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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 welMQW) 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 @ésdelectron 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 approak®0163-1827)00108-2

[. INTRODUCTION contrast, in the longitudinal configuration the grating vector
is perpendicular to the applied field and the transport mecha-
Recently, much attention is being devoted to the photorenisms are more complex. In this geometry, several authors
fractive effect in thin slabs such as semiconductor multiplehave dealt with cross-well transpdft;‘®as well as with the
quantum well$?> (MQW) and polymer films** They are grating dynamics’
very promising candidates for a number of applications such First two-dimensional analyses for thin-film structures op-
as spatial light modulators, optical correlators, real time hoerating in both paralléf and perpendicular geometrfég®
lography, or ultrafast spectroscopy. For those thin-film have been reported. Unfortunately, only the short-time solu-
structures, the one-dimensional formulatibgenerally used tion was obtained in those works. Some marked differences
to describe the generation of a light-induced space-chargeith regard to the one-dimensional solution, including edge
field pattern in bulk materials may not be appropriate al-effects were predicted. However, charge screening should
though it has been applied to describe MQW operate during the overall recording process and may pre-
performancél?In fact, when the film thickness is compa- sumably reduce or even eliminate some of the two-
rable or smaller than the grating period, edge effects assoctimensional effects. Therefore, in order to achieve a more
ated to the slab faces may become relevant. Therefore, @mplete and useful description of the photorefractive per-
two-dimensional approach including both parallel and performance, one would require the full time-dependent solu-
pendicular components of fields and currents appears to ken. This will provide a more realistic assessment of the
necessary. MQW structures are particularly interesting in thigeatures obtained with the two-dimensional formulation. Al-
respect as they typically involve an active thickness ofthough an analytical solution has been obtained for an iso-
~1 um. Since this value is of the order or even smaller thartropic sla* the extension to an anisotropic film is not avail-
possible light-grating periods, relevant edge effects may apable.
pear. Two configurations have been used in experimental The purpose of this paper is to offer an analytical solution
work depending on the direction of the applied field. In thefor the light-induced steady-state charge field generated in
transverse geometry, the field is parallel to the quantum welMQW where perpendiculaffongitudina) transport has been
planes and the dominating electro-optic effect is the excitomeglected and operating in the parallel geometry. This is an
lifetime broadening. In the longitudinal geometry, the field isideal situation but may approximately represent the operation
perpendicular to the quantum wells therefore selecting thef a MQW with a very long transport time through the struc-
qguantum confined Stark effect as the leading electro-optiture (low perpendicular mobilityas often found in practice.
mechanism. The transverse geometry shares much in corin this case there is a quasi-steady-state for times larger than
mon with traditional bulk photorefractive materials becausethe parallel relaxation time but shorter than the perpendicular
the applied electric field is parallel to the grating vector andrelaxation time. For very long times perpendicular fields are
transport is essentially along the quantum well planes. Irscreened out and so edge effects disappear. In this paper we
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FIG. 1. Schematic diagram of the experimental geometry.

will deal with this intermediate quasisteady situation. More-
over, in order to facilitate the mathematical analysis, light T - - 7T
attenuation has also been ignored. This restriction is not a
serious shortcoming in many practical cases and it may be
removed in future work. Two different physical situations

have been considered in our work. In one, electrons and N-=——~- - T
holes are created through interband transitions. This is the Ne— — — = — % — —
situation found in the reported experimental wéikhe other A

one considers that either electrons or holes are generated by
photoionization of suitable deep donofs.g., Cr in GaAs/
AlL,Ga _,As MQW). This is a simpler case from the point of
view of mathematics and has been discussed for comparison
purposes. In both situations the carriers are trapped in deep
dEfe_Ct[S actmg as acc_epto_rs, and the MQW structure has to be FIG. 2. Carrier transition processes in a photorefractive quantum
semi-insulating to minimize the dark cu_rrent. The depenyye| structure with(a) interband transitions ang) electron transi-
dence of the generated space-charge fields on some 9e@ns from donor levels.
metrical and physical parameters has been worked out and
discussed in comparison to the short-time solution and th&) is neglected 4&,=0). This is an ideal situation but is
one-dimensional approaches. necessary to avoid the complicating features of carrier trap-
ping at the MQW boundaries or buffer layers. Moreover, it
may represent a reasonable approximation in many practical
Il. PHYSICAL MODEL cases where effective mobilitieg, are much lower than
FOR A PHOTOREFRACTIVE MQW iy .3 Under this condition, a quasisteady solution has been
) o ) ) worked out that applies to recording times that are longer
Our theoretical analysis will refer to a MQW illuminated than the transverse relaxation time = eey/l amnp, but

by a sinusoidal light intensity pattern in a parallel geometrysnorter than the longitudinal relaxation time = eeq/

as schematically dep?cted in F[g. 1. In the more gengral Cas@y rnpu,. For very long timest> ), the perpendicular mo-
the MQW structure is sandwiched between two dielectrigyjjity allows longitudinal transport and therefore edge effects
(not photoconductivebuffer layers. Very often, the upper \jj'be screened out in times of the order of seconds. An-
layer is removed. Carriers are supposed to be generated Ryher simplifying feature of our model is to ignore the dark
the two processes illustrated in FiggaPand 2b) and cor-  photoconductivity, i.e., we consider the MQW to be per-
responding to two different physical situations. In Figa)2 fectly insulating(it only has to be semi-insulatingAlthough
both electrons and holes are created from interband transinese approximations may appear as drastic simplifications
tions and then are rapidly trapped at discrete levels in thgs ihe real physical problem, we expect that they will show

wells. This is the situation generally used in experiments. Foghe key features of the edge effects derived from the two-
simplicity a single level well will be assumed and the elec-gimensional formulation.

tron population in the continuum levels will be neglected. In |y sSecs. 11l and V we will consider the equations that
Fig. 2(b) electrons(a similar process would apply to holes govern the photoionization and trapping processes in the

are created by transitions from donor levels into the conyQw for the situations in Figs. (@) and 2b), respectively.
tinuum states of the conduction band. Although this case

cannot be easily implemented in practice and so no experi- Ill. CARRIER GENERATION

mental information is available, it helps to establish the uni- FROM INTERBAND TRANSITIONS
versality of the edge effects with independence of the spe-
cific physical model. It will be assumed in both cases that
photoionized carriers can move in the parallgly) plane The physical situation used in experiments corresponds to
with a high mobility whereas perpendicular transp@ong  Fig. 2(@). The equations include electron and hole transport

A. Equations for the recording process
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and band to band photoexcitation. Using the notation for It has been further assumed, for simplicity thieg,

MQW structures proposed by Nolte and Melldcthe equa-

tions governing the recording process are

with

wheren is the carrier concentratioﬁ,is the currentp is the

charge densityE is the electric field,a is the absorption
coefficient for the active interband transitiattenuation has
been however neglected since the conditiebh<<l is as-
sumed, y is the recombination coefficieny is the trans-
verse mobility, andD is the diffusion coefficient which is

ang al N++1ﬁ -
gt hy YNeNpTgVJes
anh al NO 1V_) N
—_— ] — n —_— .
ot hV Yhn D e Jh!
ONg  OND
T yNeNp + ynpNp
JE, JE, p

JE. OE,
dz  ax
p=e(Nj—N,),

Jo=euNE+eD,Vn,,

Jh=eunnnE—eDyVny,

(1a

(1b)

(1o

(1d)

(le

(1)

(19

(ah

=N, =N/2, andy.= y,= vy, which markedly simplifies the
mathematics without harming the physics.

Under sinusoidal intensity illumination, | =14(1
+mRg€eX¥]), one proposes for all the magnitudes in E).
a solution of the form

Nen=Nen ot RE N 1], (39
Np =Npo+Re[Np, €], (3b)
E,=Eo+ R E, e, (30
E,=Rg E,;e'*¥], (3d)

including the average and modulated components for all

magnitudes. With the above assumptions an€l to allow

for linearization one obtains after substitution(8f into (2),
Neo=Nho=", (4)

and

+ Nf
Nolzﬁ(nhl_nel), 6)
where

| 2MEd Ep+iEq) +iEyq(Emet Emnt En+iEo)
et (Ep+iEq)+Enn(Ep—iEq) +EZ+E2 '
(69

_2mEn(Ep+ iEo) —1Ex1(Emet EmntEp—iEq)

Emd Ep+iEq)+Emn(Ep—iEo) + E5+E} (' )
6b

Nh1

related tou throughD=kgTu/e. In all these cases, the sub- with Ep=KkgT/e andEpgn= YN,/ K being character-
indexese and h refer to electrons and holes, respectively.istic fields and\, is an effective trap concentration given by
The equations consider that electron-hole recombinatiom, =N, NJ/(N,+Ng)=N/4.

takes place at the trap centers whose concentration is desig- Further algebraic manipulations lead to the differential
nated as\N;) for electrons andN3 for holes.N, =N (0) is
the density of shallow acceptors which assure the crystal's

equation

neutrality. Thermal excitation of carriers and direct recombi- PEx CT2E. —imK2E.A=0 )
nation is neglected. These traps are usually introduced by 0z2 ehExt q ,

proton implantation or low temperature growth. Our physical h

model assume$,=0 and so the current densitieg,(for ~ WN€re

electrons angy, for holeg refer to thex component. th: K2(1+B), 8a)

For the steady state the above E({9.become

a R
ml - yeneND_"EV'Je:O’

a 0 1. .
! thhND_EV'Jh:o’

- ')’eneNs + 7hnhNg: 0,

JE, N JE, p
X | 9z €€’
JE. OE,

9z Ix

(2a)

(2b)

(20

(2d)

(2¢)

[Emh(ED_iEO)_Eme(ED'HEO)]

A=2 : : ,
Emd Ep+iEq)+Emn(Ep—iEo)+E5+E}

(8b)

(Eme+ Emh+ ED)Eq

B=2 . : ,
Emd Ep+iEq)+Emn(Ep—iEo) +E5+E}

(80

with E;=eN,/e€K being another characteristic field. In
many practical cases, such as the GaAgBd; _,As MQW
considered in this worky,<< u. and soE, ;> E,,., leading

to a marked simplification of the above expressions. For
Ep<E,, one may write

A=2—— (9a)
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B (EmhtEp)Eq ob £ AK sinhl" oz
" EZ—iEnnEo (9b) Zl_mEqr_eh (€T on/ K)Sint oL /2+ cosH o1 L/2

The parametell;, determines the edge effects to be ob- Ten
o =EWPi—5(z)tanH’ 17
served. It has a rather complex expression in terms of the x1 e et
characteristic fields for electrons and holes.
In order to determine the fields, one has to use appropriat€he ratio of the transverse to the longitudinal field ampli-
boundary conditions at the MQW-buffer interfaces. The astudes is
sumption thaf,=0, implies that the MQW faces are free of

charge. The boundary conditions are, therefore, the continug,; Ty, sinhl’ g1z
ity of the parallel component of the electric field and of the E_:I K cosi L/2+ (€T o/ K)SINMC o L/2— cosH gz
perpendicular component of the displacement vector at the * ¢ ve ¢ 18)

buffer-MQW boundaries. Under these conditions, the solu-
tion for the amplitude of the modulated transverse field carAt the edges£= *L/2), this ratio reaches a maximum value

be written as given by
Ex=Ea [1-82)], (10 Eal*Li2) i 9
where E(®) stands for the one-dimensional solution and is Ea(£L2) &’
given by indicating that the relative contribution of the longitudinal
K2 field decreases on increasiag.
EY=imE;—2—, (12) In summary, the effects derived from the finite thickness
en of the structure, i.e., from the two-dimensional solution, are,
and referring to the field:
(a) Departure of the parallel fiel&,; from the one-
52)= cosH oz 12 dimensional valu€{” corresponding to an infinitely thick

(€T g/ K)SINHT o L/2+ cosH o L/2” medium; (b) occurrence of a perpendicular field,;, not

) . . . o predicted by the one-dimensional solutiofg) Non-flat

€, being the_rat|o between th_e dielectric constants |ns_|de th?z-depender)tlongitudinal profiles for bottE,; andE,,.
photorefractive slab and outsideuffer layers. The function The charge density also presents a departure from the

6(z) measures the deviation of the two-dimensional solutionyne_dimensional solution and a nonflat profile as can be de-
with regard to the one-dimensional one. Its relative impor-qyced from Eq(5).

tance at the slab edges= +L/2) is All these effects, generically designated as edge effects,
E(D)_ E2D)( 4 | /) are intimately related and determingd by the single parameter

S(+L/2)= x1 x1 \— I, which depends on\, the material parameters, and the
LD applied field. It is related to the curvature of the transverse

field profiles atz=0 and to the slope of the longitudinal field
_ 1 (13) profile. In other words, it measures the abruptness of the
1+ (e gn/K)tanH o L/2° edge effects.
It is worthwhile noticing that the two-dimensional fea-
tures(a) and (c) are enhanced by using buffer layers with
€, closer to or higher thae;. However, under these condi-

where 2D refers to the two-dimensional solution. Usually
(€T en/K)tanH o L/2>1 and then

1 tions,I" o increases and the field profile becomes less curved.
5(tL/2)oc6—, (14 Finally, from expression(19) it is important to note that
r E,, andE,, are alwaysw/2 phase shifted at the boundary.

i.e., the magnitude of the deviation is inversely dependent on
€, . In other words, buffer layers with a high dielectric con-
stant increase the effect. Then, the two-dimensional parallel The above theoretical analysis is now applied to a photo-
field grating may be interpreted as the superposition of twdefractive MQW structure of GaAs/AGa; -,As using the

B. Results

grating componentg{*® andE_: parameters of Table I. First, a plot showing the dependence

of I'e, on Ep and A is given in Fig. 3a). I'g, rapidly de-
E(D=g(IDgix, (159  creases on increasirify and A and reaches a constant value

for Eg~6 kV/cm and A~20 um. Except when explicitly

E>’<=E§<11D)5(z)e“<x, (15b) indicated, all results presented next correspond to a MQW
_ ) _ ) thickness oL =1 um, A=10 um, andEy=10 kV/cm. Then,

which are, in general, phase-shifted an anglgjiven by the longitudinal profiles for the modulated space-charge
® = arctard(2). (16) fields (E,;, andE,;) and donor densiti;, are, respectively,

shown in Figs. 4 and 5. In order to illustrate the roleepf
On the other hand, the amplitude of the modulated perpertwo cases corresponding g =12.25 (Fig. 4 and ¢,=3
dicular field component can be obtained from Ete) as  (Fig. 5 have been plotted. The first value corresponds to the
follows: absence of any buffer layer, whereas the second one would
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TABLE |. Material parameters of a GaAs//ba; _,As MQW structure.

Electron parallel mobility e 5000 cntvV ts7?
Hole parallel mobility h 300cn?f V- ls?t
Recombination coefficient ¥ 5x10 ¥ m3s?t
Relative density of traps N, 10 cm—3
Relative permeability €, 12.25
MQW thickness L 1 um

be obtained by using epoxy buffer layeks,£3.5). The pre- feature of the two-dimensional solution. The field is zero at
dictions of the one-dimensional model for the saturation valthe center of the slab and increases towards the MQW sur-
ues ofNy, andE,; are also included for comparison. faces. Fore,=12.25 it amounts to less than 10% of the

The main results are as follows. parallel field. However, it reaches valués,,=E,;/3 for

(a) The parallel fieldE,; shows an essentially flat profile. €,=3. Under these conditions, the effect of the perpendicu-
This field differs appreciably from that for an unbound me-lar field (e.g., on light diffraction may become comparable
dium even fore, = 12.25. Fore, =3, this deviation reaches a to the parallel field and should be taken into account in any
value over 20%. On the other hand, the phase mismatch d@eliable model of MQW performance.
E, with regard to the light pattern is in both cases essentially (c) Edge effects are quite important fdi7); that reaches
similar to that corresponding to the one-dimensional soluvalues near the film faces which are close to twice those of
tion. the one-dimensional solution. An appreciabiel(0%) accu-

(b) The occurrence of a perpendicular field is a peculiaTmulation of charge is also observed fgr=3.

E, (kV/em)

FIG. 3. (@ I'gp, and (b) ' as a function of
Ey, andA.

E, (kV/em)
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FIG. 5. Longitudinal profiles for the modulated amplitude(@f
the fields and(b) the trap densitiesEq=10 kV/cm, A=10 um,
3 and carrier generation from interband transitions.

FIG. 4. Longitudinal profiles for the modulated amplitude(@f
the space-charge fields affld) the trap densitiesE,=10 kV/cm,
A=10 um, e,=12.25 and carrier generation from interband transi- €r =

tions.
effects become quite appreciable y=2 kV/cm. The two-

C. Dependence on physical parameters dimensional curve saturates for lowé&, than the one-
dimensional one. This seems to be in accordance with ex-
perimental data by Wangt al?? that show a saturation of
the parallel fieldE,; at Eq<<5 kV/cm. One should mention
that this saturation behavior can also be predicted from a
one-dimensional model that takes into account electron ve-
Socity saturatiort!

In order for the effects to stand out all simulations have
been carried out for the cagg=3. The dependence of the
field amplitudesE,; andE,; at the edges on the ratid/L
are illustrated in Fig. @. The one-dimensional solution for
E,; is also shown for comparison. We find pronounced edg
effects which are relevant even for long periotls 25 um.
On the other hand, the relative magnitullg /E,, of the
perpendicular field does not essentially depend on the film'V- COMPARISON WITH THE SHORT-TIME SOLUTION
thickness and reaches the value, Ht the MQW boundaries.  t s interesting to compare the above resuits for the qua-
As a consequence of the relatively large contribution of thesisteady regime with those corresponding to the initial re-
perpendicular field and its- /2 mismatch with regard to ¢ording stage. The short-time solution of Eqg) for the
Ex, a significant modification of the overall phase mismatch\iQw structure, has been obtained by extending the ap-
between the light-induced refractive index grating and theyroach previously developed for an isotropic film with a
light intensity pattern may appear. In fact, high couplingsingle type of carriet® One imposes first the pseudoequilib-
gains associated to enhanced phase-mismatch have begiim condition for electrons and holes carrier densities and
measured in some experimental wéfiAlthough they have  assumes that the trap concentrations keep the initial values
been satisfactorily explained due to electron velocity saturaN%(o) andN (0). Then, one follows essentially the same

: H 1 1,23 Y i i i . . . . .
tion at high fields,"** some additional contribution associ- steps considered in Ref. 18. The two-dimensional short-time
ated to the simultaneous presence of #ig-shifted parallel solution for the amplitude of the transverse field is

and perpendicular fields cannot be disregarded in the quasi-

steady range of times. oSt costKz
Finally, Fig. 6b) shows the dependence Bf,, andE,; Ex=Eqg 1- - ,
at the MQW boundaries on the applied parallel fi€lgl for COSIKL/2+ €1/ €7)siNPKL/2 (20)

A=10 um. The deviation between the one- and two-
dimensional formulations clearly depend Bp and the edge where
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. i FIG. 7. (a) Longitudinal profile of the initial recording rate for
FIG. 6. Dependen_ce of the amplitude of the space charge f'e'dt'"he fields forA =10 um. (b) Dependence of the initial recording
at th_e M_QW boundaries of@) A/L for _EO:lO kV/cm and(b) the rate for the fields om\/L. E;=10 kV/cm, e,=3, and carriers are
applied fieldE, for A =2 um. The relative permitivity i, =3, and generated from interband transitions.
carrier generation from interband transitions is assumed.
V. CARRIER GENERATION FROM DONORS

1 2EndEp—iEp) 1 2Emn(Ep+iEyp) . . . .
T %E. 4E-—iE- 7 2E. _E-TIE- Let us now briefly consider for comparison the physical
De #=me® =D =0  'Dh #=mh =D (201) situation depicted in Fig. (®). The two-dimensional equa-
tions describing the steady-state space-charge fields gener-
is the one-dimensional short-time solution and, ated in the slab are a simple generalization of those initially
= ep€,/(enw) is the dielectric relaxation time. One should put forward for the one-dimensional case, i.e., an unbound

P i tinn 10 .
note that Eq(20) is identical to Eq(10) provided thal,is ~ Medium in thez direction:™ They appear as follows:

E(IDIST_ mt

replaced byK in the expressioril2) for §(z). The longitu-
dinal field amplitude is immediately derived from Hae) as oINp—ynNNpy=0, (239
follows:
djx 9z
i —+—=2=0, (23b)
Eﬂ:iEE(llD)ST sinfKz : ' (22) ox  Jz
cosiKL/2+ (€,/€e,)SinkKL/2
JE, JE, »p
The field profiles and\ dependence are plotted in Figs. ox T oz e’ (2309
7(a) and 7b), respectively. The same parameters as those of
Fig. 5 have been used. The edge effects for the fields and the
departure from the one-dimensional solution are much more IEx _ JE, -0 (230)
az X ’

clearly increased here due to the substitution'gf by K.

Consequently, as can be seen in Fifh),7edge effects are
enhanced on increasinyg which is different from the quasi- Np andN, are the donor and acceptor concentrations and the

steady behavior. In conclusion, edge effects are very proether symbols have the usual meaning. The light intensity
nounced during the initial stages of recording but are propattern is assumed to have a modulation depthl to per-

gressively screened out when approaching the quasisteadyit a linear approximation. Following the same steps as for
situation. case lll, one obtains after some straightforward algebra
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FIG. 8. Longitudinal profiles for the modulated amplitude(@f

the space-charge fields affld) the trap densitiesEy=10 kV/cm,
A=2 um, e,=3, and carrier generation from donors is assumed.

(92EX1 2 . 2
72 —TI'°Ex;—imK°E4=0, (24
where
E
2K 14—,
r2=k2?1 Eo—iE, (25

Equation(24) is essentially identical to E¢7) except for the
absence of paramet@r. Therefore all the results obtained in

that section can be immediatly generalized to this case. The
relevance of the edge effect is governed here by the param-
eterI” whose dependence &y and A is shown in Fig. 8b)

for comparison purposes. Values for(I'¢, in Sec. ll) are
quite similar for the two different physical cases. As an il-
lustration Fig. 8 displays the field profiles fef=3. The
comparison of this plot with that in Fig. 5 shows that edge
effects are not essentially dependent on the operative photo-
ionization mechanisms. In particular, large edge effects for
the donor densitiebly; with important charge accumulation
near the MQW boundaries are observed in this case.

VI. SUMMARY AND CONCLUSIONS

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

The dependence of these effects with different parameters
(relative permitivity, applied field, and grating perjodas
been studied. Particularly important is the inverse depen-
dence of the edge effects on the ratio between the MQW and
buffer permitivities.

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