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An ultrafast, compact, zero-biased, and complementary metal-oxide semiconductor-compatible graphene photo-
detector (PD) based on a silicon-on-insulator hybrid plasmonic waveguide (HPWG) is proposed. Lumerical
MODE solver is employed to investigate the modal characteristics of TM-polarized modes in the HPWG compos-
ing the PD. It is shown that the input light can be completely coupled into the photonic-like and plasmonic-like
fundamental TM modes at the PD section. These two modes are exploited together in the photodetection process to
enhance the PD performance. A rigorous analysis is performed in order to extract the optoelectronic characteristics
of the single-layer graphene (SLG) used in the proposed structure. Lumerical 3D-FDTD solver is then employed
to quantify the light interaction of the two aforementioned optical modes with the SLG. With a proper design
at a wavelength of 1550 nm, the PD voltage responsivity reaches 2.8 V/W, and the photocurrent responsivity is
obtained as 18.5 mA/W, while the corresponding absorption length is kept below 8 um and the noise equivalent
power islimited to 3.7 pW/ +/Hz. Moreover, as the PD operates under zero bias, its photoresponse is predominated
by the photothermoelectric mechanism, exhibiting a bandwidth that exceeds 180 GHz while avoiding the dark
current. © 2022 Optica Publishing Group

https://doi.org/10.1364/A0.454607

1. INTRODUCTION (PV) effect, photobolometric (PB) effect, and photothermo-
electric (PTE) effect [7,8]. For each specific graphene PD, the
dominant mechanism is determined according to the mode of
operation (biased or unbiased graphene), device configuration,
and design geometry [9].

A wide variety of waveguide-integrated graphene PDs based
on PV effect has been reported in literature. For example, in
[10], the proposed PD has relied on a metal-doped graphene

junction coupled evanescently to an Si waveguide. The elec-

Silicon (Si) photonics is an enabling technology for the
integrated optical interconnects operating at the infrared
wavelengths beyond 1.1 pm, which allows a dense integration
of optical and electronic building blocks on the same chip, based
on the mature complementary metal-oxide semiconductor
(CMOS) fabrication technology. However, because of the
Si transparency at these wavelengths, it cannot be employed

effectively to realize photodetectors (PDs) at the receiver end tronic band bending at the junction resulted in a built-in electric

[1-3].

Graphene is a 2D material which is considered a promising
candidate for integrated PDs. Single-layer graphene (SLG) has
distinctive features, including broadband absorption, ultrahigh
carriers mobilities, CMOS compatibility, and integrability
with on-chip photonics platforms such as Si-on-insulator (SOI)
[4-0]. Basically, graphene has three mechanisms that may con-
tribute to the overall photoresponse, namely the photovoltaic
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field that can separate the photogenerated electron—hole pairs
under a zero-bias operation. However, the obtained responsivity
has been reported to be as small as 15.7 mA/W with an absorp-
tion length of 53 pm, and the operation speed is limited by the
carriers’ mobilities to 20 GHz. With a 1 V bias, the PD respon-
sivity has been reported to reach 0.1 A/W. In addition, the
proposed waveguide-integrated PD in [11] has been designed
so that the graphene layer has a varying doping level, creating pn


https://orcid.org/0000-0002-3979-0551
https://orcid.org/0000-0003-1471-8841
https://orcid.org/0000-0001-5099-3598
mailto:hesham@alexu.edu.eg
https://doi.org/10.1364/AO.454607
https://crossmark.crossref.org/dialog/?doi=10.1364/AO.454607&amp;domain=pdf&amp;date_stamp=2022-04-05

3166  Vol. 61, No. 11/ 10 April 2022 / Applied Optics

junctions at the contacts. As a result of the asymmetric contact
scheme, light is absorbed at only one pn junction, generating
a photocurrent with a maximum responsivity of 16 mA/W
through a 30 pm PD length, and a bandwidth of 41 GHz
under zero bias. On the other hand, in [12], the authors have
demonstrated a 50 um long waveguide-integrated graphene
PD operating based on the PB effect under a bias of 1 V. The
graphene’s resistivity has been changing because of the strong
interaction between charge carriers and phonons, resulting in
a variation in the flowing current. The reported bandwidth is
wider than 76 GHz and the PD responsivity is 1 mA/W.

Several efforts have been made to develop waveguide struc-
tures that have the ability to confine light very close to graphene,
aiming at enhancing its absorption. One of these structures
has been reported in [13], where a SLG is placed on a 100 nm
thick Si waveguide and is partially coated by a gold (Au) elec-
trode. Accordingly, the plasmonically enhanced quasi-TE
mode is exploited to interact with the graphene, resulting in
an improved responsivity of 0.4 A/W under a voltage bias of
—0.3'V, along an absorption length of 50 pm. Alternatively,
light can be coupled from an Si waveguide to a plasmonic mode
confined in a narrow plasmonic gap, as reported in [14-16],
which can enhance the PD responsivity up to 0.67 A/W under
an 0.5 V bias, with a significant reduction in the absorption
length down to 5 pm.

In spite of the enhanced performance of the introduced
waveguide-integrated graphene PDs based on PV and PB mech-
anisms due to the plasmonic effect, they still require operation
at an external biasing voltage, which results in an unavoidable
noise contribution due to the dark current [17]. Accordingly,
the PTE effect is considered of significant importance, as it can
be exploited effectively to develop ultrafast PDs operating under
zero bias, paving the way for graphene PDs with a vanishing
dark current [5]. The PTE mechanism includes the formation
of a hot carrier distribution within a very short time interval
(<50 fs) as a result of an electron—electron multiple scattering
process which occurs in response to an optical excitation. The
excited hot carriers cool down over 2—4 ps through a phonon
interaction [18,19]. With the presence of a temperature gradi-
ent across the SLG, a photovoltage is developed according to the
Seebeck effect [20].

Several waveguide-integrated graphene PDs predominated
by the PTE mechanism have been reported in literature with
a maximum responsivity of 0.36 A/W and a bandwidth of
67 GHz [21-26] although, in these waveguiding structures, the
output signal is delivered via two lateral Au contacts. The PTE-
induced voltage drop is obtained by integrating the product of
the Seebeck coefficient profile and the temperature gradient
across the graphene layer. As a result, because of the similar
temperature at the contacts, the obtained voltage drop vanishes
unless there is a nonzero gradient of the Seebeck coefficient
profile across the graphene layer between the two contacts.
Accordingly, the common denominator among these structures
is the presence of gating voltages in order to electrostatically
create areas of different doping levels, and subsequently to
generate a varying profile of the Seebeck coefficient across the
SLG. Indeed, the demand for such gating voltages leads to more
power consumption and raises the design complexity.
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Inan attempt to get rid of the varying profile of the graphene’s
Seebeck coefficient, the authors of [27] have recently proposed
an alternative design of a graphene PD with two vertical tita-
nium nitride (TiN) electrodes on top of a SLG deposited on
an Si rib waveguide. The injected power is partially coupled
to a propagating mode in the PD section at a coupling ratio
0f 0.79 (~20% coupling loss). The central electrode interacts
with the mode field, introducing a plasmonic enhancement
to the absorbance of the graphene area below it. Meanwhile,
the side electrode is designed to be far enough from the propa-
gating mode, and subsequently almost no absorption occurs
below the area of the graphene. Accordingly, the graphene area
below the central electrode exhibits higher carrier temperatures
than the side area. As a result of this temperature difference at
the electrodes, a PTE-induced voltage drop is developed despite
the constant profile of the graphene’s Seebeck coefficient.
Moreover, the use of the TiN as a plasmonic material makes the
proposed graphene PD compatible with CMOS technology
[28]. The reported bandwidth in that work exceeds 100 GHz,
with a nearly flat response over the C-band, although the mode
attenuation coefficient has been reported to be 3.67 dB/um.
This high attenuation coefficient includes both effects of the
productive absorption in the graphene and, more significantly,
the ohmic loss in the TiN central electrode, which is normally
associated with plasmonic-assisted devices. Although the PD
responsivity in that work has been reported to be as high as
1.1 A/W, we noticed that the authors have neglected the influ-
ence of the TiN-induced ohmic loss on the net graphene’s
absorption, which we found to significantly reduce the actual
PD responsivity, and thus it will be taken into consideration
in the present work so that the productive absorption in the
SLG is extracted and solely included in the photodetection
analysis. Moreover, the authors of [27] have assumed that the
SLG is directly deposited on the Si waveguide without an inter-
mediate insulating layer (spacer). However, the existence of
such an insulating layer is indispensably required to prevent the
injection of SLG’s carriers to Si where the SLG is chemically or
electrostatically doped to act as a dielectric-like material [29,30].

In this paper, we design a hybrid plasmonic waveguide
(HPWG)-integrated graphene PD. The device is based on
an SOI strip waveguide in which an SiO; spacer is used as an
insulating layer between the SLG and the Si waveguide. We
first provide a rigorous analysis to help us determine the proper
optoelectronic characteristics of the SLG. In addition, we
employ Lumerical MODE solver to give an accurate description
of the modal behavior of the TM-polarized modes in the pre-
sented HPWG-integrated PD. Next, we use Lumerical FDTD
solver to carry out the photodetection process in our proposed
configuration. We design the PD so that the input power is
coupled at nearly zero coupling loss to both photonic-like and
plasmonic-like TM-polarized fundamental modes. In addition
to the merits offered by the proposed device structure, includ-
ing bias-free operation, ultra-wide bandwidth (~185 GHz),
and loss-free input power coupling, our results show that, by
properly choosing the thickness of the insulating spacer, the
HPWG-integrated graphene PD achieves a reasonable plas-
monic enhancement of the graphene absorption, while reducing
the associated ohmic loss that is induced by the existence of the
TiN central electrode. This leads to a fair compromise between
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PD responsivity and noise-equivalent power (NEP) on the one
hand and PD absorption length on the other hand.

The remainder of this paper is organized as follows. The
structure of the HPWG-integrated graphene PD is described
in Section 2. Section 3 is devoted for the theoretical analysis of
the proposed device. The obtained results are presented and
discussed in Section 4. This is finally followed by the main
concluding remarks in Section 5.

2. HPWG-INTEGRATED GRAPHENE PD
STRUCTURE AND PRINCIPLE OF OPERATION

The proposed HPWG graphene PD is shown schematically
in Fig. 1. It consists of an input SOI strip waveguide, which
guides light to the PD section. The PD section is composed
of a HPWG with an Si core which is uniformly cladded by
SiO;, to create a spacer with thickness ¢, to allow a subsequent
homogeneous deposition of the SLG on the whole PD area.
The spacer insulating layer provides a separation between the Si
waveguide and the SLG to inhibit the injection of the graphene’s
photoexcited carriers into the Si. Besides, the spacer thickness
¢ significantly influences the field distribution of the modes
propagating through the waveguide. The SLG is embedded
between the SiO, spacer and an upper TiN central electrode
that introduces a plasmonic confinement of the light close to
the graphene area below it, enhancing its effective absorption.
At one side of the PD section, another TiN electrode is placed
in order to collect the generated photocurrent. At a wavelength
A =1550nm, the refractive indices of the Si and SiO, are 3.47
and 1.44, respectively [31]; the TiN refractive index is taken to
be2.54 4 7.84i [32].

A. Operation Principle

The main idea of this work is to exploit the unique modal
characteristics of the HPWG so that two optical modes can be
employed simultaneously in the photodetection process. The
input waveguide is launched with the fundamental photonic
mode TMj, which is then totally coupled into two propagating
modes at the beginning of the HPWG-integrated graphene PD
section, enabling an enhanced excitation of hot carriers with
high temperatures in the SLG below the central TiN electrode.
Meanwhile, the graphene area below the TiN side electrode
exhibits a vanishing interaction with the mode’s evanescent
field, and thus its carriers maintain the lattice temperature,
accounting for an induced voltage difference between the two
TiN electrodes, which can be delivered to an external circuit.
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Fig.1. Structure of proposed HPWG-integrated graphene PD. The

coordinate system used in this paper is also shown.
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B. Dimensions of Proposed Device

The structural dimensions of the proposed device are deter-
mined considering several factors. Namely, the coupling
efficiency of the light from the input waveguide to the PD sec-
tion, strength of the plasmonic confinement of the light close
to the graphene, and the overall PD absorption length. We
obtained the optimum device dimensions through our initial
simulation trials as follows. The waveguide height / and width
W are 500 nm each; the spacing between the two electrodes yj
is set as wide as 150 nm to offer sufficient carriers’ temperature
gradient; the TiN electrodes have the same waveguide width
(500 nm), and their thicknesses are 100 nm each. The TiN
electrode’s thickness is large to prevent the evanescent field cou-
pling to SPWs at the upper TiN/air interface, and subsequently
to reduce the overall plasmonically induced ohmic loss. The
spacer thickness # is finally chosen to be 10 nm so that the PD
absorption length equals 7.8 pm.

3. THEORETICAL ANALYSIS

In what follows, we present a full analysis of the proposed
HPWG-integrated graphene PD. We start by appropriately
modeling the optical and electronic properties of the SLG. Next,
we derive proper expressions for the hot carrier’s temperature
distribution and the PD responsivity.

A. Modeling of SLG

The optoelectronic properties of a SLG are essentially influ-
enced by its chemical potential u, which can be controlled
practically by either electrical gating or chemical doping
[33]. The following characteristics of graphene are derived
as functions of .

Because of the 2D nature of graphene, in which its electrons
are confined vertically within the atomic monolayer, the SLG
can be modeled as an anisotropic 3D medium of an effective
layer thickness 4, =0.7 nm. It is worth noticing that the
anisotropic treatment of the SLG in the present work is of a
high importance to properly describe the SLG interaction with
TM modes, which cannot be achieved through the isotropic
treatment [34]. In the anisotropic model, the optoelectronic
properties of the SLG are identical on the surface plane (i.e., in
both x and y directions), in contrast to the normal z direction.
Accordingly, while the SLG lacks the out-of-plane optical
conductivity 6, the surface optical conductivity (in-plane)
o) is expressed, based on Kubo’s formula, in a compact form
that includes both intra-band and inter-band transitions for
|| > K1y, where Kp is the Boltzmann’s constant and 7j is
the lattice temperature, as [29,34]

5 4l 1 (ho—=2u|
= . 1 — _
=00 T iy T T AT

1 _1 (ho+2|u]
— —tan _—
T hl”

i n([hw—l—llul]z—i-[hr‘]Z)}
27 [how — 2| + [AT1? /)]
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where 6 = ¢?/(4h) ~ 60.85 WS is the high-frequency surface
optical conductivity of the SLG, e is the electron charge, I is
the reduced Planck’s constant, @ is the angular frequency of
the incident light, and A is the effective scattering rate of the
charged particles, which has been extracted to be ~59 meV fora
SLG deposited on an SiO; substrate [35-37].

The SLG complex volumetric permittivity € is represented by
adiagonal tensor, which can be written as [38]

En=¢ O 0
e=1|o0 &y=§ 0 , @)
0 0 -

where €| is the in-plane conductivity, which is related to &

through:

~ i5'||
€| =¢€o (Er + a)Eodg) . (3)

Here, the out-of-plane permittivity €| = €g¢€,, wheree, ~2.51s
the relative background permittivity of the graphene.

At the static limit (w — 0), & approaches the surface electri-
cal conductivity o', which can be approximated by the following
relation for || > K3 Tj [35,39]:

o~ e2/(h) <1+ w ) )

R2T?2

The thermal conductivity is linked to the electrical
conductivity through the Wiedemann—Franz law as [40]
T2K2 T,
K= 3—£o. (5)
Asshown in Fig. 1, the proposed graphene PD is self-powered
(bias-free), consuming zero DC electrical power, and thus its
photoresponse is predominated by the PTE mechanism rather
than either the PV or PB mechanisms. The overall cooling
rate of the excited hot carriers in graphene has been predicted
theoretically by Song ez a/. [41] and verified experimentally by
Grahamezal. [42] as

1
y=A(—+Bn), ©)
T
where
_ 3D? E _ 6{(3)62K123U§p 1 .
47t2,0h3vf([(3 m2hv?  plo(w)
(7)

Here, D ~ 20 eV is the graphene’s deformation potential, v r =
10° m/s is the Fermi velocity of hot carriers, v, =2 x 10% m/s
is the acoustic phonons’ velocity, p = 7.6 x 1077 kg/m? is the
graphene mass density, and ¢ is the Riemann zeta function.

The first term on the right-hand side of Eq. (6) is related to
the intrinsic scattering mechanism in graphene, which involves
an acoustic phonon emission with a much slower velocity than
free electrons. As a consequence of this velocity mismatch, the
energy of the emitted acoustic phonons is greatly restricted
by the conservation of momentum. Accordingly, the cooling
time mediated by that mechanism exceeds 300 ps. On the
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other hand, the second term is related to the supercollision
(disorder-enhanced) mechanism, which involves a relaxation of
the momentum conservation restriction, allowing the emission
of high-energy acoustic phonons; subsequently, the associ-
ated cooling time is reduced down to a few picoseconds. It has
been found that these two mechanisms dominate at low and
high temperatures respectively, with a crossover temperature
=./1/B.
The carrier’s cooling length & and the electronic heat capacity

C can be expressed as [35,39]

[k 271K276
é C and C_WM, (8)

respectively.

In the PTE mechanism, the generated photovoltage is linked
to the hot carriers’ temperature gradient through Seebeck coefhi-
cient, which is given by [39]

72K2 T 1 do
S=——"87 " 9
3¢ odu ©)

B. Hot Carriers’ Temperature Distribution and PD
Responsivity

In the case of a SLG exposed to a uniformly distributed optical
power along the x axis, the hot carriers’ temperature distribution
1;(y) can be obtained by solving the following one-dimensional
(1D) heat transportequation [39,40]:

2T 1

= O OR

P;Z,s ) = (10)
where P} (y) is the areal density of the optical power absorbed
by the SLG and 7; is the carrier temperature.

However, in our proposed structure in Fig. 1, the optical
power comes from a waveguide mode propagating along the
x axis with a certain attenuation coefficient o = 10 log 47;1(
[dB/um], where K is the mode’s extinction coefficient, due to
the absorption in both SLG and TiN central electrode, which
means that the areal density of the absorbed power is no longer
uniform along the x direction. Since we keep attention focused
on the carriers’ temperature distribution across the TiN elec-
trodes (along the y direction), we can still employ Eq. (10) after
averaging the two-dimensional areal density of the absorbed
power P} (x, y) along the PD absorptlon length L. Hence,
1;(y) accounts for the average hot carriers’ temperature distri-
bution, and the averaged areal density of the absorbed power

P} (y)isgivenby

1
P =1 [ Pisnar i)

where the integration is performed along the PD absorption
length L, which is expressed according to the Beer-Lambert law
in terms of the mode attenuation coefficient o and the fraction
of input power being absorbed A(L) as

L:—élOlog(l—A(L)). (12)
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In order to get P} (x, y), we simply integrate the volumetric

density of the absorbed power along the SLG thickness 4, as

1 -
P:;Js(x’ _)/) = Ew3{6||}

X/ |Eg i (x, 3, 2>+ Eg, (x, v, 2)dz,
SLG
(13)

where the integration is carried out along the effective thick-
ness of the SLG d,; E, , and E, , are respectively the x and
y components of the electric field vector inside the SLG. The
integration is performed with high-accuracy mesh settings of
the FD'TD solver so that we can obtain values of the electric field
components at multiple points inside the SLG.

Itis worth noticing that, when solving Eq. (10), the boundary
conditions 7;(£(yo + W/2)) = Tj are considered, provided
that the separation between the TiN electrodes |yl is large
enough so that light interaction with SLG is negligible below
the side electrode, and subsequently P} (1y0 + W/2|) is suf-
ficiently small. Moreover, it is evident from Eq. (13) that the
out-of-plane electric field component £, , does not contribute
to the absorption process. This isa result of the anisotropic treat-
ment of the SLG, in which the optical conductivity vanishes in
the z-direction, and subsequently J{€, } = 0.

The nonzero temperature gradient across the y axis is respon-
sible for the development of an induced PTE voltage difference
across the SLG between the two TiN electrodes according to the
Seebeck effect as

VorE = S(L|max — 10), (14)

where 7, | max is the carrier temperature at the center of the wave-
guide (i.e., at y = 0). The corresponding photocurrent can be
obtained by dividing Vprg by the SLG resistance as

ol
Ih = — VprE. (15)
Jo

Throughout this work, our obtained results are all normalized
to the input mode power in the PD section. Accordingly, the
internal voltage responsivity R, and current responsivity R;
are directly estimated through Egs. (14) and (15), respectively.
Moreover, the external responsivities can be readily obtained
by multiplying R, and R; by the power coupling efficiency n
between the input photonic mode and the PD mode.

The intrinsic NEP of the PD is determined by calculating the
Johnson-Nyquist noise as [27]:

graphene

-0.5 -0.25 0 0.25 0.5
(a y [pm]

Fig. 2.
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VAK5 TR, (16)

NEP = ,
R,

where R, = yo/(0 L) is the SLG resistance.

4. RESULTS AND DISCUSSION

We start by exploring the modal properties of the HPWG,
which allows us to determine the proper PD design. Next,
we investigate the optical and electronic characteristics of the
SLG, based on the analytical model provided in Section 3.A.
After that, the performance of our proposed PD is examined
according to the introduced analysis in Section 3.B.

A. Modal Characteristics of HPWGs

Despite the fact that such a HPWG presented in Fig. 1 sup-
ports both TM- and TE-polarized modes, only the former can
effectively exhibit a plasmonic confinement close to the upper
metallic film due to the direction of their principal electric field
component that lies tangentially to the film, allowing a strong
coupling to surface plasmon waves [43]. Accordingly, we restrict
our investigation in the present work to the TM-polarized
modes.

Considering an HPWG structure with no spacer (i.e., r = 0),
we notice that there are two sets of TM-polarized modes: the
photonic modes, which are mainly concentrated inside the Si
core, and the plasmonic modes that are tightly bound to the
TiN-Si interface. In Figs. 2(a) and 2(b), we illustrate the electric
field intensity of the fundamental mode TM, from each set.

The existence of a nonzero-thickness spacer can be thought
of as a perturbation that has been introduced to the structure,
which enables evanescent field couplings among the two sets
of modes, producing photonic-like as well as plasmonic-like
modes. In this context, it is worth noticing that the plasmonic-
like modes in a HPWG are typically referred to as hybrid modes
[43]. For further clarification, we use Lumerical MODE solver
to obtain Fig. 3, which displays the behavior of the fundamental

photonic-like mode TMSh and the fundamental hybrid mode
™.

Figure 3(a) depicts the variation of the mode’s effective index
N and extinction coefficient K with the spacer thickness z. For

TMgh, we find that NV decreases monotonically with increas-
ing ¢, indicating that the photonic mode shown in Fig. 2(a)
becomes less confined inside the Si core (as its field spreads into
the low-index spacer). Meanwhile, K slightly increases with #
since the mode field comes in close proximity to the TiN film,
which exaggerates the propagation ohmic loss. However, at

graphene
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0.2
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Electric field intensity of: (a) photonic; (b) plasmonic fundamental modes in a HPWG of a spacer thickness £ = 0.
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(a) Effective index and extinction coefficient; (b) power coupling coefficient versus spacer thickness .

=10 nm, a turning point comes into view and K starts to
decline because the spacer thickness now provides a dielectric

separation between the TMSh mode field and the film, which in
turn reduces the ohmicloss. On the other hand, it is obvious that
TMgl is more susceptible to the variation of z. Both Nand K of
that mode significantly drop with increasing . This is because
the optical field of the plasmonic mode shown in Fig. 2(b) is
no longer strongly bound to the TiN film, but spreads into the
spacer medium (SiO,), and subsequently its confinement at the
film decreases along with its propagation loss. One notices that

for t > 40 nm, K — 0, which means that the TMSl mode field
mostly lies in the low-index spacer with a minimal influence of
the TiN film-induced ohmic loss.

In addition, Fig. 3(b) illustrates the power coupling coef-
ficient between the fundamental photonic mode TM{® that
propagates through the input waveguide and either of the modes
TMgh (n"=Ph) or TMEl (n™~PY) that propagate through the PD
section, versus the spacer thickness 7. Interestingly, increasing
the spacer thickness # is shown to have a discrepant influence

. . h [ . i
on the coupling coefficients of TMJ" and TM} with TMJ'.
Particularly, 7P declines while 7" P! grows, with their sum
almost constant at unity. This is because, as ¢ increases, the

TMgh mode field expands outward from the Si core, decreasing

the overlap integral with TMI, while the TMS1 field partially
spreads from the vicinity of the TiN film toward the Si core,
and thus the overlap integral builds up. Most importantly,
since 7" P 4 nin Pl a1, this means that almost 100% of the
input power of the mode TML' is transferred into the modes

TMgl1 and TMgl for any spacer thickness. The two latter modes
contribute together to the PD absorption process, accounting
for an effectively zero power coupling loss between the input
waveguide and the PD section.

At this point, we design the HPWG with a spacer thick-
ness =10 nm. Accordingly, the absorption process in the

0.8
HO.G

0.4

1PP"(y,2)| [mWim?] graphene

0.2

0
04 -03 -02 -01 0 0.1 0.2 0.3 0.4

@ y [pm]

SLG is mainly contributed by the hybrid mode TMgl (with

n"~?! = 0.75) and is assisted by the photonic-like mode TMSI1
(with n”7~?» = 0.24), as obvious from Fig. 3(b). To clarify the
optical power confinement of the two aforementioned modes
at the SLG, we employ MODE solver to obtain the magnitude
of the propagating component of Poynting vector | P (y, )|,
which is shown in Figs. 4(a) and 4(b) for each mode, respectively.
One can see that the modes’ radii along the y axis are noticeably
smaller than 0.4 pm (note that y = 0.4 pm corresponds to the
inner edge of the side electrode), which confirms that the tem-
perature of the SLG below that electrode is maintained fixed at
1, as pointed out in Section 2.A. The corresponding extinction
coefficients KP" and KP' are extracted from Fig. 3(a) and are
then substituted into Eq. (12) to obtain the absorption lengths
LP" and LP' as 4.7 wm and 7.8 pwm, respectively, assuming an
absorbed power fraction A(L) = 0.95 for each mode. Later, in
Section 4.C.2, we perform a similar analysis for different spacer
thicknesses and examine the PD performance in each case.

B. Optoelectronic Parameters of SLG

Now, we apply the analytical model introduced in Section 3.A
to determine the most suitable chemical potential at which the
SLG should be tuned, and thus we can extract its optical and
electronic parameters, including the complex permittivity €,
cooling rate y, and Seebeck coefficient S.

Figure 5 illustrates the real and imaginary parts of the surface
optical conductivity ¢ as well as the in-plane permittivity €| at
A =1550 nm, based on Egs. (1) and (2), respectively, versus the
chemical potential [@t]. One can notice a significant drop in &
at |u| =hw/2~ 0.4 eV due to the Pauli blocking effect [44],
in which the states of the conduction band are totally occupied,
and subsequently the interband transitions [the second term
on the right-hand side of Eq. (1)] are inhibited. Furthermore,
we find that %{€)} tends to have negative values as || increases
towards 0.5 eV, while 3{€;} settles at zero. Subsequently, the

1P2!(y,2)| [ImWim?] graphene
0.6 o8
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T
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N
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Fig.4. Magnitude of the propagating component of Poynting vector of (a) photonic-like mode TMEh ; (b) hybrid mode TMSI.
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Fig.5. Real and imaginary parts of surface optical conductivity and
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Fig. 6. Hot carriers’ cooling rate and Seebeck coefficient of SLG
versus chemical potential p.

Table 1. Optoelectronic Parameters of a SLG Tuned
at Chemical Potential © =0.15 eV and Wavelength
A =1550 nm

o) ) o K Y 3 S|
[mS] €/e0c [mS] [nW/K] [GHz] [um] [uV/K]
6084+ 260+ 021 155 186 036 423
i0.74 i8.07

SLG exhibits a purely imaginary refractive index, indicating
that the SLG optical response changes with increase in the
chemical potential from being of a dissipative dielectric nature
to a perfectly metallic response in which the light is reflected
rather than being absorbed. Since the SLG absorption prop-
erty is principally required to be exploited in our work, we
restrict the following results to the chemical potential range
0<|ul<0.4 eV.

The PTE-based PD speed is determined according to the
cooling rate y, whereas the magnitude of the PTE induced
voltage depends on the Seebeck coefficient | S|, as evident from
Eq. (14). Accordingly, we make use of Egs. (6) and (9), respec-
tively, in order to plot both y as well as S versus the chemical
potential y in Fig. 6. An insight into this figure reveals a trade-
off between y and | S| so that one cannot attain the maximum
PD speed simultaneously with the highest responsivity. As a
compromise, we suggest tuning the SLG to u=0.15 ¢V to
obtain |§| ~42 pV/K, while achieving a PD speed as high
as 186 GHz. To summarize, the optoelectronic properties of
the SLG tuned at £t = 0.15 €V have been calculated, based on
Egs. (1)-(9), and arranged in Table 1.

C. Evaluating Proposed PD Performance

Here, we come to explore the features of proposed HPWG-
integrated graphene PD, considering the aforementioned
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Fig.7. Areal density of absorbed power in SLG.

design. First, we find the areal density of the total optical power
that is exclusively absorbed in the SLG P} (x, y). Since the two

h | . .
modes TMg and TMg contribute to the absorption process,
P} (x, y) canbe expressed as

s«ph #pl
Pabi (x’.y)+Pabz (X,)l)

7 (17)

s (X 9) =

h 1 ..
where P:;E (x, y) and P;f; (x, y) are the areal densities of the
absorbed power fraction of each mode, which are carried out

separately from Eq. (13). To have the results normalized per unit

of the input power, both P;Lih (x, y)and P;Lzl (x, y) are divided
by the total injected power to the simulation region P;,, where
P, = Pph/r]i“_Ph = PPl/ni“_Pl; PP and PPl oare the mode
power fractions of the two modes TMSh and TMgl propagating
through the PD section, respectively.

Figure 7 illustrates P} (x, y) as obtained through Eq. (17).
The optical power absorption in the SLG is greatly noticed
along the first few micrometers of the PD absorption length,
showing a fast decay due to the associated power dissipation in
the central TiN film along the propagation direction (x axis).

1. Voltage and Current Responsivities

We employ P} (x, y) in Eq. (11) in order to obtain the aver-
aged distribution of the absorbed power density across the SLG
P} (y). Itis worth noticing that, in our case of the two-modes
absorption we have L = max{LP", LP'}, which is the total
absorption length of the PD. We then solve the heat transport
equation given by Eq. (10) by using the fifth-order method
for solving boundary value problems bvp5c provided in
Matlab, after properly substituting with P} (y), along with the
extracted parameters of the SLG which are presented in Table 1.

Figure 8 depicts P} (y) and AT(y) = 1.(y) — 1j on the same
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Fig.8. Averaged areal density of absorbed power (left); hot carriers’
temperature distribution across SLG (right).
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Table 2. Effect of Changing Spacer Thickness on the Performance of HPWG-Integrated Graphene PD
Mode TMgll Mode TMgl
Spacer Thickness # [nm] pin—ph LP* [um] pin—el LP' [um] R, [VIW] R; [mA/W] NEP [pW/+/ Hz]
0 0.60 6.0 0.39 1.7 3.8 19.4 2.4
10 0.24 4.7 0.75 7.8 2.8 18.5 3.7
20 0.10 5.6 0.89 21.6 1.0 18.3 17.4
30 0.05 6.9 0.94 44.3 0.5 18.3 51.2

graph, from which 7; | e — 7o is found to be 6.6 x 104 K. We
substitute this value in Eq. (14) to obtain Vprg as 2.8 V. The
corresponding photocurrent /i, is also estimated from Eq. (15)
tobe 18.5 mA.

It is worth noticing that the values obtained for both Vprg
and Iy, reflect the external voltage and current responsivities,
respectively, because of our initial normalization of P} (x, y) to
the total injected power, as seen from Eq. (17).

2. Effect of Spacer Thickness

As evident from Figs. 3(a) and 3(b), both the extinction coefhi-
cient K and the coupling coefficient 1 of the two modes TMSh

and TMgl are sensitive to even slight variations in z. We perform
further analysis in order to evaluate the PD performance for
various spacer thicknesses. The obtained results are presented
in Table 2. One can notice the highest voltage responsivity
(R, = 3.8 V/W) for the case of a zero-thickness spacer (z = 0).
This is due to the strong interaction between both modes

TMSh and TMgl with the SLG in this case. Meanwhile, the
corresponding effective absorption length is found to be very
short (L =6 pm) because of the excessive power dissipation

especially of TMSl in the central TiN film. Indeed, this case
of a zero-thickness spacer is practically unsuitable because the
existence of the spacer is necessary to prevent the injection of
graphene’s carriers into the Si, as pointed out in Section 2.

As the spacer thickness increases, the role of TMSl becomes
more significant. Particularly, its coupling with the input
mode TMB" grows. Meanwhile, the influence of the ohmic loss
induced by the central TiN film on that mode is significantly
reduced, as illustrated in Section 4.A, though as a conse-
quence, the voltage responsivity R, gradually declines due to
the weakened interaction of the modes’ fields with the SLG.
Furthermore, this comes with increasing the effective absorp-
tion length L required to maintain the same absorbed power
fraction through the PD (i.e., A(L) = 0.95).

The photocurrent responsivity R; is shown to keep an almost
constant value (~19 mA/W) despite the reduction in R,,. This
is because the latter is compensated by the increase in L, as is
obvious from Eq. (15). Moreover, the decline in R, leads to
an exaggerating NEDP, according to Eq. (16). Here, we suggest
designing our proposed graphene PD with a spacer thickness
£ =10 nm, which provides a sufficient separation between the
SLG’s carriers and the Si waveguide [29] while achieving a fair
compromise between the PD performance (R, = 2.8 V/Wand
NEP =3.7 pW/\/H_z), on the one hand, and its absorption
length (L =7.8 pum), on the other hand.

According to the previous discussion, it is clear that the

hybrid mode TMgl plays a significant role in the photodetection
process of the proposed PD. In spite of this, it has not been con-
sidered in the analysis reported in the literature [27]. Hence, we
argue that our proposed analysis in this work gains the ultimate
benefit of the input power by simultaneously employing both

modes TMgh and TMgl in the photodetection process, based on
a rigorous model in which the light interaction with the SLG is
precisely determined for each mode.

5. CONCLUSION

We have proposed an ultrafast graphene PD that employs a
simultaneous absorption of two optical modes propagating
through a HPWG in the photodetection process at the telecom
wavelength of 1550 nm. The presented PD operates under zero
bias, relying on the PTE effect. The modal behavior of the TM-
polarized modes in HPWGs has been first investigated using
Lumerical MODE solver. It is shown that the HPWG supports
two sets of TM modes, which we refer to as photonic-like and
plasmonic-like modes. Our results show that the injected power
at the input waveguide is entirely coupled with the fundamental
mode of each set, which contributes together to photodetection.
The anisotropic model of the SLG has been employed to provide
the proper optoelectronic characteristics which are fed into
Lumerical FDTD solver to find a precious description of the
light interaction for each mode with the proposed structure.
The PD performance has been estimated for various thicknesses
of the insulating spacer that separates the SLG from the Si wave-
guide. We have finally designed a graphene PD with a spacer
thickness of 10 nm so as to achieve a reasonable performance
through a short absorption length. The obtained results have
come out with a voltage responsivity of 2.8 V/W and a current
responsivity of 18.5 mA/W, while the PD absorption length has
been found to be as short as 7.8 pm and the NEP is limited to
3.7pW/+/Hz. A PD speed as high as 185 GHz has also been

obtained.
Disclosures. Theauthors declare no conflicts of interest.
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