I. INTRODUCTION

The plasma wave propagation in the two-dimensional electron gas is strongly affected by
the electron drift. At the values of the drift velocity smaller that the plasma velocity, the
Doppler effect leads to the plasma wave instability [1,2]. When the drift velocity reaches
the plasma velocity, the electron flow is “choked” leading to the current saturation [3].
The transition from the sub-plasmonic drift velocity to the super-plasmonic drift velocity
should be accompanied by the “plasmonic boom” similar to the sonic boom. This analogy
is due to the hydrodynamic equations describing the plasma wave of the small amplitude
being identical to those describing the sound waves. The plasmonic boom effect can be
used for exciting plasmons with rapidly increasing amplitude in the periodically
modulated two-dimensional electron gas (2DEG) [4,5]. Since the plasma frequency in the
periodically modulated 2DEG structures is typically in the THz range, this instability
should lead to the emission of the THz radiation enabling a new type of the THz
electronic sources. As shown in this paper, the instability is resonantly enhanced if the
plasma velocity is the same in all device regions (we refer to this condition as a super
plasmonic boom.)

Developing an efficient electronic THz source is one of the key challenges to be
met for closing the famous THz gap [6]. The existing electronic sources use Gunn diodes
with frequency multiplication by Schottky diodes [7] and InGaAs based High Electron
Mobility Transistor Integrated Circuits [8]. These and other similar electronic sources
suffer from low power, low efficiency and high cost. Using the plasma wave instabilities
in ballistic Field Effect Transistors (FETs) proposed in [1,9] has a promise of developing
more efficient THz sources. However, the observed THz radiation [10-12] has mostly
been broadband until recently, when the proposed arrays of the ballistic FETs [13,14]
have been implemented and improved to include Asymmetric Digital Grated Gate
structures [15]. Nevertheless, the goal of reaching 1 mW at 1 THz using plasmonic
sources has not been reached yet.

A recent proposal was to use a grating gate periodic structure with two sections in
each period, such that the electron velocity has the value between the values of the
plasma wave velocity in these sections [4,5]. In such a structure, the plasma waves
behave similar to the sound waves emitted during the sonic boom, when a jet crosses the
sound barrier, except that such transition occurs many times over. In Refs [4,5], the
multi-gated structure with two sections having different electron densities was proposed
to modulate the plasma velocity.

In this paper, we develop a theory of the ‘plasmonic boom” instability in a
periodically modulated 2D electron channel. We propose and analyze a more general
structure, where either the periodic modulation of the electron velocity or the plasma
frequency or both achieve the repeated “plasmonic boom” conditions. Our approach
allows us to analyze the new structures with a periodic modulation of the device width. In
these structures biased by a constant current the electron drift velocity periodically
changes but the plasma velocity remains constant. The constant plasma velocity in the
sections of the different width leads to the resonant excitation of the unstable plasma
modes when the bias current is tuned thus strongly enhancing the instability (the super
plasmonic boom). Our estimates show that the analyzed instability should enable



powerful tunable terahertz electronic sources. The proposed structure might be the most
practical implementation of a periodic THz source, see Figure 1.

The structure shown in Figure 1 consists of the alternating 2D strips with two
different widths W; < W, and lengths L; and L,. The metal gate positioned above the 2D
channel control the electron density in the strips and allows tuning of the plasma wave
velocity. We also assume that a dc current flows between the source and the drain. This
structure represents a periodic plasmonic medium forming a 1D plasmonic crystal
[4,5,16-22]. In this paper, we demonstrate that constant electron drift qualitatively
changes the plasmonic crystal spectrum and may result in the instability of the drifting
plasma modes different from the plasma instability regimes described in [1] and [23].

I1. BASIC EQUATIONS

We will describe plasma oscillations in the 2D electron gas in the presence of a dc
electric current within the hydrodynamic model. In this model, the local electron density
n(x, t) and velocity v(x, t) obey the Euler and continuity equations
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where we assumed that the plasma wave in the 2D layer (z = 0) propagates in the x-
direction between the source and the drain. Here ¢ (x,z = 0, t) is the electric potential in
the 2D plane, —e and m" are the electron charge and effective mass, respectively.
Hydrodynamic model can be used for description of the 2D plasma oscillations if the
mean free path for electron-electron collisions is much smaller than both the sample size
and the mean free path for collisions with impurities and phonons. We also assume the
ballistic transport in the nanostructure and neglect the collisional damping term due to
scattering on impurities and phonons as well as the pressure gradient term in the Euler
equation. Justification of these approximations is presented in Section IV of the paper.
Egs. (1) could be linearized for small fluctuations of the electron density and velocity:
n=ny+dén,v=rvy,+ v, where ny is the equilibrium electron density in the 2D
channel and v, is the electron drift velocity due to dc source-drain electric current. We
also assume that the system fluctuations of the electron density én and electric potential
d¢ in the gated 2D electron channel are connected as —edn = CS¢@, where C = ¢/4mnd is
the capacitance per unit area between the 2D channel and the metal gate separated by the
distance d, ¢ is the dielectric constant of the barrier layer between the metal and the 2D
channel. This assumption is justified if d is much less than the plasmon wavelength. The
solution of Egs. (1) (linearized with respect to dn, v « exp(—igx + iwt)) is
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where 1, = Wéj, = —eW (vydn, + nydv,) is the total current in the 2D channel of
width W and V,, = 8¢, (x) is the voltage distribution in the plasma wave (both taken at
frequency w ). The plasmonic wave vectors g, , are determined as q;, = w/ (vo + vp)

where v, = \/e?n,/m*C is velocity of the gated acoustic 2D plasmon in the absence of
the drift [24]. Drifting plasmon in the gated channel also has linear dispersion but with
Doppler shifted wave velocity due to constant electron drift [1]. Constants I; , in Egs. (2)
are determined by the boundary conditions.

The total power carried by the drifting plasma wave includes the electromagnetic
power and the kinetic power due to the drift of the electrons oscillating in the wave. The
average complex power P, (x) carried by the drifting plasmon in the x-direction can be
written as
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where S, = —(c/8m)E, By, is the x-component of the complex Poynting vector
averaged over the THz period, E,,, and B, , are the components of the electric and
magnetic fields in the plasma wave, c is the speed of light. The first term in Eq. (3)
describes the electromagnetic power. The second one represents the kinetic power and
vanishes at v, = 0. The electric and magnetic fields in the plasma wave as well as the
kinetic power can be expressed in terms of the voltage V,, and the current I, from Egs.
(2). After the integration Eq. (3) yields
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At vy = 0 the standard expression P = VI*/2 for the power flow in the plasmonic
waveguide in the limit of the strong gate screening is recovered. The electron drift
effectively modifies the voltage distribution in the plasmonic waveguide by adding the
so-called kinetic voltage V" = —m*v,6v/e first introduced for description of the
electron beam waves in tubes [25]. Expression for the power flow in Eq. (4) reduces to its
standard form after defining an effective voltage
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According to Egs. (2) and (5), the values of V; IT and I, at the opposite boundaries of the
2D electron strip of length £ (x = 0, ) are connected via the transfer matrix  :
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The dispersion relation for the drifting 1D plasmonic crystal formed in the
structure of Figure 1 depends on the boundary conditions between the strips 1 and 2 in
the crystal elementary cell. In the limit of a strong gate screening, the 2D channel in each
strip can be considered as a plasmonic transmission line (TL) supporting 2D TEM plasma
waves [20,21]. In the absence of drift, the continuity of the current and voltage at the
boundary between the strips represents the standard TL boundary conditions providing
the continuity of the power flow through the boundary. A finite drift breaks the
reciprocity of the TL due to the different wave velocities of the plasmons propagating in
the opposite directions. To preserve the continuity of the power flow, we assume the
continuity of the current I, together with the continuity of the effective voltage chf !
defined in Eq. (5). The latter condition accounts for the conservation of the total electron
energy equal to the sum of electric energy and kinetic energy due to electron drift at the
boundary. For these boundary conditions, the values of I, and Vaff T at the opposite sides
of the crystal elementary cell are connected by the transfer matrix £,£; where £;, i = 1,2
are the transfer matrices defined in Eq. (7) for the strips 1 and 2. In the translationally
invariant periodic plasmonic medium, the dispersion equation for the 1D drifting
plasmonic crystal can be found using the Bloch theorem and solving the resulting 1D
Kronig-Penney problem [26]

cos(kL + wT) = cos wT; cos wT, — %(y + %) sinwT; sinwT, , (8)
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Here y = , L =1L, + L, is the crystal lattice constant, k € [-m/L, /L] is the
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plasmon Bloch wave vector, and indices 1 and 2 refer to the strips 1 and 2, respectively.
Parameters T and T;, i = 1,2 are defined as [5]
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Eq. (8) generalizes the dispersion equation for the 1D drifting plasmonic crystal found in
Ref. [5] to the case of periodically changing strip width W and the gate-to-channel
distance d. Parameter y < 1 in Eq. (8) describes the modulation depth of the plasmonic
medium.

One should point out that the periodic modulation of the channel width may also
cause opening the gaps in the single electron spectrum. However, we restrict our
consideration to the situation when the period of modulation is much larger than the
electron Fermi wavelength, and the electron band structure can be ignored.



III. RESULTS

We will now consider Eq. (8) in the limit of strong modulation, y << 1, and look for
solution in the form of the power asymptotic series w = }.;_ w,y?. Substituting this

expansion into Eq. (8) and combining terms of the same order, we find for the first two
terms of the asymptotic series
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cavity of length L; with the symmetric boundary conditions. In Figure 2, we plot the
frequencies of the first three quantized plasmonic levels in the strips 1 and 2 as a function
of the electron drift velocity in the narrow strip 1, vy;. In this Figure, we assume that both
strips 1 and 2 have the same parameters except for the width, that is v, = v, = v,
di=d,=d,and L, =L, =L/2 . In this case, y =W, /W, <1, and as it follows
from the continuity of the constant bias current, the electron drift velocity in the wide
strip 2 vy, = YVp1. The frequencies are plotted in units of wy = 2v, /L .

It follows from Eq. (10) that the quantized plasmonic energy levels in the
identical strips (1 or 2) are weakly coupled and broadened into the narrow plasmonic
bands at y << 1. In this limit, strips 1 and 2 form two independent plasmonic sublattices.
The plasmon frequencies in the bands in Eq. (10) are real. Hence, no instability occurs at
any value of the electron drift velocity.

Points where w(()’lrzl = w(()’zg ,m,p =0,1,2, ... present special interest. In the absence

Frequencies w,, ., in Eq. (10) are the frequencies of the drifting plasmons confined in the

of a dc drift, the band gaps in the plasmonic crystal spectrum vanish in these points, and
plasma wave propagates through the entire crystal in a resonant manner [21]. The
dispersion law for the drifting plasmon in these transparency points cannot be found from
Eq. (10) because all terms in the asymptotic series used in this equation diverge, and an
alternative asymptotic expansion is developed below.

Let a)(()’l,zl = w(()’zg = womp- Aty K 1 solution of Eq. (8) has the form wp,, =
Womp + Aw where Aw —» 0 at y - 0. We expand Eq. (8) into quadratic polynomial
with respect to Aw and look for Aw in the form of an asymptotic series Aw =
¥ o @Yk, 841 > 6y . Coefficients a; and &), can be found by the standard Newton
diagram method used for finding asymptotic expansion of the polynomial roots [27]. Our
calculations yield
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It follows from Eq. (11) that at T;T, > 0, the resonant coupling of the quantized
plasmonic levels in the adjacent non-identical strips 1 and 2 splits each unperturbed
degenerate plasmonic level into the two plasmonic bands described by the second term in
Eq. (11). If T;T, < 0, the degenerate plasmonic level broadens into one narrow
plasmonic band described by the third term in Eq. (11). The second term in this equation
becomes purely imaginary and corresponds to either unstable or decaying plasmon
modes. The instability increment depends on the Bloch wave vector. From Eq. (9) it
follows that the instability occurs when voq > vy (Vog < Vpq) but v, < vy (Vg >
Vp2). These inequalities constitute the necessary conditions for the repeated “sonic boom™
with the dc current flowing in the structure. In Figure 2, the stable and unstable

transparency points are marked by the open and closed circles, respectively. One can also

show that at w(l) * w(zg but a)(()lr)n a)ézg — 0 the interaction between nearly

degenerate plasmonic levels in the strips 1 and 2 results in either two split plasmonic
bands with real eigenvalues or one band with unstable and decaying branches dependent
on the value of & in the Brillouin zone.

These analytical results are confirmed by the direct numerical solution of Eq. (8).
For the structure shown in Fig. 1, we choose identical, except for the width, strips 1 and 2
as described above and use dimensionless units for the complex plasma frequency
(0" +iw")/wq and the electron drift velocity in the narrow strips Ty = v /v, .

Figs. 3-6 show the results of the numerical solution of Eq. (8) fory = 0.1. Fig. 3
shows the drifting plasmonic crystal spectrum for ¥, = 0.43. At this value of the drift

velocity, w (1) * w( ) at any m,p = 1, and the low energy spectrum consists of the two

(1) and w(z) = 1,2, ... formed due to the resonant

()

sets of the plasmomc bands w,,

coupling of the plasmon energy levels a) and wg 7, 10 the strips 1 and 2, respectively,

as described by Eq. (10). One additional low energy solutlon appears in the transparency

point a)(l) a)(()zo) This solution can be interpreted as a lattice acoustic plasmon similar

to the acoustic phonons in the atomic crystal lattice and corresponds to the a)( ) modes in

Eq. (11). Since at given value of the drift velocity T; T, > 0, there is no imaginary part in

the frequencies a)( ),

Aty = 0.1, the instability occurs in the range of 1 < ¥y < 10. Fig. 4 shows the

numerically found plasmonic spectrum for ¥, = 1.12 when a)(()14)p = a)(()zp) ,p=0,12,...

The real part of the plasma frequencies, w'/wg, is plotted in Fig. 4a. The plasmonic

spectrum consists of the stable bands with purely real frequencies formed by the coupled

(1) r(nizz , in the transparency points where w(l) = wézp)

Fig. 4a shows the two of these unstable bands. The instability increment, Ia) |/wy, in
these bands depends on the plasmonic Bloch wave vector as shown in Fig. 4b. These
results correlate very well with asymptotic analytical formulas in Egs. (10) and (11).

All the quantized plasmonic levels in strips 1 and 2 are perfectly matched if
|T;| = |T,| , see Egs. (9) and (10). This last equation represents the super resonance

condition when the plasmonic crystal becomes unstable at any plasma frequency a),(,g ,

strips 1 , w,,”, and unstable bands , w

provided that T; T, < O (the super plasmonic boom). For the structure considered here, it
happens at ¥, = /2/(1 + y?) = 1.41. In Fig. 2, the super resonance condition is marked



by the dashed vertical lines with red arrow. Plasma frequencies and instability
increments for this totally unstable plasmonic crystal are shown in Figs. 5a and 5b,
respectively.

The results presented in Figs. 4 and 5 indicate that the instability has a resonant
character and occurs every time when there is a perfect plasmonic level matching
between different strips in the transparency points. In this case, the plasma modes are
unstable at any value of the plasmonic Bloch wave vector k. However if the level
mismatch is small the instability does not completely vanish but occurs at some intervals

of k in the Brillouin zone. In Fig. 6, we plotted the plasmon dispersion curves for

7y = 1.71 when wég = w((),zz)p, p =0,1,2,.... Two unstable modes a)g) and a)(%r) are

shown in Fig. 6a with the corresponding instability increments shown in Fig. 6b. The

unstable mode a)g) is the result of the resonant coupling of the plasmonic levels a)((,,ll) and

w(g'zz) . When the drift velocity ¥, changes, these two levels shift differently and decouple.

The inset shows the dispersion curves for this mode at ¥, = 1.65. The instability
disappears at some interval of &, where instead of one unstable band two split stable
bands emerge. When level mismatch increases the region of stability expands and finally

the unstable band a)g) transforms into two stable bands wil) and wéz) described by Eq.
(10).

One should also point out that the low frequency acoustic mode a)(%) in the
plasmonic crystal lattice remains unstable at any value of ¥, within the instability
window 1 < ¥, < 1/y. This result follows from the asymptotic expansion in Eq. (11)
and is confirmed by the numerical simulations shown in Figs. 3-6.

IV DISCUSSION

The results of this paper have been derived based on the hydrodynamic equations
(1). For Egs. (1) to be valid the mean free path for electron-electron collisions [, has to
be smaller than both the sample size and the mean free path for collisions with impurities
and phonons [1]. For 2D electron density of the order of 1013 cm™ the average distance
between electrons is of the order of several nanometers. Frequent electron-electron
collisions at these distances form the local equilibrium electron distribution function
while electron-electron collisions at larger distances (larger than the Bohr radius ~10 nm)
are accounted for by the self-consistent macroscopic electric field [28]. The characteristic
macroscopic spatial scale in this problem is defined by the structure periodicity which
determines the plasmon wavelength and is of the order of 0.1 — 1 u. Since this scale is at
least the order of magnitude larger than [, the hydrodynamic equations (1) can be
derived from the kinetic equation using the standard Chapman-Enskog method [29]. The
hydrodynamic approximation works better at elevated temperatures since l,, decreases
with temperature. The hydrodynamic model was successfully used for description of the
plasma oscillations in the 2D electron systems in the semiconductor nanostructures for a
very long time [30] and more recently was used in graphene nanostructures [31].

The Euler equation in the system of Egs. (1) relies on the assumption that the
electron scattering by impurities and phonons can be neglected (i.e. for the ballistic
transport regime). This assumption is justified if the mean electron free path due to
scattering by impurities and/or phonons exceeds the characteristic sample size. In the



modern day semiconductor nanostructures, with the scattering mean free paths ranging
from a few micrometers in the high mobility samples at cryogenic temperatures to a
fraction of a micrometer at room temperature this condition can be easily satisfied. In this
context, it is worthwhile to point out that the drift velocities of the electron fluid
introduced in our model are ballistic velocities that are not related to the electron mobility
dependent on the electron scattering by impurities or lattice vibrations but are determined
by the so called ballistic mobility [32]. A more detailed discussion of this issue and
additional relevant references can be found, for example, in the recent paper by J. Lin et
al [33].

Electron scattering by impurities and phonons suppresses the instability. This
effect can be accounted for by adding the friction term —v/7,, into the right-hand side of
the Euler equation in Egs. (1). Here, 7, is the electron momentum relaxation time. The
friction term leads to the additional contribution 1/27, to the imaginary part w"’ of the
plasma frequency and describes the decay of the plasma wave. As seen from Figs. 4-6,
the value of w" is of the order of w, where w, is the plasma frequency. Hence, the
plasma wave decay due random electron scattering is negligible at wy7, > 1. With
plasma frequencies in the THz range the latter condition can be satisfied in the
semiconductor nanostructures even at room temperatures.

Another effect potentially suppressing the plasma wave instability is the Landau
damping. The Landau damping refers to the transfer of energy from the collective plasma
excitation to the individual electrons. This effect is ignored in the hydrodynamic model
where the gas of individual electrons is replaced with the classical macroscopic electron
fluid. The hydrodynamic approximation cannot be used if the Landau damping is the
dominant effect. Transfer of energy from the plasma wave to the individual electron
occurs when the electron moves in phase with the wave because, in this case, the wave
electric field acting on these electrons is stationary and does not disappear after the time
averaging as it happens for all other electrons which feel an oscillating electric field [34].
Therefore the Landau damping disappears if the plasma wave phase velocity v, is larger
than the electron Fermi velocity vy in the degenerate electron gas or becomes
exponentially small if v, is larger than the thermal velocity in the non-degenerate
electron gas. Using the expression for v, from Section II and the Fermi velocity vy =

hy/2mny/m* in the inequality v, > vy we obtain condition d > 15 /2 for the Landau
damping to disappear in our system. Here, 15 = eh?/m*e? is the 2D Bohr radius. The
microscopic derivation of the last inequality based on solution of the kinetic equation can
be found in Ref. [35]. With the typical effective Bohr radius of the order of 10 nm and the
thickness of the gate dielectric d of the order of 30 nm to 100 nm the latter condition is
met and the is no dominant Landau damping in the system even at finite temperatures
[35].

Also omitted in the Euler equation (1) is the pressure gradient term (—1/
nm*)dP /0x where P is the local pressure in the 2D electron gas. The pressure term can
be ignored because it is small in compared with the field term (e/m*)d¢/dx . Pressure
in the 2D electron gas depends on the electron density as P = wh?n?/2m*. For small
fluctuations of the 2D electron density 6n(x) the pressure term in the Euler equation
reduces to (—nhz /m*2)66n/ax . In the same linear approximation, the field term is
equal to (—e?/m*C)d6n/dx . The pressure term becomes much smaller than the field



term if d > rg/4 and can be neglected in the structures considered in this paper. The
same inequality can also be written as C/C, < 1 where C, = m*e?/mh? is the quantum
capacitance [36]. In the transmission line formalism, the effect of the quantum pressure is
accounted for by adding the quantum capacitance in series with the gate capacitance C.
The last inequality indicates when this effect can be neglected. One should also point out
that inclusion of the quantum pressure into the Euler equation reduces to some
renormalization of the constant plasma velocity [37] and does not change qualitatively
the results presented in this paper.

Finally, we estimate the effect of viscosity. For the viscosity term to be neglected,
we must have vg? «< 1 /Tp » where v is the kinematic viscosity coefficient (of the order
of ~10 cm?/s). This inequality is easily met for our characteristic space period scale of the
order of 100 nm to 1 micrometer.

As discussed above, the predicted instability increment is of the order of the
plasma frequency wg. This corresponds to the gain coefficient g~w, /7y, where 7, =
dw/dk is the plasma group velocity in the plasmonic crystal energy band, ¥, ~yv,. For
the plasma frequency of 3 THz (wo~2 X 10'% s™') and #,~10° m/s, the gain g~2 x 108
m™. Demanding g > 1 for the efficient generation, we need structures with the length on
the order of one micron. For a ballistic structure, the contact resistance on the order of 0.5
Qmm limits the device resistance. Assuming a typical radiation resistance of 300 Q and
the device width of 10 um we estimate the current carrying capability on the order of 7,
~ 30 mA for the electron velocity ~2x10° m/s and the 2D electron density of 10" cm™.
Assuming the current swing of 0.5 /.., we obtain the power of 80 mW with efficiency of
approximately 20%.

IV. CONCLUSIONS

The results of the analytical theory and numerical simulations show that the plasma
waves in alD plasmonic crystal become unstable when the electron drift velocity changes
from the value smaller than the plasma velocity to the value larger than plasma velocity.
This can be achieved by changing either the drift velocity or the plasma wave velocity in
the strips constituting the plasmonic crystal. The qualitative physics of the instability is
similar to the physics of the sonic boom, which occurs when a jet airliner crosses the
sound barrier. The difference is that such “plasmonic boom” is repeated many times in
the periodic plasmonic structure leading to a much stronger instability. Further
enhancement of the instability occurs due to the resonant excitation of the unstable
plasma modes including the super resonance condition when all plasma modes become
unstable (the super plasmonic boom). Another advantage of this approach is that the
plasmonic crystal can efficiently couple with THz electromagnetic radiation. In our
analysis, we neglected the electron collisions with impurities and lattice vibrations. The
modern silicon VLSI fabrication techniques reached a feature size of 10 nm in 2015 [38§],
which is smaller than the mean free path in Si at room temperature (~ 30nm). This makes
the ballistic plasmonic crystal analysis to be realistic as the first approximation at room
temperature and to be a very good approximation at cryogenic temperatures. High values
of the electron mobility in graphene (up to 200,000 cm®/V-s at room temperature [39])
make this material a good candidate for the THz plasmonic crystal application [40].



Therefore, we believe that the THz generation mechanism proposed in this paper should
enable a new generation of efficient and compact THz sources.

ACKNOWLEDGMENTS

The work at RPI was supported by the US Army Research Laboratory under ARL
MSME Alliance (Project manager Dr. Meredith Reed).



References

[1] M. Dyakonov and M. Shur, Phys. Rev. Lett. 71, 2465 (1993).

[2] T. Watanabe, A. Satou, T. Suemitsu, W. Knap. V.V. Popov, and T. Otsuji, in
Proceedings CLEO: 2013 Conference on Lasers and Electro-optics, OSA
Technical Digest (online), Optical Society of America 2013, paper CW3K.7.

[3] M. Dyakonov and M. S. Shur, Phys. Rev. B 51, 14341 (1995).

[4] V. Kachorovskii and M. Shur, in Proceedings of 2012 Lester Eastman Conference
on High Performance Devices (LEC), Brown University 2012. IEEE Tech Digest
2012, p.64.

[5] V. Yu. Kachorovskii and M. S. Shur, Appl. Phys. Lett. 100, 232108 (2012).

[6] T. Otsuji and M. Shur, IEEE Microwave Magazine 15, 43 (2014).

[7] Thomas W. Crowe, William L. Bishop, David W. Porterfield, Jeffrey L. Hesler,

and Robert M. Weikle, 11, IEEE J. Solid-State Circuits 40, 2104 (2005).

[8] J. A. del Alamo, in Proceedings of the IEEE International Conference of Electron
Devices and Solid-State Circuits (EDSSC), Hong Kong ,China 2013.

[9] M. L. Dyakonov and M. S. Shur, IEEE Trans. Electron Devices ED-43, 380 (1996).

[10] Y. Deng, R. Kersting, J. Xu, R. Ascazubi, X. C. Zhang, M. S. Shur, R. Gaska, G. S.
Simin and M. A. Khan, and V. Ryzhii, Appl. Phys. Lett. 84, 70 (2004).

[11] W. Knap, J. Lusakowski, T. Parenty, S. Bollaert, A. Cappy, V. Popov, and M. S.

Shur, Appl. Phys. Lett. 84, 2331 (2004).

[12] A. El Fatimy, N. Dyakonova, Y. Meziani, T. Otsuji, W. Knap, S. Vandenbrouk, K.
Madjour, D. Theron, C. Gaquiere, M. A. Poisson, S. Delage, P. Prystawko, and C.
Skierbiszewski, J. App. Phys. 107, 024504 (2010).

[13] M. S. Shur, V. Ryzhii, and R. Gaska, Method of Radiation Generation and

Manipulation, US patents: 7,619, 263, Nov. 17, 2009; 7,955,882, June 7, 2011.

[14] A.V.Muravjov, D.B. Veksler, V.V. Popov, O. Polischuk, X. Hu, R. Gaska, N.
Pala, H. Saxena, R.E. Peale, and M.S. Shur, Appl. Phys. Lett. 96, 042105 (2010).

[15] T.Otsuji, T. Nishimura, Y. Tsuda, Y. M. Meziani, T. Suemitsu, E. Sano, Int. ]. High
Speed Electronics Systems 19, 33 (2009).

[16] M. V. Krasheninnikov and A. V. Chaplik, Fiz. Tekh. Poluprovodn. 15, 32 (1981)

[Sov. Phys. Semicond. 15, 19 (1981)].

[17] U. Mackens, D. Heitmann, L. Prager, J. P. Kotthaus, and W. Beinvogl, Phys. Rev.
Lett. 53, 1485 (1984).

[18] V. V.Popov, D. V. Fateev, O. V. Polischuk, S. A. Nikitov, T. Otsuji, M. S. Shur,
Bull. Rus. Acad. Sci. Physics 76, 229 (2012).

[19] W.F. Andress, H. Yoon, K. Y. M. Yeung, L. Qin, K. West, L. Pfeiffer, D. Ham,

Nano Lett. 12, 2272 (2012).

[20] G. C. Dyer, G. R. Aizin, S. Preu, N. Q. Vinh, S. J. Allen, J. L. Reno, and E.A.
Shaner, Phys. Rev. Lett. 109, 126803 (2012).

[21] G.R. Aizin and G. C. Dyer, Phys. Rev. B 86, 235316 (2012).

[22] G. C. Dyer, G. R. Aizin, S. J. Allen, A. D. Grine, D. Bethke, J. L. Reno, and E. A.
Shaner, Nature Photonics 7, 1925 (2013).

[23] V. Ryzhii, A. Satou, and M. S. Shur, IEICE Trans. Electron. E89-C, 1012 (2006).

[24] A. V. Chaplik, Sov. Phys. JETP 35, 395 (1972).

[25] A. Shornikov, D. A. Orlov, C. Krantz, A. S. Jaroshevich, and A. Wolf, Phys. Rev.



ST Accel. Beams 17, 042802 (2014).

[26] R.de L. Kronig and W. G. Penney, Proc. Roy. Soc. (London) A 130, 499 (1931).

[27] P. Aizengendler, ANZIAM J. 44, 247 (2002).

[28] D. Pines and P. Nozieres, The Theory of Quantum Liquids (W. A. Benjamin, Inc.,
New York, 1966).

[29] G. E. Ulenbeck and G. W. Ford, Lectures in Statistical Mechanics (Providence,
AMS, 1963).

[30] A. L. Fetter, Ann. Phys. 81, 367 (1973).

[31] I Torre, A. Tomadin, A. K. Geim, and M. Polini, Phys. Rev B 92, 165433 (2015)
and references therein.

[32] A. A. Kastalsky and M. S. Shur, Sol. St. Comm 39, 715 (1981); M. S. Shur, IEEE
Electron. Dev. Lett. 23, 511 (2002).

[33] J.Jin, Y. Wu, J. A. del Alamo, and D. A. Antoniadis, IEEE Trans. Electron Dev.
63, 1464 (2016).

[34] L. P. Pitaevskii and E. M. Lifshitz, Physical Kinetics: Landau-Lifshitz

Course of Theoretical Physics, vol. 10 (Pergamon Press, New York, 2002).

[35] A.P. Dmitriev, V. Yu. Kachorovskii, and M. S. Shur, Appl. Phys. Lett. 79, 922
(2001).

[36] S. Luryi, Appl. Phys. Lett. 52, 501 (1988).

[37] B. Sensale-Rodrigues, L. Liu, R. Wang, T. Zimmerman, P. Fay, D. Jena, H. Xing,
Int. J. High Speed Elect. & Syst. 20, 597 (2011); S. Rudin, G. Rupper, and M. Shur,
J. Appl. Phys. 117, 174502 (2015).

[38] Bin Yu, L. Chang, S. Ahmed, Haihong Wang, S. Bell, Chih-Yuh Yang, C. Tabery,
Chau Ho, Qi Xiang, Tsu-Jae King, J. Bokor, Chenming Hu, Ming-Ren Lin, D.
Kyser, FinFET scaling to 10 nm gate length, in Proceedings of the IEEE

International Electron Devices Meeting, San Francisco, 2002, Technical Digest, p.
251, 2002.

[39] X. Du, I. Skachko, A. Barkerand E. Y. Andrei, Nature Nanotechnology 3, 491
(2008).

[40] A. N. Grigorenko, M. Polini, and K. S. Novoselov, Nature Photonics 6, 749 (2012).



Figure captions
Figure 1. Schematic diagram of the 2D transistor structure with modulated width.

Figure 2. First three quantized plasmonic levels in the non-interacting plasma cavities

(€] (2)
0p > om >

electron drift velocity in strips 1. Open (solid) circles indicate stable (unstable)
transparency points. Vertical dashed lines marked with red arrow correspond to the super
resonance condition.

formed in strips 1 (w red lines) and strips 2 (w blue lines) as a function of the

Figure 3. Energy band spectrum of the drifting plasmonic crystal when the electron drift
velocity in both strips 1 and 2 is less than the plasma wave velocity: vy, Vo, < vp. Here
Vo1 = 0.43vy, vy, = 0.1v4;. Two lowest stable plasmonic bands formed due to the

resonant coupling of the quantized plasmonic levels in strips 1 (w,(,i )) and strips 2 (w,(,f ))

are shown. Stable bands a)(%) correspond to the lattice acoustic plasmon as described in

the text.

Figure 4. Energy band spectrum of the drifting plasmonic crystal when the electron drift
velocity is within the instability range: vo, < v, < voy. Here vo; = 1.12v, vg, =

0.1vy,. (a) Plasmonic band frequencies in the stable bands (a),(,i ), solid black lines) and

unstable bands (a),(fg , red circles and blue squares); (b) Instability increments in the

unstable plasmonic bands

Figure 5. Totally unstable energy band spectrum of the drifting plasmonic crystal at
Vo1 = 1.41vy, vy, = 0.1vy; corresponding to the resonant coupling of all quantized
plasmonic levels in strips 1 and 2. The first four unstable bands are shown.

(a) Plasmonic band frequencies; (b) Instability increments.

Figure 6. Energy band spectrum of the drifting plasmonic crystal at the electron drift

velocity within the instability range: vy; = 1.71vy,, vo, = 0.1vy,;. (a) Plasmonic band
frequencies in the stable bands (solid black lines) and unstable bands (red circles and blue
squares); (b) Instability increments in the unstable bands. Inset: the a)g) unstable band at
Vg1 = 1.65v, showing the evolution of the unstable band with the changing drift velocity

as described in the text.
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