www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Resonant plasmonic detection

of terahertz radiation in field-effect
transistors with the graphene
channel and the black-As,P1_x gate
layer

V. Ryzhii*, C. Tang?, T. Otsuji!, M. Ryzhii?, V. Mitin3 & M. S. Shur*

We propose the terahertz (THz) detectors based on field-effect transistors (FETs) with the graphene
channel (GC) and the black-Arsenic (b-As) black-Phosphorus (b-P), or black-Arsenic-Phosphorus (b-Asy
P1—x) gate barrier layer. The operation of the GC-FET detectors is associated with the carrier heating
in the GC by the THz electric field resonantly excited by incoming radiation leading to an increase in
the rectified current between the channel and the gate over the b-As,P;_ energy barrier layer (BLs).
The specific feature of the GC-FETs under consideration is relatively low energy BLs and the possibility
to optimize the device characteristics by choosing the barriers containing a necessary number of

the b-As,P1_x atomic layers and a proper gate voltage. The excitation of the plasma oscillations in

the GC-FETs leads to the resonant reinforcement of the carrier heating and the enhancement of the
detector responsivity. The room temperature responsivity can exceed the values of 10 A/W. The speed
of the GC-FET detector’s response to the modulated THz radiation is determined by the processes

of carrier heating. As shown, the modulation frequency can be in the range of several GHz at room
temperatures.

The emergence of the black-Phosphorus (b-P), black-Arsenic (b-As), and the compounds of these materials
(b-AsP), with the energy gap Apy varying from 0.15 to 1.2 eV (see, for example,'?!) opens new prospects for the
creation of different electronic, optoelectronic, and terahertz (THz) devices. The combination of the GLs with
the b-As,P;_ layers with graphene**-?® can be particularly beneficial for the creation of novel devices, includ-
ing MIR/FIR/THz interband photodetectors. In this paper, we propose and evaluate the THz detectors akin to
the field-effect transistors (FETs) with the graphene channel (GC) and b-As,P;_, gate barrier layer (BL). The
operation of such GC-FETs is associated with the carrier heating in the GC by incoming THz radiation (see,
for example,?’) leading to an increase of the thermionic GC-gate current. This implies that the GC-FETs could
operate as hot carrier bolometric detectors. The main features of the proposed THz detectors are as follows: (a)
the b-As,P;_ BL provides the possibility to choose the desirable BL height (and, hence, optimize the device
characteristics) by varying the number of the atomic layers and/or the molar fraction of As**5, (b) the GC exhibits
a room temperature elevated carrier energy relaxation time**-*, which promotes high detector responsivities
and detectivities, and (c) the plasmonic (PL) properties of the GC-FET?*-*’ can enable the detector resonance
response to the THz radiation at the frequencies close to the GC frequencies.

Device structure

Figure 1a shows the GC-FET detector structure (with the number of atomic layers in the BL N = 20) and the
related band diagrams for the assumed band alignment. For definiteness, we consider the GC-FET structures
with the n-type GC, in which the thermionic current between the GC and the gate is associated with the electrons
overcoming the BL barrier in the conduction band. If Ay > A, where A¢ and Ay are the band offsets between
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Figure 1. (a) Sketch of the GC-FET detector structure and the band diagrams of the GC-FET with
Ac — up = Apat (b) Vg = 0(BL flat band condition) and j = 0, and (c) Vg > OwithAc — i < Aprand
Ay + i > A, hence the thermionic electron current density j > 0 (the hole current is negligible).

the BL conduction and valence band’s edges and the Dirac point in the GC (so that Ac 4+ Ay is the energy gap
of the BL), the electron current exceeds the hole current when the electron Fermi energy, i p, in the GC is suf-
ficiently large, so that Ac — up S Apr. Here Apy is the difference between the BL and GC work functions and
up = hvw /7 X is the equilibrium value of the electron Fermi energy counted from the Dirac pointat Vg = 0,
vy ~ 108 cm/s is the characteristic electron velocity in GCs, and £ is the reduced Planck constant.

Figures 1b and ¢ show the band diagrams for Ac — up = A at zero gate bias (Vg = 0 with the GC donor
density X5 corresponding to the BL flat band) and under the gate bias (Vg > 0), respectively. We focus on the
GC-FETs with n-doped GC, in which the above equality is met, i.e., assuming that in the absence of the bias gate
voltage (Vg = 0), the BL bottom of the conduction band and the top of the valence band are flat.

Table 1 lists examples of possible combinations of the b-As,P;_ barriers and the metal gate materials. The
pertinent parameters were taken from!!-2.,

The results obtained below can be also used for devices with relatively large A ¢, considering the hole transport
instead of the electron one.

The local voltage drop acrossthe BLe® = Ac — Ay — o+ e(Vg + ¢) = up — o + e(Vg + @), where Vi is
the applied DC bias gate voltage, ¢ = ¢(x, t) is the GC potential local value, and p is the net electron Fermi energy
in the GC. At the GC edges, ¢(£L,t) = :I:%S Vw exp(—iwt) or ¢(£L, t) = §V,, exp(—iwt) for the asymmetric
(a) and symmetric (s) THz radiation input, respectively, with § V,, and o being the amplitude and the frequency
of the THz radiation received by an antenna. The asymmetric THz radiation input corresponds to the design
when the antenna leads are connected to the GC-FET side (source and drain) contact pads. In the case of the
symmetric input, one of the antenna leads is contacted to the gate, whereas the second one to both side contacts.

The variation of the potential difference between the side source and drain contacts (in the case of the sym-
metrical input) and between the side contacts and the gate leads to the transient electron current along the GC

x | Metal |Ac(meV) Ay (meV) |Apy (meV) |pp(meV) | X3 (10'%cm=2)
Sample 1a 0 Al 225 125 85 140 1.60
Sample 2a 1.0 | Al 190 90 50 140 1.60
Sample 1b 0 Ti 225 125 105 120 1.17
Sample 2b 1.0 | Ti 190 90 70 120 1.17
Sample 1c¢ 0 In 225 125 135 90 0.66
Sample 2¢ 0.5 |In 230 130 130 100 0.81
Sample 1d 0 Mn 225 125 125 100 0.81
Sample 2d 0.5 | Mn 230 130 120 110 0.89

Table 1. Metal gate/b-As,P;_,/GC barrier layer parameters, N = 20, W = 10 nm''-?".
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and the transient variation of the self-consistent electron density, i.e., to the excitation of the plasmonic oscil-
lations. In the case of the asymmetric input, the electron current along the GC exists even at very small signal
frequency. As a results the electron heating by the incoming signals takes place at such frequencies as well. In
contrast, in the case of the symmetrical input, slow variations of the side contacts potential with respect to the
gate potential create a very weak lateral electron current not heating the GC electron system. This leads to marked
distinctions of the response in the range of low frequencies (which is demonstrated below).

The BL energy gap A and the dielectric constant k; depend on the transverse electric field ®/W. Account-
ing for this, one can set Ac = nAg[1 — (®/WEg)?], and k = kg/[1 — (®/WEg)?], where Ag and k are the
BL energy gap and the dielectric constant in the absence of the transverse electric field, Eg is the characteristic
electric field, W is the BL thickness (see, for example,®*!), and n = Ac/(Ac + Ay) < 1 the fraction of the
BL height related to the conduction band. For the b-P BL with W = 10 nm (the number of the atomic layers
N =20), Eg >~ 0.7 — 0.8 >~ V/nm. This implies that the effect of the transverse electric field on A¢, Ag, and kg
markedly reveals at sufficiently high gate voltages when @ > 1V). However, such a voltage range is beyond our
present consideration. Considering the GC-FETs with a sufficiently thick b-As,P; _, BL at moderate gate voltages,
we disregard the carrier tunneling across this layer. This implies that the GC-gate current is associated with the
sufficiently energetic electrons overcoming the BL, i.e., it is of thermionic origin.

Equations of the model
Thermionic DC and AC. At not-too-small electron densities in GCs, the characteristic time of the elec-
tron-electron collisions 7., is shorter than the pertinent times associated with the optical phonons 7y, acoustic
phonons 7,, and impurities t;, respectively. This implies that the electron distribution function is close to the
Fermi distribution function f(e) = [exp(e — wu)/T + 117, characterized by the effective electron tempera-
ture T generally different from the lattice (thermostat) temperature Ty (in the energy units) and the electron
Fermi energy . Hence, at ¢ > u, f(e) = exp[(n — €)/T]. However, in the energy range ¢ > A, the electron
escape over the BL can markedly decrease f(g). To account for this effect, in the range in question, one can set
f(e) =~ Eexpl(n —€)/T], where & = 1, /(e + T.) with 7 being the electron try-to-escape time.
Considering that the height of the potential barrier for the electrons in the GC and in the metal gate are equal
toAc — pand Ay + e(Vg + @), respectively, the density of the thermionic electron current can be presented as

. uw—Ac Ay + ed
j=im {eXp( T >—6XP<—#)} (1)
0

Here j"%* = eX /1] is the characteristic (maximum) GC-gate DC density, X is the electron density in the GC
induced by the donors and gate voltage, and e = |e|is the electron charge. One can assume that 7, is determined
by the momentum relaxation time, associated with the quasi-elastic scattering of the high-energy electrons, i.e.,
with acoustic phonons (in sufficiently perfect GCs). Due to this, it is natural to assume that ;| > 74 3> Tee. The
Fermi energy u is determined by both the GC doping and the gate voltage.

Equation (1) leads to the following expressions for the thermionic DC density j, corresponding to the DC

temperature T:
- —A — Ac — eV
jzjmax|:exp(:u = C)_exp<ﬂ ;O G):| 2)

Due to the dependence of 11 on Vg, Eq. (2) provides the GC-gate I-V characteristics. Since T also depends on
Vi (because of the electron heating in the GC by the lateral DC), the latter dependence can somewhat contribute
to the GC-FET characteristics as well.

At sufficiently high GC lateral conductivity in the situations under consideration (large ¥ and u), the DC
potential and the DC effective temperature nonuniformity along the GC are weak (T = const). This implies
that we disregard the possible DC crowding. A high electron thermal conductivity additionally suppresses the
above nonuniformity.

The AC variation §j,, due to the potential oscillations leading to the electron heating is given by

max 8T (Ac — 1) exp(u :Ac>

8jw =
Jo =17 % = = (3)
Here we omitted the term containing the factor (e¢,,/To)?/2 with 8¢,, being the GC potential ac compo-
nent. In this case, the quantity §j,, given by Eq. (3), does not depend explicitly on the AC variations of the GC
potential (only via the effective temperature variation § Ty,). This is due to a specific shape of the energy barrier

for the electrons in the GC (see Fig. 1¢).

Rectified current and effective carrier temperature. The incoming THz radiation results in varia-
tions of the potential in the GC. This leads to extra electron heating and the variation of the electron temperature
8T = T — T. According to Eq. (3), the variation of the net gate current associated with the effect of the incoming
THz radiation averaged over its period (rectified photocurrent) is given by

< 6T, >
T
Here J"%* = 2LHj™*, and 2L and H are the GC length and width,

< 8], >=J"*F (Vi) (4)
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_ (Ac—pw) (M—Ac)_[AM—(M—MD)] {(M_MD)—AM}
exp = = exp =

T T T

(5)

is the barrier factor, and the symbols < ... > and < ...> denote the averaging over the signal period 27 /w and
the length of the GC, respectively, with

1 /L
< 6T, >= — dx < 8T, > .
2L )

(6)

The dependence of the factor % (V) on the gate voltage as associated with the voltage dependence of the
electron Fermi energy (see below).
The effective electron temperature T is determined by the balance of the electron energy transfer to the lat-
tice and the energy provided by the electric field along the GL. At room temperature, the emission and absorp-
tion of the optical phonons by the electrons in GLs can be considered as a main mechanism of electron energy
relaxation. In this case, the power transferring from the electrons in the GC to the optical phonons due to the

intraband transitions is

Here

30-33

intra __ intra
PO = ha)o RO .

77(4)0/J,2 1 i’zwo
1+ — =) -1,
T TR\ T

intra
RiMre — R,

7

(8)

hwo ~ 200 meV is the optical phonon energy, /"o = [exp(hwo/To) — 117! ~ exp(—hwy/Ty), Ry is the charac-
teristic rate of the interband absorption of optical phonons, and Tj is the lattice temperature. At moderate THz
power, the effective electron temperature T is close to the optical phonon temperature Ty, and Eq. (8) yields for

intra,
Rintra,

Equalizing R}

intra

2
Rgttra ~ Ry ha)():;[,L i _ l .
7 \T, T

frequencies (in which one can assume w > 1/7,), we arrive at the following energy balance equation:

2

< 68T, > Re oy, /L dow
S %0 7 dx| =22
Te 2%0L J_p dx

)

given by Eq. (9) and the Joule power associated with the AC in the GC, for the THz range of

(10)

Here Re o, = ogv?/(v? 4 w?) is the real part of the GC Drude conductivity, og = %/ h?vis its DC value,
v is the frequency of the electron collisions on impurities, acoustic phonons, as well as due to the carrier viscos-
ity (see*?, and the references therein). Accounting for the deviation of the optical phonon temperature T from the
lattice temperature T), the carrier energy relaxation time 7, associated with the interaction with optical phonons
is estimated as® 7, = 79(1 + &) (T}/hwo)? exp(hwy/T;) =~ to(1 + &) (To/hwg)? exp(hwy/T;), where s is the
characteristic time of the spontaneous optical phonon intraband emission by the electrons and & = 7, “Y /10,
and 7, is the decay time of optical phonons in GCs.

Plasmonic oscillations factor.

The description of the spatio-temporal oscillations of the electron density

and the self-consistent electric field, i.e., the plasmonic oscillations in the GLs (see, for example*>~>’) forced by
the incoming THz signals can be reduced to a differential equation for the AC potential of the gated GC filled by

the electrons (followed from a hydrodynamic electron transport model equations

equation), §¢@, (x) :

43-45

d*5¢, w(w+iv)
dx? 52

S¢p =0,

supplemented by the following boundary conditions:

8V ) s .
0w |x=xL] = iT exp(—iwt), 8¢, |x=xL] = 8V, exp(—iwt).

Here s = \/4 e?pu w/k h? is the plasma-wave velocity in the gated GC.
The above equations yield the following formula for the AC potential along the GC

Here

8V si L L
sgn = Wosinot/D) L cos(yux/L)
2 sin Y, COS Y
Jo(w +iv) dr2e2u W
Yo=Y T Q=
Q Kh2L2

coupled with the Poisson

(11)

(12)

(13)
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are the normalized wavenumber and the characteristic frequency of the plasmonic oscillations of the electron
system in the GC-FET under consideration.
The AC electric field along the GC is equal to

de,, 8V Ve cos(Ywx/L) dy;, Yo Sin(Yepx/L)

= elo T el e — sy,
dx 2 L siny, dx YL cosye (15)
that, accounting for Eq. (12), yields
< 8T, >** 8V 0
— = || =2 16
T, 2 | 12 @ (16)
Here
P8 / Yo c0s(Yw?) |* Y / Yo sin(vd) | (17)
(v2 + w?) sin ¥, (v2 + w?) COS Ve
are the plasmonic factors, which can be also presented as
2 2
Po~ <7Tv> ® pe . P~ <rrv> ® P , (18)
V(2 + w?) | sin Yol V(02 + w?) | cos Yyl

with P4 = fol dt| cos(yu)|? and P = fo d¢| sin(y,?)|? being functions of the order of unity oscillating with
the frequency. If o <« 2 (y,, tends to zero), Egs. (17) and (18) yield 2} ~ land 2 ~ 0.
Combining Eqgs. (4), (6), and (16), we obtain

< 8], >** 8V,
Togma T |2

Cr0 3 F
12

7 (V) 2, (19)

The detector response depends on the antenna type (see, for example,*®*’). Using an antenna specially desined
for the THz range could substantially increase the collected power®. Here we define the GC-FET detector current
responsivity (in the A/W units) and its voltage responsivity (in the V/W units) as

T a,s T a4,
%wZM) gV=<SJ‘”>

S ® S P> (20)
w w

respectively. Here S,, is the THz power collected by an antenna and p = 2L/Hoy is the GC DC resistance (for
the case of load resistance equal to the GC resistance). This collected power is estimated as S, = I,,A,,, where I,
is the intensity of the impinging radiation and A,, = 12,g/4x is the antenna aperture®, /,, is the radiation wave-
length, and g is the antenna gain. Consideringm as an example, the half-wavelength dipole antenna, for which
18Vy|? = I,(87/¢) (J/7)?, where ¢ is the speed of light in vacuum, we obtain |8V, |2 = 328, /gc.

Accounting for Egs. (18) and (19), we obtain

32 < §J, >** 0V_32<m>“5

CT g VL T T vl f @
The latter equations yield
=RT (V)P R) =R F (Vo) P, (22)
where

According to Eq. (23), the characteristic voltage responsivity %," does not explicitly depend on the frequency
of electron collisions v.
_It is instructive that the responsivity at Vg = 0 does not turn to zero because of the factor # (0) # 0, so that
< 8], > 0.

Method and results
Equations of the model were analyzed analytically and solved numerically. The resulting GC-FET characteris-
tics—their responsivity found for different device samples are demonstrated in Figs. 2, 3, 4, 5.

Figure 2 shows the normalized responsivity at the fundamental plasmonic resonance
R |2 J Rolwo=a = Rl P 5 Rollo=a = F (Vi) (as a function of the gate voltage V) for the devices with dif-
ferent Ac, Ay, Ay, and the GC doping corresponding to the BL flat band at Vg = 0 calculated using Egs. (5) and
(20). In this case, the thermionic activation energy Ac — up = Ay. Equations (5) and (20) are supplemented
by the following relation for u accounting for the effect of quantum capacitance**->":

(0 — up)(u + up — 20) = 210eVa, (24)
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Figure 2. The normalized detector responsivity Z,,/2 ° A (the same for the asymmetric and symmetric
THz radiation input) as a function of the gate voltage V for the GC-FETs with different band parameters: (a) at
To = 25meV and (b) Ty = 15 meV.
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Figure 3. The plasmonic oscillation factor 2 ¢ of the GC-FETs with the asymmetric THz radiation input versus
signal frequency w/27: (a) for Q/2m = 0.75 THz and (b) /27 = 1.0 THz (Vo = 1ps~'and 2 ps~! with
Vyise = 0.25ps™ ).
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Figure 4. The same as in Fig. 3 but for the plasmonic oscillation factor 2 of GC-FETs with the symmetric
THz radiation input.
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Figure 5. The spectral characteristics of GC-FET detectors current responsivity with (a) asymmetric and (b)
symmetric THz radiation input (2/27 = 1.0 THz) with different collision frequencies v,oj.

where g = (kg hzv%v /4e*>W). For small (moderate) voltages, Eq. (23) yields

Ho
+ ——eVg
(1D + 1o

As seen from Fig. 2, the normalized responsivity, which might be rather high at Vg = 0, exhibits a maximum
at a certain voltage V™. The latter is different for different samples depending on the device band parameters.
A decrease in the temperature T leads to somewhat sharper responsivity versus gate voltage dependence. This
is associated with the specifics of the rectified current-voltage dependence given by Eq. (4). The fact that the
maximum of function & (V) height is independent of T is reflected in the dependences shown in Fig. 2.

As follows from Egs. (18) and (22), the maximal values of #,, and %wv as functions of the signal fre-
quency o are reached at the plasmonic resonances w = +/n2Q? — v2 >~ n(Q for the asymmetrical input, and
o= +/2n—1)2Q%/4 — v2 >~ (2n — 1)Q2/2 for the symmetrical input, where n = 1,2,3, ... is the plasmonic
resonance index. At the fundamental resonances, 2 /|o,—q >~ 2and 2 |,—q/2 = L

Figures 3 and 4 show the frequency dependence of the plasmonic oscillations factors 2,/ and Z ; calculated
for different values of the plasmonic frequencies 2 and collision frequencies v. According to Eq. (22), these fac-
tors determine (proportional to) the spectral characteristics of the GC-FET detector responsivity. To account for
the electron collisions and the effect of their viscosity on the plasmon damping, we set'> v = vy + Vyisc (@/ )2,
assuming v = (1 — 2) ps~'and vy = 0.25 ps~!. In the GC-FETs with L = (0.5 — 1.0) uum, the latter corre-
sponds to the electron viscosity k =~ (250 — 1000) cm?/s that is in line with the observed values*.

In particular, Figs. 3 and 4 demonstrate that [in line with Eqgs. (17) and (22)] the responsivity exhibits fairly
sharp (resonant) maxima at w >~ nQand w ~ (2n — 1)Q2/2 when vy = (1 — 2) ps~L

Although the GC-FETs with different methods of the THz radiation input exhibit the resonant response, the
pattern of the spectral characteristics shown in these plots are rather distinct, and the resonance frequencies
differ. This is associated with the excitation of different plasmonic modes (with different spatial distributions of
the ac potential) using asymmetric and symmetric input. As seen, the amplitude of the plasmonic factor maxima
increases with increasing resonance index despite the strengthening of the viscosity effect. This is attributed
to an increase in the average AC electric field when the number of its semi-periods, i.e., the index # increase.

Figure 5shows the dependences of the GC-FET detector current responsivity %, corresponding to the plas-
monic factors of Figs. 3b and 4b calculated for v, = 1 ps~' and vy = 2 ps~! (solid lines). These dependen-
cies exhibit pronounced plasmonic resonances. Since the responsivity %, « 692, x 2 /v, the heights of the
responsivity peaks for a lar§er index n and for a larger collisional frequency v are smaller. It is instructive that
the voltage responsivity £, for different collisional frequencies exhibits different behavior (at the chosen load
resistance, which is assumed to be inversely proportional to oy). However, as seen from Fig. 5 (dashed lines),
the plasmonic resonances in the cases of much stronger electron scattering (v = 4 ps~! and v,y = 6 ps~Y),
are substantially smeared.

Using Eq. (14) and setting 1t = 120-140 meV, ¥ = 4, W = 10 nm, and L = (1-2) um, we obtain the following
estimate: /27 >~ (0.53-1.14) THz.

Considering that the escape of a hot electron with the energy ¢ 2 Ac from the GC over the BL is possible
due to its scattering on an acoustic phonon.

We might assume that the electron escape time 7| >> 7,4, where 7, is the momentum relaxation time for
the electrons with the energy ¢ = Ac. The quantity 7,, can be estimated as®*~>* 7, >~ 1 ps. Considering this,
for rough estimates at the values Ac considered above we set 7| ~ 10 — 20 ps. The electron energy relaxation
time due to the interaction with the GC optical phonons is estimated as 7, >~ 32 — 65 ps (compare, for example,
with?>34%%). The fast decay of optical phonons and the interaction of the electrons in the GC with the interface
optical phonons can lead to a decrease in 7, to the values about 10-20 ps. Setting ;& = 140 meV, v = 1ps~},
7). = 10ps, 7. = 10ps, g = 1.64,H = 2L, and (Ac — n)/To = 1, we arrive at #p =~ 4.1 x 102 A/W. This yields

W2 p (25)
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the characteristic voltage responsivity ," ~ 3.7 x 10* V/W. The latter values are close to the GC-FET current
and voltage responsivities, Z, |»=q and %wv |w=g> at the plasmonic resonances.

Discussion

In Eq. (10), which governs the electron energy balance in the GC, we disregarded the electron cooling effect,
associated with thermionic emission. This effect can be accounted for by replacing the quantity (z./t1)Z (Vi)
in Eq. (22) by the factor (t./71)F (Vg)/[1 + (t:/71)F (Vi)]. The pertinent distinction is small if 7, < 7.

Using the relation between the GC mobility M and the Fermi energy u: M = ev, /vup, where the quantity
/LD/V‘Z/V is the electron fictitious mass, we find that the values of v,oy = (1 — 2)ps~'and up = (120 — 140) meV
assumed above correspond to M ~ (4.3 — 7.1) x 10* cm?/Vs. For v = (4 — 6) ps~! (see the dashed lines in
Fig. 5), one obtains M =~ (0.7 — 1.8) x 10* cm?/Vs, which are realistic GC mobilities at room or somewhat
lower temperatures®»*. The electron mobility of the GC on b-P studied several years ago®, at Ty =(15-25) meV
(To =~ (180 — 300) K) reaches the values M ~ (8 — 9) x 10%cm?/Vs. This corresponds to v =~ (8 — —10) ps™.
Further improvements in the GC/b-P interface quality or/and using the GC remote doping (see, for example,”5),
one can reduce v,y increasing the plasmonic resonance sharpness. Another option to decrease v,y is to use the
positively biased back gate, which can electrically induce a sufficient electron density in the GC and, hence, a
proper value of the electron Fermi energy, eliminating the necessity of GC doping. The plasmonic resonances
and, hence, the pronounced resonant response of the GC-FET detectors might be more pronounced for larger
plasma frequency 2, i.e., in the devices with shorter GCs (smaller length 2L). In particular, if 2L = 0.5 um, the
plasma oscillations quality factor is about 8.2 even at v, = 10 ps~!. One needs to note that even at relatively
high values of v, the overdamped plasmonic oscillations can provide elevated GC-FET detector responsivities
despite the resonant peaks vanishing.

Electron thermal conductivity along the GC*, which leads to the transfer of a portion of the electron heat
to the side contacts can reduce the electron temperature and smooth down the spatial nonuniformities of the
electron density. The latter can particularly affect the resonant maxima height with increasing plasmonic mode
index n.

Fairly high values of the GC-FET responsivity are due to the long electron energy relaxation time 7, inherent
for GCs. However, the speed of the photodetectors using the hot electron bolometric mechanism is limited by
the inverse electron energy relaxation time 7! (see, for example,***%). This implies that the operation of the THz
GC-FET detectors under consideration (with the parameters used in the above estimates) might be limited to
the modulation frequencies in the GHz range.

The GC-FET detector dark current limited detectivity D¥ = Z,,/+/2¢j (see, for example,”) depends, in
particular, on the dark current density. As follows from Eqs. (2) and (25), the dark current density is

. Apm o eVg eVg
~ smax " T _ T
1= EXP( TO)CXP{meo) TOH1 CXP( Ty )} (26)

For low gate voltages (eVg < Th), the latter tends to zero as j & V. Since the responsivity in the limit of
small Vi is a constant (see Fig. 2), this implies that the GC-FET detector detectivity as a function of the gate
voltage increases with decreasing V¢ as

1
D} Nz (27)

This also means that at low values of Vi, the GC-FET noises might be determined by other mechanisms (not
by the dark current).

If the electron interactions at the GC/b-AsP interface are relatively strong (leading to high values of v,y and
preventing the pronounced plasmonic resonance) is a critical issue, the GC-FET structure can be modified by
using the length of the gate and the b-AsP layer markedly smaller than the length of the GC 2L.

In principle, the GC-FET detectors can be based on the p-type GC, in which up < 0. This might exhibit
advantages associated with smaller Ay compared to A¢ (see Table 1). In the detectors with the p-type GC, a
proper thermionic activation energy Ay + pup can be achieved at smaller up, i.e., at the lower carrier (hole)
densities. However, the adequate BL and metal gate band alignment might be a problem. This problem can be
avoided in the GC-FET structures, in which both the GC and the gate are made of p-type graphene layers (dou-
ble-GC-FETs). Such double-GC-FETs can exhibit markedly different plasmonic properties. This is because of the
possible plasmonic response of the carriers in the double-GG (see, for example,®~%”). The plasmonic response in
the double-GC-FETs depends on the contacts. Depending on the geometry of these contacts, the plasmonic factor
can be a fairly different function of the signal frequency. The bolometric detectors based on the double-GC-FET
structures with the barrier b-AsP; _x are beyond the scope of our present study and require a separate treatment.

Conclusions

We proposed and evaluated the THz graphene-channel- FET detectors with the black-Arsenic, black-Phosphorus,
or black-Arsenic-Phosphorus barrier gate layers. The operation of these detectors is associated with the hot car-
rier bolometric effect, i.e., with the carrier heating by incoming THz radiation, causing their thermionic emission
from the graphene channel into the gate. Such a THz GC-FET detector can exhibit fairly high characteristics.
The excitation of plasmonic oscillations in the graphene channel leads to a strong resonant enhancement of the
detector responsivity and detectivity.
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The realization of the proposed GC-FET bolometric detectors with elevated characteristics is enabled by the

effective carrier heating in graphene accompanied by the effective plasmonic oscillation excitation and the pos-
sibility of a proper band alignment between the graphene channel and the barrier layer.
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