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Based on ferromagnetic germanene, we theoretically propose a multichannel depletion-type field-effect
transistor (FET) operated by a vertical electric field. The electron transport properties of the topological
transistor are investigated through the nonequilibrium Green’s function method. The results reveal that
new edge channels can be formed by removing some Ge atoms along the x axis of the device. The pro-
posed multichannel ferromagnetic germanene transistor has a twice on-state current and half subthreshold
swing than that of traditional germanene FETs. Under the coaction of electric induced staggered potential
and staggered exchange field, both the 100% spin-polarized edge states and valleys can be achieved. The
ferromagnetic germanene FET can be turned off just by adjusting the electric field. In the low electric field
conditions, the switching-off mechanism is due to spin blocking caused by the edge-state mismatch, while
for relatively high electric field cases, both the edge-state mismatch and energy-valley mismatch are uti-
lized. With the moderate increase in the exchange field, the switching mechanism is not changed, but the
threshold electric field and breakdown voltage of the FET can be, respectively, reduced and enhanced sig-
nificantly. All the results indicate that the proposed ferromagnetic germanene FET is a promising candidate
for ultra-low-power dissipation topological devices.

DOL: 10.1103/PhysRevApplied.16.024046

I. INTRODUCTION

Germanene is a type of two-dimensional (2D) topologi-
cal insulator consisting of germanium (Ge) atoms arranged
similarly to graphene and silicene in a hexagonal struc-
ture. In 1994, a decade before the successful fabrication
of graphene, the structure of germanene was studied by
Takeda and Shiraishi using density functional theory [1].
However, this theoretical work did not arouse widespread
research interest at that time, mainly because of the com-
mon belief that strictly 2D materials were thermodynami-
cally unstable and could not exist at any finite temperature
[2,3].
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The rise of graphene triggered increased interest in other
group-IV monolayers, such as silicene and germanene
[4,5]. In 2009, the electronic properties of the planar struc-
ture of germanene was investigated by Lebegue and Eriks-
son. Their calculations showed that the properties related
to the Dirac cone do not appear in planar germanene [6].
This conclusion was confirmed by the further theoretical
research of Houssa et al. [7]. In the meantime, Cahangirov
et al. [8] reported a study that answered the question of
whether a stable freestanding 2D structure can be con-
structed from sp2-like hybridized germanium atoms. The
calculation of the electronic structure showed that ger-
manene consists of both sp? and sp* bonds, in which sp?
hybridization causes it to exhibit a Dirac electronic struc-
ture similar to graphene. In addition, germanene with a
low-buckled honeycomb structure is more stable than that
with high-buckled structure. In 2011, the theoretical study
of Yao et al. [9] confirmed that germanene tends to form
a low-buckled structure rather than a planar one, and Ge
atoms with a 2D honeycomb geometry have nontrivial
topological properties in their native structure.
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Due to the buckled structure, the germanene lattice
is decomposed into two vertically displaced sublattices.
When a vertical electric field is applied, the atoms in
different sublattices are no longer equivalent, and the inver-
sion symmetry is broken. As a consequence, a tunable
direct band gap can be opened at the Dirac point [10—
14]. Based on these properties, a variety of silicene and
germanene field-effect topological transistors have been
proposed based on theory [15-21]. On the experimen-
tal side, a growing number of groups have successfully
synthesized germanene on conductor and semiconductor
substrates since 2014 [22—26]. Although freestanding ger-
manene has yet to be synthesized, single-layer silicene and
germanene FETs have now been fabricated successfully
[27,28].

Topological insulators are characterized by a full insu-
lating bulk gap and time-reversal symmetry-protected gap-
less edge or surface states. The nondissipation transport
properties of the edge or surface state make the topo-
logical device a promising candidate for ultra-low-power
consumption electronics [29,30]. However, the on-state
current of a topological transistor, which using edge states
for information transport is much smaller at low bias volt-
ages compared with the traditional depletion-type FET.
It is generally recognized that a small on-state current
increases the delays of transistors, thus limiting large-scale
integration applications [31].

In this paper, we propose a multichannel ferromagnetic
(FM) germanene FET with a relatively high on-state cur-
rent and low threshold parameter at low bias voltages. As
shown in Fig. 1, the central device is divided into two
regions, and the germanene in each region is sandwiched
between two ferromagnetic insulators with opposite mag-
netization. Some Ge atoms in the germanene nanoribbon
are removed along the x axis. The dual gates are placed
above and below the dielectric layers to control the elec-
tric field perpendicular to the sheet. It should be pointed
out that even though its structure is similar to that of a nor-
mal germanene FET, which requires only band gaps to turn
the transistor off, the fundamental switching mechanism of
the FM germanene FET is completely different.

II. MODEL AND METHODS

The source and drain electrode and the central device
of the FM germanene transistor can be expressed by the
tight-binding Hamiltonian [32—35]:
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FIG. 1. (a) Schematic cross-section view of the ferromagnetic
germanene FET, in which the central device is decomposed into
seven layers. The Ge atoms (represented by the black spheres)
form a buckled germanene layer, and the unit cell of the ger-
manene is marked by red spheres (4 sites) and green spheres (B
sites). The number of unit cells in the x-axis direction and atom
sites (black and light gray spheres) in per unit cell are N, = 18
and N, = 24, respectively. Some Ge atoms in the germanene
sheet with N, = 18 and N, =4 are removed. The removed Ge
atoms are represented by hght gray spheres, and four Ge atoms
removed along the y axis on the leftmost side are marked with red
numbers. A pair of top and bottom gates are used to provide an
electric field perpendicular to the germanene. (b) Side schematic
of the germanene and magnetic insulator layers. Each magnetic
insulator layer is divided into two parts, and the magnetization of
the magnetic insulator is indicated by the red arrows in the dark
region and blue arrows in the light region.

sites. The spin-up and spin-down electrons are distin-
guished with the spin index 0 = —6 = =%1. The first term
in Eq. (1) represents the nearest-neighbor hopping between
sublattices with the transfer energy f. The second term
describes the effective spin-orbit coupling with strength
Aso, and the site-dependent Haldane phase factor v; = +1
(vj = —1) if the next-nearest-neighbor hopping is anti-
clockwise (clockwise) around the positive z axis [36,37].
57 is the z component of the Pauli matrix.
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where the second term represents the staggered poten-
tial induced by the electric field with strength Ar and
w; = +1 (—1) for the 4 (B) sites [11,38]. The strength
of Ag can be controlled by applying a z-directed elec-
tric field E.(x,y) with Agp = €E.(x,y), in which ¢ =
0.33A is the sublattice separation distance [9]. The ver-
tical electric field applied to the germanene can be writ-
ten as E.(x,y) = (V; — Vp)/[do — 2(dp + dy) + 2(dp +
dy)/(ep + ep)] [15], where V; and V), are top gate and
bottom gate voltages, d is the distance between the two
gates, dp and dy, are the thickness of the dielectric and
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magnetic insulator regions, ¢p and &y, are the dielectric
constants of the dielectric layer and magnetic insulator
layer, respectively. The corresponding total gate voltage is
Ve=Vi+ V.

The last two terms describe the exchange fields of dif-
ferent directions with strength M operating on the Ge
atoms at 4 (u; = +1) and B (u; = —1) sublattices in
the left (i € L) and right (i € R) central device regions.
As proposed for graphene and silicene, a large exchange
field could be induced in germanene by the magnetic
proximity effect with a magnetic insulator such as EuO
[39—41]. In the simulation calculation, the magnetization
of adjacent ferromagnets is set to be opposite, the stag-
gered exchange field applied to the left (right) central
device region is AM; = M — MF = 2M (AMyr = M —
ME = —2M) [42]. In addition, four Ge atoms around
N, /2 in the device are removed along the x direction.
Hence, in the following calculation, i(j) ¢ {N,/2,N, /2 £
1,N, /2 + 2}. Due to the edge states are protected from
the effects of weak electron interactions [43,44], and
we focus on the influence of electric and exchange
fields in this paper, the electron-electron interaction is
neglected.

Within the Landauer-Biittiker formalism, the current
flowing through the drain electrode can be expressed as
[45,46]

=53 [ 1@ (o) - foede. ()

where T,(¢) is the spin-dependent transmission coef-
ficient. Without local external fields, the transmission
coefficient satisfies 7, = Tsps = Tpsy, Where Tsp, =
Tr[Ise G, I'ps G4 ] is related to the electron transport from
the source to the drain electrode with the linewidth
function gp)e = i(Eg(D)G — Eg(D)G). The advanced and
retarded self-energy function of the o lead can be
obtained from X4 = Hc,g?"H,c, and the Hamilto-
nian matrix H¢, describes the coupling between the
central device and « lead. The surface Green’s func-
tion g9 can be calculated by the Green’s function
method or transfer matrix [47,48]. The Green’s func-
tion of the entire system is given by G/ (¢) = [e]l — Hy —
5 — 20,17 = [G4(e)]', in which Hy is the Hamilto-
nian matrix of the central device. The Fermi function
fo(e) = [eE /R8T 1 1771 where T is the system equi-
librium temperature, which is set to 4.2 K. u, is the
electrochemical potential of the « electrode. For a given
bias voltage Vps, the electrochemical potentials of the elec-
trodes are fixed at ug = eVsg = eVpgs/2 and up = eVp =
—eVps/ 2.

For the general tight-binding Hamiltonian H =}, .5

c:gH,-(,,,-,;cja, the local current flowing from a site i with

spin ¢ under a dc bias can be expressed as [49—54]
€ <
S = nss = 3 3 [ Rl oG p@lde. (4
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When the device is under a small bias and at zero
temperature, by applying the Keldysh equation G=(¢) =
G (e)[iTsfs(e) + iTpfp(e)]1G*(¢) and the electron cor-
relation function G"(¢) = G"(e)['sG“(¢) [55], the spin-
dependent nonequilibrium local current can be written
as

262 "
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II1I. RESULTS AND DISCUSSION

In the numerical results presented below, the size of the
central device region is fixed as N, = 80 and N, = 84. The
nearest-neighbor hopping energy ¢ and effective spin-orbit
coupling strength Ago of germanene are taken as ¢ = 1.3
eV and Ago = 43 meV [56]. The strength of the exchange
field induced by the magnetic proximity effect is fixed as
M = kso/2, the corresponding staggered exchange fields
acting on the left and right sides of the central device
are AM; = 2M = Ago and AMp = —2M = —Ago. In the
simulation calculation of the drain current / (local current
Jis j& ), the system equilibrium temperature is set to 4.2 K
(0 K). The conversion between the current units e/ and
UAis le/h = 38.74 1 A.

The drain currents /p of the multichannel ferromagnetic
FET as a function of the electric-field-induced staggered
potential Ag for bias voltages of Vpg = 10, 30, and 50 mV
are plotted in Fig. 2(a). As a comparison, under the same
bias voltage, Figs. 2(b) and 2(c) show the drain current of
the dual-channel and multichannel traditional germanene
FET. It can be seen from the figures that multichannel
can effectively increase the on-state current, but traditional
transistors still need a strong electric field to cut off the
current.

As shown in Fig. 2(a), the multichannel ferromagnetic
germanene FET has two advantages over the traditional
dual-channel FET: (i) a larger on-state current and lower
subthreshold swing and (ii) a lower threshold staggered
potential.

When Az = 0, the on-state current of the multichannel
FET [see Fig. 2(a)] can be up to twice that of the dual-
channel germanene FET [see Fig. 2(b)]. This is because,
for the traditional dual-channel FET with the local cur-
rent density distribution shown in the inset of Fig. 2(b),
only two boundary channels are involved in the current
transport, in which the spin-down (spin-up) current trans-
fers from the source to the drain electrode through the
upper (lower) edge. However, as shown in Fig. 2(d), if
some Ge atoms located at hollow gray circles are removed,
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FIG. 2. (a) Drain current I, of the multichannel ferromagnetic
germanene FET as a function of electric-field-induced staggered
potential Ay with different values of the bias voltage Vpg. (b)
Drain current 7 of the dual-channel normal germanene FET ver-
sus Az with bias voltages of Vpg = 10, 30, and 50 mV. Inset
shows the corresponding on-state local current density distribu-
tion with Az = 0 and the energy ¢ = 10 meV. (c) Drain current
Ip of the multichannel normal germanene FET as a function of
Mg with bias voltages of Vpg = 10, 30, and 50 mV. (d) Local
current density distribution of multichannel germanene transis-
tor in the on state with Az = 0 and ¢ = 10 meV, and with central
region size Ny = 40 and N, = 24. The thick red (thin blue) arrow
corresponds to the spin-up (spin-down) current. The length and
direction of the arrow represent the magnitude and direction of
the current density vector at each lattice site. The black solid cir-
cle represents the position of the Ge atom, and the gray hollow
circle corresponds to the location of the removed Ge atom. (e)
Local current density distribution of multichannel transistor in
the off state with Ax = Asp/2, and the other parameters are the
same as those in Fig. 2(d). Logarithmic and linear current of the
dual-channel normal germanene FET (f) and the multichannel
ferromagnetic germanene FET (g) versus Ax with bias voltage
VDS =50mV.

new edge channels with opposite spin will appear at the
critical interface. Therefore, under a small forward bias,
the spin-up and down-spin currents can flow to the drain
electrode mainly through four edge channels. Figures 2(f)

and 2(g) depict the logarithmic and linear current of the
dual-channel normal germanene FET and the multichannel
ferromagnetic germanene FET versus the electric-field-
induced staggered potential. By comparing two log(/p)
plots, the subthreshold slope (the reciprocal value of the
subthreshold swing) of the multichannel ferromagnetic
FET in the relatively high-electric-field region is nearly
doubled than that of dual-channel normal germanene FET
[see the orange solid lines in Figs. 2(f) and 2(g)]. There are
two steep slopes in the log(/p)-Ag plot as shown by the red
circles in the gray area of Fig. 2(g), the larger and smaller
sloped regions correspond to different current cutoff mech-
anisms. In the larger slope region (Ag around 21gp), both
the energy-band mismatch and two valley gaps are used
to cut off the drain current. However, in the smaller slope
region, only the energy-band mismatch is used. In addition,
the current cutoff of the dual-channel normal germanene
FET utilizes only the band gap opened by the electric field,
and hence the log(/p)-Ag plot in the gray area of Fig. 2(f)
only has one steep slope.

As shown in Fig. 2(b), for a dual-channel normal ger-
manene FET, the output current /p can reach about zero
only when the staggered potential satisfies Ax > Ago +
Vps/2. However, with the aid of the magnetic proxim-
ity effect, the FM germanene FET can be turned off with
Ag > Aso — M + Vps/2. A much lower threshold stag-
gered potential means not only lower power consump-
tion but also a different switch-off mechanism. When the
FM germanene transistor is in the off state, there are
still a small number of spin-up electrons that can prop-
agate through the edge into the device region near the
source lead [see Fig. 2(e)]. This indicates that the ger-
manene under a weak electric field is not transformed
into a topological trivial insulator. Hence, the FM ger-
manene FET does not utilize the band gap to block the
current.

To understand the switching mechanism and transport
properties, the energy band and corresponding conduc-
tance diagrams of the normal and FM germanene are given
in Figs. 3 and 4. As presented in Figs. 3(a) and 3(d), with-
out considering the effect of the external field, the energy
levels of the edge states degenerate and cross at the I’
(ky, = ) point. Moreover, because some of the Ge atoms
are removed along the x axis in the real space in the cal-
culation, a pair of new edge states with opposite spins is
formed in the bulk band-gap region, and the degeneracy of
the states is 4. When a relatively low staggered exchange
field is applied (|[AMw)| =2M < 2iso), the width of
the bulk band gap in the K valley (K’ valley) becomes
smaller (larger), but the edge state is not destroyed, and
its degeneracy is still 4 [see Figs. 3(b) and 3(c)]. Under the
condition of a small positive bias and considering the spin-
momentum locking, electrons can flow from the left to the
right electrode through two spin-up and two spin-down
edge states [see Fig. 2(d)].
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FIG. 3. Energy-band diagrams of (a) the source electrode with Az = 0 and AM; = 0; (b) the left region of the central device with

Az = 0 and AM; = Aso; (c) the right region of the central device Ax = 0 and AMz = —Aso; (d) the drain electrode with Az = 0 and

AMpy = 0. The purple lines represent spin-degenerate energy states.

It should be pointed out that from the comparison of
Figs. 3(a) and 3(b), Figs. 3(b) and 3(c), Figs. 3(c) and
3(d), the slopes of edge states are different, which means
that the velocities of electrons in the electrodes and the
left and right central device regions are different. There-
fore, as shown in Fig. 2(d), when the current flows from
the source to the drain electrode, there will be internal cur-
rent due to interface scattering. However, due to the degree
of edge states mismatch is low, electrons transport to the

drain electrode mainly through the edge channels, and the
internal current is much smaller than the edge current.
The staggered electric potential and the staggered
exchange field can break the time-reversal symmetry and
the spin rotation symmetry. Under the combined action
of staggered electric potential and staggered exchange
field, and if Ap + M > Ago, the edge states can trans-
form from a quantum spin Hall state to the spin-polarized
quantum anomalous Hall state, and the K and K’ valleys
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FIG. 4. Energy-band diagrams of germanene with different values of the electric-field-induced potential and the staggered exchange
field: (a) Ap = 3)\50/4, AML = )\SO; (b) A = 3}»50/4, AMR = _)\SO; (d) A = 3)\30/2, AML = )usg; (e) Ap = 3)»50/2, AMR =
—Aso. The red and blue lines represent spin-up and spin-down energy states, respectively. (¢) Conductance of ferromagnetic (FM) ger-

manene as a function of the energy ¢ with Ay = 3Ag0/4 and AM g,
and AML(R) = :t)»so.

= +Xs0. (f) Conductance G versus the energy ¢ with Ax = 3150/2
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are +100% or —100% spin polarized in different energy
ranges. As illustrated in Fig. 4(a) [Fig. 4(b)] for AM; > 0
(AMpy < 0), spin-down (spin-up) edge states are destroyed
and lead to a direct band gap of 2|Aso — |Ag| — M| at
the K (K') point. The spin directions of the undestroyed
edge states in Figs. 4(a) and 4(b) are opposite, and the
edge-state mismatch between the left and right parts of
the device gives rise to zero conductance within the cor-
responding energy window [see Fig. 4(c)]. The strength of
electric-field-induced staggered potential in Figs. 4(a)4(c)
is Ax = 3Xs0/4, the corresponding x-axis coordinate Ay =
3kso/4 = 32.25 meV displayed in Fig. 2(a) is marked with
a red dot. It can be seen from Fig. 2(a) that under the con-
dition of a weak electric field, only using the edge-state
mismatch cannot cutoff the current generated by relatively
large bias.

Figures 4(d) and 4(e) show the energy bands of FM ger-
manene with the same intensity exchange fields as in Figs.
4(a) and 4(b), but a higher electric-field-induced staggered
potential g = 3Aso/2 = 64.5 meV, which is marked with
a blue dot in the x-axis coordinate of Fig. 2(a). When the
staggered exchange field AM; > 0 (AMg < 0), the band
gap of the spin-down (spin-up) edge states in the K-valley
(K'-valley) region increases with the strength of the elec-
tric field. At the same time, the spin-up (spin-down) K’
valley (K valley) moves toward the Fermi level, and the
energy valley shows 100% spin polarization, as shown
by the red (blue) thin solid line and thick dashed line in
Fig. 4(d) [Fig. 4(e)]. Because of the mismatch between the
energy bands of the edge states and the energy valleys in
the AM; > 0 and AMy < 0 regions, the conductive paths
can be blocked in a relatively larger energy range [see
Fig. 4(f)]. It is worth note that if the magnetic proximity
effect is not considered, a larger electric field g = 2As0
is needed to make germanene produce a large enough
band gap to achieve the same degree of conductance sup-
pression, which is shown in Fig. 4(f). In addition, the
subthreshold slope of the dual-channel normal germanene
FET and the multichannel ferromagnetic germanene FET
is different, due to the switching-off mechanisms of the
two transistors are completely different. The dual-channel
normal germanene FET requires a large electric field to
open a band gap, while the multichannel ferromagnetic
germanene FET mainly uses energy-band mismatch. When
the energy-valley mismatch and the K-valley and K'-
valley gaps are used to turn off the transistor, the subthresh-
old slope of the multichannel ferromagnetic germanene
FET can be nearly double that of the dual-channel normal
germanene FET.

As the magnetic proximity effects of different ferromag-
netic materials have been studied in previous theoretical
work, we next discuss the influence of the exchange field
strength on the off -state threshold parameter and break-
down voltage of the device. Figures 5(a)-5(c) depict the
drain current /p as a function of the electric-field-induced

0.0 0.1 Drain current /, (e/h) 0.3 0.4
0.08 —— : : _ . TE———
(@) M =2 /4 (b)M = 4,2 (c)M =34,/4

off stglé Off state Off state

+30 +60 90
Vs (mV)

+30 +60 =90
Vs (mV)

+30 +60 90
Vs (mV)

FIG. 5. Drain current Ip of the multichannel FM germanene
transistor for different values of the electric-field-induced stag-
gered potential Ag and bias voltage Vpg for (a) M = Aso/4, (b)
M = )\.30/2, and (C) M = 3)\50/4.

staggered potential Az and bias voltage Vpg for different
values of the exchange field M. It can be seen from the
figure that whether the intensity of the exchange field is
weak or strong, the FM germanene transistor can be turned
on and off by adjusting the z-axis electric field. In the on
state with A = 0, because the current in the low bias-
voltage regime is transported only through the edge state,
the corresponding current values are the same under dif-
ferent M. However, in the case of a high bias voltage, the
current intensity increases with the increase in M due to the
bulk energy bands participating in the electron transport
[see the black regions in Figs. 5(a)-5(c)]. In addition, the
numerical simulation results show that with the increase
in the exchange field, the threshold electric field strength
of the off state will decrease, and the breakdown volt-
age the device can withstand will increase significantly
under the same electric field [see the white regions in Figs.
5(a)y-5(c)].

Finally, we briefly discuss the effect of edge hydrogena-
tion and random impurities on the numerical simulation
results. In a realistic germanene nanoribbon, there will be
a dangling bond at the edge. Usually, the Ge atoms in the
boundary are passivated by hydrogen to improve the sta-
bility of zigzag germanene nanoribbons. When both the
zigzag edges are fully Ge—H bonded, the characteristic
edge states of germanene are completely preserved, the H-
edge-hydrogenated zigzag germanene nanoribbon behaves
like a bare freestanding germanene nanoribbon. When the
edges of germanene are Ge—H2 bonded, however, the
edge states are destroyed and an energy gap is opened
at the Fermi level, the H2-edge-hydrogenated zigzag ger-
manene nanoribbon behaves like a 2D semiconductor
[57,58]. Since the on state of the topological transistor,
which we study in the paper, mainly uses the edge state
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to conduct the current, and the transistor in the off state is
mainly utilize the edge-state mismatch. Therefore, when
the Ge atoms at the edge are passivated by one hydro-
gen atom, all results in the paper can also be obtained.
In addition, real materials always have random impurities.
The time-reversal symmetry-protected edge states could be
destroyed when magnetic impurities are introduced into
the system. Due to there being more edge states carrying
the current in multichannel FET than in dual-channel FET,
the magnetic impurities have a more obvious influence on
the multichannel FET. However, since nonmagnetic impu-
rities do not break the time-reversal symmetry, the helical
property of the edge states is topologically protected, both
the multichannel FET and dual-channel FET are robust in
the presence of nonmagnetic impurities.

IV. CONCLUSIONS

In summary, we theoretically study the electron trans-
port properties of a multichannel germanene transistor, in
which the FM-sandwiched germanene is subjected to a
z-directed electric field. It is found that the transistor con-
sidered can be switched between on and off states by
tuning only the strength of the electric field. Compared
with the normal germanene FET, the multichannel FM ger-
manene FET has the following main features. (1) When Ge
atoms are removed along the x axis, two new edge channels
with opposite spin are created at the boundary, the on state
current of the multichannel germanene FET at Az = 0 can
be up to double. (2) When the staggered potential satisfies
Ag > Aso — M + Vps/2, the edge state transformed from
the quantum spin Hall state to the spin-polarized quantum
anomalous Hall state, and the K and K’ valleys are +100%
or —100% spin polarized in different energy ranges. Con-
sequently, the FM germanene FET can be turned off. (3)
The switching-off mechanism of the FM germanene FET is
related to the electric field strength. For Az < Ago, the tran-
sistor in the off state is mainly due to spin blocking caused
by the edge-state mismatch, for Az > Ago, both the edge-
state mismatch and the energy-valley mismatch are used.
For Ay > 2Xg0, besides the energy-valley mismatch, the
K and K’ valley gaps are also used, and the subthreshold
swing can be reduced to half that of the dual-channel nor-
mal germanene FET. (4) The strength of the exchange field
in the range of 0 < M < Ago does not change the switch-
ing mechanism. However, the stronger the exchange field
is, the lower the threshold electric field required for the
off state is, and the higher the breakdown voltage of the
transistor becomes.
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