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Abstract

A new all-optical flip-flop based on a nonlinear Distributed feedback (DFB) structure is proposed.
The device does not require a holding beam. A nonlinear part of the grating is detuned from the
remaining part of the grating and has negative nonlinear coefficient. Optical gain is provided by an
injected electrical current into an active layer. In the OFF state, due to the detuned section, no la-
ser light is generated in the device. An injected optical pulse reduces the detuning of the nonlinear
section, and the optical feedback provided by the DFB structure generates a laser light in the
structure that sustains the change in the detuned section. The device is switched “OFF” by detun-
ing another section of the grating by a Reset pulse. The Reset pulse reduces the refractive index of
that section by the generation of electron-hole pairs. The Reset pulse wavelength is adjusted such
that the optical gain provided by the active layer at that wavelength is zero. The Reset pulse is
prevented from reaching the nonlinear detuned section by introducing an optical absorber in the
laser cavity to attenuate the pulse. The device is simulated in time domain using General Purpose
Graphics Processing Unit (GPGPU) computing. Set-Reset operations are in nanosecond time scale.
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1. Introduction

All-optical flip-flop is required for all optical routing and processing of optical data packets [1]. All-optical
routing and processing of optical data packets eliminates the need to convert the data signal from optical domain
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to electronics domain and vice versa, which reduces complexities and increases processing speed. All-optical
flip-flop based on coupled laser diodes is investigated in [2]. All-optical flip-flop based on micro ring lasers is
shown in [3]. Low power all-optical flip-flop based on a micro disk laser diode is fabricated and tested in [4].
An all optical flip-flop based on a single distributed feedback semiconductor laser is implemented in [5], and it
requires also a holding beam. A device based on vertical cavity semiconductor optical amplifier that requires a
holding beam is shown in [6]. Another device based on active multi-mode interference laser diode is described
in [7]. All optical flip-flop based on bistable laser diodes is discussed in [8] [9].

In [10], an all-optical flip-flop based on a chirped DFB laser structure was investigated. The device has
bi-stable output optical mode power, and it does not require a holding beam. The chirp, in [10], is accompanied
with a gradually increasing negative nonlinear coefficient. The chirp prevents lasing at the “OFF” state (low
light intensity in the structure). At high light intensity in the structure, the nonlinearity reduces the chirp along
the structure, and the optical feedback from the grating allows for a laser mode to build up. The device is
switched “OFF” by an optical pulse at a wavelength longer than the wavelength of the emitted laser light. This is
achieved by reducing the optical gain of the emitted laser mode wavelength by cross gain modulation (XGM).

In [11], an all-optical ip-op based on a 3-section DFB laser structure is introduced. Two sections of the DFB
structure are detuned from the middle part of the DFB structure. The 2 detuned sections have optical negative
nonlinearity. The device is switched “ON” by an optical pulse that reduced the detuning of both sections. When
the detuning is reduced, the DFB structure provides the optical feedback required to start a laser mode. The
device is switched “OFF” by XGM by an optical pulse of a lower frequency than the operating frequency. In
[12], an all-optical ip op is investigated where only one section of the DFB laser structure is detuned. However,
the ip-op is switched “OFF” by an optical pulse at a frequency higher than the operating frequency by XGM.

In this work, an improved nonlinear DFB structure is introduced. The device schematic is shown in Figure 1.
The wave-guiding layer consists of 3 Sections. Section “3” is a detuned nonlinear section of the DFB grating.
The nonlinear detuned section prevents a laser mode from building up at a low light intensity in the structure. At
high light intensity in the structure, at wavelength A =4, that corresponds to a photon energy just below the
band-gap energy in Section “3”, the detuning is decreased due to negative nonlinear coefficient. In this case, the
optical feedback in the structure increases and allows for an optical laser mode to build up. The laser mode in-
tensity maintains the reduction of the detuning of Section “3”, and the laser mode is stable. The device structure
is easier to implement than the structure in [10], because it uses a section with a constant detuning instead of a
detuning that is due to a gradual change in the refractive index. The device is switched “OFF” by an optical
pulse at wavelength A =4, <A . The optical pulse at 1 =4, detunes section 1 by decreasing its average re-
fractive index, and the optical feedback along the grating is reduced. The laser mode decays, and the device is
switched “OFF”. The device presented in this work has advantages over the device in [11]. In [11], 2 nonlinear
sections are needed to achieve bistability, where in this work only one nonlinear section is required. Also, in
[12], the device is switched “OFF” by XGM, but in this work, the device is switched “OFF” by detuning a section
of the DFB structure, and the optical gain is not altered. In this case, the switch “OFF” dynamics is controlled
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the negative optical nonlinearity process in the wave-guiding layer. The negative optical nonlinearity is achieved
by direct absorption of a part of the incident light at a photon energy slightly less than the band gap energy of
the semiconductor. Hence, by altering the semiconductor properties the switch “OFF” process could be con-
trolled. In the next section, the device design and “ON/OFF” switching dynamics were described.

2. Device Description and Switching Dynamics

Figure 1 shows the schematic of the device including input signals and output laser mode. The optical gain in
the device is provided by electrical current injection in the active layer Figure 1. The wave-guiding layer of the
device consists of a phase shifted nonlinear grating of period A =2nA,. where 7 is the average refractive
index along the grating, and A, is the wavelength at the center of the reflection band of the grating. The device
is switched “ON” by a “SET” pulse, and it is switched “OFF”, by a “RESET” pulse at a different wavelength.
The grating and the negative nonlinear refractive index distribution at the laser mode wavelength A =4
(A, = 4;) is shown in Figure 2. The negative nonlinear coefficient in section “3” of the nonlinear wave-guiding
layer is provided by direct photon absorption at the Urbach tail, Figure 3. The absorption coefficient at Urabch
tail is expressed as o =, x exp (ha)—hwg ) /EO , ho, =E, is the band gap energy (all energies are ex-
pressed in electron. volt) « is the direct optical loss, ¢, is the band-gap optical loss at rw =heo, , and E,
is chosen to be 0.01 e.V., [13] [14]. The absorbed photons produce electron-hole pairs in the nonlinear wave-
guiding section “3”. The electron-hole pairs generated reduce the refractive index at photon energy just below
the band-gap energy.

At low light intensity in the structure, the optical feedback is not enough to produce a lasing mode due to a
detuned part (section “3”) of the grating. When an optical pulse of a wavelength A =4, is sent through the
structure, part of the pulse energy is absorbed in section “3”, and it produces electron-hole pairs that reduce the
refractive index. When the detuning of the nonlinear section is reduced, the reflection band of this section over-
laps with the reflection band of the other part of the grating and more photons are reflected from section “3” to
the rest of the grating. This increases the optical feedback in the structure which allows for a laser mode to build
up. More photons are reflected back to sections “2” and “1” of the grating which increases optical feedback and
reduces the number of photons leaving the cavity from the terminal end of the grating.

To switch the laser “OFF”, section “1” of the grating as in Figure 1 is detuned from the grating center reflec-
tion band wavelength 4, by generating electron-hole pairs to reduce refractive index of that section. Whence
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Figure 2. Linear and nonlinear refractive index distribution at o=, (1=24,).
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the section “1” is detuned, the distributed optical feedback cannot provide enough optical feedback to sustain the
laser mode. The laser mode decays and the electron-hole pairs density in section “3” decreases with time. The
detuning of section “3” is restored to its value in the “OFF” state. The device will remain in the “OFF” state till
another optical pulse at A =4, triggers the device “ON” again. The reduction of refractive index in section “1”
is done by injecting an optical pulse of wavelength A, where %o, is just below the band gap energy in this
section. In the same time, @, is chosen such that the gain of the active layer g(a)z) =0, Figure 3, [15]. ha,
is greater than 7%, , so it can reduce the refractive index in section “3” by generating more electron-hole pairs.
To avoid this, the semiconductor band gap energy in section “2” is adjusted to provide a large absorption loss at
o, , so that the photons of energy 7w, are absorbed in section “2” before reaching section “3”. The absorption
coefficients and corresponding band gaps along the nonlinear grating are shown in Figure 4 and Figure 5. The
device could be built using InGaAsP alloy on InP substrate. The band gap energies in each section could be ad-
justed by altering the percentage of each element of the InGaAsP semiconductor [16]. Also, the device could be
built from 3 DFB laser devices, where each device has its wave-guiding layer altered as described in Figure 4
and Figure 5. In the following simulations, wavelengths are set as follow: 4, =1500nm and A, =1470 nm.
In the next section a mathematical model of the device is introduced. Equations describing optical fields and
electron-hole densities in the active layer and nonlinear wave-guiding layers are presented. Also, simulations
parameters are tabulated.

3. Mathematical Model and Simulation Parameters

Coupled mode equations describe the optical fields in the structure [17]. Rate equations describe the elec-
tron-hole pairs density in both the active layer and the nonlinear wave-guiding layer. The “RESET” pulse is
modeled by an analytic model where the power of the device decays due to an attenuation coefficient that de-
pends on the section through which the pulse is propagating.

Egpser (2,) = E oo (2.8) exp[i Bz — it ] % exp[—J.(a(z)/2)dzJ .

The total electric field of the laser mode propagating in the device is described by a sum of a forward and
backward propagating field;
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Equations (1) and (2) describe the two coupled mode equations of the two counter propagating fields. The phase
shift ¢(z) is zero for 0<z<L/2 and ¢=n for L/2<z<L. cis the light speed in vacuum, and 7 is the
average refractive index in the laser cavity. A =2nA,, where A is the grating period. A; =4 =1500nm. T,
presents the detuning and the direct optical loss along the grating. —|dn/ dN | =-107"m’ is the change in the re-
fractive index due to the injected electron-hole pairs density by direct absorption at photon energy slightly less than
the band gap energy of the semiconductor ( Eg —fiw = 0.1 electron-Volt) [18] [19].

The ratio between the induced loss due to electron-hole pairs generated and the change in the refractive index
is £=0.033. In this device model, 6n(z)=0.006 for (3/4)L<z<L, and 0 otherwise. I', presents the
coupling between the forward mode and the backward mode, and An=0.001. «,, =25cm™ is the intrinsic
cavity loss. Equation (5) presents the rate equations electron-hole pairs density in the nonlinear wave-guiding
layer. a(z,@ (or 4)) and a(z,@,(or 4,)) present the direct absorption loss in the nonlinear wave-guiding
layer of the laser mode and the reset pulse respectively. « Ez,a)1 )=480cm™ for (3/4)L<z<L and 0 oth-
erwise. a(z,0,)=4800cm™ for 0<z<L/2 . For L/2<z<(3/4)L , a(z,®,)=48x10’cm™ . For
z2Z (3/ 4)L , we assumed that the pulse signal at o = w, (or /12) has zero intensity due to absorptions at section
land 2,50 « (z, a)z) is not modeled in the simulations in section “3”.

I, and I, are the power densities of the laser modes at w =, (4,), and the power density of the “RESET”
pulse at w =, (A,)respectively. I, .. 1isthe current injected to the active layer. g is the electron charge. V
is the optical laser cavity volume. S is the photon density in the cavity at @ = @, . Equation (6) presents the rate
equation of the injected carriers density in the active layer.

The other simulation parameters are tabulated in Table 1.

In the following sections, numerical simulations of optical bistability and switching dynamics in time domain
are performed. The mathematical model is solved using Fourth order Runge-Kutta technique. The length of the
device is divided into 80 sections, and the time step is L7/80c . The spontaneous emission optical fields are
added as random signals at each integration step to the forward and backward fields. General purpose graphics
processing unit (GPGPU) computing is used to accelerate the numerical simulations of the device. The length of
the device is devided into 80 sections along the z direction. The integrations of the backward and forward fields
along each the 80 sections are done by assigning a thread on the GPU to each section. All the integrations along
the 80 sections are done in parallel to reduce the total computation time. The computation time is reduced about
15 times. NVIDIA “GTX 670" graphics processing unit is used to perform parallel computing of the forward
and backward fields at each one of the 80 sections along the z direction. The code is written using CUDA C [20].

4. Simulations Results

In all the following numerical simulations the laser mode power is normalized to P, =0.05x10" Watt. The
electron-hole pairs density in the nonlinear wave-guiding layer is normalized to N, =10 m™. The elec-

tron-hole pairs density of carriers injected into the active layer N, is normalized to N, = 10 m™.
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Table 1. Simulation parameters.

Symbols Description Value
L Length 187.5 ym
urrent Current injected in the active layer 0.096225 Ampere
7 Average ref. index 3
v, Group velocity 10® m/sec
Y Line-width enhancement —0.5
€ Gain saturation 1.5x10% m’
(©] Overlap factor 0.35
14 Cavity volume 0.36x107"° m’
T, Non-radiative recombination in nonlinear sections 1 nsec
7, Non-radiative recombination in the active layer 3 nsec
B Radiative Recombination 10™ m’/sec
C Auger recombination 3x10™* m®/sec
g(a) Differential gain at @, 4x107° m*
N, Transparency carrier density 10® m™

4.1. Optical Bistability Loop

A mathematical experiment is performed to find the injected current to the laser device at which the device has 2
stable optical outputs levels at the same injected current. The injected current to the device is increased linearly
with time from 0 to 130.7x10” Ampere in 37.5 nanosecond, then, the current decreases linearly from
130.7x10™ to 0 Ampere in 37.5 nanosecond. A part of the output optical power versus injected current relation
is shown in Figure 6. An injected current of 96.225x10 Ampere is used in all of the following simulations to
insure bistable operation of the device.

4.2. OFF State and On State

Simulations of the output optical power are performed for a long simulation time to test the stability of the de-
vice output in the “OFF” state and the “ON” state. The output power of the device in the “OFF” state is simu-
lated in the time domain for 75 nanosecond, Figure 7. To switch the device from “OFF” state to the “ON” state
an optical pulse at A =1, is injected to the device at z =0. The pulse is injected at simulation time ¢=7.5
nanosecond. The pulse width is 0.1875 nanosecond and has a peak power of P=F, =0.05x 107 Watt
(9.375x107 picojoule). The input optical pulse induces electron-hole pairs in section “3” on the nonlinear
wave-guiding layer. The electron- hole pairs reduces the detuning of this section, the reflection band of this sec-
tion overlaps with the reflection band of the rest of the grating. The number of photons reflected back from sec-
tion “3” increases. The optical feedback is increased and the structure allows for a laser mode to build up. The
laser mode provides photons at A = 4, , part of these photons is absorbed in section “3” to maintain the number
of electron-hole pairs in this section. The electron-hole pairs generated in section “3” maintain the change in de-
tuning that allows the laser mode to exist.

The changes in the refractive index (normalized to An ) along the structure at the end of the simulation time
(at =75 nanosecond) for both “ON” state and “OFF” state are shown in Figure 7. The output power in the
“ON” state is shown in Figure 8. N.at z=7L/8,and N,at z=7L/8, are plotted in Figure 9 and Figure 10.
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4.3. ON/OFF Switching Dynamics

“ON/OFF” switching dynamics are investigated in the time domain. The device is simulated for 11.25 nanosecond.
At simulation time f=1.125 nanosecond, an optical pulse at A=A, of peak power P =F, =0.05x 107 Watt
and 0.1875 nanosecond width (9.375x107° picojoule) sets the device “ON”. At simulation time f=7.5
nanosecond, an optical pulse at A =4, of peak power of 10F =0.0005 Watt and 1.875 nanosecond width
(0.9375 picojoule) resets the device to the “OFF” state. The input optical power pulses are shown in Figure 11.
The output optical mode is shown in Figure 12. The set pulse switches the device “ON” by generating electron-
hole pairs in section “3” and the electron-hole pairs reduce the detuning of the refractive index in this section. More
photons are reflected back at section “3”, and a laser mode builds up and maintains the detuning by providing elec-
tron-hole pairs in section “3”.

The “RESET” pulse switches the device “OFF”. The photons at A=A, are absorbed in section “1” and
produce electron-hole pairs. The generated electron-hole pairs reduce the average refractive index along section
“1”. Hence, the reflection band of the grating section “1” does not overlap effectively with the reflection band of
sections “1” and “2”. More photons escape the laser cavity through section “1”. The structure can no longer sus-
tain a laser mode at A =4, . As laser mode decreases quickly inside the laser cavity, N, in section “1” decays
with time and the refractive index in section “1” is restored to its value before the “SET” pulse. After the
“RESET” pulse elapses, the refractive index in section “1” is restored to its value in the “OFF” state, and the

D
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Figure 11. Input optical pulses at z=0.
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Figure 12. Output optical laser mode power at z =L during ON/OFF simulations.

device remains in the “OFF” state. Figure 13 shows N, evolution with time at z=7L/8 during Set/Reset
operation. The evolution of N, with time at z= 7L/8 is shown in Figure 14. The detuning of refractive in-
dex normalized to An, (&n(z)—|dn/dN|N, )/An, is shown in Figure 15. The detuning at ¢ =7.968 nano-
second, ¢=8.437 nanosecond, #=8.906 nanosecond, and ¢=9.375 during the “RESET” pulse is plotted.
The detuning at the end of the simulation time ¢=11.25 nanosecond is shown in Figure 15. The negative peak
at z=L/2 corresponds to the change in refractive index due to electron-holes pairs generated by the direct ab-
sorption at the beginning of section “2”.

While the “SET” operation takes about 0.5 nanosecond to stabilize the output mode power in the “ON” state,
resetting the device to the “OFF” state takes about 2 nanosecond. In the “SET” operation the input signal is am-
plified, while in the “RESET” operation the “RESET” pulse is not amplified. During the “RESET” operation,
the “RESET” pulse does not alter N, directly. N, is restored to its value in the “OFF” state due to the de-
crease of light intensity at A =4, in the optical cavity.

5. Discussion

In this work, an all-optical ip-op is simulated. The length of the device is 187:5 um. In comparison with an

G2
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Figure 13. Electron-hole pairs density N, at z=7L/8 during ON/OFF simu-
lations.
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Figure 14. N, at z= 7L/8 in the active layer during ON/OFF simulations.

)

another work in [10] where the device length is 375 pm. Also the operating current in this work was 0:096225
Ampere and in [10] the injected current is 0:294358 Ampere. The device simulated in this work has a shorter
length and operates at a lower injection current. The Reset pulse width in [10] is 9:375 nanosecond, while in this
work a Reset pulse of 1:875 nanosecond switches the device OFF. In general, the design described in this work
shows fast operation compared to [10]. The device investigated in [10] requires a wave-guiding layer that in-
creases linearly along the device. Also it requires having a direct optical loss that increases linearly with distance
too. However in this device only one section of the wave-guiding layer has a slightly higher refractive index and
has a direct absorption loss. Hence, in this work, the device fabrication is easier. In this work, the device is Reset
by detuning part of the laser cavity which is a section of the DFB structure, and the optical gain is not altered. In
[10], the Reset pulse reduces the optical gain by cross gain modulation that switches OFF the output laser mode
and allows the refractive index to return to its original distribution in the OFF state.
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6. Conclusion

An all-optical flip-flop based on a nonlinear wave-guiding layer is suggested and simulated in the time domain.
The nonlinearity in the wave-guiding layer is achieved by direct absorption of photons at the Urbach tail at pho-
tons energy just below the band-gap energy of the semiconductor. The device is switched “ON” by an optical
pulse of 0.1875 nanosecond width (9.375x10~ picojoule), and is switched “OFF” by an optical pulse of 1.875
nanosecond width (0.9375 picojoule). The switching dynamics are in nanoseconds time scale which could be
useful for all optical data packet switching and routing. The device could be built using semiconductor alloy In-
GaAsP, where by changing the percentages of elements in the alloy the band-gap could be altered. Parallel
computing using GPGPU card is used to reduce the computation time of the set of equations that describes the
mathematical model of the device.
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