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Surface segregation in(Ga,ln)As/GaAs quantum boxes
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Three-dimensional coherent islands formed during the highly strained growth £3ds,As on GaA$001)
are studied by scanning tunneling microscopy. High-resolution images evidence two different types of surface
reconstructions between the top and the bottom of the islands. Whiteda@aAg001)-like reconstruction is
observed on the wetting layer, the top layer exhibits th 42«2 phase, which is characteristic of the
InAs(001) reconstructed surface. This is the consequence of In surface segregation leading to the formation of
a monolayer of InAs at the island top. Finally, photoluminescence experiments exemplify the effect of segre-
gation on the IpGa, _,As/GaAs quantum box optical properti¢S0163-18207)50116-(

During the past few years, a considerable amount of worlgation in 3D coherent islands. In order to illustrate the im-
has been devoted to quantum box@8’s) due to their po- portance of this phenomenon on the electronic properties of
tential interest for optoelectronic device applicationsin  InGaAs/GaAs QB's, PL measurements have been performed
particular, it has been recently demonstrated that they mayersusthe temperature of the overgrown GaAs barriers.
open an alternative route toward the successful realization of 1€ growth of(Ga,InAs alloys on GaA®0]) substrates
-V semiconductor laser diodes grown on silicon WS carried outin a molecular beam epitd}BE) system
substrateS. Among the ways to achieve QB's, one of equped within situ reflection h|gh—energy electron diffrac-
the simplest is to take advantage of the tvvo-dimension::xéIOn (RHEED) and coupled to an ultrahigh vacuum STM
(2D)—three-dimensional (3D) growth mode transition Omicron facility. After growing a GaAs buffer layer {1

; . . ; o . um) at 600 °C, I Ga 7As was deposited at 520—-530 °C.
occurring in highly strained epitaxial systems like

The indium composition was precisely calibrated by RHEED
In,Ga _,As(x>0.25)/GaAs(001f. In such a case, the specular-beam intensity oscillations. The filled states STM
(Ga,InAs islands, which are formed before reaching theimages were taken with a sample bias voltage-& V and

critical thickness for plastic relaxation, are dislocation freey tunneling current of 0.5 n& PL experiments were carried
and self-organizelt! They can therefore be used as QB's by out at 10 K in a closed cycle He cryostat with an Ar laser
overgrowing a GaAs barriér. excitation and a Ge detector.

An important point, on which most of the material growth  The 3D islands formed during the highly-strained growth
research is currently focused, is the control of the shape angf (Ga,mgAs on GaA$001) have been already investigated
size of QB’s. Indeed, their distributions determine the pho-by STM?*?2but to our knowledge, no high resolution im-
toluminescencéPL) peak linewidth which is at the heart of ages have been reported. The difficulty in imaging such
the performances of QB-based optoelectronic devices. Withough surfaces like islanded epilayers is likely due to strong
the aim of mastering the island formation, a lot of work hastip-island interactions resulting in noisy imagesn order to
been devoted to the role of growth parameters such as submit this phenomenon, islands with a relatively flat shape
strate temperaturel® growth rate!>12V/1il ratio, *2*3or sub-
strate misorientatiolf! Besides these parameters which gov-
ern the island formation, intrinsic growth phenomena can
occur. For instance, it is now recognized that surface segre-
gation of indium is a severe limitation to the building of
perfectly abrupt I11-V semiconductor interfaces. As a conse-
guence, the optical properties ¢Ba,INAs/GaAs quantum
wells (QW'’s) are strongly dependent on the growth
temperaturé®~8In the case of InAs/GaAs QB's, theoretical
calculations taking into account In surface segregation dur-
ing the GaAs overgrowth indicate a blue shift of 20 meV of
the transition energi€S. Concerning the InGaAs/GaAs
QB’s, a significantly larger energy shift should be expected
because surface segregation occur both during the island for-
mation and the overgrowth process.

In this paper we report on a scanning tunneling micros-
copy (STM) investigation of (Ga,INAs .COherent .iSIar.]dS FIG. 1. STM image (208195 A?) of an | s coherent island
which develop on GaA801) surface. nghfresomuon Im- 55 GaA$001). The dig”ler(lsions of the) island ;Eéﬁzoﬂ of lateral extension
ages of both the top and the bottom of 3D islands have beeghd 1.4 nm(5 ML's) high. Note that the wetting layer) and the top of the
obtained. Their analysis sheds light on the In surface segreasland @) exhibit two different surface reconstructions.
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FIG. 3. Zoom-in image (48 51 A?) of the surface reconstruction of the
island top (region B in Fig. 1). Bright streaks along th€110] axis are
separated by 16 A and correspond to one As dimer rows.

Fig. 2(b) corresponding to a4 reconstructed GaAB01)
buffer layer surface allows us to conclude that the recon-
struction of the wetting layer is alsox24, the bright streaks
observed in Fig. @) being in fact two unresolved As dimer
rows [which are clearly resolved in Fig(l®]. This seems to
indicate that the bare surface of GaAs, or at least, a strongly
In-depleted(Ga,InAs wetting layer, is exposed around the
island. If not, a 23 reconstruction characteristic of
In,Ga _,As (x>0.1) epilayer grown on GaAs should be
observed” This result is well accounted for by the island-
induced stress field which fav%%s In atom migration from the
FIG. 2. (8) Zoom-in image (3& 36 A?) of the surface reconstruction of Wettmg layer toward the islan - -The |mpprtant pom_t here
the wetting(g)ye(regionA ingFig(;. 1. Brigtzt streaks along thiel 10] axis are IS_ that the _Surface recor_]Struc_:tlon Of,the island top is clearly
separated by 16 A and correspond to two As dimer rqwsSTM image  different (Fig. 3). The bright lines oriented along tti¢10]
(33x 40 A?) of a typical 2 4 reconstructed GaA801) buffer layer. axis are now much sharper, though always separated by
~16 A. They could correspond to only one As dimer instead
were grown. This can be achieved when the In compositiorf two As dimers in the case of the standard 2 GaA4001)
is slightly larger than the critical value of25% above reconstructiorf® Between these lines, bright points are sup-
which the growth mode undergoes a 2D-3D transition. Theposed to be As dimers of the underlayer, since they are sepa-
growth must also be stopped just after this transition in orderated by 8 A?"_ These characteristics are actually typical of
to avoid island coalescence. With these considerations ithe (2X4)a2 surface reconstruction observed in the case of
mind, 10 monolayer§ML’s) of Iny {Gay /As were deposited, bulk InAs(001) surface?® This could be mainly due to the
corresponding to the critical thickness for islanding, as indi-surface segregation of indium during t@a,InAs growth,
cated by the appearance of a spottylike RHEED patterneading to a strong enrichment of the In surface layer con-
Though most of the STM scans performed on such a surfacent. Indeed, it has been demonstrated that for 2D growth, a
were generally very noisy, some areas were well definedjuasiequilibrium steady state situation is reached whédn
Figure 1 displays a STM image of anyhBa, -As island ML of InAs is present at the growth froRt:* Therefore, the
from which both the top and the bottom are resolved. Thg2X4)a2 InAs(001-like reconstruction may be related to
dimensions of this island are smallé nm of lateral exten- the presence at the island top surface of roughly one mono-
sion and 1.4 nm5 ML'’s) high], compared to an average layer of InAs. However, an additional reason may be in-
island size of 70 nm in diameter and 6 nm high. Actually, wevoked to explain its formation since pseudomorphic
did not succeed in imaging larger islands with high resolu{Ga,InAs layers, also terminated by 1 InAs ML,?*3 ex-
tion on the whole scan. Nevertheless, the considered islantibit a (2x3) surface reconstruction when deposited on
has the same aspect ratie Q.1) than the larger ones and the GaAs substrate¥. Having in mind that elastic strain relax-
same morphology, i.e., the top is flat and corresponds to ation is the driving force of the 2D-3D growth mode transi-
(00D plane. tion, the relaxation of the 3D island surface layer could play
The main feature appearing in Fig. 1 is the difference ina key role in this phenomenon. Actually, the observation of
the surface reconstruction between the top of the island andell-defined surstructures both at the top and the bottom of
the surrounding surface. FiguréaR displays a zoom-in im- an island allows us to measure the in-plane relaxation of the
age taken at the bottom of the islafwletting layey. Bright  island terminated plane. Its average surface lattice parameter
streaks oriented along tHa10] axis and separated by four is relaxed by 2.20.1% with respect to the lattice of the
lattice spacingg16 A) are observed. The comparison with wetting layer. It corresponds to the unstrained bulk param-
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FIG. 4. 10 K photoluminescence spectra of §8& ;As/GaAs QB's
with two different temperatures for the GaAs overgrown barrier: 480 °C and
530 °C.

eter of the(Ga,InAs alloy at the nominal In composition of
30%, in agreement with previous resiits. As a conse- 16
guence, the InAs top layer experiences only a 5% compres- 21
sive strain. It is supposed that this lower compressive strain &
compared to the case of InAs/GaAs%) may explain the
formation of the (2<4)a2 surface reconstruction. Note that
a monolayer of InAs on InlP3.2% of lattice mismatchleads
also to a (2 4) surface reconstructiofs. 0
A particular attention must be paid to the In surface seg- FG. 5. Caleulated In composition brofile of & As/Gans OB
regation occurring In. the 3QGa'.In)AS ISlar,]dS becal_Jse It formed by the :l%JD island shol\JNn in F?g. 1 embengggc?lin GaAs: with an
should affect the optical prqpertles of QB S. .Two different overgrowth temperature of 480 °@ and 530 °Clb).
samples have been grown in order to investigate the segre-
gation effect on the transition energies @a,INnAs/GaAs The segregation effect is calculated by using the model pro-
QB’s. In both samples, the dots are obtained by growing 1%osed by Muraket al® To account for the InAs monolayer
ML'’s of IngsGa ;As at a constant temperature of 530 °C. observed by STM at the island top, the segregation coeffi-
Note that a constant temperature for the 3D island growth igientR in the island must be at least 0.8, in good agreement
required to avoid possible energy shifts due to different sizevith previous reports for the same temperature range.
distributions. Actually, the effect of the segregation isThe In segregation profile in the GaAs barrier is calculated
checked by overgrowing the GaAs barriers at two differentoy taking R=0.83 and 0.32, for 530°C and 480 °C,
growth temperatures: 530 °C and 480 ¥ he correspond-  respectively’® The nominal size and shape of the island are
ing photoluminescence spectra are displayed in Fig. 4. Théhose obtained from STM measureme(fgy. 1). Actually,
PL peak energy is strongly blueshifted by 65 meV when thehe blueshift of 65 meV observed in the PL spectra is not
growth temperature of the GaAs barrier is increased fronsurprising regarding the evolution of the In concentration
480 °C to 530 °C. This indicates a strong In redistributionprofile of Iny :G&, ;As/GaAs QB’s when the overgrowth tem-
from the island to the GaAs barrier during the overgrowthperature is increased from 480 fEig. 5(a)] to 530 °C[Fig.
process. Besides the surface segregation, other phenomes@d)]. In fact, as a consequence of the segregation phenom-
should be considered such as strain-induced migration anehon during InGaAs growth, the whole surface of the island
lateral diffusion. Xieet al>* have shown that during the is In-enriched with a maximum at the top corresponding at
GaAs overgrowth process, In atoms are driven by the tensileeast to 1 ML of InAs. This induces a potential deep local-
stress above the island. In other words, In atoms do not difized at the surface of the InGaAs island. If GaAs is over-
fuse laterally far away from the top of the islands, but on thegrown at low temperature, the In segregation into GaAs be-
contrary, are confined to the growth direction above the ising negligible, indium accumulation remains at the island
lands. Therefore, the lateral diffusion of indium in the over-surface resulting in a potential deep at the interfgiery.
grown barrier is rather low and does not strongly modify the5(a)]. In contrast, for GaAs overgrown at high temperature
indium composition shape in the in-plane directions. On thehe surface segregation effect eliminates the In accumulation
other hand, the vertical diffusion of In due to the surfaceat the island todFig. 5b)], i.e., the potential deep. This
segregation effect cannot be neglected since it is well knowshould result in a strong blueshift of the transition energy
to deeply affect the transition energies @a,InAs QW’'s  when increasing the overgrowth temperature from 480 °C to
(growth temperature induced blueshifts exceeding 40 me\630 °C. In order to be more quantitative, a simple analysis
are commonly observed®1® has been carried out. Taking advantage of the flat shape of
In order to exemplify the role of the surface segregationthe InGaAs island$aspect ratio of~0.1), we consider that
the concentration profile of yGay-As/GaAs QB’s has the quantum confinement arises mainly from the quantization
been estimatedersusthe overgrowth temperaturéig. 5). of the electron and heavy-hole wave functions along the
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growth axis. Moreover, the average diameter size of the is- In conclusion, coherent islands formed just after the
lands being greater than 30 nm, the contribution of the addi2D-3D growth mode transition of JnGa, -As on GaA$001)

tional lateral confinement is likely no larger than 10 meV have been studied by high-resolution scanning tunneling mi-
referring to quantum wire¥. The transitions energies of croscopy. The top surface of th€a,INAs islands is relaxed
QB's are thus roughly estimated by adding 10 meV to theand reconstructed like the InA301) bulk surface. This leads
el—hhl energy of a QW of width corresponding to the to the conclusion that the 3D island terminated layer corre-
average height of the islands. The calculation performed witksonds to~1 ML of InAs due to the surface segregation of
an In nominal composition of 0.3, a well width of 5 nm, and |, photoluminescence measurements demonstrate that this
an exchange coefficient of 0.83gives 1308 meV in agree- phenomenon results in a strong blueshift of the QB transition
ment with the PL energy obtained for GalnAs QB’s in the energiesversusthe growth temperature.

case of the 530 °C overgrowth temperature. WReis de-
creased to 0.32Ref. 36 to account for the overgrowth tem-
perature of 480 °C, the calculated energy fall down to 1264
meV. This simple analysis indicates that the main ga#
meV) of the observed blueshif65 meV) is well accounted
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