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ASYMMETRIC DIRECTIONAL COUPLER
CONTROLLED
BY PHOTOREFRACTIVE GRATING
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An asymmetric three channel directional coupler with a thin photore-
fractive grating as an all-optical switching and wavelength demultiplexing
element with memory is analysed.

PACS numbers: 42.65.-k, 42.65.Pc

1. Introduction

* Transfer of light between different waveguides is one of the crucial functions
of the integrated optics systems. The power exchange between waveguides, placed
in a closed proximity to form a directional coupler, is efficient when the light
propagates in them with the same velocity. In the case of different propagation
constants the coupling can be obtained by means of a diffraction grating formed by
periodic changes of the refractive index along the propagation direction [1-5]. The
grating constant K = 27/A (where A is the length of the grating period) should
be equal to the difference between propagation constants of guided modes (K =
Ba—PBs). Such systems, called grating assisted couplers (GACs) are used as narrow
frequency filters and demultiplexing elements. The grating in the traditional GAC
is formed during the fabrication process and has constant, immutable parameters,
which limits the operation of the coupler to one, strictly defined frequency. A
tuneable coupler can be realised when the grating is created by two external beams
interfering in a nonlinear medium [6]. Parameters of such grating depend on the
external waves properties and can be varied during the work of the device. In
particular the grating constant can be tuned.to the guided modes propagation
constants difference by changing the external waves frequencies or propagation
directions. :

Here we propose a new type of the directional coupler which is controlled by
the photorefractive grating. The grating is created by a short pulse of the external
waves and lasts until the arrival of the next pulse which can amplify or erase it.
Guided modes being the subject of switching have much lower frequencies and
their influence on the grating parameters is negligible.
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2. Performance of the coupler

The coupler consisting of three different channel waveguides parallel to the
z-axis of the coordinate system is presented in Fig. 1. Parameters of the channels
differ enough to avoid power exchange between them. The refractive index grat-
ing, required to mediate coupling, is created by two external waves forming an
interference pattern along the z axis

I(z,y,2,t) = Io(x, z,t) explaex(y — yo)][1 + m cos(K z)], €y
where Ip denotes the intensity of the external beams at the surface of the coupler,

arex describes the absorption coefficient, m is the modulation depth and K — the
grating constant. For strongly absorbed external waves the interference pattern
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Fig. 1. Geometry of the coupler.

is created only in a thin surface layer of a depth about 1/aex. A high frequency
light excites free carriers and by the photorefractive effect leads to the modulation
of refractive index. The equations describing coupling between the modes of the
structure localised in the neighbouring waveguides [6, 7] are

1dAo/dz = Go1A1 exp [i(Bo — f1)2]f(2) + GozAz exp [i(fo — B2)z]f(2), (2a)
1 dA;/dz = Gor1 Ao exp [—i(Bo — B1)2]f(2), (2b)

i dAz/dz = GoaAo exp [=i(Bo — B2)21f(2), (2¢)
where f(z) = exp (iKz) + exp(—iK~z) and B, are propagation constants of the
modes. The modes amplitudes A, are supposed to be slowly varying functions.
The coupling coefficients for TE modes are defined by

Gy = (we/N) / / AegE, E}dzdy, (3):

where Aeg = 2n3Ang describes the amplitude of dielectric constant changes within
the grating. N = (N,N,)/2, where N, = (28, /wpo) [ [ E,Eidzedy and E, is
a transverse distribution of the electric field component of the v-th mode. The
mismatch of the guided modes can be reduced with the help of f(z) function.
An analytical solution of these equations is possible in the case of a strongly
mismatched coupler, when the grating induced interaction between each pair of
modes can be considered separately and Eqs. (2) reduce to two independent pairs
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idAo/dz = Go1A; exp [i(Bo — Br)z] exp(fiI{z), ‘ (435

i dA;/dz = GoyAg exp [i(Bo — f1)7] exp (iK ), ~ (4b)
and ’ ‘

i ddo/dz = GoaAz exp [i(Bo — B2)z] exp (—iKz), (5a)

i dAz/dz = GoaAg exp [—i(Bo — B2)2] exp (K 2). (5b)

The first pair of equations describes coupling for grating constant K close to
K = By — f1 and the second pair for K close to K3 = 8y — B2. The complete set
of Egs. (2) was solved numerically for different values of the grating constant K in
the case of only one waveguide excited. The relative output power in the different
ports, Po = |Ao(L)|*/|40(0)*P1 = | A1(L)[?/|Ao(0)]? and P, = |A2(L)|*/|A0(0)?,
in dependence on the normalised parameter K/, for the propagation constants
differences 2 — 81 = B1 — Bo = 0.0030,, is presented in Fig. 2. The calculations
have been performed for the coupling coefficients Go; = Goz = 7/2L (where L
denotes an interaction length), which enables a complete power exchange between
phase matched modes. The narrow peaks in Fig. 2 illustrate the character of the
couplers response to the varying grating constant and confirms the possibility
of externally controlled switching between output ports. The amplitude of the
refractive index grating necessary to obtain coupling can be estimated from the
relation G, = 7/2L, where the coupling coefficient dependence on the grating
amplitude and the coupler parameters is given by Eq. (3).
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Fig. 2. The relative output power in different waveguides, Po = |Ao(L)|*/|Ao(0)|>P1 =
|A1(L)|?/]|Ao(0))? and P, = |A2(L)|?/|Ao(0)|?, as functions of the normalised grating
constant K/fo, for the propagation constants differences f2 — f1 = f1 — Bo = 0.003f0.
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3. The semiconductor multiple quantum well device

" As an example a coupler with a guiding slab consisting of GaAs/AlGaAs
multiple quantum well (MQW) layer with planes parallel to the K vector of the
grating was considered. The MQW structure, in accordance with previous stud- .
ies [8, 9] is simulated by a strongly anisotropic homogeneous semiconductor with

" the parallel mobilities of the carriers much higher than the perpendicular ones.
Parameters of the system- are listed in Table. We used the effective index method

, » TABLE
Parameters used in this paper for GaAs/Alp 3Gao.7 As MQW layer.

Electron parallel mobility fe | 5000 cm? V—1 s—1
Hole parallel mobility pn | 300 cm? V-1 g!
Average refractive index of MQW structure | nz | 3.5

Carrier lifetime 7 | 0.2ns

MQW thickness hg | 1 ym

Writing wavelength Aex | 830 nm
Absorption coefficient | aex | 104 em™?
Reading wavelength Ag | 1550 nm

and the transfer matrix approach [10] to determine both the propagation con-
stants and field profiles of the modes. The transverse field distributions of the
first three modes guided in the structure are presented in Fig. 3. The dependence
of the relative coupling coefficients, G,,/A¢eg, on the radius and position of the
external waves is shown in Figs. 4a,b. The transverse distribution of the external
waves intensities, Io(x), is assumed to have a shape of Gaussian beam focused at
the surface of the coupler. The change of G, from positive to negative values in
dependence on the position of the external beams is due to the different numbers
of knots in the transverse electric field distribution of particular modes.

For a given device length L the coupling coefficient needs to be G,, =
7/2L to yield complete switching. Knowing G, one can calculate the modulation
amplitude of the grating. The grating amplitude and fringes spacing necessary for
transfer signals to the first output port of 1 cm long device are Angy = 5 x 10~4
and A; = 137 pm while in the case of the second output port Angs = 4 x 10—4
and Az = 246 pm. '

For high frequency external waves the main photorefractive mechanism in
semiconductor MQW layer relies on interband excitation of electrons and holes,
their movement due to the drift and diffusion and finally a recombination to the
donor traps. The resulting space-charge electric field cause the change of the re-
fractive index through the electrooptic effect. Such model leads to the following
equations based on a classical Kukhtarev—Vinetskii model [8]:

6713 10.7e
B = gl veneNg 4258, (62)
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Fig. 3. The transverse field distributions of the first three TE modes guided in the
structure presented in Fig. 1 for waveguides heights Aho = 0.1 pm, Ah; = 0.2 pm,
Ahy = 0.3 pm and Ahg = 1 pm, waveguides widths wo = 1.1 pm, w; = 1.4 um,
wy = 1.7 pm, and waveguides separation 1.6 um. Refractive index of the MQW layer
na = 3.5 and of the substrate ny = 2.9, the wavelength of guided modes Ay = 1.55 pym.
The TE1, TE2 and TE3 modes are marked in the text by subscripts g = 2, p =1, and
u = 0 respectively.

6nh _« + lajh

E"— EI—thh(ND—ND - Za_z’ (6b)
Je = epeneF + ,uekBTaanze , (6¢)
Jjh = eppnp E — uthT?a—Zﬂ, (6d)
NG

—a—i]—)— = 71,nhN8 — 7eneN]5I-, (66)
OF '

05 25 i

The symbols in the above equations are: ne — the free electron concentration,
np — the free hole concentration, Np — the concentration of donors, Ng’ — the
concentration of ionised donors, Nao — the concentration of acceptors, je — the

electronic current density, jn — the hole current density, E — the total electric ’
field (E = Eg + Es, where Ey is a space-charge field and Ej is an external
field), I — the light intensity, yo — the constant describing recombination of
electrons, yn — the constant describing recombination of holes, pe — electron
mobility along the quantum wells, up, — hole mobility along the quantum wells,
g9 — the permittivity of the vacuum, ¢ — the effective dielectric constant of MQW
structure, e — the absolute value of the elementary charge, kg — the Boltzmann



818 E. Weinert-Rqczka, R. Iwanow

@)

5.0x10"
'E, 2.5¢10"

0.0

[1]] IAaG

-2.5x10%

-5.0x10"*

() 7.5¢10°
5.0x10°

2.5¢10" |

0.0

Kl
/08, [m]

G

-2.5x10°

-5.0x10*

-7.5)(104 C s ! N 1 L ! A ' . ! .
2 0 2 4 6 8 x, [um]

Fig. 4. (a) The dependence of the normalised coupling coefficient Goi1/Aec on the
position of the external beams for different radii: ¢ — p=0.5 pm, b — p=1 pm, ¢ —
p=15pm,d— p=2pum, e — p =25 pum. (b) The dependence of the normalised -
coupling coeflicient Goz/Aeg on the position of the external beams for different radii:
a— p=05umb—p=1lpm c—p=15pum,d—p=2pum,e— p=2.5 um.

constant and T° — the absolute temperature. Thermal excitation of the carriers
and transverse carrier mobility are not included in the above set of equations. The
latter condition is fulfilled due to the high difference between longitudinal and
transverse carrier mobilities characteristic of multiple quantum wells systems. The
refractive index change in the semiconductor MQW structure [11, 12] depends on
total electric field, An(E) = (=1/2)nd(rE + sE?), where r denotes linear and s
quadratic electrooptic coefficient. For the wavelengths far from the resonance the
linear effect (with 745 = 1 pm/V for bulk GaAs) dominates. In the resonant case
the quadratic electrooptic coefficient increase up to s = 2 x 10712 cm?/V?2 at the
wavelength of the heavy hole excitons absorption [11]. .

The set of Eqs. (6) was solved numerically for the initial conditions E(0) = 0
and NF(0) = Np = Np/2 and material parameters listed in Table. The time
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evolution of the space-charge field modulation amplitude for different intensities
of the external waves is presented in Fig. 5. The calculations predict the same
saturation value of the space-charge field for different light intensities and a strong
influence of intensity on the response time of the device. The steady state value of
the space-charge field can .be increased by a proper choice of the trap concentra-
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Fig. 5. The time evolution of the space-charge field amplitude for different intensities of

the external waves: @ — Jo = 10 W/m?, b — Io = 5x 10° W/m?, ¢ — Ip = 10* W/m?, -

d— I =5x10* W/m?, e — Ip = 10° W/m? and Np = 10 m~®. The material

parameters used for calculations are listed in Table.
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Fig. 6. The time evolution of the space-charge field amplitude for Iy = 102 W/m?
and different values of trap densities: a — Np = 3 x 10 m"s,i b— Np = 10** m™3,
¢ — Np = 3 x 10 m~2, d — Np = 10°®* m~2, The initial conditions and material

parameters are the same as in Fig. 5.
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tion. The influence of Np value on the space-charge field evolution is illustrated in
Fig. 6. The obtained results suggest the necessity of higher sensitivity system. The
steady value of space charge field can be increased either by applying an external
electric field or by changing the material. The properties of MQW coupler with the
longitudinal and transverse external electric fields will be a subject of our future
research.

The grating lifetime depends malnly on the materials dark conductivity a.nd
in the absence of free carriers which is assumed in the presented model (Nt (0) =
Na = Np/2) can be very long, allowing for recording of the grating by the pulses
of the external waves.

4. Conclusions

It has'been shown that a thin photorefractive grating can provide coupling
between different guides of the asymmetric three channel directional coupler. A -
choice of the output guide, the efficiency of coupling and the wavelength of the
switched signals depend on the grating parameters and can be varied during the
work of the device. The grating does not require permanent presence of the external
waves. Pump pulses are necessary only for writing, refreshing or erasing of the
grating. Signal waves at low frequency do not destroy the grating which enables
a potential application of the system as an all-optical switching element with
memory. The switching times of the MQW coupler considered as an example are
in the range of microseconds.
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