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We consider a concept of a graphene nanoribbon phototransistor (GNR-PT) based on an array of GNRs operating as a photodetector of
far-infrared (FIR) and terahertz (THz) radiation. The photodetector has the structure of a GNR field effect transistor with the back and
relatively short top gates. To calculate the GNR-PT characteristics, we develop an analytical model of the device. This model generalizes
the model we proposed previously by accounting for the possibility of not only the thermionic regime but also the tunneling regime of the
GNR-PT operation. Using the developed model, we derive analytical formulas for the source—drain current as a function of the intensity and
frequency of the incident radiation and bias voltages, and estimate the detector responsivity. The obtained formulas can be used for
detector optimization by varying the dark current, photoelectric current gain, and voltage control of the spectral properties. The
dependences of the absorption edge on GNR width and bias voltages can be utilized for the development of multicolor voltage tunable FIR/

THz photodetectors.

1. Introduction

Interband and intraband (intersubband) transitions are
commonly utilized in photodetectors for far-infrared (FIR)
and terahertz (THz) ranges of spectrum based on narrow-gap
semiconductors and quantum-well structures, respective-
ly."» Quantum-dot and quantum-wire intersubband detec-
tors were proposed®® and realized by many groups.
Graphene, i.e., a monolayer of carbon atoms forming a
dense honeycomb two-dimensional crystal structure>®
opens up real prospects in the creation of novel not only
electron but also optoelectron devices, in particular, novel
photodetectors. One of the most promising metamaterials for
FIR and THz detectors is a patterned graphene in the form of
an array of graphene nanoribbons (GNRs). The energy gap
between the valence and conduction bands of GNRs as well
as between the intraband subbands can be engineered by
varying the shape of GNRs, particularly, their width. The
latter can be defined by lithography.

In this paper, we consider a GNR phototransistor (GNR-
PT) operating as an FIR/THz photodetector with optical
input from the bottom of the structure through the substrate
and layer sandwiching the GNR array, develop its analytical
device model, and analyze the GNR-PT characteristics using
this model. The photodetector under consideration has been
proposed recently by us.” It has a structure of a GNR field-
effect transistor (FET) consisting of an array of GNRs with
the side source and drain contacts sandwiched between the
highly conducting substrate and the top gate electrode as
shown schematically shown in Fig. 1. The operation of FETs
with a similar structure were explored recently (see, for
instance, refs. 8—12). The band diagrams of a GNR-PT at a
bias back gate voltage V;, > 0, a top gate voltage V, <0,
and a source—drain voltage Vj in dark conditions and under
irradiation are shown in Fig. 2.

The GNR-PT model and its device characteristics as a
photodetector were briefly discussed in our recent letter.”
Here, we consider the proposed photodetector on the basis
of the device model that generalizes the model we used
previously.” The proposed model describes both the
thermionic and tunneling modes of the GNR-PT operation.
At relatively low top gate voltages, the GNR-PT band
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Fig. 1. (Color online) GNR-PT structure side (a) and top (b) sche-
matic views.

structure corresponds to that shown in Figs. 2(a) and 2(b). In
this case, the source—drain current is associated with the
electrons injected from the source section of the channel and
overcoming the potential barrier AdBark (in dark conditions) or
Ap (in the general case, in particular, under irradiation) and,
partially, with the electrons injected from the drain section
of the channel and overcoming the potential barrier A 4
eVyq (or Ag + eVy), where e is the electron charge. The
variation in the barrier height from A% to A and, hence,
the variation in the source—drain current, are associated with
the charging of the channel section under the top gate (gated
section) by the photogenerated holes. The value of this
charge is determined by the density of photogenerated holes,
which, in turn, is determined by the balance between the
rate of the photogeneration of holes and the rate of their
thermionic escape from the gated section to the source and
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Fig. 2. (Color online) GNR-PT band diagrams at V, >0, V4 <0,
and V4 > 0 under dark conditions (a) and under irradiation at relatively
low (b) and high (c) top-gate voltages. Fundamental (solid lines) and
first (dashed lines) subbands of the GNR conduction and valence
band are shown. Opaque and open circles correspond to electrons
and holes, respectively.

drain sections. This mechanism is referred to as the
thermionic mechanism. If the bias of the top gate is
sufficiently strong, the n—p and p-n junctions near the
source and drain edges of the gated regions are formed as
shown in Fig. 2(c). In such a case, the source—drain current
might be determined by interband tunneling through these
n—p and p-n junctions. In this situation, when A%™ and Ap
are relatively large, the thermionic current can be disre-
garded.

GNRs exhibit the energy spectra of electrons and holes
consisting of a series of the subbands with a gap A, which
essentially determines the photodetector spectral properties.
The latter depends on the GNR width d. For simplicity, we
assume &¥(p) = v/ p? + (wh/d)*n?. Here, v = 108 cm/s
is the characteristic velocity of the electron (upper sign) and
hole (lower sign) spectra, p is the momentum along the
nanoribbon, % is the reduced Planck constant, and n =
1,2,3,... is the subband index. This spectrum corresponds
to the band gap A = 2mh/d between the valence and
conduction bands and to a specific density of states in the
conduction and valence bands as a function of energy.

04C144-2

2. Thermionic Mechanism

When the device band diagram is that shown in Figs. 2(a)
and 2(b), the source—drain current along the GNRs is
associated with the electrons propagating from the source to
the drain and overcoming the barrier in the gated section of
the channel. In this case, the source—drain dc current can be
calculated using

o0

= % 0 dp vp[f(p’x) - f(_p’x)]’ (1)

where % is the reduced Planck constant (4 = h/2m), and
f(p,x) is the electron distribution function. The latter is
governed by the Boltzmann equation. Here, v, =
p/m*\/1+ (2p%/A m*) >~ p/m* is the electron velocity with
a momentum p, m* = A/2v, and v, is the collision
frequency of electrons associated with the disorder (includ-
ing edge roughnesses) and acoustic phonons. We disregard
the inelasticity of the scattering on acoustic phonons, so that
all the scattering mechanisms under consideration result in
the change in the electron momentum from p to —p. The
probability of electron elastic scattering is essentially
determined by the density of state. Taking into account
collisional broadening'®'¥ (see also refs. 15 and 16), we
approximate the dependence in question as v, = vy/y? + 1/
Vv?+ (p/pr)?, where v is the collision frequency of
thermal electrons, y characterizes the collisional broadening,
and pr = 2kgTm*. If |p|/pr <y, vp =X v/y2+1/y =
const, whereas if |p|/pr > 1 (but |p| < pa = V2A m*),
one obtains v, >~ v\/y? + 1(pr/|pl). Solving eq. (1) ac-
counting for the pertinent boundary conditions (assuming for
simplicity that Vg <« V4), one can arrive at the following
formula for the source—drain thermionic current:

AB eVd
J = 71,Go exp(— kB—T> |:1 - exp(— kB—T)]’ ()

where T is the temperature and kg is the Boltzmann constant.
The characteristic current density J,, is determined by the
electron densities in the source and drain sections. These
densities are given, respectively, by ¥, = « V}, /4w eW,, and
Yy = k(Vy — W) /4w eWy, = k Vi, /4 eWy,, where « is the
dielectric constant and W, is the thickness of the layer
between the back gate and the GNR array [see Fig. 1(a)].
When the electron system in the source and drain sections
is nondegenerate, J,, = eXyvr, where vr o vw/kgT/A
kgT/m* is the thermal electron velocity and vw is the
characteristic velocity of electrons and holes in graphene
(vw =~ 108 cm/s). St high back-gate voltages, the electron
system in question can be degenerate, so that J, o
exp(sE/kBT), where 81'2- x (hdvwk Vb/eWb)z/A is the elec-
tron Fermi energy in the source and drain sections of the
channel. The collision factor Gy is associated with the
scattering of electrons propagating along the gated section.
The scattering results in the reflection of a portion of the
electron flux injected into the gate section, so that generally
Gy < 1. In the framework of the model under consideration,

one obtains
[ dge BT D)
N N oo s S v

where the ballistic parameter § = v Ly /vt = vt, where L, is

3
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Fig. 3. Collision factor Gy vs ballistic parameter g = vr.

the length of the top gate [see Fig. 1(a)] and 7 is the electron
transit time. Figure 3 shows the Gy vs B dependence
calculated using eq. (3) for y = 0.5.

The equation governing the balance of the holes photo-
generated by absorbed radiation can be presented as

. Agp 1+ eVy _ o1, @)
2 EXp T exp ‘T = o T.

Here (see ref. 7 and the references therein),

A - O(hw — nA)

aw—az ©)

P w? — n2A?
is the GNR interband absorptlon coefficient of the photons
with an energy #Aw, I, is the intensity of radiation, and
o =2mé? Jch >~ 21w /137, where c is the speed of light, and
O(hw) is the unity step function.

Considering the relationship between the hole density in
the gated region ¥, and the barrier heights Ak and Ap and
using eq. (2), we arrive at the following equation for the
detector responsivity R = AJ/Lgl,, where AJ =J — Jaark
in the particular case of nondegenerate electron systems in
the source and drain sections:

R~aG ( w ) (€2Vb>[1 — exp(—eVd/kBT)]
* o keT )| 1+ exp(—eVa/ksT)
O(hw — nA)

X /A
« Z(r?) e _nd) |

—\ho/) Jhe? — n2 A2
Here, W = W, W, /(W, + W) with W, being the thickness of
the layer between the top gate and the GNR array [see
Fig. 1(a)]. The divergence on the right-hand side of eq. (6)
when Ao tends to A is eliminated owing to the “smearing”
of the valence and conduction band edges (by I' ~ hv) due
to disorder. In the most interesting situation when fiw 2 A
and eVy > kgT, eq. (6) yields

R~aG W e Vde e (7)
@0 KBT? ) /52w — A2

It is instructive that the GNR-PT responsivity is independent
of A% (although the dark current is primarily determined
by this quantity). This is because the effective life time
of the photogenerated holes in the depleted section of
the channel and, therefore, their density increases as
exp(ASk /kpT) [see eq. (4)]. An example of the GNR-PT
responsivity as a function of the photon energy calculated
using eq. (6) is shown in Fig. 4. Assuming W >~ W, /2,

(6)
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Fig. 4. GNR-PT responsivity R as a function of normalized photon
energy hw/A.

eVa> kgT, Go =0.2, A=50meV, I' =2-4meV, V, =
1V,and T = 300K, we obtain max R ~ 10—-20 A/W. These
responsivities obtained significantly exceed those of inter-
subband quantum-well, -wire, and -dot photodetectors in
the IR and THz ranges (see, for instance, ref. 2). This is
primarily due to a higher quantum efficiency and a higher
photoelectric gain, which might be exhibited by GNR-PTs.
The latter is associated with a long life time of the
photogenerated holes in the central section of the channel
because these holes are confined in this section by relatively
high barriers, so that the photoelectric gain g > 1. The
maximum responsivity of GNR-PTs can also exceed the
responsivity of conventional photodetectors made of narrow
gap semiconductors (for example, PbSnTe and CdHgTe),
whose responsivity is about a few A/W,'? because the
former can exhibit a rather high quantum efficiency at
resonances fiw = n A arising owing to the lateral quantiza-
tion in GNRs.

3. Tunneling Mechanism

At a high top gate voltage bias when the band diagram
corresponds to Fig. 2(c), the source—drain current as well as
the leakage current of the photogenerated holes (from the
gated section to the the source and drain sections) can be of
tunneling origin. In such a situation, the conductance of the
gated sections populated by holes (this section is of p-type)
is comparable with the conductances of the n-type source
and drain sections, i.e., it is fairly high. Hence, the source—
drain and leakage currents are determined by the tunneling
conductances of the n—p and p-n junctions, so that the
potential drops mainly across these junctions. The interband
tunneling of electrons and holes through the n—p and p-n
junctions results in fact in their recombination.

In the case of the tunneling mechanism, eq. (2) should be
replaced by (see, for instance, refs. 17 and 18)

T Az Vd

)z
where o,, ~ 4¢?/hd is the characteristic tunneling conduct-
ance and Ejy is the electric field in the n—p and p—n junctions.
For a rough estimate one can use set Eg =~ Ap/elg, where
Ig = Wn is the length of the depleted region in the n—p and
p—n junctions. In a situation related to that under consid-
eration n > 1 and Iz < W. Since the formula for n, which

J = o, exp (— ®)

h Uw@EB
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can be obtained from our previous results”!® is rather
cumbersome, it has been omitted here. Hence, for the barrier
electric field variation Eg — Eg‘“k, one obtains

Ap — Agk

Ep — Efk = o

®

Considering eqgs. (8) and (9), we obtain

A2 A2 eVy
AJ = Op|EXpy — ———— ) — eXp| — T dak —
fi UweEB fi vWeEB 2

A2 7A?
~ o, exp| —
m EXP h vweEg‘”k h vweEg*lrk

Eg — E§"™\ Vq
X Egark ?

TA? TA?
>~ o, eXpl —
m EXP h vweE%‘“k fi vweEga‘k

y AB _ AdBark E
AdBark 2 :

(10)

The balance of holes is governed by (neglecting the quantum
capacitance of the hole system in the gated section in
comparison with the geometrical capacitance)

A? Adrk A Loyl
2o exp( - —— (Ap B) _ eLetoly )
hvweER" e ho
After that, using eqgs. (10) and (11), we obtain
25V, A\ Lya,l,
A~ —(ZEBI (2 ) el o (1)
4h vw AV ho

As follows from eq. (12), the irradiation of the GNR-PT
operating in the tunneling regime results in a decrease in the
source—drain current, i.e., in negative photoconductivity.
This effect is associated with a decrease in the barrier
electric field Eg and, hence, in a decrease in the tunneling
current when the potential barrier lowers owing to the
positive charge of the photoholes accumulated in the gated
region.

Taking into account that the hole system in the gated
region is degenerate, the interband absorption is affected by
the Burstein-Moss shift of the absorption edge.’” As a
result, eq. (5) for the interband absorption coefficient in the
spectral range hw < 2A should be replaced by

A-O(hw — A — 2e)
a 9’

V0?2 — A2

where ¢er is the Fermi energy of holes in the gated section
[see Fig. 2(c)]. This Fermi energy markedly increases with
increasing top gate bias voltage. Using eqs. (12) and (13),
for the detector responsivity somewhat above the threshold
of the intersubband absorption in the gated region
(hw 2, A 4 2¢p), we obtain

13)

o,y =

| welgVy A \? eA
>~ o
4h vw AgE hov P w? — A2

welgVy A\’ e
~ .
8% vw AdBafk V Aeg

As seen from eq. (14), the GNR-PT tunneling responsivity
can be rather large owing to a large factor g=
(m elgVq/4h vw), whereas in the tunneling regime, the factor

(14)
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(A/A%™, < 1), Indeed, at Ig = 100nm and V4 = 0.1V, one
obtains g ~ 12.5. Taking this into account and assuming that
A =50meV, AdB“k = 100meV, and &g = 10meV, from
eq. (14), we obtain |R| ~ 6.4 A/W.

4. Discussion

The predominant mechanism of the GNR-PT operation
(thermionic or tunneling) depends on the relative value of
the following exponential quantities: exp(—Agp/kgT) and
exp(—mA?/hvweEg) >~ exp(—m Ig A%/l vy Ag). Comparing
these quantities and taking into account that the thermionic
regime occurs when Ag < A, one can come to a conclusion
that the thermionic mechanism predominates when

T AdBark 2
2 ()
i.e., in particular, T ~ T;. Here T; = hvw/m kglg. Assuming
that [lg = 100-500 nm, we obtain 7; >~ 46—-230 K. However,
if AdX > A the tunneling mechanism might be predom-
inant in a wide range of temperatures.

The GNR-PT responsivity in the thermionic regime can
markedly drop with increasing top gate length due to
electron scattering [see eqgs. (3), (7), and (8) as well as
Fig. 2]. As follows from eq. (3), at B=vr > 1, Gy x
B ' o< L7, so that R Lg_'. However, the GNR-PT re-
sponsivity in the tunneling regime is virtually independent of
the top gate length, at least until the conductance of the
degenerate hole system in the gated section exceeds the
tunneling conductance of the n—p and p—n junctions electri-
cally induced by the top-gate voltage. The latter is true in the
case of the ballistic transport of holes in the gated section. In
the case when the hole scattering in this section is essential,
the above assumption implies that the GNR-PT responsivity
is a weak function of the top-gate length when

TA? < ey
onexp| — - ,
P\ vy e gk L,

where p is the mobility of holes [the term on the right-hand
side of eq. (16) is the conductance of the degenerate hole
system in the gated section]. This condition is well satisfied
when the gate length L, is not too large:

U h\ (how A [ Alg
oM ) (5 ) o o ) | 7

At A=50meV, AP*=100meV, pn=(1-2)x 10*
cm?V=ls7! B, =10 cm™2, and /g = 100nm, the latter
inequality yields to Ly <« 40—80um. An essential contribu-
tion of the n—p and p—n junctions to the net resistance of a
graphene transistor structure (even without the gap) is
observed experimentally (see, for instance, ref. 21). One
needs to stress that the GNR-PT characteristics in the
tunneling regime substantially depend on the geometry of
the device in its central part, particularly, on the length of
these junctions /g o< W. Since Iz and, hence, W should not
be too small, the barriers separating the GNR array and the
back and top gates should be sufficiently thick. This implies
that the tunneling leakage current from the GNR array to the
gates can be effectively suppressed.

Due to the Burstain—Moss shift of the absorption edge in
the tunneling regime, there is a possibility of voltage tuning
of the GNR-PT spectral characteristics. Indeed, according to

5)

(16)
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egs. (15) and (16), the photon energy corresponding to the 4)
interband transitions between the top subband in the valence 5)
band and the lowest subband in the conduction band is given
by iw = A + 2¢p. Considering a one-dimensional spectrum
of the holes, their Fermi energy in the gated section at 6)
sufficiently high top-gate voltages (|Vg| > V, Wy /W) can be
calculated as ep o< (Vy,/ Wy, + Vg/Wg)2 x Vg. 7
5. Conclusions 8)
In conclusion, we developed a model for the GNR-PTs and
calculated their device characteristics. It was shown that
GNR-PTs can surpass IR and THz detectors utilizing other 9)
types of quantum structures (particularly, intersubband 10)
quantum-well, -wire, and -dot photodetectors). The GNR-
PTs under consideration can exhibit substantial technolog-  11)
ical advantages, including easier integration with readout
circuits, over detectors based on narrow-gap semiconductors 12)
like PbSnTe and CdHgTe. 13)
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