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Quasisteady space-charge fields in photorefractive multiple quantum wells: Edge effects
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An analytical solution has been obtained for the quasi-steady-state space-charge fields recorded in a photo-
conductive multiple quantum well~MQW! neglecting longitudinal mobility. The results apply to times longer
than the transverse but shorter than the longitudinal relaxation time. The finite thickness of the structure has
been explicitly taken into account by using a two-dimensional formulation, i.e., including parallel and perpen-
dicular components for the field. The analysis refers to parallel geometry and has been applied to two different
physical situations:~a! electron-hole generation from interband transitions and~b! electron generation from
suitable donors. This latter case has been summarily discussed for comparison purposes. The longitudinal
profiles for the trap densities as well as for the two components of the space-charge field have been determined.
They show relevant edge effects that depend inversely on the ratio of dielectric constants in the MQW and
buffer layers. The role of some relevant parameters such as grating period and applied field on these effects has
been investigated. Finally, the results have been compared with the short-time solution and with previous
works using a one-dimensional approach.@S0163-1829~97!00108-2#
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I. INTRODUCTION

Recently, much attention is being devoted to the photo
fractive effect in thin slabs such as semiconductor multi
quantum wells1,2 ~MQW! and polymer films.3,4 They are
very promising candidates for a number of applications s
as spatial light modulators, optical correlators, real time
lography, or ultrafast spectroscopy.5–9 For those thin-film
structures, the one-dimensional formulation10 generally used
to describe the generation of a light-induced space-cha
field pattern in bulk materials may not be appropriate
though it has been applied to describe MQ
performance.11,12 In fact, when the film thickness is compa
rable or smaller than the grating period, edge effects ass
ated to the slab faces may become relevant. Therefor
two-dimensional approach including both parallel and p
pendicular components of fields and currents appears t
necessary. MQW structures are particularly interesting in
respect as they typically involve an active thickness
;1 mm. Since this value is of the order or even smaller th
possible light-grating periods, relevant edge effects may
pear. Two configurations have been used in experime
work depending on the direction of the applied field. In t
transverse geometry, the field is parallel to the quantum w
planes and the dominating electro-optic effect is the exc
lifetime broadening. In the longitudinal geometry, the field
perpendicular to the quantum wells therefore selecting
quantum confined Stark effect as the leading electro-o
mechanism. The transverse geometry shares much in c
mon with traditional bulk photorefractive materials becau
the applied electric field is parallel to the grating vector a
transport is essentially along the quantum well planes
550163-1829/97/55~8!/5226~9!/$10.00
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contrast, in the longitudinal configuration the grating vec
is perpendicular to the applied field and the transport mec
nisms are more complex. In this geometry, several auth
have dealt with cross-well transport,13–16as well as with the
grating dynamics.17

First two-dimensional analyses for thin-film structures o
erating in both parallel18 and perpendicular geometries19,20

have been reported. Unfortunately, only the short-time so
tion was obtained in those works. Some marked differen
with regard to the one-dimensional solution, including ed
effects were predicted. However, charge screening sho
operate during the overall recording process and may
sumably reduce or even eliminate some of the tw
dimensional effects. Therefore, in order to achieve a m
complete and useful description of the photorefractive p
formance, one would require the full time-dependent so
tion. This will provide a more realistic assessment of t
features obtained with the two-dimensional formulation. A
though an analytical solution has been obtained for an
tropic slab21 the extension to an anisotropic film is not ava
able.

The purpose of this paper is to offer an analytical solut
for the light-induced steady-state charge field generated
MQW where perpendicular~longitudinal! transport has been
neglected and operating in the parallel geometry. This is
ideal situation but may approximately represent the opera
of a MQW with a very long transport time through the stru
ture ~low perpendicular mobility! as often found in practice
In this case there is a quasi-steady-state for times larger
the parallel relaxation time but shorter than the perpendic
relaxation time. For very long times perpendicular fields a
screened out and so edge effects disappear. In this pape
5226 © 1997 The American Physical Society
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55 5227QUASISTEADY SPACE-CHARGE FIELDS IN . . .
will deal with this intermediate quasisteady situation. Mo
over, in order to facilitate the mathematical analysis, lig
attenuation has also been ignored. This restriction is n
serious shortcoming in many practical cases and it may
removed in future work. Two different physical situation
have been considered in our work. In one, electrons
holes are created through interband transitions. This is
situation found in the reported experimental work.2 The other
one considers that either electrons or holes are generate
photoionization of suitable deep donors.~e.g., Cr in GaAs/
Al xGa12xAs MQW!. This is a simpler case from the point o
view of mathematics and has been discussed for compar
purposes. In both situations the carriers are trapped in d
defects acting as acceptors, and the MQW structure has t
semi-insulating to minimize the dark current. The depe
dence of the generated space-charge fields on some
metrical and physical parameters has been worked out
discussed in comparison to the short-time solution and
one-dimensional approaches.

II. PHYSICAL MODEL
FOR A PHOTOREFRACTIVE MQW

Our theoretical analysis will refer to a MQW illuminate
by a sinusoidal light intensity pattern in a parallel geome
as schematically depicted in Fig. 1. In the more general c
the MQW structure is sandwiched between two dielec
~not photoconductive! buffer layers. Very often, the uppe
layer is removed. Carriers are supposed to be generate
the two processes illustrated in Figs. 2~a! and 2~b! and cor-
responding to two different physical situations. In Fig. 2~a!
both electrons and holes are created from interband tra
tions and then are rapidly trapped at discrete levels in
wells. This is the situation generally used in experiments.
simplicity a single level well will be assumed and the ele
tron population in the continuum levels will be neglected.
Fig. 2~b! electrons~a similar process would apply to hole!
are created by transitions from donor levels into the c
tinuum states of the conduction band. Although this c
cannot be easily implemented in practice and so no exp
mental information is available, it helps to establish the u
versality of the edge effects with independence of the s
cific physical model. It will be assumed in both cases t
photoionized carriers can move in the parallel (x,y) plane
with a high mobility whereas perpendicular transport~along

FIG. 1. Schematic diagram of the experimental geometry.
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z) is neglected (mz50). This is an ideal situation but is
necessary to avoid the complicating features of carrier tr
ping at the MQW boundaries or buffer layers. Moreover,
may represent a reasonable approximation in many prac
cases where effective mobilitiesmz are much lower than
mx .

13 Under this condition, a quasisteady solution has be
worked out that applies to recording times that are lon
than the transverse relaxation timetT5ee0 /Iatnmx but
shorter than the longitudinal relaxation timetL5ee0 /
Iatnmz . For very long times (t.tL), the perpendicular mo-
bility allows longitudinal transport and therefore edge effe
will be screened out in times of the order of seconds. A
other simplifying feature of our model is to ignore the da
photoconductivity, i.e., we consider the MQW to be pe
fectly insulating~it only has to be semi-insulating!. Although
these approximations may appear as drastic simplificat
of the real physical problem, we expect that they will sho
the key features of the edge effects derived from the tw
dimensional formulation.

In Secs. III and V we will consider the equations th
govern the photoionization and trapping processes in
MQW for the situations in Figs. 2~a! and 2~b!, respectively.

III. CARRIER GENERATION
FROM INTERBAND TRANSITIONS

A. Equations for the recording process

The physical situation used in experiments correspond
Fig. 2~a!. The equations include electron and hole transp

FIG. 2. Carrier transition processes in a photorefractive quan
well structure with~a! interband transitions and~b! electron transi-
tions from donor levels.
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5228 55MARÍA AGUILAR et al.
and band to band photoexcitation. Using the notation
MQW structures proposed by Nolte and Melloch,2 the equa-
tions governing the recording process are

]ne
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hn
I2gneND

11
1

e
¹W •We , ~1a!

]nh
]t
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a

hn
I2gnhND
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]Ez
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ee0
, ~1d!

]Ex

]z
2

]Ez

]x
50, ~1e!

with

r5e~ND
12NA

2!, ~1f!

We5emeneEW 1eDe¹W ne , ~1g!

Wh5emhnhEW 2eDh¹W nh , ~1h!

wheren is the carrier concentration,W is the current,r is the
charge density,EW is the electric field,a is the absorption
coefficient for the active interband transition~attenuation has
been however neglected since the conditionaL!1 is as-
sumed!, g is the recombination coefficient,m is the trans-
verse mobility, andD is the diffusion coefficient which is
related tom throughD5kBTm/e. In all these cases, the sub
indexese and h refer to electrons and holes, respective
The equations consider that electron-hole recombina
takes place at the trap centers whose concentration is d
nated asND

1 for electrons andND
0 for holes.NA

25ND
1(0) is

the density of shallow acceptors which assure the cryst
neutrality. Thermal excitation of carriers and direct recom
nation is neglected. These traps are usually introduced
proton implantation or low temperature growth. Our physi
model assumesj z50 and so the current densities (j e for
electrons andj h for holes! refer to thex component.

For the steady state the above Eqs.~1! become

a
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It has been further assumed, for simplicity thatND0
1

5NA
25N/2, andge5gh5g, which markedly simplifies the

mathematics without harming the physics.
Under sinusoidal intensity illumination, I5I 0(1

1mRe@eiKx#), one proposes for all the magnitudes in Eq.~2!
a solution of the form

ne,h5ne,h 01Re@ne,h 1e
iKx#, ~3a!

ND
15ND0

1 1Re@ND1
1 eiKx#, ~3b!

Ex5E01Re@Ex1e
iKx#, ~3c!

Ez5Re@Ez1e
iKx#, ~3d!

including the average and modulated components for
magnitudes. With the above assumptions andm!1 to allow
for linearization one obtains after substitution of~3! into ~2!,

ne05nh05n, ~4!

and

ND1
1 5

Nr

n
~nh12ne1!, ~5!

where

ne15
2mEme~ED1 iE0!1 iEx1~Eme1Emh1ED1 iE0!

Eme~ED1 iE0!1Emh~ED2 iE0!1ED
2 1E0

2 ,

~6a!

nh15
2mEmh~ED1 iE0!2 iEx1~Eme1Emh1ED2 iE0!

Eme~ED1 iE0!1Emh~ED2 iE0!1ED
2 1E0

2 ,

~6b!

with ED5KkBT/e andEme,h5gNr /me,hK being character-
istic fields andNr is an effective trap concentration given b
Nr5NA

2ND
1/(NA

21ND
1)5N/4.

Further algebraic manipulations lead to the different
equation

]2Ex1

]z2
2Geh

2 Ex12 imK2EqA50, ~7!

where

Geh
2 5K2~11B!, ~8a!

A52
@Emh~ED2 iE0!2Eme~ED1 iE0!#

Eme~ED1 iE0!1Emh~ED2 iE0!1ED
2 1E0

2 , ~8b!

B52
~Eme1Emh1ED!Eq

Eme~ED1 iE0!1Emh~ED2 iE0!1ED
2 1E0

2 , ~8c!

with Eq5eNr /ee0K being another characteristic field. I
many practical cases, such as the GaAs/AlxGa12xAs MQW
considered in this work,mh!me and soEmh@Eme, leading
to a marked simplification of the above expressions. F
ED!E0, one may write

A.2
Emh

Emh1 iE0
, ~9a!
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B.2
~Emh1ED!Eq

E0
22 iEmhE0

. ~9b!

The parameterGeh determines the edge effects to be o
served. It has a rather complex expression in terms of
characteristic fields for electrons and holes.

In order to determine the fields, one has to use appropr
boundary conditions at the MQW-buffer interfaces. The
sumption thatj z50, implies that the MQW faces are free o
charge. The boundary conditions are, therefore, the cont
ity of the parallel component of the electric field and of t
perpendicular component of the displacement vector at
buffer-MQW boundaries. Under these conditions, the so
tion for the amplitude of the modulated transverse field c
be written as

Ex15Ex1
~1D!@12d~z!#, ~10!

whereEx1
(1D) stands for the one-dimensional solution and

given by

Ex1
~1D!5 imEq

AK2

Geh
2 , ~11!

and

d~z!5
coshGehz

~e rGeh/K !sinhGehL/21coshGehL/2
, ~12!

e r being the ratio between the dielectric constants inside
photorefractive slab and outside~buffer layers!. The function
d(z) measures the deviation of the two-dimensional solut
with regard to the one-dimensional one. Its relative imp
tance at the slab edges (z56L/2) is

d~6L/2!5
Ex1

~1D!2Ex1
~2D!~6L/2!

Ex1
~1D!

5
1

11~e rGeh/K !tanhGehL/2
, ~13!

where 2D refers to the two-dimensional solution. Usua
(e rGeh/K)tanhGehL/2@1 and then

d~6L/2!}
1

e r
, ~14!

i.e., the magnitude of the deviation is inversely dependen
e r . In other words, buffer layers with a high dielectric co
stant increase the effect. Then, the two-dimensional par
field grating may be interpreted as the superposition of
grating componentsEx

(1D) andEx8 :

Ex
~1D!5Ex1

~1D!eiKx, ~15a!

Ex85Ex1
~1D!d~z!eiKx, ~15b!

which are, in general, phase-shifted an angleF given by

F5arctand~z!. ~16!

On the other hand, the amplitude of the modulated perp
dicular field component can be obtained from Eq.~1e! as
follows:
-
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Ez15mEq
AK

Geh
F sinhGehz

~e rGeh/K !sinhGehL/21coshGehL/2
G

5Ex1
~1D!i

Geh

K
d~z!tanhGehz. ~17!

The ratio of the transverse to the longitudinal field amp
tudes is

Ez1

Ex1
5 i

Geh

K

sinhGehz

coshGehL/21~e rGeh/K !sinhGehL/22coshGehz
.

~18!

At the edges (z56L/2), this ratio reaches a maximum valu
given by

Ez1~6L/2!

Ex1~6L/2!
5

i

e r
, ~19!

indicating that the relative contribution of the longitudin
field decreases on increasinge r .

In summary, the effects derived from the finite thickne
of the structure, i.e., from the two-dimensional solution, a
referring to the field:

~a! Departure of the parallel fieldEx1 from the one-
dimensional valueEx1

(1D) corresponding to an infinitely thick
medium; ~b! occurrence of a perpendicular field,Ez1, not
predicted by the one-dimensional solution;~c! Non-flat
(z-dependent! longitudinal profiles for bothEx1 andEz1.

The charge density also presents a departure from
one-dimensional solution and a nonflat profile as can be
duced from Eq.~5!.

All these effects, generically designated as edge effe
are intimately related and determined by the single param
Geh which depends onL, the material parameters, and th
applied field. It is related to the curvature of the transve
field profiles atz50 and to the slope of the longitudinal fiel
profile. In other words, it measures the abruptness of
edge effects.

It is worthwhile noticing that the two-dimensional fea
tures ~a! and ~c! are enhanced by using buffer layers wi
e2 closer to or higher thane1. However, under these cond
tions,Geh increases and the field profile becomes less curv
Finally, from expression~19! it is important to note that
Ex1 andEz1 are alwaysp/2 phase shifted at the boundary

B. Results

The above theoretical analysis is now applied to a pho
refractive MQW structure of GaAs/AlxGa12xAs using the
parameters of Table I. First, a plot showing the depende
of Geh on E0 andL is given in Fig. 3~a!. Geh rapidly de-
creases on increasingE0 andL and reaches a constant valu
for E0;6 kV/cm andL;20 mm. Except when explicitly
indicated, all results presented next correspond to a MQ
thickness ofL51 mm,L510mm, andE0510 kV/cm. Then,
the longitudinal profiles for the modulated space-cha
fields (Ex1 andEz1) and donor densityND1

1 are, respectively,
shown in Figs. 4 and 5. In order to illustrate the role ofe r ,
two cases corresponding toe r512.25 ~Fig. 4! and e r53
~Fig. 5! have been plotted. The first value corresponds to
absence of any buffer layer, whereas the second one w
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TABLE I. Material parameters of a GaAs/AlxGa12xAs MQW structure.

Electron parallel mobility me 5000 cm2 V21 s21

Hole parallel mobility mh 300 cm2 V21 s21

Recombination coefficient g 5310214 m3 s21

Relative density of traps Nr 1017 cm23

Relative permeability e1 12.25
MQW thickness L 1 mm
a

.
e
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lu
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at
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e
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of
be obtained by using epoxy buffer layers (e2.3.5). The pre-
dictions of the one-dimensional model for the saturation v
ues ofND1

1 andEx1 are also included for comparison.
The main results are as follows.
~a! The parallel fieldEx1 shows an essentially flat profile

This field differs appreciably from that for an unbound m
dium even fore r512.25. Fore r53, this deviation reaches
value over 20%. On the other hand, the phase mismatc
Ex with regard to the light pattern is in both cases essenti
similar to that corresponding to the one-dimensional so
tion.

~b! The occurrence of a perpendicular field is a pecu
l-

-

of
ly
-

r

feature of the two-dimensional solution. The field is zero
the center of the slab and increases towards the MQW
faces. Fore r512.25 it amounts to less than 10% of th
parallel field. However, it reaches valuesEz1.Ex1/3 for
e r53. Under these conditions, the effect of the perpendi
lar field ~e.g., on light diffraction! may become comparabl
to the parallel field and should be taken into account in a
reliable model of MQW performance.

~c! Edge effects are quite important forND1
1 that reaches

values near the film faces which are close to twice those
the one-dimensional solution. An appreciable (.10%) accu-
mulation of charge is also observed fore r53.
FIG. 3. ~a! Geh and ~b! G as a function of
E0 andL.
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C. Dependence on physical parameters

In order for the effects to stand out all simulations hav
been carried out for the casee r53. The dependence of the
field amplitudesEx1 andEz1 at the edges on the ratioL/L
are illustrated in Fig. 6~a!. The one-dimensional solution for
Ex1 is also shown for comparison. We find pronounced ed
effects which are relevant even for long periodsL.25 mm.
On the other hand, the relative magnitudeEz1 /Ex1 of the
perpendicular field does not essentially depend on the fi
thickness and reaches the value 1/e r at the MQW boundaries.
As a consequence of the relatively large contribution of th
perpendicular field and its;p/2 mismatch with regard to
Ex1, a significant modification of the overall phase mismatc
between the light-induced refractive index grating and th
light intensity pattern may appear. In fact, high couplin
gains associated to enhanced phase-mismatch have b
measured in some experimental work.22 Although they have
been satisfactorily explained due to electron velocity satur
tion at high fields,11,23 some additional contribution associ-
ated to the simultaneous presence of thep/2-shifted parallel
and perpendicular fields cannot be disregarded in the qua
steady range of times.

Finally, Fig. 6~b! shows the dependence ofEx1, andEz1
at the MQW boundaries on the applied parallel fieldE0 for
L510 mm. The deviation between the one- and two
dimensional formulations clearly depend onE0 and the edge

FIG. 4. Longitudinal profiles for the modulated amplitude of~a!
the space-charge fields and~b! the trap densities.E0510 kV/cm,
L510mm, e r512.25 and carrier generation from interband trans
tions.
e

m

e

h
e

een

-

si-

-

effects become quite appreciable forE0*2 kV/cm. The two-
dimensional curve saturates for lowerE0 than the one-
dimensional one. This seems to be in accordance with
perimental data by Wanget al.22 that show a saturation o
the parallel fieldEx1 at E0,5 kV/cm. One should mention
that this saturation behavior can also be predicted from
one-dimensional model that takes into account electron
locity saturation.11

IV. COMPARISON WITH THE SHORT-TIME SOLUTION

It is interesting to compare the above results for the q
sisteady regime with those corresponding to the initial
cording stage. The short-time solution of Eqs.~1! for the
MQW structure, has been obtained by extending the
proach previously developed for an isotropic film with
single type of carrier.18 One imposes first the pseudoequili
rium condition for electrons and holes carrier densities a
assumes that the trap concentrations keep the initial va
ND
0 (0) andND

1(0). Then, one follows essentially the sam
steps considered in Ref. 18. The two-dimensional short-t
solution for the amplitude of the transverse field is

Ex15Ex1
~1D!STS 12

coshKz

coshKL/21~e1 /e2!sinhKL/2
D ,

~20!

where

-

FIG. 5. Longitudinal profiles for the modulated amplitude of~a!
the fields and~b! the trap densities.E0510 kV/cm, L510 mm,
e r53 and carrier generation from interband transitions.
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Ex1
~1D!ST5mtS 1

tDe

2Eme~ED2 iE0!

2Eme1ED2 iE0
1

1

tDh

2Emh~ED1 iE0!

2Emh2ED1 iE0
D

~21!

is the one-dimensional short-time solution andtD
5e0e1 /(enm) is the dielectric relaxation time. One shou
note that Eq.~20! is identical to Eq.~10! provided thatGeh is
replaced byK in the expression~12! for d(z). The longitu-
dinal field amplitude is immediately derived from Eq.~1e! as
follows:

Ez15 iEx1
~1D!ST sinhKz

coshKL/21~e1 /e2!sinhKL/2
. ~22!

The field profiles andL dependence are plotted in Fig
7~a! and 7~b!, respectively. The same parameters as thos
Fig. 5 have been used. The edge effects for the fields and
departure from the one-dimensional solution are much m
clearly increased here due to the substitution ofGeh by K.
Consequently, as can be seen in Fig. 7~b!, edge effects are
enhanced on increasingL which is different from the quasi
steady behavior. In conclusion, edge effects are very p
nounced during the initial stages of recording but are p
gressively screened out when approaching the quasist
situation.

FIG. 6. Dependence of the amplitude of the space charge fi
at the MQW boundaries on~a! L/L for E0510 kV/cm and~b! the
applied fieldE0 for L52 mm. The relative permitivity ise r53, and
carrier generation from interband transitions is assumed.
of
he
re

o-
-
dy

V. CARRIER GENERATION FROM DONORS

Let us now briefly consider for comparison the physic
situation depicted in Fig. 2~b!. The two-dimensional equa
tions describing the steady-state space-charge fields ge
ated in the slab are a simple generalization of those initia
put forward for the one-dimensional case, i.e., an unbo
medium in thez direction.10 They appear as follows:

sIND2gnNA50, ~23a!

] j x
]x

1
] j z
]z

50, ~23b!

]Ex

]x
1

]Ez

]z
5

r

ee0
, ~23c!

]Ex

]z
2

]Ez

]x
50. ~23d!

ND andNA are the donor and acceptor concentrations and
other symbols have the usual meaning. The light inten
pattern is assumed to have a modulation depthm!1 to per-
mit a linear approximation. Following the same steps as
case III, one obtains after some straightforward algebra

ds
FIG. 7. ~a! Longitudinal profile of the initial recording rate fo

the fields forL510 mm. ~b! Dependence of the initial recordin
rate for the fields onL/L. E0510 kV/cm, e r53, and carriers are
generated from interband transitions.
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]2Ex1

]z2
2G2Ex12 imK2Eq50, ~24!

where

G25K2S 11
Eq

ED2 iE0
D . ~25!

Equation~24! is essentially identical to Eq.~7! except for the
absence of parameterA. Therefore all the results obtained

FIG. 8. Longitudinal profiles for the modulated amplitude of~a!
the space-charge fields and~b! the trap densities.E0510 kV/cm,
L52 mm, e r53, and carrier generation from donors is assume
hy

.

t,

.

that section can be immediatly generalized to this case.
relevance of the edge effect is governed here by the par
eterG whose dependence onE0 andL is shown in Fig. 3~b!
for comparison purposes. Values forG (Geh in Sec. III! are
quite similar for the two different physical cases. As an
lustration Fig. 8 displays the field profiles fore r53. The
comparison of this plot with that in Fig. 5 shows that ed
effects are not essentially dependent on the operative ph
ionization mechanisms. In particular, large edge effects
the donor densitiesND1 with important charge accumulatio
near the MQW boundaries are observed in this case.

VI. SUMMARY AND CONCLUSIONS

The results obtained in this paper show the need o
two-dimensional formulation to accurately describe t
quasi-steady-state of the photorefractive effect in MQW h
erostructures with low longitudinal mobility. The main effe
associated to the small thickness of the structure is the
currence of a perpendicular component of the fieldEz that in
some cases is comparable to the parallel fieldEx . On the
other hand, theEx component differs from the value ob
tained from previous one-dimensional models. Moreov
both components have nonflat profiles. Finally, edge effe
are also relevant for the trap density. In fact, charge accu
lation regions near the MQW boundaries are predicted.

The dependence of these effects with different parame
~relative permitivity, applied field, and grating period! has
been studied. Particularly important is the inverse dep
dence of the edge effects on the ratio between the MQW
buffer permitivities.

The situation for the quasi-steady-state contrasts with
for the short-time regime. There, more relevant edge effe
are found for the field whereas the space-charge exhibits
most flat profiles. One should conclude that the initial ed
effects are progressively ‘‘screened out’’ due to the creat
of accumulation charge regions near the boundaries.
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