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A B S T R A C T

In this study, we present an integrated graphene-based photodetector designed for operation around 1550 nm. Our design features a composite waveguide structure 
consisting of hydrogenated amorphous silicon, graphene, and crystalline silicon. By positioning graphene within this waveguide, we optimize the interaction between 
the guided mode and the traps at the graphene/amorphous silicon interface. These traps release charge carriers into graphene upon illumination, modulating the 
thermionic current at the graphene/crystalline silicon Schottky junction. We developed a fabrication protocol compatible with CMOS processes, preserving the 
integrity of the graphene layer, as confirmed by Raman spectra. The maximum measured responsivity is 1.9 A/W at 1535 nm, corresponding to an external quantum 
efficiency of 153 %, and a noise equivalent power of 9.6 pW/Hz− 1/2. The manufacturing process is flexible and does not require sub-micron lithography. Addi
tionally, reducing incident optical power enhances the photodetector responsivity, making it ideal for power monitoring applications in photonic integrated circuits.

1. Introduction

Silicon is a known semiconductor widely used in electronic and 
photonic device applications. However, its inherent characteristics and 
indirect bandgap size impose limitations on its applicability for photonic 
devices such as lasers and near-infrared (NIR) photodetectors (PDs) [1].

Recent advancements underscore the potential of graphene (Gr) and 
Gr-like materials in photonic and optoelectronic applications [2–4]. 
Particularly noteworthy is the integration of Gr onto Si, which has 
introduced novel possibilities in NIR photodetection. Concerning 
waveguide-integrated PDs, four primary detection mechanisms have 
been predominantly employed: the photovoltaic effect [5], the internal 
photoemission effect (IPE) [6], the photo-bolometric effect [7,8], and 
the photo-thermoelectric effect [9].

The photovoltaic effect detection mechanism relies on separating of 
photoexcited electrons and holes, achievable through an applied electric 
field generated by energy band bending in metal/Gr/metal structures 
[10,11]. The IPE approach, on the other hand, involves the use of Gr/Si 
Schottky junctions and the emission of photoexcited charge carriers 
from Gr into Si under illumination [6,12–17]. The photo-bolometric 
effect response is induced by photogenerated hot carriers altering 
channel resistance, either by changing the carrier concentration or 
modifying their temperature-dependent mobility [18]. Finally, the 

photo-thermoelectric effect photocurrent arises from an optically 
induced temperature gradient and proves particularly efficient in Gr 
[19–25].

The performance of PDs is often quantified by the responsivity (RI), 
defined as the ratio of the measured photocurrent (IPh) to the input 
optical power (Pinc). On-chip Gr PDs based on photovoltaic effect exhibit 
a RI in the range of 0.1–0.36 A/W around 1550 nm [10,11,26] while, in 
contrast, those based on IPE and photo-bolometric effect demonstrate RI 
values of 0.37 A/W [27] and 0.5 A/W [19], respectively. Additionally, 
integrated waveguide PDs employing photo-thermoelectric effect show 
RI values in the range of 0.08–0.36 A/W [19–22]. The 
photo-thermoelectric effect is particularly suited for PD operation in a 
voltage mode, allowing direct read-out of the generated photovoltage. In 
this context, the responsivity can also be expressed as the ratio between 
the photovoltage (Vph) to the input optical power (RV = Vph/Pinc), with 
reported values in the literature ranging from 3.5 to 90 V/W at 1550 nm 
[22–25]. Lately, integrated photodetectors on silicon-on-insulator (SOI) 
substrates based on twisted bilayer graphene have demonstrated a 
responsivity of 0.65 A/W at 1550 nm [28].

A recent significant advancement in vertically illuminated Gr PDs 
has unveiled and explored a new avenue of research: the utilization of a 
Gr/crystalline silicon (c-Si) Schottky junction when combined with a 
layer of hydrogenated amorphous silicon (a-Si:H) to form an a-Si:H/Gr/ 
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c-Si optical microcavity, has yielded remarkable and unexpected results. 
In this configuration, the experimentally obtained responsivity value 
reached 26 mA/W, with a Gr/c-Si Schottky barrier of 0.76 eV [29], 
surpassing the 20 mA/W reported in the literature for IPE-based verti
cally illuminated Gr/Si PD [30]. The performance improvement has 
been attributed to a phenomenon that goes beyond IPE, linked to 
charges trapped at the Gr/a-Si:H interface. The mechanism underlying 
this effect was comprehensively explained in Ref. [29], where it was first 
reported. It was observed that under NIR illumination, traps localized at 
the Gr/a-Si:H interface release charges into the Gr layer. This leads to an 
upward shift in Gr Fermi level, resulting in a reduction of the Schottky 
barrier between Gr and c-Si, as evidenced by thermionic current mea
surements [30]. The impact of depositing an a-Si:H layer on Gr has been 
explored in the literature, acknowledging that achieving this without 
negatively affecting the underlying Gr layer is a significant challenge 
[31]. In their study, Heintze and Zedlitz [32] demonstrated the detri
mental impact of ion bombardment on the Gr lattice, evidenced by a 
sharp increase in defects-related D peak in the Raman spectrum [33]. 
They also indicated that plasma excitation frequencies above 120 MHz 
led to lower ion energies, below 25 eV, reducing damage to the Gr 
lattice.

This work aims to investigate whether the aforementioned effect 
[29], i.e., the Schottky barrier Photo-modulation ARising from the Key 
role of traps (referred to as SPARK), can be observed in waveguide PDs 
based on an a-Si:H/Gr/c-Si guiding structure. Due to the increased 
light-matter interaction, a further enhancement in responsivity is ex
pected compared to the vertically illuminated counterpart. To this aim, 
we engineered a hybrid waveguide comprising a-Si:H and c-Si, featuring 
a single layer Gr (SLG) embedded between these materials. The geom
etry of the waveguide PD was carefully crafted using numerical simu
lations employing the finite element method to optimize the overlap of 
the propagating field intensity on the active Gr strip. Our study high
lights that a low-temperature Plasma Enhanced Chemical Vapor Depo
sition (PECVD) process is adequate for producing high-quality a-Si:H 
without damaging the Gr lattice, as confirmed by Raman analysis. The 

deposition of a-Si:H at 100 ◦C resulted in a refractive index nearly 
identical to that of c-Si ensuring the preservation of the Gr atomic 
structure and mitigating potential damage. Responsivity measurements 
have revealed a correlation with input power, reaching a remarkable 
value of 1.9 A/W at a low input power Pinc = 400 pW corresponding to a 
noise equivalent power (NEP) of 9.6 pWHz− 1/2, emerging as highly 
suitable for applications in which low power needs to be detected, such 
as those related to power monitoring. Despite the inherent scalability of 
these structures, our study demonstrates that the manufacturing tech
nology is relaxed and inherently flexible, eliminating the need for 
sub-micron lithography or implantation processes. This outcome carries 
substantial significance, surpassing the state-of-the-art performance 
seen in both commercial PDs based on traditional semiconductors (Ge, 
InGaAs) and Gr PDs utilizing alternative approaches.

2. Methods

2.1. Device concept

The proposed PD is based on a hybrid waveguide configuration, 
incorporating a-Si:H, SLG, c-Si components meticulously crafted on a 
SOI substrate. The design adopts a rib waveguide layout, positioning 
SLG within the waveguide core, composed of a-Si:H and c-Si, as illus
trated in Fig. 1(a). This strategic arrangement enables the concentration 
of the propagating mode at the SLG/a-Si:H interface, where a substantial 
number of charges are trapped.

The a-Si:H layer assumes a pivotal role in this photonic structure due 
to its refractive index closely matching that of c-Si, mitigating the optical 
density discontinuity encountered by propagating infrared radiation. In 
Fig. 1(b), we provide a detailed depiction of the active device, empha
sizing both the aluminum (Al) electrode and the SLG on c-Si. The SLG/c- 
Si/Al junction is essentially a metal-semiconductor-metal (MSM) struc
ture, and its corresponding band diagram is presented in Fig. 1(c). This 
diagram illustrates the scenario where a positive voltage exceeding the 
flat-band voltage is applied to Al with respect to SLG. Consequently, the 

Fig. 1. (a) Simplified 3D sketch of the fabricated device when illuminated with a tapered optical fiber. (b) Schematic illustration of the hybrid a-Si:H/SLG/c-Si 
waveguide. (c) Release of the charges trapped at the a-Si:H/SLG interface under the influence of the light causing a shift of the Fermi energy level from Ein

F to Efin
F , 

where Ein
F and Efin

F are the initial SLG Fermi energy (in dark conditions) and the final SLG Fermi energy (under illumination) respectively. The Dirac point is the Fermi 
level of pristine Gr, qΦGr

B is the Schottky barrier height (SBH) at the interface between SLG and c-Si while qΦAl
B is the barrier between Al e c-Si. EC and EV are the 

conduction and valence bands of c-Si, which are linearized due to the application of a voltage over the flat band voltage is supposed to be applied. (d) Optical 
microscope image of the fabricated device.
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energy bands are entirely linearized [34].
In Fig. 1(c), we elucidate the detection mechanism [29]: when illu

minated at 1550 nm, the charges previously trapped at the interface 
with a-Si:H are released into the SLG. This injection induces an upward 
shift in the SLG Fermi level, consequently leading to a reduction in the 
Schottky SLG/c-Si barrier. This alteration can be observed by measuring 
the thermionic current.

A comprehensive description of the manufacturing process can be 
found in Methods, while the optical images illustrating various fabri
cation steps are provided in Supplementary Materials (Fig. S1). Fig. 1(d) 
shows an optical microscope image of the finalized device.

2.2. Numerical simulations (COMSOL)

To devise an optimized structure, enhancing the interaction between 
the propagating radiation and the SLG/a-Si:H interface is crucial. We 
proceed with the assumption that achieving this could involve calcu
lating the minimum length of the SLG required to absorb the propa
gating modes completely.

This investigation was conducted using the commercial software 
COMSOL Multiphysics. Specifically, for solving the Maxwell equations 
numerically, we utilized the "wave optics" module. The numerical 
simulation was performed in the context of frequency domain analysis, 
employing a carefully designed two-dimensional model depicting a 
cross-sectional view of the waveguide. The SLG was modelled as an 
ultrathin layer with a nominal thickness of 0.335 nm, and scattering 
boundary conditions were applied to replicate transparent boundaries 
for scattered waves. In finite element method simulations, detailed 
meshing is crucial for achieving precise and convergent solutions. For 
our two-dimensional model, a tailored triangular mesh was employed 
for each domain, balancing accuracy and computational efficiency. Due 
to SLG minute thickness, a structured rectangular mesh was used.

Modal analysis was conducted by systematically varying the height 
of the a-Si:H layer within a range spanning from 70 to 150 nm, incre
menting in steps of 5 nm. This step size was chosen considering the 
resolution inherent in the deposition process (PECVD) used during 
fabrication. For each specific a-Si:H thickness, the modes supported by 
the waveguide and the relative extinction coefficients (k) were evalu
ated. Subsequently, by utilizing the formula αP = (4πk)/λ0 (where 
λ0 represents the wavelength in a vacuum), we calculated the absorption 
coefficient αP for the propagating mode. To determine the minimum 
absorption length (Lass), we identified the distance at which the intensity 
of the mode decreases from its initial value (I0) below 1 % in accordance 

with the Lambert-Beer law 
(

I(Lass)
I0 = e− αPLass < 1%

)

. The analysis focused 

exclusively on the fundamental mode, which, unlike subsequent modes, 
exhibits the ability to propagate over longer distances due to its lower 
extinction coefficient. In this analysis, it is important to note that ab
sorption due to interface defects, which also has an impact, has been 
neglected. As a result, the calculated length of the graphene strip may be 
considered an overestimate.

2.3. SLG characterization through Raman analysis

SLG characterization via Raman analysis was integral to this inves
tigation, aimed at determining the quality of SLG subsequent to the 
deposition of a-Si:H. A 532 nm laser served as the excitation source, 
utilized by an XploRA Raman microscope system (Horiba Jobin Yvon, 
Kyoto, Japan), employing a 100X objective. Laser power remained 
below 300 μW, with a 30-s acquisition time and 3 accumulations. Single 
Lorentzian fitting was employed to extract the positions and intensities 
of the G and 2D peaks.

2.4. SLG and a-Si:H characterization through ellipsometry

For more precise numerical simulations, the complex refractive 

index of both SLG and a-Si:H was determined via ellipsometry. Spec
troscopic ellipsometry data were collected using a phase-modulated 
spectroscopic ellipsometer (UVSEL, Jobin Yvon Horiba, Palaiseau, 
France), covering a wavelength range from 300 to 1600 nm. The mea
surement was conducted at an incidence angle of 70◦.

2.5. Fabrication

The fabrication process was designed to maintain CMOS compati
bility, utilizing techniques with a low thermal budget consistent with the 
Back-End-of-Line (BEOL) process. In alignment with this objective and 
to preserve the integrity of the Gr, high-temperature steps were strate
gically positioned at the initial stage of the process. The main 
manufacturing steps are depicted in Fig. S1 in Supplementary Materials.

Initiating the process, a standard RCA process ensured thorough 
cleaning of the SOI substrate. This step was crucial to ensure the absence 
of contaminants that could introduce defects into the final product. 
Subsequently, markers necessary for precise alignment in subsequent 
photolithography steps were defined. After positive resist exposure in 
photolithography, markers were etched into the c-Si using reactive ion 
etching (RIE), as illustrated in Fig. S1(a) in Supplementary Materials.

Following this, thermal oxidation was performed, as the elevated 
temperature (1100 ◦C) involved could compromise other materials in 
later steps of PD fabrication, such as the SLG and metals. Under a 
controlled nitrogen atmosphere, a 4-h process resulted in a 50 nm-thick 
Silicon Dioxide (SiO2) layer growth. A subsequent photolithography step 
selectively etched SiO2 using a Buffer Oxide Etch solution (BOE) (Fig. S1 
(b) in Supplementary Materials).

The definition of the electrode on c-Si was achieved through a 
photolithographic process, Al thermal evaporation, and subsequent lift- 
off. Moreover, a thermal annealing at 475 ◦C for 30 min was carried out 
to improve metal adhesion (Fig. S1(c) in Supplementary Materials).

An SLG, purchased from Graphenea Inc. (San Sebastian, Spain), was 
transferred onto the substrate and then patterned into a 200 μm-long 
stripe via photolithography and oxygen (O2) plasma dry-etching, as 
depicted in Fig. S1(d) in Supplementary Materials. Another photoli
thography step enabled the thermal evaporation of Cr/Au (5/100 nm) 
for electrical contact with the SLG (Fig. S1(e) in Supplementary Mate
rials). The Cr layer ensured adhesion between Au and the substrate, and 
a bilayer photoresist system facilitated a gentler lift-off process to avoid 
SLG damage. The final step involved the definition of the waveguides. 
An a-Si:H layer, 110 nm-thick, was deposited at 100 ◦C via PECVD. 
Then, the waveguides were patterned through photolithography and a 
studied combination of CF4 and O2 to selectively dry-etch the rib 
waveguide. Finally, the chip was cleaved, resulting in a 6 mm-long 
waveguide, as shown in Fig. S1(f) in Supplementary Materials.

2.6. Electrical characterization

Electrical characterization of the devices was performed using a 
probe station along with a Source Meter (Keithley 2410). Two fine metal 
tips were utilized to establish electrical contact with the device, which 
was secured on the probe station holder. These tips were positioned on 
micromanipulators fixed to the optical table via a vacuum pump. By 
adjusting the voltage across the electrodes, the resulting current through 
the device was monitored, allowing for investigation into the electrical 
behavior of the MSM structure and acquisition of I–V characteristics. 
Each I–V curve represents the average of three measurements.

2.7. Optoelectronic characterization

For optoelectronic characterization, the PD was securely positioned 
on a holder, and electrical contact was established using metal tips. A 
tunable laser (ANDO AQ4321D) emitted NIR light, operating at telecom 
wavelengths approximately around 1550 nm. The laser beam was 
directed onto the waveguide using a tapered optical fiber. To ensure 
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precise alignment between the tapered fiber and the waveguide facet, an 
XYZ translation stage managed by the piezoelectric controller Melles 
Griot MDA 503-75C was employed. The photogenerated current was 
collected through two metal tips. In measurements conducted with the 
lock-in technique, an intensity-modulated laser beam was coupled into 
the waveguide, and the resulting current was sent to a transimpedance 
amplifier (CVI Melles Griot 13AMP005). This amplifier not only facili
tated current collection but also provided bias voltage to the junction. A 
lock-in amplifier (Signal Recovery 7280 SDP) was used to measure the 
photogenerated current. The experimental setup is outlined in Fig. S2 in 
Supplementary Materials. Notably, each measurement represents the 
average outcome derived from five separate acquisitions.

In measurements conducted without a lock-in amplifier, a 
continuous-wave (CW) laser beam signal was coupled into the wave
guide, and the resulting current was simply measured by a source-meter, 
as depicted in Fig. S3 in Supplementary Materials. For this purpose, 
current-voltage (I–V) characteristic curves were systematically 
measured in dark and illuminated conditions, alternately ten times. 
Subsequently, the photogenerated current was derived as the difference 
between the acquired curves under these two distinct conditions.

3. Results and discussion

3.1. SLG Raman characterization

To ensure the preservation of the SLG, we conducted the deposition 
of an a-Si:H layer at a relatively moderate process temperature of 100 ◦C. 
Subsequently, we employed Raman spectroscopy to assess the impact of 
this technological procedure on the two-dimensional material. The 
experimental approach involved transferring SLG onto a glass substrate 
with a thickness of 100 μm. A controlled deposition of the a-Si:H layer 
was then performed at 100 ◦C on half of the SLG area, resulting in the 
configuration shown in the inset in Fig. 2.

The outcomes of this investigation are depicted in Fig. 2. The Raman 
spectrum acquired from the SLG capped with a-Si:H retains its charac
teristic features compared to uncapped SLG: the G peak and the 2D peak 
remain the two most intense spectral features. Notably, a low-intensity 
peak corresponding to the D band is observed, indicating an increased 
presence of defects possibly arising from the plasma treatment. How
ever, these defects are not substantial enough to induce alterations in the 
atomic structure [35].

Furthermore, a subtle displacement in the positions of the G and 2D 
peaks is observable. This shift is attributed to the mechanical strain 
imparted by the presence of the a-Si:H layer, consistent with findings 
documented in existing literature [36]. A more detailed comparative 

analysis is provided in Table 1, reporting the mean position, X, and the 
full width at half maximum, FWHM, of the main peaks fitted using a 
Lorentzian function. The analysis of the 2D peak shape revealed that the 
plasma treatment did not significantly alter the single-layer graphene, as 
indicated by the 2D peak profile. Since the material is single-layer gra
phene, the observed variation in the 2D/G peak intensity ratio is likely 
due to changes in the substrate and surrounding environment in which 
the graphene is placed. This is consistent with known interference ef
fects on the Raman spectrum of graphene on SiO₂/Si substrates, as well 
as the influence of external perturbations on the optical phonon 
response of graphene [37,38].

3.2. Design and numerical simulations

The complexity of the photonic structure has required a finite 
element approach. To this aim, the numerical simulations were per
formed with the mode solver COMSOL Multiphysics. While studying the 
model for implementation, it became imperative to account for con
straints stemming from both our manufacturing processes and the 
available SOI substrates. Even if the device is manufactured starting 
from a 220 nm-SOI substrate, thermal oxidation is involved in the 
fabrication process to grow a SiO2 layer of about 50 nm. The thermal 
oxidation provides for 40 % of Si consumption [28], thus the height of 
the c-Si layer was fixed at 200 nm in our model. Moreover, the wave
guide width, W, is strongly influenced by the resolution of the photo
lithographic process, therefore, considering our equipment and the 
geometry of the waveguide, we have set W = 7 μm to have relaxed and 
repeatable processes. Taking into account these fabrication constraints, 
the crucial role in the study of the design of the hybrid waveguide has 
been played by the thickness of the a-Si:H (ta-Si) as shown in Fig. 3(b). 
The dispersion curves for all relevant materials adopted in the numerical 
simulations are documented in Supplementary Materials (Fig. S4). These 
curves have been sourced from literature for SiO2 and c-Si, while for 
a-Si:H and SLG, they were acquired through ellipsometric measurements 

Fig. 2. Raman analysis results for both capped and uncapped SLG. In the inset: a sketch of the fabricated sample with one half of the surface containing capped SLG 
and the other half uncapped SLG. (A colour version of this figure can be viewed online.)

Table 1 
Raman analysis results.: X denotes the mean position, and FWHM represents the 
full width at half maximum of the peaks. The subscripts G and 2D refer to the two 
characteristic peaks in the Raman spectrum of graphene.

XG 

(cm− 1)
G peak FWHM 
(cm− 1)

X2D 

(cm− 1)
2D peak FWHM 
(cm− 1)

Uncapped 
SLG

1586.06 13.51 2682.19 32.33

Capped SLG 1571.81 18.43 2666.04 21.27
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performed on the materials produced by our laboratory. To devise an 
optimized structure, the enhancement of the interaction between the 
propagating radiation and the SLG/a-Si:H interface is crucial. We have 
proceeded under the assumption that achieving this could involve 
calculating the minimum length of the SLG required to absorb the 
propagating modes completely.

The outcomes of this investigation are presented in Fig. 3. The 
waveguide has a multimodal behaviour and in Fig. 3(a) the optical 
power distribution across various modes is depicted. Predominantly, 
power is concentrated within the first four modes. It is worth noting that 
the fundamental mode exhibits lower k values, consequently requiring 
greater length Lass for total absorption. Accordingly, in our analysis, we 
considered the absorption length of the fundamental mode as a 
parameter to minimize in order to determine the appropriate thickness 
ta-Si of a-Si:H. This study is illustrated in Fig. 3(b). In the inset, the sketch 
of the implemented model is reported. The minimum length required for 
nearly complete SLG optical absorption (99 % as detailed in Methods) is 
163 μm when the a-Si:H thickness is 110 nm. The electromagnetic field 
distributions of the first four modes within this waveguide configuration 

are shown in Fig. 3(c)–(f).
An intriguing comparison arises when examining the minimum 

length required for an SLG to fully absorb propagating radiation within 
our embedded structure and comparing it to the length needed for an 
SLG deposited on top of a conventional SOI rib waveguide. In the latter 
case, optical absorption results from evanescent field coupling. As 
demonstrated in Supplementary Materials (Fig. S5), the SLG length in an 
optimized canonical SOI rib waveguide measures 275.2 μm, surpassing 
the achievable length in our embedded SLG waveguide.

3.3. Photocurrent and responsivity measurements

Our device was initially subjected to electrical investigation, and the 
I–V curve, obtained using the straightforward setup described in the 
Methods section, exhibits the expected MSM behavior (Fig. S6 in Sup
plementary Materials).

The optoelectronic analysis of the PD primarily focuses on its ca
pacity to generate an electrical response upon exposure to incident light, 
particularly concerning the photogenerated current (IPh) when the PD 

Fig. 3. (a) Optical power distribution of the different modes supported by the waveguide. (b) The absorption length Lass necessary for the complete absorption of the 
propagating fundamental mode in the hybrid waveguide, plotted against ta-Si, and in the inset the sketch of the model implemented in COMSOL. (c)–(f) Electric field 
distributions of the first 4 modes where the majority of the optical power resides, having complex refractive indexes (c) 3.10 – i3.48 × 10-3, (d) 3.09 – i3.48 × 10-3, (e) 
3.08 – i3.50 × 10-3 and (d) 3.07 – i3.50 × 10-3. The wase modes are supported by the waveguide utilizing a 110 nm thick a-Si:H layer corresponding to the minimum 
Lass. (A colour version of this figure can be viewed online.)
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active area interacts with NIR radiation. To achieve this, a bias was 
applied across the junction to capture the photo-excited charge carriers 
introduced into Si. We employed a lock-in technique, for precise and 
low-noise IPh measurements, as described in the Methods section. A 
tunable laser produced infrared-modulated radiation, and the resulting 
modulated current, generated in response to the radiation absorbed by 
the SLG was amplified using a transimpedance amplifier and a lock-in 
amplifier. Experimental setup is depicted in Fig. S2 in Supplementary 
Materials. The wavelength of the light ranged from 1520 nm to 1620 
nm, with increments of 5 nm. The results, obtained with a − 10 V bias 
applied to the device, are depicted in Fig. 4(a). Within the legend of 
Fig. 4(a), three different values of incident optical power (Pinc) are 
presented, illustrating a direct correlation between higher optical power 
and increased photogenerated current.

The corresponding spectral responsivity is reported in Fig. 4(b). The 
incident optical power Pinc on the PD, crucial for responsivity calcula
tions, was meticulously measured using a dedicated reference wave
guide fabricated specifically for this purpose (Fig. S7). This reference 
waveguide was strategically positioned in close proximity to the one 
housing the device, as depicted in Fig. 1(d). Firstly, we quantified the 
optical power collected at the output of this waveguide (Pout1) after 
coupling a known optical power at the input (Pinp). Then, we repeated 
the same measurement on the waveguide, now equipped with the PD, 
resulting in an output power measurement (Pout2). The difference be
tween Pout1 and Pout2 represents the optical power absorbed by the SLG 
(Pass = Pout1-Pout2). Our experimental findings suggest that Pout2 is 
negligibly small compared to Pout1, as expected, owing to the designed 
length of the SLG strip ensuring 99 % optical absorption of the incident 
radiation Pinc. Consequently, nearly all the incident power on the device 
is absorbed by the Gr strip, making Pinc approximately equal to Pout1. 
Further details are available in Supplementary Materials.

To conclusively demonstrate that responsivity measurements can be 
conducted without relying on the lock-in technique, we replicated the 
experiments using the setup depicted in Fig. S3. This setup employed a 
CW NIR source and a source-meter. I–V curves were obtained under 
reverse bias conditions, alternating between dark conditions and expo
sure to CW optical power of 11.7 nW at 1535 nm, resulting in a 
responsivity R of 1.1 A/W at − 10 V as shown in Fig. 5(a). Fig. 5(b) il
lustrates the clear separation of photocurrent signals from noise mar
gins. At -10V bias, the photogenerated current measured of 12.6 nA, 
corresponding to a responsivity of R = 1.1 A/W, is in close agreement 
with the value obtained via lock-in measurements at 12.8 nW.

3.4. Discussion

Remarkably, the PD exhibited a peak responsivity of 1.9 A/W at a 
wavelength of 1535 nm, with an incident power of approximately 0.4 

nW. The corresponding external quantum efficiency is 153 % indicating 
the presence of a conversion gain that is undoubtedly linked to the 
presence of traps, as previously highlighted by the photogating effect, 
and theoretically derived from the SPARK effect in Ref. [29]. As the 
optical power increases, this value gradually decreases, stabilizing at 
around 1.1 A/W. Furthermore, Fig. 4(b) illustrates that the responsivity 
exhibits peaks at various wavelengths and does not display the expected 
decreasing trend with wavelength, which would be expected if the 
dominant detection mechanism were IPE. To explore whether the 
detection mechanism could be attributed to the SPARK effect observed 
at the a-Si:H/SLG interface, as demonstrated in vertically illuminated 
devices [29], we conducted a measurement of the PD responsivity as a 
function of optical power. These measurements were repeated at the 
wavelength of 1535 nm, where the highest PD response was observed. 
The experimental results are depicted in Fig. 6.

We observe a decrease in responsivity with increasing incident op
tical power, mirroring the behavior observed in vertically illuminated 
devices as reported in Ref. [29]. Consequently, we attempted to fit our 
experimental data using the equation derived in Ref. [29]: 

RI =
IPh

Pinc
=

AGrA*
NT2e−

qϕGr
B

kBT

Pinc

⎡

⎢
⎣e

ℏvF
kBT•

(

−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

π

⃒
⃒
⃒
⃒n0 − τ•η(Pinc)•

Pinc
ℏω•AGr

⃒
⃒
⃒
⃒

√

+
̅̅̅̅̅̅̅
π|n0 |

√
)

− 1

⎤

⎥
⎦ (1) 

where AGr is the illuminated active area of the a-Si:H/SLG interface in 
cm2, AN* is the Richardson constant, T is the absolute temperature, qΦB

Gr 

is the SLG/c-Si Schottky barrier, kB is the Boltzmann constant, Pinc is the 
optical power incident on the active area, ћ is the Planck constant, vF the 
Fermi velocity, n0 is the capped SLG doping, ћω is the photon energy, τ 
can be physically interpreted as carrier lifetime and η is the conversion 
efficiency (dimensionless), i.e., the number of charges trapped at the a- 
Si:H/Gr interface which are released into Gr per incident photon.

During the fitting process the following values were utilized: AGr =

1.4 x 10− 5 cm2, A*
N = 112 A/cm2K2, T = 300 K, kB = 8.61 x 10− 5 eV/K, ℏ 

= 6.58⋅10− 16 eVs, vF = 1.1 • 108 cm/s and ћω = 0.8 eV while qΦB
Gr, 

τ⋅η(Pinc) and n0 serve as fitting parameters. Considering that, as 
demonstrated in Ref. [29], the efficiency-lifetime carrier product can be 
modelled as a power function τ⋅η(Pinc)= (τ⋅η0)/(Pinc)β, the results of 
fitting procedure yield τ⋅η0 = 0.21 x 10− 6 sWβ, β = 0.19, an SLG/c-Si 
Schottky barrier of qΦB

Gr = 0.56 eV and n0 = 4.2 x 1011 cm− 2. The 
fitting procedure returns an R-square value of 98.3 %, indicating a good 
agreement between the experimental data and the fitting curve, as 
depicted in Fig. 6.

It is noteworthy that Fig. 4(b) illustrates a wavelength-dependent 
behavior of responsivity. This phenomenon arises from the 
wavelength-dependent ability of the waveguide to confine propagating 

Fig. 4. (a) Photogenerated current as a function of the wavelength at various optical power incoming on SLG. (b) Corresponding spectral responsivity. (A colour 
version of this figure can be viewed online.)
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radiation, thereby affecting the amount of optical power reaching the PD 
active region. If this hypothesis holds true, one would expect a peak in 
responsivity corresponding to the minimum optical power Pinc. 
Remarkably, such correspondence has been observed in our experi
mental measurements and is presented in Fig. S8 in Supplementary 
Materials. Another crucial factor influencing responsivity is the carrier 
lifetime τ: while a prolonged carrier lifetime could enhance responsivity, 
it may also reduce device speed, as seen in graphene PDs that utilize the 
photogating effect. Carrier lifetime is closely linked to the energy band 
structure, as well as to defects and impurities, which are significantly 
influenced by the quality of the a-Si:H and the deposition process pa
rameters. Consequently, meticulous defect engineering is essential to 
optimize the efficiency-bandwidth product. The Gr-based PD presented 
in this work, utilizing the SPARK effect, demonstrates higher respon
sivity values compared to those previously reported in the literature 
based on the effects investigated up to now, such as photovoltaic effect 
(0.36 A/W [11]), IPE (0.37 A/W [27]), photo-bolometric effect (0.5 
A/W [18]), photo-thermoelectric effect (0.36 A/W [19], and twisted 
graphene-based PDs (0.65 A/W [28])). As mentioned in the introduc
tion, photo-thermoelectric effect-based PDs operate in voltage mode 
[22–24], reporting responsivity values in V/W, which complicates 

comparisons with PDs based on other effects that express responsivity in 
terms of A/W. Ring resonator structures exploiting the 
photo-thermoelectric effect have demonstrated record values of 90 V/W 
at 1550 nm [25]. This value can be easily surpassed by connecting our 
device to a transimpedance amplifier (TIA) consisting of a feedback 
resistance of only RF = 50 Ω, yielding RV = 50 Ω × 1.9 A/W = 95 V/W (it 
is worth noting that for comparison purposes, it has been considered 
useful to exclude the contribution of external bias from the calculation). 
Under these conditions, it is also straightforward to verify that the de
vice presented in this work exhibits significantly higher sensitivity than 
that reported in Ref. [25].

The sensitivity can be quantified by considering the NEP, which 
represents the optical power required, per square root of bandwidth, to 
generate a photocurrent equal to the noise contribution [39]. NEP can 
be calculated NEP = vn/

(
RV

̅̅̅
B

√ )
when the responsivity is expressed in 

V/W, as in Ref. [25], and NEP = in/
(
RI

̅̅̅
B

√ )
when the responsivity is 

expressed in A/W, as in the present work, where B denotes the device 
bandwidth and vn (in) represents the noise voltage (current). According 
to Ref. [25], vn =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4kBTBRD

√
where RD is the total device resistance, 

hence an NEP of 38.2 pWHz− 1/2 can be calculated based on the data 
reported therein. Conversely, the noise current per square root of 

bandwidth of our device can be assessed as in̅ ̅̅
B

√ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4kBT
RF

+ 2qId
√

, where 
considering RF = 50 Ω, the dark current Id = 60 nA at − 10 V (Fig. 5(b)) 
and R I = 1.9 A/W, a NEP of only 9.6 pWHz− 1/2 can be computed. This 
value is nearly four times lower than what can be derived from Ref. [25].

Our PDs are highly sensitive and therefore particularly suitable for 
power monitoring applications. Power monitoring within photonic in
tegrated circuits pertains to measuring and testing of optical power 
levels within the integrated photonic circuit. This process employs in
tegrated photodetectors capable of extracting a minimal amount of op
tical power circulating at specific points in the circuit to verify the 
proper functioning of the system. On-chip monitoring and calibration of 
power levels within photonic integrated circuits may also be crucial for 
identifying a desired resonance frequency in a sensing circuit or cor
recting phase discrepancies within an optical phased array (OPA).

4. Conclusions

In this study, we extensively investigate the integration of a PD 
within an a-Si:H/SLG/c-Si waveguide, leveraging the intriguing phe
nomenon of Schottky barrier photo-modulation, which arises from traps 
localized at the a-Si:H/SLG interface [29]. Our investigation encom
passes thorough numerical simulations aimed at optimizing the posi
tioning of SLG within the waveguide, strategically placing it where the 
electromagnetic field achieves peak intensity to enhance light-trapped 

Fig. 5. Experimental measurements conducted using a continuous-wave NIR source and a source-meter: (a) Responsivity as a function of voltage, and (b) Reverse I–V 
curves acquired in dark conditions (Idark) and under the NIR signal (Ilight). The difference between Ilight and Idark represents the photogenerated current (IPh). (A colour 
version of this figure can be viewed online.)

Fig. 6. Responsivity of the PD at 1535 nm plotted against incident optical 
power, along with the corresponding curve fitting based on Eq. (1) from 
Ref. [29]. (A colour version of this figure can be viewed online.)

T. Crisci et al.                                                                                                                                                                                                                                   Carbon 233 (2025) 119837 

7 



charge interaction.
Moreover, we meticulously develop a fabrication protocol ensuring 

compatibility with the back end of the line phase of CMOS processes, 
thereby preserving SLG integrity. This entails adopting a lower deposi
tion temperature of 100 ◦C for a-Si:H. Notably, Raman spectra confirm 
the enduring quality of SLG even when covered by the a-Si:H layer.

Remarkably, our PD demonstrates a maximum responsivity of 1.9 A/ 
W at a wavelength of 1535 nm, corresponding to a NEP of only 9.6 
pWHz− 1/2. To the best of our knowledge, our PD surpasses state-of-the- 
art achievements in Si-waveguide integrated PDs operating within the 
third telecom window, outperforming both conventional Si-compatible 
[40–42] and Gr materials [11,18,19,25,27].

A crucial factor behind this advancement is the manufacturing step 
involving the deposition of a-Si:H via the PECVD system, which plays a 
pivotal role in determining device performance. Maintaining graphene 
integrity is essential, yet this step also provides an opportunity to fine- 
tune process parameters. By carefully controlling stress, traps, and de
fects during deposition, significant improvements in efficiency, sensi
tivity, and speed could be achieved, thus optimizing the overall 
performance of the device.

Furthermore, despite the inherent scalability of these structures, our 
study demonstrates the relaxed and inherently flexible nature of 
manufacturing technology, obviating the need for sub-micron lithog
raphy or implantation processes.

Furthermore, it is worth noting that reducing incident optical power 
can further enhance PD responsivity. Consequently, this heightened 
performance at low optical power renders the device valuable for power 
monitoring within photonic integrated silicon circuits, facilitating non- 
invasive analysis in complex systems where stability and control are 
paramount.
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