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Abstract: We develop the device models for the far-infrared interband photodetectors (IPs)
with the graphene-layer (GL) sensitive elements and the black Phosphorus (b-P) or black-Arsenic
(b-As) barrier layers (BLs). These far-infrared GL/BL-based IPs (GBIPs) can operate at the
photon energies AQ smaller than the energy gap, Ag, of the b-P or b-As or their compounds,
namely, at hQ < 2As/3 corresponding to the wavelength range A 2 (6 — 12) um. The GBIP
operation spectrum can be shifted to the terahertz range by increasing the bias voltage. The
BLs made of the compounds b-As,B|_, with different x, enable the GBIPs with desirable
spectral characteristics. The GL doping level substantially affects the GBIP characteristics and is
important for their optimization. A remarkable feature of the GBIPs under consideration is a
substantial (over an order of magnitude) lowering of the dark current due to a partial suppression
of the dark-current gain accompanied by a fairly high photoconductive gain. Due to a large
absorption coefficient and photoconductive gain, the GBIPs can exhibit large values of the
internal responsivity and dark-current-limited detectivity exceeding those of the quantum-well
and quantum-dot IPs using the intersubband transitions. The GBIPs with the b-P and b-As BLs
can operate at longer radiation wavelengths than the infrared GL-based IPs comprising the BLs
made of other van der Waals materials and can also compete with all kinds of the far-infrared
photodetectors.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The terahertz (THz), far-infrared (FIR), and mid-infrared (MIR) photodetectors with elevated
characteristics have found numerous applications [1-4]. The gapless energy spectrum of the
graphene layers (GLs) [5] enables the possibility using the interband transitions in the GLs for
the detection of normally incident electromagnetic radiation in a wide spectral range, including
the THz, FIR, and MIR ranges (see, for example, [6—11]) .

The emergence of the black-Phosphorus (b-P), black-Arsenic (b-As), and the compounds of
these materials (b-As,P;_,), in which the energy gap A¢ varies from 0.15 to 1.2 eV, opens new
prospects for the creation of the FIR and MIR photodetectors [12-21]. The combination of the
GLs with the b-As,P,_, few-atomic layers and relatively thick barrier layers (BLs) can be useful
for the enhancement of FIR/MIR interband photodetectors (IPs) performance.

Previously, we proposed and evaluated the vertical infrared GL-based IPs (GBIPs), in which
the GLs are separated by the BLs made of van der Waals materials [22-25]. These GBIPs
comprise the n-type emitter (thermionic or tunneling) and a single or multiple GLs with the
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band alignment of the BLs and GL corresponding to the energy barrier for the electrons in
the GL (counted from the Dirac point) A¢ markedly smaller that for the holes Ay [26]. Their
operation is associated with the interband electron photoexcitation by the photons with the energy
hQ/2 = Ac (but iQ<Ay) to the states above the BL conductive band edge (% is the reduced
Planck constant and Q is the circular photon frequency). The photoexcited electrons contribute
to the terminal photocurrent. The charge of the thermally generated and photogenerated but
trapped holes controls the potential distribution across the photodetector structure and causes
the injection of extra electrons from the n-emitter. The latter enables the dark-current and
photoconductive gain. The gain which can be large providing a low probability of the electron
capture to the GL (or GLs). The IPs exploiting a similar operation principle can be based on
the GL/b-As,P;_,/GL heterostructures with the bulk BLs (comprising multiple-atomic sheets)
exhibiting fairly narrow energy gaps [27-31] and, hence, smaller barrier energies Ac and Ay.
However, in such heterostructures, Ay <A¢ [27]. Hence the hole photoescape from the GL is
crucial (when 2Ay < hQ<2A¢). The hole photoescape from the GL into the BLs and then to
the contact, can be the main operation mechanism. Due to this, the IPs based on the GL-based
heterostructures with the b-As,P;_, BLs (GBIPs) can detect even longer wavelength radiation
than the bulk IPs using the interband transitions in b-As,P;_, absorbing layers [15-19]. Indeed,
the detectors with b-P and b-As absorbing bulk layers can be used at AQ>Ag = A¢ + Ay>0.30
eV and 7Q>0.15 eV, respectively (that corresponds to the wavelengths A<8um and A<4um).
However the GBIPs can detect the radiation with hQ < 0.2 eV (b-P BLs, 4 2 6um) and AQ < 0.1
eV (b-As BLs, 4 = 12um), i.e., can operate in the FIR radiation range. The black-Phosphorus
Carbide (b-PC) BLs having fairly narrow energy gap can also be (for example, see [32,33]) used
in the GBIPs operating in the range hQ<Ag ~ 0.15 eV.

In this paper, we consider the FIR GBIPs based on b-P/GL and b-As/GL heterostructures
with a single GL playing the role of the photosensitive element (GL-base) and evaluate their
performance accounting the specific features of these devices:

(i) Due to Ac>Ay [27], we focus on the GBIP operation associated with the hole photoescape
from the GL-base, that corresponds to the spectral range 2Ay < hQ<Ag;

(ii) Since, in the GBIPs with Ay <A¢ the holes play the major role, we consider the GBIPs
based on b-P/GL and b-As/GL heterostructures supplied by the p-type contacts;

(iii) Because of a moderate value of Ac (being in the materials under consideration only
somewhat larger than Ay), the thermal escape of the electrons from the GL-base into the BL
conduction bands, affects the GBIP characteristics.

As demonstrated using the developed device model, the GBIPs under consideration can exhibit
nontrivial features. These features enable a significant reduction of the dark-current gain (noise
gain) combined with an elevated photoconductive gain. This is because of the contribution of the
electron thermionic emission from the GL-base affecting the GL-base charge balance. Relatively
high values of the photoconductive gain and of the interband absorption coefficient lead to the
enhanced GBIP responsivity. The fact that the photoconductive gain can exceed the dark-current
gain is beneficial for the realization of higher values of the GBIP dark-current-limited detectivity.
Due to the relatively low energies of the hole interband photoescape, GBIPs can be very effective
in the wavelength range A 2 (6 — 12)um and longer at elevated temperatures. At sufficiently
high electric fields in the BLs, the hole photoescape from the GL-base can be efficient even at
hQ<Ay /2. This might extend the GBIP operation toward the THz spectral range. The optimized
GBIPs can substantially surpass the quantum-well and quantum-dot IPs QWIPs and QDIPs) and
compete with other FIR photodetectors, particularly at elevated temperatures.

The paper is organized as follows. After the introduction, in Sec. 2, we consider the GBIP
device model and write down the pertinent model equations. In Sec. 3, we derive the general
equations governing the terminal current in the GBIPs accounting for the carrier (hole and
electron) thermionic emission, the hole photoescape due to the interband absorption of FIR
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photons, and the capture of the carriers propagating in the BLs into the GL. Section 4 deals with
the derivation of the dark-current gain and dark current-voltage characteristics and their analysis.
In Secs. 5 and 6, the photocurrent, the GBIP detector responsivity, and the dark-current-limited
detectivity are calculated using the results of Secs. 3 and 4. In Secs. 7 and 8, we discuss the
model limitations and draw the main conclusions. Supplementary calculations are presented in
Appendices A and B.

2. GBIP device model

We limit our analysis to the GBIPs with a single floating n-type GL-base separated by the
undoped bulk b-P or b-As BLs supplied with p*-type GLs serving as the emitter and the
collector. The GBIPs with a single n-type GL-base with bulk p* contacts (one of which can
be the substrate) exhibit similar properties. Thus the GBIPs under consideration constitute the
p"-GL/i-BL/n-GL/i-B/p*-GL (or p*-GL/i-BL/n-GL/i-BL/p*-substrate) heterostructure. Such
a GBIP is actually the phototransistor with the floating GL-base and with the GL-emitter and
collector. The bias voltage V is applied between the emitter and the collector. For the definiteness
and obtaining less cumbersome formulas, we focus on the GBIP having a virtually symmetric
structure. In the GBIPs, the GL Dirac point stays within the gap of the BLs with Ay<A¢ [27].
The GBIP is illuminated by the incident FIR radiation with the photon energy in the range
2Ay < hQ<Ag = Ay + Ac<2Ac¢. The operation of similar IPs in a shorter wavelength spectral
range 7iQ2>Ag, which corresponds to the interband absorption not only in the GL-base but also
in the BLs, is beyond our consideration.

Figure 1 shows the GBIP band diagrams at moderate and relatively high forward bias voltages
V and demonstrate the main hole and electron processes responsible for the GBIP operation.
The potentials of the emitter and collector contacts in the GBIP are set ¢z = 0 (at x = 0) and
wc = =V (atx = 2d), respectively. Here d is the thickness of the BLs (assumed to be the same for
both BLs), and axis x is directed perpendicular to the GBIP layers. The effective GBIP operation
requires a sufficiently strong bias: V > kgT /e, where e = |e| is the value of the electron charge
and kg and T are the Boltzmann constant and the temperature.

Depending on the bias voltage, the electric field, Eg, in the emitter BL. (EBL) adjacent to
the emitter contacts can be both negative (at moderate voltages) and positive (at sufficiently
high voltages). The electric field, E¢, in the collector BL (CBL) at the bias voltages under
consideration is positive. The latter provides the effective removal of at least a part of the
thermogenerated and photoexcited holes from the GL and their transport to the collector contacts
(see Fig. 1).

In the GBIPs with a single GL-base, the emitter contact plays an important role. This is in
contrast to the various multiple-GL devices [22-25] and the multiple QWIPs [2,34,35] studied
previously, the emitter is able to supply a sufficient number of carriers to maintain the carrier
balance in the GL (in the QWs of the QWIP). Therefore, the model needs to account for the
carrier injection from the emitter. The densities of the hole current, injected from the p-type EGL
and CGL can be generally presented as a functions of the acceptor density 4 and of the electric
fields, Er and E, at the interfaces between the EGL and the GL-base and between the GL-base
and the CBL. We assume that in the heterostructures in question with the energy barriers A¢ and
Ay at the operation temperatures (see below), the quasi-equilibrium holes and electrons residing
in the GLs can leave the latter primarily due to the thermionic emission via the barriers of the
height Ay and Ac, respectively. Due to this, we assume the injection from the contact is of the
thermionic origin with the rates, ®g ,, Oc ), Of,, and Oc,, of the hole and electron thermionic
emission from the EGL and CGL given by (similar to that in [36])

exp O = 2oL exp Hc — Ay
kgT ) cr Tesc kgT ’

ey
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Fig. 1. The GBIP band diagrams (a) at relatively small (V<Vy), (b) V = V), and (c)
high (V>V,)) bias voltages. Panels (d) and (e) show enlarged fragments of the device band
diagrams demonstrating the processes of the holes (black circles) an electrons (open circles)
transitions indicated by arrows. The wavy vertical arrow shows the electron transfer from
the valence band in the GL to its conduction band due to the photon absorption.

el HE +Ac el Hc + Ac

OFn = Tesc exp( kgT ) Oca = Tesc exp( kgT )’ @

Here Xy is the characteristic carrier density in the GL, 7, is the characteristic time of the

carrier escape from the GL (try-to-escape time), yg and yc are the hole Fermi energy in the

emitter and collector GLs determined by the acceptor density £4 and the density of the holes
induced by the electric field in the EBL and CBL Eg and E¢ , respectively.

Due to the degeneracy of the hole gas in the heavily doped emitter GL, the quantities ug and

Uc are

kh*v2, Ep eEpd kh2v2, Ec eEcd
=\/2+—Wz 1+ —£ =2 -—2 "~ 1+2=2), 3
HE Hy Te HA 2V, | He Hy 7o HA 2, | 3

where « is the dielectric constant of the BL material, 4 ~ hvyVnXa, Va4 = 4medZs/k, and
vw =~ 103 cm/s is the characteristic carrier velocity in GLs.
The hole and electron thermionic fluxes, ®, and ®,, from the GL-base to the contacts can be

presented as
2oL u+ Ay 261 n—Ac
0,=— - , 0, = , 4
b Tesc exp( kgT " Tesc xp kgT @
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where p is the Fermi energy of the electron-hole system in the GL (counted from the Dirac point).
When the electron density, X, in the GL exceeds the donor density Xp, u>0.

In the spectral range under consideration, the interband radiation absorption leads to the
photoescape of the holes from the GL-base either directly (if AQ2 > 2Ay or via tunneling following
the hole photoexcitation (if 2Q < 2Ay) with the rate G, of the photoescape from the GL-base,
given by

Gpn = BFaéala. ®)
Here 8 = (x €2/ hc/kpr) ~ 0.023/+/kgL is the GL interband absorption coefficient, \/kpy is the
barrier material refractive index, Iq is the intensity of radiation incident on the GL at its plane
(the flux of the incident photons), c is the speed of light in vacuum, The factor F, is associated
with the Pauli principle and is given by

1
expl(u— hQ/2)/kgT] + 1
For the escape probabilities of the photoexcited holes from the GL-base we use the following
simplified formula accounting for the possibility of tunneling through the triangular barriers

formed by the pertinent electric fields [22,23]:
£o = (1 + Tose/Trelar)” " when iQ > 2Ay, and

(6)

1 Tose 4\2m_(Ay — hQ/2)3/? 4+\2m_(Ay — hQ/2)3/?
é:_Q =1+ Trelax{ Xp[ 3eh EEH(_EE) ] " exp[ 3ehEC0(EC) ]}’ @

when 7Q < 2Ay /2. Here 7,4, is the energy relaxation time of the photoexcited holes, m; is the
carrier effective mass in the BLs in the direction perpendicular to the atomic sheets and 6(z) = 1
for z > 0 and 6(z) = 0O for z<0 is the Heaviside step-unity function.

The carrier Fermi energy in the GL-base y and the density of the net current across the device
heterostructure j can be found as function of the structural parameter, carrier temperature, applied
bias voltage V, and the incident radiation intensity /o considering the balance of the carrier
emission from and their capture into the GL-base.

To describe the balance of the carrier emitted from the GL-base and captured into it, we
assume that the carrier capture rate is proportional to the probability, p, of the capture of the
carrier crossing the GL-base. The concept of the capture probability, introduced in Ref. [37],
was widely used in the models of the QW and GL devices [22-25,30,31,34-36,38-40]. The
capture probability p strongly dependent on the energy of the carriers crossing the GL (or QW)
and, hence on the electric fields around the GL [35,36,38,41,42]. However, in the situations
when Ef is small, i.e., when V' < Vj corresponding to Figs. 1(a) and 1(b), one can set p = const.
Normally, p < 1 [38,39].

The balance equation should be supplemented by an equation relating Eg and Ec (Eg + E¢c =
V /d) with the GL-base charge density X (the Poisson equation): E¢c — Eg = (4w e/x)(Zp — X).
Considering that Eg + Ec = (eV + puc — pug)/ed =~V — us(Eg + Ec)/2dE4 and expressing X via
the Fermi energy u (see Appendix A), we obtain

) 7 7
-Vp - —— | -F|—=|| = 2Egd.
R A T
Here V' = V/(1 + ua/2eVys), Vp = (AnedZp/k), Vi = (SedkéTz/KhZV%V), and ¥q(a) is the
Fermi-Dirac integral [43,44]:
. d
miw= [
0

exp(é —a)+1°

A distinction between V* and V is due to the quantum capacitance [45] in the heterostructure
under consideration. Since at the practical values of the GBIP structural parameters, the quantity
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pa/eVy in the expression for V* is very small, in the following we disregard the effect of quantum
capacitance and, hence, neglect the above distinction.

As seen from Fig. 1, the GBIP band diagram depends on the bias voltage V. At relatively
low bias voltages V<Vj, where Vj is a certain threshold voltage determined in the following,
the electric fields in the emitter and collector BLs, Eg and E¢, are respectively negative and
positive: Eg<0 and Ec>0. AtV =V, Eg = 0, while at V>V, both Eg and E¢ are positive. In
the following, we restrict our treatment by the GBIP operation at moderate bias voltages (V < Vj),
where it is most effective.

3. Dark current and photocurrent densities

Considering Eqs. (1) - (7), for ug = uc = pa the equation governing the equality of the carrier
fluxes into and out of the GL-base can be presented as

JoL Ag Ho + Ha eEgd Ho + Ha eEcd
p eXp( 2kBT)[eXp( ks T )eXp( kBT)+eXp( kg T )eXp( v | )

= Gy, + Gpp,

where jgr = eXgL/Tese and pyg = (Ac — Ay)/2. The term in the left-hand side of Eq. (9),
proportional to the hole capture probability p, constitutes the rate of the capture of the holes
injected from the contacts into the GL base. The first term, Gy, the right-hand side of this
equation is the rate of the holes and electrons thermionic emission from the GL base:

I A - - E
G =19 exp| -2 | |exp[ F2E ) —exp [ = 2= E exp| & £d : (10)
e 2kBT

kgT kgT kgT

The rate of thermionic emission from the GL-base, described by Eq. (10), comprises two
terms associated with the holes and electrons, G, , and Gy, (the first and the second terms,
respectively). The exponential factor exp(eEgd/kgT) appears due to the extra barrier in the EBL
for the electrons being emitted from the GL-base at Ex<0 (see Fig. 1(a). The term G, in the
right-hand side of Eq. (9) given by Eq. (5) is the rate of the hole photoescape from the GL-base.

The net current density corresponding to the hole and electron processes in question is given
by

. Ag
= eXpl———
J = JGLC€Xp 2sT

Ho + Ha eEgpd Ho + Ha eEcd 1 Ho— M
X —_— - —_— - 1-p)—-= —_— 11
{e"p( ksT ) eXp( ksT ) eXp( ksT ) eXp( v R sy IS
Ho — M eErd 1 eEcd e
+ - - = - - =Gpp,
e"p( ks T )[GXP( kBT) 2eXp( ks T 2
Different terms in the expression for the net current density given by Eq. (11) correspond to the
fluxes at x = O of the holes and electrons thermoexcited from the GL base and to the flux of the
photoexcited holes (the term —eG,;,/2). The factor 1/2 appears in the last quantity is because
only one-half of the photoexcited holes goes to the emitter (and crosses the plane x = 0), while
the other half of the photoexcited holes propagates toward the collector. In deriving of Eqs.
(9) and (11), we have disregarded small contributions of the electrons injected from both the

emitter and collector GLs O, and O, given by Eqgs. (2). Indeed, according to Egs. (1) and (2),
OFn/OFp = Ocn/Ocy = exp[—2(uo + 2ua) [kpT] < 1.
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Combining Egs. (9)—(11), we express the net current density as a function of the Fermi energy
U, the electric field Ef, and the radiation intensity Ig as follows:

. Ag
= eXpl————
J = JGLC€Xp 2sT

1 —exp(—eV /kgT)
1+ exp(—eV/kBT)]

Ho — H Ho — M eEgd
exp( " ) exp( kBT )exp( kBT )

1 1
(13 ) 5)
1 - Erd
+§ exp(—’uZBT'u) exp(ekB? )[1 - exp(—eV/kBT)]}

1 —exp(—eV/kgT)|(1 1
1 + exp(—eV /kgT) (1_7 - E)‘

12)

+efFqéaln

Simultaneously, for the case of weak irradiation (small /I and, hence, small Gg) we obtain the
following formula relating the electric field in the EBL Er and the "dark" Fermi energy ptgq:

(eEEd ) _ expl2(to — Mdark)/kpT]
kgT 1+ exp[(2uo + pa — Maark/ksT1p[1 + exp(—eV [kgT)]’

13)

4. Dark current gain and dark current-voltage characteristics

Using Eqs. (12) and (13), considering that the net current density comprises the dark current and
photocurrent components j = jgurk + jpi, and singling out the former one, we arrive at

ev
1—CXp _kBTW ]

AV + Udark
1 +ex v
P\ "kt

kgT

Jdark = &darkJGL eXP(— (14)

Here the quantity

2 — Udar 1 1 1
expl 2ttt ) (1 1) L
B p 2/ 2 ev
8dark = 1+ expl———= (]5)
1+ ex 2:”0 + HA — Hdark 1 +expl— eV kgT
P ksT P P\"ksT

constitutes the dark-current gain.

Taking into account a relative smallness of the electric field, Eg, in the EBL, in the most
interesting situations u > kT when Fi(u/kgT) =~ (u1/kT)?/2, in the case of relatively small
electric field in the EBL, Eq. (8) yields

Hdark _ ,U_D(l 14 ) _ b —yeV (16)

ksT  kgT\ 2Vp kT

where y = KhZV%V/Se‘zd/JD. Setting 4 = Zp = 3.5 x 10'! cm?, using Eq (26) in Appendix
A,which relates the density and the Fermi energy, one obtains p4 ~ up =~ 50 meV and
y = «h*v},/8¢*dup. 1In such a case, assuming that, x = 4 and d > 10 cm, we find
V4 ~ Vp = 1600 mV and y =~ 6.79x 1073, It should be noted that e|Ex|d<max e|Eg|d = pis + up.
Such a maximum is achieved in equilibrium (V = 0 and Go = 0). Hence, the quantity
up|Eed|/kgTVp<up(ua + up)/kgTVp ~ 2y(up/kgT), so that the term with eExd omitted in the
right-side of Eq. (16) yields the correction of u of the same order of magnitude as the quantum
capacitance correction.
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In line with Eq. (16), the dark current gain relates the dark current density jz,« and the rate of

JoL

the thermionic hole emission from the GL G, = — ex
e

|

Ay +up—vyev

ksT ) (see Eq. (10))

with the hole activation energy €, = Ay + up —y eV. Consequently, considering that at practical
bias voltages y eV<kpT, we obtain the current-voltage characteristic:

ev
1 —exp|l-——=
. . Ay +pup—yeV ( kBT)
Jdark = 8dark]GL €XP| — kgT % . (17)
1+ -——
exp( kBT)
with 3
2uo+pua—up) (11 eV
exp| ———— |p|— — = ||l + exp| ——
kBT P 2 | BT
8dark = 200+ fa — 1t oy . (18)
— UD
1+ ——|pl1+ -——
ol 222 ool )|

The expressions for the dark Fermi energy ptgq«|v=v, and the current density jqrk|v=v,, following
from the above formulas at the bias voltages close to the threshold voltage Vy (when Eg =~ 0)
and the expression for quantity V as a function of the GLIP structural parameters are derived in
Appendix B. As demonstrated there, the threshold voltage V and the threshold current density
are rather large: Vo ~ Vp and jaumlv=v, ~ jor exp[(ua — Av)/kgT]. The latter value coincides
with the maximum hole current density, which can be provided by the emitter under consideration
with the given parameters Ay and 4.

As follows from Eq. (18), at moderate values of yg (i.e., Ac close to Ay) and small capture

1

probabilities, g4,,+ can be much smaller than g = (]l7 -3

o~ 117 The effect of a relatively strong

decrease in g4, can called as the effect of the dark-current gain suppression (reduction). This
effect is associated with the contribution of the electron thermionic emission from the GL-base
to the carrier and charge balance in the GL-base, so that both the holes and electrons contribute
to the GBIP operation. Contrary to the GBIPs with A¢c 2 Ay (in the GBIPs with the b-P and
b-As BLs under consideration A¢ =~ 2Ay), in similar IPs with A¢c > Ay, i.e., with a large py,
exhibiting the monopolar operation, g4, given by Eq. (18) turns to g4, = 1/p.

Figures 2 shows the dependence of the dark current gain g+« on the capture probability p
calculated for the GBIPs with the b-P and b-As BLs,with the different values of the GL-base
Fermi energy up at T = 300 K and T = 200 K calculated using Eq. (17). It is assumed that
the emitter GL Fermi energy us = 50 meV and V = 50 mV. The dotted lines correspond to the
dark-current gain in the GBIPs with the monopolar operation when the electron processes are
insignificant. In this case, the pertinent gain g4,x = g. As shown in the following, g coincides
also with the photoconductive gain g,;,. Such a dark-current gain is inherent to more customary
GL, QW, and QD IPs [2].

Figure 2 confirms that in the GBIPs g4,k <g, particularly at small p when even g .« < g.
Comparing Figs. 2(a) and 2(b), one can see that the effect of the dark-current gain reduction is
more pronounced in the GBIPs with the b-As BLs. This is because in such GBIPs, the energy
barrier, Ac, for the electrons in the GL-base is smaller than in the GBIPs with the b-P BLs.
Hence, the electron thermionic emission in the former GBIPs can be relatively strong provided
that the electron activation energy (A¢ — up) is sufficiently small.

Figure 3 shows the normalized current-voltage characteristics described by Eqgs. (17) and
(18) for different values of the Fermi energy up at 7 = 300 K and 7 = 200 K. The emitter GL
Fermi energy 4 is assumed to be the same as in Fig. 2. The capture probability is set p = 0.01.
The latter value is in line with the calculation results [40] related to the capture into GLs of the
thermal carriers propagating in the BLs made of a similar material (WS5).
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Fig. 2. The dark current gain gy, versus the capture probability p for the GBIPs with
different BLs: (a) with the b-P BL and (b) with the b-As BL. Dashed lines correspond
to T = 300 K and solid lines correspond to T = 200K. Dotted lines correspond to
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Fig. 3. The normalized dark current j;,,« /jGr versus bias voltage V for the GBIPs with (a)
b-P BLs and (b) b-As BLs at 7' = 300K (dashed lines) and 7 = 200 K (solid lines) calculated
for different Fermi energies up.

On can see from Fig. 3 that a decrease in the temperature leads to a substantial lowering of the
dark current. This is attributed to a lesser rate of the hole thermionic emission from the GL-base
at lower temperatures. However a lowering of the dark current with decreasing temperature
is somewhat weaker than that described by the exponential factor exp[—(Ay + up/kgT] with
(Ay + up) being the hole activation energy. This is because lower temperatures correspond to a
larger dark-current gain g4,«. Thus, a decrease in exp[—(Ay + up/kgT] is partially compensated
by an increase in gqq. As for the dark current in the GDIPs with the b-As BLs corresponding to
smaller activation energies (A¢ — up) and (Ay + up) for the electrons and holes in the GL-base,
Fig. 3(b) shows a much smaller temperature variation of the dark current. This is due to a more
marked role of the dark-current gain reduction.
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5. GBIP detector responsivity

At a weak irradiation, Eq. (12) yields the following expression for the photocurrent density:

[57)
1 —expl-——
) kgT
Jph = gpneB Faéalo —ev]- (19)
1 _2
+exp( kBT)
Here
1 1 1
gn=--=|=~- (20)
! (p 2) p

is photoconductive gain, which is the ratio of the net photocurrent density j,; and the rate of the
hole photoescape from the GL g8 Foéq Io multiplied by the carrier charge e. According to Egs.
(6) and (8), for the factor Fg one can use its value in the dark conditions given by the following
formula:

1 1
Fo = ~ .
7 expl(iaark — BQ/2)[kgT]+ 1 expl(up — yV — hQ/2)[kgT] + 1

In the situations corresponding to the formulas derived in the previous sections |Eg| < Ec ~ V/d,
&q described by Eq. (7) can be presented as /
3/27y -1
o = (1 + Toge/Treiax) ! at AQ > 2Ay, and &g = {1 + &exp dﬁ(l - E) ” at
Trelax Vv 2AV
hQ < 2Ay, where Er = (44/2m,A3)% [3ehh).
The internal detector responsivity, determined as Rq = jjn/hQlq, is given by

8T ]
1+ exp(—i)
kgT

At moderate bias voltages when the hole tunneling from the GL-base is insignificant, Eq. (20)
gives the following spectral dependence of the GBIP responsivity:

e Faéa
hQ

Ra = gpn 2y

(ZAV)
8ph| 7=~
hQ
Ro ~R 8ph (22)
(1 + Tesc/Trelax) HMD — hQ/Z
exp| ———=| +1
kgT

with the maximum at /9, ~ 2up. Here R = (e/2Ay). For the GBIPs with the b-P BLs,
B =10.023/2, p = 0.005 — 0.01, Tese/Tretax = 0.1, and pp = 50 meV, at T = 300 K, ~Q = 200
meV, and V = 100 mV, Eq. (21) yields Rq = 3.68 — 7.36 A/W. In the GLIPs with the b-As BLs
at hQ = 100 meV and the same voltage, one obtains Rg =~ 5.04 — 10.08 A/W.

At elevated bias voltages, the photoexcited holes tunneling leads to the reinforcement of the
net rate of the hole photoescape. This can markedly affect the GBIP spectral characteristics in
the range hQQ<2Ay. Figure 4, based on Eq. (21), shows the responsivities of the GBIPs with
the b-P and b-As BLs as function of the photon energy 7Q and the carrier Fermi energy in
the GL-base up. The latter is related to the donor density in the GL-base approximately as
up o< VZp. Itis assumed that 8 = 0.023/2, Tese/Tretax = 0.1, p=0.01,T =300K,and V = 1 V.
In determining of the tunneling voltage dE we put d = 107 cm, m, > 2.5 x 10728 g (in line

~
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Fig. 4. The GBIP responsivity Rq versus the photon energy hQ and Fermi energy up
(donor density in the GL-base) for (a) b-P BLs (14 = 100 meV, dE7 =3 V,and V =1 V)
and (b) b-As (uqg =50 meV,dET =1V,and V =1V).

with the experimental data [13,14]; see also the review [46]). As a result, for the GBIPs with the
b-P and b-As BLs we have dEr = 3 V and dE7 = 1 V, respectively.

As seen from Fig. 4, the GBIP responsivity exhibits a maximum at the photon energy hQ ~ 2Ay,
i.e., at hQ = AQ,e = 200 meV (A ~ 6 um) in the case of the b-P BLs and at 7Q ~ 100 meV
(A = 12 um) in the case of the b-As BLs. At small smaller photon energies hQ<A€,,,, the
responsivity drops but can be substantial. The GBIP response at AQ <€, is associated with
the tunneling of the photoexcited holes. Since the tunneling probability increases with increasing
Ec ~ V/d, the width of the spectral range where the responsivity remains relatively large
increases with increasing bias voltage V. This is seen from Fig. 5, which demonstrates how the
responsivity spectral characteristics of the GBIP with the b-As BLs change with varying bias
voltage V at different temperatures (14 = 50 meV, pp = 50 meV, and dET = 1000 mV). As
follows from Fig. 5, the responsivity can reach the values Rq ~ 10.5 A/W in the case of fairly low
photon energies AQ < 25 meV (A 2 48 um or Q/2x < 6 THz. The latter might be possible at
sufficiently large bias voltages but smaller that the threshold voltage Vj (see Fig. 6). An increase
in the responsivity at the photon energies 7Q 2 hQ,,,, increasing voltages is associated with a
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Fig. 5. Variation of the GBIP (with the b-As BLs) spectral characteristics with varying bias
voltages V at (a) T = 300 K and (b) T = 200 K.
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weakening of the hole injection from the collector GL corresponding to the right-side factor in

Eq. 21).
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Fig. 6. (a) The Fermi energy in the GL-base g4 |v=y, at the threshold voltage V; and (b)
the threshold voltage Vj as function of the Fermi in the emitter GL py4 at fixed Vp (fixed
up =50 meV).

6. GBIP dark-current limited detectivity

We estimate the GBIP dark-current-limited detectivity D, using the following general formula

(see, for example, [47-49]):
Gpi

D=—2
2 2 IgVGy,

Considering Egs. (5), (10), and (13), from Eq. (23) we arrive at the following formula for the
GDIP dark-current limited (or thermally-limited) GBIP detectivity:

. PBFala [ e Ay + up
D, = £ exp| LA\ VTR 24
27 580 Vo CP\ T2ksT 24

Ay —Ac — pa + pp
kgT

(23)

1
Here K = — exp( ) characterizes the effect of the dark-current gain reduction
p

on the detectivity.
As follows from Eq. (24), in the case K < 1, which corresponds to large values of Ac when
the operation of the GLIP under consideration is associated solely with the hole processes,

7 _ BFoéa [ e Ay + up
~ D}, = 19 o exp( 2T ) (25)

For the GBIPs with the b-As BLs, jgr/e = 10°! — 1022 cm™2s™!, and up = 50 mev for
hQ = 2Ay = 100 meV, we obtain for the characteristic detectivity Dy, =~ (2.5 —7.9) X 107
cmVHz/W and D_z2 ~ (6.6 — 20.8) x 107 cmVHz/W at T = 300 K and T = 200 K, respectively.

In the GBIP under consideration with the decreased dark current, particularly those with the
b-As BLs, the value K can be large. In this case, the GBIP detectivity DB = DEVl + K can
markedly exceed D_z) Indeed, setting Ac = 100 meV, Ay = pa = pup = 50 meV and p = 0.01, for
T =300 K, we obtain V1 + K ~ 3.9. At smaller p and p4, the quantity V1 + K can even larger.
In particular, for g4 = 25 meV and p = 0.005, V1 + K ~ 8.8 at T =300 K and V1 + K ~ 6.9 at
T =200 K. Accordingly, we find and D, = (1 — 7) x 108 cmVHz/W and D}, ~ (3 - 14) x 10°
cmVHz/W.

D

o
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The characteristic detectivity D_Z: substantially increases with decreasing temperature. However,
adecrease in the temperature leads to a decrease in the parameter K, so that at lowered temperatures

one obtains Dg, 2 Dj,.

Equation (26) indicates that the dark-current limited responsivity D, decreases with increasing
4 and increasing up. However, an increase in up beyond Ay, leads to a decrease in the GL
absorption coefficient at AQ2 = 2Ay associated with the Pauli blocking of the interband transitions
(decrease in the factor Fg). All this implies that the variation of the GL doping can be used for
the GBIP optimization.

7. Discussion

(i) In the range of elevated bias voltages V = Vj (Eg>0), the hole current injected from the
emitter becomes close to its maximum value provided by this emitter. It implies that at such
bias voltages the current-voltage characteristics saturate. The reinstatement of the injected hole
current rise with increasing voltage is possible at fairly high voltages, at which g exhibits a
marked increase according to Eqgs. (1) and (3). In the case of uy is close to Ay, i.e., the valence
band of the EGL is filled by holes , or in the case of the bulk emitter, the injection current might
be limited by the space charge of the holes propagating across the EBL. However, this can be
important when V 2 V.

(ii) The obtained formulas for the dark current are valid if j .« <jgr. Considering Eqs. (17)
and (18), this inequality is equivalent to (A¢ — 2Ay)<2up — ua. Since A¢ = 2Ay, the above
inequalities are realized at 2up>uy4. For realistic values of pq <maxus = Ay, one obtains pp>50
meV and up>25 meV for the b-P and b-As BLs. These conditions were satisfied in the above
calculations. At uy4 substantially smaller than Ay, the inequalities in question are valid in very
wide range of the GL-base doping levels. At fairly high photon energies (hQ>Ags = 300 meV
for b-P BLs and 7Q>As = 150 meV for b-As BLs), the photogeneration of both holes and
electrons associated with the interband transitions in the BLs can provide an extra increase in
the responsivity affecting the spectral characteristics at such photon energies. The pertinent
generalization of Eq. (21) is rather trivial, but we believe that it is redundant.

(iii) It might be shown that the characteristics of the GBIPs with the bulk p* contact are similar
to those obtained above. In particular, to adjust the above formulas for the case of the GBIPs
with bulk contacts made of the p*-doped regions of the same materials as the BLs , one need just
to set ug = puc = pg = Ay in Eq. (1) and the following equations.

(iv) In our model we disregarded the contribution of the thermalized electron and hole tunneling
to the emission from the GL-base assuming that the latter is weaker in comparison with the
thermionic emission. In the voltage range V<V\) mainly considered above, the electric field in
the EBL is small, whereas it can be relatively large in the CBL. In such a case, the net rate of the
hole escape from the GL-base can comprise a tunneling component. As a result, the voltage
point, at which the hole and electron escapes from the GL-base are balanced, somewhat shifts.

However, the rate of thermalized carrier tunneling escape is small in comparison with the rate
of their thermionic escape from the GL if the following inequalities are hold:

. Ac )\ 4d~\2m; [ Ag\*? oo 29Er (Ac 32
xp| — xp|— - =exp|- —
P\™2k,T PIm 3 |\ 2 PIm3enviay
or
i<4d\1mZAG
kgT 3h '
For the b-As and b-P BLs of thickness d = 107> cm, setting, m, > 2.5 x 10728 g [13,14,45], the

above inequality is satisfied when (eV /kgT)<80 and (eV /kpT)<150, respectively. At T = 200
and 300 K, one obtains V<1.3 — 2.5 Vand V<2.5 — 3.75 V, and these inequalities were satisfied.
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(v) It appears reasonable to compare the GBIP performance with the performance of the QWIPs
and QDIPs for the same spectral range 4 ~ 8 — 12um. Such QWIPs and QDIPs are considered
as effective as building blocks for FIR cameras, GHz-frequency heterodyne receivers, and other
devices [1-3,50-54]. In contrast to the GBIPs, the QWIPs and QDIPs use the intersubband
(intraband) carrier transitions from the QWs and QDs. Due to a stronger interband radiation
absorption in the GBIPs in comparison with the intraband absorption in the QWIPs and QDIPs,
the internal GBIP responsivity Ro can be much higher (about one order of magnitude) than
the internal QWIP responsivity RgWIP. A smaller carrier capture probability into the GLs p
(in the GBIPs under consideration) [40] than the carrier capture probability into the QWs p@%
(in QWIPs) provides an additional increase in the ratio Rq /RgWIP. A detailed comparison of
the responsivity of the GBIP (with a large difference between A¢c and Ay in which the effect
of the partial dark current gain suppression does not reveals) and the QWIPs was conducted
by us previously [25]. The results of [25] are also valid for the GBIPs studied above. Due to
the GBIP sensitivity to the normally incident radiation associated with the using the interband
transitions, there is no needs to use extra coupling system like gratings. This also contributes
to the advantages of the GBIPs over the QWIPs, in which such coupling system (at least in
n-type QWIPs) is indispensable. The utilization of various resonant couplers (see, for example,
[55,56]), can provide a substantial increase in the responsivities of the QWIPs and GBIPs to the
same extent. A weaker carrier capture and, hence, a larger photoconductive gain in QD arrays
in comparison to QWs can enable a higher QDIP responsivity RgDIP [48,49,57]. A relatively

strong interband absorption in the GBIPs can provide markedly large ratios R/ RgDIP (compare

the estimates of Rq in Sec. 5 and the data from Fig. 5 with the results of [60,61], where RgDIP
about a few A/W was achieved (see also [3]).

(vi) As predicted, a stronger radiation interband absorption in the GLs in comparison with the
intraband intersubband absorption in the QWs and the QD arrays as well as the the possibility of
the dark current suppression in the GBIPs revealed above, implies that the GBIPs with b-B and
b-As BLs under consideration can surpass the QWIPs and QDIPs in the dark-current limited
detectivity. This is true at least for the single-QW QWIPs and the single-QD array QDIPs,
particularly, at elevated temperatures (higher than nitrogen temperatures).

Using the value of the GBIP detectivity at T = 300 K estimated in Sec. 6 Dg, ~ (1 —7) X 108

cmVHz/W and comparing with the recent experimental value for a QWIP consisting of five QWs
[54] D2Y" = 2.8 x 107 emVHz/W, we find D},/D;2""" ~ 3.6 — 25.0. Thus, the GBIP under
consideration (with a single-GL base) markedly surpass the QWIP (with five QWs) used in [54].

One needs to stress that D;QW]P o« VN > 1 (for example, [2]). Considering this one can find that

the ratio of the detectivities per one active layer is even larger:\/ND;2 / D;QW'P ~ 8 — 56.
Comparing the GBIP and QDIP detectivities, we use the estimate obtained in Sec. 6 for
the GBIPs (D;‘2 ~ 1.4 x 10° cmVHz/W) and the date for QDIPs at 7 = 200 extracted from

58,59: DBQDIP ~ 6 x 10° cmVHz/W for the QDIP with the number of the QD arrays N = 70
[58] and D;2”"" = 1 x 10° cm VHz/W for the QDIP with N = 20 [59] QD arrays (respectively
D;QDIP ~ 6 x 10° cm VHz/W. We also account for that D;;QDIP oc VN [58]. As a result, we

find that \WDB /D;QW[P ~ 2 — 6. Thus, the GBIPs markedly surpass the QWIP and the QDIPs
in responsivity, while the GBIPs being based on a number of the floating GLs forming the
GBIP base might prevail the QWIP and the QDIPs also in the detectivity. A variety of the
structural parameters determining the GBIP characteristics allows wide opportunities for the
GBIP optimization, which can result in a marked enhancement of the detectivity.

The comparatively high GBIP detectivity is attributed to the following three factors: a stronger
absorption due to the interband transitions, a larger activation energy of the carrier thermionic
emission from the GL (equal to Ay + up) , and a dark current gain reduction (leading to the
appearance of the factor V1 + K. According to Eq. (25), the rate of the carrier thermionic emission
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is characterized by an exponential factor exp[(Ay + up)/2kpT] ~ exp[(hQ/2 + up)/2kpT]. The
thermionic emission from the QWs in the QWIPs and from the QD array in the QDIPs can be
characterized by the activation energy 2Q + up and hQ, respectively. Hence, the pertinent factors
in the QWIP and the QDIP detectivities are exp[(hQ — up)/2kpT] (see, for example, [2]) and
exp[(h€Q)/2kpT] (see, for example, [2] and [57-59]). Considering this, we find

Dy, rV1+K 4up — hQ Dy, rV1+K 2up — hQ
o ex , oc ex ,
D;Q wipP VN P 4kgT D;‘ZQDIP VN P 4kgT

where r > 1 is the ratio of the absorption coefficients in the GL and the QW (or the QD array).
If up = 50 meV and 72Q = 100 meV (as in the estimates of D¢, used above) at T = 200 K and
T = 300 K, the above exponential factor is approximately equal to 4.3 and 2.6, respectively. Since
in reality »/YN>1 or even r/VN > 1, there should be Dy, /DZIQWHD > 1.

(vii) The high-frequency properties of the GBIPs as well as the QWIPs [52—-54,60] are
important for some of their application, in particular for the GHz heterodyne detection. These
properties of the GBIPs are determined by the same parameters as those of the QWIPs [61,62],
namely, the time of the carrier (hole) transit across the BL 7, = d/v4 (v4 is the hole velocity over
the BL) and the characteristic carrier capture time 7, = 7;,/p > tau, . At the signal frequencies
w < 17! < 1,1, the GL recharging manages to vary the hole injection from the EGL, so at
such signal frequencies the effect of the photoconducting gain works. In this case, the GBIP
high-frequency responsivity R = Rq o« gp,. In the signal frequency range 7. l<w<t,!, the
recharging of the GL base does not follow the variation of the incident radiation, so that the
photoconductive gain disappears. In this signal frequency range Ry <Rq. Atrelatively high signal
frequencies w>‘r;1, the GBIP responsivity steeply drops. Thus, the highest operating frequency
of the GBIPs is limited by 7;,!. For the realistic thicknesses of the BLs used in the estimates
above d = 107>, assuming that v; = (10° — 107) cm/s, we obtain fy,u =~ vy/2nd ~ (16 — 160)
GHz. Hence, the GBIPs (as the QWIPs) can be used for the GHz-frequency heterodyne receivers
operating at elevated temperatures (including the room temperature).

8. Conclusions

We evaluate the characteristics of the GBIPs based the heterostructures with the b-P and b-As
BLs and the GL-base. The GBIPs can operate in the range of the wavelengths longer than
the photodetectors using the interband transitions in the b-P and b-As, i.e., in the wavelengths
A 2 (6 —12) um. The spectral range of the GBIP operation can be varied using the b-As,P;_,
compounds. We demonstrated that the GBIP characteristics are very sensitive to the structural
parameters, particularly, to the GL-base doping and to the bias voltage. An enhancement of
the GL-base doping can lead to a significant reduction of the dark-current gain, preserving,
nevertheless, the high values of the photoconductive gain. This enables the elevated GBIP
responsivity combined with the moderate dark current and, therefore, the elevated dark-current
limited detectivity. The optimized GBIPs performance might substantially surpass that of the
QWIPs and QDIPs based on the standard materials and exploiting the intersubband transitions
in the QWs and QDs, as well as other FIR and MIR photodetectors, particularly, at elevated
temperatures.

Appendix A. Charge density versus Fermi energy in the GL-base

The electron and hole dispersion laws in GLs are given by the following linear relations
[5]: &, = +pvw and g, = —pvw, where p is the momentum and vy = 10® cmy/s is the carrier
characteristic velocity. Hence, the electron and hole systems in the GL in the dark are characterized
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by the Fermi distribution functions in in the form:

-1 -1

fnz

pvw — M pvw +
—— "1 +1 = — | +1
o) | e ol

Here (as in the main text) the Fermi energy is counted from the Dirac point.
The carrier charge density eX in GLs is related to the Fermi energy u as follows:

2 1 1
eZ:%/ dpp[ -
T 0 pvw + U pvw — M
— ] +1 — | +1
exp( v ) exp( - )

B 2eT? 7 U
a2l [Tl (_kB_T) i (kBT)]

[ dsé
Fila) = ‘/0 exp(é —a)+ 1

is the Fermi-Dirac integral [43,44]. At u>0 when the electron component in the GL dominates,
eX<0. In the opposite case, the holes are the majority carriers in the GL.

If the absolute value of the Fermi energy |u| is small, F;(u/kgT)—F1 (—u/kgT) =~ 41n2(u/kgT).
In the case |u| > kgT, F1(|u|/ksT) =~ (u/kgT)*/2 and Fi(—|u|/kpT) < 1.

(26)

where

Appendix B. Calculation of the threshold Fermi energy, voltage, and dark current
density

Setting Eg = 0 and I = 0 and taking into account that in such a case ug = ug4, one obtains the
following equation governing fgask|v=v,:

Ha + o . [ Mo = Hdarklv=v,
———— | =2sinh | —————|, 27
pexp( Tl ) sin ( %aT ) 27
so that
2
HA + Ho p HA + Ho
_ —kgT1 = 1}. 28
Hdarklv=v, = Mo — kg n{z P( % )+\/ ZCXP( ks )} + } (28)
In addition, Eq. (8) at V = V), i.e., at Eg = 0, reads
Hdarklv=v, Heark|lv=v,
Vo=Vp+V - - . 29
0o="Vp Tﬁ( ksT ) T]( ks )] (29)

As aresult, from Egs. (13), (29), and (30) we arrive at the following formula for the threshold
dark current density:
o] _ %6 [ AG V[ Z P op Hat Ho
Jdark|V=Vy = Tose Pl— ZkBT ) exp kBT

1(p Ha + Ho : -
Lfp | (30)
+2{2ex kg T \/[ ep kBT )] *

eXg Ag p HA+ Mo _ eXg Ha — Ay
~ - 1-2 HAT Ho) _ 1-2 pAZ Av)
Tou eXp( ZkBT){( 2| P\ T e\ 2) P\ T

The right-hand side term in Eq. (30) only slightly smaller than the maximum hole current density
from the emitter. This implies that at V>V, the hole current from the GL-based emitter under
consideration is close to the saturation.
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The Fermi energy ptg.«|v=v, and the characteristic voltage Vj as functions of iy, i.e., the
emitter and collector GLs doping level were calculated numerically using Egs. (29) and (30). As
an example, Fig. 6 shows the results of these calculations for GBIPs with b-As and b-B BLs at
T =300 K and T = 200 K. The following parameters were assumed: p = 0.01, Vp = 1600 mV
(i.e., up =50 meV) , Vr =494 mV (T = 300 K) and V; = 220 mV (T = 200 K), respectively.
The quantity uu varies from pg = 0to us = 100 meV (for a GBIP with b-P BLs) and to p4 = 50
meV (for a GLIP with b-As BLs). The latter corresponds to the maximum acceptor densities
T4 =(3.5-7.0)x 10" cm™).
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