Critically coupled silicon Fabry-Perot
photodetectors based on the internal
photoemission effect at 1550 nm

Maurizio Casalino,* Giuseppe Coppola, Mario lodice, Ivo Rendina, and Luigi Sirleto

Istituto per la Microelettronica e Microsistemi (IMM) - Consiglio Nazionale delle Ricerche — Sez. Napoli Italy
* maurizio.casalino@na.imm.cnr.it

Abstract: In this paper, design, fabrication and characterization of an all-
silicon photodetector (PD) at 1550 nm, have been reported. Our device is a
surface-illuminated PD constituted by a Fabry-Perot microcavity
incorporating a Cu/p-Si Schottky diode. Its absorption mechanism, based on
the internal photoemission effect (IPE), has been enhanced by critical
coupling condition. Our experimental findings prove a peak responsivity of
0.063 mA/W, which is the highest value obtained in a surface-illuminated
IPE-based Si PD around 1550 nm. Finally, device capacitance
measurements have been carried out demonstrating a capacitance < 5 pF
which has the potential for GHz operation subject to a reduction of the
series resistance of the ochmic contact.
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1. Introduction

Silicon photonics offers the potential for low-cost integration of optical and electronic
functionality on the same chip providing a remarkable impact on many sectors such as
telecommunications, optoelectronics and microelectronics [1]. Indeed, the fabrication of
silicon-based optical devices could be able to utilize the enormous infrastructures well
developed in the years of the strong microelectronics industry growth. In the past two decades
certain important developments, including the demonstration of high-Q resonators, high-speed
modulators, couplers, and optically pumped lasers, based on silicon substrate have been
achieved [2-4].

Photodetectors are key components in all-silicon photonic systems. Though Silicon (Si)
optical detectors have already found wide acceptance for visible light (0.400-0.700 pm), at the
wavelength of interest for telecommunications (2° and 3° window), due to their cut-off
wavelength of about 1.1 um, they are not the most promising. An interesting approach is the
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hybrid integration of exotic material based detectors with Si optical circuits [5,6]; however a
truly monolithic fabrication technology is still preferred [7]. Therefore, in the last years, in
order to take advantage of low-cost standard Si-technology, a number of options have been
proposed: two-photons absorption [8]; the incorporation of optical dopants/defects with
midbandgap energy levels into the Si lattice [9-11]; internal photoemission effect (IPE) [12—
14], recently adopted in silicon photodetectors based on surface plasmons [15], too.

IPE occurs in a Schottky structure when hot carriers, generated in the metal by the
absorption of photons, gain sufficient energy to overcome the Schottky barrier and to be
collected as photocurrent. This mechanism allows sub-bandgap detection and Si infrared
photodiodes based on IPE are usually employed in the infrared imaging systems [16]. The
main advantages of these devices resides in their extremely large bandwidth and simple
fabrication process, but unfortunately, their quantum efficiency is very low. An improvement
in efficiency is generally achieved by lowering the potential barrier, unfortunately, due to the
increased dark current, such devices have to work at cryogenic temperature. In order to get
reasonable responsivity the principal challenge consists of uncovering new device
architectures and designs allowing their use at room temperature. Interestingly, devices based
on IPE encompasse both micro- and nano-photonics structures. The former is generally based
on the merging of Schottky diodes with a dielectric waveguide [17,18], the latter refers to
plasmonic effects in thin metal film and metal nanoparticles [15,19-20]. In recent years,
responsivity of IPE-based PDs has increased becoming adapted for power monitoring
applications and resulting very promising in the telecommunications field. It is worth noting
that IPE-based waveguide PDs are inherently more responsive than IPE-based surface-
illuminated PDs because optical power can be confined at the metal-semiconductor interface;
for this reason many efforts have been focused on waveguide structures [15,17-18] and only
few investigations have been carried out on surface-illuminated devices. On the other hand,
waveguide structures are not suitable in some cases where surface-illuminated devices are the
only option; for instance, in imaging applications where the vision can be improved in critical
conditions such as smoke and fog thanks to reduced scattering at NIR wavelengths [21] or in
reflectography applications where the transparency of most pigments to NIR wavelengths are
used to investigate ancient paintings [22].

PD performance can be increased by resonant cavity enhanced (RCE) structures, which
have been extensively investigated in literature [23] showing their capability of provide near
unity efficiency without hampering bandwidth upon critical coupling (CC) condition [23-26].
In our previous paper [25], we investigated RCE IPE-based back-illuminated PDs proving
that their responsivity could be enhanced by increasing the optical field inside a Fabry-Perot
microcavity. It is worth noting that our structure is different from the classical RCE Schottky
PDs [6] where the Schottky metal acts only as cavity mirror, while in our device the metal
layer acts both as active (absorbing) layer and as cavity mirror.

In this paper, we investigate the possibility to extend RCE PDs CC theory in order to
maximize responsivity of the proposed device. Our findings confirm that critically coupled
devices show an increase in responsivity with respect to not critically coupled device [25],
becoming very appealing for the aforementioned applications. Finally, measured device
capacitance demonstrates the potential for GHz operation subject to a reduction of the series
resistance of the ohmic contact.

2. Fabrication and materials

The sketch of the device is shown in Fig. 1. Proposed PD is a vertically illuminated Fabry-
Perot structure formed by a bottom distributed Bragg reflector (DBR), a top thick metal
reflector and, in the middle, a silicon cavity [25]. It is worth noting that top thick metal
reflector works as cavity mirror and active absorbing layer at the same time.
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Fig. 1. Schematic cross section of the proposed photodetector.

The samples were fabricated starting from a slightly doped (10* cm™) p-type bi-polished
100-um-thick silicon wafer. On the back, a multilayer Bragg mirror is fabricated by Plasma
Enhanced Chemical Vapor Deposition (PECVD) technique. The mirror is composed by a
quarter-wave stack of a—Si:H and SisN, layers, having nominal refractive index, at 1550 nm,
of 3.52 and 1.82, respectively. The reflector is realized with periods of a—Si:H/SizN, pairs,
whose nominal thicknesses are 110 nm and 213 nm, respectively. Silicon nitride is deposited
at pressure of 1.2 mbar, temperature of 250 °C, at 30 W of RF power. In the deposition
chamber 10 sccm of NH3;, 88 sccm of SiH, (5% in He) and 632 sccm of N, are flowed. The
deposition rate is 22.93 nm/min and the suited SisN,4 thickness is obtained with a process time
of 9 min and 17 sec. Amorphous hydrogenated silicon, instead, is deposited at pressure of 0.8
mbar, temperature of 250°C, power of 2W and a SiH4 (5% in He) flow of 600 sccm. The a-
Si:H deposition rate is 3.15 nm/min and the desired thickness is obtained with a process time
of 34 min and 56 sec.

The collecting ohmic contact and the Schottky contact were both realized on the top of the
sample. The collecting contact was made by a 200-nm-thick aluminum (Al) film, thermally
evaporated at 3-10°° mbar and 150 °C, patterned by a lift-off process of photoresist Shipley
S1813 which, deposited by a spin-coater at 4000rpm, has a thickness of 1.4 um. Then an
annealing at 475 °C in nitrogen for 30 min, in order to get a not-rectifying behavior, was
carried out [26]. Finally, the Schottky contact was fabricated. Copper (Cu) was thermally
evaporated and patterned by lift-off, so obtaining a thickness of 200 nm, thicker than optical
field penetration depth. The collecting contact and the Schottky contact are shaped as a
Schottky metal disk placed inside an ohmic metal ring (Fig. 2). Two series of devices with
radius of 40 um and 20 pm, respectively, have been realized. The distance between the edge
of the Schottky and ohmic contact is about 2 pm.

Fig. 2. Top view of the proposed fabricated devices.

In order to accommodate more accurate simulations, the optical properties of all used
materials (Cu, a-Si:H and Si3N,) for the device fabrication are measured by ellipsometric
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analysis. The optical functions of Cu film were determined using a model obtained from a
superposition of a Lorentz dielectric function and the Drude model. Moreover, ellipsometric
analysis was used to derive the surface roughness of Cu film. The Cu film surface roughness
was modeled as a 50/50 vol% mixture of Cu layer refractive index and voids, applying the
Bruggeman Effective Medium Theory (EMT) model [27-28]. The estimated surface
roughness thickness was approximately 2 nm. The fitting of experimental data returned a
goodness of fit (GOF) parameter x* = 0.26, defined as reported in Ref. [29].

In Fig. 3 we have plotted real and imaginary parts of the refractive index of Cu in the
whole spectral range 280-1600 nm, compared with dispersion spectra for n and k reported by
E. D. Palik [30], limited to 1200 nm.

E. D. Palik

c c c c . c
400 600 800 1000 1200 1400 1600
wavelength [nm]

Fig. 3. Cu complex refractive index dispersion.

As reported in Table 1, refractive index real part and extinction coefficient at 1550 nm, are
0.397 and 10.72, respectively.

Moving our attention on Bragg mirror optical properties, the determination of its refractive
index, extinction coefficient and thicknesses of a—Si:H and SisN, layers, has been reported in
our previous work [25], while their values are summarized in Table 1.

Table 1. Value of Thickness and Complex Refractive Index at 1550nm as Calculated

Thickness [nm] N@1550
Cu 200 0.397 —j 10.72
a-Si:H 108 3.58
SisNy 220 1.82

3 Design: analytical model and results
It is well-known that responsivity of IPE-based devices can be written as [13]:
_A[nm]  A[nm]
1242 17 1242

A F.Rn, 1)

where ) is the wavelength, # is the external quantum efficiency, At is the total metal optical
absorbance [13], F. is the fraction of absorbed photons which produce photoelectrons with
appropriate energy to contribute to the photocurrent [31], F. is depending on the height of the
Schottky barrier ®@gg as shown in Fig. 4(a), Pe is the total accumulated probability that one of
these photoexcited electrons will overcome the Schottky barrier after scattering with cold
electrons and/or boundary surfaces [32] (depending on the metal thickness), and 7. is the
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barrier collection efficiency, which depends on the applied voltage, due to the image force
effect [33] which causes a potential barrier lowering (A®g) and a displacement (x,), as shown
in Fig. 4(a). While F, P and 7. have an analytical formulation [13], this is not true for At in
IPE-based optical cavity structures. The cavity plays a key role in the calculation of the A;
factor which, generally, is carried out by using the transfer matrix method (TMM) [13]. In this
section, we propose a very simple analytical model, derived from the theory of the Fabry-
Perot resonator, in order to calculate A; and to verify that CC condition theory can be
extended to proposed device.

As shown in Fig. 4(b), our device can be schematized as an asymmetric plane mirrors
Fabry-Perot interferometer where the input and output mirrors are a DBR and a silicon/metal
interface, respectively. It is worth noting that the metal is approximated as semi-infinite
because its thickness is considered greater than light penetration depth (8) at wavelengths of
interest.

“_.--»--.... PT

Photon ° * >
“au, ‘ set®
L] L]

29vd4

- . Thick Metal
Silicon Cavity .

(Semi-infinite)

K—YJ ! (b)

RBI}AGG RMET‘\I.

Fig. 4. (a) Energy band diagram for a metal/n-semiconductor junction. (b) Schematization of
the proposed device as an asymmetric plane mirror Fabry-Perot resonator.

By the well-known Airy’s formula, the optical intensity (Pr) transmitted through such a
cavity is related to the incident light intensity P;,. by [34]:

P_T — (1_ RDBR )(1_ RMETAL)e_yL

P - -
ne (1_ RDBR I:ZMETAL e - ) + 4 RDBR I:QMETAL e - Senz g

where Rpgr and Ryeral are input and output mirror reflectivity, respectively, L is the silicon
cavity length, » is the round-trip loss coefficient and ¢ is the phase difference between
successive waves in the cavity. If the metal thickness can be considered semi-infinite, all the
transmitted power Pt will be absorbed and the Airy’s formula describes the metal absorbance
AT = PT/Pinc-

By these considerations the absorbance Ar can be maximized by maximizing the peak
trasmittivity through the Fabry-Perot micorcavity, i.e., by fulfilling the following conditions:

. g=2mzr  (Mm=0,12,..) 3)

2

¢ Rosr = RMETALe_ZyL (4)
When only condition (3) is fulfilled, i.e., at resonance wavelengths, absorbance can be
written as:

_ (l_ RDBR )(1_ RMETAL )eiyL

(1_ \l RDBR RMETAL e’ )2

However, this absorbance is not the maximum, because it occurs when also condition (4)
is fulfilled, i.e., when the output mirror reflectivity is properly linked to the output mirror
reflectivity:

A ©)
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It is worth noting that if the round-trip loss coefficient can be neglected (y=0) an
absorbance of 1 is obtained when Eq. (3) and Eq. (4) are contemporaneously fulfilled.

By means of the measured dispersion curves, accurate simulations, in order to design an
optimized device, have been carried out. In Fig. 5 DBR reflectivity at 1550 nm plotted against
number of stacks of a-Si:H/Si;N,, is reported, in addition reflectivity of 200 nm-thick-Cu
metal mirror at 1550 nm is reported, too.

0.981

0.96

0.94

Reflectivity at 1550 nm

0.92

0.9 . .
2 3 4 5
Number of DBR stacks

Fig. 5. Reflectivity versus number of DBR stacks at 1550 nm (blue solid line). Horizontal line
is 200 nm-thick-Cu mirror reflectivity at 1550 nm (red dashed line).

Figure 5 shows that around 1550 nm, DBR reflectivity can approach metal reflectivity if
DBR is constituted by 3 pairs of a-Si:H/SisN4. At resonance wavelengths, as shown above,
this is the best option in order to get a further increase in responsivity when small round-trip
losses are considered. This can be also shown in Fig. 6 where absorbance at resonance
wavelength for a 200 nm-thick-Cu metal mirror (reflectivity of 0.964) is plotted against DBR
reflectivity. Figure 6 can be derived by Eqg. (5) but in order to validate the proposed analytical
model, it was calculated also by a numerical method (TMM) resulting in a good agreement.
Figure 6 shows that with a right choice of the DBR reflectivity a further increase in
absorbance (i.e., in responsivity) can be obtained. In fact, as can be view in Fig. 6, when DBR
is formed by 5 pairs of a-Si:H/SizN, absorbance dramatically decreases lowering device
responsivity [25]. A fine-tuning of DBR reflectivity can fulfill an ultimate optimization of the
cavity, with the aim to get the maximum value of absorbance. In order to obtain a value of
DBR reflectivity that perfectly matches the Cu mirror one, it is possible to detune the
resonance of dielectric mirror during its fabrication. In particular, the realization of dielectric
layers whose thickness is deliberately different from the nominal value of A/4n allows to
predetermine the DBR reflectivity [35] and get the perfect matching with the metallic mirror
value.
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Fig. 6. Proposed device simulated absorbance in resonance condition vs DBR reflectivity.
4. Characterization

The fabricated devices have been characterized in terms of J-V electrical characteristic,
responsivity and junction capacitance.

4.1. Schottky barrier height measurements

Typical density current-voltage (J-V) curve of Cu/p-Si diodes, experimentally obtained by a
parameter analyzer (Hewlett Packard 4145B), is depicted in Fig. 7.

10' : ‘ :
— Experimental J-V
O Curve Fitting J-V

Current Density [A/cnf]

-1 -0.5 0 0.5 1
Voltage [V]

Fig. 7. J-V characteristic and respective curve fitting of the proposed device.

The Schottky barrier height (SBH) is deduced fitting the experimental J-V characteristic in
the forward bias region by the canonical equation of the Schottky diode [33]. The calculated
SBH and series resistance are 0.55 eV and 7 kQ, respectively. High series resistance is due to
a slight rectifying effect of the aluminium electrode realized on top of lightly doped p-type
silicon.

4.2 Responsivity measurements

Experimental set-up has been already described in detail in our previous work [25].
Responsivity measurements carried out on the device having a Schottky Cu disk with radius
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of 40 um, into the range of 1545-1554 nm (step of 0.01 nm) at 100 mV of reverse bias
applied, are reported in Fig. 8. Measured peak responsivity, finesse and free spectral range
(FSR) are of about 55 HA/W, 14.5 and 3.3 nm, respectively.

60

w I
S S
T 7

Responsivity [UA/W]

IN)
=]
T

10

0 : : : ¢ ¢ T ;
1546 1547 1548 1549 1550 1551 1552 1553 1554
Wavelength [nm]

Fig. 8. Measured responsivity versus wavelength for the proposed for the proposed 40 pm-
radius-photodetector.

It could be worth noting that as the responsivity is increased, the finesse is decreased with
respect to results reported in Ref. 25 (8 pA/W and 33, respectively). This is an obvious
consequence of the optimization process driving towards the fabrication of less reflective
DBR lowering the resultant finesse.

In Fig. 9 measurements carried out on the device having a Schottky Cu disk with radius of
20 um, into the range of 1545-1554 nm (step of 0.01 nm) at 100 mV of reverse bias applied,
are reported. Also if FSR and finesse remain substantially the same, in this case responsivity
slightly increases probably due to the increasing of the collection efficiency associated to the
smaller path carriers.
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Fig. 9. Measured responsivity versus wavelength for the proposed 20 um-radius-photodetector.

In our knowledge, a peak responsivity of 0.063 mA/W is the highest value obtained in a
surface-illuminated IPE-based Si PD around 1550 nm.
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4.3 Capacitance measurements and estimated bandwidth

The electrical properties of diodes based on Schottky junctions are determined by majority
carrier phenomena, while for p-n diodes they are primarily determined by minority carriers.
Therefore, the Schottky diodes can be switched faster because there are no minority carrier
storage effects. It is well known that the response time of Schottky device is primarily
determined by the electrical frequency response or RC time required to discharge the
associated capacitance (C) through the resistance (Rs):

1
fo=——" 7
" = 2mR ™

Bandwidth estimation can be carried out by extracting Ry from the experimental J-V
electrical characteristic and measuring C by a LCZ meter (Keithley-3322) which drives the
device with a known AC voltage input signal deriving the capacitance by precisely measuring
the resultant current. We used this approach in our previous work on the proposed device with
radius of 40 um obtaining a minimum capacitance value of 3 pF [25]. At the same way,
capacitance measurement on the proposed 20 pum-radius-device is reported in Fig. 10 and
shows a value of 1.6 £ 0.2 pF starting from a reverse bias of 2 V.

6

Capacitance [pF]

0 0.5 1 1.5 2 23 3
Reverse bias [V]
Fig. 10. Measured junction capacitance vs reverse bias for the proposed 20 um-radius-device.

Unfortunately, the series resistance Rs = 7 kQ (see sec. 4.1) is rather large due to the not-
rectifying contact realized without a heavily P-doped region under the contact. For this
reason, the estimated device bandwidth is limited to MHz range but could be easily improved
toward GHz operation in an optimized device provided of a good ohmic contact. The general
technique for making a satisfactory ohmic contact involves the establishment of a heavily
doped (N* or P*) surface layer on which an alloy of Al-Si is deposited (not pure Al is used in
order to prevent diffusion of Si into Al). Specific contact resistance of an alloy Al-0.9% Si
deposited on P* doped Si (surface dopant concentration of 6 x 10*°cm™) is about 15 Q-pm?
[36]. This value allows to get contact resistance < 1 Q, when the metal contact area is larger
than 15 pm? In this case, by considering the lowest measured capacitance of 1.6 pF reported
in Fig. 10, a constant time t < 1.6 ps could be obtained, enabling bandwidth greater than 99
GHz for an optimized devices not subject to others dynamic limitations. In fact, in order to
obtain a complete evaluation of the proposed device bandwidth, two important limiting
factors have to be considered: the the photon lifetime and the transit time.

The photon lifetime (z,) can be viewed as the time required to build or decay the optical
field distribution inside the cavity and is given by [37]:
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Q
Po2xc ®
where Q is the quality factor of the resonator and c is the vacuum light speed. For a Q of 6800
extracted from Fig. 9 and at 1550 nm, 7, is 5.6 ps which is much smaller than estimated drift
time 7, of 220 ps required for carriers generated in the centre of the Schottky metal disk to
reach the ohmic contact (depletion width of 22 um and saturation velocity of 10" cm/s [33]).

5. Conclusions

In this paper, design, fabrication and characterization of a critically coupled IPE-based
surface-illuminated Si PDs at 1550 nm, have been reported. We have proved, both
theoretically and experimentally, that a significant increase in responsivity is obtained taking
advantage of critical coupling condition.

Devices exhibit a maximum responsivity of 0.063 mA/W around 1550 nm. Measured
responsivity is the highest value reported in literature concerning a surface-illuminated IPE-
based Si PD at 1550 nm and these devices result attractive for power monitoring, imaging and
reflectography NIR applications. Moreover, junction capacitance measurements (pF)
encourage pursuing increased bandwidth toward several GHz operation. The main advantages
of IPE-based PDs reside in their extremely large bandwidth (unipolar devices) and simple
fabrication process.

Finally device performances could be further improved: concerning bandwidth is
mandatory to improve the ohmic contacts quality to get a lower series resistance, concerning
responsivity could be useful to make thinner Schottky metal in order to take advantage from
the internal photoemission increase due to improved carriers escape probability through the
Schottky barrier [38].
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