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Abstract: In this work, we investigate a vertically illuminated near-infrared photodetector based on a
graphene layer physically embedded between a crystalline and a hydrogenated silicon layer. Under
near-infrared illumination, our devices show an unforeseen increase in the thermionic current. This
effect has been ascribed to the lowering of the graphene/ crystalline silicon Schottky barrier as the
result of an upward shift in the graphene Fermi level induced by the charge carriers released from
traps localized at the graphene /amorphous silicon interface under illumination. A complex model
reproducing the experimental observations has been presented and discussed. Responsivity of our
devices exhibits a maximum value of 27 mA /W at 1543 nm under an optical power of 8.7 uW, which
could be further improved at lower optical power. Our findings offer new insights, highlighting at
the same time a new detection mechanism which could be exploited for developing near-infrared
silicon photodetectors suitable for power monitoring applications.

Keywords: graphene; photodetector; near infrared; encapsulation; silicon photonics

1. Introduction

Silicon (Si) is a well-known semiconductor and its properties have been extensively
studied as a result of the expansion of the microelectronic industry. Unfortunately, the
indirect nature and the size of its bandgap preclude its use in the realization of photonic
devices such as lasers and near-infrared (NIR) photodetectors (PDs) [1].

Graphene and graphene-related materials have been employed in many fields. For
example, magnetic graphene oxide/poly(vinylalcohol) (PVA) composite gels have shown
enhanced adsorption for environmental clean-up combined with a convenient magnetic
separation capability [2], while graphene/carbon nanotube 3D nanocomposites have shown
the capability to selectively detect tetrabromobisphenols [3], which has received huge atten-
tion due to its environmental toxicity. In addition, graphene-based three-band adjustable
perfect absorbers have been investigated and show potential in practical sensing appli-
cations [4]. Moreover, graphene and graphene-like materials have recently shown great
potential in photonic and optoelectronic applications [5,6]. Graphene (Gr) integrated on
Si has recently opened intriguing new perspectives in the field of NIR photodetection by
taking advantage of two detection mechanisms: the photogating effect [5] and the internal
photoemission effect (IPE) [7].

The former approach is based on the trapping of photogenerated carriers in localized
states, generating a local voltage that can modulate the Gr channel conductance, typically
within FET structures. Hybrid phototransistors based on PbS quantum dots (QDs) dis-
tributed on Gr layers transferred on top of SiO, /Si substrates have shown an impressive
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gain of 108 electrons per photon at 600 nm due to the long lifetime of carriers trapped in
PbS QDs, i.e., to the large amount of charge carriers that must flow through the Gr channel
to re-establish charge neutrality [8]. By employing a similar approach, Goossens et al.
have reported a short-wave infrared (SWIR) image sensor based on the integration of a
Gr layer decorated by PbS QDs with a Si read-out circuit, demonstrating the first impres-
sive convergence between QDs, Gr, and CMOS electronic circuitry [9]. Gr employed as a
channel in a hybrid junction formed with MoS; has also achieved a photo-gain exceeding
108 [10,11], while nanotube-Gr hybrid junctions have shown a broadband detection (from
200 to 1550 nm), a response time of 100 ps, and a photo-gain of approximately 10° [12]. In
addition, a responsivity of more than 1 A/W in a spectrum ranging from 1.3-3.2 pm has
been demonstrated in PDs based on two layers of Gr separated by a thin TaOs layer [13].
The IPE approach has been oriented towards the development of cryogenic CCD image
sensors operating in the SWIR range. IPE concerns the photoexcitation of charge carriers in
the metal/silicide region that are emitted into Si after overcoming the junction Schottky
barrier [7,14]. A focal plane array (FPA) of 512 x 512 PtSi/Si Schottky PDs operating from 3
to 5 um has been manufactured, proving the possible convergence between photonics and
electronics in the same Si substrate [15]. Unfortunately, these devices were characterized by
a poor external quantum efficiency (<1%), leading to the investigations of many strategies
for improving it. They include the use of gratings [16], antennas [17], surface plasmon
polaritons (SPPs) [18], and Si nanoparticles (NPs) [19]. Gr/Si Schottky PDs operating
in the NIR regime have recently shown higher efficiencies with respect to the junctions
based on metals or silicides. The origin of this enhancement has been ascribed to the
two-dimensional nature of Gr and to the increased probability that photoexcited charge
carriers are emitted into Si [20,21]. Unfortunately, the poor optical absorption of Gr (2.3%) is
not conducive to achieving high-efficiency PDs, therefore many approaches, mainly based
on waveguiding structures, have been proposed [22,23]. Free-space Gr/Si PDs based on a
Fabry-Pérot optical microcavity have also been theoretically proposed for increasing the
Gr optical absorption [24,25]. In ref. [25] a Gr layer deposited on the edge of a Fabry-Pérot
optical microcavity has provided an increased Gr optical absorption of approximately 8%
and a responsivity of 20 mA /W at 1550 nm and with 10 V of reverse bias applied. On
the other hand, in ref. [24] we have theoretically demonstrated the advantage of placing
a Gr layer in the middle of a Si-based optical microcavity by leveraging the amorphous
hydrogenated silicon (a-5i:H). Indeed, this material presents two aspects of paramount
importance: the complex refractive index very similar to that of crystalline silicon (c-5i)
and the manufacturing process that can be carried out at low temperatures by plasma-
enhanced chemical vapor deposition (PECVD), avoiding the damage that would otherwise
be induced in Gr during its deposition. In order to verify the theoretical predictions of
ref. [24], we fabricated a novel metal-semiconductor-metal (MSM) a-Si:H/Gr/c-Si novel
PD and observed an unexpected modulation of thermionic current under illumination,
which could be exploited for detecting the NIR radiation.

The vertically illuminated NIR MSM photodetector proposed is based on the modula-
tion of the thermionic current of a Gr/c-5i Schottky junction. The structure is a low-finesse
Fabry-Pérot optical microcavity with a few layers Gr (FLG) embedded between the crys-
talline top-silicon of a silicon-on-insulator (SOI) substrate and an a-Si:H layer deposited at
low temperature in a PECVD system. The structure has been designed to place the trap
levels of the a-Si:H/Gr interface where the optical field of approximately 1550 nm has the
maximum intensity inside the cavity. We have discovered that under illumination, the
trapped charges localized at the interface with a-Si:H are released into Gr providing an up-
ward shift of its Fermi level and, consequently, a reduction in the Schottky Gr/c-Si barrier,
detectable by measuring the thermionic current. The physics behind this effect has been
fully understood and elucidated. For these devices, a maximum responsivity of 27 mA /W
at 1543 nm under an optical power of 8.7 uW has been reported. This work investigates
a novel detection mechanism advantageous in the development of near-infrared silicon
photodetectors useful for power monitoring applications.
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2. Device Concept and Design

The proposed PD is based on an a-Si:H/Gr/c-Si/ Al hybrid structure, manufactured
starting from an SOI substrate as shown in Figure 1la (the detailed description of the
fabrication process is reported in Section 3.1). The Gr/c-Si/ Al junction represents an MSM
structure, the band diagram for which is shown in Figure 1b, depicting the condition in
which a positive voltage higher than flat-band voltage is applied to Al with respect to
Gr. It is worth noting that Figure 1b reports the band diagram of the MSM junction for a
single layer Gr, although it is very well known and widely discussed in the literature that a
few layers of Gr are characterized by a finite effective mass m* and are thus described by
hyperbolic bands [26-28]. However, for the sake of simplicity and ease of interpretation,
and given that the theory used in this research is generally considered valid, we have
depicted the case of an MSM junction with a single-layer Gr and linear energetic bands.
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Figure 1. (a) Device sketch and (b) detection mechanism described by the energy band diagram for
single-layer graphene under NIR illumination the traps at the a-Si:H/Gr interface release charge
carriers into Gr, changing the Schottky barrier of the Gr/c-5i junction and hence the current flowing
through the device.

The detection mechanism exploits the defects at the a-Si:H/Gr interface. Under near-
infrared illumination, the traps shed charges in Gr causing a change of the Fermi level
and the Schottky barrier. Consequently, a different thermionic current is observed flowing
through the Gr/c-5Si Schottky junction as shown in the band diagram of Figure 1b. The
structure is essentially a Fabry—Pérot microcavity where the top and bottom mirrors of the
cavity are provided by the air/a-5i:H and c¢-Si/silicon dioxide (S5iO,) interfaces, respectively.
The a-Si:H thickness has been designed to set the maximum amplitude of the resonant
mode at 1550 nm around the Gr/a-Si:H interface.

An extensive study of high-finesse resonant optical cavities applied to the detector has
been described in refs. [24,29]. The photodetector was fabricated using an SOI substrate
with a 220 nm thick c¢-Si top layer.

To optimize the Fabry—Pérot microcavity, we calculated that if the refractive indexes of
the c-Si and a-Si:H layers are, respectively, 3.48 [30] and 3.58 [29] at 1550 nm, for a graphene
thickness of 1.34 nm (which nominally corresponds to a thickness of 4 layers), an a-Si:H
thickness of 208 nm allows us to localize the maximum of the standing wave arising in
the cavity at the a-Si:H/graphene interface, as shown in Figure 2a. The corresponding Gr
spectral optical absorption at the wavelength of interest as a function of the a-5i:H thickness
is reported in Figure 2b, while in the inset the change in Gr optical absorption as a function
of different wavelengths and for various a-Si:H thicknesses is shown. Both optical field
distribution and spectral optical absorption of Figure 2 have been calculated by means of
the generalized scattering matrix method using the code ‘Optical’ [31] with the complex
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refractive index dispersion of all involved materials. In particular, the refractive index of
Gr (ng) has been calculated through the following expression [32]:

ng—\/*g—\/57+]2d M

where A is the wavelength, dg = 0.335 nm is the monolayer Gr thickness, ¢, is the relative

permittivity of Gr, and & = 47%50 Z—i = 0.0073 is the fine structure constant [33] in SI base

units (where g = 8.854 x 10712 F/m is the vacuum permittivity, c = 3 x 10® m/s is the
speed of light in a vacuum, and # = 1.055 x 1073 J-s is the reduced Planck constant). By
Equation (1), the complex refractive index of Gr is ng = 3.43 — j2.46 at 1550 nm. In the
Supplementary Materials, we have verified that Equation (1) can also be applied in the case
of multiple layers (Figure S3).
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Figure 2. (a) Optical field distribution in the proposed photodetector as a function of position for a
208 nm-thick a-Si:H layer (z = 0 corresponds to the air/a-Si:H interface). (b) Theoretical Gr optical
absorption for different thicknesses of the a-Si:H layer (inset: Gr absorption as a function of the
wavelength for various a-Si:H thicknesses).

3. Materials and Methods
3.1. Device Fabrication

Devices were fabricated starting with an SOI wafer with a P-type lightly-doped
(14-22 ()-cm) Si top layer and a 3 um-thick buried silicon oxide (BOX) layer, as shown
in Figure la. Firstly, a 120 nm-thick TEOS oxide was deposited on the Si top layer to
work as an insulating layer. The collecting electrode was defined by optical lithography
followed by oxide wet etching in buffered HF solution (buffered oxide etching, BOE),
thermal evaporation of Au/Cr/Al (70 nm/10 nm/70 nm), and the lift-off process. After the
lithographic definition of the device active areas through the SiO; etching in standard BOE
solution, the substrates were ready for Gr transfer. FLG films were grown on 25 pm-thick
copper foils (purchased from Alfa Aesar, Kandel, Germany) by means of Catalytic-CVD
(C-CVD) [34]. The Cu foil was annealed at 1000 °C for 30 min with a 50 sccm H, flow, then
the carbon precursor CHy (50 sccm) was introduced into the CVD for 10 min while the Hp
flow was increased to 500 sccm to be in the range where the size of the Cu grains and the
Gr domain boundaries are hundreds of microns. At the end of this process, Gr was covered
with 1 pm thick poly-methyl-methacrylate polymer (PMMA 950-A7, micro resist technology
GmbH, Berlin, Germany). PMMA is used as supporting layer during the etching of Cu
in the APS solution (ammonium persulfate, 50 g/L in water). Before transferring the Gr
onto the SOI substrate, the silicon was dipped in a solution of hydrofluoric acid (HF in
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water 1:1000) for 30 s to remove native oxide from diode active areas. Then, PMMA was
removed in acetone vapors and Gr was lithographically patterned using HPR-504 resist,
and dry etched in an oxygen plasma (25% O, + 75% Nj). The average thickness of the Gr
film determined using AFM in tapping mode was in a range from 1.9 to 2.4 nm. Therefore,
by considering that STM measurements in ultrahigh vacuum conditions have reported a
monolayer Gr thickness of 0.42 nm, and that the thickness of a single-layer Gr obtained with
AFM is 0.6 £ 0.2 nm [35], a few layers of Gr (approximately 4-5 layers), can be estimated.
Metal electrodes on Gr were realized by thermal evaporation of Cr/Au (10-70 nm) after
a photolithographic step where PMMA (exposed in DUV light, 248 nm) was used as the
resist. Finally, an amorphous silicon (a-Si:H) layer was deposited on top of the chip using
a PECVD system, compatible with the back end of line (BEOL) semiconductor device
fabrication thanks to its low thermal budget. The deposition was performed at 13.56 MHz
by means of a SiH4 plasma at a temperature of 170 °C. Finally, a-Si:H was patterned and
dry etched in an SF4/O; plasma. The scheme of the fabrication procedure here described
is reported in Figure S1, and a top view of the device sketched in Figure 1a is reported in
Figure 3a, taken by an optical microscope.

T T T T

- Gr uncapped (transferred and patterned)-

Intensity (a.u.)

a-Si:H band

1000 1500 2000 2500 3000
Raman shift (cm™1)
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Figure 3. (a) Top view of the device taken by optical microscope. (b) Raman spectra of bare patterned
graphene on silicon oxide (blue spectrum) and Gr capped with a-Si:H (red spectrum).

3.2. Raman Analysis

The Raman spectra of graphene were acquired using a Renishaw InVia micro-spectrometer
working at 10% power with a spot ~2 pm width and 25 um length and a 50 x objective.

The excitation energy was 785 nm with a spectral resolution of 2 cm 1.

3.3. Electrical Characterization

Current-voltage measurements on the photodetectors were acquired using a source
meter (Keysight B2902A, Santa Rosa, CA, USA) connected to a PC and driven by custom
codes written in Matlab (The MathWorks Inc., Natick, MA, USA). Samples were placed
on the holder of a probe station and the 2 electrodes were connected by 2 tips of XYZ
micromanipulators (450/360MT-6 and 550/360MT-6 series, The Micromanipulator Co.,
Carson City, NV, USA). Each I-V curve is the average of 5 measurements performed by
varying the voltages repetitively from —5to 5 V.

3.4. Electro-Optical Characterization

Responsivity measurements were performed using a CW laser at 1543 nm (ANDO
AQ4321D, Tokyo, JP) and measuring the I-V curve of the device using a source meter
(Agilent B2902A) both in dark conditions (ip) and under illumination (ir.). ip and i}, were
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measured alternatively 10 times and then the net current ip, = i; — ip was calculated as the
average value. Samples were placed on the holder of a probe station and the 2 electrodes
were contacted using 2 tips of XYZ micromanipulators (450/360MT-6 and 550/360MT-6
series, The Micromanipulator Co., Carson City, NV, USA). The device was illuminated from
the a-5i:H side and the NIR beam was aligned to the active area using an IR microscope
equipped with an IR CCD. The incident optical power P was separately measured by a
commercial calibrated InGaAs PD and normalized to the active area of the device under test.
Finally, the responsivity was calculated as R = ip,/P. All measurements were performed
after maintaining the device at the fixed voltage of —21 V for 20 min to minimize the dark
current. NIR illumination was applied for 1 s in all measurements. Experimental results
are reported in Figure 5a—c.

4. Experimental Results
4.1. Raman Measurements

During the manufacturing process the graphene layer is exposed to plasma in the
a-5i:H deposition process (PECVD system), so damage to the lattice could arise and cause
a worsening of the structural properties of the material due to the ion bombardment [36].
To investigate this issue, the Gr quality was monitored through Raman measurements.
Indeed, there exists a strong correlation between the intensity of the defect-related Raman
D-band and the energy of impinging ions, as demonstrated by Ahlberg et al. in [37].
The Raman spectra of graphene were acquired before and after the deposition of the a-
Si:H deposition process (PECVD system) and the results are shown in Figure 3b. Since
the peaks of graphene on flat silicon are typically difficult to detect in standard Raman
investigation [38], the spectra were obtained for Gr on SiO, in the region immediately
outside the active diode area.

The characteristic phonon modes are well observed for uncapped graphene (blue
spectrum in Figure 3b), while for graphene capped with a-5i:H, a pronounced decrease
in the intensity of the graphene-related phonon modes can be noticed. This behavior was
ascribed to the optical absorption of the a-Si:H layer through which the phonon modes
of graphene were measured (red spectrum in Figure 3b). The Raman spectrum for bare
graphene shows a small D band at 1312 cm ™! related to the transfer and patterning of
Gr, and two strong peaks at 1592 cm ! and 2623 cm ! assigned to the G and 2D bands,
respectively. The deposition and patterning of the a-Si:H layer introduces the broad peak
centered at 2011 em ! associated with Si-H bond vibrations, but the characteristic Raman
spectrum of Gr is preserved and only a slight shift in the frequencies (in the order of spectral
resolution) for D, G, and 2D modes was detected (Table 1).

Table 1. Frequency of D, G, and 2D phonon modes and ratio of the D and G peak intensity for bare

and embedded graphene.
Sample Xp (cm—1) Xg (cm—1) Xop (cm—1) Ip/ig
Uncapped Gr 1312 1592 2623 0.29
Gr capped with a-Si:H 1314 1590 2625 0.41

The ratio Ip/I; allows the level of induced damages to be estimated [37,39]. In
particular, in the case of large graphene crystals (>>30 nm), the mean distance between
defects Lp can be calculated using a simplified equation, valid for visible range excitation:
% = (1.84£0.5) x 1079A% /L%, where Ag = 785 nm is the laser wavelength used for micro-
Raman measurements. We obtained Lp = 48 nm for bare graphene, while a slight reduction
down to 39 nm for graphene capped with a-Si:H was observed.

4.2. Electrical Measurements

Current-voltage measurements were performed by applying a voltage bias (positive
or negative) to the Gr contact, while silicon was kept grounded. The experimental results
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observed on the photodetector at room temperature under dark conditions are reported in
Figure 4. The time dependence of the measured current applying a fixed voltage of —21 V
is shown in Figure 4b. This time dependence can be linked to the process of charge trapping
mentioned above and will be discussed in the next section. Information on carrier density
in the graphene layer (useful for the following discussion) has been obtained through
the van der Pauw-Hall measurement, a common technique for the characterization of
thin films. In ambient conditions, the average value obtained for as-transferred graphene
indicates a strong P-type doping of 9 x 10!2 cm~2, likely due to adsorbed O,, moisture,
and polymer contaminants. As a result of the a-Si:H deposition, there is a reduction in
P-type doping in capped graphene and hole concentration decreases to 3.5 x 10'2 cm~2,
moving the graphene Fermi level upwards towards the Dirac point.

10 0
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Figure 4. (a) I-V curve of the device and (b) time dependence of the measured dark current flowing
through the device at a fixed voltage of —21 V.

4.3. Photogenerated Current and Responsivity Measurements

Responsivity (the ratio between the measured current and the incident optical power) is
a parameter used to quantify the device efficiency. For comparison, the responsivity measured
at the Gr/c-Si Schottky junction before the a-Si:H deposition is reported in Figure 5d.

0 : : ‘
26 pW @ 1543 nm ° 8.7 pW @ 1543 nm
05 1 -0.5
8 1:5 8 15
2t -2
“ Light
25 : : : : 25 : : ‘ :
-25 -20 -15 -10 -5 0 -25 -20 15 -10 5 0
Voltage (V) Voltage (V)
(a) (b)

Figure 5. Cont.
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Figure 5. Dark current (ip) and current generated by NIR illumination (i) measured for an optical
power of (a) 26.5 uW and (b) 8.7 uW at 1543 nm. (c) Measured responsivity at 1543 nm vs. nega-
tive voltage applied for various optical power incidents on the device in Figure 1a. (d) Measured
responsivity around 1550 nm vs. negative voltage applied for various optical powers incident on the
Gr/c-Si Schottky junction before the a-Si:H deposition.

The responsivity as a function of the incident optical power shown in Figure 6 was
derived from Figure 5c at —21 V. In the inset, the efficiency-lifetime carrier product is
reported, and will be discussed in the next section.
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Figure 6. Responsivity at 1543 nm vs. optical power at —21 V (inset: efficiency-lifetime carrier
product as function of the optical power).

5. Discussion
5.1. Discussion of the Electrical Results

The I-V curve shown in Figure 4a shows the typical behavior of a metal-semiconductor—
metal structure. This MSM is constituted by two Schottky junctions: Gr/c-Si and Al/c-
Si, respectively. By applying a continuous external voltage to the device, one junction
is forward biased while the other is reverse biased. At the so-called flat-band voltage
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Vrg = (qN/2¢)L? (where q is the electron charge, N the semiconductor doping, ¢ the silicon
dielectric constant, and L the distance between the two electrodes), the ¢-Si semiconductor
is fully depleted, energy bands become flat in correspondence with the reverse-biased
junction, and the total current that flows through the device can be written as the sum of
electrons injected by the forward-biased junction and holes injected by the reverse-biased
junction [40]. In Figure 4a, the negative axis corresponds to a negative voltage applied to
the Gr contact with respect to the grounded Al contact, while the positive axis corresponds
to a positive voltage applied to the Gr contact with respect to the grounded Al contact.
As shown in Figure 4b, these devices show a dependence in time of the current under
a fixed voltage of —21 V that was not observed on the same devices prior to the a-Si:H
deposition. The time dependence shown in Figure 4b must be ascribed to the presence
of parasitic capacitance originating from the deposition of a-Si:H and to the presence of
interface traps at the a-5i:H/Gr interface. In other words, the charge carriers are trapped
in these defects, giving rise to a capacitance schematized as Cj; in the electrical circuit of
Figure 7. A further effect of the presence of interface traps at the a-5i:H/Gr interface is
the increase in the Gr resistance attributed to extrinsic scattering mechanisms, as widely
reported in the literature for the top-gated Gr field effect transistor (G-FET) [41]. The Gr
resistance has been schematized as R;; in the electrical circuit of Figure 7. Moreover, under
the negative biasing conditions (the Gr/c-Si and the Al/c-Si junctions are forward- and
reverse biased, respectively) after experiencing the interaction with interfacial traps, the
charge carriers are injected over the Gr/c-Si Schottky barrier (which can be represented as
a resistance R;), and after passing through the resistance R; of the Si substrate, they can be
collected by the Al contact. The resistance Ry schematized in Figure 7 is the sum of these
two resistances (Ry = Rj+ Rs). For a better understanding of the electrical circuit in Figure 7,
two sketches of the device showing both the path of carriers moving from the graphene
contact towards the aluminum electrode and the aforementioned electronic components
are reported in the Supplementary Materials (Figure S2).

Cie

—_
3

Ve \_/ . Vo D o

Figure 7. Electrical circuit schematizing the electrical behavior of the device provided with a current
generator representing the photogenerated current (in red) under NIR illumination.

Finally, under NIR illumination on the Gr/c-5Si junction, we observed an additive
current iy, that can be represented as a current generator operating in parallel to the junction
schematized as Ry in Figure 7.

The circuit shown in Figure 7 can be described by the following first order differential
equation:

@ + Ve — Vi + ZPJ
dt ~ (Ri\\Ro)-Cit  RoCit ~ Cit

whose solution is the following;:
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i = |1 (1

R: =)
——(1—e i ‘u(t—t
R0+Rit( )) ( 0)]+

where V; is the constant bias applied to the device at the initial time t = 0, v, is the voltage
drop on the capacitance C;; in parallel with the resistance R, v is the voltage drop on the
resistance Ry, while the constant time was defined as 7;; = (Rj;\ \Rg)Cij-

If the device is NIR-illuminated starting from time £y, the photogenerated current can
be written as Ipy,(t) = Ip, u(t — ty), where Ipy, is the intensity of the current originating by a
continuous optical power impinging on the Gr/c-5i junction, while u(t) is the step function.
Then, in this condition:

_t V.t _t I T _t=ty
ve(t) = ve(0)e Tt + (1 —¢ Proit (1 —e” T )ou(t—t 4
(1) = ve(0)e T + i + 2 (t-t) @
where v.(0) is the voltage drop on the capacitance at the initial instant ¢ = 0. Therefore, the
current that flows through the resistance Ry can be written as:

t

. Vi—u Vi Rip ~w IppRit ( *m) 0c(0) —&
ip = = 1+ —=—-e — 1—e @ Ju(t—ty) — e T 5
0 Rop Rit + Ro < Ro Ro+ Ry (£=to) ©)

The current iys = Ipy, + ip (the current experimentally measured under NIR illumination)

can therefore be written as:
t
v R, 7w 0) -+t . .
! o<1+lte t>vc()e Tit‘|:1L‘|‘1D (6)

Rit + Ry Ro .

It is worth observing that the measured current iy is composed of two contributions,
both depending on time and enclosed in the square brackets of Equation (6): the first
contribution (i) is due to the light, while the second contribution (ip) can be considered as
a dark current, since it does not depend on the photogenerated current. By considering a
completely discharged capacitance at t = 0 (v.(0) = 0), the measured current iy; reduces to

the dark current ip:
t
. Vi Rit ~CulRo/TRit)
ip=———"—|14+—="¢ 7

b Rit + Rp ( Ry @)

which depends on time, as shown in Figure 4b, and reduces after a transient t >> T; to
the minimum constant value ip = V;/(R;j; + Rp). By taking advantage of Equation (7), it
is also possible to extract R, Rog, and Cj by a fitting procedure (R-square of 0.93) on the
experimental data, as shown in Figure 4b. The resulting fitting parameters are: Ry = 5.1 MQ),
Rj =151 MQ and Cj; = 14.3 pF. By considering the active area of the Gr/c-5i junction (Ag,)
of 1.26 x 1072 cm?, the capacitance due to the traps per unit of area becomes 11.35 mF/cm?.
The results of the fitting parameters can be used to evaluate the transitory as well as the
total charge trapped in this time. Indeed, the time constant 7;; = C;; (Rj;//Rg) can be
calculated as 54 s.

As for the contribution of the measured current during NIR illumination, when ¢ > ty,
a current contribution due to the light i; is added to the dark current:

If we consider tp; = t — ty as the time during which the optical power is applied on the
Gr/c-Si junction and fy; << T = 54 s, Equation (8) reduces to:

. tpm
= Ipy-|1— ~7
ip, = Ipy, ( ROCit> Ph )

It is worth noting that RoC;; > Ci(Ro\\Rj;). Therefore, if the measurement time
tm << Tj, the condition ty; << RoCj is certainly fulfilled and i approaches Ipy,, as reported
in Equation (9). Measurements reported in Figure 5a,b were performed by maintaining
the device at V; = —21 V for 20 min before applying an NIR illumination for one second,
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alternating between dark and light 10 times. In this condition, the current measured under
NIR illumination is Ipy, + V;/(R;; + Rp) while the current in dark conditions is V;/(R;; + Rp),
and the difference between these two currents gives the photogenerated current Ip;, useful
for the evaluation of responsivity.

5.2. Discussion on the Electro-Optical Results and Physical Interpretation

The measured responsivities shown in Figure 5c raise the question of which photo-
conversion mechanism is involved. We cannot employ the photogating theory because it
involves FET structures and not Gr/c-Si Schottky junctions [5]. These, on the other hand,
can be associated with a detection mechanism based on an internal photoemission effect [7].
However, the measurements carried out on the Gr/c-5Si Schottky junction before the a-Si:H
deposition (reported in Figure 5d) showed a limited responsivity of only 0.06 mA /W at
1550 nm and —20 V and no dependence on the incident optical power as predicted by
the IPE theory [7]. With the addition of a-Si:H, the device responsivity increases by more
than one order of magnitude, evidencing the clear dependence on the incident optical
power shown in Figure 5¢ which is typically associated with the presence of traps [5]. In
our opinion, the traps at the a-S5i:H/Gr interface play a key role in the photoconversion
mechanism, the theoretical model of which will be derived in this work and compared
with the experimental data. As shown in Figure 5a,b, by applying a negative voltage on Gr
(Al is grounded) under NIR illumination we observe a large increase in the photodetector
current. This increase could be explained by considering an upward shift in the Gr Fermi
level, i.e., a lowering of the Gr/c-Si Schottky barrier as shown in the band diagram of
Figure 1b. Furthermore, very significantly, the photogenerated current increases its value
with respect to the dark current by translating rigidly downwards, as shown in Figure 5a,b.
This remark suggests that the photogenerated current is nothing more than a thermionic
current flowing through a lower Gr/c-Si Schottky barrier. The Gr/c-Si Schottky barrier
reduction could be attributed to the electrons trapped in the defects at the a-Si:H/Gr in-
terface which are released into Gr under illumination. With this line of reasoning, we
determine how the thermionic current supported by the device changes as it passes from
dark conditions to NIR illumination. In the following theoretical discussion, we consider
a single layer of graphene. Indeed, since the focus of this paper is the elaboration of a
theory able to explain the new physical phenomena observed, we treat the case of a single
layer for which well-established closed analytical formulas exist. As a consequence, the
derived expressions are precise in the case of a single layer of graphene, while they can be
considered an approximation for several layers of graphene. In any case, the reasoning can
be generalized and extended to the case of N layers of graphene if the expression for the
Fermi energy level as a function of the carrier density is known.

In our model we assume that: (a) the dark current is primarily due to thermionic
emission, (b) the applied bias is greater than the flat-band voltage, and (c) recombination in
the space charge region, breakdown effects, and surface state transport can be neglected.
If a negative voltage is applied to the Gr contact with respect to the grounded Al contact,
the Gr/p-Si junction is forward biased, whereas the Al/p-Si junction is reverse biased
providing the energy band diagram shown in Figure 1b under dark conditions. As shown
in Figure 1b, the current flowing through the device before illumination (Ip) is the sum of
the dark current, due to thermionic emission of electrons overcoming the potential barrier
(¢Gr ) from the Gr contact (I I(\;]fd ), and the thermionic emission of holes, overcoming the

potential barrier (cpAl g) from the Al contact (IpA}):

Gr Al I _ g * 2 gl
Itp = I gonc + 1, = AcrANT e™ 1 + A 4 ApT e *1 (10)

where Ag, and Ay are the Gr and Al in contact with Si, respectively, T is the absolute
temperature, k is the Boltzmann constant, and A*p and A*y are the Richardson constant for
P-type and N-type Si, respectively. Indeed, as reported in ref. [40], the current continuity
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requirement dictates that the total current in the MSM structure must equal the sum of the
thermionic current which flows through the two junctions.

Under NIR illumination of the Gr-active area, the increase in total current flowing
through the device (I71) suggests a reduction A¢p in the Gr/c-Si Schottky barrier:

(95" —Agp) a94!

It = II(\;TTlight + I?l = AGrA}k\[Tzei kT + AAIA;;Tzei% (11)

If the photogenerated current is defined as Ip;, = I, — ITp, we can write:

g [ asgp

Ipy = Ag, Ay T?e™ FI- (mr — 1> (12)

As mentioned above, the reduction in the Gr/c-Si Schottky barrier can be ascribed
to an upward shift in the Gr Fermi level towards the Dirac point, which depends on the

charges stored in the Gr layer [42,43]:
D D . 2e 2e
AEp = Ep — Epy = —sign| no + ;N(Vbi — V) |hwp, | t|ng + ;N(Vbi — Vr)

where Er is the Dirac point, E II:) the Gr Fermi level, N is the doping of the crystalline silicon
substrate, vr is the Fermi velocity, V},; is the built-in potential, Vr is the voltage across
the Gr/c-Si junction, n is the capped Gr doping, while sign is the signum mathematical
function. When the Al contact is strongly positively polarized with respect to the Gr contact,
the Gr/c-Si junction is forward biased and the external voltage Vr dropping across the
Gr/c-Si junction tends to approach to the built-in voltage of the Gr/c-5i junction (Vr — Vy,);
in other words, only a small depletion region is due to the Gr/c-Si junction. Thus, the term

A /%N(Vbi — Vg) can be neglected, providing AER = —sign(n,)-hvg/m|n,|.
Under illumination, the a-S5i:H/Gr interface traps release some charges per unit of area

(N¢) into Gr whcih are added to ng, therefore shifting the Gr Fermi level by a AE 1% amount
up to the level EL:

AEL = EE — Epy = —sign(ng + N¢)hopy/7t|ng + N¢| (14)

Therefore, the change in Schottky barrier A¢p under illumination can be defined as:

gA¢p = AElLE — AEFD = —sign(ng + Nc)hvpy/ t|ng + Ne| + sign(ng)hvpy/t|ng|  (15)

where N, represents the charges trapped in the defects at the a-Si:H/Gr interface which
are released into Gr under illumination (by working at 1550 nm, all energy levels from
E. down to 0.8 eV can be excited). The value of N, is completely determined by the
generation rate of the charges released into Gr from the a-Si:H interface. Defining the flux
of photons as ¢ = P/ (hv - Ag,), where P (expressed in eV /s) is the constant incident optical
power, Ag, is the illuminated active area of the a-Si:H/Gr interface in cm? and hv is the
photon energy, N; can be linked to the photon flux by means of this relation: N, = 7-7-1,
where T can be physically viewed as a carrier lifetime, while 7 is the conversion efficiency
(adimensional), i.e., the number of charges trapped at the a-Si:H/Gr interface which are
released into graphene per incident photon. The conversion efficiency depends on the
interaction between photons and traps, and since the number of traps is fixed while the
number of photons depends on the optical power intensity, a dependence of # on P is
expected and made explicit in Equation (16).
The change in the Schottky barrier under illumination can be written as:

+ sign(ng)hopy/ 7ng| (16)

(13)

no + sign(N,)- T (P)

gApp = —sign(ng + Nc)ﬁUF\/Tf hv-Ag,
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Ipy,
R=Ph
P

Equation (16) shows a dependence on the efficiency-lifetime product, a complex
parameter which can be influenced by many factors, and we can only speculate here that
they might include the type, density, and energy level of the traps involved in the detection
mechanism. Equation (16) replaced in Equation (12) gives the photocurrent:

Gr

¢ Mp (i ) i T Py /Ttlng|
IPh _ AGVA;\]TZE— quﬁ |:E kT ( 518"(”0+NL)\/”\no+51g"(Nc) T-1(P) -AG, H’S’g"(”O) t|ng|) _ 1:| (17)

and the responsivity becomes:
Gr

_wg
_ w [er p( sign(ng+N¢) \/n\na+szgn( )T~r](P)~F§67|+sign(no)\/M) _ 1} (18)

P

For our devices, the reduction in the Gr/c-5i Schottky barrier under illumination
suggests that the charges released into Gr are electrons; therefore, N, can be considered
with a negative sign. In addition, using Hall measurements we found that transferred Gr
presents a natural P-type doping of 9 x 10'? cm~2 and that the P-type doping reduces to
np = 3.5 x 10'2 cm 2 after the deposition of the a-Si:H capping layer, as also reported in
the literature [44]. Therefore, ny can be considered with a positive sign and under the as-
sumption that no doping inversion in graphene occurs by NIR illumination (I N:| < Ingl),
Equation (18) reduces to:

* 2
Iy _ AcrAynT?e o (ot (P) e /Almol)

5 5 1 (19)

The experimental results shown in Figure 6, derived from Figure 5c at —21V, are
well fitted using Equation (19) by modelling the efficiency-lifetime carrier product as the
power function t#(P) = 10/ PP. From the fitting procedure we extracted the following
values: Tr79 = 3.0 x 1077 sWB, B = 0.79 and q¢§" = 0.67 eV (R-square of 0.99). In the
fitting process, the following values have been used: Ag, = 0.0038 cm?, A}, = 112 A/cm?K?,
T=300K, k=861 x1075eV/K, =658 x 1071 eVs, vp = 1.1 x 10® cm/s, hv = 0.8 eV,
and a capped Gr doping of ng = 3.5 x 102 cm~2. It is worth noting that the extracted
potential barrier ¢$" is in excellent agreement with what the theory predicts: g¢po = Eq —
q(¢pcr — xsi) = 0.67 eV [40] (with the Si electron affinity gxs; = 4.05 eV [40], the graphene
work function g¢¢, = 4.5 eV [45], and the Si bandgap Eg = 1.12 eV [40]). The resulting
T1(P) behavior is reported in the inset of Figure 6. The presence of a power law in the
responsivity formula described by Equation (19) is not a novelty. It is widely reported in the
literature that graphene photodetectors, whose detection mechanism is assisted by traps,
provide a photocurrent that can be expressed by the simple power law [, & P*, where o is
a non-unity exponent with values between zero and one as a result of the complex process
of carrier generation, trapping, and recombination within the involved materials [5].

This dependence can easily be made explicit under the assumption IN.| << Ingl,
and Equation (19) can be approximated providing the following photocurrent:

2, _4’73 m hop T 1-p
AnTe 2 kT Jmng-hv P 20)

Therefore, by considering Ly, = G-P,we have:

Ipy &

G=

" 2,4’73. 7T pr T B
ANT 2 kT /7tng-hv P 1)

where G represents the photo-gain which is based on the change in thermionic current
due to the photo-induced graphene Fermi level modulation assisted by interfacial traps.
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Equation (21) clearly shows how the photo-gain G decreases by increasing the optical
power P and how it strongly depends on the graphene Schottky barrier g¢$".

6. Conclusions

We assessed the behavior of near-infrared resonant cavity photodetectors based on
graphene layers embedded between amorphous and crystalline silicon. The photodetectors
are based on the Gr/c-5i/Al junction, which behaves like an MSM device and is able
to support the current flow. The a-Si:H/Gr structure is not electrically active, but traps
localized at the a-Si:H/Gr interface play a key role in the overall device performance, as
evidenced by the dependence of the dark current on time and of the device responsivity
on the incident optical power. The photodetection mechanism has been ascribed to the
thermionic current modulation of the Gr/c-Si junction induced by the charge carriers
released from traps, localized at the a-5i:H/Gr interface under illumination. The physics
behind the operation of these devices was thoroughly derived, elucidated, and discussed,
demonstrating a good agreement with the experimental results. At an optical power of
8.7 W (the minimum allowed by the equipment used), the responsivity of 27 mA /W at
1543 nm was obtained. Importantly, such a value can be further improved by using a higher-
finesse cavity that may lead to an enhancement in the interaction between photons and
interface traps, and consequently to an increase in the conversion efficiency. Furthermore,
we have demonstrated that the responsivity of the PD can also be improved by lowering
the incident optical power. Therefore, the better performance at low optical power makes
our device useful in power monitoring within photonic integrated circuits, allowing non-
invasive analysis in complex systems where the stabilization and control of several of the
components is crucial [46]. Finally, the information extracted from the electrical and optical
analysis herein reported can offer new insights for the development of NIR PDs based on
the integration of silicon photonics with graphene technology. We believe that other 2D
materials could be employed provided they have two main characteristics: (1) high optical
transparency in the NIR spectrum and (2) the ability to form a Schottky junction with
silicon. The former is necessary to consider the a-Si:H/2D material/c-Si three-layer hybrid
junction as a single optical microcavity, while the latter allows the thermionic current which
should be modulated to be generated.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13050872/s1. Figure S1. Scheme of the fabrication procedure
for the photodetector (as described in Section 3.1). The graphene layer is embedded between
amorphous (a-Si:H) and crystalline silicon (c-Si). Figure S2. (a) Sketch of the device showing the path
of carriers moving from the graphene contact towards the aluminum electrode, under a negative
voltage applied to graphene. Blue arrows represent current flow associated with the applied bias,
while red arrows represent the carriers released from traps under NIR illumination. (b) Electronic
components associated with the proposed device and schematized in Figure 7. Figure S3. Numerical
simulation of graphene optical absorption by varying the number of graphene layers from 1- to
4-layers, obtained using Equation (1) reported in the manuscript.
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