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We propose and evaluate vertical hot-electron terahertz (THz) detectors based on blackAs1−xPx/graphene/black-As1−yPy (b-AsP/G/b-AsP) heterostructures. The operation of these
detectors is associated with the thermionic emission of the electrons heated in the graphene
layer (G-layer) by incoming THz radiation stimulating the electron injection from the emitter, i.e.,
with the hot-electron bolometric mechanism. The combination of the effective electron heating
in the G-layer with the features of the b-As1−xPx and b-As1−yPy band structures with a proper
relation between the b-P fractions, x and y (x ≥ y), might result in the high photoconductive gain
and detector responsivity of the proposed detectors. As discussed, these detectors can surpass
the similar bolometric detectors based on graphene-based heterostructures with relatively high
energy barriers for the electrons and holes in the G-layers and the bolometric detectors based on
III-V quantum wells.

1.

Introduction

Owing to the gapless energy spectrum,(1) the heterostructures based on the graphene layers
(G-layers) can be used in different optoelectronic devices using the interband transitions in
the terahertz (THz) and far-infrared (FIR) spectral ranges. High electron and hole mobilities
in the G-layers accompanied by a high energy of optical phonons (ℏω0  200 meV) provide
a relatively long carrier energy relaxation time of “warm” electrons.(2) This enables the use
of the G-layers and more complex G-structures in bolometric detectors of THz and FIR
radiations,(2,3) particularly in the bolometric THz detector based on vertical structures in which
*

Corresponding author: e-mail: v-ryzhii@riec.tohoku.ac.jp
https://doi.org/10.18494/SAM.2019.2305
ISSN 0914-4935 © MYU K.K.
https://myukk.org/

2272

Sensors and Materials, Vol. 31, No. 7 (2019)

the G-layer serving as a sensitive element is sandwiched between wide-gap barrier layers.(4)
Such photodetectors exploit the thermionic emission of the electrons heated in the G-layer by
THz radiation. The characteristics of the barrier-G-layer-barrier detectors in question depend
on the band alignment of the barrier materials and G-layer, particularly in terms of conduction
band offsets.(5,6) In this regard, the heterostructures with the G-layer sandwiched between the
barriers composed of black-arsenic-phosphorus (b-As1−xPx and b-As1−yPy) layers(7,8) with the
optimized x and y values can work well for THz detectors. The bulk compounds b-As1−xPx
have an energy gap varying from ΔG ~300 meV for x = 1 to ΔG ~150 meV for x  0. The band
alignment of these materials with the G-layer corresponds to the Dirac point falling between
their valence band top and the conduction band bottom. As a result, the heights of the barriers,
Δ E and ΔC, for the electrons in the G-layers sandwiched between b-As1−xPx and b-As1−yPy are
relatively small. The latter reinforces the thermionic electron emission from the G-layers into
such barrier layers. The b-As1−xPx compounds were already used in different heterostructure
devices.(9−13) The pertinent technology is developed rapidly, and its prospects appear to be very
promising.
In this paper, we propose and evaluate THz detectors using b-As1−xPx /G/b-As1−yPy
heterostructures, i.e., N-n-N-heterostructures with specific materials for N-barrier layers. In
these detectors, the radiation-sensitive n-doped layer enables the intraband (Drude) absorption
of the THz radiation. We demonstrate that these THz detectors can exhibit a fairly high
responsivity in a wide range of THz frequencies. The enhanced detector performance is
associated with the high efficiency of electron heating in the G-layer, relatively low energy
barriers between the b-As1−xPx and b-As1−yPy layers and the G-layer, and the possibility of a
strong photoconductive gain because of a low capture probability of the electrons injected via
the b-As1−xPx emitter layer into the G-layer (particularly, when x > y).

2.

Detector Structure and Operation Principle

Figure 1 shows the band diagram of a THz detector under consideration at the operation bias
voltage. The emitter and collector barrier layers are the undoped or lightly doped b-As1−xPx and
b-As1−yPy layers, respectively. The n-doped G-layer serves as the detector base sensitive to the
incident THz radiation. For the highly doped emitter and collector contact regions, the same
materials as those for the barrier layer (as shown in Fig. 1) or other more wide-gap materials
are used. In the heterostructures with the latter contact regions, the injection from the emitter
contact can involve tunneling. The operation of these detectors is associated with the thermionic
emission of the electrons heated by the incoming THz radiation absorbed in this layer due to
the Drude absorption mechanism. The emitted warm electrons propagate across the b-As1−yPy
barrier with y ≤ x, contribute to the net terminal current, and are collected by the N+ collector.
The electron emission from the G-layer caused by the THz radiation leads to the net charge
in the G-layer (the donor charge becomes uncompensated). This charge increases the electric
field in the emitter barrier layer and, hence, leads to the injection of extra electrons from the
N+ emitter. The flux of these electrons can markedly exceed that of the electrons emitted from
the G-layer provided that the fraction of electrons captured into the G-layer is small. Since the
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Fig. 1. (Color online) Schematic band diagram of a THz detector based on a b-As1−xPx/G/b-As1−yPy heterostructure
(x > y) at sufficiently high bias voltage V. Circles and smooth arrows correspond to the electrons injected from the
N+ emitter contact, propagating across the barrier layers, captured into and emitted from the G-layer (both in the
dark and under THz irradiation).

injected electrons propagating across the emitter layer can acquire a significant kinetic energy,
their capture probability into the G-layer can be very small.(14−16)

3.

Model and Characteristics

Considering that, under the stationary condition, the electron flux from the G-layer is equal
to the flux of the electrons coming from the emitter and captured into the G-layer, the net
terminal current density at sufficiently high bias voltages (V >> kBT0/e) following Ref. 4 can be
presented as
j=

 µ − ∆C 
eΣ
exp 
,
τ esc pc
 k BT 

(1)

where Σ is the electron density in the G-layer, μ is the electron Fermi energy in the G-layer
determined by its doping level, e is the electron charge, kB, T0, and T are the Boltzmann
constant, lattice temperature, and effective electron temperature in the G-layer, respectively, τesc
is the characteristic escape time of the electrons with the energy ε > ΔC from the G-layer (τesc
has the same order of magnitude as the electron momentum relaxation time in the G-layers,
τ), ΔC is the conduction band offset in the G-layer and collector b-As1−yPy -layer, and pc is the
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capture probability.(14−16) The concept of the capture parameter(14) assumes that the emitter
contact is able to produce a sufficient injected electron current density required to provide the
stationary balance of the electrons in the N-n-N region. This approach is usually called the
“ideal emitter approach”, which is widely used in the theory of vertical electron transport in
heterostructures. The effect of emitter nonideality on vertical electron transport in different
heterostructures was considered previously (see Ref. 17 and the references therein).
At moderate THz irradiation, the effective temperature T is close to the electron temperature
in the dark Tdark. The latter can be somewhat different from the lattice temperature T0.
However, in the case of the barrier layers with close x and y, one can disregard the difference
between Tdark and T0. In this case, Eq. (1) for the THz photocurrent density Δj = j − jdark (where
=
jdark j T =T ∝ pc−1 is the dark current density) yields
0

 ∆ − µ  (T − T0 )
∆j = jdark  C
.

 k BT  T0

(2)

The variation of the effective temperature T − T0 associated with the THz irradiation is
governed by the energy balance in the G-layer:
k B (T − T0 )
ε

τ0



D β ΩI Ω

(

Σ 1 + Ω 2τ 2

)

.

(3)

Here,
2

k T 
 ω 
=
τ 0ε τ 0 (1 + ξ0 )  B 0  exp  0 
 ω0 
 k BT0 

(4)

is the electron energy relaxation time when the electron system in the G-layer is not so far
from equilibrium,(3) τ0 is the characteristic time of the spontaneous emission of optical phonons
in the G-layer, D is the Drude weight, β = πe2/ℏc  0.023 (c is the speed of light in vacuum),
and Ω and IΩ are the frequency of the incident THz radiation and its flux, respectively.
Moreover, ξ0 = τ 0decay / τ 0 , where τ 0decay is the optical phonon decay time, and ℏ is the reduced
Planck constant. The Drude weight D is equal to D  (kBT0τ/πℏ) if this time is inversely
proportional to the electron momentum. This occurs when the dominant electron scattering in
the G-layer is associated with acoustic phonons, point defects, and strongly screened Coulomb
centers (see, for example, Ref. 18). In the case of several scattering mechanisms, one can
assume that the momentum relaxation time is independent of the electron momentum.(19) This
assumption leads to the following formula for D:
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4k BT0τ 
 µ 
ln 1 + exp 
 .
π
 k BT0  


D
=

(5)

In Eq. (3), we have neglected the contribution of the interband absorption in the G-layers
in comparison with the intraband (Drude) absorption. This is justified when D >> 1 and at
a not too high radiation frequency Ω < D/τ that is valid for not too high quality G-layers at
frequencies up to several THz.
Equations (2) and (3) lead to the following expression for the THz photocurrent density:
ε
 ∆ − µ  τ 0 D β I Ω  Ω
∆j =jdark  C


 k BT0  Σ 1 + Ω 2τ 2  k BT0

(

4.

)


.


(6)

Detector Responsivity and Dark Current Limited Detectivity
The detector responsivity and dark current limited detectivity are typically defined as

=
RΩ

∆j
*
=
, DΩ
ΩI Ω

RΩ
4egjdark

,

(7)

respectively, where g is the photoconductive gain, which is equal to g  1/pc for detectors with
a single absorbing layer under consideration.(14)
Considering these definitions and using the above equations, we arrive at

RΩ 

R0 
 µ
ln 1 + exp 
pc 
 k BT0

  ∆C − µ  
   ∆C − µ 
1
,
   k T  exp  −  k T  
  B 0 
  B 0   1 + Ω 2τ 2

(8)

D0*

 1  ∆C − µ  
   ∆C − µ 
1
,
   k T  exp  − 2  k T  
  B 0 
  B 0   1 + Ω 2τ 2

(9)

(

)

and
*
DΩ



 µ
ln 1 + exp 
Θ 
 k BT0

(

)

where
R0
=

and

ε
ε
4e β τ 0
2 6 βτ 0 τυW
, D0*
,
=
k BT0
π 
π3/2

(10)
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Θ=

12

π

2

∞

xdx

∫ exp ( x − µ / kBT0 ) + 1.,
0

Here, υW  108 cm/s is the characteristic carrier velocity in G-layers. The factor 1/pc >> 1 in
Eq. (8) describes an increase in detector responsivity due to photoconductive gain. For realistic
heterostructures with G-layers sandwiched between the wide-gap layers of the material under
consideration, as well as of such materials as MoS2, pc can be fairly small.(16)
*
As an illustration, Fig. 2 shows the normalized responsivity RΩpc/R0 and detectivity DΩ
/ D0*

calculated using Eqs. (8)–(10) as functions of the electron Fermi energy μ in the G-layer for
different collector barrier heights ΔC values for the radiation frequencies Ω/2π = 1.0 THz and
Ω/2π = 1.5 THz. It is assumed that T0 = 300 K and τ = 1 ps.

5.

Discussion
The characteristic quantities R0 and D0* are determined by the parameters of the G-layer,

so that they are independent of the barrier material. Assuming the optimized ΔC (ΔC is a
fraction of the energy gap, the latter varies from ~300 meV for the b-P layer to ~150 meV for the
b-As layer), one can put ΔC  50−200 meV. In accordance with Eqs. (8) and (9), the maxima
*
of RΩ and DΩ
at T0 = 300 K are achieved at ΔC − μ  kBT0 ~25 meV and ΔC − μ  2kBT0

~50 meV, respectively. These conditions can be achieved by selecting x and y for realistic μ
*
values, i.e., the realistic doping of the G-layer. Considering the values of RΩpc/R0 and DΩ
/ D0*

(a)

(b)

Fig. 2. (Color online) The normalized responsivity RΩpc/R0 (a) and detectivity D*Ω /D* 0 (b) versus the electron
Fermi energy μ in the G-layer for the collector barrier height ΔC varying from 70 to 100 meV (as indicated by
arrows) with a 15 meV increment at Ω/2π = 1.0 THz (solid lines) and Ω/2π = 1.5 THz (dashed lines) (T0 = 300 K and
τ = 1 ps).
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corresponding to Ω/2π THz shown in Fig. 2, for the responsivity and detectivity maxima, we
obtain RΩ  40 / pc A/W and DΩ*  3 × 108 cm Hz / W , respectively.
The specific features of the detectors made of the proposed heterostructures and the
flexibility of their parameter variation might provide their considerable advantages over
G-layer-based detectors with other barrier materials.
Selecting heterostructures with x > y, one can obtain rather low capture probabilities because
of the high energies of the injected electrons crossing the G-layer. However, a larger emitter
barrier height Δ E in comparison with the collector barrier height ΔC can lead, as mentioned
above, to an undesirable electron heating in the G-layer even under the dark current condition (Tdark
> T0). This implies that the optimum might be achieved when x ≥ y.
The coefficient of the THz radiation absorption in the G-layer is relatively small at β  0.023.
However, the quantum efficiency of the detector under consideration can be markedly enhanced
by its integration with a microcavity.(20)
The detectors under consideration use the intraband (Drude) absorption of the THz
radiation. The Drude absorption strongly weakens with increasing radiation frequency Ω.
This results in a low electron heating efficiency in the frequency range of several THz and
above. Therefore, the responsivity and detectivity of the bolometric detectors using such a
heating mechanism [see Eqs. (7) and (8)] might be insufficient. However, when Ω ∼ ∆C / 2 ,
the interband absorption in the G-layers can result in an effective electron photoemission from
these layers. The detectors using this mechanism can exhibit a fairly high performance.(21,22)
However, the efficiency of such detectors is limited by the range of sufficiently high photon
energies (for example, the detectors based on hBN/G/hBN heterostructures) except for relatively
small ΔC values. In this regard, the b-As1−xPx/G/b-As1−yPy heterostructure appears to be
suitable not only for the detectors using the bolometric effect (at moderate THz frequencies),
but also for those using the electron interband photoexcitation (in the range ℏΩ ~100 meV, i.e.,
Ω/2π ~25 THz).
The proposed detectors can surpass the THz detectors based on III-V compounds.(23,24)
The latter can operate in the regime of the quantum-well (QW) ionization due to the radiative
interband intersubband transitions and in the bolometric regime. In the case of the intersubband QW detectors, the photodetector operation requires the inclined radiation incidence
(for the n-type) detectors with the absorption coefficient βQW < β. Apart from this, the capture
probability into the QWs is usually higher than that into the G-layers.(15,16) All these factors
work in favor of the proposed THz detector. We also compare the bolometric QW-based
detectors and the bolometric detectors using the b-As1−xPx/G/b-As1−yPy heterostructures. Again,
such a comparison shows that, owing to a relatively long energy relaxation time in the G-layer,
the detectors utilizing the electron heating in the G-layer by the absorbed THz radiation
might exhibit a better performance. Indeed, the responsivity and detectivity of the bolometric
detectors are proportional to the electron energy relaxation time τ 0ε in the G-layer [see Eqs. (7)–
(10)], which at room temperature is more than an order of magnitude larger than the pertinent
energy relaxation times in GaAs, InAs, and InSb QWs (see, for example, Ref. 4).
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The properties of the b-As1−xPx/G/b-As1−yPy heterostructure with layers of n-type and
analogous heterostructures with p-layers are fairly similar (the heights of the barriers and
the dynamic characteristics of the electrons and holes are not so different). This opens the
possibility to create THz detectors using both n- and p-type doped layers.

6.

Conclusion

We proposed vertical hot-electron THz detectors based on b-As1−x Px /G/b-As1−y Py
heterostructures using the effects of the electron heating in the G-layer accompanied by the
effect of the photoconductive gain. Using the developed device model, we evaluated the
detector responsivity and dark current limited detectivity. It was demonstrated that using
such narrow-gap barrier materials as b-P and b-As enables a pronounced enhancement of the
bolometric THz detector performance.
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