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Exciton localization by potential fluctuations at the interface of InGaAs/GaAs quantum wells
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Photoluminescence measurements in InGaAs/GaAs quantum wells, both doped and undoped, have provided
evidence of a bound exciton of intrinsic origin with peculiar properties. The intensity of this bound exciton
exhibits an unusual dependence on the exciting power density. Its relative strength with respect to the free
exciton is strongly modified by small changes of the excitation wavelength. Its linewidth closely matches that
measured for the heavy-hole free exciton, independent of well width and indium concentration. These features
lead one to conclude that the intrinsic bound exciton is localized by a photoassisted interfacial roughness.
Possible microscopic origins of such a localizing potential are also tentatively given.

[. INTRODUCTION ness by one or more monolayers and have lateral extent of
the order of, or larger than, the exciton diaméterpicture
The potential fluctuations at interfacessually referred to  often questioned® A roughness on a smaller lateral scale,
as interface roughnesare an extrinsic and annoying feature with several well widths within the exciton diameter, is
of the semiconductor heterostructures since they strongly irclaimed, instead, to give rise to a luminescence with FWHM
fluence the optical properties of quantum-w@Ww) struc-  Of several meV. In InGaAs/GaAs quantum wells, however, it _
tures. Although interface roughness is supposed to be rd1as been recently shown that a roughness on a small scale is
duced by improving the growth technique, a certain degre&€onsistent with narrow~1 meV) PL line s_hapeé. _
of disorder at the interface is an intrinsic and unavoidable N this paper, we report the systematic observation of a
feature of the heterostructures, which makes them differeffioublet in the conventional PL spectra of a large set of
from bulk materials. One of the most important effects in-Strained InGa, ,As/GaAs quantum wells grown by mo-
duced by the interface roughness is the localization ofécular beam epitaxyMBE). The doublet is made up of the
excitons! So far, the presence of such intrinsic defects in"€combination of the heavy-hole free exciton and of a lower-
QW structures has been usually inferred from the presence §nergy line, BE (where BE is bound excitonThe compari-
a Stokes shift between the exciton peak energies in the ph§°n With carbon-doped samples allows us to state that the
toluminescencéPL) and the PL excitatioiPLE) spectraE'Z Iow-energy .structure is not associated with an gxmton bound
although this picture has been recently a matter of debate.t0 an impurity. The B band shows some peculiar features:
In GaAlAs/GaAs QW's, resonant Rayleigh scattefing (i) its intensity has an ynexpected dependence on the exciting
and four-wave mixinghave shown the presence inside of anPoWer density, quite different from that observed for excitons
inhomogeneously broadened excitonic absorption band of Bound to extrinsic impurities; andi) its relative weight in
mobility edge with localized states lying on the Iow-energythe doubIeF Ilne shape is strongly modified b){ slight changes
side of the band. As a matter of fact, highly spatially resolvec®f the excitation energy. The overall behavior of the ;BE
PL spectraresolution better than &m) (Refs. 6 and Yand features points towar(_j an exciton localization due to disorder
have recently shown that the narrow (1 meV) heavy-hole @t the InGaAs/GaAs interface.
free exciton(HHFE) band commonly observed in GaAs/
AlGaAs QW's results from the convolution of many very Il. RESULTS
narrow linedfull width at half maximum(FWHM) less than
one tenth of a meY Those lines have been claimed to be  Although the results reported in this paper have been ob-
associated to excitons localized at the GaAlAs/GaAs interserved in tens of samples with different alloy composition,
faces. On the other hand, conventional, i.e., spatially unrewe will refer mainly to samples with indium content in the
solved, PL spectra sometimes exhibit several inhomogealloy x = 0.09 (well width 1<L <25 nm andx = 0.18
neously broadened exciton peaks. Most authors havévell width 1<L <14 nm). These two sets of samples are
attributed those multiplets to recombination of excitons lo-those used in Ref. 11 to investigate the FWHM of the HHFE.
calized in regions of the quantum well, which differ in thick- In general, single- and multiple-quantum-well structures
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FIG. 1. Photoluminescence at= 5 K of three different quan- 1.464 1.467 1.470
tum wells. The energy is measured with respect to that of the
HHFE: (@) x = 0.09,L = 1.5 nm, undopedHHFE peak energy- Energy (eV)
1.504 eV; (b) x = 0.11,L = 4.0 nm, undope@HHFE peak energy
= 1.468 eV}; (c) x = 0.10,L = 20 nm, C doped (HHFE peak FIG. 2. Photoluminescence spectra of a quantum well with
energy= 1.444 e\j. 0.11,L = 4 nm for different values of the exciting power density

Pexe- Po = 2X10°2 Wcem™2. The ratio between the integrated
have been investigated, undoped and carbon doped. The uintensities of the BEand HHFE recombinations is reported in the
doped samples were grown by MBE in a Varian Genll ma-inset vsP,c.
chine at 520°C on GaA%00. Carbon-doped samples,
grown for other purposes in a different machine of the samé&-doped samples. We point out that carbon is the typical
type at 580 °C, have been studied in order to verify the inunintentional impurity in GaAs-based materials grown by
trinsic origin of the bound-exciton recombination object of MBE. We therefore might expect recombination from exci-
this paper. tons bound to extrinsic, unintentional impurities at the en-

The PL spectrum af = 5 K of sample 1k = 0.09,L =  ergy typical for the BE .

1.5 nm) is shown in Fig. 1a). The luminescence consists of ~ As far as the intensity of the BHs concerned, it is weak

a single band due to the recombination of a HHFE withfor very narrow well§and even not observed for small val-
FWHM equal to 0.6 meV. It has been already mentioned thaues ofx—see, e.g., Fig. @], then it becomes stronger and
In,Ga,_,As/GaAs quantum wells may have very narrow stronger as the well width increases, and finally it weakens
photoluminescence bands, despite the fact that they again for very wide wells. For samples with= 0.09, the
strained and have an alloy as well material. The HHFE origirBE; recombination is no longer observed for 20 nm. For

of the band reported in Fig(4) is supported by the tempera- X = 0.18, the recombination is weaker in the 14-nm-wide
ture dependence of its peak energy, which closely follow€QW than in the 7-nm-wide QW.

that reported for the free exciton of bulk GaAs. Indeed, when The dependence of the BEntensity on the exciting
exciton recombination has a strong contribution from apower densityP,. is quite peculiar, as shown in Fig. 2
bound exciton, the energy shift of the PL peak with the temwhereP,. changes over three orders of magnitude PA.
perature gets smaller because the PL gradually evolves from Py = 0.02 W cm 2, the HHFE band dominates the spec-
being dominated by the BE recombination, at low temperatrum and grows linearly withP,., while the BE intensity
ture, to being dominated by the HHFE recombination, atincreases almost quadratically witlP.,.. At power
high temperature. No evidence has been found in the spe@0?x P,, the two signals are comparable and both grow
trum shown in Fig. (a) of multiplet structures due to forma- linearly with Pg,.. At P, = 103X Py, the intensity of the
tion of large terraces at the interfaces, or to extrinsic recomBE; saturates and the HHFE dominates again. A fit to the
bination at impurity sites. data has been performed in order to obtain the integrated

The PL line shape al = 5 K changes when the well intensity of the different bands. The ratio between the inte-
width and/or the In content increase. In FigbJl the photo-  grated intensity of the BEand of the HHFE is reported vs
luminescence of sample X = 0.11,L = 4 nm) is reported. P, in the inset of Fig. 2. This behavior of the BEecom-
The photoluminescence of the carbon-doped sampbe 3 ( bination with the exciting power has been observed in all
0.10 andL = 10 nm is shown in Fig. 1c). The emission samples, undoped afZidoped. It has been observed also for
exhibits a triplet of states, with thé-related emission BE3  several excitation wavelengths, 458 nm, 720 nm, and 830
meV below that of the HHFE, and 1.8 meV below that of thenm, the latter corresponding to an energy below the GaAs
BE;. band gap.

The low-energy band of the doublet shown for 2 behaves The behavior reported in Fig. 2 for medium to high
like a bound-exciton recombination and disappears at temP,,. is that typically observed for bound excitons: for in-
perature around 30 K. However, it is not due to recombinacreasing excitation power the number of occupied states ap-
tion of an exciton bound to unintentional impurities, as be-proaches the number of impurity sites and the intensity of the
comes clear by comparison with the results obtained in th&E recombination relative to that of the HHFE becomes
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FIG. 3. Photoluminescence spectra of a quantum well with
0.185 andL = 4 nm (sample 4 for three different values of the
excitation energyEg,c. (&) Egye = 1.473 eV;(b) Ey. = 1.467 eV,
(C) Egyc = 1.463 V.

FIG. 4. Binding energy of the BEstate measured with respect
to the HHFE state for samples with= 0.09, 011, and 0.18. In the
inset, the BE binding energy at fixed well width. = 8 nm is
reported vs indium concentration

smaller and smaller. This is, indeed, the behavior we observi@terface roughness and alloy disorder on the ; BE
for the C-related recombination i€-doped samples, as will recombinatiort:

be shown in the following. The behavior reported in Fig. 2 at
low P, is instead unexpected and typical of the ;Biand
observed in this work. It is worth mentioning that, in some

§amples, at very low excitation power the Biitensity van- As far as BE line shape and binding energy are concerned,
ishes. , _ recombinations similar to the BEhave been already re-

Another pecu_llar feature of the PI._ doublet in the Un-horted in the PL spectra of undoped InGaAs/GaAs QW's.
doped samples is the strong change in the relative intensityhose recombinations have been tentatively attributed to an
of the BE and HHFE recombinations for small changesexciton bound to unintentional dopifgto biexcitons:® or
(= 10 meV) of the excitation wavelength, as shown in Fig. to bound-to-bound transitiort§. The presence of exciton lo-

3. The integrated intensity of the three spectra is almost thealization induced by alloy disorder has been claimed in
same. The complicated behavior shown in Fig. 3 does nainGaAs/GaAs QW's on the grounds of an anomalous behav-
depend on the sligthly different exciton densities connectedbr with temperature, well width, and indium concentration
to the different excitation wavelengths. In fact, we foundof the linewidth of the HHFE bantP A similar kind of ex-
essentially the same behavior when the exciting power dersiton localization, also attributed to alloy fluctuations, has
sity was changed within one order of magnitude. Thereforebeen observed in indirect-gap @%s,_,P°

the dependence of the PL spectra on excitation energy shown In our samples, it can be ruled out that the ;BEcombi-

in Fig. 3 cannot be ascribed to the dependence of the Bation is due to an exciton bound to an unintentional dopant
i/HHFE intensity ratio on the exciting power density. on the grounds Qf the measurements _made ?n samples.inten-

The value of the binding energy of the BEas measured tlon_ally_ doped with carbon — the typlcal_ unintentional im-
with respect to the HHFE, is reported in Fig. 4 as a functionPUrity in MBE grown GaAs. Photoluminescence spectra
of L for three values of In concentratior & 0.09, 0.11, and
0.18. Whenever the doublet structure was not well resolved
at low T, a deconvolution of the PL spectrum has been done 3
in terms of two bands. Despite a sizable scattering, the data 3l e -3
in Fig. 4 show that the BEbinding energy exhibits a maxi-
mum vsL for x = 0.18, as expected on the grounds of the
dependence oh of two competing effects: carrier localiza-
tion and wave-function penetration into the barrier. More-
over, from Fig. 4, at alL’s the binding energy increases with
X. This is confirmed by the inset, where the BRinding
energy is reported as a functionxfor a set of samples with
L =8nm.

Finally, we report in Fig. 5 the FWHM of the BHine. 0 '
The FWHM of BE closely matches that of the HHFE re-
combination(also shown in Fig. band shows a maximum
for intermediate well widths. As will be shown in the follow- FIG. 5. FWHM of the HHFE and BFEluminescence vs the well
ing section, this feature points toward a direct influence ofwidth for x = 0.09 andx = 0.18.

Ill. DISCUSSION

Let us now discuss the origin of the BEecombination.

4

BE x=0.18
FE x=0.18
BE x=0.09
--FE x=0.09

FWHM (meV)
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localized by the potential fluctuations generated by the inter-
face roughness. As mentioned above, the FWHM of the
BE; recombination closely follows that of the HHFE recom-
, bination. In the same InGaAs/GaAs QW'’s reported here, it
x10F, has been showhthat the FWHM of the HHFE is explained
in terms of the disorder induced by the interface roughness
and by the random composition fluctuations of the alloy in
the well. It is quite likely that the same mechanisms are
responsible also for the FWHM of the BEFor wide wells
the interface roughness gives a minor contribution to the
FWHM and we find, indeed, that the contribution to the dou-
blet of the BE recombination weakens. This suggests as
well that the potential fluctuations responsible for the local-
ization of the BE are mainly due to interface roughness. The
weakening of the BEfor very narrow well widths can be
attributed, instead, to the great extent of the electronic wave
Energy (eV) functions in the barriers. Indeed, the intensity of the interface
contribution goes to zero fot = 0 as it happens for the
FIG. 6. Photoluminescence spectra of a quantum well with  influence of interface roughness on the FWHMt may be
0.10,L = 10 nm for different values of the exciting power density. Worth recalling that a weak recombination 0.7 meV below
P, = 5X10™* W cm~2. The ratio between the integrated intensi- the HHFE peak has been reported in 0.57-nm-wide undoped
ties of the BE. and HHFE recombinations is reported in the inset vsIn o ;Gag 6/As/GaAs QW's'* This recombination has been
Pexc- tentatively attributed to a bound-to-bound transition involv-
ing a shallow bound electron and a shallow bound hole more
taken at different values of the exciting power density areclosely spaced than they are in the HHFE, although the exact
shown in Fig. 6 for theC-doped sample 3, already shown in nature of the centers involved has not been clarified. Very
Fig. 1(c). The BE recombination is clearly resolved and recently, an intrinsic bound exciton has been observed for
exhibits as a function oP,; the same anomalous behavior x=0.15 and attributed to indium accumulation at the
observed in the undoped samples. In the spectra taken at theGaAs/GaAs interfac&’ However, the values of the bind-
lowest power, the BE recombination appears as a shouldering energy of the BEfound in the present work are much
~3 meV below the HHFE band, a value very close to thatsmaller than those reported in Ref. @g., 7 meV for. =
reported for excitons bound to neutral carbon in GaAs. A8 nm andx = 0.2, to be compared with a value smaller than
shown in the inset, the intensity of this recombination fol-3 meV in the present work, see Fig. Moreover, it has to be
lows the behavior normally observed for an exciton bound tmoticed that the binding energies of the BEecombination
an extrinsic impurity. At low exciting power density, it in- observed in our work lie within the FWHM of the band
creases linearly witl.,., as the HHFE band does, and satu- attributed to HHFE in Ref. 20.
rates at the highest value &%,.. It is also worth stressing In the case of InGaAs/GaAs coupled-quantum-well struc-
that the BE structure has been systematically found in atures, a disorder in the growth direction, due to indium flux
very large set of samples grown at different temperaturefluctuations during the growth of different wells, has been
with different MBE machines, as well as in samples grownclaimed to give rise to localized holes, which then recombine
with and without the growth interruption technique. There-with free electrong? This picture cannot apply in our case.
fore, it is quite unlikely that other less common, uninten-Indeed, we have observed exciton localization also in single
tional impurities are present in all those different samples. QW's, where disorder can only occur in the growth plane,
The measurements made as a functiorPgf. show that due to interface roughness.
the intensity of the BEincreases quadratically at low exci-  As for the lateral extent of the potential fluctuations giv-
tation. This might support the attribution of this recombina-ing rise to the BE, an exciton localization of the type de-
tion to biexcitons or to trions, a complex formed by threescribed in this work can be only understood in terms of a
mutually interacting carriers, which has been often claimedluctuation scale much smaller than the exciton diameter. Po-
to account for new PL lineS. Moreover, the BE binding  tential fluctuations on a scale greater than the exciton diam-
energy measured in the present work is consistent with thagter would bring us, indeed, to the observation of several
of biexcitons in GaAs QW'Y{~1 meV),'® as well as with peaks due to HHFE recombination in different parts of the
that of trions(~2 me\).’® However, the saturation of the sample, as reported, e.g., in Ref. 9. A roughness on a small
BE; intensity with exciting power density observed in the scale is consistent with the analysis of the FWHM of the
present work calls for biexcitortrion) ionization at high HHFE, from where a lateral extent of the interface roughness
particle density or biexcitoritrion) localization at a finite of about 2 nm has been inferréti.e., a value smaller than
number of centers. Those features, as well as the dependertte exciton diameter30 nm.
of the BE/HHFE intensity ratio on the incident photon en-  The microscopical origin for the BErecombination re-
ergy can be hardly understood in a “simple” biexciton mains to be explained. The quadratic dependence of the
(trion) frame. BE; intensity on the exciting power density suggests that
As an alternative, more consistent explanation, we sugphotogenerated carriers might induce a lattice readjustment
gest that the BErecombination arises from excitons weakly that gives rise to centers capable of localizing an exciton.

1% 10t 10
P (Wem?)
e

PL Intensity (arb. units)

1.440 1.443 1.446
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These centers are most likely formed at the interfaces, where BE;, as well as to explain its quite complex carrier dy-
the lattice mismatch and the ensuing strain favor the formanamics — see, e.g., the dependence of the PL spectra on
tion of weak bonds. This picture could also explain the for-excitation wavelength reported in Fig. 3.

mation of deeper fluctuations for increasirg at fixed L,

reported in Fig. 4. It may also be worth mentioning here that

near-edge states have been invoked to explain a PL band IV. CONCLUSIONS

observed in hydrogenated bulk GaAs, from 50 to 90 meV S
below the GaAs band eddéln that case, the insertion into An intrinsic PL band, BE, has been observed on the

the GaAs lattice of an H atom gives rise to a lattice defor_low-energy side of the_heavy-hole free exciton in the low-
: : . temperature photoluminescence spectra of InGaAs/GaAs
mation and to the insurgence of weak bonds, the possibl

origin of near-edge donorlike and acceptorlike states. In th Suantum wells. On the grounds of a strong analogy between

present case, photogenerated carriers and weak bonds shoHO line shape of this recombination and that of the heavy-

give rise to donorlike and acceptorlike states localized at the € free exciton, we suggest that_ the ‘Bﬁmd_'s due to an
interface where excitonéor electrons and holescould be éxciton bound to potential fluctuations at the interface whose

trapped. The possibility that the superlinear behavior at Iowdma"e‘j microscopic origin remains to be understood. The

o . L . 1peculiar dependence of the bound exciton intensity on the
exciting power density could be due to an initial saturation o o Lo . L
xciting power density indicates that exciton localization

nonradiative states can be ruled out, instead, on the groun&s . . . .
. : centers are activated by the carriers photoexcited in the
of the observations made on the BEtate. In fact, in the uantum-well structure
same samples where the BHHFE intensity ratio shows a q '
maximum withP,., the BE./HHFE ratio exhibits the stan-
dard behavior for extrinsic impurities: it remains constant at ACKNOWLEDGMENTS
low P, and decreases at hidPy,..
We have in progress extensive PLE and time-resolved The work at Fondazione Bordoni has been carried out
measurements, which should help us to clarify the origin ofwithin the agreement with the Italian P.T. administration.
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