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M ULT IPLE QU A NTU M WE LL DIRE CTI ON A L

COU PLE R WI T H PHOTORE FRACTI V E GRA TI NG
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I nst it ut e of E lect ronics , T elecommunic ation and I nf ormatics
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W e analyse an asymmetric directional coupler with a thin photoref rac-
tive grating as a switching and demultiple xi ng element w ith memory . T he
grating is induced by two external beams interf ering in the structure of
A l GaA s/GaA s multiple quantum w ells w ith an electric Ùeld applied along
the quantum w ell planes.

PACS numb ers: 42.65.{ k, 42.65.Pc

1. I n t rod uct io n

T ransfer of l ight between di ˜erent waveguides is one of the cruci al functi ons
of the integ rated opti cs syste ms. One of the m ost often used swi tchi ng devi ces
is a di recti onal coupl er consisti ng of tw o wa vegui des placed in a closed prox -
im i ty. The power exchange between wa veguides can be e£ cient when the l ight
pro pagates in them wi th the same vel ocity . In case of di ˜erent propagati on con-
stants the coupl ing can be obta ined by m eans of a di ˜ra cti on grati ng form ed
by periodic changes of the refracti ve index along the propagati on di recti on [1{ 3].
The grati ng constant K = 2 ¤ =Ê (where Ê i s the length of the grati ng period)
should be close to the di ˜erence between propagati on constants of coupl ed m odes
(K = Ù A À Ù B ). Such system s, cal led grati ng assisted coupl ers (GA Cs) are used
as narrow frequency Ùlters and demul tipl exing elements. The grati ng in the tra -
di ti onal GAC has constant param eters, whi ch l im its the operati on of the coupl er
to the deÙned frequency. A tunea bl e coupl er can be real ised when the grati ng is
created by two externa l beams interf ering in a nonl inear Kerr l ike m edium [4].
Param eters of such a grati ng depend on the externa l waves pro perti es and can be
changed duri ng the work of the devi ce.

The di recti onal coupl er wi th photo refracti ve grati ng pro posed in [5] has the
sam e Ûexibi l i ty as a di recti onal coupl er wi th opti cal ly induced grati ng but does
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not requi re the permanent i l lum inati on by the externa l wa ves. The grati ng can be
created by a short pul se of the externa l waves and can last unti l the arri val of the
next pul se whi ch can renew or erase i t. Signals guided in the structure and being
the subject of swi tchi ng have lower frequenci es tha n the externa l wa ves and thei r
inÛuence on the grati ng can be neglected.

Here we analyse the di recti onal coupl er wi th photo refracti ve grati ng induced
in a semi-insul ati ng mul ti ple quantum well (M QW ) structure operated wi th an
externa l electri c Ùeld appl ied along the quantum wel l planes [6].

2 . Per for m an ce of t h e cou pl er

The coupl er consists of tw o di ˜erent channel wa vegui des para l lel to the z -axi s
of the co-ordi nate system (Fi g. 1). Parameters of the channels di ˜er enough to
avoid a power exchange between them . The grati ng requi red to m ediate coupl ing,
is created by two externa l wa ves form ing an interf erence pattern along the z -axi s.

I = I 0 (x ; z ; t ) exp( À ˜ ex y )[ 1 + m cos( K z ) ] ; (1)

where I 0 denotes the intensi ty of the externa l beams at the surface of the coupl er,
˜ ex describes the absorpti on coe£ ci ent, m i s the m odul atio n depth, and K | the
grati ng constant. For stro ngly absorbed externa l wa ves the interf erence pattern

Fig. 1. Geometry of the coupler.

i s created onl y in a thi n surface layer of a depth about 1 =˜ ex . A hi gh frequency
l ight exci tes free carri ers and by the photo refracti ve e˜ect leads to the m odul ati on
of the refracti ve index. Coupl ing between m odes of di ˜erent waveguides in the
presence of the grati ng is described by the fol lowi ng equati ons [4, 7]:

idA 1 =dz = G 1 2 A 2 exp [ i ( Ù1 À Ù2 ) z ] exp (À iK z ) ; (2a)

idA 2 =dz = G 2 1 A 1 exp [À i ( Ù1 À Ù2 ) z ] exp ( iK z ) ; (2b)

where Ù¡ are the pro pagati on constants and A ¡ | the ampl itudes of m odes. The
coupl ing coe£ ci ents are

G ñ¡ = ( ! "= N )

Z Z

Â " G E ñ E Ê

¡ dx dy ; (3)

wi th N = (N ñ N ¡ )1 = 2 and N ¡ = (2 Ù¡ = ! ñ 0 )
R R

E ¡ E Ê

¡ dx dy , where Â " G describes
the am pl itude of the dielectri c constant changes wi thi n the grati ng and E ¡ i s a
tra nsverse distri buti on of the ¡ - th m ode electri c Ùeld. W hen the grati ng constant
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Fig. 2. O utput pow er in the Ùrst and in the second wa veguide as a function of the

normalise d grating constant.

i s m atched to the guided m odes pro pagati on vecto rs di ˜erence, K = Ù 1 À Ù2 , the
periodi c power exchange between m odes occurs. The compl ete swi tchi ng from one
wa veguide to another is obta ined at a distance L = ¤ =2 G ñ¡ [1]. The above rela-
ti on al lows us to estimate the ampl i tude of the ref racti ve index grati ng necessary
to obta in a tra nsfer of l ight in the coupl er wi th chosen parameters. The output
power distri buti on stro ngly depends on the grati ng constant. Fi gure 2 presents
thi s relati on f or the opti m al grati ng ampl itude.

3. D yn am ics of t he grat ing

For high frequency externa l wav es the m ain photo refracti ve mechanism in
MQW layer relays on the interba nd exci tati on of electro ns and holes, thei r m ove-
m ent due to the dri ft and di ˜usi on and Ùnally a recom binati on to the donor tra ps.
The resulti ng space-charge electri c Ùeld causes the change of the refracti ve index
due to the electro-opti c e˜ect. Assum ing tha t the planes of MQW are perpendi c-
ul ar to the x -axi s and the electri c Ùeld is appl ied along the z -axi s the fol lowi ng
equati ons based on a classical Kukhta rev{ Vi netski i m odel [8] can be derived:
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The symbols in the above equati ons are: n e | the free electron and n h | the free
hole concentra ti ons, N D | donors, N +

D | ioni sed donors and N A | accepto rs
concentra ti ons, j e | the electro nic and j h | the hole current densiti es, E | the
to ta l electri c Ùeld (E = E 0 + E sc, where E sc i s a space-charge Ùeld and E 0 i s
an externa l Ùeld), I | the l ight intensi ty , Ûe and Ûh | the constants describing
recombi nati on of electro ns and holes, ñ e | electron and ñ h | ho le mobi l iti es
along the quantum wel ls, " 0 | the perm i tti vi ty of the vacuum , " | the e˜ecti ve
di electri c constant of MQW structure, e | the absolute value of the elementa ry
charge, k B | the Bol t zmann consta nt and T | the absolute tem perature. Therm al
exci ta ti on of the carri ers and tra nsverse carri er m obi li ty are not incl uded in the
above set of equati ons. The later condi ti on is ful Ùlled due to the high di ˜erence
between longi tudi na l and tra nsverse carri er m obi l iti es.

The exampl e calcul ati ons were perform ed for the coupler wi th a photo re-
fracti ve layer consisti ng of 75-¡A-GaAs wells and 100-¡A- Al 0 :3 Ga0 :7 As barri ers. The
MQW structure , in accordance wi th previ ous studi es [8, 9] was simulated by a
stro ngly ani sotro pi c homogeneous semiconducto r wi th the para l lel m obi l iti es of
the carri ers much hi gher tha n the perpendicul ar ones. An e£ cient operati on of
the coupl er is possible wi th high f requency externa l wa ves wri ti ng the grati ng and
lower f requency guided modes reading it. The wa velengths (Ñ ex = 630 nm and
Ñ g = 845 nm ) were chosen on the basis of the spectra l dependence of the ab-
sorpti on and electro- refracti on coe£ cients presented in Fi g. 3. Absorpti on curves
consist of Gaussian peaks for l ight ho le and heavy hole absorpti on and conti nuum
contri buti on from absorpti on to free electron{ hole pai rs [10, 11] calcul ated in the
presence of an externa l electri c Ùeld and wi tho ut the Ùeld.

Fig. 3. Spectral dependence of absorption and electro- refraction.

The change of the refracti ve index, Â n E ( Ñ ) , due to the absorpti on changes
caused by the quantum conÙned Franz{ Kel dysh e˜ect was calcul ated using
Kra m ers{ Kr �oni g relati ons [12]. The parameters used in these calculati ons were
ta ken f rom the paper of Wang et al . [13].
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The propagati on consta nts and Ùeld pro Ùles of the m odes for the chosen Ñ g

were determ ined using the e˜ecti ve index m etho d and the tra nsfer m atri x ap-
pro ach [7]. The resulti ng grati ng am pl i tude necessary for tra nsfer signals be-
tween the waveguides in the designed coupl er (consisti ng of tw o 0.4-ñ m-hi gh rib
Al 0 :5Ga0 : 5As wa veguides of wi dths 0 : 4 ñ m and 0.7 ñ m separated by 0.6-ñ m -stri p
of Al As and pl aced on MQW layer) is Â n = 2 : 2 5 È 1 0 À 4 per 1 cm of the devi ce
length and fri nges spacing is Ê = 8 4 : 5 ñ m. Under the steady state condi ti ons

@n e

@t
=

@n h

@t
=

@N +
D

@t
= 0 : (5)

The soluti ons of the equati ons can be appro xi mated by

n e( z ) = n e0 + n e1 exp ( ik z ) ; (6a)

n h ( z ) = n h0 + n h1 exp ( ik z ) ; (6b)

N D
+ (z ) = N +

D0 + N +
D1 exp ( ik z ) ; (6c)

j e( z ) = j e0 + j e1 exp( ik z ) ; (6d)

j h ( z ) = j h0 + j h1 exp ( ik z ) ; (6e)

E sc ( z ) = E 0 + E 1 exp ( ik z ); (6 f )

where n e0 , n h0 , N +
D0 , j e0 , and j h0 describe the correspondi ng average values. The

am pl i tudes of the exp onenti al factors can have real and imaginary parts so tha t
the soluti ons may have an arbi tra ry phase shi fts com paring wi th the intensi ty
pattern. Accordi ng to [8] the space-charge Ùeld in a steady state f or Ûe = Ûh = Û

i s of the form

E 1 = 2 m ( A À iB ) =( C + iD ) ; (7)

where

A = E D (E M h À E M e ) ; B = E 0 ( E M h + E M e) ;

C = E 0 =E q ( E M h À E M e) ;

D = [ E 2
D + E 2

0
+ E D ( E M h + E M e) + 2 E q ( E M h + E M e + E D )] =E q ;

E M e = ÛN =(4 ñ ek ) ; E M h = ÛN =(4 ñ h k ) ;

E q = eN =(4 k " ) ; E D = ( k B T =e) k :

The dependence of the space-charge Ùeld on the tra p concentra ti on is pre-
sented in Fi g. 4a and on the intensi ty of the appl ied electri c Ùeld in Fi g. 4b.

The set of ti m edependent equati ons (4) wa s solved num erical ly for the ini ti al
condi ti ons E 0 = 1 0 6 V/ m and N +

D (0 ) = N A = N D =2, tra p density N D = 1023 m À 3,
absorpti on coe£ ci ent ˜ ex = 105 m À 1 and other param eters as in [8]. The evoluti on
of space-charge Ùeld depends on the energy of absorbed l ight per a uni t o f coupl ers
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Fig. 4. A pproximate analytical solution s for the space-charge Ùeld in the steady state
(a) in dependence of trap concentration N D and (b) in dependence of the applied electric

Ùeld intensity E 0 for N D = 1023 m À 3 .

Fig. 5. T he Ùrst Ùve Fourier comp onents of space-charge Ùeld as functions of exter-

nal w aves energy per square meter (b ottom axis) and their dependence on time for

continuous w aves of intensity I = 0 W/cm (top axis).

Fig. 6. T he time evolution of the Ùrst three Fourier comp onents of the space-charge

Ùeld for a short pulse of external w aves, exp .

surf ace. Fi gure 5 presents the space-charge Ùeld dependence on externa l wa ves
energy per square meter (botto m axi s) and its evoluti on in ti m e for conti nuous
wa ves of intensi ty W / cm (to p axi s). The evoluti on of the space-charge
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Fig. 7. T he time evolution of the Ùrst three Fourier comp onents of the space-charge

Ùeld for two pulses. T he Ùrst one consistin g of tw o interf ering beams and the second one

b eing a single unif orm beam.

Ùeld generated by the short pul se of l ight is presented in Fi g. 6. The grati ng
l i fe-ti me depends m ainly on the m ateri als dark conducti vi ty and in the absence of
free carri ers can be very long. The ti m e evoluti on of the space-charge Ùeld for two
pul ses, the Ùrst one consisti ng of two interf eri ng beam s and the second one being
a sing le uni form beam , is presented in Fi g. 7.

The ref racti ve index changes in the semi-insul ati ng MQW structures are
given by Â n ( E ) = ( À 1 =2 ) n 3

0 sE 2 , where s i s a quadrati c electro -opti c coe£ cient [7]
and E | the to ta l electri c Ùeld. Accordi ng to our calcul ati ons the s coe£ cient due
to the Franz{ Kel dysh e˜ect for Ñ g = 845 nm is in the range of 7 È 1 0 À 13 cm 2=V 2.
Hence the achi eved electri c Ùeld causes an index change of about 3 È 1 0 À 4 and can
pro vi de a swi tchi ng in a 0.8-cm-long devi ce.

5. Co n cl usion s

It has been shown tha t a thi n photoref racti ve grati ng in semi-insul ati ng
MQW m ateri al can be used to contro l an asymm etri c di recti onal coupl er. A choice
of the output gui de and of the wa velength of the swi tched signals depends on the
grati ng param eters and can be vari ed duri ng the work of the devi ce. The grati ng
does not requi re a perm anent presence of the externa l waves. Pum p pul ses are
necessary only for wri ti ng, refreshi ng or erasing the grati ng. Signal wa ves at low
frequency do not destroy the grati ng whi ch m akes a potenti al appl icati on of the
system as an al l -opti cal swi tchi ng element wi th m emory possible. The swi tchi ng
ti m e of the coupl er depends on the intensi ty of the externa l waves and can be
below 0.1 ñ s whi ch allows potenti al appl icati ons f or routi ng groups of signals.
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