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a b s t r a c t

We present a compact and power efficient all-optical switching using a silicon microdisk resonator in-
tegrated with a p-n junction. We study the dependence of free-carrier lifetime, one of the most critical
parameters to determine the switching speed, on reverse bias, optical intensity, and p-n junction position
and dimension. Our experiments reveal that the carrier lifetime decreases with the increasing reverse
bias, consistent with the theoretical results. The all-optical switching of a 211-1 non-return-to-zero
pseudo-random binary sequence (PRBS) signal at a data rate of 10 Gbits/s is demonstrated with p-n
junction reversely biased at �15 V and the pump power being 5.96 dBm.

& 2015 Published by Elsevier B.V.
1. Introduction

All-optical switching is one of the critical optical signal pro-
cessing functionalities and has been regarded as desirable to in-
crease bit rates and reduce energy consumption in optical com-
munications and data networks [1–3]. Silicon photonics based
approaches have attracted much attention due to the compact
size, low power consumption and compatibility with the com-
plementary metal-oxide-semiconductor (CMOS) fabrication. Non-
linear optical processes in silicon waveguides can be used for ul-
trafast switching or wavelength conversion applications [4,5].
However, the long waveguide length and high pump power due to
the weak optical nonlinearity of silicon impose a big challenge. All-
optical switching in silicon microring resonators based on the free-
carrier plasma dispersion (FCD) effect has also been explored [6,7].
Its advantage lies in the compactness of device structures and low
power consumption due to the resonance enhancement effect.
Unfortunately these devices operate in the passive mode with
their switching speed primarily limited by the free-carrier lifetime
in the order of 100's ps to 100's ns [8].
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In this paper, we present all-optical switching in a microdisk
resonator integrated with a p-n junction based on the FCD effect.
Microdisk resonators possess whispering gallery modes (WGMs)
which are located only around the disk rim. There is no inner
sidewall induced scattering loss in microdisks compared to mi-
crorings. Hence, the quality factors (Q-factors) of WGMs are rela-
tively high. The small volume and high Q-factor of the microdisk
resonator allow for low power operation. The p-n junction around
the disk rim under reverse bias can generate high electric field,
which significantly reduces the carrier lifetime, leading to an in-
creased switching speed.
2. Device design and simulation

Fig. 1(a) shows the schematic drawing of the device. The inset
illustrates the cross-section of the p-n diode embedded along the
microdisk rim. The width of the bus waveguide is 300 nm. The
height of the waveguide and microdisk is H¼220 nm and the slab
thickness is h¼60 nm. The radius of the microdisk resonator is
6 μm. The gap between the waveguide and the microdisk is
0.25 μm. The separation of the p-n junction from the microdisk
edge is Wp2¼0.6 μm. The pþ-doped region surrounds the micro-
disk with a clearance of Wp1¼0.6 μm and the nþ-doped region is
1.8 μm inward from the microdisk edge. The doping concentration
is �1017 cm�3 for the p/n region and �1020 cm�3 for the pþ/nþ

region. Fig. 1(b) illustrates the working mechanism of the all-op-
tical switching. An intensity-modulated pump light (control) and a
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Fig. 1. (a) Schematic of the microdisk resonator embedded with a p-n junction. (b) All-optical switching operation principle using two resonances.
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continuous wave (CW) light (probe) with their wavelengths blue-
detuned from the microdisk resonance wavelengths are coupled
from the two ends of the bus waveguide. When the control light
power is high (“on”-state), free carriers are generated inside the
microdisk resonator as a result of two-photon absorption (TPA).
The signal transmission lowers because of the resonance blue-
shift. When the control light power is low (“off”-state), the re-
sonant wavelength shifts back and the signal transmission returns
high upon recombination of free carriers. In this way, the data
carried by the control light is encoded onto the signal light.

The optical power is greatly enhanced inside the microdisk
resonator on resonance compared to that in the access waveguide.
For the all pass filter configuration, the enhancement factor is
a at( ) /(1 )2 2κ − , where t is the transmission coefficient, κ is the
coupling coefficient, and a is the field attenuation per round trip in
the micrordisk resonator [9,10]. The small volume and high
Q-factor of the microdisk resonator help to reduce the pump
power. The blueshift of the resonance needs to be larger than the
resonance linewidth Δλ¼λ0/Q at the resonance wavelength λ0 in
order to get high intensity contrast at the probe wavelength. Thus,
the pump power needs to satisfy [11]
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where n f is the ratio between the change of the refractive index of
silicon and the electron-hole-pair density NΔ , Γ is the mode
confinement factor, β is the TPA coefficient, cτ is the carrier life-
time, h cν is the control photon energy, V RA2eff π= is the volume of
the resonator, A is the modal cross-section area, neff is the modal
effective refractive index, and ng is the group index. Hence it in-
dicates that the pump power is inversely proportional to the mi-
crodisk Q-factor. In order to reduce the pump power, the Q-factor
needs to be as high as possible. In terms of response speed, both
the cavity photon lifetime and the free carrier lifetime play sig-
nificant roles. The cavity photon lifetime τ is related to the Q-factor
as Q /τ ω= , with ω being the angular frequency. In the device
design, we can maximize the Q-factor according to the required
modulation speed so that the pump power is lowest.
Fig. 2. (a) Simulated |E|2 patterns of the three lowest radial order WGMs. (b) Electric fiel
15 V.
In order to reduce the free carrier lifetime, the p-n junction is
reversely biased so that the TPA-generated free carriers can be fast
swept out by the high electric field. It is important to maximize the
overlap between the depletion region of the p-n junction and the
intensity peak of the resonance mode where free-carriers are
generated. Fig. 2(a) shows the calculated TE-polarized (electric
field parallel to the device plane) electric field intensity (|E|2) dis-
tributions of the three lowest-order WGMs. The first two modes
(TE0 and TE1) have negligible spatial overlap with the nþ-region,
leading to high Q resonances. Fig. 2(b) shows the simulated elec-
tric field distribution in the p-n junction under three reverse bias
voltages of 0 V, 8 V, and 15 V, respectively. The peak electric field
increases with the reverse voltage and reaches �4.3�105 V/cm at
15 V. The overlap between the WGM and the junction electric field
increases with voltage, leading to a decreased carrier lifetime.
Hence, the switching speed can be improved by increasing the
reverse bias voltage.

As the free carrier lifetime is a critical parameter in determin-
ing the switching speed, we simulate its dependence on reverse
bias voltage, optical intensity, and p-n junction position and di-
mension. The resonance mode field and the junction electric field
both have non-uniform transverse distributions as shown in Fig. 2.
We use a Gaussian distribution to approximate the optical in-
tensity profile around the TE0 mode peak. The optical power Pin of
the WGM is obtained by transverse integral of the intensity. The
free carriers are generated around the mode peak through the TPA
process with the generation rate G E I(1/2 ) 2β= , where E is the
photon energy, 8 10 cm/W10β = ~ × − around 1.55 mμ representing
the TPA coefficient [12], and I is the optical intensity [13]. The
generated free carriers are swept away by the junction electric
field or recombined through multiple recombination mechanisms
including surface recombination, Shockley–Read–Hall (SRH) re-
combination, and Auger recombination. To obtain the carrier life-
time, we perform transient simulations using commercial software
package ATLAS from Silvaco. In our simulation, the following
material parameters are used: electron and hole mobilities

721.3cm V se
2 1 1μ = − − , 315.3 cm V sh

2 1 1μ = − − (p-doping region) and

676.1cm V se
2 1 1μ = − − , 317.4cm V sh

2 1 1μ = − − (n-doping region), bulk
recombination lifetimes 3 sbeτ = μ , 10 sbhτ = μ , and surface
d distribution across the p-n junction at three reverse bias voltages of 0 V, 8 V, and



Fig. 3. Simulated effective carrier lifetime as a function of (a) reverse bias voltage, (b) optical power in the access waveguide, (c) offset of the p-n junction from the mode
peak at 4 V reverse bias, and (d) p and n doping region width at 4 V reverse bias.
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recombination velocity S 8 10 cm/s3= × [13,14]. Other cavity-related
parameters are t 0.998= ~ , a¼�0.996, and the input power
Pin¼5.96 dBm, which is consistent with our experiment. Fig. 3
(a) shows the dependence of the carrier lifetime on various reverse
bias voltages while the p-n junction aligns with the TE0 mode
intensity maximum. Because of the build-in electric field, the
lifetime at 0 V is 196.3 ps, much smaller than the bulk lifetime. It
can be further reduced by increasing the reverse bias voltage.
Fig. 3(b) shows the dependence of the carrier lifetime on optical
power in the access waveguide. When the optical power is low,
the carrier lifetime is determined by the mean transit time. When
the optical power is high, secondary electric field is set up due to
the drift of electrons and holes in opposite directions. Hence, the
applied electric field is screened by the second electric field in the
depletion region, which leads to a longer carrier lifetime [15].
Fig. 3(c) shows the dependence of the carrier lifetime on the offset
of the p-n junction from themode peak at 4 V reverse bias. The larger
the offset is, the longer the carrier lifetime becomes, which implies
the applied electric field is less efficient in extracting the free carriers
when it misaligns with the mode peak. Fig. 3(d) shows the carrier
Fig. 4. (a) Optical microscope image of the fabricated device. (b) Transmission spectrum
The control and signal wavelengths (λpump and λprobe) are marked. (For interpretation of t
of this article.)
lifetime versus doping regionwidth (Wn¼Wp) at 4 V reverse bias. We
attribute the reduction of lifetime with increasing Wp,n to the fact
that the surface recombination is increased because of the extended
p and n doping regions.
3. Experimental results

The device was fabricated using standard CMOS fabrication
processes, in which 248 nm deep ultra-violet (DUV) photo-
lithography and plasma dry etching were used to define the device
patterns. The n-type and p-type doping was realized by Phos-
phorus and Boron ion implantations, respectively. Before Alumi-
num (Al) layer was sputtered and patterned, a 1.5 mm thick silicon
dioxide layer was deposited using plasma-enhanced chemical
vapor deposition (PECVD). Fig. 4(a) shows the optical microscope
image of the device. The device fiber-to-fiber insertion loss for the
TE polarization is measured to be �14 dB (off resonance). Fig. 4
(b) shows the measured transmission spectrum of the microdisk.
There are four pronounced WGMs. The TE3 mode at 1.535 μm has
of the microdisk resonator. The inset shows the zoom-in of the resonance dip at λ2 .
he references to color in this figure legend, the reader is referred to the web version



Fig. 5. Experimental setup for all-optical switching. EDFA: erbium-doped fiber amplifier; BPF: band pass filter; PC: polarization controller; AM: amplitude modulator; MA:
microwave amplifier; PPG: pulse pattern generator; PD: photodetector.
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the lowest Q-factor due to its severe overlap with the highly doped
region. We selected the two resonances with Q-factor of 3.4�104

and extinction ratio (ER) of �9 dB at λ1¼1530.8 nm and λ2
¼1549.025 nm for all-optical switching. According to our simula-
tion, these resonances belong to the second radial order WGM (TE1
mode). We note that although TE0 mode has the best alignment
with the p-n junction, its low ER (�1 dB) does not allow for all-
optical switching experiment. The inset in Fig. 4(b) shows the
magnified resonance spectral profile. It should be noted that the
Q-factor is practically limited by the 180 nm CMOS fabrication
process. The cavity photon lifetime is Q Q c/ /2 27.9ps2 2τ ω λ π= = = ,
and hence the up-limit of the modulation speed is around 30 GHz.
The transfer function of the microdisk resonator can be expressed
as H t ae ate( ) ( )/(1 )j L j Lλ = − −β β− − [16], where n2 /effβ π λ= is the
propagation constant of the WGM and L is the perimeter of the
WGM. The red curve in Fig. 4(b) is the calculated resonance
spectrum with neff¼�2.51, t¼�0.998, and a¼�0.996, which
agrees well with the experimental one. In order to further increase
the resonance ER, t and a need to be in closer proximity to satisfy
the critical coupling condition.

The experimental setup is depicted in Fig. 5. The wavelengths
of the probe and pump light are tuned to the left shoulder of the
resonances (�0.046 nm left to the resonant wavelengths) at λ1
and λ2, respectively, as shown in Fig. 4(b). The pump signal is
generated by modulating a CW light using a LiNiO3 amplitude
modulator (AM) driven by a pulse pattern generator (PPG) fol-
lowed by a microwave amplifier (MA). Tunable erbium-doped fi-
ber amplifiers (EDFAs) are used to adjust the pump and probe light
power. TE polarization is set by using polarization controllers. Two
fiber circulators are used to separate the pump and probe signals.

Fig. 6(a) shows the output 3 Gbps 211-1 non-return-to-zero
(NRZ) pseudo-random-binary-sequence (PRBS) waveforms at the
Fig. 6. (a) All-optically switched waveforms at a data rate of 3 Gbps under vari
probe wavelength upon various reverse biases. The pump and
probe powers (coupled into the waveguide) are 5.96 dBm and
�5.6 dBm, respectively. Fig. 6(b) shows the rise time (10–90%
optical power) of output waveform versus applied voltage. The rise
time becomes shorter when short-circuit is formed at 0 V bias
compared to that of open circuit, because it provides a closed loop
to allow free carriers to recombine. The rise time becomes even
shorter with the increasing reverse bias, which is consistent with
our simulation result (Fig. 3(a)). Hence it indicates that using high
electric field to extract free carriers is an effective way to speed up
the all-optical switching process. It should be noted that because
the p-n junction does not exactly locate at the TE1 mode peak, the
free carrier lifetime cannot be as short as predicted in Fig. 3(a). The
pump power in our experiment can only be turned around
5.96 dBm with �3 dB tuning range. If it is higher, the thermal
effect will become significant and distort the resulted waveform; if
it is lower, the optical waveform has very low modulation depth.
As a result, we could not investigate the dependence of switching
speed on pump power in our experiment.

Fig. 7 shows the input and output 211-1 PRBS waveforms at
10 Gbps modulation rate with the bias voltage being �15 V. The
measured rise time of the output waveform is �70 ps. The cou-
pled pump and probe powers are the same with the previous
measurement. The power of output probe signal is about
�20 dBm. The switching speed is improved in comparison with
the previous work based on the FCD method [6,7]. It is lower than
the up-limit defined by the photon lifetime, implying that the
speed is essentially limited by the free-carrier dynamics. We re-
mark that the reverse bias voltage can be reduced if the p-n
junction aligns well with the mode peak as shown by our simu-
lation. More advanced fabrication process, such as 0.13 mμ CMOS
processes [17,18], can be used to guarantee smaller junction
ous bias conditions. (b) Rise time of the waveforms versus applied voltage.



Fig. 7. Input and output 211-1 PRBS waveforms at 10 Gbps. The reverse bias voltage
is 15 V.

Table 1
Comparison of all optical switching/wavelength conversion realized by micro-re-
sonator devices on various material platforms.

Materials Mechanism Radius
(μm)

Input pow-
er (mW)

Output
power (μW)

Speed
(Gbps)

InP-Si hybrid
[20]

FCD 5 4 – 10

Si [6] FCD 5 4.5 – 0.9
Si [21] FWM 10 1 0.1 –

GaAs [22] FWM 13 10 4.5 10
SiO2 [23] FWM 135 8.8 0.3 –

GaN [24] HG 40 120 2.2 –

SiNx [25] HG 116 315 100 –

InP-Si hybrid
[26]

LMS 3.75 0.355 60 10

Si (Our work) FCD 6 3.94 10 10

HG: harmonic generation. LMS: laser mode switching. FWM: four wave mixing.
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misalignment errors to improve the switching speed. Other de-
signs have also been developed to circumvent the alignment issue,
such as using interleaved pn junctions, where the junctions are
along the radial direction with much larger alignment tolerance
[19].

Finally, we have done the comparison of all optical switching/
wavelength conversion realized by micro-resonator devices on
various material platforms in Table 1. The energy efficiency de-
fined as the ratio of output optical power to input optical power is
highest for the laser mode switching (LMS). However, the LMS is
based on an active device which requires external bias current and
thereby extra power consumption to enable laser operation. Sili-
con and III–V resonators are more compact due to the larger re-
fractive index contrast between core and cladding, in favor of
improved energy efficiency. Compared with previously demon-
strated all-optical switching in silicon microring resonators using
FCD effect, the switching speed is improved by one order to
10 Gbps, similar to the InP-SOI hybrid device.
4. Conclusion

We have demonstrated a compact low-power all-optical
switching using a 6 μm-radius silicon microdisk resonator in-
tegrated with a p-n junction based on the FCD effect. The depen-
dence of free-carrier lifetime on several key parameters including
the reverse bias voltage, the optical intensity, and the p-n junction
position and dimension was analyzed. Our experiment reveals that
reverse bias can significantly shorten the free-carrier lifetime,
enabling an improved switching speed. All-optical switching of a
10 Gbits/s 211-1 NRZ PRBS signal was realized with a pump power
of 5.96 dBm and a bias voltage of �15 V.
References

[1] David A.B. Miller, Are optical transistors the logical next step? Nat. Photon 4
(1) (2010) 3–5.

[2] H. John Caulfield, Shlomi Dolev, Why future supercomputing requires optics,
Nat. Photon 4 (5) (2010) 261–26263.

[3] Damien Woods, Thomas J. Naughton, Optical computing: photonic neural
networks, Nat. Phys. 8 (4) (2012) 257–259.

[4] R. Dekker, A. Driessen, T. Wahlbrink, C. Moormann, J. Niehusmann, M. Först,
Ultrafast Kerr-induced all-optical wavelength conversion in silicon wave-
guides using 1.55 μm femtosecond pulses, Opt. Express 14 (18) (2006) 8336.

[5] C. Koos, L. Jacome, C. Poulton, J. Leuthold, W. Freude, Nonlinear silicon-on-
insulator waveguides for all-optical signal processing, Opt. Express 15 (10)
(2007) 5976.

[6] Qianfan Xu, Vilson R. Almeida, Michal Lipson. Micrometer-scale all-optical
wavelength converter on silicon, Opt. Lett. 30 (20) (2005) 2733–2735.

[7] Qiang Li, Ziyang Zhang, Fangfei Liu, Min Qiu, Yikai Su, Dense wavelength
conversion and multicasting in a resonance-split silicon microring, Appl. Phys.
Lett. 93 (8) (2008) (081113-081113-3).

[8] J. Leuthold, C. Koos, W. Freude, Nonlinear silicon photonics, Nat. Photon 4 (8)
(2010) 535–53544.

[9] Chi Xiong, Wolfram Pernice, Kevin K. Ryu, Carsten Schuck, King Y. Fong,
Tomas Palacios, Hong X. Tang, Integrated GaN photonic circuits on silicon
(100) for second harmonic generation, Opt. Express 19 (11) (2011)
10462–10470.

[10] Dominik G. Rabus, Ring resonators: theory and modeling, Integr. Ring Reson.:
Compend. (2007) 3–40.

[11] Qianfan Xu, Vilson R. Almeida, Michal Lipson. Micrometer-scale all-optical
wavelength converter on silicon, Opt. Lett. 30 (20) (2005) 2733.

[12] M. Dinu, F. Quochi, H. Garcia, Third-order nonlinearities in silicon at telecom
wavelengths, Appl. Phys. Lett. 82 (18) (2003) 2954–2956.

[13] D. Dimitropoulos, R. Jhaveri, R. Claps, J.C.S. Woo, B. Jalali, Lifetime of photo-
generated carriers in silicon-on-insulator rib waveguides, Appl. Phys. Lett. 86
(7) (2005) (071115-071115-3).

[14] Toshio Kuwayama, Masaya Ichimura, Eisuke Arai, Interface recombination
velocity of silicon-on-insulator wafers measured by microwave reflectance
photoconductivity decay method with electric field, Appl. Phys. Lett. 83 (5)
(2003) 928.

[15] D. Dimitropoulos, S. Fathpour, B. Jalali, Limitations of active carrier removal in
silicon Raman amplifiers and lasers, Appl. Phys. Lett. 87 (26) (2005) 261108.

[16] Amnon Yariv, Universal relations for coupling of optical power between mi-
croresonators and dielectric waveguides, Electron. Lett. 36 (4) (2000)
321–32322.

[17] Behnam Analui, Drew Guckenberger, Daniel Kucharski,
Adithyaram Narasimha, A fully integrated 20- Gb/s optoelectronic transceiver
implemented in a standard 0.13-mm CMOS SOI technology, IEEE J. Solid State
Circuit 41 (12) (2006) 2945–2955.

[18] X. Zheng, J. Lexau, Y. Luo, H. Thacker, T. Pinguet, A. Mekis, G. Li, J. Shi,
P. Amberg, N. Pinckney, K. Raj, R. Ho, J.E. Cunningham, A.V. Krishnamoorthy,
Ultra-low-energy all-CMOS modulator integrated with driver, Opt. Express 18
(3) (2010) 3059–3070 (Feb 1).

[19] X. Xiao, H. Xu, X. Li, Y. Hu, K. Xiong, Z. Li, T. Chu, Y. Yu, J. Yu, 25 Gbit/s silicon
microring modulator based on misalignment-tolerant interleaved PN junc-
tions, Opt. Express 20 (3) (2012) 2507–2515 (Jan 30).

[20] Rajesh Kumar, Liu Liu, Gunther Roelkens, Erik-Jan Geluk, Tjibbe de Vries,
Fouad Karouta, Philippe Regreny, Dries Van Thourhout, Roel Baets,
Geert Morthier, 10-GHz all-optical gate based on a III–V/SOI microdisk, IEEE
Photon. Technol. Lett. 22 (13) (2010) 981–98983.

[21] Amy C. Turner, Mark A. Foster, Alexander L. Gaeta, Michal Lipson. Ultra-low
power parametric frequency conversion in a silicon microring resonator, Opt.
Express 16 (7) (2008) 4881.

[22] A. Bogris, S. Mikroulis, E. Roditi, D. Syvridis, Investigation of an all-optical
wavelength converter with reshaping properties based on four-wave mixing
in passive microring resonators, J. Lightwave Technol. 22 (12) (2004) 2743.

[23] M. Ferrera, D. Duchesne, L. Razzari, M. Peccianti, R. Morandotti, P. Cheben,
S. Janz, D.X. Xu, B.E. Little, S. Chu, D.J. Moss, Low power four wave mixing in an
integrated, micro-ring resonator with Q¼12 million, Opt. Express 17 (16)
(2009) 14098.

[24] C. Xiong, W. Pernice, K.K. Ryu, C. Schuck, K.Y. Fong, T. Palacios, H.X. Tang, In-
tegrated GaN photonic circuits on silicon (100) for second harmonic genera-
tion, Opt. Express 19 (11) (2011) 10462–10470 (May 23).

[25] J.S. Levy, M.A. Foster, A.L. Gaeta, M. Lipson, Opt. Express 19 (12) (2011)
11415–11421 (Jun 6).

[26] J. Hofrichter, O. Raz, L. Liu, G. Morthier, F. Horst, P. Regreny, T. De Vries, H.J.
S. Dorren, B.J. Offrein, All-optical wavelength conversion using mode switch-
ing in InP microdisc laser, Electron. Lett. 47 (16) (2011) 927.

http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref1
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref1
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref1
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref2
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref2
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref2
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref3
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref3
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref3
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref4
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref4
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref4
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref4
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref4
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref5
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref5
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref5
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref6
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref6
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref6
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref7
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref7
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref7
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref8
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref8
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref8
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref9
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref9
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref9
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref9
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref9
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref10
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref10
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref10
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref11
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref11
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref12
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref12
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref12
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref13
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref13
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref13
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref14
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref14
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref14
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref14
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref15
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref15
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref16
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref16
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref16
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref16
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref17
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref17
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref17
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref17
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref17
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref17
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref17
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref18
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref18
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref18
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref18
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref18
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref19
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref19
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref19
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref19
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref20
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref20
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref20
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref20
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref20
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref21
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref21
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref21
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref22
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref22
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref22
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref23
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref23
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref23
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref23
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref23
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref23
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref23
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref24
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref24
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref24
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref24
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref25
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref25
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref25
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref26
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref26
http://refhub.elsevier.com/S0030-4018(15)00015-2/sbref26

	Microdisk resonator assisted all-optical switching with improved speed using a reverse-biased p-n diode
	Introduction
	Device design and simulation
	Experimental results
	Conclusion
	References




