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Interface disorder and inhomogeneous broadening of quantum well
excitons: Do narrow lines always imply high-quality interfaces?
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It is a commonly assumed that narrow lines in absorption or luminescence of quantum well excitons
at low temperatures indicates high quality of quantum well interfaces. We show, that at least for
narrow quantum wells, this is not always the case. Correlations between morphological fluctuations
of two interfaces confining a quantum well, which were neglected in previous studies of exciton line
shape, strongly suppress an inhomogeneous broadening due to interface dis@0@4. AAnerican
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Absorption and luminescence exciton spectroscopies ariaterfaces >~ The main goal of this letter is to calculate
among the most informative tools for studying quantumthe r.m.s fluctuationy, of a random potential acting on QW
wells (QW) as well as other semiconductor heterostructuresexcitons in the presence of interwall correlation. In order to
Therefore, a great deal of effort has been devoted to estalestablish the connection between our results and experimen-
lishing the connection between spectral line shapes and tHal observations, we will use the results of Refs. 1 and 16,
microscopic properties of QW structures. In particular, it hasvhere relations betweel and the exciton linewidthA,
been established that low-temperature exciton linewidths ivere extensively studied.
absorption and photoluminescence in QWs is predominantly The r.m.s value of the random potential is defined as
inhomogeneous The shape of the spectra is determined byW= (U (R)?), were Uy is the effective potential acting
various types of disorder, and it is currently generally ac-on the center-of-mass€COM) exciton wave function due to
cepted that the spectral width in QW is directly related to thenterface disorder. An expression for this potential for a sim-
quality of interfaces, so that the luminescence spectra praplified model of a symmetric QWhboth conduction and va-
vide a quick and simple quality assurance tool for QWlence bands are nondegenerate and have an isotropic para-
growth.2 We show in this letter, however, that interwall cor- bolic dispersion characterized by massegs and m,
relations could significantly alter the quantitative relation be-respectively can be presented in the forlg(R) =U(R)
tween the exciton line width and quality of the interfaces. +Up(R), whereUg(R) is

It is usually assumed that fluctuations of QW interfaces
are no.t corr_elate_d, SO t_h_at their contribution to the total eX- Ugp(R) :Ve,th,h(L/Z) f [71(R £ Brep)
citon line width is additive. At the same time there exist
direct and _c_onvincing eyidences that the morphological in- _ ﬂz(Riﬂh,eP)]¢2(P)dzp- (1)
homogeneities of these interfaces are cross correlated. These
correlations were seen by cross-sectional scanning tunnelirigere Ve are the heights of the electraole) confining
microscopy’ scattering ellipsometry,and x-ray reflection potentials,x.(2) are single electroihole) wave functions,
measurements® Theoretically the importance of such corre- describing the quantized motion in the growi direction,
lations for physics of low-dimensional structures was firstL is the well thickness, p=p.—p, and R=(mgp,
emphasized in Refs. 7-9, where conductivity of ultrathin me-+mypy)/(me+my,) are the relative and the COM coordinates
tallic films was considered. Surprisingly, all existing theoriesof an electron-hole pair in the plane of the QW) is a
of the inhomogeneous exciton linewidth unjustifiably neglectground-state exciton wave function of in-plane relative mo-
these correlations, although, as we show here, they signiftion, and B, ;=my ¢/ (Me+my). Zero-mean random functions
cantly affect inhomogeneous broadening of exciton spectrag, ,(x,y) characterize deviations of thth interface from its
One of the important practical conclusions of this work isaverage position. The presence of two functionsy(X,y),
that, contrary to popular belief, narrow spectral lines do nolistinguishes Eq(1) from the corresponding equations of
always imply good quality interfaces but can be the result oRef. 12, where the roughness of a single interface was taken
a line narrowing effect of the interwall correlations. into account. The statistical properties of the interfacial

QWs are generally heterostructures formed by a binaryoughness in multilayered systems can be characterized by
semiconductor (AB) and a ternary disordered alloy the height-height correlation functions
(AB;C,). There are two major disorder mechanisms re- o
sponsible for the inhomogeneous broadening. One is compo- (7P 7 ((p2)) =&l oo~ ) 2)
sitional disorder caused by concentration fluctuations in avhereh is the average height of the interface inhomogeneity,
ternary component of the QW The other, which is the and(...) denotes the ensemble average. We assume that the
main object of our study, is the roughness of the QW wallsdependence of both diagonal and nondiagonal correlations
caused by the formation of monolayer islands at theon the lateral coordinatgsis described by the same function

{(p). For the diagonal element$§; =1, and the respective
Iauthor to whom correspondence should be addressed; electronic maifunctions describe lateral correlation properties of a given
ilya@physics.qc.edu interface (self-correlation functions Nondiagonal elements

0003-6951/2004/85(13)/2496/3/$22.00 2496 © 2004 American Institute of Physics


http://dx.doi.org/10.1063/1.1793341

Appl. Phys. Lett., Vol. 85, No. 13, 27 September 2004 Ponomarev, Deych, and Lisyansky 2497

AR W~ L2, L<§& kg, (5)

and is strongly suppressed compared to the case in which
vertical correlations are absent. Sinegand ¢ are indepen-
] dent parameters, the transition between the two asymptotic
d - behaviors ofy andf,, also occurs independently of one an-
O 2 DL amrony other. Experimental data suggest that there are situations in
which &> kq. In this case, interwall correlation affects not
FIG. 1. (Color onling The dotted line showgi(L/2) and the solid line  only the L— 0 asymptotic ofW, but also its behavior fok
presents functiofr,,(L). All calculations were made with parameters typical > k. Instead of a 113 behavior one would have a much
for 1o 152 gAS/ GaAs QW. slower decrease ofV with L: WeL*3, This result is ob-
tained under the assumption of positive interwall correla-
with i # j introduce correlation between different interfaces;tions, f1%> 0. Theoretically, a negative sign df, is also
the respective quantityf;,(L/£), which can be called a possible’ In this case, instead of the narrowing of exciton
crossor vertical-correlation function is a function of the spectra, the intercorrelations would result in extra broaden-
average width of the well and is characterized by the verticaing. It appears, however, on the basis of structural stutfes,
correlation lengthé. In the limit L/£<1 it is reasonable to that in known systems the correlations are positive.
assume that the interwall correlation functibgy tends to The presented analysis demonstrates, that the vertical
unity, which means that for a very small separation betweemorrelation functiorf,, can significantly shift the position of
the interfaces one random surface follows the contour of th¢he maximum ofW(L) as well as change its height and
other. In the opposite limitl./§>1, of a large well thick-  shape. Experimentally observed dependenids) are char-
nesses,, should vanish. The value of the vertical correlation acterized by a great variety of positions, widths, and heights
length ¢ depends on the growth process. of the maxima,"*® which cannot be explained by existing
The r.m.s value of the random potenti#, is a sum of  theories even when compositional disorder is taken into ac-
three termsW=Ty,+2Tep+Tee Where functionsT,; (in-  count. Since the vertical correlation length is strongly depen-
dexesa and S take valuese or h) can be presented as dent on the growth conditions of the QW, interwell correla-

T5(L) =20V, V4F 4G, 5. FunctionsF s, defined as, tions can naturally explain the full range of experimental
— 2.2 results. The graph of the functidf,, with interwall correla-
Fap(L) = Xaxl 1~ fraL)], (3 tions taken into account is shown in Fig. 1. One can see that
determine the dependence\&fon the thickness of the QW these correlations indeed significantly affect the shape of this
and are the main object of our attention. function. While we only discussed properties of the hole-

hole correlator, it is clear that the behaviors of the electron-
, electron and hole-electron terms are similar.
Gaﬁzf dpd’p’ ¢%(p) ¢*(p") ¢ Bap” = Bupl) (4) In order to compare calculations W with experimental

) ) ) _ ) absorption spectra, the dynamics of excitons in a random
describe the effect of partial averaging of microscopic potenpotential should be evaluated for various correlation proper-
tials by the lateral motion of the exciton. For QWs with a ties, Exciton absorption in the situations under consideration

heavy hole and a light electroim,>m), the main contri-  can pe reliably describé®by the semiclassical theory, in
bution to the variance comes from the hole-hole correlatoyhich the exciton inhomogeneous line shape is given by a

Thn, since a rather massive hole averages only a small vVolgayssian with widthA=2y2 In 20W2 _ +W2 )12 where

. . comp int
ume around the COM of the exciton, whereas a light eIec"‘)r?lvwmptakes into account alloy disorder. Using the results of

is spread out over a much greater area of the order of thggtg. 1, 11, 16, and 19 in conjunction with our analysis of
square of Bohr's radius. Let us consider the functiof, (L), we can find the interface contribution fo However,

in detail. The dependence &, on L comes from two fac- iy grger to it this function to experimental data we also need
tors. The first is the fourth power of the electron QW wave, aye compositional disorder into consideration. R.m.s of

function, xj, calculated at the interfacess: £L/2. This de- e gisorder potential due to compositional disorder was cal-
pendence for g, Ga ggAs/ GaAs QW is shown in Fig. 1 by ¢ jjated in Ref. 12, while theories of exciton broadening in
the dotted line. In the limit of wide wells, WhehfllKOh this case were given in Refs. 11 and 12. Unfortunately, all
=1/\2myV, xn(L) decreases with according tox,~1/L%  existing theories are in a strong quantitative disagreement
In the opposite case of narrow QWIs=<1/kgh, x(L) be-  with experimental results. It is not the goal of this letter to
haves ag~ 4,L/2. If one neglects vertical correlationg!  uncover the causes of this discrepancy. However, common
determine$’ W(L) with asymptotes given by these two equa- wisdom tells us that in the limit of very wide QW only the
tions and a maximum &t~ «qp,. alloy disorder contribution should survive. The simplest way
Interwall correlation, however, significantly modifies to adjust the theories is to scale alloy disorder contribution to
this behavior. First, it introduces a length scale, the verticathe linewidth, Agom, to the value that would coincide with
correlation lengtrg, which is independent ofyy,. For lengths  experimental results in the limit of larde The results of the
smaller tharg, the interwall correlation function behaves as, best fit performed in this way are shown in Fig. 2. We were
1-f1,~(L/€)” wherey is determined by the form of;,.  able to achieve a similarly good fit to the experimental data
For example, iff,(L) is a Gaussian or Lorentzian, the pa- obtained for other material systethsis well. This fit would
rametery=2, while for an exponential functiof,,, y=1.  not be possible at all without incorporating interwall corre-
For narrow QWs, for whiclL is smaller than botlf and kg, lation even if alloy disorder scaling is used as an additional
the r.m.s of the random potenti& becomes fitting parameter. We conclude, therefore, that interwall cor-
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