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Abstract

Generation and amplification of terahertz oscillations is investigated theoret-
ically in structures graphene-semiconductor layers. The instability of hybrid
space charge waves in graphene-optical phonons or plasmons in semiconduc-
tor layers is of Cherenkov type. It can be realized when the drift velocity of 2D
electron gas in graphene exceeds some critical value. The numerical simula-
tions of instability are based on the quantum kinetic approach. The main ob-
stacle of implementing the specified instability is the heating of 2D electron
gas during its drift. Therefore, the investigations are performed for moderately
low temperatures 7'< 200 K, and the electron gas is degenerated. The best
results are obtained for the structures with nitride semiconductors GaN, InN,
A comparison with the drift instability in semiconductor heterostructures
with 2D electron gas is given too, where the increments of instability are com-
parable.

Keywords

Graphene, Nitride Semiconductors, 2D Electron Drift, Terahertz Hybrid
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1. Introduction

Terahertz (THz) oscillations and waves [1]-[9] are used for transmitting infor-
mation with increased information capacity, spectroscopy, intravision, radars etc.

There are various methods of generation of THz radiation that are like optical
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ones. They are antennas excited by short laser pulses, quantum cascade lasers, la-
sers on cyanides, and optical mixing [2] [6] [10]. Also, there are methods of gen-
eration of THz oscillations that are used earlier in microwaves and millimeter
wave techniques. They are diode generators, transistors, vacuum tube devices, and
frequency multipliers [3] [8] [9]. An important scientific and practical problem is
the development of physical foundations of technologies for generating and am-
plifying THz oscillations with miniature and planar meta- and nanophotonic
structures.

From various methods for generating THz oscillations in planar graphene-die-
lectric or graphene-semiconductor structures, in this paper the generation is cho-
sen by a drift of 2D electron gas w1 the graphene [11]-[13], since this scheme is
quite simple and easily tunable. The mechanism is Cherenkov one [14]; it is like
one used in travelling wave tubes and occurs when the drift velocity exceeds a
critical value. The parameters of the generated THz oscillations can be effectively
controlled by external electric and/or magnetic fields. As a preliminary result, ei-
ther non-doped polar semiconductors, like /-GaAs, or nonpolar ones, like n-Si,
were considered [13]. The joint action of optical phonons and plasmons in semi-
conductors was not investigated there.

Still there is a problem of choosing semiconductors to get the maximum incre-
ments of generation of THz oscillations in the structures graphene-semiconductor.
As perspective materials, polar nitrides GaN, InN may be considered, where not
only more efficient excitation of optical phonons may occur, but also the electron
concentrations due to doping can be higher than in 7-GaAs. A possible increasing
increment of the drift instability under joint action of optical phonons and plas-
mons is of interest. A comparison with the drift instability in heterostructures
with quantum wells on the base of nitrides also should be made.

The goal of the work is to select and justify a promising method for generating
and processing THz signals based on the physics of nanostructures. The geometry
of the problem is presented in Figure 1. There occurs the instability or amplifica-
tion of coupled, or hybrid, space charge waves (SCW) in graphene-optical phonons
and plasmons in surrounding semiconductor layers. This instability is of a Cheren-
kov type, so it can be realized at 2D electron drift velocities in the graphene, which
are higher than some threshold value. The graphene sheet is in z = 0, it is sur-
rounded by semiconductors or polar dielectric layers. The semiconductor layers
can be either undoped or doped; in the last case the electronic plasmons can be
excited. If a doped semiconductor is polar, then the excitation of coupled optical
phonons and electron plasmons occurs.

Earlier it was investigated [12] [13] the instability of hybrid SCW-optical pho-
nons due to drift of 2D electron gas in polar semiconductor heterostructures. It
was assumed that the heterostructure is selectively doped and all the electrons are
localized in the quantum channel. Thus, only optical phonons interacted with the
drifting 2D electron gas. Two methods were applied to consider the dynamics of

2D electron gas, hydrodynamic and kinetic ones. The best results were obtained
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for the quantum structures based on GaAs, compared to ones on the base of InSb
or InAs. The increments of instability computed from the kinetic approach were
smaller than ones from the hydrodynamic approach, but they were quite high for
experimental observations. In the present paper the main attention is given namely
to the quantum kinetic approach [12]-[18] for the structures with graphene and

comparison with the instability in heterostructures with the drift of 2D electron gas.

z

semiconductor g(w)

0| graphene

or 2D electron gas’V, < Vg X
in heterostructuye

Figure 1. Geometry of the problem. Amplification of surface hybrid SCW in the structure
graphene-semiconductor or heterostructure-semiconductor takes place by the drift of 2D
electron gas in graphene or in a quantum channel within a heterostructure. The hybrid wave
propagates along OX axis. Along OY axis the system is uniform.

2. Basic Equations

The basic equations are one for the density matrix for the motion of 2D electronic
gas in graphene [15] [16] [18], or equivalently for the Wigner distribution func-
tion f ( p, r,t) , and the quasi-stationary Poisson equation for the variable electric
potential ¢ in a bulky semiconductor, SI units:

A a0
i, &(2); n2_4n2”f(p)dpxdpy. (1)

—o0

e

AG = —
4 & ()

here fi, isthe variable part of 2D electron concentration in graphene, 6‘(60) is
the effective permittivity in semiconductor layers, f is the variable part of the
distribution function. The hybrid space charge wave in graphene-optical phonons
and plasmons in semiconductor layers are localized along OZ axis and propagate
in x-direction.

The distribution function is searched as:

f= fo(p)+(f(p)exp(—iwt+ikx)+c.c.); fi,, @ ~ exp(—iot +ikx). ()

here the longitudinal wave number & is real, the frequency @ is complex,
o= +io". Namely the simulations of the increment of instability " >0 are
the most interesting. Along OY axis the structure is uniform. The quasi-stationary
approximation can be applied because of slow phase velocities of hybrid waves,
o'lk<c.

Due to 2D electron drift, the steady part of the distribution function £ is the

shifted Fermi one:
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p=(Pp..p,); k=(k.0): by v, v,

here E. is the Fermi energy in graphene, vz = 10° cm/s is the Fermi velocity
there, 7'is the electron temperature in Kelvins.

The recent theoretical and experimental results demonstrated that in graphene
the electron-electron collisions dominate over electron-lattice ones [19]-[21] un-
der the values of 2D electron concentration 1y = 10'2 cm™. This validates the rep-
resentation Equation (2) for the distribution function. Also, for the graphene the
hydrodynamic approach was confirmed in [21].

The value of the electron wave number p, due to the nonzero drift velocity has
been computed from the nonlinear dependence of the density of the electron cur-

rent on the bias electric field [17]:
1 _ 1
NyoVo =?Hvx fo((p)dp,dp,; V=——. (4)

here v < vris the corresponding value of the drift velocity of 2D electron gas. The
equilibrium 2D electron concentration in graphene is 20, 10 = 10" - 10" cm™ in
the simulations. The dependence of the electron energy in graphene £on the elec-

tron wave vector pis [22] [23]:

#

m.Vv
B* =n'vi-(p?+p;): py=—1"i pP=pi+ P, 5)

For the sake of generality, a small nonzero mass is included in graphene
m; < 10°m, . In our simulations its influence is unessential when 2D electron con-
centration is 7 = 3 x 10" cm™.

The equation for the variable part of the Wigner distribution function is [15]

[16]:
{h-(a)ﬂvp)—E[p+gj+E[P—;ﬂ f(p)

k k ©
2—9‘7’(220)'{“0@—5)—fo(p+§ﬂ-
The resulting dispersion equation for the amplified hybrid SCW is
e(®)+Q(w,k)=0;
k k
fol p+—= |- | P——
N R .
Qe )=2ngohk?[i (0. K k) 4Py
p+§ -E p_E

a)+ivp— p

here v, = (10"2 + 10*%) s7* is the electron collision frequency in graphene used in

the equation for 2D electron gas there.
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Equation (7) has been solved by iterations. Namely for the parameters used un-
der simulations it is satisfied |Q (a) k )| < 0.5 in Equation (7); this has been checked
under simulations. Note that in simulations below the condition |a)”| < o' has
been satisfied.

Changing variables have been applied, p,=p,+p-cos¢, p,6=p-sind, ie
the polar coordinate frame in the momentum space. For the integration with re-
spect to p, the Landau rule should be satisfied [16], namely the contour of inte-
gration should be lower than all the poles. In the case of instability «" > 0 the
integration can be used along the real axis, 7e. p can be chosen as real. Because of
relatively high values of electron collision frequency in the graphene, the integra-
tion can be realized as 0 < p < +oo. To provide the integration over p, the subdivi-
sion into 2 regions has been done, 0 < p< p; and p; < p < +oo. The value of p, has
been chosen from the condition & < pi, where k is the value of the wave number
for the realization of instability. For the integration over the first region, the Simp-
son formula has been applied, for the second one it has been used the Gauss-La-
guerre quadrature. The integration over 8, 0 < < 2m, has been done by the Simp-
son formula [24].

The general case of doped semiconductors is considered. The dependence of

the permittivity of the bulk semiconductor on frequency is [25]:

g(a)):g +(8(0)_830)a)'|? _ a);V . 0)2 Eezil (8)
ot -a-(o+iy) o(o+iy) T &m

here £0), &. are the low- and high frequency lattice permittivities, wr is the fre-
quency of transverse optical phonons, w,yis the volume plasma frequency, 1 is the
volume concentration in a semiconductor, m; is the effective mass there; the pa-
rameters )i, y» are the dielectric dissipation and electron collision frequency in a
semiconductor, correspondingly.

The hybrid SCW-optical phonons or plasmons waves possess an instability near
the resonant frequency, which is determined from the relation & w) = 0.

Thus, there is a possibility to manage the resonant frequencies in semiconduc-
tors due to variation of the plasma frequency under different doping levels. In the
case of polar semiconductors like InSb, InAs, GaAs, GaN, and InN, both oscilla-
tions of the crystalline red, or optical phonons, and electron plasmons are im-
portant. In the non-polar semiconductors, like n-Si or n-Ge, only electron plas-
mons interact with SCW in graphene.

An alternative simpler approach to the dynamics of 2D electron gas is hydrody-
namics [17] [19]. The nonzero “kinetic” effective mass m" = npe /VF s

Pe =(7ny, )1/2 has been introduced in graphene [17], which was determined from
the comparison of fully quantum kinetic and hydrodynamic approaches for the
nonlinear dependence of 2D density of electron current on THz electric field. Un-
der 2D electron concentrations my = (3 x 10™ + 10'2) cm™ the “kinetic” effective
masses are about (0.01 + 0.02) m..

To compare with the structures graphene-semiconductor, also the instability of

hybrid waves is considered in heterostructures with selective doping, where 2D
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electron gas of high mobility is used within the quantum well. Because selective
doping is used in the heterostructures, where almost all electrons are localized
within the quantum channel, only the interaction with the optical phonons is con-
sidered there, ie the bulky semiconductor out of the quantum channel is com-
pletely depleted, ny = 0. The collision frequencies of 2D electron gas there can be
essentially smaller than in graphene, v, < 10" s7 [10] [18].

Only the lowest quantum sub-level is considered in the quantum well. The dis-
persion equation for the electrons is:

E,(p)=E, +7 )

2 2 *
(px_plo) +py. D :m1Vo
2m; Y
The steady part of the distribution function is generally Fermi, but it can be ap-
proximated by the step function:

fm(p)ze(pél—(px— P) - p;);

0, u<Q; (10)
H(U)E 1 u>0.

In Equation (10) the Fermi wave number is p,, ~(2mn,, )1/2 5 Ery=E(Pgy)s
E,o =0. Within the quantum well, the electron energy is measured from the bot-
tom of the lowest quantum sub-level.

The dispersion equation has been obtained from Equation (6) [11] [12], where
the multiplier 1/2n? is used instead of 1/7% because of the presence of a single I'-
valley in GaAs, GaN, and InN [25] [26]:

e’m’ 1 &~ v 2) (P2

g(w)+—2m hlzkz Mll_an | — dp,dp, =0.  (11)
0 - —1(a)+iv )—pX

kn P

here M, = 1 is the matrix element for the wave function yi(2) of the lowest quan-
tum sub-level [11] [12] [15]:

My = [ [ exp(—k|z—2|)y{ (2)yf (2')dzdz’; [y (z)dz=1. (12)

As already mentioned, in the heterostructures the electron collision frequencies
are essentially smaller than ones in the graphene. Therefore, to satisfy the Landau
rule and to provide accuracy of simulations, it has been necessary to integrate
within the complex plane. For this purpose, the contour of integration for p, has
been subdivided into 3 parts. Two parts are along the real axis of p,, from —oo to
—pcand from p.to +oo. Here p.should be bigger than the values of the wave number
kwhere the instability has been realized. The central part is along the half-circle in
the complex plane of p, specifically, to provide the Landau rule, namely the possible
poles should be located above the contour of integration. For the semi-infinite parts
of the contour, the integration by means of the Gauss-Laguerre quadrature has
been applied, whereas for the half-circle the Simpson one has been used. As in

Equation (7), for typical parameters of the heterostructures the iterations can be
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applied for Equation (11).
In the case of relatively low electron temperatures 7'< 80 K and high 2D electron
concentrations u = 3 x 10" cm™, the step-like approximation Equation (10) can

be used, and integration in Equation (11) has been realized analytically [12] [15].

3. Simulations

The simulations of increments of instability «" = Im(w) have been realized for
different parameters of graphene sheets and for different semiconductors. The re-
alistic parameters of graphene and semiconductor layers have been used. In the
simulations presented below 2D electron concentration in graphene is 1 = 10"
cm?, the electron collision frequency is v, = 2 x 10" s7! there, the electron tem-
peratures are 7'= (50 + 200) K. Under these moderately low temperatures, the
electron collision frequencies in doped semiconductors are low, y1 = (2 x 10" + 2
x 101%) s7%,

The electron drift velocities are moderate here, v < 0.6 v because at higher drift
velocities the nonlinearity becomes essential. To get the instability under moder-
ately high drift velocities, 2D concentrations should be quite high [13], m0 = 5 X
10" cm™ The electron concentrations in bulk semiconductors are moderate, Ze.
they do not exceed essentially the density of states in the conduction band N.at
the temperature 7= 300 K, o < N. ~ 7% Thus, the effects of narrowing forbidden
gaps are not considered here.

For non-polar n-Si the lattice permittivities are equal, £0) = &. = 11.9, the elec-
tron effective mass is m; =2 x 107 kg, N. = 3.2 x 0" cm™ at 7'= 300 K. The

parameters of the polar semiconductor layers are given in Table 1 [25] [26].

Table 1. The parameters of the polar semiconductor layers used in simulations.

Low-frequency High-frequency The frequency of The dielectric =~ The electron  The density of states in

Semiconductor lattice lattice transverse optical dissipation pi, effective mass m\’; , the conduction band N,
permttivity (0) permttivity &=  phonons wz s s kg cm™ (7= 300 K)
GaAs 12.9 10.9 5.1 x 108 4 x 10" 6 x 10732 4.7 x 107
GaN, zinc blende 9.7 5.3 1.04 x 10" 5x 101" 1x 1073 1.2 x 10
InN, wurtzite 14.0 5.8 8.48 x 1013 5x 101" 1x 1073 9 x 10"

The doped zinc blende GaN is used, because the effective mass there is smaller
than in wurtzite GaN, whereas another parameters are almost the same.

The typical results of dependencies of the increments of instability on the lon-
gitudinal wave number '(k) > 0 are presented in Figures 2-5. In the structures
graphene-semiconductor the increments are @'(4) > 10" s™' under moderate val-
ues of the drift velocities v = (0.3 + 0.6) vrand under the electron temperatures 7
<200K. 2D electron concentration in graphene should be high, 70> 5 x 10" cm™.
In the doped semiconductors there is a possibility not only to control the fre-
quency of the SCW, but also to increase the increment of instability. The amplifi-

cation can occur both in polar semiconductors like GaAs, GaN, InN, and in doped
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non-polar ones like n#-Si. The resonant frequencies are in THz range, ' = 3 x 10"
st + 1.5 x 10" s7%; they depend weakly on the electron temperature 7'and on the
drift velocity .

In Figure 2 the results of simulations are presented for non-polar semiconduc-
tor n-Si. Under realistic values of electron concentration the increments of insta-
bility are moderate and reach the values of w"= 7 x 10" s™%. In non-polar semi-
conductors namely the interaction of 2D electronic drift with the electron plasma
results in the instability of the hybrid waves. The instability occurs at THz fre-
quencies of about & =3 x 10" s7%.

510% . 1.0x10%3  » .1
®, S W, S
4x10™ 3 8.0x10"
2
- 6.0x10™"
3x10™ 2 ‘
a0x10"d 7
131 1
2x10 //l// 2.OX1011' 3
1x10" 4 ; , . . 0.0+ ; . , .
5.0x10" 1.0x10° 1.5x10°, 2.0x10° 2.5¢10° 5.0x10" 1.0x10° 1.5x19° 2.0x10° 2.5x10°
k,m k,m
(a) (b)

Figure 2. The case of non-polar doped semiconductor n-Si, £0) = 11.9 = &, the electron
effective massis m; =2 x 107 kg. The electron temperature is 7'= 80 K, the drift velocity

is w = 0.6 v the electron collison frequency in graphene is 1, = 2 x 10'? s7!. Part a) is the
dependencies of the real part of the frequency «'(%) under instability of hybrid SCW, part
b) is the dependencies of the increment of instability «"(4). Curves 1 are for the 3D electron
concentration m = 5 x 107 cm™, the bulk collison frequency y» = 2.5 x 10" s7}; curves 2
are for m=1x10"¥ cm™, 35 =3 x 102 s7'; curves 3 are for m = 1.5 x 10" cm™3, )5 = 4 x 10"
s

In Figures 3-5 the results are given for the polar semiconductors GaAs, GaN,
and InN. The comparison with the instability in heterotructures GaAs-Ga,. Al As,
GaN-Ga,xALN, and InN-In; ,ALN is realized, curves 1 there. As our simulations
have demonstrated, the increments of instability in the structures on the base of
narrow-gap semiconductors InSb, InAs are smaller than ones presented in Figures
3-5, despite very small electron masses there.

In Figure 3 there are simulations for GaAs. It is seen that in undoped /-GaAs
the increment of instability is even smaller than in n-Si. But in doped n-GaAs the
increment is comparable. The instability occurs at the drift velocities v = 0.5vx
Therefore, when using GaAs, it is better to apply the doped semiconductors. The
inctements of instability in the heterostructure is a bit higher than in the structure
graphene-n-GaAs. The frequencies of the hybrid waves are of about &' = 5.5 x 10"
s

Essentially higher inctements have been obtained with the nitrides GaN, InN.
In Figure 4 the results of simuations are presented for zinc blende GaN. The in-

crements of instability are essentially higher then in n-GaAs and may reach the
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values of 2.5 x 10'?*s™". In the doped n-GaN increments can be 30% increased when
compared with /-GaN. The instability occurs at the drift velocities in graphene w
> 0.4vr Frequencies are higher than in n-GaAs, they are about w'= 1.4 x 10" s™%.

For the structures with wurtzite GaN, the use of doping does not increase the in-

crements.
58x10°; o s &x10"w, S
5.7x10"4 5x10"
1
5.6x10"4 4x10"4
1 3
5.5x10"4 3 3x10"4
5.4x10"] 2x10"4
5.3x10"4 1x10"4 2
5-2"10138‘8'8'8'8 Ol e
1.0x10° 1.5x10° 2.0x10° 25x10° 3.0x10 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10
km k m
(a) (b)
ax10"y .
®,S
3x10"
2x10"4 1
1x10"4
7\
0

1.5x10° 2.0x10° 12.5x108 3.0x10°
k,m

(©)
Figure 3. The case of polar semiconductor GaAs; £0) =12.9, &. = 10.9, the effective mass
is m;, =6x 107 kg, the electron temperature is 7'= 80 K. Part a) is the dependencies of
the real part of the frequency w{4) under instability of hybrid SCW, w = 0.6v5 part b) is
the dependencies of the increment of instability (&), w = 0.6 v5 part c) is the dependencies
of the increment of instability w'(%), w = 0.5vr Curves 1 are for the heterostructure on the
base of GaAs; the collision frequency of 2D electron gas is v, = 1 x 10" s™'. Curves 2 are for

the structure with graphene, undoped semiconductor /-GaAs. Curves 3 are for the structure
with graphene, the doped n-GaAs, no=3 x 107 cm™, )» =7 x 10" s,

14 _ L | ]
510"y 4 & 5102 @, S
4x10"3
1.4x10"4
3x10"]
1.3x10™] 2x10"
1x10™]
1.2x10" - e — — » 04 . . . k
2x10°  3x10°  4x10° , 5x10°  6x10 2x10°  3x10° _ 4x10°  5x10°  6x10°
, m k,m
(a) (b)
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1.0x10"
8.0x10"] 1
1 6.0x10™
4.0x10"

2.0x10"4 3

0.0 ; : : .
3x10°  4x10°  5x10°  ex10°  7x10°
k,m

()

Figure 4. The case of polar semiconductor GaN; &£0) =9.7, & = 5.3, the effective mass is

*

m; =1x 107 kg. Part a) is the dependencies of the real part of the frequency w (%) under

instability of hybrid SCW, w = 0.6 vz part b) is the dependencies of the increment of insta-
bility w (%), w = 0.6 v part ¢) is the dependencies of the increment of instability w (%), w
= 0.4vr Curves 1 are for the heterostructure on the base of GaN, the collision frequency of
2D electron gas is v, =1 x 10" s7.. Curves 2-5 are for the structure with graphene. Curves
2 are for the undoped semiconductor /-GaN, 7'= 80 K. Curves 3 are for the doped n-GaN,
m=5x10"cm™, )p=1x10"s7, 7= 80 K. Curves 4, 5 are the same as 3, but the electron
temperatures are 7= 50 K and 7'= 200 K, correspondingly.

The highest increments of instability have been obtained in the structures on
the base of semiconductor InN, as shown in Figure 5. The doping increases in-
crements unessentially, compare curves 2 and 3 in Figure 5, part b. The insta-
bility occurs at the drift velocities v = 0.3 vz The circular frequencies of hybrid

-1

waves are about &' =1.3 x 10" s7%. Doping of GaN and InN may control these
frequencies.

In nitrides GaN, InN the instability can be in a wide temperature range, at rela-
tively low drift velocities. Doping increases the increments inessentially. Therefore,
it is simpler to use undoped semiconductors. Generally, increments are slightly
higher in heterostructures than in graphene, but they are comparable. Because the
fabrication of structures with graphene is simpler and more flexible, they seem per-
spective for observing such instability. Thus, the efficiency of instability is deter-

mined by the ratio (&(0) — &.)/£0), which is the highest in the semiconductor InN.

14 , "q
1.4x10 o, s_1 6x10"5 @,S
5x10']
14
1.3x10 4 4X1O12’
3x10"%
1.2x10" 2x10™2
1x10"
1.1x10" - — — - » 014, . . . ,
2x10° 3x10° 4x10°_ 5x10° 6x10 2x10°  3x10° 4x198 5x10°  6x10°
k., m k.m
() (b)
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Figure 5. The case of polar semiconductor InN; £0) =14.0, €~ = 5.8, the effective mass is

m; =1x 107 kg. Part a) is the dependencies of the real part of the frequency «'(%) under

instability of hybrid waves, v = 0.6 v part b) is the dependencies of the increment of in-
stability «"(4), w = 0.6vs part c) is the dependencies of the increment of instability '"(%),
w = 0.3vz part d) is for the increased values of the collision frequency in graphene v, =5 x
102 571, w = 0.6z Curves 1 are for the heterostructure on the base of InN, the collision
frequency of 2D electron gas is 1, = 1 x 10" s7!. Curves 2-5 are for the structure with gra-
phene. Curves 2 are for undoped semiconductor 7-InN, 7= 80 K. Curves 3 are for the doped
n-InN, =5 % 107 cm™, )» =1 x 10 s7!, T'= 80 K. Curves 4, 5 are the same as 3, but the
electron temperatures are 7'= 50 K and 7'= 200 K, correspondingly.

The amplification coefficient in the longitudinal direction xcan be estimated for
semiconductor InN as &' = w7v = 5 % 10° m™, for «" =3 x 10?57, % = 0.6 x 10°
cm/s. Thus, the length of the structure along OX axis should be about Z, = 4 um,
to provide the amplification exp(&"-Ly) = 10%. To realize the generation of hybrid
SCW, it is necessary to create additional positive feedback when the part of the
output energy of the amplified hybrid wave is transferred to the input of the system.

The maximum increments of instability occur at the wave numbers & ~ 10® m™
therefore the transverse size along OZ axis should be of about Z, > 10/k ~ 0.1 um
for a localization in the transverse direction. The transverse size in the plane along
OY axis can be estimated from the relation L, / (kLZy) <107 or L, > 3 um, Le
when the role of wave diffraction is unessential.

In this paper only the linear problem of instability or amplification is considered.
The nonlinearity may result in decreasing drift velocity and increasing electron
temperature in graphene. Because the instability of hybrid waves and their ampli-
fication occur in wide intervals of electron temperatures and drift velocities, the
structures on the base of graphene possess a preference over the quantum struc-
tures with GaN, InN with respect to the influence of the nonlinearity. As our earlier
simulations demonstrated [11], the increments of instability decreased in the het-
erostructures at the electron temperatures 7'> 120 K.

Here the kinetic approach both for structures with graphene and for hetero-
structures has been applied. Also, the hydrodynamic approach can be applied to
investigate the drift instability. As our simulations have demonstrated, the hydro-
dynamic approach yields similar results for the increments of the drift instability.

For graphene the increments, which are simulated from the hydrodynamic ap-
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proach, are a bit smaller than ones from the kinetic approach, whereas for heter-

ostructures they are overestimated [12] [13].

4. Discussion

Structures graphene-nitride semiconductors are characterized by high increments
of drift instability and high amplification coefficients of the hybrid space charge
waves in graphene-optical phonons and plasmons in semiconductors. With gra-
phene, it is easy to get high drift velocities of 2D electron gas. The preference is a
simpler fabrication, compared to heterostructures with selective doping. The lack
is relatively high collision frequencies in graphene.

In the heterostructures with 2D electron gas in quantum wells on the base of
nitrides there are high increments of the instability and low collision frequencies.
Due to the last factor, the increments may be somewhat higher than in the struc-
tures with graphene. But the problem is more complex fabrication of heterostruc-
tures with quantum wells. The temperature interval, which may be used to observe
the instability, is wider in the structures with graphene.

For experimental realization, it is simpler to use the intrinsic semiconductors /-
GaN, /-InN, because the interaction with electron plasmons does not result in es-
sential increase of increments. The amplification of hybrid waves should be real-

ized in the pulse regime, to prevent heating the structures.

5. Conclusions

The structures graphene-semiconductor layers can be used for generation and
amplification of hybrid space charge waves in graphene-optical phonons or plas-
mons in semiconductors in terahertz range. The mechanism of amplification is
based on the Cherenkov effect under the drift of two-dimensional electron gas in
graphene. The velocity of electron drift should exceed the phase velocity of the
hybrid wave. The results of computer simulations for realistic parameters of gra-
phene and semiconductor layers show the possibility of observing the specified
instability. The best results have been obtained by using nitride semiconductors
GaN, InN. The increments of instability may reach the values of 3 x 10'2 s™* when
the drift velocity is v = 6 x 107 cm/s. These increments are satisfactory for the
practical realization. In doped n#-InN the increment of instability increases unes-
sentially, so for experimental realization it is possible to use intrinsic semiconduc-
tors. But by means of doping levels in semiconductors, it is possible to control the
resonant frequency of hybrid waves for the realization of instability. The cooling
of structures temperatures should be moderate with temperatures of about 7"~
100 K.

The quantum kinetic approach has been used to investigate this instability. The
hydrodynamic approach for 2D electron dynamics also can be applied, but only
for rough estimations of increments of instability.

The simulated increments of instability in the heterostructures on the base of

GaN, InN are comparable with ones simulated for the structures graphene-nitride
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semiconductors. But the structures with graphene seem more perspective when
compared to the semiconductor quantum heterostructures on the base of GaN,
InN, because of easier fabrication and wider temperature intervals for observing
instability.
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