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Abstract—Ultrahigh sensitive phototransistors featuring a hy-
brid channel of graphene and a photoabsorbing nanomaterial
which is backgated through a substrate have demonstrated
photoresponsivity (in the range of 10' — 10° A/W). Although
remarkable sensitivity has been validated on a variety of pho-
toabsorbers such as quantum dots, perovskites, and, dyes, efc.,
basic physical principles and design parameters have not been
well understood using a self-consistent model. In particular, the
relative contribution of two distinct mechanisms for graphene
photoconduction: (i) carrier injection from nanomaterial, and, (ii)
photo-induced field effect from the substrate, is unclear. Here,
we use self-consistent numerical simulations to quantify these
effects and show that both mechanisms can have an equivalent
effect when the substrate is undoped. As the substrate doping
increases, the latter process rapidly falls off due to charge
screening. We further explore the effect of source/drain/gate
metal workfunction, substrate doping, and, carrier lifetimes and
propose optimizations for performance enhancement.

[. INTRODUCTION

A large number of applications require highly sensitive
photodetectors that can sense light from the ultraviolet (UV)
to the infrared (IR) range [1]. Ideally, these photodetectors
should have a good compatibility with CMOS platforms for
monolithic integration to provide high density, high throughput
and cost effective manufacturing processes [2]. Graphene [3],
quantum dots (QDs) [4], perovskite [5] efc. are easy to
integrate with silicon and can be tuned to offer a low cost
and highly sensitive photodetection in a broad range of wave-
length. During past few years, photodetectors made of these
materials have demonstrated very high quantum efficiency i.e.
the number of photogenerated carriers per incident photon,
low noise, high photoresponsivity and high gain.

A remarkably high performance in hybrid graphene pho-
todetecrors compared to that of the conventional photode-
tectors rely on unique properties in particular, its high car-
rier mobility and its atomically thin profile [6]. The high
carrier mobility in graphene allows ultrafast conversion of
photogenerated carriers into electrical current or voltage. Yet,
thin sheet of zero bandgap graphene inhibits efficient optical
absorption in UV and visible spectrum. To counter the low
optical absorption in graphene, , highly sensitive graphene
based photodetectors have been realized with some emerging
and cost effective materials like QDs [7], perovskite [8],
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dyes [9], and other 2-D materials [10] efc. and have exhibited
a high photoresponsivity.

In hybrid graphene phototransistor, light is absorbed in
a nanomaterial (perovskite, QD, dye, efc.) which makes a
Schottky contact with graphene channel from top. The chan-
nel is contacted with source/drain metals and is modulated
through a backgate under substrate. The photogenerated carri-
ers are separated due to energy barriers at graphene/metal and
graphene/nanomaterial junctions under an applied backgate
voltage. Photocurrent arises due to electrostatic doping of
graphene either due to direct injection of photogenerated carri-
ers from nanomaterial into graphene or due to the electrostatic
field effect of the photogenerated carriers in substrate. Photore-
sistance of graphene (R, = 1/qpAQ), where ¢ is the charge on
electron, p is the mobility of charge carriers, AQ is the change
in carrier density (doping) of graphene, defines photoresponse.
In the existing models, AQ is calculated based on the carrier
transport in Schottky diode formed between graphene and
nanomaterial. The carrier transport and current continuity
along the graphene channel is generally ignored due to which
important effects such as carrier trapping/accumulation inside
the channel are not incorporated.

Here, we include the effect of carrier transport along
the channel and show that lateral potential profile along
source/drain junctions can significantly modulate AQ. We
also incorporate the electrostatic effect of the photogenerated
carriers in substrate to highlight its relative contribution to the
photoresponse.. In addition, we explore the effect of incident
photon power on device photoresponsivity, the effects of car-
rier lifetime in quantum dots and substrate, the workfunction
of source/drain metal and the workfunction of backgate metal
with the substrate. Since all of these parameters could vary
as a function of deposition/process methods efc., their role on
the device characteristics needs to be well assessed.

This paper is divided into four sections. Section II describes
the modeling approach. Section III discusses the results and
the conclusions are provided in Section IV.

II. MODELING APPROACH

A three dimensional (3—D) schematic and 2-D cross section
of the device modeled in this work are shown in Fig. 1(a)
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Fig. 1.
graphene/quantum dot photodetector modeled in this work. (b) 2-D cross
section of the hybrid photodetector. A single layer graphene forms the channel
between source and drain which is backgated through silicon (Si) substrate.
Qunatum Dot (QD) layer is used as photoabsorber.

(a) Three dimensional (3-D) illustration of the hybrid

and 1(b) respectively. The device consists of a single layer
graphene which forms the channel between source and drain
which is backgated through silicon (Si) substrate, while QD
layer is used as photoabsorbing material. The light is incident
on QD and a photon flux is transferred into graphene and
moves into source and drain producing a photogenerated
current (Iphoto)- The device is simulated using a semi-classical
simulation tool Padre [11] for the first order evaluation of
various effects. It solves the Poisson equation and carrier
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Fig. 2. (a,b) The lateral potential of graphene channel under dark and

illumination for incident photon of smaller wavelength (\). Photogenerated
carriers are trapped inside graphene due to the energy trap created inside
graphene channel. Due to charge trapping, graphene potential and resistance
(Rg) are changed under illumination. (c,d) The lateral potential of graphene
channel under dark and illumination for incident photon of higher A when
light is absorbed in Si substrate. The photogenerated carriers accumulated at
Si/SiO, interface and modulated graphene potential and Ry.

continuity equations self-consistently assuming drift-diffusion
transport. Poisson equation is given by:

TV = 4 Vo = Ny +p(x) = n(x) M

where V(x) is the electrostatic potential, € is the the permit-
tivity of the absorber, Np (N4) are donor (acceptor) doping
density, n(x) and p(x) are position dependent electron and
hole concentration respectively. The continuity equation for
electrons (holes) is given by:

on(p) _ ﬁil
ot

where J,,) is electron (hole) current density, G(x) & R(x)
are position dependent carrier generation and recombination
rates respectively. The drift-diffusion equation for electrons
(holes) is given by:

V Iy + G(x) — R(x) 2)

dV(x) D dn(p)

Jap) = qn(p) finep) I &) gD I 3)

where fiy) is the mobility of electrons (holes) and Dy is
the diffusion constant for electrons (holes) respectively. G(x)
inside the absorber is implemented using Lambert-Beer Law
and given by [12]:

G(x) = aGoe™ ™ 4)

where Gy is the photogeneration at front surface. « is the
absorption coefficient of the absorber and x is the position
inside the absorber.

Recombination models include radiative, Shockley-Reed-
Hall and Auger processes. A 2 nm graphene layer is imple-
mented as an ultrathin semiconductor with mobility matching
experimental values for graphene. The QD layer is 80 nm
implemented in an effective medium approximation assuming
an average mobility, bandgap, and, dielectric constant for the
QD medium [13]. The device under observation is illuminated
with both high and low energy incident photons in order to
investigate the relative contribution of QD and substrate on
device photoresponsivity (R).

The basic working principle of the device for incident
photons of smaller wavelength (\) under dark and illumination
is shown in Fig. 2(a) and 2(b) respectively. Due to large o
of QD for high energy photons, the photogeneration takes
place inside QD layer and the photogenerated carriers are
transferred into graphene. Due to a built-in electric field,
one type of carriers flow towards source and drain while the
other type of carriers are trapped inside graphene making it
either n-type or p-type depending upon the type of trapped
carriers. The accumulation of trapped carriers inside graphene
channel modulates R,. Due to the change in R, under dark
and light, /yneo flows between source and drain for an applied
source/drain voltage (Vgs).

The basic working principle of the device for incident
photons of larger A under dark and illumination is shown
in Fig. 2(c) and 2(d) respectively. Due to small o of QD
for low energy photons and small QD layer thickness, most
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Fig. 3. (a) Photoresponsivity (R) as a function of incident photon power (Pijpc).
The hybrid photodetector exhibits a high R (=~ 10°A/W) for Pj,. as low as
10~ 16 W. The solid line shows the power law fit (R P, for the simulated
data with 8 = —0.83. (b) Experimental backgate voltage (V}¢) modulation
of graphene resistance (Rg — Vi) is compared with the simulated Ry — V.
The Fig. shows a good match with the experimental ambipolar symmetric
Rg — Vi characteristics.

of the photogeneration takes place inside Si and the pho-
togenerated carriers move towards their respective contacts
under an applied backgate voltage (Vpg). Due to a thick
SiO, layer, one type of carriers start accumulating at Si/SiO,
interface. The presence of space charge density at Si/SiO,
interface electrostatically dope graphene either n-type or p-
type depending upon the type of space charge. The doping
of graphene defines the number of carriers density and is
responsible for R,. Due to modulation in R, under dark and
illumination, Iphoe flows between source and drain for and
applied V.

III. RESULTS AND DISCUSSION

R of the hybrid photodetector as a function of incident
photon power (P;.) is shown in Fig. 3(a). The hybrid
graphene/quantum dot photodetector exhibits a high R (= 10°
A/W) for Py as low as 107! W. The solid line shows
the power law fit (R Pﬁc) for the simulated data with

B = —0.83. The Fig. shows a good match of R vs. Pj,. with
the experimental data of [7].
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Fig. 4. (a) Effect of front (source/drain) metal workfunction (¢») on R

and photogenerated current (Ipnoto - The higher ¢y increases the Schottky
barrier (¢sp) between graphene and metal due to which more photogenerated
carriers for a given Vj, are trapped inside graphene to modulate Rg. The
modulation in Ry under dark and light results in R and Iypoto- (b) Effect of
backgate metal workfunction (¢pg) on R and Iyhowo. The lower ¢y increases
¢sp between undope Si and backgate due to which more photogenerated
carriers accumulated at Si/SiO; interface to modulate Ry which results in R
and Iphoto-
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Fig. 5. (a) Effect of carrier lifetime in QD (7gp) and (b) substrate doping
(Nsi) on R and Ippero for A = 600 nm when most of the photogeneration
takes place inside QD. (a) For higher mqp, more photogenerated carreris can
transfer into graphene and modulate Ry and ultimately R and Iphoto- (b) For
smaller A, R and Iphoro are independent of Ny;.

Fig. 3(b) represents R, as a function of Vj, for the hybrid
photodetector. For small Vi, graphene channel potentially
remains undoped and R, is high due to the fact that density of
states (DOS) is small near the Dirac point (Ep) of graphene. As
Vg is increased in either direction, the potential of graphene
varies making graphene either n-type or p-type. Due to doping
of graphene, the DOS is increased away from Ep and R,
becomes small. Due to change in Ry, Iphoo flows between
source and drain for an applied Vps. The symbols shows
the experimental data of ambipolar symmetrical R, — Vi,
characteristics of [14].

The effect of front (source/drain) metal workfunction (¢n)
on R and Iy is shown in Fig. 4(a) for a fixed Vjg. Due to
difference in metal and graphene workfunctions, a Schottky
contact is formed between metal and graphene and electrons
can either transfer into graphene from metal or into metal
from graphene making graphene n-type or p-type respectively
underneath the metal contact. The graphene channel far away
from metal remains undoped. More the mismatch between
the workfunctions, higher Schottky barrier is formed between
metal and graphene. The Fig. shows that for higher metal
workfunction (¢m), higher R and Ipypeo is achieved due to
formation of a higher Schottky barrier between front metal
and graphene.

The effect of backgate metal workfunction (¢pg) on R and
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Fig. 6. (a) Effect of carrier lifetime in Si (75;) (b) Nsj on R and Ippeo for
higher A when most of the photogeneration takes place inside Si. (a) For
higher 7gj, more photogenerated carriers accumulate at Si/SiO, interface to
modulate Ry which results in R and Ipporo- (b) R and Ippoyo drop drastically

even for lightly doped Si, illustrating intrinsic Si is used for A = 900 nm to
achieve greater R.
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Iphoto 1s shown in Fig. 4(b). The graphene channel potential
under top metal is fixed at the potential of the metal. On
the other hand, the graphene channel potential far from the
top metal is floating and can be modulated through V.. The
Schottky barrier (¢sg) formed between Si and backgate deter-
mines the modulation of graphene channel with the application
of Vye. The Schottky barrier between Si and backgate is
due to difference in workfunctions of Si and backgate metal.
Therefore, as ¢y, is increased, ¢gsp is decreased with undoped
silicon. For smaller ¢sg, less number of photogenerated car-
riers accumulate at Si/SiO, interface under illumination. Due
to this phenomenon, the modulation in R, becomes small and
R and [0 drops significantly.

The effect of minority carrier lifetime in QD (mgp) on
R and Ipheo is shown in Fig. 5(a) for incident photons of
A = 600 nm when light is absorbed in QD layer. For higher
TQD, more photogenerated carriers are trapped inside graphene
due to presence of energy trap inside graphene channel for a
given Vi,. The large number of accumulated carriers inside
graphene channel under illumination modulate R,. The higher
modulation of Ry results in higher R and Iphoo for a given Piye.
It is clear form the Fig. that for higher R and Lo, large 7op
is required.

The effect of substrate doping (Ns;) on R and Iphoro is shown
in Fig. 5(b) for incident photons of shorter A. The electrostatic
field effect of substrate doping on R, is negligible due to
absence of any photogenerated carriers inside Si. Therefore,
both R and I are independent of Ng;.

The effect of minority carrier lifetime in silicon (7s;) on
R and Ipheto is shown in Fig. 6(a) for incident photons of
A = 900 nm when photogeneration takes place inside Si.
The photogenerated carriers accumulate at Si/SiO, interface
and the potential of graphene is modulated due to the photo-
induced field effect. For higher 7g;, more carriers accumulate
at Si/Si0, interface and modulation in graphene potential and
Ry is higher. Hence, high R and I, are achieved for higher
TSi-

The effect of substrate doping (Ns;) on R and Iy 1S Shown
in Fig. 6(b) for incident photons of larger A. The electrostatic
field effect rapidly falls as substrate doping is increased due
to charge screening. Unlike case of smaller ), the Fig. shows
that intrinsic substrate is require to achieve higher R and Iypoto
for this case.

IV. CONCLUSIONS

In conclusion, a self-consistent computational model is
developed for hybrid graphene/quantum dot photodetectors
for the first time. We incorporate the carrier injection from
the nanomaterial, lateral transport along the channel, and, the
electrostatic effect induced by substrate photogeneration to
quantify their relative contributions to the photoresponse. The
hybrid photodetector exhibits a high responsivity (R ~ 10°
A/W) for P, as low as 10'® W. Moreover, the effect
of source/drain metal workfunction is also established. A
higher ¢y makes a larger Schottky barrier with graphene
and higher R and Iypo is achieved. We further investigated

the effect of backgate metal workfunction. Smaller the ¢,
higher will be R and I,poo due to smaller ¢sg with undoped
Si. In addition, we explored the role of QD and substrate
for incident photons of different wavelengths. For incident
photons of shorter wavelength, light is absorbed in QD layer,
and higher carrier lifetime in QD is required to achieve higher
R and Ineo. While electrostatic effect of substrate doping
is negligible for this case. On the other hand, for incident
photons of higher wavelength, light is absorbed in silicon,
and higher carrier lifetime in silicon is required to achieve
higher R and Ijpo0. But unlike previous case, both R and
Iphoto fall off drastically even for lightly doped silicon substrate
due to charge screening. Hence, a careful design of quantum
dot layer, silicon substrate and source/drain/backgate metal
workfunction could is required for highly sensitive hybrid
graphene/quantum dot photodetector.
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