PHYSICAL REVIEW APPLIED 16, 064054 (2021)

Effect of Coulomb Carrier Drag and Terahertz Plasma Instability in p *-p-i-n-n*
Graphene Tunneling Transistor Structures

V. Ryzhii®,"?" M. Ryzhii,?> A. Satou®,' T. Otsuji®,! V. Mitin®,* and M.S. Shur®?
' Research Institute of Electrical Communication, Tohoku University, Sendai 980-8577, Japan
’ Institute of Ultra High Frequency Semiconductor Electronics of RAS, Moscow 117105, Russia
3Depam‘ment of Computer Science and Engineering, University of Aizu, Aizu-Wakamatsu 965-8580, Japan
4Department of Electrical Engineering, University at Buffalo, SUNY, Buffalo, New York 14260, USA

5Department of Electrical, Computer, and Systems Engineering, Rensselaer Polytechnic Institute, Troy, New York
12180, USA

™ (Received 2 September 2021; revised 8 November 2021; accepted 8 December 2021; published 22 December 2021)

We evaluate the influence of Coulomb drag of electrons and holes in gated » and p regions caused by
ballistic electrons and holes generated in a depleted 7 region due to interband tunneling on the current-
voltage characteristics and impedance of pt-p-i-n-n™ graphene tunneling transistor structures (GTTSs).
This drag leads to current amplification in the gated » and p regions and positive feedback between the
amplified dragged current and the injected tunneling current. A sufficiently strong drag can result in a
negative real part of the GTTS impedance, enabling a plasma instability and self-excitation of plasma
oscillations in the terahertz (THz) frequency range. This effect might be used for the generation of THz

radiation.
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L. INTRODUCTION

Interband Zener-Klein tunneling in a depleted i region
in p-i-n graphene diodes leads to the generation of holes
and electrons, with holes propagating primarily in the
direction of the built-in electric field and electrons prop-
agating in the opposite direction [1—4]. If the i region
is sufficiently short, the scattering of the carriers gener-
ated in this region on impurities and acoustic phonons is
ineffective. As a result, the generated carriers propagate
across such a region ballistically with a directed velocity
close to the characteristic velocity vy ~ 10% c¢m/s. This
very fast carrier transit can be used in several different
ultrahigh-frequency devices operating at room tempera-
ture. In particular, p-i-n graphene diodes and p-p-i-n™
graphene tunneling transistor structures (GTTSs) can
exhibit negative dynamic conductivity [5,6], associated
with a transit-time effect at frequencies close to the inverse
transit time vy/2l; (where 2/; is the length of the depleted
i region), which is in the range of several terahertz (THz)
for submicrometer dimensions. Recently [7,8], we demon-
strated that in graphene-based structures, ballistic carriers
injected into a gated n region (or p region) can effec-
tively drag [9—11] the equilibrium carriers. Because of the
specifics of Coulomb carrier-carrier scattering in G lay-
ers having two-dimensional linear dispersion [9—14], the
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drag can be accompanied by a marked current amplifica-
tion. This is because the injected ballistic carriers (BCs)
colliding with the equilibrium carriers (ECs) transfer their
momenta to the latter while keeping their directed velocity.
As demonstrated previously [8], the Coulomb drag effect in
G-based nt-i-n-n* field-effect transistors (GBFETSs) with
injection of ballistic electrons from the source can enable
a current-driven plasma instability and self-excitation of
a source-drain current, leading to the emission of THz
radiation.

In this paper, we consider reversed-biased p ™ -p-i-n-n
GTTSs with gated p and n regions induced by negative and
positive gate voltages ¥, < 0 and V, > 0, respectively,
i.e., by so-called electrostatic doping.

Figure 1(a) shows GTTSs with applied gate voltages V),
and V,, (=V, =V, =V, > 0) and a reverse bias voltage V/
between the side contacts. The voltages result in the deple-
tion of the i region and creation of a sufficiently strong
lateral electric field in this region to enable effective inter-
band tunneling. Figures 1(b) and 1(c) show qualitatively
band diagrams of GTTSs in the case of negligible Coulomb
carrier drag (as in Ref. [5]) and in a case when this drag
is substantial. In the first case, the potential distribution
across the p and » regions is nearly flat due to the rela-
tively high conductivity of these regions. However, since
the drag of the equilibrium carriers caused by the injected
ballistic carriers pushes out a fraction of the equilibrium
carriers to the side contacts, to compensate these carriers
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FIG. 1. (a) Cross section of a lateral p*-i-n™ GTTS with bal-
listic transport of tunneling-generated electrons and holes in the i
region. Band diagrams (b) in the absence of drag current, ® < V,
and (c) with a strong Coulomb carrier drag, ® > V. (d) Equiv-
alent circuit of a GTTS, including an antenna with radiation
resistance 2r, (r; is the resistance of the i region, and 7y, Lg,
and C, are the resistance, inductance, and capacitance, respec-
tively, of the gated region). The current sources describe the
dragged-equilibrium-carrier currents jppc = JppcH (where H is
the device width).

displaced from the gated regions (or to prevent such a
displacement), lateral built-in electric fields in the p and
n regions arise (corresponding to a marked inclination of
the potential in the gated region). The GTTSs under con-
sideration differ from the forward-biased GBFETs stud-
ied previously in that they have a different mechanism
of ballistic-carrier generation (interband Zener-Klein tun-
neling in GTTSs versus thermionic space-charge-limited

injection in GBFETSs) and, hence, have different energy
distributions of the carriers injected into the gated regions.
This leads to different device characteristics, in particular,
to different criteria for a plasma instability.

Using a device model developed by us, we calculate
the dc current-voltage (/-V) characteristics and the small-
signal impedance of a GTTS. In particular, we demonstrate
that the real part of the impedance of a GTTS can be
negative in a certain range of THz frequencies, structural
parameters of the device, and bias voltages. The imagi-
nary part of the impedance can become zero at the plasma
frequency. These conditions can correspond to a plasma
instability and to self-excitation of plasma oscillations
converted to emitted THz radiation.

II. DEVICE MODEL

To consider GTTSs, we use the equivalent circuit of a
GTTS shown in Fig. 1(d). Similar G-based structures with
enhanced carrier mobility have been fabricated, experi-
mentally studied, and well documented in the literature
(see, for example, Refs. [15-23]).

In contrast to monopolar nt-i-n-n* GBFETs using the
drag effect associated with ballistic electrons thermally
injected from the n™ contact (space-charge limited injec-
tion) into the i region and then into the gated n region
[7,8], here we consider GTTSs with electron and hole gen-
eration by interband tunneling across the entire i region
(approximately spatially uniform). We analyze the drag
caused by ballistic carriers with energies distributed over a
wide range (from approximately zero energy for electrons
or holes generated near the n or p region, respectively, to
the energy ¢ = eV, where e = |e| is the electron charge).
We account for the asymmetric potential distribution and
the contribution of carriers of both types to the device
characteristics.

We assume that:

(1) The length, 2/;, of the depleted i region is sufficiently
short to allow ballistic motion of the injected electrons:
21l; < vyt;, where T; is the characteristic time of BC scat-
tering on disorder (acoustic phonons and impurities). As
demonstrated [24], the latter condition can be satisfied for
2l; ~ 1 pum at room and lower temperatures in G layers
encapsulated in #-BN [25].

(i) The characteristic time, 7., for the scattering of
BCs on ECs is much shorter than the EC scattering time,
Tg, in the gated p and n regions: 7., < 7, (With the char-
acteristic times for BC and EC scattering on disorder
being approximately equal to each other, i.e., 7, ~ 7;). In
this case, a substantial fraction of the momentum of the
BCs can be transferred to the ECs, converting them into
dragged ECs (DECs).

(iii) BCs that acquire an energy exceeding the threshold
for optical-phonon emission (about the energy of optical
phonons, Awy >~ 0.2 eV) are scattered primarily in the
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gated regions with a relatively small characteristic time 7.
The fraction of optical phonons emitted by the BCs in the
depletion region is small if the potential drop across this
region is smaller than hwy.

(iv) Because of the short length of the i region, the
delay due to carrier transit, the capacitance, and the kinetic
inductance of this region are disregarded.

For carrier densities £, >~ 1 x (10-10"%) cm™ and a
temperature 7 < 300 K, and for the energy epc of the
BCs injected into the p and » regions, one can assume
that 7. < 0.1 ps. The characteristic times for scattering
on disorder and on optical phonons are estimated as 7, >
(1-2) ps and 79 =~ (0.5-1.0) ps [26]. The use of electro-
static doping of the p and » regions allows one to minimize
the ratio 7../7,. The characteristic time for optical-phonon
spontaneous emission is set to 7o 2~ (0.5—1.0) ps.

As can be seen from the GTTS equivalent circuit shown
in Fig. 1(d), one needs to equalize the BC current across the
i region (equal to the terminal current) and the net currents
across the p and n regions (the Kirchhoff circuit law). As a
result, we arrive at the following equation:

JBc = Jpec + JrC + Jop- (1)

Here Jgc, Jec, Jpp, and Jpgc are the densities of the
BC current injected into the gated »n region (or the gated
p region), the EC current, the displacement current, and
the DEC current in the gated region, respectively. These
quantities are given by the following equations:

Joc = a; 2, (2)
V—®) L:g d Jec
Jec = - —= 3
EC Gg Zlg lg dt 5 ( )
d(V — ®)
Jpp = ¢ - 4)

Here, o; = e5/2/27r2h3/2\/21,-vw (see Refs. [1-6]);
Oy = ezEgrg/m is the drift (Drude) conductivity; ¢, =
lyk /8md and L, are the capacitance and the kinetic car-
rier inductance (per unit width of the GTTS in the lateral
direction perpendicular to the terminal current) of the gated
region; d and « are the thickness of the gate layer and its
dielectric constant; and my, = g/ v%V ~ h,/m X/ v3, and
tg = h vy,/m X, are the EC fictitious effective mass and
the Fermi energy. The quantities ® and (V' — ®)/2 are the
potential drops across the i region and the gated region.
The nonlinear dependence of the injected BC current
density Jgc on the voltage drop ® across the depleted
region given by Eq. (2) originates from the specifics of
the interband Zener-Klein tunneling [1-6]. Equation (3)
represents the EC current density in the gated region corre-
sponding to the Drude formula, accounting for the carrier
kinetic inductance described by the second term on the

right-hand side of this equation. The combination of the
first and second terms leads to the standard frequency
dependence of the Drude ac conductivity. The quantity Jpp
governed by Eq. (4) is the displacement current density
between the gate and the gated region of the electron (or
hole) channel.

ITII. DEC CURRENT

To calculate the DEC current, we use an approach sim-
ilar to that in Ref. [7], considering the features of BC
injection into the gated regions in GTTSs associated with
interband Zener-Klein tunneling [1-6]. We account for the
fact that the DEC current is proportional to the flux of BCs
entering the gated region, i.e., proportional to Jgc. Because
of the linearity of the electron and hole energy-momentum
dispersion laws, the average momentum that a BC trans-
fers to the ECs due to carrier scattering in the gated region
is equal to e®/2vy, i.e., according to Eq. (2), it is propor-
tional to Jég. Hence, Jpec JBSé3. The momentum of BCs
and DECs with an energy exceeding the optical-phonon
energy hwy is effectively dissipated due to the emission of
such phonons. The emission of optical phonons strongly
decreases the contribution of excessively hot BCs to the
drag effect. This results in a steep drop in Jpgc when e®
becomes sufficiently larger than hwy. As a result, we arrive
at the following equation:

5/3
JpEC bﬁ—%e"(. (5)
0
Here,
Ko [(e® — hwy + pg)* — 1
k= Kol 0T e g]®(efl> — hay), (6)

2 2w}

K, =l /vwty, Ko = lg/vwTo, and K. = Iz /vpte., with
K, < Ko < Kee.

The factor of 2 in the denominator occurs because the
carriers injected into the gated region have an average
energy equal to e®/2. The dependence of K on the Fermi
energy u, describes the effect of the population of the
gated region on the energy threshold for optical-phonon
emission caused by electrons and holes, which is reflected
by the unity step function ® with a threshold energy
hawo + pg. Equation (6) accounts for this effect and the
linear energy dependence of the density of states. The coef-
ficient b in Eq. (5), which we call the Coulomb carrier
drag factor, calculated accounting for the specifics of the
carrier-carrier scattering kinematics in the case of linear
energy-momentum dispersion relations for the carriers in
G layers [7], is given by

_ e Fr(pe/T) g, e g, o T

= ~ . (7
AR TR TR
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where T and F,,(§) = [~ duu"[1 + exp(u — £)]™" are the
temperature (in energy units) and the Fermi-Dirac integral,
respectively. For convenience, in Eq. (5), we introduce the
characteristic current density

3/2
Jo = ai(@) . (8)

e

The quantity Jpgc is different from that calculated previ-
ously [7] for GBFETSs with virtually monoenergetic BCs.

IV. de CHARACTERISTICS

When a dc bias voltage V' = V is applied between the
side contacts, ® = & = - const, and the density of the ter-
minal current is Jgc = Jpc = const. Introducing the nor-

malized current density J = Jpc /Jo, from Eq. (1) we arrive
at the following equation relating J and V (i.e., the GTTS
I-V characteristic):

- - 7 Vv
T +nJ?3 — bBe®D) = e )

B o | TTepg [2lvw
" T R\ B

is the ratio of the resistances of the i and g regions, and
Vo = hwy/e. In Eq. (9), we express the dc potential drop
across the depleted region ® via J, i.e., ® = JV}. Taking
this and Eq. (6) into account, we obtain

where

(10)

K(J) = %[(72/3 —1+F)*—F1OJ -1). (11

Analyzing Eq. (9), we find that for bA < 1 + 2n/3, where

dIJ512e—KW)
P i | B (12)
aJ J=T

the GTTS 7-V characteristics are monotonic. In this case,
@ < ¥ [see Fig. 1(b)]. In the opposite case, when bA >
1 4+ 2n/3, the GTTS I-V characteristics become S-shaped,
analogously to those demonstrated previously [7] (in
devices with a different type of BC injection). In the latter
case, ® > ¥ [see Fig. 1(c)].

When J <1, as follows from Eq. (11), K(J) ~
const, and A ~ 5J3/2/2. Considering this, the formation
of S-shaped -V characteristics requires

5 2
“h>1+-= 13
70> +3n, (13)

while a sufficient condition for a monotonic shape of
the /-7 characteristics (despite the drag effect) can be

presented as

> b<1 2 14

So<1+3m (14)
Figure 2 shows examples of /-} characteristics calculated
using Egs. (9) and (11) for different structural parame-
ters. We set 7o = 0.5 ps, 2/; = 0.2 um, /, = 0.5 um, and
7, = 1 ps for p, = 50 meV (K, = 0.5) and 7, = 2 ps for
g =15 meV (K, = 0.25). This implies that Ky = 2.0.
The [-V characteristic for @, = 50 meV, which can be
attributed to 7= 300 K (u,/T 2 2), rises monotonically.
Very similar characteristics (virtually undistinguishable)
are obtained for the Fermi-energy range u, = 40—60 meV
with b >~ 1.0-1.5 and n =~ 10-15. The latter implies that
the inequality in Eq. (14) is well satisfied. Therefore the
I-V characteristics for g, = 4060 meV are monotonic.
For comparison, we calculate also the /-7 characteristics
corresponding to lower temperatures, setting the Fermi
energy g to 15 meV (the Fermi energy can be decreased
by decreasing the gate voltage V). These data can be
conditionally ascribed to 7= 77 K with pu,/T 2 2. An
example of the pertinent /- characteristics, also shown
in Fig. 2, exhibits a pronounced S shape. This character-
istic corresponds to the parameters b and 5 satisfying the
inequality in Eq. (13), which is opposite to the inequality
in Eq. (14), i.e., arelatively large b and small n; in this case
b~ 5.19 and n >~ 7.54.

Figure 3 shows the quantity »A as a function of the nor-
malized bias current calculated using Egs. (11) and (12).
As can be seen from Fig. 3, the value of A depends
explicitly on the structural parameters and the bias current.
A crucial point is that bA could markedly exceed unity,
particularly for J ~ 1, with the parameters chosen above.

2.0 T T ’/' T
1.5 77 -
— I —
\
I~1.0- s —
AN
L \ ]
\
0.5 ) -
L / _
Z
0 | | | | |
0.0 05 10 1.5
VIV,

FIG. 2. Examples of GTTS /-V dc characteristics for differ-
ent structural parameters: [, = 0.5 um, u, = 50 meV, and 7, =
1 ps (solid line) (monotonic), and [, = 0.5 um, g = 15 meV,
and 7, = 2 ps (dashed line) (S-shaped).
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FIG. 3. Parameter bA versus normalized bias current J for dif-

ferent structural parameters: [, = 0.5 um, pg = 50 meV, and
g =1 ps (solid line), and /; = 0.5 pum, pe = 15 meV, and
7 = 2 ps (dashed line).

The small breaks in the plots of bA versus J near J = 1
are attributed to the inclusion of optical-phonon emission
at this point. This optical-phonon emission, which starts
from J ~ 1 (and ® ~~ 1), results in a drop in A at larger
values of J. This is because an increase in J leads to a
relatively smooth increase in K(J) (and ®) beyond the
optical-phonon emission threshold [see Eq. (11)]. When
J 21 (® > 1), only the BCs generated near the gated
regions have sufficient energy to emit an optical phonon.
The BCs generated in the bulk of the i region are able to
do that only at higher values of J. This is in contrast with
the situation in GBFETs [7,8], where the optical-phonon
emission threshold is rather sharp.

It should be mentioned that the difference in the values
of A for the different Fermi energies under consideration
is rather small, while the quantity bA is fairly sensitive to
the Fermi energy. This is because b u;.

V. ac CURRENT AND IMPEDANCE

When V =V + 8Vexp(—iwt), where 8V and w are the
signal amplitude and frequency, the potential drop across
the depleted region and the normalized terminal cur-
rent comprise the ac components §® and §J = §Jpc/Jo,
respectively. Using Egs. (3)—<5), the ac normalized current
components 6/pgc can be presented as

8Jec +68Jor 21y [ 1

~ it 87
o 371/ (l—ia)rg)+lwrcj|

+ L w2 as)
_ ‘ot |—,
U T iz

where 7. = (2l,¢,/0,) is the gate recharging time, and
where the relation £, = (I;m, /e X,) = o7, is used.

Using Eq. (5), the ac normalized drag current can be
presented as

Considering this, the linearized version of Eq. (1) together
with Egs. (15) and (16) yields

2n 1 .
8] 1—bA+ = . — IWTy
3131 —iwTy)

= n[; ia)rrc] SV. (17)

(1 —iwty) Vo

Equation (17) can be presented in the following form:

1 +iF, 1%
)= A0 b - 7, 1Y
#(1—{—0)212)4—14—1'3%
2n g
Here,
Fp= —2 (22— 0¥ — 1] (19)
where
8re?Xod

e [8ugd
= —/ 2
MgV« (20)

is the plasma frequency of the gated carrier system. One
can see that @ = 1/,/c, L.

Taking the load resistances into account, we arrive at
the following expression for the GTTS impedance Z,
normalized by the resistance of the depleted i region r;:

2
Kkmgly

Q = =
[T Trc

Z, 3P —bA)1 + o))

+1+p, 1)

P 2n(1 +iF,)
where
1 h 20
rH = - 2n2<ﬂ> . (2
aiVo e? Wy Vi

p = 2r,/r; (where 2r, is the radiation resistance of the
antenna) [see Fig. 1(d)], and H is the GTTS width. In the
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range J < 1, Egs. (13) and (21) result in

+1+p. (23)

- 2.2
Z, _ 37173 (1 B ﬁ‘2/3> 1+ w rg)

¥ 27 2 (I +iF,)
As follows from Eqgs. (21) and (23), the real part of the
GTTS impedance can become negative if

5 2 n
Sh> 14— 24
277 T 30 r et 24

For high signal frequencies (w? 'L'é > 1), the condition
described by the inequality in Eq. (24) is much more liberal
than the condition in Eq. (13) for S-shaped 7-¥ characteris-
tics. This implies that the real part of the GTTS impedance
can be negative with monotonic dc /-V characteristics. It
is remarkable that for moderate values of b satisfying the
inequality in Eq. (24), but insufficient to satisfy the condi-
tion in Eq. (13), |8®| can exceed 8V, while ® < V. This
corresponds to the potential profile shown in Fig. 1(c) for
the signal component but to the potential profile shown in
Fig. 1(b) for the dc component. The inclusion of the load
resistance changes the above criteria somewhat, but not by
very much (see below).

The condition in Eq. (24) for (1 + a)ztgz) > n yields
b > 2.5, when the drag effect is essential but not par-
ticularly strong. Assuming w/2m =1 THz and 7, =
1 ps, we obtain (1 4 w’z;) = 1 +47* =~ 40.5. For 2/; =
0.1 um, Eq. (8) yields Jy >~ 1.5 A/cm. Setting the GTTS
width equal to H = (5-10) um, we find that r,/H ~
(133-266)€2, with |Re Z,| markedly exceeding the latter
values.

-12

0.0 0.5 1.0 1.5 2.0
Frequency w/2r (THz)

FIG. 4. Real part Re Z,/r; of the GTTS impedance versus sig-
nal frequency f = w/2m for 7y = 1 ps, [ = 0.5 um, p = 1, and
J =1 for different structural parameters: 1, j, = 40 meV and
Q/2m = 1.15 THz; 2, uy = 50 meV and Q/27 = 1.3 THz; and

3, ug =60 meV and /27 = 1.4 THz.

0.0 0.5 1.0 1.5 2.0
Frequency w/2x (THz)

FIG. 5. Imaginary part Im Z,/r; of the GTTS impedance ver-
sus signal frequency /' = w/27m. The parameters are the same as
in Fig. 4.

Figures 4 and 5 show the frequency dependences of
the normalized real and imaginary parts of the GTTS
impedance calculated using Eq. (21) with Eq. (12) for
different structural parameters.

VI. PLASMA RESONANCE AND PLASMA
INSTABILITY

At a signal frequency w = /(2% — 15 %) = 2, corre-
sponding to the plasmonic resonance, Fl,=g, = 0. In
this case, Eq. (21) yields the following for the resonant

impedance Z,|,=q, = Za:

7. 3713 (1 — bA)Q?7?
= £ 414 p. (25)
vi 27

Figure 6 shows the real part of the GTTS impedance at
a signal frequency coinciding with the plasma frequency
Q (the imaginary part is equal to zero) as a function of
the normalized bias current J. One can see that |Zg| can
be fairly large, which is beneficial for a plasma instability
leading to effective THz emission (see below). Moreover,
the range of bias currents corresponding to ReZg < 0
extends markedly into the range J > 1. This is attributed
to a smooth roll-off of the parameter A in this range, as
seen in Fig. 3.

As is known (see, for example, Ref. [27]), the current
in a system with a negative real part of the impedance
and with the imaginary part of the latter changing sign can
be unstable, resulting in self-excitation of high-frequency
oscillations of the carrier density and current (a plasma
instability [28]). Such current oscillations, when feeding
an antenna, can lead to radiation emission. According to
Figs. 4 and 5, the frequency of the emitted radiation can be
in the THz range.
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ReZ, /r
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0.0 0.5 1.0 1.5 2.0

FIG. 6. Real part of the normalized GTTS impedance Re Zq, /7;
at the plasma frequency (w = 2) versus normalized bias cur-
rent J for different plasma frequencies: 1, /27w = 1.15 THz;
2,Q/2m = 1.3 THz; and 3, Q/27 = 1.4 THz. The other param-
eters are the same as in Figs. 4 and 5.

The conditions for this plasma instability and the growth
rate of the plasma and current oscillations can be found
from the dispersion equation Z, = 0 with a complex fre-
quency w = ' + iw”, where " represents the growth
rate. Using Eq. (23), for %z >> 1 and Q%] > 7 (so that
@, ~ Q), we arrive at the following from the equations
ReZ, i =0andImZ, ;,» = 0:

~1-— L(f—fth)
4n(1+ p)

1 b (V- Vth)’ (26)
dn(l1+p)* Vo

o >~ bR W —Jwm)

Q  4n(l+p)

56Qt,  (V— Vi)

CAn(+p)? T

0|8

27

Here, Vin/Vo = (1+ p)rioJu/Vo = (1 + p)Ju, where
Jw represents the normalized threshold current, obeying
the following equation:

- 5h— 2n(1 + p)
1/3 _ Ui 14
Jth - 7Jth = —W (28)
Equation (28) yields
_ 2\*? 56\ n(1 + p)
Jan | = 1 — — . 29
v=(5) [1+(3) er;} )

oo

[S—
[\
T

[}

| == Numerical solution
- - Approximation 14

<
~

Frequency @'/2 7z (THZz)
O
oo

[\
Growth rate »"” (10" s7")

|
S}

0.0 T
02 00 02 04 06

J-J,

FIG. 7. Real (') and imaginary (") parts of the complex
signal frequency as functions of the deviation of the bias cur-
rent J from its instability-threshold value Jy, for 7, =1 ps,
lg =0.5 um, uy =50 meV, /27 = 1.3 THz, and p =1 (ie.,
for b = 1.25 and n = 12.56).
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As follows from Egs. (26) and (27), when V exceeds the
threshold value 74, the plasma oscillations become unsta-
ble, with a growth rate ” > 0. The plasma instability
threshold (w” = 0) corresponds to v’ = €2, >~ Q.

The inequalities Vi <V < Vo(1 4 p), ie., Jn <
J < 1,and »” > 0 constitute necessary and sufficient con-
ditions for a plasma instability [compare the inequality in
Eq. (24), which is the pertinent necessary condition]. One
can see that for a sufficiently large load resistance (p > 1),
the plasma instability vanishes, i.e., the plasma oscillations
become damped. The proportionality of the growth of the
plasma oscillations to the drag factor b seen in Eq. (27)
shows that the plasma instability under consideration is
linked to the drag effect. When b tends to zero, Jy, and
Vi, tend to infinity.

Figure 7 illustrates the dependence of ' and w”, i.¢., the
frequency of the self-excited plasma oscillations and their
growth rate, on (J — Ju), calculated numerically (solid
lines) using the equations Re Z,y4;,» = 0 and Im Z,/;;,» =
0, with Z, given by Eq. (23). The dashed lines in Fig. 7
correspond to an analytic approximation obtained from
Egs. (26), (27), and (29).

VII. COMMENTS

Above, as in Refs. [7,8], we disregard the delay due to
the flight of the BCs across the i region and, hence, the per-
tinent transit-time effects [5,6,29]. Such effects could also
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be responsible for the self-excitation of oscillations at the
transit-time frequency w ~ wy = 2mwvy/l; [5] and could,
in principle, affect the instability mechanism considered in
the present paper. However, for w < wy, the omission of
the transit-time delay in the 7 region is justified. Indeed,
for the main parameters used in the above calculations,
wy /2w =~ 10 THz, while in the above w /2w and Q2 /27 are
about 1 THz, i.e., w, 2 <K wy.

The parameter crucial for the dc /- characteristics and
high-frequency performance of devices using Coulomb
carrier drag is the characteristic current density Jy. Com-
paring Jy with the pertinent density for GBFETs JéGBFET)
[7,8] we obtain

Jo 2 llgGBFET) o0
JéGBFET) T akhuoy \ 2Ly

Setting ¥ = 4—6 and assuming equal lengths of the i
region ([SBFET = 2/, = 0.1 um) and the gated regions, we
obtain Jo/J %D ~ 0.7-1.0. This implies that GTTSs
and GBFETs exhibit similar characteristics.

GTTSs, in comparison with GBFETs, are characterized
by a smaller drag factor (twice as small for the same car-
rier scattering time in the gated region). This is because,
in the former case, the average energy and momentum of
the injected BCs are equal to eV/2 and eV /2vy, respec-
tively, i.e., in GBFETs with thermionic emission from
the source contact, the drag factor in a GTTS is 2 times
smaller (for the same gated-region length). However, this
is compensated by a smoother decrease in A beyond the
optical-phonon emission threshold. The latter also leads
to a wider span, AJ, of the bias current in which the
real part of the impedance can be negative compared with
GBFETs. In particular, the impedance of a GTTS can
be negative at J > 1, while the impedance of a GBFET
becomes positive once J > 1. The quantity AJ determines
the characteristic (maximum) output THz power emitted
by a GTTS. For 2/; = 0.1 um, assuming Jy >~ 1.5 A/cm
and a GTTS width H = 10 pum, r; = 200/1.5 >~ 133 €,
and /27 = 1.15 THz. Hence, as follows from Fig. 6,
for |Zg| = 2r; >~ 266 2 one can find H AJ ~ 0.75HJ) =~
1.125 mA. As a result, for an impedance-matched antenna
radiation resistance equal to 27, = |Zg| = 266 2, the char-
acteristic emitted THz power satisfies P, >~ 337.5 uW, or
P,/H >~ 37.5 mW/mm.

The sensitivity of the GTTS characteristics to several
parameters opens up wide opportunities for their optimiza-
tion. The fact that in GTTSs the tunneling injection occurs
in the bulk of the i region can be considered as an advan-
tage (in comparison with GBFETSs), since it weakens the
requirements on the quality of the side contacts.

Devices based on GTTS structures with chemically
doped regions can exhibit similar phenomena to gated
GTTSs with electrostatic doping of the p and n regions. To

avoid excessive scattering of the BCs on ionized dopants,
the acceptors and donors should not be placed too close
to the channel (selective remote doping). The plasma fre-
quency in ungated structures can be markedly larger than
in gated GTTSs for the same lengths of the p and n regions.
Shortening these regions is beneficial for enhancement of
the drag factor b and, hence, reinforces the drag-related
effects.

Further development of GTTS-based devices using
Coulomb carrier drag can be achieved using periodic
structures with p*-i-n™ GTTSs connected in series (with
reverse-biased pt-i-nt GTTSs and forward-biased nt-
pT junctions connecting neighboring GTTSs in series
[30,31])—the cascade GTTS. In such periodic structures,
one can expect reinforced THz emission and the self-
excitation of propagating plasma waves (associated with
the plasma instability considered above) with periods equal
to multiples of the period of the structure, resulting in addi-
tional functionality. Vertical integration of p*-i-n* GTTSs
with non-Bernal stacked (twisted) G layers or G layers sep-
arated by dielectric layers such as 4#-BN layers [6,32,33]
could also promote the enhancement of the efficiency of
GTTS THz radiation sources (see also Ref. [34]).

Early attempts to predict and realize THz plasma insta-
bilities in different semiconductor devices are well docu-
mented in the literature (see, for example, Refs. [35—41]).
The most popular idea was to use streams of different
groups of carriers to model the situation in gaseous plas-
mas [42]. Similar concepts were revived in applications to
G-based heterostructures [43—45] (see also a critical anal-
ysis of the pertinent problem [46]). The main obstacle to
realizing two-stream plasma instabilities in semiconductor
heterostructures is associated with difficulties in creating
plasma systems with a sufficiently large directed velocity
of at least one carrier component (in particular, ballistic
transport of this component) maintained along a relatively
long channel under conditions of marked carrier-carrier
collisions. In this regard, plasma instabilities associated
with positive feedback due to the reflection of plasma
waves and carriers from the side contacts [the Dyakonov-
Shur (DS) instability [47] ] might require much more lib-
eral conditions. In particular, the observed plasma instabil-
ity in dual-grating G-based structures [48,49] is attributed
to the occurrence of a DS instability supported by a carrier-
transit-time effect [29,50]. The instability associated with
positive feedback between BCs injected from a GBFET
source [7] or with BCs tunnel-generated in the depleted
region of a GTTS (studied above), on the one hand, and
the reverse injection of ECs caused by the Coulomb drag
effect, on the other, can be considered as belonging to the
same class as the DS instability. Although the realization
of the plasma instability under consideration requires bal-
listic carrier transport in the i region, which is assumed
to be fairly short (2/; ~ 0.1 wm), in the gated regions
occupied by ECs, the carrier mean free path (limited by
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carrier-carrier collisions) can be substantially shorter than
the length /, of this region. The latter is a much more prac-
tical condition than in situations in which a two-stream
instability might be possible.

VIII. CONCLUSIONS

In conclusion, we predict a current-driven plasma insta-
bility in a lateral GTTS with carrier injection into the
gated p and n regions and Coulomb drag of ECs by
BCs. The plasma instability and the related emission of
THz radiation are associated with current amplification
due to the transfer of the momentum of BCs to ECs.
Lateral GTTS cascades and vertically integrated GTTSs
can exhibit enhanced THz emission and widen the range
of functionality of GTTSs. GTTSs can be effective THz
sources, surpassing existing nanostructure emitters.

The data that support the findings of this study are avail-
able from the corresponding author [51] upon reasonable
request.
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