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A n in ter acti on bet ween t he signal w ave propagating in a planar wave-
guide and a photore fractive grating is anal ysed. T he w aveguide contains an
A l GaA s/GaA s multiple quantum w ell guidin g layer biased with an external

electric Ùeld applied along the wells plane. T he grating is formed by tw o ex-
ternal b eams interf ering in the multiple quantum well layer. T he dependence
of the steady- state grating prop erties on the external w aves parameters and
applied electric Ùeld intensity is presented. Possible appli catio n of the grating

as an optically controlled Bragg reÛector w ith memory is analysed.
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1. I n t rod uct io n

A photo refracti ve grati ng in semi-insul ating m ulti pl e quantum wel l wave-
gui de can be used as an opti cal ly induced mode coupl ing element wi th memory
[1]. The grati ng, created by two mutua l ly coherent wa ves interf ering in a nonl inear
m ateri al , can be used for the same purp osesas stabl e or electro -opti cal ly induced
grati ng, but i t can be tuned in a real ti m e by varyi ng parameters of the inter-
fering wa ves. The grati ng does not requi re a perm anent presence of the wri ti ng
beam s, whi ch are necessary only for wri ti ng, refreshing, or erasing the grati ng.
The ampl itude of the grati ng can be hi gh enough to inÛuence signals propagati ng
in the waveguide. The signal waves wi th low f requency do not destro y the grati ng
and the system m ay have appl icati ons as an al l -opti cal switchi ng element wi th
m emory.

Here we analyse properti es of the photo refracti ve grati ng designed to serve
as a Bragg reÛector. The grati ng is induced in a sing le-m ode planar waveguide
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conta ining semi-insul ati ng m ul tipl e quantum well (M QW ) structure as a guiding
layer. The MQW structure operates in so-called tra nsverse FranzÀ Kel dysh geom -
etry [2] wi th an externa l electri c Ùeld appl ied along the quantum well planes as
shown in Fi g. 1.

Fig. 1. Photoref ractive M QW waveguide geometry .

The grati ng is created by two m utua lly coherent externa l beam s of the same
polari zati on fal l ing on the surface of the sam ple. The interf erence between the
beam s overl appi ng in the MQW lay er gives the intensi ty pattern described by

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

where I 0 = I 1 + I 2 denotes a to ta l intensi ty of the beams at the entra nce to the
MQW layer, ˜ i s the absorpti on coe£ cient, m i s the modul ati on depth (f ri nge vi s-
ibi li t y) given by m = 2 ( I 1 I 2 )1 = 2 = I 0 . The grati ng consta nt K depends on inci dence
angles and for ˚ 1 = ˚ 2 = ˚ i s given by

K = 2 n p k ex sin ˚ ;

where n p denotes the ref racti ve index of the outer m edium and k ex | the wa ve
vecto r of the externa l beam s. A high frequency l ight creates electron{ hole pai rs
by di rect interba nd tra nsiti ons. Free carri ers m ove and Ùnal ly recom bine to the
donor tra ps m ainly in the dark regions of the interf erence pattern, creati ng a
spati al ly m odul ated charge distri buti on. Non-uni form charge di stri buti on bui lds
up a space-charge electri c Ùeld whi ch changes the refracti ve index thro ugh the
electro-opti c e˜ect [3 , 4].

2. P r op er t ie s of t h e w ave gui de

The structure of the wa veguide is shown in Fi g. 2. The photo refracti ve
MQW layer conta ins sixty periods of 7.5 nm thi ck GaAs wells and 10 nm thi ck
Al 0 :3 Ga0 : 7As barri ers. The guidi ng layer is sandwi ched between tw o Al 0 : 24Ga0 :76As
covers and deposited on the GaAs substra te. A thi n protecti ng GaAs layer is placed
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on the cover. The wavel engths of intera cti ng beam s are chosen accordi ng to the ab-
sorpti on and electroref racti on spectra of MQW [1]. The gui ded m odes reading the
grati ng are assumed to have the wa velength about 850 nm to obta in relati vely low
absorpti on and possibly hi gh electro -opti c coe£ cient. The structure is designed to
form a sing le-m ode wa veguide for such wa velength. The e˜ecti ve refracti ve index
N e˜ and tra nsverse Ùeld distri buti on of the funda menta l TE 0 mode (presented
in Fi g. 3) are calcul ated using a com merci al softwa re [5] based on tra nsmission
m atri x metho d.

Fig. 2. Cross- section of the w aveguide.

Fig. 3. The Ùeld proÙle of the fundamental T E0 mo de.

An avera ge refracti ve index of MQW structure can be determ ined from the
form ula [6]:

n f =

˚
n 2

w L w + n 2
b L b

L w + L b

Ç1 = 2

; (2)

where n w and n b denote the refracti ve indi ces and L w , L b the thi cknesses of
wel ls and barri ers, respectivel y. The Ùeld di stri buti on and the e˜ecti ve refracti ve
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index obta ined for a uni form layer of n f placed between the covers are practi cal ly
identi cal as for the ful l structure.

The grati ng consta nt necessary to obta in Bra gg reÛection [7, 8] is

K = 2 k G N e˜ cos '; (3)

where k G = 2¤ =Ñ G i s the free-space wa ve vector of the signal beam, N e˜ i s the
e˜ecti ve refracti ve index of the signal m ode and ' is the signal beam inci dence
angle. The requi red grati ng constant is so large (f or a norm al incidence K =

5 : 2 3 2 È 1 0 5 cm À 1 whi ch corresp onds to space period Ê = 2 ¤ =K = 0 : 1 2 ñ m) tha t
the externa l beam s have to enter the sam ple by a pri sm wi th the refracti on index
sati sfyi ng the fol lowing condi ti on:

n p =
Ñex

Ñ G
N e˜

cos¢

sin ˚
; (4)

where ˚ i s the incidence angle of externa l wa ves. For the backward reÛection (¢ = 0 )
the pri sm shoul d have the refracti ve index higher tha n 2.63, whi ch can be obta ined
usi ng m ateri als l ike rutyl (Ti O2 ) or one of the semiconducto rs tra nsparent for the
externa l beam s wavel ength (e.g. GaP).

3. Sp ace -ch ar ge elect r ic Ùel d

The ampl i tude of the grati ng depends on the ampl i tude of the space charge
electri c Ùeld pattern whi ch can be obta ined from one-dim ensional tra nsport equa-
ti ons [9]. If therm al exci ta ti on and di rect recom binati on of the carri ers are not
incl uded, the equati ons for MQW planes perpendicul ar to the x -axi s and the elec-
tri c Ùeld appl ied along the z -axi s ta ke the form [1]:

@n e

@t
=

˜

h ¡
I À Ûe n eN +

D +
1

e

@j e

@z
; (5)

@n h

@t
=

˜

h¡
I À Ûh n h ( N D À N +

D ) À
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e

@j h
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j e = eñ en eE + ñ ek B T
@n e

@z
; (7)

j h = eñ h n hE À ñ h k B T
@n h

@z
; (8)

@N +
D

@t
= Û h n h( N D À N +

D ) À Ûe n eN +
D ; (9)

@E

@z
=

e

"" 0

( N +
D + n h À n e À N A ) ; (10)

where n e denotes the free electron and n h | the free hole concentra ti on, N D |
donor, N +

D | ionised donor, N A | acceptor 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 a + E sc ,
where E sc i s a space-charge Ùeld and E a i s an externa l Ùeld), I | the l ight intensi ty ,
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Ûe and Ûh | electron and hole recom binati on consta nts, ñ e | electron and ñ h |
ho le mobi li ties along the quantum wells, " 0 | the vacuum perm i tti vi t y, " | the
e˜ecti ve dielectri c constant of MQW structure, e | the elementa ry charge value,
k B | the Bol tzm ann constant and T | the absolute temperature. The tra nsverse
carri er m obi li t y is neglected due to the hi gh di ˜erence between longi tudi nal and
tra nsverse mobi li ti es characteri stic of MQW structure.

Under the steady- state condi ti ons and for light intensi ty given by (1) the
space charge Ùeld can be presented in a form of the Fouri er series [1, 10]:

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 ) + . . . (11)

where E 1 , E 2 , E 3 , etc. are general ly compl ex num bers due to the arbi tra ry phase
shi ft wi th respect to the interf erence pattern. Mo dul es of the Ùrst three Fouri er
components as functi ons of the appl ied electri c Ùeld are plotted in Fi g. 4. For
the considered grati ng constant the ampl itude of the Ùrst harm onic is nearl y two
orders of m agni tude greater tha n the second and about three orders of magni tude
greater tha n the thi rd one. Theref ore the inÛuence of the hi gher order term s on
the propagati on of gui ded m odes can be neglected.

Fig. 4. T he Ùrst three harmonic comp onents amplitudes versus the external electric

Ùeld for Ê = 0: 12 ñ m and N D = 2 È 10 cm .

The dependence of the Ùrst Fouri er am pl itude on the appl ied electri c Ùeld for
vari ous tra p concentra ti ons is shown in Fi g. 5. Because of the smal l grati ng space
period a high tra p density is necessary to obta in the increase in the space-charge
Ùeld am pl itude wi th an externa l electri c Ùeld. For exampl e for tra p density of
2 1 0 1 8 cm 3 the appl ied Ùeld of 10 kV / cm can increa se the space charge Ùeld
from 280 V/ cm to about 350 V/ cm. The phase shift between the Ùrst Fouri er
component of the space charge Ùeld and the l ight pattern as a functi on of an
externa l electri c Ùeld is depicted in Fi g. 6. W i tho ut the appl ied Ùeld di ˜usi on pl ays
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Fig. 5. T he Ùrst order amplitud e E 1 versus an external Ùeld for three di˜erent traps

densitie s.

Fig. 6. The phase shif t betw een the space charge Ùeld and the light pattern versus an

external Ùeld (phase shif t is indep ende nt of the trap density ).

the most im porta nt ro le in carri er tra nsport and the space-charge Ùeld is shifted
by 90 deg wi th respect to the interf erence pattern [11] (E 1 i s purel y imaginary).
For hi gh intensi ti es of the appl ied Ùeld dri ft m echanism becomes m ore importa nt
and phase shif t decreasesin the consi dered case (E a = 10 kV/ cm) to about 50 deg.

Ti m e evoluti on of space charge Ùeld was found by num erical soluti on of
Eqs. (5){ (10) wi th the R unge{Kutta metho d. The dependence of space charge
Ùeld ampl i tude on the absorbed energy of the l ight beam s wi th constant intensi ty
is shown in Fi g. 7. Ti m e evoluti on of the space charge Ùeld dri ven by Gaussian
pul ses is presented in Fi g. 8. The Ùrst pul se, consi sting of two interf ering beams,
records the grati ng and the second one, being a sing le uni form beam , erases i t.
The grati ng l i feti me after switchi ng o˜ the externa l i l lum inati on depends m ainly
on the dark conducti vi ty of the m ateri al and for semi-insul ating MQW structure
can be m uch longer tha n the recordi ng ti me.
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Fig. 7. The amplitude E 1 as a function of external beams energy for the sample w ith

no external electric Ùeld and for applied Ùeld of 10 kV /cm.

Fig. 8. T ime evolution of the Ùrst Fourier comp onent of space charge Ùeld for tw o

short pulses of light w ith the intensity amplitude I 0 = 0: 1 W =cm 2 . Pulse 1 is w riting

the grating and pulse 2 is erasing it.

4. E £ ci en cy of t he gr at in g as a Br agg r eÛect or

A sum of the appl ied electri c Ùeld and spati ally m odul ated space-charge
Ùeld induce the refracti ve index change, whi ch can be described by a quadra ti c
electro-opti c e˜ect. The ref racti ve index changein MQW structure can be appro x-
im ated by [4]:

Â n ( Ñ) = ( 1 =2 ) n s ( Ñ)E ; (12)

where n i s an avera ge index of the MQW structure, s ( Ñ) is the quadrati c electro-
-opti c coe£ cient and E = E + E i s the to ta l electri c Ùeld. The electro -opti c
coe£ cient for wa velength of 850 nm is in the range of 2 1 0 cm =V [1]. For
the electri c Ùeld E ( z ) = E ( z ) = E cos(K z + ¢ ) the refracti ve index change
can be wri tten as sum of three elements
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Â n ( Ñ; z ) = Â n 0 (Ñ ) + Â n 1 ( Ñ ) cos(K z + ¢ 1 ) + Â n 2 ( Ñ ) cos(2 K z + ¢ 2 ) ; (13)

where Â n 0 ( Ñ ) i s proporti onal to the average electri c Ùeld E 2
a + (1 =2 ) j E 1 j

2 ; Â n 1 ( Ñ )

i s pro porti onal to E a j E 1 j and the last com ponent Â n 2 ( Ñ ) to (1 =2 ) j E 1 j
2 . For E 1

m uch smal ler tha n E a the last term can be neglected and the refracti ve index
grati ng ampl i tude is

Â n 1 = À n 3
f sE a j E 1 j : (14)

The dependence of the refracti ve index ampl itude on the appl ied electri c Ùeld for
di ˜erent tra p concentra ti ons is shown in Fi g. 9.

Fig. 9. T he ref ractive index grating amplitude versus an applied electric Ùeld for the

grating space perio d of 0 :12 ñ m.

For the norm al incidence of the signal wa ve on the periodic structure the am -
pl i tude of the reÛected wa ve, in the case of the grati ng constant perfectl y matched
to the propagati on vecto rs di ˜erence, is given by [7]:

A B (0 ) = A 0 tanh ( âL ) ; (15)

where A 0 denotes the am pl i tude of the inci dent m ode for z = 0 ; A B ( 0) | the
am pl i tude of the backward m ode for z = 0 and L | the length of the grati ng.
The coupl ing coe£ cient â , describi ng intera cti on between the signal mode and the
reÛected m ode, can be calcul ated from the f ollowi ng f orm ula:

â = Â n 1

k 2
G n f

K

R
h

0
j E y (x ) j

2dx
R

j E y ( x ) j
2 dx

; (16)

where k G i s the free-space wa ve vecto r of the signal beam , h i s a thi ckness of the
MQW layer and E y ( x ) i s a tra nsverse Ùeld distri buti on of the gui ded mode. The
am pl i tude of the refracti ve index grati ng calculated for the param eters l isted in
T ables I and I I is Â n 1 ¤ 3 È 1 0 5 . The coupl ing coe£ cient is di rectl y proporti onal
to the refracti ve index ampl i tude and for the described wa veguide is about â ¤

1 : 2 cm 1 . Dependence of the reÛection coe£ cient R = A B (0 ) =A 0 on the length of
such a grati ng is pl otted in Fi g. 10.
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TAB LE I
Parameters used in study of the space-charge Ùeld amplitud es.

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

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

10 cm s the trapping coe£cient Ê

the fringes visib il ity

3 548 the average ref ractive index of the MQ W layer

12 586 the e˜ective dielectric constant of MQ W layer

0 5 the comp ensatio n ratio of donors traps

cm À the grating constant

m the fringe spacing
Ê Values of carrier mobiliti es and trapping coe£cient w ere derived from [10].

T ABLE II

Parameters used in study of grating amplitude and reÛection coe£cient.

À cm V the quadratic electro- optic coe£cient

10 kV /cm the external electric Ùeld

2 10 cmÀ the donors trap density

0 5 the comp ensation ratio of impuritie s

850 nm the w avelength of signal w ave

630 nm the w avelength of writing waves

cm À the absorption coe£cient of the w riting w ave

W cm the total average intensity of the w riting beams

3 54 the e˜ective ref ractive index for T E mo de

m the MQ W thickness

Fig. 10. The normalis ed amplitu de of the reÛected mode, , versus the grating

length.
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5. Co n cl usion s

The results of calcul ati ons show tha t the photo refracti ve grati ng in semi-
- insulati ng MQW wa veguide operati ng wi th the electri c Ùeld of 10 kV/ cm appl ied
along the QW pl anes can be used as an opti cal ly contro l led Bra gg reÛector wi th
m emory. The ampl itude and the space period of the grati ng depend on the externa l
wa ves param eters and can be tuned duri ng the work of the devi ce. Short grati ng
space period necessary to obta in backwa rd reÛection requi re hi gh concentra ti on of
tra ps in MQW structure (about 2 È 1 0 1 8 cm À 3) whi ch can be obta ined by proto n
im plantatio n [12].
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