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Graphene bilayer field-effect phototransistor for terahertz and infrared detection
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A graphene bilayer phototransistor (GBL-PT) is proposed and analyzed. The GBL-PT under consideration
has the structure of a field-effect transistor with a GBL as the channel sandwiched between the back and the top
gates. The positive bias of the back gate creates the conducting source and drain sections in the channel, while
the negatively biased top gate provides the potential barrier which is controlled by the charge of the photoge-
nerated holes. The features of the GBL-PT operation are associated with the variation in both the potential
distribution and the energy gap in different sections of the channel when the gate voltages change. Using the
developed GBL-PT device model, the spectral characteristics, dark current, responsivity, photoelectric gain,
and detectivity are calculated as functions of the applied voltages, energy of incident photons, intensity of
electron and hole scattering, and geometrical parameters. It is shown that the GBL-PT spectral characteristics
are voltage tuned. The GBL-PT performance as a photodetector in the terahertz and infrared regions of the

spectrum can markedly exceed the performance of other photodetectors.

DOI: 10.1103/PhysRevB.79.245311

I. INTRODUCTION

At present, infrared detectors are mostly based on narrow-
gap semiconductors utilizing interband transitions. Technolo-
gies utilizing HgCdTe and InSb are well developed for infra-
red detection and imaging.> The necessity of further
extension of the wavelength range covered by photodetectors
and imaging devices on their base, widening of their func-
tionality, as well as cost reduction in the production by using
a mature processing technology has stimulated the develop-
ment of quantum-well infrared photodetectors (QWIPs)
based on A3;B5 compound systems and SiGe alloys, utilizing
intersubband (intraband) transitions (see, for instance, Refs.
2 and 3). Quantum-dot and quantum-wire infrared photode-
tectors (QDIPs and QRIPs) were proposed*” and realized by
many groups. The utilization of graphene layers and
graphene bilayers,%’ opens up real prospects in the creation
of novel photodetectors. The most important advantage of
graphene relates to the possibility to control the energy gap
in a wide range by patterning the graphene layer into an
array of narrow strips (nanoribbons).®? The energy gap in
graphene bilayers can be varied by the transverse electric
field'-!3 in different gated heterostructures. The graphene-
based photodetectors can exhibit relatively high quantum ef-
ficiency (due to the use of interband transitions) and can be
easily integrated with silicon readout circuits. A photodetec-
tor for THz and far-infrared (FIR) radiation based on a field-
effect-transistor structure with the channel consisting of and
array of graphene nanoribbons was proposed and analyzed
recently.'* In this paper, we discuss the concept of a THz/FIR
photodetector with the structure of a field-effect transistor
with a graphene bilayer as the device channel and photosen-
sitive element. Using the developed device model, we calcu-
late and analyze the detector characteristics. We demonstrate
that such a graphene bilayer phototransistor (GBL-PT) can
operate as a very sensitive and voltage tunable THz/FIR pho-
todetector at elevated temperatures.
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II. MODEL

The GBL-PT under consideration has a structure shown
schematically in Fig. 1(a). The GBL channel is supplied with
the source and the drain contacts and separated by a dielec-
tric layer from the back gate. The latter provides the forma-
tion of a two-dimensional electron gas in the channel when
the back gate is biased positively with respect to the source
and the drain: V;,,>V,;>0. There is a top electrode serving as
the top gate which is biased negatively (V,<0). Here, V,, V,,
and V, are the back-gate, top-gate, and source-drain voltages,
respectively. The negative bias of the top gate results in a
depletion of the section of the channel beneath the top gate
(which in the following is referred to as the gated section).
This partitions the channel into two highly conducting sec-
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FIG. 1. (Color online) Schematic view of (a) a GBL-PT struc-
ture and (b) its band diagrams at bias voltages. Dark arrows indicate
directions of electron (opaque circles) and holes (open circles)
propagation.
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tions (source and drain sections) and the depleted gated sec-
tion. In the gated section, the potential barrier for electrons is
formed. This barrier controls the injected electron current
from the source to the drain. The GBL-PT band diagram
under the bias voltages corresponding to the operation con-
ditions is shown in Fig. 1(b). We assume that the back and
the top gates are sufficiently transparent for the incoming
radiation. The GBL-PT operation is associated with the
variation in the source-drain electron current under illumina-
tion when the electron-hole pairs are generated in the de-
pleted section. The photogenerated electrons are swept out to
the conducting sections, whereas the photogenerated holes
accumulated in the depleted section result in lowering of the
potential barrier for the injected electrons. As shown below,
the variation in the injected electron current can substantially
exceed the current created by entirely photogenerated elec-
trons and holes, so GBL-PTs can exhibit large photoelectric
gain.

We consider the situation when the gated section is fully
depleted. It occurs when V;, <V,<V,,, where V, <V, <0
are the threshold voltages."> For a given back-gate voltage
V,,, the threshold voltage V,, corresponds to the top-gate volt-
age V, at which the bottom of the conduction band in the
gated section aligns with the Fermi level in the source sec-
tion, whereas V,, corresponds to the top-gate voltage at
which the top of the valence band in the gated section aligns
with the Fermi level in the source section. Figure 1(b) shows
the GBL-PT band diagram corresponding just to the voltage
range V,, <V,<V,, in the partial case when the Fermi level
in the source section lie slightly above the top of the valence
band in the gated section with the latter top approximately
aligned with the Fermi level in the drain section (due to the
pertinent value of V). The heights of the potential barrier
induced in the gated (depleted due to V,<V,,) section by the
top-gate voltage (in the absence of illumination) for the elec-
trons in the source and drain sections, Ay and Ag, are given
byIS

€(Vb + Vt)
2 9

e(Vh+ Vt)

AS=_
0 2

Al = el +et+eVy,

(1)

where & and €% are the Fermi energies of electrons in the
source and the drain sections, respectively. Equation (1) is
valid only when V,<V,, so that A} > ¢}, and the gated sec-
tion is depleted. If V,;,<V,, the electron charge in the gated
section affects the barrier height A} and the latter is given by
a more complex formula (see Ref. 15). Since the electrons in
the source and the drain sections are electrically induced, the
pertinent electron Fermi energies are functions of V, and
V,—V,, respectively: ei=g%(V,) and e}=g3(V,~V,). The
energy gaps in the source, gated, and drain sections of the
GBL channel, E;, E,, and Eg, are given by the following
linear dependences relating the energy-gap values and the
gate voltages (in line with Refs. 11, 13, and 16):

E = EVbd _ e(Vb - Vf)d, Ed: e(Vb - Vd)d’

b 2
& 2w ¢ 2w & 2w @)

whereas the threshold voltages are, by definition and in line
with Eq. (1), as follows:
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Vi=—Vy—2eile, Viy=—V,-2es+E)e. (3)

Here d is a phenomenological parameter which accounts for
the effect of partial screening of the external electric field
and W is the thickness of the dielectric layers separating the
GBL and the gates (which are set equal to each other: W,
=W,=W). The linear voltage dependences given by Eq. (2)
are valid when EZ,,Eg,EZ< 71,1316 where y,=0.4 eV is the
band parameter. In the case of photodetectors for THz/FIR
radiation detection, the required values of the energy gap
well satisfy this inequality. Actually, due to screening effects,
the quantity d can be slightly different in the sections with
high electron density (source and drain sections) and in the
depleted section (gated section). In the following, we shall
neglect such a difference setting in numerical estimates d
~d,, where d, is the spacing between the graphene layers in
the GBL. This is justified by the fact that the values of the
energy gaps in the source and the drain sections do not affect
the GBL-PT characteristics essentially. In contrast, the quan-
tity d in the gated section is one of the factors determining
the energy gap which, in turn, determines the edge of the
radiation absorption. However, the screening in the gated
section is weak due to its depletion, so that the electron den-
sity as well as the hole density (under weak illumination) in
this section are small; hence, d ~ d,,. If the electron system is
degenerate but the Fermi energy in the source and the drain
sections corresponds to the energy range where the GBL
density of states can be considered as a linear function (dis-
regarding the divergence at the conduction-band bottom),
one obtains £}.= eV, (az/8W) and et.=e(V,~V,)(ag/8W), so
that Viy==Vy(1+ag/4W) and vy, ==V,(1+ag/
4W+2d/W)."5 Apart from this, Ad=AS+(1—az/8W)eV,.
These approximations will be used in some (not all) final
expressions. Here ap=k#i%/me? is the Bohr radius, k is the
dielectric constant, m is the effective mass of electrons (and
holes) in the GBL, and # is the Planck constant. One can see
that E‘;;d/ e5!=4d/ay. The latter value is about 0.35 and
0.07, respectively, in the cases of SiO, and HfO, as dielec-
trics. The parameters d/W and ap/4W are assumed to be
small in the following.

III. DARK CURRENT

The source-drain current (which is a thermionic current
by nature) is created by the electrons injected from the
source and the drain sections into the gated section over the
barrier in the gated section. Taking into account that the elec-
trons in the gated section due to A*>g} and AY> g} are
nondegenerate (in contrast to the source and the drain sec-
tions) in the range of the top-gate voltages under consider-
ation, the source-drain thermionic current is given by (see
also Ref. 15)

S _AS d _ Ad
J= ,BJm[exp( ngBTA ) - exp( SFkBTA )} . (4)

Here A* and A? are the heights of the potential barriers for
electrons from the source and the drain sides, respectively
(under weak illumination A*<A§ and AY<AY), ky is the
Boltzmann constant, and 7 is the temperature. The pre-
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expontial factor S is the fraction of the injected electrons that
passed through the gated section despite their scattering on
impurities and acoustic phonons, i.e., the fraction of the elec-
trons not reflected back. Solving the two-dimensional kinetic
Boltzmann equation for the electron distribution function in
this section,'® one can obtain S=1 in the ballistic regime of
the electron transport across the gated section (v7<<1 or L,
<\2kgT/m/v) and PB=vmw/vr<l in the collision-
dominated regime (v7> 1), where v is the characteristic fre-
quency of the electron scattering on defects and acoustic
phonons in the gated section, 7=L,\m/2kgT is the effective
ballistic transit time across the gated section of electrons
with the thermal velocity vy=\2kgT/m, and L, is the length
of the top gate.!> Another pre-exponential factor J,, is the
characteristic current on the thermionic injection, for which
one obtains

V2m(kgT)¥?

77'3/2ﬁ2 N,

where N=N(T) < 1 reflects a deviation (which can be marked
in the source and the drain sections but not in the gated
section) of the real electron-energy spectrum in the GBL
from the parabolic one with the effective mass m. This factor
provides some decrease in the dark current. However, it dis-
appears out of the final expressions for the photocurrent and
the GBL-PT responsivity derived below.

Using Egs. (1), (3), and (4), we arrive at the following
formula for the source-drain current without illumination
(when A°=Aj and A=A, i.e., for the so-called GBL-PT
dark current:

Y V,+V, V,
Jo=pBJ,, exp( L )exp{w} [1 - exp(— u)}
kgT 2kgT kgT

) e(Vy=V) ( e_vdﬂ
=B/, exp{— 2T }[1 —exp| — ot | (6)

(5)

m=e

As explicitly follows from Eq. (6), the dark current depends
on the back- and the top-gate voltages. This dependence
originates from the voltage dependences of the barrier
heights and the Fermi energies. If for a given value of the
back-gate voltage V,,, the top-gate voltage is maintained to be
V,=V,,, and for the source-drain voltage V,=kpT/e, taking
into account the smallness of d/W and agz/4W, we find J,
=Jy=BJ,, exp(=E,/ kgT) = BJ,, exp(-dV,/ WkpT). The case
under consideration corresponds to the highest barrier in the
gated section at which the interband tunneling can still be
neglected (because the Fermi level in the source section is
above the top of the valence band in the gated section or
aligns with it if V;,=V,). Figure 2 shows the dark current
versus the back-gate voltage at V,=V}, calculated for differ-
ent temperatures. It is assumed that d=0.35 nm, W
=20 nm, and B=0.1. The voltage range considered in Fig. 2
(V,=1-4 V) corresponds to the energy gap in the gated
section £,=17-70 meV.

IV. PHOTOCURRENT AND RESPONSIVITY

As a result of illumination with the photon energy fw
> E,, the photogenerated holes accumulate in the gated sec-
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FIG. 2. Dark current J;, as a function of back-gate voltage V, (at
V,=V;,) at different temperatures 7.

tion. Their density X can be found from the following equa-
tion governing the balance between the photogeneration of
holes and their thermionic escape to the source and drain
sections:

B, S ( d eV,) {e(vﬁv,)][ ( evd>]
—expl—-————Jexp| ———— || 1 +exp| - —
e Et 2WkBT 2kBT kBT

=G, (7

Here B. is the fraction of the holes injected from the gated
section into the source and the drain sections (i.e., into the
contact sections) but not reflected back by the scattering pro-
cesses (B, is determined not only by the hole collision fre-
quency in these sections but also by the rate of recombina-
tion in these sections and the contacts), X,=2mk,T/ wh*, and
G, is the rate of photogeneration of electrons and holes ow-
ing to the absorption of the incident THz/FIR radiation. The
left-hand side of Eq. (8) is the hole flux associated with their
thermionic escape from the gated section into the source and
the drain sections provided the hole density is small (due to
weak illumination), so that the hole system in the gated sec-
tion is far from degeneration. The rate of photogeneration
depends on the intensity of radiation /,,; the absorption quan-
tum efficiencies «,, «,, and a’lf, in the pertinent sections; and
their lengths. The absorption quantum efficiencies in ques-
tion are given by!”

we2)<ﬁw+2y1>
=\— /| 7—|9(hw-E,), 8
Yo (cﬁ ho+ 7y, (ho-Ey ®

2
s.d me ﬁw+271> s.d
| — || ——— |®(hw - E>9)B,,, 9
a, (Ch)<hw+% (ho—E;)B, 9)

where ¢ is the speed of light and O (% w) is a steplike function
related to the energy dependence of the density of states
including its peculiarity at the energy-gap edges and colli-
sional smearing. The factor B, in Eq. (9) reflects the
Burstein-Moss effect!®
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ho—EX =285\ [
B,=|1+exp| - —*——
2kgT

fiw+ES’d+2£‘}’d -l
X| 1+exp _—ZIiT—
B

ho—ES?—2e57) |
=|1+exp| - —g—2k T .
B

For the THZ/FIR radiation with E, <A<, Eq. (8) yields
a,=a=2me*/ch=2/137. However, the absorption coeffi-
cient in the source and the drain sections can be rather small
due to the Burstein-Moss effect. This occurs if the electron
system in these sections is degenerate (s?d>kBT) and the
photon energy does not markedly exceed the energy gap.
Indeed, at ﬁw2E822E‘;’d, considering that ES) s‘}’d24d/
ag<1, from Eq. (9) one obtains a'‘=a exp(-&}'/kyT)
<a.

Disregarding the absorption of radiation in the source and

the drain sections and considering that
Ltawl [
7 ho

(10)

Eq. (7) can be presented as

B, S ( d th) |:e(Vb+Vt)}{ ( eVd>]
—expl—-T—Jexp| ——— || 1 +exp| - —
e 3, 2WkgT 2kyT kyT

a'wI ®

=L
"heo

(11)

The charge of the photogenerated holes in the gated section
lowers of the potential barrier by the value

2. (12)

Hence, in the absence of illumination, one obtains A%¢
=Af)’d. Considering Egs. (4), (6), and (12), the variation in the
source-drain current under illumination AJ=J-J,, i.e., the
value of the photocurrent, can be presented by the following
formula:

2. (13)

It should be noted that the contribution of the photogenerated
electrons to the net photocurrent can be neglected because it
is small [see Eq. (18) in Sec. V] and the photogenerated
electrons are swept out from the gated section to both the
source and the drain sections (virtually in equal portions).
Then, using Egs. (6), (10), and (13), we arrive at

AJ = e%]m exp( kZSFT> exp(%w%;i)
y { 1 - exp(= eV /kyT) ] @l
1 +exp(-eVykgT) | hw
Using Eq. (14), the GBL-PT responsivity defined as R,

=AJ/(L,+2L,)1,, where L,+2L, is the net length of the GBL
channel (the lengths of the source and the drain sections are

(14)
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FIG. 3. GBL-PT responsivity R, versus photon energy #iw for
different back-gate voltages V), at different temperatures 7.

assumed to be equal to each other: L,=L;=L,) can be pre-
sented as

R,= £<8_W/)®|:ﬁw— ed(Vh_ Vt)]exp( 8;’ >
ho \ ag 2w kgT

y ( d eV,){l—exp(—eVd/kBT)] (15)
exp| ——— .
P 1 +exp(= eV, /kyT)

Here, C=L,B/(L,+2L.)B, is the collision factor. At hw
=10 meV and C=1, one obtains R,=(eaC/hw)
=46 A/W.

At V,=V;, and eV,;> kT, Eq. (15) can be reduced to the
following:

ecaC [ 8W el )( 4d)]
R,=—\|—|0(ho-1 1-—1].
@ ﬁw ( ap ) ( @ wOff)exp|:<kBT ap

(16)

Here fw,=E,=ed(V,~V,)/2W=edV,/W is the photon
cutoff energy. At fhw,=E, the GBL-PT responsivity
reaches a maximum,

aC [ SW? &} 4d
max R,=—|— || exp I-—1. (17
Vb daB kBT [45)

Figure 3 shows the GBL-PT responsivity R, as a function
of the photon energy A calculated using Eq. (16) for differ-
ent back-gate voltages V,, at different temperatures. Here and
in the following figures, it is set that for each value of the
back-gate voltage V), the top-gate voltage is chosen to be
V,=V,,. The source-drain voltage is assumed to be V,
>kpT/e. Taking into account some smearing y of the ab-
sorption edge and disregarding the peculiarity of the density
of states at the energy-gap edges, we set O(hw)=[1/2
+(1/mtan" (fw/y)]. We set d=0.35 nm, az=4 nm, W
=20 nm, y=2 meV, $=0.1, and C=1. As seen from Fig. 3,
the GBL-PT spectral characteristics can be effectively tuned
by the applied voltages.

According to Eq. (17), the dependence of the responsivity
maximum value max R, on the back-gate voltage V, is as-
sociated with the variation &}. with varying V,,. The &}. versus
V,, relationship is determined by the energy dependence of
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FIG. 4. Dependences of maximum GBL-PT responsivity on the
back-gate voltage (cutoff photon energy fw,,) at different tempera-
tures 7.

the GBL density of states. For simplified calculations one
can assume that the density of states as a function of the
energy is constant. In this case, as indicated in Sec. I, &}
= (ap/8W)eV, [and s‘é: (ag/8W)e(V,—V,)]. Figure 4 shows
the dependences of the responsivity maximum value max R,,
on the back-gate voltage V), (and the photon energy 7w, )
calculated using Eq. (17) under the above assumption for the
same parameters as in Fig. 3. As seen from Fig. 4, max R,
steeply increases with increasing V,: In(max R,)*V,/T.
However, since a linear increase in the density of states as a
function of the energy in the range of elevated energies be-
comes essential, the dependences of &} and s’fp on V, in the
range of large V), can be more complex: enc[VI+AV,—1]
and &} [\1+A(V,—V,)—1], respectively. Here A is a pa-
rameter of the GBL energy-band structure. Hence, at a mod-
erate V,, £,xAV, and &,*A(V,—d) (as above), while at
elevated values of V,, one obtains &,%VAV, and &%
o« JA(V,-V,). This results in more complex voltage depen-
dences of In(max R,) in the range of elevated V) than those
shown in Fig. 4.

V. PHOTOELECTRIC GAIN AND DETECTIVITY

Considering Eq. (14) and taking into account that the pho-
tocurrent created by the photogenerated electrons and holes
can be estimated as AJy=eL,a,l,,/fiw, the photoelectric gain
g=AJ/AJ, can be presented as

_B er |(,_4d
&= ,BCCXP[(kBT>(1 agﬂ’ (18)

where all the factors in the right-hand side exceed or greatly
exceed unity. Hence, g, i.e., the ratio of the net photocurrent
(which is mainly the injected current stimulated by the bar-
rier lowering due to illumination and accumulation of hole)
and the current of the photogenerated electrons and holes,
substantially exceeds unity [this was used in deriving of Eq.
(14)]. The above expression for AJ, assumes that all elec-
trons photogenerated in the gated section go to the drain due
to asymmetry of the barrier caused by the source-drain bias,
while almost all photogenerated holes are captured in this
section. In reality, some portions of the photogenerated elec-
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FIG. 5. GBL-PT dark-current-limited detectivity D* versus cut-
off photon energy #iw, at optimized gate voltages V), and V, and
different temperatures 7.

trons can escape from the gate section into the source. As a
result, AJ, can be somewhat smaller than the above estimate,
leading to even higher photoelectric gain than that given by
Eq. (18). Assuming that all the GBL-PT sections are so long
(L,>vq/ v, and L>vy/ v) that the electron transport in all of
them is collision dominated and setting for definiteness v,
=vand L.=L,/2, one can obtain B/.=2. Roughly estimat-
ing the Fermi energy as &= (az/8W)eV,=0.2 eV (for ag
=4 nm, W=20 nm, and V,=1-2 V) for T=300 K, we ar-
rive at g =27-360.

Calculating the GBL-PT dark-current-limited detectivity,
which by definition is the signal-to-noise ratio appropriately
normalized by the detector area and the measurement elec-
trical bandwidth,'-3 as D*=R,/V4egJy/H, where H is the
GBL-PT width (in the direction perpendicular to the current),
at properly chosen relationship between V), and V, (as
above), we arrive at the following formula:

o _eaC” | H /SW ( ) (19)
hw()ff 46.]

where  C*=C\B./B=[L,/(L+ 2LC) VB.] and  n=2/
(1+e&p/E,). Estimating E,/e;=8d/az, we obtain n
=(16d/ag)/(1+8d/ag). A point worth noting is that the fac-
tor n in the exponential dependence in Eq. (19) can be about
or smaller than unity. Indeed, for az=4—20 nm, one obtains
n=0.25-0.82. This provides a fairly steep increase in D"
with increasing fiw, or a relatively slow decrease in D*
with increasing 7.

Figures 5 and 6 demonstrate the dark-current-limited de-
tectivity D* (at V,=V},) as a function of the cutoff photon
energy fiw, at different temperatures 7 and as a function of
T at given values of iw, ;. One can see that D* can be fairly
large even at room temperatures. The detectivity becomes
modest at low cutoff photon energies. However, as shown in
Fig. 7, in GBL-PTs with relatively high-k gate layers in
which the Bohr radius can be large, a rather high detectivity
can be achieved in the range of low cutoff photon energies,
in particular, those corresponding to the THz range of spec-
trum.

VI. COMMENTS

A. Comparison with other detectors

As follows from Egs. (15)—-(19) and demonstrated in Figs.
3-7, the GBL-PT responsivity and detectivity can be very
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FIG. 6. Temperature dependences of GBL-PT dark-current-
limited detectivity D™ for different cutoff photon energies fiw,yy.

large even at room temperatures exceeding those of QWIP
and QDIPs. This is attributed to the following. First of all,
the quantum efficiency of the interband absorption « is rela-
tively large (in comparison, say, with the intersubband tran-
sitions in single QWIPs). Indeed, a=2m/137=4.6 X 1072,
while the QWIP quantum efficiency QY =gQW3 QW)
=2X 1073 (for the typical values of the cross section of
photon absorption in a QW due to the interband transition

@ =2x10"15 cm? and the donor concentration in a QW
3Q@W =102 ¢cm™). Second, as shown above, the photoelec-
tric gain exhibited by GBL-PTs can also be very large (from
several tens to several hundreds, whereas in QWIPs,
g~ 10%). This is associated with a higher energy barrier (high
activation energy) for the photogenerated holes accumulated
in the gated section in comparison with the activation ener-
gies for electrons in the source and the drain sections. The
difference between the activation energies is equal to s‘d
—E+E’ = (ag/8W)(1-4d/ag)eV,. An increase in the gate-
Voltages results in an increase in the Fermi energy of elec-
trons in the source and the drain sections and in a rise of the
activation energy for the photogenerated holes leading to an
increase in their lifetime. As a result, the temperature depen-
dence of the GBL-PT detectivity is given by the factor
exp(fiw,s/nkgT) with n<2 in contrast to QWIPs (opti-
mized) for which D*exp(hw,./2kT) (see, for instance,
Ref. 4). In particular, for QWIPs %w,;=60 meV at T
=100 K, D*~10% cm Hz"?>/W (Refs. 1 and 3) (compare
with the value D*~ 10'"" ¢m Hz!?/W for a GBL-PT in Fig.
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FIG. 7. The same as in Fig. 5 but for GBL-PT with different
value of the Bohr radius ap (different dielectric constant of gate
layers k).
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6, which somewhat exceeds that of HgCdTe photodiodes').
Since even at relatively high temperatures GBL-PTs can ex-
hibit fairly high detectivity, there are good prospects to use
GBL-PTs as THz/FIR photodetectors operating at elevated
temperatures. The dependence of the cutoff photon energy on
the applied voltages (&, V), at properly chosen V,) opens
up prospects of the development of GBL-PT-based detectors
with voltage-tuned spectral characteristics and multicolor de-
tector arrays.

B. Role of interband tunneling

The GBL-PT responsivity and detectivity can be limited
by the interband tunneling of the photogenerated holes. This
can deteriorate the GBL-PT performance due to an increase
in the dark current and a decrease in the photoelectric gain
associated with a shortening of the lifetime of the photoge-
nerated holes. If V;, <V, the Fermi level in the source sec-
tion corresponds to the energy gap in the gated section [this
Fermi level lies higher than the top of the valence band in the
gated section as shown in Fig. 1(b)], so that the interband
tunneling from the conduction band in the former section to
the valence band of the latter section is effectively sup-
pressed. Similar situation occurs in the junction between the
gated and the drain sections (see also below). If V,<V,, the
interband tunneling in question can be essential if the width
of the junction between the source (or drain) and the gated
sections W* is too small (W* depends on W as well as on V,,
and V,). At V,<V,,, the interband tunneling in the junction
between the source and the gated sections can be disregarded
if the tunneling current is small in comparison with the ther-
mionic current above the barrier. Estimating the probability
of interband tunneling as'® exp(— wml/zEg/ 212\2¢hE), where
E=E,/eW*, we obtain the 1nequa11ty exp(—mm!/ 2E2/ 2
2\2eﬁ5)<exp( E,/kpT) and arrive at the following COIldl—
tion when the tunnehng of the photogenerated holes should
not be essential:

2V2ﬁ \ﬁw

7T\m kBT

W > (20)

For instance, for fiw,;=100 meV and 7=300 K and for
fiw,;;/=100 meV and T=30 K, inequality (20) yields W*
>15 nm and W*>50 nm, respectively.

In the case of a large source-drain voltage V,, the inter-
band tunneling (which can be suppressed in the junction be-
tween the source and the gated sections as discussed above)
can become essential in the drain junction resulting in
marked dark current. This can also substantially deteriorate
the GBL-PT performance. To avoid this, the tunneling cur-
rent through the drain junction should not be too strong in
comparison with that through the source junction. This oc-
curs when the source-drain voltage V, is kept sufficiently
low (at least not exceeding too much the value kzT/e). Con-
sidering that the photocurrent AJ as a function of V, at V,
= kpT/ e saturates [see Eq. (14)], for the optimal source-drain
bias in the range of temperatures under consideration one
obtains V,;=~=25-30 mV.
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C. Collision factor

The collision factor C in Egs. (15)—(17) can influence the
GBL-PT performance. It depends on the device geometrical
parameters L, and L. Since the propagation of holes in the
source and the drain sections can be strongly affected by
scattering on electrons due to their large density, the hole
collision frequency in the source and the drain sections v,
> v (or even v,>v). In such a case, C can markedly exceed
unity. This is because strong collisions of holes in the source
and the drain sections can essentially decrease the current of
the photogenerated holes from the gated section into the
source section (as well as into the drain section) increasing
the holes lifetime and, hence, the photoelectric gain. To fol-
low the dependence of C (and, consequently, R,) on L, and
L., assuming that the holes recombine primarily at the con-
tacts, one can use the following interpolation formulas: B,
=[1+(v.L/vp)?*/ @]V and B=[1+(vL/vp)*/ 7]7V% As a
result, we obtain

L, 1+ (v.LJvp)*
C= )
(L,+2L) N 1+ (vL /v

1)

As follows from Eq. (21), C as a function of L, exhibits a
maximum at a certain value of the latter. If both L. and L, are
large, so that the electron transport in all the sections is col-
lision dominated, C=[L./(L,+2L.)](v./v).

D. Absorption in the source and the gate sections

When the photon energy ﬁsz;’d+28;ld, the radiation
absorption in the source and the drain sections can be essen-
tial. In such a spectral range, the holes photogenerated in
these sections can substantially affect the net hole charge in
the gated section (and increase the quantum efficiency). In
this case, the quantity G, in the right-hand side of Eq. (7)
should be modified to take into account the extra holes pho-
togenerated in the source and the drain sections and injected
into the gated section. The contribution of the holes photo-
generated in the source and the drain sections can result in a
modification in the spectral characteristic of the responsivity
at elevated photon energies according to the spectral depen-
dence of the factor B, in Eq. (9). As a result, a duplicated
maxima of R, can appear which correspond to fw
=hw,=edV,/W and ho=hw,;/2+2e,=(edV,/ W)(I
+ap/4d)/2=19hw,s (at ag=4 nm).

E. Multiple GBL-PT structures

We considered a GBL-PT with the structure of a single
field-effect transistor. Actually, analogous GBL photodetec-
tors can be made of multiple periodic GBL-PT structures.
Such photodetectors can surpass the GBL-PT considered
above. However, their operation can be complicated by ad-
ditional features of the photogenerated holes transport. As a
result, the potential distribution along the GBL channel can
be nontrivial as it takes place in multiple QWIPs (see, for
instance, Refs. 20 and 21), so that special studies of multiple
GBL-PTs are required.
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F. Main assumptions

Let us summarize the main assumptions of the model un-
der consideration. Our model is based on the rather standard
equation [Eq. (4)] for the calculations of the terminal current
in the field-effect and bipolar transistors operating as pho-
totransistors in the regime of the photosensitive barrier
which controls the electron injection. The features of the
model are (i) unusual for customary devices dependences of
the energy gaps in different sections on the back- and the
top-gate voltages; these dependences were assumed linear
[see Eq. (2)] in line with the previous publications of other
authors; 11316 (ii) specific spectral dependences of the inter-
band absorption quantum efficiencies in the form of Egs. (8)
and (9) (Ref. 17); (iii) neglecting of the interband tunneling
in the junctions between the source and the gated sections
and between the gated and the drain sections. As discussed in
Sec. VI, this can be justified if the structure geometrical pa-
rameters and the bias voltages are chosen properly; and (iv)
the expressions for such characteristics as the photocurrent,
responsivity, photoelectric gain, and detectivity are explicitly
expressed via the electron Fermi energy in the source sec-
tion. This Fermi energy depends on the back-gate voltage.
Such a dependence is determined by the energy dependence
of the density of state. To obtain the explicit voltage depen-
dences of the GBL-PT characteristics and in some estimates,
we used a simplified relation between the Fermi energy and
the back-gate voltage, which corresponds to a constant den-
sity of states, although the effect of the density of states
increasing with the energy is pointed out as well. Certainly,
for the optimization of real GBL-PTs, particularly those with
high-k dielectric layers operating at elevated voltages in
which the Fermi energy band be fairly large, more strict cal-
culations of the &}, versus V,, relation might be indispensable
in future.

VII. CONCLUSIONS

We proposed a GBL-PT and calculated its spectral char-
acteristics, dark current, responsivity, photoelectric gain, and
dark-current-limited detectivity. It was shown that GBL-PTs
with optimized structure at properly chosen applied voltages
can surpass the photodetectors of other types. The main ad-
vantages of GBL-PTs are associated with the utilization of
interband transitions with relatively high quantum efficiency,
high photoelectric gain, and with the possibility of operation
at elevated temperatures. Additional advantages of the GBL-
PTs with respect to QWIPs, QDIPs, and QRIPs, as well as to
HgCdTe and InSb detectors, include easy fabrication and in-
tegration with silicon (or graphene) readout circuits and volt-
age tuning of the spectral characteristics.
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