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Microroughness and exciton localization in(Al,Ga)As/GaAs quantum wells
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We report on microscopic photoluminescence and photoluminescence excitation of ffBefAs/GaAs
guantum wells grown on exactly orienté@D1) GaAs substrates. The experiments are done at low temperature
by selectively exciting a fewum? of the sample with a low excitation intensity. The photoluminescence
spectrum performed under these conditions shows sharp peaks appearing on the low-energy side of the main
line of about 0.1-meV width. These features are attributed to localized exciton states at fluctuations of the
effective quantum well thickness. On the other hand, scanning tunneling microscopy performe<don 2
reconstructed GaA&O01) surfaces clearly evidences the presence of one-monolayer-deep elongated “holes”
regularly oriented along tHel 10] direction with an average width of 6 nm. The same features are observed on
2X4 reconstructed AlsGa, /As surfacegon which quantum wells are growrthough the width regularity is
less pronounced. This strongly suggests that excitons at low temperature are localized in such boxes. We also
discuss the very different results obtained using both techni¢umésro-photoluminescence and scanning
tunneling microscopyon quantum wells grown on vicin&001) substrates.S0163-182@7)03708-9

I. INTRODUCTION from the observation of the 1-ML splitting measured in QWs
grown with growth interruptions which is not constant across

Ultimate interface smoothness in semiconductor heterothe samplé, from the study of Stokes shift and of excitonic

gations. Interface roughness is detrimental in order to obtaiff!dividual lines in the photoluminescence or PL excitation
(PLE) spectra of QWs% either using micro-PI(Refs. 10—

sharp and controlled optical transitions in quantum Wells13 field . tical mi Ky Indeed
(QW) and superlattices, and also high-mobility modulation- ) or near leid scanning optical microscopyIndeed,
though classical PL experiments have already given impor-

doped heterostructures. ) ) . ;
b tant information about the heterointerface structure, this

We deal here with the topical case @4l,Ga)As/GaAs techni h its limitati sing f th tial
guantum wells. The trapping of excitons onto interface del€cnnique shows Its limitations arising from e.spaula. aver-
ing of the spectral information. By performing “micro-

fects, and the related Stokes shift, was first addressed ) - e ; .
copic” spectroscopy we can get further insight into the in-

Weisbuchet al! Progress in crystal growth, and in particular ) . .

the optimization of growth interruptions at interfaces, hasterface structur_e. The high s_patlal resolutlon_ cqupled_ tp the
allowed the observation of resolved QW transitions corre-s.pectral resoluthn and to_ a high quantum emission efficiency
sponding to fluctuations of-1 GaAs monolayerML) in yields spectral information about lower-dimension struc-
QW thicknes€ 5 This could indicate that terraces atomically "S-

- ; This work presents results of micro-PL and micro-PLE
flat on a scale much larger than the exciton Bohr radius or, . . : .
the exciton diffusion Iength can be grown. studies of (Al Ga ,)As/GaAs QWSs with various thick-

As the exciton is the local probe for the interface micro- NESSES grown by m_olecglar beam eplt{aMBE_). The obser-
scopic structure, by comparing the exciton diaméey to vation OT sharp PL lines in the Iow—energy tail of th? QW. PL
the lateral size of the interface defett, a classification of spectra is correlated to a study by scanning tunneling micros-
the interface roughness can be obtained and is usual ?pyt(%TM) fOf GaAs and.Mf?]G%-7AS (%)QEZXA' Lecon- q
adopted in the literatur?’ The interface is callegpseudo- tructed surtaces, grown in the same machine under
smoothif L is smaller tharD,,, then the exciton is sensitive similar conditions, and exhibiting the systematic appearance

to a mean QW width. The photoluminescer{@t) line is of 1-ML-deep holes of width comparable to the exciton Bohr

unique and the broadening is related to the QW width distri_radlus, able to localize excitons with the suitable energy.
Furthermore, our results are compared to those obtained

bution. WhenL is larger thanDe,, the interface is called with both characterization techniques on substrates slightly
smoothand we can observe multiple PL lines which are Verymisoriented(Z" and 43 towards(111) Ga, where the pres-

narrow and correspond to QW widths differing by one e - i
monolayer. Finally wheit is of the same magnitude &, ence of 1—ML step array totally modlfles_ the S|tuat|(_3n with
regard to microroughness as well as optical properties.

then the interface isough and excitons can be localized.
It is nowa_days considered that tb&l,Gg)As/GaAs inter- _ Il EXPERIMENTAL DETAILS

face has a bimodal roughness spectrum in Fourier space, i.e.,

that they consist of large atomically flat terraces on which a Experiments were carried out in a MBE system equipped

microroughness is superimposedThis assumption comes with a standard reflection high-energy electron diffraction
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FIG. 1. PL and PLE spectra of the 14-ML nominal QW. The PL  FIG. 2. PL spectrum of the 7-ML nominal QW as a function of
excitation energy is 2.54 eV and the PLE detection is set at 1.651€ excitation power. Arrows indicate the localization energies of
eV. The power intensity is 20@W. The arrows indicate the posi- €xcitons confined in boxes with 64- and 128-A diamésere text

tion of the excitonic transitions in a 14- and 13-ML-wide QW. . .
terraces were formed during the growth, corresponding to
(RHEED) facility and coupled to a STM chamber. The 13- and 14-MLTW|de wel_ls. The_: energy difference corre-
: o ; ponds to the difference in confinement energy between the
samples studied were grown at 600 °C on both nominal an . - . ; .
wo QWs. It is worth noticing that the signal-to-noise ratio is

vicinal [4° off towards(111) Ga] surfaces by using a rotating )
substrate holder. The heterostuctures studied in PL werle03 and the structures appearing on both PL and PLE spectra

three QWSs of 7, 14, and 28 ML separated by 500 A of i€ characteristic of the Am? scanned sample area. The
g . P e same signal-to-noise ratio is valid for all our PL and PLE
Al sGa, 7As barriers. Growth interruptions optimized by the experiments
RHEED intensity recovering procedure were performed on Pe ) h fth inal
each interface in order to improve their smoothrfeSe Figure 2 represents the '.DL spectrum of the 7-ML nominal
samples for STM measurements were quenched belo W as a function of excitation power. We clearly see that as
450 °C within 30 s. The STM filled state images were taken e power density is decreased sharp peaks appear only on
with sample bias vblta es betweert and—2 V and a tun- the low-energy side of the PL line. These sharp features are
P 9 completely reproducible from scan to scan at the same posi-

neling current range of 0.05—0.5 nA. . S o .
PL and PLE spectra have been recorded ¥ using an tion and their intensity is much Iarger than the_ magnitude of
oise. They are attributed to localized exciton states on

Ar-pumped dye laser and a tunable Ti-sapphire laser as the

o , . rowth islands present at the QW interface. As can be ex-
excitation sources. The sample is mounted on the cold fing
: . ected, these sharp structures are more pronounced when the
of a helium cryostat. The laser beam is focused on th

g o . . _DRW width is narrow, since in this case the exciton is very
sample by a microscope objective with a large numerica

aperture(0.6). The spot diameter is about Am. The laser sensitive to the microscopic structure on the interface. Th|§
. can be seen in Fig. 3 where the PL spectra of the two nomi-
power is usually a few hundredW and can be reduced to

100 nW. The PL signal is analyzed in a 1-m grating mono—nal QWs(7 and 14 ML) at low excitation power are repre-

chromator and detected by a cooled GaAs photomultipliefc'ented' From th_e above observations we may conplude that
Ithough the interfaces after growth interruption are

using a conventlonal photon counting system. An mtens'ﬂedzmoothed, excitons can be localized on islands of different
Si-diode multichannel analyzer was also used for detection,

The optimal spectral resolution obtained was 0.05 meV. sizes at the heteromterche. Th'.s result suggests _that rough-
ness on a smaller scale is superimposed on the wide terraces

initially formed.

lll. EXPERIMENTAL RESULTS Let us examine now the STM of4 reconstructed GaAs
surfaces after rapid cooling of the samples. Figurgadge
scan area: 400400 nn?) reveals a growth front which con-

We have performed PL and PLE of all QWs at different sists of three levels with terraces elongated along[ 18]
excitation power densities at low temperature. In Fig. 1 aralirection. This result is in agreement with previous reports
shown PL and PLE spectra of the 14-ML nominal QW. for similar growth conditions*'®and with our PLE observa-
Since there is no Stokes shift between the PL line and th&on of at least two QW widths. Actually, looking closer at
PLE spectrum, we can consider that the QW interfaces arthese wide terraces, they clearly appear to be textured by
well smoothed after growth interruptions. The PLE line isone-monolayer-deep holes of relatively homogeneous distri-
twice as wide as the PL line, which indicates that at least twdution and size. They are elongated aldig0] and their

A. Nominal sample
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widths along 110] are most frequently four:24 blocks, i.e., number of peaks does not depend either on the excitation
64 A. A study of previously published STM images of 1ll-V wavelength or on the position on the sample. This proves
arsenide surfaces shows that such holes are presenkén 2 that in this sample the islands have a given size and this
reconstructed surfaces whether the material is Gd®efs.  result is in agreement with the STM images. The arrows in
15-20 or Ga_,In,As2! The STM observation reported in Fig. 2 indicate the localization energié$ and 10 meV, re-
Fig. 5 of a 2<4 reconstructed Al,.Ga, ;As surface(100  spectively of excitons confined in 1-ML-deep boxes with 64
%100 nnf scan is even more relevant for the correlation and 128 A diameter, showing that the energy range spanned
between micro-PL and STM studies. This is indeed the surby the sharp peaks may easily correspond to exciton states
face on which QWs are grown. We see in Fig. 5 that thdocalized in such boxes.
same microroughness is observed, i.e., that the @x#)- Our results are comparable with the microroughness scale
block-wide and one-monolayer-deep holes still exist. reported in the literature. The average localization energy
We have also performed resonant PL experiments byneasured in a 6-ML-wide well is 4 mel¢orresponding to
varying the excitation wavelength close to the QW excitonicabout 5-nm scale® in agreement with our result. A lateral
transition. The sharp peaks then change slightly in positiomoughness scale o100 A (with no precise orientatiorex-
depending on the excitation wavelength. This means that wplains the electron mobility limitation at low temperature in
are able to excite selectively fundamental or excited states dfigh-quality QW?? A roughness scale of 30—100 A has fre-
an island with a certain size. However, we observe that thquently14 gez(in quoted from PL linewidths and Stokes
shifts./**=

FIG. 4. Large are#400x400 nnf) STM scan(filled state$ of
the as-grown GaA&01) surface. Each gray level correspondsto 1~ FIG. 5. STM image(100x100 nnf) of a 2x4 reconstructed
ML height (1 ML=2.83 A). Al, sGa, /As surface.
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) o FIG. 7. STM image of a 2° misorientéd11)Ga surfacé75x75
FIG. 6. PL and PLE spectra of the 28-ML-wide vicinalQW nm?).
(150 nW excitation power

salient features appear in Fig. 7. First, although the terrace
width has the right mean periodicity a strong disorder ap-

The early motivation of growing and studying hetero- pears and second the holes observed on nominal surfaces are
structures on vicinal substrates was the possibility to buildabsent.
new low-dimensional structures such as quantum Wires In light of the STM study, the micro-PL and micro-PLE
lateral superlattice® In this work, we shall study vicinal results can be understood by considering a QW grown on a
surfaces in order to compare our previous results on nomingll11) Ga misoriented surface as an array of disordered wires
(001) surfaces, with another rough system. Ideally, a vicinalor boxes. Isolated wires may be excited separately but exci-
surface is formed by staircaselike terraces regularly distribtons are allowed to diffuse towards a neighboring wider one
uted. The studied samples are 4° cutoff Ga@81) sub-  (perpendicular or along the stegsefore radiative recombi-
strates towards Gél11) (vicinal A) that produce misorien- nation. This may explain the large Stokes shift measured and
tation imposing monolayer steps with a mean terrace lengtthe appearance of the sharp transitions on the low- and high-
of 40 A. The average terrace width is determined by theenergy sides of the PL and PLE lines. Note that these peaks
disorientation angle of the surface referring to 1) depend strongly on the position on the sample and that in
plane of GaAs, considering a step of one-monolayer heighicontrast to the nominal case, the roughness associated with
We shall not discuss in this work the difficult case of sur-the previously described holes is not observed.
faces disoriented toward411) As.”?

_ Flgure 6 sho_ws PL_ and PLE spectra (_)f the_28-ML-W|de IV. DISCUSSION

vicinal QW excited with 150 nW power intensity. We ob-
serve that the PLE spectrum is blueshifted by 2 meV as The origin of the holes appearing on th&2 (001 sur-
compared to the nominal sample. This effect has alreadface is worth discussing. They could have a purely stochastic
been reported in the literatffeand was attributed to the origin and be due to the two-dimensional nucleation growth
additional quantum confinement effect due to the laterabnd the coalescence of laterally growing islands. However,
modulation of the potential. A second observation is thethe homogeneity in size, in particular aloptl0], is some-
Stokes shift between PL and PLE as compared to the nomivhat surprising for such a stochastic phenomenon. Figure 8
nal sample. In the case of a 28-ML-wide well the Stokes shifshows a 208200 nnf STM image of a X4 GaAs nominal
is 3 meV and increases as the well width decreases. Thisurface which was annealed at 600 °C for 45 min under As
suggests that important localization phenomena can occur ifbeam pressure of310°° Torn). Actually, the holes are siill
the vicinal sample. Finally, very sharp peaks appear on botpresent with a very regular distribution. This suggests that
sides of the PL and PLE spectra, suggesting again localizeslich a situation is an equilibrium one coming from the self-
exciton states. However, when we perform resonant PL specompensated electronic nature of thef2unit cell which is
tra as in the nominal sample, the localization sites depenthe building block of the surfacE:?® The role of the X4
strongly on the position at the interface. Thus we may confeconstruction on the vacancy formation is confirmed by re-
clude that in contrast to the nominal case a different kind ofcent experiments showing that the adsorption of a monolayer
roughness exists in the vicinal sample. fraction of tellurium on the GaA©01) inhibits the 2x4 re-

The STM image of a 2° misoriented towar@sll) Ga  construction and consequently the hdlgsOn the other
surface is shown in Fig. flet us remember that the spectra hand, the holes are not observed on vicinal surfaces. One
in Fig. 6 correspond to 4°, i.e., 40-A average terrac€wo  possible reason is that since the growth on such a vicinal

B. Vicinal sample
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cent of size dispersion. Taking also into account that the
excitation mean power intensity is AW, it is clear that
localized exciton states are not saturated and can be ob-
served. By considering also that the full width at half maxi-
mum (FWHM) of the PL line is 10 meV and the resolved
width of the sharp peaks is 0.1 md¥ig. 2), then the obser-
vation of such sharp features is only possible under micro-PL
experimental conditions. Indeed, if the size of the laser spot
is increased then the number of scanned holes will propor-
tionally increase and the structures will progressively disap-
pear because of inhomogeneous broadening.

V. CONCLUSION

The combined analysis of optical measurements at a mi-
crometer scale and STM observations has allowed further
FIG. 8. Large are¢200x200 nnf) STM scan of a X4 recon- insight into the phenomenon of exciton localization in

structed GaA$001) surface obtained after the annealing of a buffer Al, Ga, ;As/GaAs QWs grown on nominal or vicinal sub-

layer for 45 min at 600 °C. strates. The results show that on large terraces a microrough-
surface follows a step-flow mode, two-dimensional islandg1€SS iS superimposed, able to localize excitons at low tem-
are not formed and therefore hole formation by island coaPerature. The microroughness is due to one-monolayer-deep

lescence cannot occur. This would mean again that the pre8oles with a given width along thgi10] axis of four 2x<4
ence of holes corresponds to the equilibrium state oika 2 blocks and these holes are observed on GaAs as well as on

reconstructed nominal surface. Finally, it is worth recallinglo.3G& /As surfaces. This image of a bimodal roughness

that other reconstructions of the G4881) surface exist, Scale is not valid in the case of QWSs grown on substrates
such as the 81 or thec(4x4) in which such holes are not Misoriented towardé111)Ga.

observed®
Another interesting point should be mentioned concerning ACKNOWLEDGMENT
the relevance of the micro-PL experiments. The density of
holes observed in STM is estimated to be® per um?, the The authors gratefully acknowledge P. Lavallard for fruit-

holes having relatively homogeneous width with a few per-ful discussions.
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