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Effect of interwall surface roughness correlations on optical spectra of quantum well excitons
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We extend a theory of well-width fluctuations for inhomogeneous exciton broadening in quantum wells by
expressing the fluctuation of the width in terms of the statistical characteristics of the morphological rough-
nesses of each interface forming the well. This allows us to take into account a possibility of cross correlations
between the interfaces. We show that these correlations strongly suppress a contribution of interface disorder
to the inhomogeneous linewidths of excitons. We also demonstrate that the vertical cross correlations are
crucial for explaining the variety of experimental data on the dependence of the linewidth upon thickness of the

quantum well.
DOI: 10.1103/PhysRevB.71.155303 PACS nuni®er68.35.Ct, 71.35.Cc, 78.67.De
[. INTRODUCTION between two interfacegvhen the later-grown interface “re-

members” the profile of the first-grown interfacere

Absorption and luminescence exciton spectroscopy argresent. One can mention, for instance, direct morphological
among the most important tools for studying quantum wellsanalysis done with cross-sectional scanning tunnel
(QWs) as well as other semiconductor heterostructuresmicroscopy, scattering ellipsometr§,and x-ray reflection
Therefore, one of the most fundamental problems in theneasurementsi®Another relevant example of such correla-
physics of these systems is establishing connections betwegons is the vertical stacking of quantum détsyhere verti-
the spectral line shapes and the microscopic properties of theal correlation length is observed up to an 80-monolayer
respective structures. A great deal of effort was devoted tehickness. The well-width fluctuation theory cannot describe
this problem over the last half of the 20th century, and it hasan effect of these correlations on the exciton linewidths.
been established that at low temperatures the exciton line- The goal of this paper is to develop a generalized theory,
width in absorption and photoluminescence spectra in quarwhich would be able not only to clarify the importance of
tum wells is predominantly inhomogenedu$he shapes of interwall correlations especially for narrow QWs, but could
the spectra in this case are determined by various types @fiso provide tools to deal with more complicated systems
disorders present in a structure, and it is currently generallguch as asymmetric QWs or superlattices. We explicitly
accepted that the spectral widths in QWs are directly relateghow here that the presence of interwall correlations signifi-
to the quality of the interfaces, so that the luminescenceantly modifies optical spectra, and that taking these corre-
spectra provide a quick and simple quality-assurance tool foations into account is necessary in order to achieve even a
QW growth? However, as it will be seen in this paper, in qualitative agreement between the theory and the experimen-
spite of all the efforts, the existing theories of the inhomoge-tal results. One of the important practical conclusions of this
neous broadening of excitons in QWs still cannot satisfactowork is that narrow lines do not always mean a good-quality
rily explain all the diverse experimental data collected in thisinterface (which is often assumed in experimental publica-
area. tions), but can be the result of a line-narrowing effect due to

The current theoretical approaches of interface-roughneste interwall correlations.
effects on photoluminescen¢BL) and absorption spectra in This paper is organized in the following way. In the Sec.
QWs are usually based on the concept of well-width|l we shall provide a brief review and critical analysis of the
fluctuation?-° According to this theory a small fluctuatiah.  existing experimental results and relevant theories. In Sec. Il
of QW width results in the fluctuation of the confinement we will generalize the earlier theories of interface disotdfer
electron and hole energie8E, ~ (JE,/dL) L. Therefore, the  to include the effects of the vertical correlations. In the Sec.
inhomogeneous broadening is proportional to the statisticadV we will compare the results of our analysis with experi-
average(SE,) over all possible topological configurations. ments.(For comparison of our theory with the theory of local
Despite a qualitative success in the prediction of the majowidth fluctuations see discussions at the end of Sec.)lll A
exciton characteristics in PL and absorption spectra, thidhe paper is concluded by an Appendix, in which we com-
theory suffers from a lack of ability to fit the whole variety of ment on the role of the lateréih-plang correlation length in
the experimental datdSee a comparison of the theory well- the optical spectra of QW.
width fluctuations with experiments in Sec).llAlso, the

concept of a locally varying well widttimplicitly assumes Il. COMPARISON BETWEEN CURRENT THEORIES

that the surface corrugations of two QW interfaces are sta- AND EXPERIMENT: CRITICAL REVIEW

tistically independent, and can, therefore, be described by a

single random functiodL. However, there exists much evi- Since a QW is generally a heterostructure formed by a

dence that this assumption does not correspond to realistlinary semiconductofAB) and a ternary disordered alloy
quantum well structures, in which the “vertical” correlations (AB;_,C,), there are two types of disorders responsible for
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the inhomogeneous broadening. One is compositional disor- InGods/Gas | || @ Paiane,x0.00
der caused by concentration fluctuations in a ternary compo- L0 § e
nent of the QW as well as random diffusion across the E;a.o- LU L =
interfacet?12 The other source of inhomogeneous broaden- S Tt

ing in QWs is associated with the roughness of the interface 5 * x.’; o.x

caused by the formation of monolayer islands at the inter- E 1-0-:, ° MR
faces, resulting in local changes in the well thickne$ghe 0_00% T R e ||
quality of the interfaces is very sensitive to the ambient pa- L (Angstrom)

rameters of the growth process. Depending on growth con-

ditions, the atoms deposited on the surface can form “is- G, 1. Experimental dependences of the low-temperature exci-
lands™ of various lateral sizes with different correlation (on's full width half maximum(FWHM) on the QW average size,
scales. These morphological changes manifest themselves|ina| the data are presented for the, G, As/GaAs QW's. The
the shape and width of the optical spectra of QW excitonsyesyits were taken from the following references: Patgra. (Ref.

Since both types of disordgrs can be U|timat91|)’_ traped 14 6), Kirby et al. (Ref. 17, Bertolet,et al. (Ref. 18, and Reithmaier
local changes in concentration, an accurate distinction best g, (Ref. 19.

tween them is not a trivial task, and it was first elucidated in
Ref. 3. dimensional limitL — oo the contributions of the two types of

Theoretical studies of effects due to compositional andlisorders toM(L) are also different. The contribution of the
interface disorders on absorption and photoluminescendaterface disorder for largé decreases as I}, while the
spectra have a long histoljor review articles see, for ex- role of the alloy disorder again depends upon the type of the
ample, Refs. 1, 14, and 15 and references therdimgen-  structure. If QW is formed by a ternary alldy decreases
eral, absorption and photoluminescence spectra, apart fromith the width only weakly, as WL, before reaching a con-
the Stokes shift, have also different lineshapes. The calculastant three-dimensional limit. If, however, the alloy forms
tion of the exciton absorption line shape is equivalent in thebarriers,W decreases witlh. much faster as expxgL)/L3,
dipole approximation to the estimation of the optical densitywhere «, is an inverse penetration length of ground-state
function' A(e) which is determined by the properties of the wave function in the barrier region. Although in both cases
underlined random potential. In turn, the emission peakhe functionW(L) has a maximum at some intermediate val-
should be treated as a more complicated average over onlyes ofL, the position of the maximum and the shape of the
partially thermalized exciton occupation numbers. Below wefunction W(L) differ for the two types of disorders.
concentrate on calculation of the exciton absorption peak. While the qualitative picture of disorder-induced broaden-
This problem can be divided into two fairly independenting is understood rather well, attempts at a quantitative com-
parts. The first deals with the derivation of the random po-parison of the theoretical predictions with the experiments
tentials acting on excitons in QWs from the properties offace significant difficulties. In Fig. 1 we collected experi-
microscopic fluctuating parameterconcentrations, well mental data for the dependencies of low-temperature photo-
thickness, etg. Its main objective is to calculate the corre- jJuminescence exciton linewidths on QWs of average
lation functions of these potentials. The second part of thehickness,L. All of the data are for IfGa,_As/GaAs het-
problem consists of calculations of the characteristics of exerostructures and represent experimental results from several
citons subjected to these potentials and in establishing relgesearch group$-1° While all the results show a nonmo-
tions between the characteristics of optical spe¢lige-  notonous dependence in accord with theoretical expectations,
width, shapgand the properties of the potenti@fsot-mean-  the maxima have different positions and do not seem to have
square(rms)] fluctuation and correlation lengthBoth of  a regular dependence on the concentration; the peak for
these problems were carefully studied in the past, but since.18 lies between the peaks for0.12 andx=0.135. The
the focus of the present work is on the former, we shallmaxima also have different heights and sharpness. For ex-
discuss it in more detail. ample, the fullwidths at half maximunfFWHM) for x

The main object of our discussion is the rms value of the=0.09 andx=0.11 have very smooth behaviors more charac-
random potentialyV, defined adV=1(Ve(R)%), and its de-  teristic of compositional disorder, while other data have
pendence on the microscopic parameters of the QW. Henather sharp features more typical of interface disorder. Fi-
Vet is the effective potential acting on excitons due to bothnally, the values of FWHM at large, which are determined
compositional and interface disorders. The currenimainly by compositional disorder, are scattered over quite a
theorie$'2 predict distinctly different properties for contri- broad range.
butions to the potential from these two types of disorders. It is not surprising that different samples show different
These properties can be devised from the behavior of thbehaviors in Fig. 1, since they were prepared under different
single-particle electron and the hole QW wave functions. Ingrowth conditions, and, as a result, they have different alloy
particular, the dependence f upon the width of the well disorder and interface-roughness characteristics. It is more
for a narrow well is predicted as being. for the interface  surprising that if we try to analyze these data in light of the
disorder. For the compositional disorder, it depends orcurrent theories® of interface-roughness and alloy-disorder
whether the QW is formed by a ternary alloy or a binaryinhomogeneous broadening, then we encounter difficulties in
system? In the former casdas in InGa_As/GaA9 W fitting all these curves with the parameters in hand. Regard-
«L%2, while in the case in which the QW is formed by a ing the alloy contribution to the linewidth, we note that in the
binary material, the dependence W= L. In the three- quantum mechanical approaches to this proBiE2°this

155303-2



EFFECT OF INTERWALL SURFACE ROUGHNESS PHYSICAL REVIEW B 71, 155303(2005

contribution is completely determined by the alloy concen-
tration and QW width; the theories do not contain any un-
known parameters that could be used to fit the theoretical
predictions to the experiments. Therefore, one can directly
compare the theoretical predictions with the experimental re-
sults using the large asymptote of the linewidth. The initial
calculations for the alloy-induced disorder in the Bé#k
and in the quantum wefld were done in the adiabatic ap-
g;c:smggotg’ t\;\éh(:}:ﬁctl:] (Ta?goehrr%;ﬁd;u?:oor];eellgti(ca))ricll;ar?g\t,\lf]a(s)f the FIG. 2. Characteristic length scales describing the interface
effective potential.. If one applies that theoFy to the case ~'oughness of a QW.
g;ﬁ; Itrg'bﬁ?‘%ﬁ@lgﬁi%%_ﬂ%ﬁi?y;m ?SO mﬁihog;"ntgllgf monolaygrs. _In the semiclas_sica_l limit of_ the Gaussian-
than the observed bulk vald&The same order of magnitude Shaped linewidth, the broadening is proportional to the prod-
results are obtained in the semiclassical limit of theUctho., which is really only one flexible parameter of the
theory?223with the Gaussian shape of the exciton linewidth. theory. With the help of this parameter it is possible to adjust
One can reasonably arduthat the adiabatic approximation the relative heights of the maxima, but not their positions and
fails for a heavy hole and a light electrdm,>m,), both  particularly not the sharpness of these maxima. Even if one
being subject to short-range energy fluctuations. Even for thtakes into account the contributions from both types of dis-
underlying “white-noise” disorder, the effective potential felt orders, it is still not possible to explain the variations be-
by an exciton has two different correlation lengths. A rathertween the optical spectra of different samples, a problem
massive hole will average only a small volume around theaddressed in Sec. IV.
center of mas¢COM) of the exciton, whereas a light elec- It is clear from the provided analysis that the existing
tron is spread out over a much larger area of the ordegof theories of the inhomogeneous broadening of excitons are
As a result, the hole will be much more sensitive to compo-unable to quantitatively explain the experimental data. We
sitional fluctuations, and its contribution to the effective dis-suggest in this paper that one of the reasons for this failure is
order potential will be enhanced by the factdvi/m,),> the neglect of the interwall correlations mentioned in the
whereM=m.+m,. However, the linewidths found using the Introduction. While this idea does not fix the problems
improved theorie®?® turn out to be much larger than the caused by wrong estimates of the alloy-disorder contribution,
experimental resultésee also Fig. 8 belowThus, existing We will show in the subsequent sections of this paper that it
theories cannot produce an accurate result for the alloydoes allow us to explain all varieties of experimental results
disorder contribution to the exciton linewidth. related to the properties of the curves in Fig. 1 in the vicinity
It is less straightforward to compare the theory with theof their maxima.
experiments for interface-roughness-induced broadening be-
cause it is difficult to separate the contributions from the two
types of disorders in the regime of the small and intermediate
values ofL. One could hope to identify the most important A. A model of the interface disorder

contribution by the slope of thé/(L) dependence at small In order to make the problem tractable, we introduce stan-

but, unfortunately, the accuracy of the 9)3(325“”9 data does nQfarg simplifications assuming that both conduction and va-
allow one to distinguish between theor L** dependencies. |ence bands are nondegenerate and that they both have an
The manifestation of the interface disorder in optical spectrgsoropic, parabolic dispersion characterized by the masses
is clearer in the case of systems in which growth |nterrupt|or‘|~ne andm, respectively. Throughout the paper we use effec-
resulted in the formation of sufficiently large, monolayer is- e atomic units(a.u), which means that all distances are

lands. It was shown in Ref. 6 that these islands could be,casured in the units of the effective Bohr radiag
responsible for the observed splitting of the exciton spectra-2¢/ ,*e?, energies in units OE, ,=u €*/h2€=2Ry, and

Also, interface roughness has been studied directly by suchasses in units of reduced electron-hole mass where
experimental techniques as microphotoluminescencq/M*=1/m;+1/m;_ In this notationm,,=m. ', where
cathodoluminescence, transition electron microscopy, Opy’ are the effective masses of an electron and a heavy hole.
scanning tunneling microscopy.'6-19.24-27 We will choose thez axes in the direction of growth of the
The diversity of the experimental behavior for the FWHM gy, ctyre(vertical direction. The plane perpendicular to this
shown in Fig. 1 presents a significant difficulty for the exist- yi-action is the lateral planésee Fig. 2 We measure the

ing theories of the interface contribution to the linewids, electron and hole energies in the QW from the conduction
even from the point of view of the qualitative interpretation 54 yalence band edges of the barrier, respectively. Then the
of the results. Indeed, the statistical properties of an 'nterfacﬁotential of a QW with interface roughness is given by

are usually characterized by two length parameters: the

thickness fluctuatiom and the lateralin-plane correlation ~ Uen(r) == Ven(6lz+ L2 = p1(X,y)] = 62— L/2 = 55(x,y)])
lengtho | . With some reservations they are often taken to be ~UO9(2) + UM (r) (1)
equivalent to the average height and the lateral size of the eh eh 7

islands at the interface. The size of the height fluctuattons whereé(z) is a step functiony,, are differences in the offset
usually has a very restricted range of variations of one or twdoand energies, and

Ill. STATISTICAL PROPERTIES OF THE INTERFACES
AND EXCITON EFFECTIVE POTENTIAL
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at least in the first order of the perturbation theory. For the

7, (x,y) sake of concreteness we will assume below that
. 2f15= (f11+ f)exp(- L% o?). (5)
& The value of the vertical correlation length, depends on
m(x.y) the growth process. In the following analysis we will also
/ assume the Gaussian form for the lateral correlation function:
/4
- _ {(R) = exp(- R¥/20%). (6)
FIG. 3. The limiting case of the absolutely correlated interfaces,

M=o The limit o, — 0 corresponds to the white-noise correlator,

o {R)=2m0" 5(R). (7)

Uegn(2) == Vel 8(z+LI2) - 6(z- LI2)], (2

Following the standard proceddfedescribed in numer-
ntfo ous papers we derive the Schrodinger equation for the
8Uegh (1) = Ver[m(x,y) oz +L12) = ny(x,y) 8z~ LI2)]. center-of-mas$COM) exciton motion subjected to an effec-

(3) tive random potential,

The random functionsy, 5(x,y), with zero mean, character-
ize the deviation of théth interface from its average posi-

tion. The perturbation expansion of tiddunction is justified . .
because an interface roughness is almost always small for tf4th Uei(R) given by

A
_ﬁ*' Ueff(R):|¢i(R) =&ih(R), (8)

typical parameters in semiconductor heterostructures. The

presence of the two functiong »(x,y) distinguishes Eq(2) Ueti(R) :f (8Ug+ 8Uy) ¢(p) x2(ze) X2(z:) Ppdzdz,
and Eq.(3) from the respective equations of Ref. 3, where

the roughness of only one interface was taken into account. = U (R) + U,(R), (9)

The statistical properties of the interfacial roughness in

multilayered systems can be characterized by the heightyh€ré &Uey are defined in Eq.(3), p=pe—pn and R
height correlation functions, =(Mepetmppp)/M. For the symmetric QWs,x(-L/2)

=x(L/2), and from Eq.(3) we obtain
(m(py) mi(p2)) = b?f;{(|p1— pal), (4)

whereh is an average height of interface inhomogeneity, and
(--+) denotes an ensemble average. We assume here that the 5
dependence of both the diagonal and the nondiagonal corre- - 7R £ Bep) 1P (p)dp. (10)
lations on the lateral coordinatgsis described by the same Here g, ,.=m, /M. Hereafter we will omit an explicit depen-
function {(p). The diagonal elementf; are the constants, dence onL for the electron and hole wave functions
and the respective functions describe the lateral correlatio%9 H(L/2), always assuming that their values are taken at the
properties of a given interfaceself-correlation functions  position of the interface. The correlation function for the

The non-diagonal elements withk# | introduce correlations  effective potentiall(R) can then be expressed as
between different interfaces; the respective quantity

fiAL/oy), which can be called across or vertical- (URDU(RY)) = Tee+ T + 2Ty, (11
correlation functionis a function of the average width of the where
well and is characterized by the vertical correlation length
o (A subscript {|” denotes that the direction of the vertical Ti = hV2 1y + Fop— 2f14(L)]
correlation is parallel to the direction of growh.
The effect of the interwall vertical correlations has been X f d2pd?p’ #%(p) *(p") (IR - Bilp-p"),
previously considered in studies of the conductivity of thin
metallic films?°-31To the best of our knowledge, in all pre- (12)
vious microscopic studies of the exciton line shape in the
optical spectra of QWSs, these correlations were omitted. —h2 2.2 _
Such an approximation is valid for wide QWSs, but in the Ten= NVeViexif f1a + fo2 = 2f12(L)]

Ue,h(R) = Ve,h)(g,h(l-/z) f [m(R IBhep)

case of narrow QWs the vertical correlations are experimen- , , ,
tally confirmed—! and should be taken into account? In the X f dpd®p’ $*(p)$°(p")L(IR = Brp + Bep’)),
limit L/oy <1 it is reasonable to assume thfat=f,, and

that the interwall correlation functiorf;, tends to (f;;

+f,,)/2, which means that for the very small separation bewherei,j=e or h andR=R;-R,.

tween the interfaces one random surface spatially repeats the In all of these expressions, the terms in front of the inte-
pattern of the othe(see Fig. 3 As we shall see below, the grals determine the dependence of the correlation function
effect of the interface disorder in this case tends to cancel ouin the QW widthL, while the integrals themselves determine

(13
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the spacial correlations in the lateral dimensions. Each of 10 AR
these terms can be presented in the form sl j,l,\\ \,\ ]
T p
T;;(L,R) = hV,V|F;(L)G;(R), (14) ;;6; L 1
<4y \ \ ]
= \ \
Ry =t - 200], (19) SN
o 06564680 50 100 120
G;(R) =J d*pd®p’ ¢°(p) *(p"){(IR = Bip’ + Bip)), L (Angstrom)

(16) FIG. 4. Dependence of the correlation function of the hole-hole
interface-roughness potential on the well width in an

where the indexek, j take the valueg andh. (Note that the  Iny ,Ga, gAs/GaAs QW. The solid line is the functidf,,(L). The
order of these indices in the integrand is important. dashed line is the fourth degree of the hole wave function at the

Equations(14)—(16) can be considered as an extension ofinterface. The dot-dashed line shows the approximations of this
an often-used theory of well-width fluctuatiohgiccording  function for small and largé, given by Egs.(19) and (20). The
to this theory the width of a QW is given bg=(L)+4L, maximum of y,(L)* is approximately located at kéhzll\e‘”thVh.
where 6L is a random variable with a correlator
(8L(p1) AL (p,)) =22 exp(—|p1—po|?/ 20, ). Our approach in- B. Dependence on well thickness

troduces independent roughnesses for each of the two inter- | ot s first focus on the functiori; (L), which determine
faces#, and 7, so thatdL =7, - 7,. This results in the addi- ¢ jependence of the total correlation function on the QW
tional independent statistical parametégsand o\. In the \\iqih | For the sake of concreteness we consider in detail
first prder of the pe”‘%fbat'Q” theory, in the case of a SYMihe functionF;,. The analysis of the other functions is simi-
metrical (equal potential heightsQW both approaches can |5 The dependence &, onL comes from two factors. The
be reconciled by a proper ch0|ce of the. correlation funCt'Onfirst factor is the 4th degree of the electron’s QW wave func-
(8L(p1)SL(py)) for the QW-width fluctuations. However, al- o 14 cajculated at the interfaces= £L/2. This depen-
ready in the second order of the perturbation theory the pregence in the 1§, Gay ggAs/GaAs QW is shown in Fig. 4 by
sented approach differs qualitatively from the approach o gashed line. It is easy to understand the behavigf dbr
Ref. 3. An easy way to see the difference is by consideringhe cases of large and small widths. The characteristic scale
the limit of the absolutely correlateggaralle) interfacessee  peore s given by Mthlly"Wth since this scale deter-

Fig. 3 7,=7, Now, 6L=0, and the interface-roughness yines the number of energy levels in a finite Q=1
contribution in the theory of well-width fluctuations vanlshes+[KhL/Tr])_

completely. In our approach, the result is zeFg(L)=0,

only in the first order of the perturbation expansion. The

second order brings “mixing” of the and in-plane coordi-

nates:(V7.(p) V 7.(p') xx") = h?l (Lo )? and similar terms. » { Acogkz), z<|L/2|
x\2) =

For a finite QW the ground-state wave function has a
piecewise form,

(These results will be published elsewhgr@orrections of Bexp- «2), z=|L/2, (17)

this type can play an essential role for a not very smooth

surface corrugation. Also, the advantage of the multiplexhere K:V"Ké—kz, and k is the ground-state wave vector.

interface-roughness approach is that it can be easily extend¢dtom the normalization and matching conditions, one can

to the more complicated cases of an asymmetric QW, a QWeadily obtain the value of the square of the wave function at

in the external fields, or multiple QWs and superlattices the interface

where a right guess for the width-fluctuation correlator is not

so obvious. 2 B2 exp— kL) = [

Another apparent difference of E¢L5) from the results X

of Ref. 3 is that the interface disorder potential is determined

there by the derivative of the locally varying confinementIn the case of a wide QW, there are many discrete levels in

energy, but it does not depend on the value of the electrofhe well, and the well is “almost infinite:"k~ /L

and hole wave functions at the interfaces. These results can2m/L?ko, k= ko, and

be easily reconciled after using Ehrenfest’s theorem, 22k
0

e <

o \he| Tl . . o .

Since for large well widths the vertical interwall correlations

wheresUM™ f is given by Eq.(3). In the more general cases, are negligiblef,,— 0, Eq.(19) determines the total decrease
in which the confinement energy depends on more than onef the interface correlator with increasing width.

parameter, a perturbation theory leaves the only consequent In the opposite case of very narrow QWs, there is only
choice of expressing the interface disorder potential througlone shallow level, which can be determined from the
the values of the corresponding wave functions on the interé-functional potential approximationk= x,—L2«3/8, «
faces. ~Kk3L/2, and

K

1+ k%K + kLid)(2K?) |

(18

1
2~ ~=. 19
X B2l 22 LB (19

i

Xh,e> = <Xh,e| 5Uihn,tef(r h,e)|Xh,e> )
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2 >
= (20 Blp) =\ 3 exXB- ), (23

If one neglects vertical correlations, this expression describevsvhere)\ is a variational parameter that indicates the average
the suppression of the interface disorder for narrow We"Sexciton size P 9
because of a decreased portion of the Helectror) wave )

function inside the well. This result was obtained earlier in’heiF(;; (t:r;?re%;?% r;]dﬂf;if[ﬁ)r:ur;;g;n,’[hiﬁ?e’r;ngetr;;eer;%zt;f
for instance, Ref. 22. Interwall correlations, however, signifi- 9 ' ' b

cantly modify this dependence. For lengths smaller than théhe corrtela;t;)rGg (E)Gcag'be presehnted as a function of two
vertical correlation lengtlr; we have parameters3;; (R)=G;;(R;y;, @), where

L Y \\“’EU’L
| Bih

where y is determined by the form of the interwall correla- o )

tion factor f,, For example, for Gaussian or Lorentzian de-a@nda=min(5;, 8j)/max3;, 8j). The parametex is equal to

pendences of,(L), the parametey=2, while for the expo- unity for the electron-electron and the hole-hole correlator.

nential form of this functiony=1. Thus we obtain that, in FOr the cross ternGe, this parameter is equal to/my,

narrow QWSs, interface correlations are strongly suppresse@hich is much less than unity for the majority of the semi-
by the factor, conductor materials. This fact allows for additional simplifi-

cations when evaluating the integrals. The paramgigy
Fy(L) ~ L2, L< o, Ukg. (22) defines the ratio of the renormalized lateral correlation length

Bem of the effective holdelectron potential to the original
While the transition between the two asymptotic behaviorsorrelation length of the interface fluctuations. For holes with
of x is determined by the parametey, the behavior off;,  m,>m, this renormalized correlation length is much smaller
depends on the correlation lengt), which is a completely than the corresponding length for the electrons. The latter
independent parameter. The experimental data suggest thaiiplies that the interface disorder has a bigger impact on the
is quite possible forr, to be much larger thew,. In this  holes than on the electrons. This is also true for the contri-
case, interwall correlations can affect not only the-0  bution of the alloy disorder to the broadenittgThus, the
asymptotic ofW, but also its behavior dt > «,. Instead of  lateral correlation function can be rewritten in the following
1/L2 behavior one would have a much slower decreas&/of form:

with L, Wec L3,
From the behavior of the wave functig¢h8) we can see a8
that the maximum of (L) is reached in the vicinity ot G;(Ryy; @) = _Zyl_ d?pd?p’ exd - 2y;(p’ + a *p)]
~ 1/kqn. However, as the previous analysis demonstrates, the o7
vertical correlation functiorf,, can significantly shift this xexp- |[R=p' +p|?. (25)

position; it can also change the height and shape of the peak.

Thus, the presence of the interwell correlation tefmt o, ) . )
—2f,, in the functionFy,, can naturally explain all variety of e shall focus on its value at the origg; (0;y;,«) which
experimental results related to the properties of the curves ifétermines the variance of the potentl The expression
Fig. 1 in the vicinity of their maxima. The graph of function for Win this case can be presented in the following form:
Fun With interwall correlations taken into account, is shown

in Fig. 4. One can see that these correlations indeed signifi-  \\2= n2[f,, + f.,— 2f1, ][ V2 Gyr(0:Yer 1)

cantly affect the shape of this function. While we only dis- ) 5 X 5 4
cussed the properties of the hole-hole correlator, it is clear + 2VeViXeXnGer(0; Y, @) + VexeGed 0;yn, 1)].
that the behavior of the electron-electron and hole-electron (26)

terms is similar. . _
The calculations are easier for the cross t&gp because

) we can take advantage of the smallnessref1,
C. Dependence on lateral correlation length

In order to investigate the results of the interplay between
the lateral and interwall correlations, let us now analyze the Gg(0;yy, a) = 4y? f dttexp(— t2 - 2y,t) + O(a?) = 2y2/(1
lateral correlation functionss;;(R). Their behavior is deter-
mined by the r_atio of the pot_entia_l correlation length to +a)?-2y; exp(yﬁ)\f'q_-r[l - erfly,)] + O(c?),
the average size of the exciton in a plane, as well as by
dimensionless parameteBg and 3;,. In order to evaluate the (27)
respective integrals, we chose the normalized ground-state
function of the exciton relative motion in a quasi-two- where erfy) is the error function. The functiof27) is shown
dimensional forn$?2 in Fig. 5. It has the following behavior for small and large
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Lo e b(p) = —w exp- Vp2NZ+ 24),  (32)
S0 T : V2mA (1 +7)
g 7 ] which more accurately takes into consideration the three-
5504';"/ ] dimensional character of the exciton. The parameter
o2t/ ] =2d/\ determines the ratio of the finite average distadce
/ L between the electron and the hole in the QW to the two-

dimensional Bohr radiug. In this case, one can obtain for

the most important hole-hole correlat@ar=1) the following
FIG. 5. The thick solid line is the lateral correlation function expression:

G(0;y,1). The dashed lines are its asymptotes given by (Bi).

The thick dotted-dashed line is a cross-term correl@i@;y, 0). Its _ o 1+ 2y

asymptotegdashed linesare given by Eq(28). G(O*‘TH* \yhB) = ,82)\2(1 + 7)2- (33
402 This result formally coincides with the short-range lirydt 2
N T < of Eqg. (31) after the introduction of the renormalized effec-

2 2\ TYh v Yn 1
Ger(0:Y1, 0) ~ (29) tive Bohr radius\=\(1+1v)/\1+2y. Since the parametey
1- 3 o> 1 in this expression is usually less than or of the order of unity,
21 h :

this renormalization is not significant, and we can conclude
. that an approximation of the exciton wave function by Eq.

The calculations are more cumbersome for the electroneg) gives reasonable results, at least for the short-range in-
electron and the hole-hole contributio®;(0,y;,1). It is  terface disorder. Collecting together all of the results for the

convenient to perform a transformation to the new set okariance, we obtain in the limit of the short-range interface
coordinates which reflect the symmetry of the integfal, disorder,

h

S=pi+pa t=p1—pa  U=pia=pl+ps— 2pip, COSO. pr
W2 = h[ g+ fpp— 2f1o(L/o, )])\—é

(29)
After this transformatiof? the calculations forG; are re- V% , . Vie
duced to the one-dimensional integral, X ez +8VeVixexh * 2 | (34)
e
o [ . . . )
Gi(0.y;,1) = ylflf dse—Zyjs|:S+ (28 - 1)8—32er('3)] _ Apart frqm the_ ve_rtlcal-gorrelatlon factofllffzz—_Zflz, this
0 2i expression coincides with the results obtained in Ref. 34. As
(30) expected, in the case in which holes have a significantly

larger mass than electronghe typical situation for the
The term in square brackets in the integrand of @) isa  In,Ga,_,As/GaAs or AlGa,_,As/GaAs quantum wel)s the
smooth function that behaves ag8/3)s® for smalls and  hole-hole term in square brackets in E84) dominates. In
changes its behavior te-2s for s>1. These dependencies the opposite limit of the long-range interface correlations the
allow one to estimate the asymptotic behavior for the corfesult is

relator Gy (0:y;, 1) W2 = W41+ o 261 Llo ) (Vi + VP2, (35)

2 4
i iyL yj<1 which agrees with the conclusion of Ref. 6 obtained for a
Gi(0yy;,)=~12 84 (31) different model of the interface disorder: in the regime of the
1- 3/ij, y;> 1. long-range correlations the distribution of the effective po-

, . . , tential reproduces the distribution of the interface roughness.
The first terms in the series expansions of Eg8) and(31)

for smally correspond to the white-noise limit of the height-
height correlation function, Eq7), and they were obtained
previously in Ref. 34. They can be readily derived by the
substitution of & function instead of the last exponent in the  In order to compare the calculations\&fwith the experi-
integrand of Eq(25). The consecutive terms in these formu- mental absorption spectra one needs to evaluate the dynam-
las describe deviations from the white-noise model in thdcs of the excitons in a random potential with the given cor-
case of the short-range correlations. The dependence of thelation properties. This problem was intensively discussed
correlatorsG;;(0;y,a) on the respective parameteys is in the literature;**152Xand we are going to use the results of
shown in Fig. 5, from which one can see that corrections tdhe cited papers in conjunction with our analysis of the ef-
the white-noise approximation become significant, even afective potential. There are two main models of exciton dy-
relatively small values of the correlation length, . namics in a random model. One of them treats excitons
For the white-noise interface roughness, Ef}, the ana- quantum-mechanically in the limit of negative and large en-
lytical results can be obtained for the more elaborate excitoergies, while describing a most important intermediate region
ground-state trial functiof?, using an interpolation proceduf&?! In this approach the

IV. COMPARISON WITH EXPERIMENTAL RESULTS
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FIG. 6. Dependence of the interface-roughness-induced broad- FIG. 8. The thick solid line is the best fit for the total linewidth
ening on the perpendicular correlation lengtisland size’) o,.  displayed together with the experimental resultsangles from
The correlation length is given in terms of a number of lattice Ref. 18. The separate contributions of the interface disofaigy
constantga,,;=5.869 A). For all curves the composition concentra- and of the rescaled alloy disordéa,,) are also shown. The
tion isx=0.12, and the vertical correlation length parameter is fixedparameter-free theory for the alloy-disorder contribution discussed
by o =a. The dotted line is the rescaled alloy disorder contribu-in Ref. 13 is shown by the dash-dotted lifwithout adiabatic ap-
tion. The experimental data, shown by triangles, are taken from Refroximation. The semiclassical limit of the alloy-disorder contri-
18 and are presented here for comparison only. bution (Ref. 3 is shown by the dotted line. The fitted parameters

are oy =3ayy, 0, =1a,.

absorption line has an asymmetric shape with the linewidth
proportional toW~. In the second approach excitons areaffect the height, but not the position of the maximum and
treated semiclassicallyjf the underlying compositional or the shape of the curve. A comparison with the experimental
interface-roughness disorder is described b_y the_ Ga}ussi%ta reproduced in this figure shows that an increase,in
random process, then the shape of the exciton line is alsgrives the curves away from the experimental results. This
approximately Gaussian with a FWHM equal td  pas to be compared with the results of incorporating the in-
=2y2In(2)W. A transition between the quasiclassical anderwall correlationgFig. 7). An increase ino;, not only sig-
quantum regimes of exciton dynamics is determined by theificantly reduces the height of the curve maximum, but also
parametew=W/K,. HereK =%2/2M¢} is the kinetic energy  shifts its position toward larger values bfand widens it.
of an exciton confined in a spatial region of sizgwhere€. It would be interesting to try to fit the experimental data
is a suitably defined correlation length of the randompresented in Fig. 1 with the results of our calculations. To
potential® (also see the AppendixThe quantum limit cor-  this purpose one also needs to know the contribution of the
responds to the case<1, while the semiclassical approxi- alloy disorder to the total linewidth. Making use of the model
mation is valid wherv>1. of short-range compositional disorder in a @ithout the

In order to compare the results obtained here with opticahdiabatic approximation, one can obtain the following
experimental data, we will make use of the semiclassicajormula® for the alloy-disorder-induced varian®¥:
theory of exciton absorption, which, according to Ref. 15,

can be reliably applied to the situation under consideration. alitx(l -X) a_ﬁf"/z (2)*dz+ 8ana,

(The typical material parameters for an,®s_As/GaAs 8m? | g2 —L/2Xh he

QW yield v~5 for o, =2a,;, wherea,,=5.87 A is a lattice Lo S

constant and increases with an increase of the correlation 2 2 Qe 4

length) Using the semiclassical relation fdr, we plot the Xf_uz Xn(2)xe(2)7dz Bﬁj—uz Xe2'dz|, (36)

dependence of the interface-roughness contribution to the ex-
citon linewidth as a function of the well width in Figs. 6 and Whereayy is the lattice constant and,=dVe/dx charac-
7. Figure 6 represents curves for different lateral correlatiorierizes the rate of the shift of the conduction and valence
lengths(“island sizes}, while Fig. 7 shows how these results bands with the compositiox, The formula is given for the
are modified by the interwall correlations. The first thing tocase of a QW made of a ternary alloy. The semiclassical
notice is that the changes in the lateral correlation lengttiheory of the exciton linewidth again yields=2,2 In(2)W,
while the interpolation procedure for the quantum lffhin
effective atomic unit¥ gives A=0.50MW?. The
Ing.1Ga ggAS/GaAs QW is intermediate between these two
limits, sincev~1. In Fig. 8 we present both of th® depen-
dencies on the well thickness. Unfortunately, as we can see,
there exists a strong discrepancy between the theoretical es-
timates of the contribution from the alloy disorder and the
experimental results. Note that E(6) has two enhance-
ment factors. The first one is determined by the lateral
shrinkage of the quasi-two-dimensional Bohr’s radius of the
FIG. 7. Dependence of the interface broadening on the vertica®Xciton (0.5<A <1). Another stronger enhancement param-
correlation length(“island size’) . All curves are drawn fowr eter, 1/,822(M/me)2, is due to heavy hole’s mass. It is not
=2a,. the goal of this paper to uncover the causes of this discrep-

0 30 60 90 120 150

L (Angstrom)
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ancy. However, common wisdom tells us that in the bulk
limit of a very wide QW(L > ag) only alloy-disorder contri-
bution should survive. The simplest way to adjust the theory
is to introduce a phenomenological scaling down\gf,,to

the value that should coincide with the experimental results
in the limit of the largel. asymptote. Although at present the
reason for such rescaling is unknown, it is hard to imagine
that the proper theory of alloy-disorder contribution will
change the dependence of the variance on the well thickness
L determined by the integrals in E¢36). Since our main
purpose is to eluqidate the 'ro'le of the .interwall Correlat'ions FIG. 9. Semilog arithmic plot of the normalized lateral correla-
rather than to revise the eX|s_t|ng theor'es _Of the al_loy dlsor'tion functionsG;;(R;y;, @). The normalization is chosen in a way to
der, we carry out this operation, keeplng_ln mind its p_ureIYhave the hole-hole correlator equal to unityRat0. Data are given
technical nature. The results of the best fit performed in thigy; y. =0.1. The ratiom,/m,=0.178 was chosen to depict the real-
way are shown in Fig. 8 along with the best fit values of thejsiic case of the InGaAs/GaAs QW. The dotted-dashed lines for the

Iatgral and vertical correlation Iepgths. Performing a similat, 1o _hole correlator are limits of small and largdsee Eq/(AS5)]
fitting procedure for other experimental dependencies of the

FWHM on well thicknesgshown in Fig. 1 we obtained the
following values(normalized on lattice constaaf,) for the Als) = <2 Ungw(R)
- I
i

Gy;/Gn(0)

R (apAGe/2)

lateral and inter wall correlation lengths in@®g, _,As/GaAs
QWs: for x=0.09 o, =1, 0,=20, for x=0.18 0, =1, 0
=10, forx=0.110, =1, 0 =5, forx=0.120, =1, 0/=3, for )
x=0.1350, =4, 0, =13. The most important result of this Wheres; and ¢;(R) are the corresponding energy and wave
exercise is the demonstration that the fit would not be posfunctions of the Schrédinger equati@8) for the exciton’s
sible at all without taking into account the interwall correla- COM. The shape ofA(¢) depends on the strength of the
tions. We would also like to stress that it is not possible todisorder. The latter can be roughly measured by the param-
achieve a good agreement with the experimental results bgter v=W/K., where W=(U¢(R)? is a variance of the
omitting the interwall correlations and using only the alloy- potential energy induced by fluctuations, aig=#%2/2M¢?
disorder scaling as an additional fitting parameter. We conis the kinetic (“correlational®) energy of the exciton. The
clude, therefore, that the interwall correlations play an im-parameter{. determines the confinement of the exciton’s
portant role and must be taken into account whenCOM wave function. It can be extracted from the
interpreting the experimental results. knowledgé® of the lateral dependence &hfor the correla-

tion functionsGj;(R,y;, @) since

2
Se—¢g) ), (A1)

V. CONCLUSION

In conclusion, in this paper we address the influence of
vertical int_erwa_ll correlations between the rough interfaces eE:f dPR(U(R)U(R - R'))W2. (A2)
on the exciton line shape. We show that the presence of these
correlations strongly suppresses the interface-disorder contri-
bution into an inhomogeneous broadening. The latter means .o«
that for narrow quantum wells it might happen that the exci- how that all of the dist led by factayg)/2
ton linewidth tells more about the quality of the barrier ma- oW that all ot the distances are scaled by fac )12,
terial than about the quality of the interface, contrary to what-€.,R=2R/(A;). For the cross-term correlator in the limit of
is often claimed in the experimental literature. On the otheheavy holes and light electrons the result is simple again,
hand, the differences in the interwall correlation lengths can
account for the variety of the positions, strengths, and sharp- ) ~
ness of the FWHM dependence on the well width for experi- Gen(R;Yn, @) = Gen(R;yn,0) = 2y exp(-R),  (A3)
mental data obtained by different research groups.

white-noise” height-height correlatér) one can
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APPENDIX: DEPENDENCE OF THE LATERAL
CORRELATION FUNCTION ON R

(Ad)
The calculation of the exciton absorption line shape is

equivalent in the dipole approximation to the estimation ofThe function f(R) has the following limits for small and
the optical density functioh, large distances:

155303-9



PONOMAREYV, DEYCH, AND LISYANSKY PHYSICAL REVIEW B71, 155303(2005

Iy 1~y o roughnes§.One can show that such exponential asymptotes
1 _ZR + 1_2R » R<1 also persist for the long-range Gaussian correlgay. (6)]
f(R) =~ — (A5)  whenR/y>1. Since
7R3 ~ = 2
— - R>1.
Vg &R, GedR) = (ﬂe) th<R”—‘e>, (A6)
My My

Thus, even though the initial correlator of the interface fluc-we can see that the lateral part of the electron-electron cor-
tuations was of the white-noise type, the effective noise forrelation function is suppressed by the factor/my)?, but it

the exciton potential is colored with exponential tails andhas a larger correlation length. Overall, the localization
with a correlation length of the order of the exciton radius.length €. is determined however by the hole-hole tefin
Similar results were obtained earlier for the bulk composi-~\B.. The normalized lateral correlation functio;(R)
tional fluctuation®® and for the island model of interfacial are shown in Fig. 9.
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