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Abstract:  Collection of free carriers is a key issue in silicon photonics
devices. We show that a lateral metal-semiconductor-metal Schottky
junction is an efficient and simple way of dealing with that issue in a
photonic crystal microcavity. Using a simple electrode design, and taking
into account the optical mode profile, the resulting carrier distribution in the
structure is calculated. We show that the corresponding effective free carrier
lifetime can be reduced by 50 times when the bias is tuned. This allows
one to maintain a high cavity quality factor under strong optical injection.
In the fabricated structures, carrier depletion is correlated with transmission
spectra and directly visualized by Electron Beam Induced Current pictures.
These measurements demonstrate the validity of this carrier extraction
principle. The design can still be optimized in order to obtain full carrier
depletion at a smaller energy cost.
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1. Introduction

Silicon photonics is a very promising platform for on-chip integration of electronics with all-
optical interconnects [1]. Over the last years, all-silicon micron-sized Complementary Metal
Oxide Semiconductor (CMQOS) compatible devices, including detectors [2, 3], modulators at
telecom wavelength [4, 5] and all-optical logical memories [6, 7] have been demonstrated. The
most compact components rely on a built-in optical resonator with a high quality factor, most
currently a microring [8] or a 2D photonic crystal cavity [9]. In this article, we discuss a tech-
nique to control the carrier concentration in photonic crystals (PhCs). In these devices, the
free carrier density is a crucial parameter, because it determines the strength of the free car-
rier absorption (FCA) and free carrier dispersion (FCD) effects. In photonic crystal slow light
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waveguides or in PhC microcavities, free carriers generated by two-photon aborption lead to
the strong increase of propagation losses or to the collapse of the quality factor at high optical
power. This is considered as a serious limitation to achieve ultra-compact devices thanks to
PhCs such as a silicon Raman laser [10, 11] or four-wave-mixing based wavelength convert-
ers [12].

There are two general methods to get rid of free carriers in a photonic crystal structure:
increasing the surface recombination velocity by a chemical treatment [13], or sweeping the
carriers away by applying an electric field. With the first method, however, it is impossible
to tune the effect on demand. The second method is challenging as it requires to integrate an
electrical junction nearby the photonic crystal resonator. If ohmic contacts [14, 15] or a p-i-n
junction [16-18] are chosen, several more steps are needed in the fabrication process in order
to implant locally the silicon under the contacts (in the ohmic junction case) or to form the p
and n regions. Further complications may arise concerning the junction impact on the overall
mode absorption, and the change in the material conductivity caused by the geometry and the
surface states of the chemically etched photonic crystal.

If a metal-semiconductor-metal (MSM) lateral Schottky junction is used instead, there is no
more need for any implantation. The MSM platform is a mature technology for high-speed op-
toelectronics components. As compared to a p-i-n junction where the diode structure creates a
non-negligible capacitance, for a similar size of the intrinsic area and an optimized design, it
is possible to get a much lower capacitance and thus a faster response in a MSM device. The
major drawback of MSM technology can be the higher reverse current. However, if needed (de-
pending on the application) it can be reduced by a careful choice of the metal contact. As for the
impact of the metal absorption on the optical resonator, we previously showed that losses can be
dealt with by a careful design [19] at the expense of a larger separation of the electrodes [20,21].
Thus the remaining issue is to check that carrier collection in a MSM photonic crystal junction
can be effective and very fast. In this paper, we will focus on that aspect. After a quantitative
description of the impact of free carrier lifetime on the quality factor in a silicon microcav-
ity, a 2D Technology Computer Aided Design (TCAD) calculation of carrier distribution and
collection efficiency is performed. Its results show that effective and fast carrier collection is
ensured when the depletion region around one of the polarized electrodes overlaps most of the
mode volume. Consequently, high quality factor can be maintained even under strong optical
pumping. Electron-Beam Induced Current (EBIC) images of the depletion region then confirm
the simulation results and the validity of our design. In the last section, we discuss how the
device can be improved in order to reduce the operating energy cost.

2. Maintaining a high quality factor in a PhC microcavity

The reason for trying to get rid of free carriers in a silicon microcavity is easily explained with
an analytical model of non-linear losses in the structure. The losses include two-photon absorp-
tion (TPA), and FCA. At telecom wavelengths, free carriers are introduced in the structure by
three mechanisms: residual impurities, two-photon absorption, and the residual linear absorp-
tion. The losses induced by carriers introduced by residual impurities are linear losses and are
already included in the intrinsic quality factor. Thus, at the cavity resonance, the field amplitude
A'in the cavity follows the following equation:

I Y T T O IS AL S

where By is the input power, Trq is the low power cavity transmission at resonance, Q is
the quality factor in the linear optical regime. ngﬂ is the effective density of photogener-
ated carriers and will be defined later on. The other coefficients are constant parameters:
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Brea = 8 x 10~ 12m- W1 is the TPA coefficient, orca = 14.5 x 10~ 18 cm? the free carrier ab-
sorption cross-section at 1550nm [22], and nsj = 3.45 the refractive index of silicon. In steady

2
state, the effective quality factor of the cavity is defined as Qe = 2\%%. From Eq. (1), we
derive
2
-1 _1,  @oVTPANg; | -1 woNsj |1
Qeff Q (ﬁTPACZ|A‘2) (CO.FCAneff) ( )

ph

Photogenerated carriers are created locally at a generation rate g that depends on the local
absorption, that is to say on the local electric field. The effective photogenerated carrier density
nef]f is a mean value that takes into account the overlap between the optical mode and carrier
distribution profile, which is the significant quantity for representing total FCA [23]:

et JfJsinpn (r)n3; |E[?(r) d®r
P TIT, n3(r) [EJ2(r) dr

where no(r) =1 in the air and ny(r) = ng; in silicon. By integrating the diffusion equation for
carriers in space, as in [23] one derives ngﬁ = 110%™, where g is an effective generation rate.
Ttc IS the carrier lifetime in the cavity. It includes disappearance of carriers by recombination
and by diffusion out of the cavity. This parameter is now the only unknown of our model.

The evolution of Qg as a function of the input power for different effective carrier lifetimes is
shown in Fig. 1. The resonator considered here is the typical width-modulated W1 microcavity
[24] frequently used in photonic crystal devices. For Qo = 50,000, there is an input power
range where TPA loss is still negligible, but FCA-related loss is already significant: in Fig.
1, this corresponds to 100 uW < By < 800 uW . Hence, a reduction of carrier lifetime would
allow to maintain the quality factor, in that input power range. When the input power is large,
there is a decrease of the effective quality factor due to TPA along with a decrease due to FCA.
The latter is the main contribution when the free-carrier lifetime is large. Thus, decreasing
the free carrier lifetime can provide a significant improvement of the effective quality factor.
The effective lifetimes reported in silicon microcavities range between 0.1 and 1ns. 0.1ns is
obtained with a chemical treatment [13]. This is not short enough to eliminate completely FCA
in the interesting power range: it would be useful to have the effective lifetime go down 10ps.
This may be possible with a MSM junction.

©)

3. Reduction of effective carrier lifetime with a MSM junction

The following step is to estimate the reduction of free carrier lifetime that can be obtained
when polarizing a lateral MSM junction around the resonator. This implies the knowledge of
the free carrier distribution of the illuminated photonic crystal. In that purpose, a 2D Technol-
ogy Computer Aided Design (TCAD) simulation was performed using the ATLAS software
which solves the drift-diffusion, carrier generation and Poisson equations by a finite-element
method algorithm. The investigated structure is a triangular lattice air hole photonic crystal
with a missing hole row in the TK direction (namely a W1 waveguide) and two lateral Schottky
electrodes that are symmetrical with respect to the waveguide center. The simulation domain
is limited to the active region represented in Fig. 2(a). The lattice parameter a is 400nm and
the electrode spacing is 3um. The air holes were approximated as 20 side polygons and the
smallest mesh size was 20nm. The Schottky electrodes were modeled with a double boundary
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Fig. 1. Dependence of the effective quality factor on the input power for different effective
carrier lifetimes in a width-modulated W1 waveguide photonic crystal cavity. The decrease
of the quality factor is due to the cumulated effect of two-photon absorption, and free-
carrier absorption (FCA). The latter effect is dominant as soon as the free carrier lifetime
s 1S larger than 50 ps.

condition on the surface potential ¢s and on the outgoing current flux:
E

¢S=Vappl—%+(Ec—EF) 4)
sk T2
Jp = A:]}F\Jb(ne,h —ngh) ®)

where Eg, is the potential barrier, Ec and Er are the bottom of the conduction band and the
Fermi level, Ay* = 110A-cm~2-K~2 and Ay* = 30A-cm 2. K2 are the tabulated effective
Richardson constants for electrons and for holes in silicon, ni}, are the equivalent carrier den-
sities when the surface recombination velocity is infinite, and Nc is the density of states in
the conduction band. The model includes Auger and Shockley-Read-Hall (SRH) recombi-
nation mechanisms, Selberherr’s model for impact ionization in silicon [25] and the mobil-
ity is dependent on the strength of the electric field, so that the carrier saturation velocity is
1% 107 cm-s~1 [26]. The impurity donor concentration parameter Np is 4 x 10%° cm~—2 and the
bulk recombination SRH time is 0.5 us.

The simulation results when there is no illumination (g = 0) give some insight on the carrier
collection mechanisms [Fig. 2(b)]. The key parameter for interpretation is the depletion width
W, given by the following equation ( [27]):

W= \/Z‘EONEEI (EBn —kgT ( In N&D + 1) - anppI) (6)

where Vyppi is the externally applied potential, es; = 11.9 the dielectric constant of silicon,
and Nc the effective density of states in the conduction band. When Vapp = 0, W is smaller
than the electrode spacing. At small bias, only the diffusion electrons can contribute to the
dark current, because holes recombine in the region that is not depleted. However, as soon
as the depletion regions around each electrode reach each other, the drift of holes becomes
the main contribution. This accounts for the first discontinuity around 30V in the [ (V) curve,
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Fig. 2. (a) Simulated structure. The MSM junction (gray electrodes) is embedded near the
cavity center (b) Semilog plot of current versus voltage for several radii of photonic crystal
holes. Inset: zoom at low bias regime (linear plot)

while the second one above 40V is due to impact ionization. While this behavior is a common
feature of MSM Schottky junctions [28], the comparison of the results for different radii of
photonic crystal holes, from r = 0 to r = 200nm, gives direct information on the impact of the
photonic crystal itself. In the diffusion regime, the current is reduced approximately by the air-
filling factor, similarly to what was reported in [15] [Fig. 2(b) inset]. Full depletion is reached
at higher biases when the hole radius becomes larger, because the effective path through the
structure becomes longer. Impact ionization becomes significant at lower biases in large radii
structures, because the field can be very strong in the small silicon regions between the air
holes. The main information here is that there is no drastic change in the I(V) curve when the
radius is 100 nm (r /a = 0.25), by comparison with the bulk case (r = 0). Therefore, we may
believe that carrier collection is not impacted too much by the photonic crystal. As drift is a
much faster collection mechanism than diffusion, we might expect that the carrier lifetime will
be effectively reduced when full depletion of the interelectrode region is obtained (here at 30
V).

These conclusions were confirmed by simulations under illumination. We introduced a local
carrier generation rate g proportional to the optical mode profile [Fig. 3(a)]. At null bias, the
photogenerated carrier distribution [Fig. 3(b)] results from the convolution of the optical mode
by the diffusion effects. A photocurrent circulates in the device [Fig. 3(c)] as soon as the bias
is tuned. The effective lifetime is directly obtained from the carrier distribution and generation
rate distribution as 330ps. This lifetime is more than 10° smaller than the bulk SRH lifetime,
because of diffusion out of the cavity and collection of the carriers that reach the small depleted
region around the electrodes. Surface recombination at the Si-air interfaces is not taken into
account here. When a polarisation is applied, the lifetime is reduced by a factor of 50, as the
whole cavity gets depleted [Fig. 4]. The slight increase in the lifetime whenV > 30V is related
to carrier multiplication by impact ionization. This means that the lifetime can get smaller than
10ps. One can thus predict as shown in Fig. 1 that the effective quality factor of the cavity
would not be influenced by FCA up to 1mW input power. Furthermore most of the lifetime
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Fig. 3. (Simulation) (a) Optical mode profile of the width-modulated W1 waveguide pho-
tonic crystal cavity (b) Photogenerated carrier distribution (V = 0 V), resulting from the
convolution of the optical mode profile by diffusion effects (c) Photocurrent vs. applied
bias. The available current constant is the quantity one would obtain if all the generated
carriers were collected. At 15 V, 99% of the carriers are collected.

reduction is attained at 20V, whereas the interelectrode region is not fully depleted yet. This
is because carriers are generated essentially in the high optical energy region, near the cavity
center. Only that region needs to be depleted in order to collect the carriers quickly.

In our design, for V > 15V, carriers have no time to recombine or to diffuse out of the deple-
tion region before they are collected by the MSM junction. This can be checked by comparing
the current circulating in the simulated electrodes with the available current one would have had
if all the carriers were collected. The illumination current and the available current are plotted
in Fig. 3(c). ForV > 15V, all carriers are collected.

4. Experimental confirmation by EBIC measurements

The structures were fabricated from a silicon-on-insulator (SOI) substrate in two steps: first we
fabricate the photonic crystal (electron beam lithography and dry etching), then platinum con-
tacts are added, by electron-beam lithography followed by sputtering and lift-off. The quality
of the contacts was checked by measuring the 1(V) characteristics. The results were similar
in the bulk case and in the photonic crystal case, and is coherent with the simulated data. A
typical example for a photonic crystal structure is given Fig. 5(a). The discontinuity at 23V in
the dark current curve is due to minority carrier current, meaning that the cavity is completely
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Fig. 4. (Simulation) Effective carrier lifetime depending on applied bias. The calculation is
derived from the simulated carrier distribution. The lifetime is reduced 50 times at a 30V
bias.

depleted. Then the structure was optically probed by sweeping a continuous wave tunable laser
from short to long wavelengths. The laser beam was laterally coupled into the sample through
a lensed fiber, and propagated from the sample’s edge to the photonic crystal through a sili-
con ridge waveguide. The optical output was collected and measured by a power meter. The
coupling scheme is identical to that in [19].

We first tried to directly measure the expected increase of the effective quality factor when
polarizing the junction. Indeed, applying a 20V bias [Fig. 4] should (1) reduce the carrier
lifetime to less than 20ps and (2) remove the carriers introduced by residual impurities. The
first effect impacts the effective quality factor that depends on the input power, as shown in Fig.
1. Effect (2) increases the intrinsic quality factor of the cavity by 4 % for Qp = 50000. Although
at a high input power, effect (1) dominates because the photogenerated carrier density is larger
than the residual impurity density, at a sufficiently low input power (< 50 uW), both effects
should contribute significantly to the increase in the measured quality factor.

A typical example of two transmission spectra at 50 LW, one at null bias and the other at high
bias (20 V) is displayed on Fig. 5(b). The quality factor is extracted from the resonance width
of the null bias spectrum as 36,600. The high bias spectrum is narrower. It is also red shifted
and slightly asymmetrical. This effect is not due to thermal heating by the intra-band relaxation
originating from FCA but is related to Joule heating: when the cavity is optically excited on
resonance and the electrical bias is applied, a current of approximately 1 pA can flow in the
junction resulting in several microwatts of dissipated electrical power near the PhC cavity cen-
ter. As the wavelength approaches the resonance, there is more photocurrent, inducing a heating
of the cavity by the Joule effect and a change in the refractive index, leading to a progressive
shift of the resonant wavelength towards the longer wavelengths. This effect corresponds to a
very small shift (5pm) and temperature increase (0.001°C), but we cannot deduce the qual-
ity factor from the spectrum width anymore. Instead, we can consider the peak transmission Tr
which does not change with the refractive index, and follows the relation Qgft/Q = (Tr/Trg)*/2.
The increase in the peak transmission with the bias indicates a corresponding increase in the
effective quality factor, from 36,600 to 38,300. This is good agreement with the values ex-
tracted from Eq. (2): for a null bias carrier lifetime and residual density taken as 0.6ns and
6 x 101> cm—2, the quality factor increases from 36,600 to 38,300 when the carrier lifetime and
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Fig. 5. (a) Dark current and photocurrent (surface illumination at visible wavelength in a
Pt-Si-Pt photonic crystal junction. (b) Transmission spectra at 0 and 20 V, for B, = 50 uW.
The higher peak resonance at 20 V is attributed to a slight increase in the quality factor due
to the removal of the free carriers and the reduction of free carrier lifetime. The red shift is
due to Joule effect.

the residual carrier density go down to zero. The increase in peak transmission is thus almost
certainly related to carrier depletion. In order to observe a larger effect, the input power was in-
creased. As usual in silicon high quality factor resonators, continuous excitation at high power
leads to thermal non-linear bistability and self-pulsating, and a straightforward interpretation
of the spectra is not possible anymore. Time domain techniques would provide a more direct
interpretation of the carrier dynamics. However, a pump-probe technique would be prone to
sensitivity issues because the probe power must be kept low enough. Moreover, the time reso-
lution may be poor when the carrier lifetime becomes of the same order as the photon lifetime
in the cavity (50ps). Resorting to an off-plane excitation of carriers (e.g. with a He:Ne laser)
and still using a cw probe would allow the measurement of an undistorted Lorentzian lineshape,
however the device would be operated under substantially different conditions.

The reduction of carrier lifetime is directly linked to the carrier depletion. What is really
needed is to be sure that depletion does take place in the photonic crystal cavity. To get such
evidence, we used Electron Beam Induced Current measurements (EBIC). EBIC [29-31] is a
spatially resolved semiconductor analysis technique for examining carrier transport properties.
As the electron beam of a Scanning Electron Microscope scans over the photonic crystal, the
minority charge carriers which are generated in the depletion region are collected by the junc-
tion and contribute to the EBIC signal. In our set-up, the external amplifier circuit is contacted
to the Pt electrodes directly in the SEM chamber, using tungsten probes driven by nanomanipu-
lators. EBIC images taken at 1, 15, and 25V are displayed in Figs. 6(a)-6(c), where one can see
the bias induced enlargement of the depletion region. This proves the depletion extension by
polarisation of a MSM junction is effective in a photonic crystal. A comparison with the simu-
lated electron density concentration at the same three biases is provided by Figs. 6(d)-6(f). The
shape of the simulated depletion regions are strikingly similar to the EBIC maps. This means
that the 2D simulation model we undertook does capture the essential physics, even without
taking into account surface recombination or level pinning at the air interface.
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The existence of a non zero signal in the photonic crystal holes is attributed to carrier gen-
eration by secondary electrons induced by the excitation beam, and indicates that the EBIC
pictures are noisy. Although, it is possible to extract some quantitative information: the size of
the depletion region can be estimated as the distance between the electrode and the closest point
beyond which the induced current variation is due only to the background noise. Therefore the
estimated boundary between depletion and intrinsic region is located where the photonic crystal
pattern becomes invisible. At 1, 15 and 25V the depletion region sizes are estimated as 400nm,
1.84 um and 2.25 um respectively, which is in very good agreement with the square root law
given by Eq. (6) for Eg, = 0.84eV and Np = 6 x 10°cm— [Fig. 7]. At 25V, the depletion
region crosses the W1 waveguide. Almost all the high optical energy zone is depleted, and
the remaining is very close (< 0.5um) from the depletion region. Therefore, we can expect
the effective carrier lifetime to be under 15ps, and to reduce by almost two the degradation
of the quality factor at a 2 mW power (see Fig. 1). At the best of our knowledge, these kind
of EBIC images are original in photonic crystal literature. They are particularly important as
they confirm the validity of our simulation results and photonic crystal microcavity depletion
design.

y-position
y-position

z-position z-position

(@) (b)
(d)

Fig. 6. Comparison of EBIC images at the cathode with simulated electron density (a)-(c)
Normalised EBIC images of Pt-Si-Pt MSM junction on photonic crystal for different bias
voltages under the following SEM conditions: High Voltage = 15 kV, probe current = 10
pA. Inimage (a), because of the low bias condition, the contribution of noise is much higher
than in images (b) and (c). Therefore the contrast between depleted and intrinsic regions is
smaller. (d)-(f) Simulated electron density, for the same three bias voltages. The colorbar
unit is cm—2 (log scale) (a),(d): 1 V. (b),(e): 15 V. (c),(f): 25 V.

Further improvement of the design will be aimed at reducing the energy cost for having full
depletion. In steady state, there is a Joule power dissipation proportional to the dark current and
applied bias. To reduce the dark current, we chose to work in the diffusion regime (V < Vgg)
and to use a high contact barrier metal (Platinum). The typical dark current in our sample is
around 10 nA at 20 V. To work in the full-depletion regime and still have a low dark current, we
could use an asymmetrical junction [32,33] such as Platinum-Si-Chrome. The chrome potential
barrier will strongly limit the hole current. Finally, a passivation layer under the metal contacts
outside the active region will reduce the dark current by a numerical factor. There are two means
of reducing the voltage that is necessary to deplete the high energy mode region: to work with
a purer sample and to bring the electrodes closer. In the second case, the optical design has to
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Fig. 7. Comparison of calculated depletion width (solid line) from Eq. (6) (Np = 6 x
10% cm—3) and width extracted from EBIC images.

be adapted and the mode extension in the electrode direction shortened in order not to threaten
the quality factor. If the impurity concentration is reduced to Np = 10°cm~3 and a 1.5 V bias
is applied to the electrodes then, according to Eq. (6) with Eg, = 0.8 eV, & =11.9,a 1.7-um
wide depletion region will be created. If the electrode spacing is 1.5 um this means that full-
depletion is reached at a bias below 1.5V, which is a reasonable value for integrated silicon
optical devices on CMOS-compatible chips. Overall, the Joule power consumption due to dark
current in steady state could be smaller than 3nW. All these improvements will also reduce
the temperature increase created by Joule effect through dark current and photocurrent. Under
strong optical injection however, heat is mainly generated by free carrier absorption. Therefore,
when we remove the free carriers, even when taking into account the Joule effect, overall we
do not heat up the cavity.

5. Conclusion

Metal deposition of microelectrodes on intrinsic silicon is a simple yet effective way of making
a junction around a photonic crystal resonator. It can be designed so that the quality factor
is preserved, and the dark current very low. We demonstrated that a MSM junction around a
photonic crystal is a good candidate to reduce the undesirable effects of FCA in silicon non-
linear devices. Effective carrier lifetimes down to 6 ps are predicted. A detailed numerical study
and EBIC characterization of the fabricated structure show the spatial evolution of the depletion
region. With a proper design, depletion of the high optical energy could be obtained at a small
energy cost. Interesting applications of our simple architecture include the reduction of the
threshold in Raman Si microlasers.
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