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1. I n t rod uct io n

D i˜ra cti on grati ngs are com monly used in integ rated opti cssystem s as reÛec-
to rs, coupl ers, and frequency Ùlters. Tradi tio nal waveguide grati ngs have constant
parameters and are sensiti ve for any pro ducti on im perf ections. Opti cal ly induced
grati ngs are adjustabl e and theref ore more independent on fabri cati on errors and
on the inÛuence of externa l condi ti ons. The grati ng created by two mutua l ly co-
herent waves interf ering in a nonl inear m ateri al can be used for the sam e purp oses
as stable grati ng but the obta ined elements can be tuned in real ti m e by varyi ng
parameters of the wa ves [1]. The grati ng created in photo ref racti ve m ateri al does
not requi re perm anent i l luminatio n. It can be created by a short wri ti ng pul se and
last unti l the arri va l of the next pul se whi ch can renew or erase i t [2, 3].

The grati ng analyzed here is induced in a sing le-m ode pl anar wa veguide con-
ta ining semi- insulating mul ti ple quantum well (M QW ) layer. The MQW structure
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operates in so-cal led tra nsverse Franz{ Kel dysh geometry wi th the externa l electri c
Ùeld appl ied along the quantum well planes [4, 5] as i t is shown in Fi g. 1.

Fig. 1. Photoref ractive waveguide geometry .

The grati ng can be created by two guided modes or by two externa l beams.
The interf erence between the beams overl appi ng in the MQW layer gives the
intensi ty pattern described by

I ( x ; y ; z ) = I 0 ( x ; y ; z ) [ 1 + m cos(K z )] ; (1)

where I 0 ( x ; y ; z ) i s a slowl y varyi ng functi on describing tra nsverse intensi ty di s-
tri buti on of the beam s and m i s the m odul atio n depth (f ri nges vi sibi l i t y). The
grati ng constant K depends on the inci dence angles of the interf ering beam s.

A hi gh f requency l ight creates electron{ hole pai rs by di rect interba nd tra n-
siti ons. The carri ers are excited in bri ght regions of the interf erence pattern and
subsequentl y move due to the dri ft and di ˜usi on. Fi nal ly the carri ers recom bine
to the donor tra ps m ainly in the dark regions, creati ng a spati al ly m odul ated
charge di stri buti on. A non-uni form charge di stri buti on bui lds up a space-charge
electri c Ùeld. The space-charge electri c Ùeld changes the refracti ve index thro ugh
the electro -opti c e˜ect. An externa l electri c Ùeld assists chargeseparati on thro ugh
the dri ft and increase the space-charge Ùeld. The inÛuence of the externa l Ùeld
is specia lly importa nt in the case of an am bipolar di ˜usi on when the results of
electron and hole di ˜usi on currents substra te. The refracti ve index grati ng can
inÛuence signals propagati ng in the waveguide leading to selecti ve reÛection, de-
Ûection, out- coupl ing or change of the polari sati on state [6{ 14]. If the operated
signals have frequency below the absorpti on thresho ld thei r inÛuence on the grat-
ing can be neglected.

2. C har ge t ran sp or t m odel

The tra nsport equati ons tha t describe photo ref racti ve e˜ect in semi-insul at-
ing MQW in assumed geometry are simi lar to equati ons tha t describe the photo re-
fracti ve e˜ect in bul k semiconducto rs [3]. The impuri t y levels in the structure are
described by one deep- level of donor tra ps and one shal low-level of accepto rs whi ch
compensate donors. Mo reover it is assumed tha t photo generated carri ers are con-
Ùned to the quantum wells and theref ore the photo refracti ve tra nsport pro perti es
m ay be described by a set of one-dim ensional equati ons
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where subscri pts e and h m ark electron and hole properti es, respecti vely, n denotes
the free carri ers concentra ti on, N D | donors (tra ps), N +

D | ioni sed donors and
N A | acceptors concentra ti ons, j | the current density , E | the tota l electri c
Ùeld (E = E a + E sc; where E a i s an externa l Ùeld and E sc i s a space charge
Ùeld), I | the l ight intensi ty , ˜ | the absorpti on coe£ cient, h¡ | the photo n
energy of wri ti ng beams, Ù | the therm al exci ta ti on rate, Û | the tra ppi ng
coe£ cient describing recom binati on of carri ers to the donors tra ps, Ûeh | the
di rect recom binati on coe£ cient, ñ | carri er m obi l it y along the quantum wells,
" 0 | the permi tti vi ty of the vacuum , " | the e˜ecti ve dielectri c constant of MQW
structure, e | the absolute value of the elementary charge, k B | the Bol tzm ann
constant and T | the absolute tem perature.

In the fol lowing calculati ons the therm al exci ta ti on rate whi ch is much
smal ler tha n the photo generati on rate, and di rect recom bi nati on rate whi ch is
m uch smal ler tha n the ion recom bi nati on rate are neglected. Transport nonl inear-
i ty due to the carri er mobi li ties dependence on appl ied electri c Ùeld is also not
considered.

Under the steady- state condi ti ons and for l ight intensi ty g iven by (1) al l
vari abl es in Eqs. (2{ 7) can be presented in a form of Fouri er series [15]
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As a result an electri c Ùeld can be presented as:

E ( z ) = E a + mE 1 exp ( iK z ) + m 2 E 2 exp ( i2 K z )

+ m 3 E 3 exp ( i3 K z ) + . . . ; (8)

where E i = E i m =m i are general ly com plex num bers due to the arbi tra ry phase
shi ft in respect to the interf erence pattern. The zero-order soluti ons for carri er
concentra ti ons

n e0 =
( ˜ =h¡ ) I 0

ÛeN +
0

; n h0 =
( ˜ =h¡ ) I 0

Û h (N D À N +
0

)

show tha t for m oderate i l lum inatio n (up to 10 W / cm 2 ) the free carri ers density
is much smal ler tha n the ionised donors density . Under thi s assumpti on the Ùrst
Fouri er com ponent of the electri c Ùeld can be described as

E 1 = ( A À iB )=( C + iD ) ; (9)

where

A = E d ( E ñ h À E ñ e) ; B = E a ( E ñ h + E e) ; C = E a (E h =E 1 À E e=E 2 ) ;

D = ( E h + E e) + E [E e=E 2 + E h =E 1 + 2 ] + (1 =E 2 + 1 =E 1 )( E 2 + E 2
a )

and characteri sti c Ùelds

E 1 = r N D e= ( "K ) ; E 2 = (1 À r ) N D e= ( "K );

E e = r N D Û e=( K ñ e) ; E h = (1 À r )N D Ûh =(K ñ h ) ;

E = k B T K =e; r = N A =N D :

The sym bols used in the soluti ons are the same as in [15] and the results obta ined
for r = 0 : 5 and Ûe = Ûh = Û are analogous. The am pli tudes of higher harm onics,
E 2 ; E 3 , etc. have m ore com pl icated analyti c form and only the results of num erical
soluti ons obta ined for the param eters listed in T able I are presented. The depen-
dence of the am pl i tudes and phase shi fts of harm onics components on the grati ng
constant for E a = 104 V/ cm and N D = 2 È 101 8 cm 3 is drawn in Fi g. 2 and
Fi g. 3. The resul ts presented in Fi g. 2 show tha t the hi gher order harm oni cs are
comparable wi th the Ùrst order one onl y for smal l grati ng constants. For the grat-
ing constant exceeding 1 È 1 0 5 cm 1 the higher order ampl i tudes can be neglected
even in the case of m ¤ 1 . For the smal l value of the modul ati on depth (m § 1 )
contri buti on of n - th order component, whi ch is m ulti pl ied by m , decrease and is
negl igible even in the case of a smal l grati ng constant.
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TAB LE I

Parameters used in calculati ons.

ñ e = 5000 cm 2 / ( V s) the electron mobility Ê

ñ h = 300 cm 2
=( V s) the hole mobility Ê

10À cm /s the trapping coe£cient Ê

the fringes visibil i ty

the e˜ective dielectric constant of M Q W layer

0 5 the comp ensation ratio of donors traps
Ê Values of carrier mobiliti es and trapping coe£cient w ere derived from [15].

Fig. 2. First three harmonic comp onents of the space charge Ùeld versus the grating

constant for 10 V /cm and 2 10 cm À .

Fig. 3. Phase shif ts of the space charge Ùeld harmonic comp onents versus the grating

constant for 10 kV /cm and 2 10 cm À .
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3 . A b sor pt io n an d elect r or efr act io n sp ect r a

The inÛuence of the electri c Ùeld on the opti cal pro perti es of MQW is m ainly
due to the changeof the exci to n absorpti on. The absorpti on spectrum conta ins two
peaks correspondi ng to creati on of heavy hole (HH) and l ight hole (LH) excito ns
and a conti nuous contri buti on from the absorpti on to free electron { hole pai rs.
In the presence of the electri c Ùeld the peaks broaden and decrease due to the
ioni sati on of exci to ns. The spectrum near the absorpti on edge can be appro xi mated
by the fol lowing expression [16]:
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where ˜ i ; Ê i ; À i denote height, positi on, and wi dth of absorpti on Gaussian peaks,
i = h for heavy holes, and i = l for l ight ho les, whereas ˜ c , Ê c , À c denote pa-
ram eters of conti nuous contri buti on. The appro xi mated absorpti on spectra for
GaAs/ Al 0 :3 Ga0 :7 As multi ple quantum wel l structure at ro om tem perature are
shown Fi g. 4. A dashed l ine presents the results obta ined for the sam ple placed in
the externa l electri c Ùeld of 10 kV/ cm and a sol id line | for the sam pl e wi tho ut
the Ùeld. The param eters used in the calculati ons whi ch are l isted in Tabl e I I were
based on the data quoted in paper [17].

Fig. 4. A bsorption spectra of MQ W appro ximated by a sum of two Gaussian p eaks and

a continuous contribution obtained for a sample w ith and w ithout an appli ed electric

Ùeld.

The change of the ref racti ve index caused by the electri c Ùeld can be calcu-
lated from Kra m ers{ Kr �onig relati on between Â n and Â ˜ spectra [4, 18]
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T ABLE I I

Parameters of the absorption spectrum approximation.

C ontribution ˜ [ cm À 1 ] Ê [ ñ m] À [nm] Â ˜ [cm À 1 ] À [nm]

H eavy hole 7000 0.838 1.985 {2000 0.794

Light hole 4000 0.829 2.162 {720 0.499

C ontinuum 3000 0.833 3.353 0 0

where Â ˜ = ˜ (E ) ˜ (0 ) and P m eans the pri ncipa l value of the integ ral . The
dependence of the ref racti ve index change on the wa velength calcul ated from (11)
is presented in Fi g. 5. The absorpti on and electro refracti on spectra deÙne the
wa vel engths of intera cti ng beam s. The gui ded m odes readi ng the grati ng should
have the wa velength about 850 nm whi ch is a com promise between relati vely low
absorpti on and possibly hi gh electroref racti on. Gui ded m odes wri ti ng the grati ng
should have a slightl y shorter wa velength to enabl e su£ ci ent photo generati on of
the carri ers.

Fig. 5. C hanges of the ref ractive index near the fundamental absorption edge for an

applie d electric Ùeld of 10 kV /cm.

In the case of the grati ng created by the externa l wa vesthe way of the beam s
thro ugh the acti ve layer is very short and m uch higher frequency (corresp ondi ng
to the wa velength of about 630 nm ) whi ch enabl es generati on of carri ers in both
wel ls and barri ers is possible. The space-charge Ùeld obta ined thi s way is m ore
robust to the inÛuence of the carri ers generated by the wa ves intera cti ng wi th the
grati ng [19]. Fi gure 6 shows the am pl i tude of the refracti ve index grati ng as a func-
ti on of the grati ng space period. The obta ined values of am pl i tude are hi gh enough
to provi de intera cti ons between the modes gui ded in the structure [14, 20]. Grat-
ings wi th di ˜erent space periods can be used for di ˜erent purp oses like frequency
selecti ve reÛection, deÛection or out- coupl ing of m odes guided in the structure.
The possible appl icati on of the grati ng as a Bra gg reÛector is analysed in [21]
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Fig. 6. Ref ractive index grating amplitud e in the steady state in dependence on the

grating space perio d for the applied Ùeld E a = 10 kV /cm and the signal mo de w ave-

length ÑG = 8 5 0 nm.

and properti es of the photo refracti ve grati ng assisted di recti onal coupl er are pre-
sented in [2].

4 . Co n cl usion s

The results of calculati ons show tha t a photo ref racti ve grati ng in semi-insu-
lati ng MQW single m ode wa veguide operati ng wi th the electri c Ùeld appl ied along
the QW pl anes can be used as an opti cal ly contro l led frequency selective m ode
coupl er wi th memory . The grati ng parameters can be tuned duri ng the work of the
devi ce. The grati ng does not requi re a permanent presence of the externa l wa ves.
Pum p pul ses are necessary onl y for wri ti ng, refreshi ng or erasing of the grati ng.
Because signal wa ves wi th low frequency do not destroy the grati ng the system
m ay have an appl icati on as an al l -opti cal swi tchi ng element wi th m emory.
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