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Effect of external magnetic field on the instability of THz plasma
waves in nanoscale graphene field-effect transistors

Liping Zhang(FK Wi #)7, Zongyao Sun(Phs<#E), Jiani Li(ZEf£4E), and Junyan Su(F5{%#E)
School of Sciences, Lanzhou University of Technology, Lanzhou 730050, China
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The instability of plasma waves in the channel of field-effect transistors will cause the electromagnetic waves with
THz frequency. Based on a self-consistent quantum hydrodynamic model, the instability of THz plasmas waves in the
channel of graphene field-effect transistors has been investigated with external magnetic field and quantum effects. We
analyzed the influence of weak magnetic fields, quantum effects, device size, and temperature on the instability of plasma
waves under asymmetric boundary conditions numerically. The results show that the magnetic fields, quantum effects, and
the thickness of the dielectric layer between the gate and the channel can increase the radiation frequency. Additionally,
we observed that increase in temperature leads to a decrease in both oscillation frequency and instability increment. The
numerical results and accompanying images obtained from our simulations provide support for the above conclusions.

Keywords: graphene field-effect transistors, external magnetic field, radiation frequency, instability increment
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1. Introduction

Over the past few years, THz technologies have been
widely developed due to all kinds of potential applications
in imaging, biomedicine, communications, security scanning,
and so on.['] The THz emission and the THz detection are
two important tasks in THz science. In present, there are sev-
eral types of THz radiation sources, such as, free electron
laser that has the advantages of wide spectrum range, high
peak power and average power, and good coherence, but is
huge in size and inconvenient to use, electro-optic crystal THz
pulse source that the THz electromagnetic pulse is radiated
on the crystal surface through the optical rectification effect of
nonlinear optics, and THz radiation source based on electronic
oscillations. In 1993,161 Dyakonov and Shur reported that the
current flow in the channel of ballistic field-effect transistors
(FET) will become unstable because of the reflection from
the source and the drain, which instability in the gated two-
dimensional (2D) electron gas can motivate electromagnetic
radiation with THz frequency. So, short-channel FET gener-
ating resonant or attenuated plasma waves may act as a kind
of efficient THz sources. THz plasma oscillations used for
generating and detecting THz radiation in short-channel FET
are discussed theoretically and experimentally in Refs. [7,8].
The instability of electron fluid in an FET structure with a gate
length of 0.2 um was investigated using a 2D hydrodynamic
model and the results show that the stable periodic oscillations
with THz frequencies in the channel were produced.”!

THz sources that are compact, powerful, tunable, and
operating at room temperature are in great demand for
many industrial applications and fundamental science, in-
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cluding studying excitations in solids and a plethora of non-
equilibrium phenomena.!'>!!l Considering this, research on
FETs based on common 2D materials, such as graphene, black
phosphorus, and molybdenum disulfide, has become widely

t.1213] For several years great effort has been de-

prevalen
voted to the study of the fluid dynamics of electron transport
in graphene, which encompass high mobility, shear and hall
viscosity, linear response transport, among other things.[!4-17]
The high electron mobility and massless relativistic dispersion
of quasi-particles are widely recognized as the most useful
properties of graphene for nanoelectronics applications, sus-
pended graphene and van der Waals heterostructures.[!8-24]
Additionally, the optical modulation of THz waves was ex-
plored in graphene field-effect transistors (GFETs) and GFET
THz detectors with room temperature, low impedance, and
high sensitivity.[>>! All these studies provide compelling ev-
idence that GFETs are excellent devices for both generat-
ing and detecting THz radiation. In a recent paper by Justin
Crabb,?®! the instable properties of THz plasmas in graphene
transistors and the conditions required for DS instability to oc-
cur have been analyzed and the results have shown that the
coherent anharmonic oscillatory state of the electron fluid has
been motivated by instability. In Ref. [27] it was shown that
coherent THz frequency combs can be generated and con-
trolled in GFET with asymmetric boundary conditions by us-
ing plasma instability that can be controlled by direct cur-
rent injection. Along with research going deep, it becomes
evident that the motion of carrier in the channel of the FET
are subjected to the Lorentz force when an external magnetic
field is present. It has been reported in literature*®! that the

magnetic field will affect the THz emission of nanometer In-
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GaAs/AllnAs high electron mobility transistors. In addition,
the effect of magnetic fields on THz emission in GFET and the
Hall current caused by magnetic fields are also discussed in
Ref. [29], but the effect of magnetic field on nanoscale devices
has not been resolved, that is, the quantum effect is neglected.
To our knowledge, when the feature size enters the nanome-
ter domain, especially when the feature size of the system is
equal to or less than the de Broglie wavelength, the wave func-
tions of the electron overlap. The accompanying tunneling
effect, quantum effect, and interference effect are becoming
more and more important in devices. The presence of quantum
effects will inevitably alter the performance of the device in
several ways. A strong quantum mechanical effect due to the
channel thickness limitation is experimentally demonstrated
in a monolayer MoS; FET, supported by the self-consistent
calculation.?% In addition, the effects of quantum effects on
instability increment and radiation frequency of THz oscilla-
tion were simulated in one-dimensional GFET. 3]

Regarding this paper, we have analyzed and numerically
simulated the effects of external magnetic fields and quantum
effect on the current instability in the channel of GFET with
asymmetric boundary conditions.?>33! The rest of this arti-
cle is organized as follows: In Section 2, we innovatively de-
rived a 2D quantum hydrodynamic model (QHM) describing
the collective behavior of 2D electron gas in the channel of
GFET with the influence of weak magnetic fields. In Sec-
tion 3, we linearized the quantum hydrodynamic model to
obtain the dispersion relation and nondimensional asymmet-
ric boundary conditions. In Section 4, the plasma oscillation
instability has been numerically conducted in the channel of
GFET under asymmetric boundary conditions with the effects
of magnetic fields and quantum effects. It is noteworthy that
we also studied the influence of temperature on the instability
increment and radiation frequency of THz waves generated in
GFET.

2. Model

We employ self-consistent QHM,** which originates
from Wigner—Poisson systems and has been widely used in
the study of quantum plasmas and metallic nanostructures, to
describe the collective behavior of 2D graphene electron gas.

The continuity equation and the momentum equation are given

as follows:
9 V- () = 0 (1)
—n -(n =
ot ’
d F 1 n 1,
— Vo=——-—VP+ V| =V 2
a[v+v YT m T mn +2m2 (\/ﬁ ﬁ)’ &

where n is the 2D electronic density, m is the electron effective
mass, v is the velocity of electrons, F' is the total force exerted
on the electron, 7 is the reduced Planck constant, and P is the

pressure stress tensor. The quantum effects are contained in
the Ai-dependent term, which refers to the quantum potential
(also known as the Bohm potential). It can be derived from
the Schrodinger equations. And if we set # = 0, we can obtain
the classical hydrodynamic model. The quantum potential can
reveal the wave nature of particles and infer the trajectory of
particle motion. As far as we know, magnetic fields do not
cause additional quantum effects. According to the previous
introduction, quantum effects are related to the size of the sys-
tem. In addition, according to the literature,*>! the quantum
state is regarded as a static flow state and its density is a fixed
value in the derivation process.

As mentioned above, the fact that electrons in graphene
behave as massless Dirac fermions presents a significant chal-
lenge for the development of fluid dynamics models. Specifi-
cally, traditional approaches relying on the assumption of mass
continuity in fluid dynamics is not applicable to massless parti-
cles such as Dirac fermions. Therefore, new theoretical frame-
works and mathematical techniques must be developed to ad-
dress this unique aspect of graphene’s electronic properties.

[36.37] i5 used as the effective mass

ke hy/7n

VF VF

Here, the Drude mass

3

where kg = \/7tn is the Fermi momentum in graphene, 7 is the
circumference ratio and vg is the Fermi velocity. This is related
to the fact that the band structure of graphene has a linear dis-
persion relationship, and its effective mass (m = fikp/vp) can
be written in the form of Fermi momentum divided by Fermi
velocity, that is, the Drude mass. And it is crucial for our sim-
plification of the pressure term.

For the electron gas in graphene, the most straightfor-
ward approximation of the pressure is the statistical pres-
sure encoded in the kinetic energy of the electron gas, and
the calculation of pressure (force per unit length in two-
dimensions) requires the evaluation of the kinetic energy of

the non-interacting gas as!®!

dokdk 2 32,
K, = 4A | ———vphk = vph— /2N 2 A~ 1/2 4
g / 22 VE veho " Ne N C))

where N is the total number of electrons and A denotes the
area of the x—y plane in the system. Hence, the pressure is
given by

pP=-——_¢t_— th—n(nn)3/2. 5)

Furthermore, the pressure term in Eq. (2) is simplified as

1 VE
——VP=-—
mn /7

The force term results from the combined effect of the

1 3/2 __Vj
[Fh (7tn)’ ]— PO

gate and the cyclotron (Lorentz) force

F = —eVUgy +e(v x B), @)
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where e is the elementary charge, B is the magnetic field per-
pendicular to the 2D graphene electron gas plane and Ugye is

the gate voltage as given below: [*°]

1 1
Ugateen<cg+al). (8)

Here, C,; and C, represent the parallel plate capacitance,
given by C, = €/dy and the quantum capacitance, given by
Cy= 2¢%\/7n/(mhvg), where € = £0€graphene 18 the dielectric
constant of the medium and dj is the thickness of the dielec-
tric layer between the gate and the channel. Since the carrier
density in graphene is much greater than 10'> cm™2, at this
point it is quantum capacitors that dominate, Cy > C,, and
Ugate = en(dp/€).

Consequently, the force term in Eq. (2) is expressed as

e
= =2t S(wx B).
- e "er(v>< ) )

In summary, we get

d
En+V~ (nv) =0, (10)
d 2d, z
—v—&—vsz——e OVn—i—i(va)—v—FVn
ot me m 2n

h 1

— V([ —=V? . 11

+35.3 <\/ﬁ \/ﬁ) (11)

3. Dispersion relation

Owing to the small amplitude of the oscillations, and
terms containing higher powers of amplitude factors can be
neglected, we separate the dependent variables into two parts:
an “equilibrium” part indicated by a subscript 0, and a “per-
turbation” part indicated by a subscript 1. This allows us to
investigate the oscillations of THz plasmon waves in the chan-
nel of a quantum GFET: (401 5, = no+n1, Vx = Vy0+Vxl, Vy = Vyi
with 11, vy1, vy1 ~ exp(—iwr + ikx+iqy), where o is the fre-
quency, k and g are the components of the wave vector in the
x and y directions, The linearized equation is shown below:

(0 —kvyo)ni — knovyi — gngvyr =0, (12)
2
(a)—kvxo)vxl —1WcVy1 =S ;0k+ mk(k +q )7 (13)
(0 — kvyo)vy1 +i@evy) = 2t +hzi (K +q%), (14)
x0)Vyl cVxl noq 4m2n06] q )
where @, = (e/m)B is the cyclotron frequency and
2 2
e“d
2 _ 010 + VF
me 2

can be interpreted as the sound velocity of the carrier’s fluid.
Then, for the convenience of computation, we nondimension-
alize the above Egs. (12)—(14).
cal quantities are: x ~ L, s ~ vo, t ~ L/vy, n ~ ng, v ~ vy,
® ~vy/L, k, g ~ 1/L, where L is the channel length. This
procedure gives

The dimensionless physi-

(Q —/Nc)ﬁl —/~<\7x1 —51'\7)-1 =0, (15)

(Q — k)i — iQchy1 = [HE(R* + %) + B*k] fir, (16)
(Q —k)¥y1 +1Qcha = [HG(K* + %)+ B*G] . (17)

Further derivation leads to the non-dimensional dispersion
equation

QR Q2+ H R+ + B2+ =0, (18)

where Q = wL/vo, k and G are non-dimensional frequency and
wave vectors in x and y directions, respectively. Q. = @.L/v
is the dimensionless cyclotron frequency, B = s/vp is the ve-
locity of sound after dimension lessness, and for simplicity,
the following f are collectively referred to as Mach numbers
(since s is greater than vo, B starts with 1). H = h? /4m2v(2)L2
corresponds to quantum effects controlled by the channel
length. It can be seen from Eq. (18) that k has four roots.
However, numerical results indicate that & has only two feasi-
ble roots, k1 and k».

Research in Ref. [6] indicated that the currents in the
channel of FET will instable under asymmetric boundary con-
ditions, which leads to the generation of THz waves. The
asymmetric boundary condition arises from the highly asym-
metrical impedance of the source and drain of the cavity,
that is, the source approaches O and the drain approaches
infinity.[*?! Then, the boundary conditions are

nl(()) =0, nyv; (L) —I—V()I’ll(L) =0. (19)

This boundary condition corresponds to a short circuit at the
source electrode and an open circuit at the drain electrode, and
it can be realized by grounding the source either directly or
via very large capacitance presenting a short at plasma wave
frequencies and by attaching the drain to the power supply via
an inductance that presents an open circuit at plasma wave fre-
quencies. From Eq. (19), we obtain

expli(hs K1) = 2. 20)

ki

Using the above equation, we can determine the real and imag-
inary parts of the complex frequency 2 = Q' +1Q", whose
sign of the imaginary part Q" will determine the stability of
the steady state. A positive imaginary part £2” > 0 corresponds
to instability.[*!! Typically, both the instability increment and
the radiation frequency depend on the magnetic field, wave
vector in the y direction, quantum effects, the thickness of the
dielectric layer between the gate and the channel length and
the temperatures.

4. Numerical result

To analyze the fundamental characteristics of plasma
waves in the channel of GFET, we numerically solve Egs. (18)
and (20).

048102-3



Chin. Phys. B 33, 048102 (2024)

Enter the dispersion equation and set the
calculation parameters

Calculate the wave vector k in
the x direction

Substituting a suitable pair of k; and ks into
the boundary condition equation

Calculate the initial non-
dimensional frequency 2

v
Extract the real part of 2as
the initial value

Piecewise iterate the change
trend of the real part

—

Modify the
initial value of Continuous
the ) proper real part?
corresponding
segment

5 2
Extract the imaginary part
of 2 as the initial value
¥

Piecewise iterate the change

trend of the imaginary part

Modify the
Continuous No initial value of
proper imaginary the
part? corresponding
segment

Fig. 1. Simulation structure diagram.

Table 1. The device parameters.

Parameters Values
L (the channel length) 11077 m
dp (the thickness of the dielectric layer between the 2x107% m
gate and the channel)
W (the width of channel) 5%107°m
Egraphene (graphene’s permittivity) 4.5
v (the Fermi velocity) 1x10° m/s
no (the carrier concentration of graphene) 3%10'® m—2
m (the effective mass of graphene) 3.22x10732 kg
B (the magnetic induction intensity) 1T

The numerical results are shown in Figs. 2-8. The dot-
ted lines in the figures correspond to the instability increment
on left, and the broken lines correspond to the radiation fre-
quency on right. Figures 2-5 illustrate the dependencies of
the instability increment and radiation frequency on the Mach
number f for different external magnetic field B, wave vector
in the y direction ¢, and the quantum effect H. It is obvi-
ous that the instability increment and radiation frequency of
THz plasma oscillation increases with §. From Figs. 2 and
3, we can see that the magnetic field B reduces the insta-
bility increment but enhances the radiation frequency. The
lower instability increment corresponds to the lower emis-
sion intensity. So the presence of magnetic fields suppressed
the emission intensity, which is similar with the experiment
result.?®! Furthermore, it can be seen from Fig. 2 that the ef-
fect of magnetic field B on the instability increment and radia-
tion frequency is relatively significant in the transonic regime,
but that is less noticeable in the subsonic case. It has been
mentioned in the literature?®! that the geometric magnetore-

sistance AR,(B) generated when a magnetic field is applied

to an FET. The expression of geometric magnetoresistance
is AR,(B) = LgaploB? /(enoW). According to calculation pa-
rameter (Lg=L=10"m, gy =1.5m?*/V-s, B=1T, e =
1.6x1071° C, ng =3x 10" m2, W = 5 x 107° m), where
Uo is the electron mobility of graphene and W is the width of
channel, we can get: AR, (B) = LygloB?/(engW) = 6.2 Q, and
this is a smaller resistance value compared to the resistance of
the FET, which makes the effect of AR;(B) = 6.2 Q on THz

waves weak.

; 5.5
0901 /* 5.0

\ 4.5
0.85

s 4.0 ©
a
3.5
0.80 “ o
- — B=0.1T {3.0
0.75 4 e B=1T 2.5

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
B

Fig. 2. The instability increment Q" and radiation frequency Q' versus
B for different B with ¢ = 0.9, H = 0.003, and the dotted lines in the
figure correspond to the instability increment on left, and the broken
lines correspond to the radiation frequency on right.

From Fig. 4 it can be observed that the y directional wave
vector g reduces the instability increment but enhances the ra-
diation frequency. As shown in Fig. 4, the influence of the y
directional wave vector g on instability increment is similar to
Fig. 2, but the influence of g on the radiation frequency is op-
posite. Consider Fig. 5, which plots the instability increment
and radiation frequency versus 8 with different quantum ef-

fects, H. Figure 5 indicates that the increase of quantum effect
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results in an increase in the instability increment and radia-
tion frequency, and the influence of the quantum effects on the
characteristics of unstable THz plasma wave is more obvious
in the transonic region. With the continuous reduction of de-
vice size, quantum effect become more pronounced. That is,
the radiation power and frequency of THz wave can be ad-
justed by changing the size of GFET.

0.973 119
0.972
oo 111
0971 = — B=01T
5 e —B=05T 110 &
0.970f =~ —B=1T
19
0.969
8
0.968 0.5 1.0 1.5 2.0

q

Fig. 3. The instability increment " and radiation frequency Q' versus
q for different B with § =5, H = 0.003, and the dotted lines in the fig-
ure correspond to the instability increment on left, and the broken lines
correspond to the radiation frequency on right.

0.92 6.0
0,58 5.5
: - 5.0
0.84 45
S 0.80 40 &

3.5
0.76 v >
0.72 ——q=0.5
0.68 o —q=0.9 |25
2.0
1.5 2.0 2.5 3.0 3.5

B

Fig. 4. The instability increment " and radiation frequency Q' versus
B for different ¢ with B =1 T, H = 0.003, and the dotted lines in the
figure correspond to the instability increment on left, and the broken
lines correspond to the radiation frequency on right.

0.90 55
0.85 5.0
0.80 4.5
0.75 4.0 |
& &
0.70 3.5
QIV Ql
0.65 e L H=0.003 |30
0.60 —— H=0.01 2.5
— H=0.
0.55 —— 0.03 2.0
0-50—3 2.0 25 3.0
B

Fig. 5. The instability increment " and radiation frequency Q' versus
B for different H with ¢ = 0.9, B = 1 T, and the dotted lines in the fig-
ure correspond to the instability increment on left, and the broken lines
correspond to the radiation frequency on right.

In Fig. 6, we show the dependencies of the instability
increment and radiation frequency on the dimensionless cy-

clotron frequency 2. at different quantum effects H. It can

be seen from Fig. 6 that the instability increment slightly de-
creases with the increase of the strength of magnetic field,
while the radiation frequency increases. Figure 6 indicates
that when the strength of magnetic field is relatively strong,

the variation of the radiation frequency with the magnetic field

is obvious.
0.9734 8.86
0.9732 8.84
0.9730 8.82
s &
S 0.9728 8.80
0.9726
8.78
0.9724
8.76
0.9722

02 04 06 08 1.0 1.2

Fig. 6. The instability increment Q" and radiation frequency Q' versus
Q. for different H with ¢ = 0.9, B = 5, and the dotted lines in the fig-
ure correspond to the instability increment on left, and the broken lines
correspond to the radiation frequency on right.

In Fig. 7, we show the dependencies of the instability in-
crement and radiation frequency on the quantum effects H at
different values of the thickness of the dielectric layer between
the gate and the channel dy. It can be seen from Fig. 7 that
the instability increment and the radiation frequency increase
with the increase of dy. We can also observe that quantum ef-
fects have a more pronounced impact on the instability incre-
ment for thinner dielectric layer, and as the quantum effects
increases, the influence of the thickness of the dielectric layer
on the instability increment will diminish.

0.990 13.0
12.5

0.985 12.0
11.5
0.980 11.0
S 10.5 =«
S 0975 . 10.0 °
———dy=10 nm 9.5
0.970 —— — dy =20 nm 9.0
0.965 - —do=30 nm 213
7.5

0 01 02 03 04 0.5
H

Fig. 7. The instability increment 2" and radiation frequency Q' versus
H for different dy with ¢ = 0.9, B =1 T, and the dotted lines in the fig-
ure correspond to the instability increment on left, and the broken lines
correspond to the radiation frequency on right.

The temperature T has a significant impact on the perfor-
mance of GFET.*?! We proceed from the indisputable fact that
graphene is a metal-like material with zero band gap between
the valence band and the conduction band,®3! and further an-
alyzed based on the Fermi—Dirac distribution of the 2D metal
electron gas.

The relationship between the concentration of free elec-

trons and the Fermi energy (Er) can be obtained based on the
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Fermi-Dirac distribution function and the density of states in
a 2D system
_om

- mh? Er.

n— / N(E)f(E)dE

We also found that v is also determined by Ef

hkF vV szF ZE]:
Vp=E— = —— — _
T m V m’

and EF is controlled by temperature T as

2 2

e (kgT

Er = Ei 112<EBo>
F

Here, Eg represents the Fermi energy level at O K, and kg is
the Boltzmann constant.

In Fig. 8, we show the dependencies of the instability in-
crement and radiation frequency on the quantum effects H at
different temperatures 7. One can see from Fig. 8 that when
the temperatures T rise the instability increment and the radi-
ation frequency decrease. According to the literature,** an
increase in temperature leads to a decrease in electron mobil-
ity and the movement of carriers in the channel will be limited.
The reduction in mobility weakens the potential of DS insta-

bility associated with THz radiation.

13.4
0.991¢
13.3
0.990+
13.2
& 0.989f :
13.1 <
0.988F - 15.0
- —T=0K
0.987F —o— — T=200 K 12.9
e —T=300 K

0 01 02 03 04 05 0.6
H

Fig. 8. The instability increment " and radiation frequency Q' versus
H for different T with ¢ = 0.9, B = 1 T, and the dotted lines in the fig-
ure correspond to the instability increment on left, and the broken lines
correspond to the radiation frequency on right.

5. Conclusion

In summary, based on a quantum hydrodynamic model,
we extensively studied current instability and THz wave gen-
eration in GFET with an external magnetic field. A disper-
sion relation was obtained by a quantum hydrodynamic model
describing the collective behavior of 2D electron gas in the
channel of GFET. To obtain the dependence of the charac-
teristics of THz plasma wave on physic factors, we gave the
solution of transcendental equation under asymmetric bound-
ary condition. The numerical results indicate that the external
magnetic field, wave vector along y axis, quantum effects, di-

electric layer thickness between gate and channel, as well as

temperature have influence on the instability increment and
the radiation frequency of the plasma wave in the channel of
GFET. The quantum effects and the width of dielectric layer
between the gate and the channel cause to the instability incre-
ment and the radiation frequency of THz oscillation increase;
the increase in temperature cuts the instability increment and
the radiation frequency; the magnetic field and wave vector
along y axis reduce the instability increment but increase the
radiation frequency. It is feasible to regulate the instability
increment and the radiation frequency by adjusting the mag-
netic field. The obtained results allow us to determine device
parameters required for the experimental observation of the in-
stability. These properties could make the GFET advantageous

for realization of practical THz oscillations.
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