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Optical anisotropy of (001)-GaAs surface quantum wells
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We report a reflectance difference spectroso@yS) study of the optical anisotropy of GaA801) surface
guantum wells consisting of a thin GaAs lay@-30 nm thick embedded between an arsenic reconstructed
surface and an AlAs barrier. The RDS spectra display anisotropic contributions from the free surface and from
the GaAs/AlAs interface. By comparing RDS spectra for ¢éx 4) and (2<4) surface reconstructions, we
separate these two contributions, and demonstrate that the anisotropy arolfdaheE;+ A, transitions
comprises a component originating from modifications of bulk states near the surface. The latter is attributed
to anisotropic strains induced by the surface reconstruction. The experimental data are well described by a
model for the RDS response of the multilayer structures, which also takes into account the blue energy shifts
and the changes in oscillator strength of EyeandE; + A transitions induced by quantum-well confinement.
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I. INTRODUCTION X4) GaAs(001) surface, the anisotropy is mainly related to
bulk states perturbed by the surface, rather than to the sur-
Reflectance difference/anisotropy spectrosCopgDS/  face dimers. The controversy arises in part from the fact that
RAS), a technique that measures differences in the reflectiothe main features of the GaAs surface optical anisotropy,
coefficient for polarization along two orthogonal surface di-located around 2.89 eV, lie only 30 meV below g GaAs
rections, was successfully used as an optical probe for theulk transition, thus making it difficult to separate bulk and
study of surfaces and interfaces in cubic semiconductorsurface contributions.
RDS spectra have been reported to include components due In this paper, we address this problem by investigating the
to local-field effect$;® surface reconstructich,” molecule  optical response of GaAs surface QWSQW's) consisting
adsorptiorf, spatial dispersion electro-optic effects®**and of a thin GaAs layer embedded between an arsenic-
surface dislocationt? RDS studies of GaAs quantum wells reconstructed surface and an AlAs barrier, as illustrated in
(QW’'s) embedded between asymmetric barriers were alsfig. 1. The motivation for the study lies on the fact that
reported™®!* A number of applications were mentioned in extended bulklike electronic states, which correspond in the
the literature, among theim situ characterizations of epitax- present case to conventional QW confined states, can be con-
ial growth processes, both by molecular-beam epitaxysiderably modified by varying the SQW thicknéss? In
(MBE) (Ref. 15 and metal-organic chemical vapor contrast, highly localized surface states, such as those ex-
deposition® which exploit the sensitivity of RDS spectra to pected for dimer transitions, should be rather insensitive to
surface reconstructions. RDS was also used for the measureonfinement as long as their penetration depth remains
ment of doping levels during the epitaxial growth of GaAs shorter than the SQW thickness. The SQW thickness thus
and Ga_,Al,As by detecting the breakdown of the cubic provides a length scale to probe the spatial extension of the
symmetry in the presence of a surface electric féld. surface states. By investigating the RDS response of SQW's
Despite intensive investigations, there is a controversyvith different thicknesses, one should be able to separate the
about the physical origirtbulk or surface of the different  bulklike contributions from the surfacelike contributions.
components of the RDS signal. The reconstruction of semi- The RDS spectra of the SQW structures, however, are
conductor surfaces leads to the formation of bonds no€onsiderably more complex than that of the single GaAs sur-
present in the bulk. Typical examples are the As or Gdace, because each interface is intrinsically anisotropic and
dimers found on the different reconstruction of tt@01)  thus contributes to the total anisotrofy:* This point be-
GaAs surface. Electronic states associated with the dimei@mes clear by examining the interfacial bonding arrange-
are expected to be strongly localized near the surface. ments illustrated in Fig. 1. While within each layer the an-
Since the dimers have a preferential orientation, electronitons are surrounded by four equivalent cations, the interfacial
transitions involving these states are expected to be highlgnion (As, black circleg is bonded to different cations from
anisotropic. In addition, reconstruction induces slightthe upper and lower layers. The planes of the As-Al and
changes in atomic positions in the atomic layers close to thés-Ga bonds involving a common anion are rotated-dg
surface, thus producing a strain field. The latter, togethewith respect to each other at each side of the interface. Con-
with the dimers, modify bulk electronic states near the sursequently, different polarizabilities are expected along the
face, leading to the formation of surface resonances. Corj-110] and[110] directions?®
trary to previous conjecturés,recent theoreticdl and The difficulties introduced by the interface anisotropy can
experimenta’ studies suggested that in the case of a (2be overcome by comparing RDS spectra for SQW’s with
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&,=[110]A2 : thicknesses. In Sec. V we give a detailed discussion of the
light Sfi10]An experiments using the model exposed in Sec. Il. The main

conclusions are summarized in Sec. VI.

Il. THEORY
o Al In this section, we first develop a formalism to describe
o Ga the RDS response of multilayer structures with anisotropic

surface and interfaces. In Sec. 1l B, a model is presented for
the optical response of the SQW's near the transition,
which takes into account the effects of confinement and of
anisotropic strains. Both models will be used in Sec. V to
interpret the experimental RDS data.

e As

[001]

A. RDS signal from heterostructures

In order to describe the RDS response of the SQW struc-
tures of Fig. 1, we will assume that the anisotropy induced
by the surface has a maximum value at the surface plane, and
vanishes for depths exceeding a characteristic lehgtA
similar assumption will be made for the anisotropy intro-

FIG. 1. Structure of the surface quantum-well samples. Theduced by each interface, which will be taken to be con-
GaAs SQW of thickness, is embedded between an AlAs barrier Strained within a 2;-thick layer centered at the interface
and an As reconstructed surface. The As anion at each interfaddane®® Outside this layer, the dielectric function is equal to
(black circle is bonded to different cations from the layers below that of the bulk constituentéGaAs or AlAs, so that the
and above the interface. As a result, different polarizabilities areanisotropy becomes negligible.
expected along thfL10] and[110] directions. The surface shows  1he complex reflection coefficient of the structure in Fig.
As dimers corresponding to a ¥24) reconstruction. 1 composed of two filmgdescribed by the indices 1 andl 2

on a substratéindex 3 is given byt

different surface reconstructions. Here we will concentrate _ o _
on the c(4x4) and (2x4) GaAs (001) reconstructions. Fort T8 2101415007 21017 4r i or e 2%
While the anisotropy related to the surface changes with re- '=
construction, the component associated with the buried inter-
faces is expected to be reconstruction independent, as long as @
the penetration depth of the surface states remains small = -
than the SQW thickness. This procedure is justified by as\fherec.‘i, 'S the average phase fa(cj:ltor given by, /A, A
multilayer formalism for the optical respondto be pre- 'S the I'|ght' wavelengthn, = (1/di) f n|('z)d2|s the complex
sented in Sec. Il & which takes into account multiple re- réfractive index averaged over the thicknegsf layer|, and
flections at the buried interfaces. A further advantage of th&l|[001] is the coordinate along the growth direction. The
procedure is that first-order contributions to the RDS signafomplex reflection coefficient at the interface betweenlthe
from defects like dislocation® and from surface electric andm media is defined byn=(nm—n)/(ny+n).
fields2® are also eliminated. We have defined Ed1) in terms of average phase factors
RDS studies reveal that the optical anisotropy close to théi's Since, in general, the refractive index for thle material
E, transition also contains a contribution from bulk statesiS N0t inhomogeneous alorg Around an interface, the re-
rather than being of purely surface character. The bulk contractive index is expected to become anisotropic as a conse-
tribution is attributed to the mixing of thE, bulk states by ~duence of the reduction of symmetry. The average change in
the anisotropic strain field produced by the surfacerefractive dex for the two polarization statéa our case
dimers®”? The strain field penetrates tens of monolayers inbetween thg 110] and the[110] directions, see Fig.)lcan
the bulk, thus perturbing the atomic positions in a regionbe written as
below the surfacé®?®We develop a model for this source of
anisotropy in the SQW'’s, which also takes into account the L1 v
energy shifts and changes in oscillator strength ofthend An= d—l(tfo Am(z)dz) : 2
E,+ A, transitions induced by quantum confinement.
This paper is organized as follows. In Sec. Il we develop
a model to describe the RDS response of the SQW sample@’,h 110]
including the anisotropy of the interfaces and effects of sur=— i~ (2)~0 forz>L. _ .
face strain and QW confinement. Section Il describes the The RDS signal of the heterostructure is defined as the
sample preparation and the experimental details. Section [{elative differenceAr/r between the complex reflection co-
describes experimental RDS results for QW’s with differentefficient for polarizations along the10] (r(110;) and[110]

1+rgpr e 201+ rgrpge 201t 4 r e 210

ere we have used the fact thaln|(z)=n|[ﬁ°](z)
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(ri1ag) directions.Ar/r can be expressed in terms ah, Equation(6) relates the changes in the RDS signal of the
and of the anisotropic reflection at each interfacemultilayer structures induced by the reconstructiefi-hand
Ary+1/1 41, according to side to the surface reflection anisotrogshe term in the

square bracketslf confinement effects can be neglected, the

Ar 2 Fiar O Aryig 1 or — latter corresponds to the RDS signal of the free GaAs surface
—=2 +E —-—An. @3 for the two reconstructions. Equatioii6) and (5) can be
ri=o r d+r Miva =17 on combined to yield the dielectric changes induced by the re-
construction:
Equation(3) includes contributions from the surface and L

from buried interfaces. In order to extract information about LA €1yl eaxay— LA€E)] (2xa)

the surface contribution, a knowledge of the optical anisot- .

ropy induced by each individual interface is required. If the (1 L1or 2k rgp or |7

thicknessL of the anisotropic surface layer is much smaller \2mdyran; n(e—1) r drg,

than the SQW thickness, the surface contribution can be dis-

tinguished from that of the interfaces by comparing RDS 5 ﬂ _ﬂ )

spectra for two different reconstructions, since the interface M leaxay T laxa '

contribution does not depend on reconstruction. From(&q.
we obtain the following expression for the difference be-Equations(6) and (7) will be used in Sec. V to analyze the
tween the RDS spectra for th€4x4) and the (x4) re-  multiple reflection effects in the measured RDS spectra.
constructions:

B. Optical anisotropy of QW'’s near the E; and E;+A

Ar transitions

r

Ar
T

Fop Or

oxay ' o1

Argq

o1

Argq

In bulk semiconductors, th&,; and E;+ A transitions
take place at the four equivalent-point (111) wave vector
directions, which will be denoted here bg=[111], b
=[111], c=[111], and d=[111]. The electronic wave

(4) function of the conduction band will be denoted |8, and

those of the spin-orbit split valence states Hy"), (i

Note that this expression depends only on the changes in thea, b, ¢, andd), where the superscripts and — will be
reflection coefficienAry; and in the refractive index anisot- used throughout to indicate states associated wittEthend
ropy (An,) of the first layer induced by the reconstruction. E;+A; transitions, respectively. The staes™) can be ex-

An; can be directly related to the RDS sigay; /ro; 0f  pressed in terms of orbitals oriented aloxg[110]/1/2, Y

the single GaAs surface following the formalism developed_— [TlO]/\/E, andz=[001] for the four equivalen{111) di-
in Ref. 32. For this purpose, we assume that reconstruction

: o . . i rections. Due to the fourfold symmetry around thexis, in
leads to different projections of the dielectric tens@f)(z) Y y

o 411101 At/ Hen b d this section we only need to consider tfe;) and |L_)
along) =[110] an [110]._ foi/foi CAN then be ei%resse states, which can be written in terms of the orbitals |y),
in terms of the dielectric anisotropy e(1y(2) = €(3,°(2)

c(4x4) c(4x4) Fo1 (2x4)}

1 — -
+——[An —An .
I’ﬂnl[ 1|c(4><4) 1|(2><4)]

and|[z) a
— el1%2) according 8 [2) as
1 ~ ~ ~
Arg,  —2ik,L Ly )=—=[—sind|x)=ily)+coss|z)],
= A€(qy, 5 2
ror  Ni(ery—1) 1) ® V2
where k;=2mn; /N and Aeny=(1/L)[gA€qy(z)dz. This N T
expression is valid in the limik;L<1. An immediate con- Le) \/§[|x>i|sm0|y>i|cos9|z)], ®)

sequence of the dependence of the dielectric function is the
mixing of the real and imaginary part dfr o;/ro; andA ey,  Where 0= cos *(\2/3).

through thei factor in Eq.(5).%3 The quantum confinement in QW's will affect the energy
Using Egs.(2), (4), and (5), and the relationA €(;)(2) of the |S)) andz orbitals. The changes can be taken into
=2n;An4(z), we arrive at the following expression: account in a perturbation approach by defining a perturbation
HamiltonianAH.,. Assuming infinite confinement barriers
Ar Ar roo ar i (eqy—1) or and a two-dimensional critical point for tl®, transitions(a
o - T o7r_01+ﬂ W e longitudinal mass much larger than the transverse mess
c(4x4) (2x4) ! matrix elements of\H,, (in atomic unity becomé’
Ar
{—Ol Ao } 5 - cogl( w\?
o1 c(4x4) o1 (2x4) CO§0<Zi|AHCp|Zj>:5Z:5ijW(d_) , I,J=4a,C
v 1
(6) 9
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and AMai: 1i25a12,
(SIAH |s>—5—C°329(“)2 (10 "’ B
° °o2me \dy) AM¢ [ 5012}
=l—-1*2 , (15
whered; is the QW thickness anah, (m.) is the transverse M 1
mass of the valencé&onduction band. where
The contributions of th&,; andE;+ A; transitions to the

dielectric functione ;) of the SQW’s is obtained by taking Sa1o= + SSIPO— 5,
into account the mixing of thel;") states expressed by Eq.
(9), and calculating the corresponding matrix elements to the Oc10= + 05— é;sin2 0. (16)

L-point conduction bandiS™). We obtain the following ex-

pression for the average contributiaq,,(E) for x andy
polarizations:

By adding the contributions of transitiorsto ¢ and as-
suming &y, &<I', the dielectric anisotropy becomes

Sey _&-&|, 8 1 dE%q)
- 6 | Ar oqE2 E |

_ 1 ~ = . . 1
e(E)=5[e(y*e(1)]=M e )(E,Ey + AE+IT), £q) "

(1) This equation describes the RDS line shape due to the aniso-
dropic Hamiltonian defined by Eq14). It will be used to-
gether with Eq(7) and Eqgs(11) in Sec. Il to calculate the
optical anisotropy.

wherel” is a phenomenological broadening parameter ass
ciated with the transition. The functiof describes the line
shape of theE; contribution to the dielectric function; it
differs from that in bulk materials since the confinement also

changes the dimensionality of the transition. The confine- IIl. EXPERIMENTAL DETAILS
ment induces an energy shifE= and a transfer in oscillator

strength M* between theE; and E;+A; components The SQW's were grown by MBE onn-doped
given by (108 cm™3) GaAs (001) substrates. The sample structure

consists(cf. Fig. 1) of a homoepitaxial GaAs buffer layer
AL —A, 8+, — 52 (0.3 wm), an AlAs layern(10 nm) acting as the lower barrier,
AR =52 +—— = (120 and a SQW with thickness; ranging from 3 to 30 nm. The
SQW's were capped with an Agrotective layer(70 nm
and deposited from a GaAs decomposition source. In order to
obtain the optical response of the pure GaAs surface, a
— 52} sample consisting of a single GaAs buffer layer capped As

(13)  was also grown.
After growth, the samples were transferred in air to an
whereA; denotes the spin-orbit splitting. ultrahigh-vacuum chamber with special windows for optical
While the confinement potential breaks the crystal sym-studies. Thec(4x4)- and (2<4)-reconstructed surfaces

metry, it preserves the fourfold symmetry aroundso that Z";(rﬁcomai”edt_byl ar;nea(ljing bthtf] szmples I%t? ?ﬁo :”d at
no anisotropy is induced in the'y plane. The array of As , T€Spectively, 10 adsor € /AS cap 1ayetne /s

) adsorption process was monitorgdsitu by measuring the
dimers on the reconstructe01) GaAs surface produce an . . . - : -
anisotropic strain field that penetrates into the cryStal. pseudo-dielectric function during annealing by ellipsometry.

. L ; . In view of the large difference between the dielectric func-
This strain field lifts the fourfold symmetry and introduces tion of the capped and cleaned surfaces around the aAs

an optical anisotropy into the-y plane. Its effect will be  ransijtions(approximately 4.5 eY this procedure ensured a
des_crlbed by the anlsoterlc pertgrbatlon Hamlltorzk;tﬂap reproducible  preparation of thec(4x4) surface
acting on the{S;) and|L;") bulk eigenstatesAH,, mainly  reconstructior® Likewise, we have used RD@round 2.89

affects the orbitaIéSq) and |§/i> in the plane of the layers eV) to monitor the change in reconstruction, frar4x4)

according to to 2X4. After annealing, the samples were cooled to room
temperature for the subsequent RDS and ellipsometric mea-
(Xi|AHaplxj)= 8%, (VilAHaply)) =8y, ij=a.c, surements. . :
(14) The experiments were performed using a rotating ana-

_ ~lyzer ellipsometeY and a RDS spectrometérbased on a
where & and &y are phenomenological parameters whichphotoelastic modulatofHinds PEM80). The illumination
depend on the structure of the anisotropic surface layer. system consists of a 75-W Xenon lartipamamatsu L2174

When the Spin-orbit interaction is included, the differ- and a double monochromatogpex 168@ operated with a
ences in oscillator strengtlAM= (proportional to the spectral resolution of 2.25 nm. UV-Rochon prisms were used
squared matrix elementgor polarization along thg 110] as polarizers, and the signal was detected by a S-20-type
and[110] directions becomé&3 photomultiplier. The RDS spectra were recorded in the en-
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c(4x4) T=300 K
1x102 E,+A, (GaAs) —o— (2x4)
F(GaA 1 F(GAI9E (Gans)

Re(Ar/r)

Re(Ar/ r)c(4x4)-Re(Al‘/ r)(2x4)

—— Model

15 20 25 30 35 40 45 50 55 6.0
Photon Energy (eV)

15 20 25 30 35 40 45 50 55 6.0 FIG. 3. Difference between RDS spectra for tt{@x4) and
(2 4) reconstructiongcf. Fig. 2 for (a) the free GaAs surface and

Photon Energy (eV
ay (eV) for SQW's with thicknesses db) 30 nm,(c) 20 nm,(d) 10 nm,(e)

FIG. 2. Real part of the RDS spectra @) (001) GaAs, and of 5.3 nm, andf) 3 nm. The solid lines were calculated using ).
GaAs SQW's with thicknesses ¢) 30 nm,(c) 20 nm,(d) 10 nm,
(¢) 5.3 nm, and(f) 3 nm. In each case, spectra are shown for thedimer-dimer transitioriaround 2.8 ey with a convex(con-
c(4%4)- (lines) and for the (2<4)-(filled squarep surface recon-  cayg line shape forc(4x4) [(2x4)] is still the dominant
structions, respectively. The RDS sigral/r is defined as the rela-  5ne in the low energy region: the precise line shape, how-
tive difference betﬂeen the complex reflection coefficient for p°|ar'ever, depends strongly on the SQW thickness. Also, strong
izations along th¢110] (ri11g) and[110] (ru0) directions. features develop close to tf® andE,+ A, transitions.

For energies above tHe; + A, transition, the RDS spec-
ergy range from 1.7 to 5.5 eV. The real and imaginary partsra of thin SQW’s become essentially insensitive to surface
of the reflection anisotropyAr/r were measured simulta- reconstruction. In the thinner samplésg. 2(f)], the changes
neously by detecting the reflected intensity at the first andvith reconstruction only appear for energies below 3.0 eV.
second harmonics of the modulator frequency. The spectra are dominated by features at the energies of the
bulk critical points of GaAs E;+A,, E;, and E,) and
AlAs (Ep, Eq, andE,), thus indicating a strong contribution

IV. EXPERIMENTAL RESULTS from buried layers and interfaces.
Figure 2 shows the real part of the RDS spectra for the
c(4X4)- (lines and (2x4)- (squaresreconstructed surface V. DISCUSSION

for pure GaAs(a) and for SQW'’s with different thicknesses
(b)—(f). The spectrum for the GaAs surfagEig. 2(a)] is As discussed in Sec. Il, the RDS spectra of the SQW's in

similar to those previously reporté@dviost prominent is the  Fig. 2 include contributions from the surface as well as from
broad anisotropic feature centered around 2.89 eV, which hake buried interfaces. In order to separate the two contribu-
opposite signs for the two reconstructions. This feature hasons and to access the surface contribution following the
been assigned to transitions involving surface As dimers,procedure described in Sec. Il, we calculated the numerical
which have different orientations for the two reconstructionsdifference between the RDS spectra for thgx4) and

For large SQW thicknesse@.e., thicknesses above 30 (2Xx4) reconstructions. The result is displayed by the circles
nm), the RDS spectra are essentially equal to those of then Fig. 3. The spectra show systematic changes with decreas-
GaAs surface, since the incoming light is strongly absorbedng SQW width, which are more pronounced around the
in the SQW layer and confinement effects are negligible. Focritical pointsE; of the GaAs(around 3 eV andE; of AlAs
thinner SQW'’s, considerable modifications are observed. Théaround 4 eV.
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According to the discussion in Sec. I, in the absence othinner QW's, the reduction of the strength may be related to
confinement effects the difference spectra in Fig. 3 can bée interaction between surface states and the buried
directly related to the anisotropy of the Gad&4x 4)- and  interface?”
the (2x4)-reconstructed surfaces. The solid lines superim- The calculated solid lines in Fig. 3 only take into account
posed on the experimental data in Fig. 3 display the differthe anisotropy of the free GaAs surface and the effects of
ence spectra calculated from E) using the measured an- multiple light reflection at the buried interfaces. For thinner
isotropy of thec(4x4) and the (4) GaAs surfaces SQW's the discrepancy between calculated and measured
shown in Fig. 8a). The first term on the right-hand side of |ine shapes increases. The discrepancy is partially related to
Eq. (6) was calculated using the dielectric functions of GaAsthe energy shifts due to confinement effects, which become
measured by ellipsometry and the reported values of the dimportant for the thinner SQW samples. Another factor that
electric function of A|A?§9 _ . was not taken into account in previous calculations is the

For wide SQW's[as in Figs. 80)-3(d)], confinement ef-  o|5tive values for the thickness of the anisotropic laye, (
fects are expgcted to be n(_agll_glkﬁm]ergy shifts less than 10 ¢ ;¢ SQW ¢;), and the light penetration depth.Lfor the
rSTLeng ?Cgst:g'g%g; ttrr:: V?/ﬁlc')?elg]es tre;?roduce tvr\]’e” éhe mea;— sgnetration deptliwhichever is smallgrexceedd,, then a
. P pectral range, thus demonsir éduction of the strength of the RDS features is expected. In
ing that Eq.(6) correctly takes into account multiple reflec- i

any cases, these results clearly demonstrated that the anisot-

tion effects at the buried interfaces. In addition, the - . :
calculations reproduce quite well the measured spectra f PPy observed in Figs. 2 and 3 cannot be attributed to highly

energies above 4.0 eV over the whole range of SQW thick! ,calized surface states with localization lengths of a few
nesses. We attribute this behavior to the fact (hahe high- Ass. . .
energy transitions in GaAs and AlAs are less sensitive to .In order o address ,the_ ”?eCha”'Sm.S responsible for the
confinement effecté* and that(ii) according to the calcula- anisotropy in the SQW's, it is convenient to represent Fhe
tions obtained using E¢6), above 4.3 eV the buried barriers an.lsotropy in terms of the changes in the dielectric function
do not contribute significantly to the RDS signal of the Using Eq. (7). The imaginary part of LA€[caxa)
SQWss. —LA 61|(2X4), obtained from the experimental results of Fig.
A question arises as to whether we are within the limit3, is shown in Fig. 4. Note that spectfa, (b), and(c) are
k,L<1 that is the limit of validity of Eq(5). An analytical ~ Practically the same, thus indicating again that the multiple
equation correct for any value Mll- is unfortunate|y not reflections model of EC(?) COfreCtly takes into account the
available. Thus, to answer this question we have redone thgontribution of the buried layers. For thinner SQW's the ef-
fits for the equation appropriate to the opposite lifkjt. fects discussed abpve are important, and the change in line
>1.2° We found that they were considerably poorer. We be-Shape becomes evident.
lieve that this is enough of an argument to use &j.as a We now address the contributions of the andE; + A,
plausible approximation. GaAs transitions to the optical anisotropy of the SQW's fol-
The calculations, however, fail to reproduce the line shapdowing the procedure delineated in Sec. I B. For that pur-
and the intensity of difference spectra for the thinner SQWPose, we fit the measured data around Eeand E; +A;
sampleg Figs. 3e)—3(f)] for energies below 3.5 eV. In this transitions to Eq(17) (lines in Fig. 4. The line-shape func-
energy range, the calculations predict a strong enhancemetion e ;, necessary for the ficf. Eq.(11)] was obtained from
in intensity of the structures associated with the surface arthe measured dielectric function of the clean GaAs surface.
isotropy, which occurs due to constructive interference effrom the fitting procedure, we obtain the parametgrsds,
fects in the buried interfaces. Such an enhancement is naind &;— &, which describe the energy shifts, the oscillation
observed in the experimental data. In addition, the calculaintensities, and the anisotropy of the transitibascording to
tions do not reproduce the dip and the maximum at the enkgs.(12), (13), and(14), respectively.
ergies of theE; and E;+A; transitions of GaAs, respec- For pure GaA$Fig. 4a)] the fit reproduces quite well the
tively, which become more pronounced in the measuredine shape around; and E;+ A, transitions. In this case,
spectra for decreasing SQW thickness. The anisotropgnly the amplitude of the transitions was taken as an adjust-
around thek, transitions will be discussed in detail below. able parameter. The spectrum for the 10-nm SQW in Fig.
Finally, in addition to theE; and E;+ A, features, the 4(d) was fitted using the same amplitude as before, but in-
spectra comprise an additional component that adds a negeluding a blue energy shift of 203 meV for theE; and
tive offset to theE; andE;+ A, oscillations. This additional E;+A; transitions. For the spectra in Figsiesand 4f),
component tends to zero faster than the amplitude oEthe blue energy shifts of 183 and of 383 meV were ob-
andE;+ A, transitions, as can be seen for the 3-nm sampléained, respectively. The fitted energy shifts are displayed as
in Fig. 3(f), where the structure for the, (E;+A;) peak a function of the SQW thickness in Fig. ®ircles. The
takes negative(positive) values contrasting, for instance, squares in the same plot show the confinement-induced en-
with the spectrum of Fig. @) that takes only negative values ergy in (001)-oriented GaAs/AlAs multiple QW’s measured
around these transitions. This additional component could bby Garrigaet al?! using spectroscopic ellipsometry. Note the
related to surfacelike states. These states penetrate into theatter in the data of Ref. 21 for QW widths exceeding 2 nm,
bulk ~8 nm?° As seen in Fig. 3, the strength of the addi- much larger than the error bars of our measurements. We
tional component for spectré), (b), (c) and (d) remains attribute this difference to the fact that RDS is a more sensi-
unchanged, in agreement with this penetration depth. For thive technique than ellipsometry.

245303-6



OPTICAL ANISOTROPY OF(001)-GaAs SURFACE . . . PHSICAL REVIEW B 64 245303

T=300K o  Present results
3.08+ O Garriga et al
3.04
’g —
£ 2
g .73.00
& w
—~ ﬁ
o - Opg
|§ W 5 961
E NS
l@ [m}
g 2.92
A: 7] E1
o2
|ﬁ O
—g 2-88 M T M T T T M T M T T
E 0 2 4 6 8 10 12
d, (hm)
FIG. 5. Energy shift of thé; transition of GaAs vs QW thick-
ness. The plot shows literature dasmuaresand the results of the
present work(circles. For QW's of 20 and 30 nm, we obtained a
Fit shift of 1=3 meV. The curve is a fit to df.

15 20 25 30 35 40 45 50 55 60 discussion of the _previous paragraph, we obtain- &
Photon Energy (eV) ~14 'meV. We attrl_bute. the energy differengg— J; to an
effective shear straie,, induced in the SQW's by the sur-
FIG. 4. Imaginary part of the dielectric anisotropy face dimer<® The aryplitude of the anisotropic strain can be
LA €y|eaxay—LA€y|(2x4) Obtained using Eq(7) for (@) a GaAs  related tody— & by® S5
surface and for SQW's with thicknesses(bf 30 nm,(c) 20 nm,(d) oL = y— %
10 nm, (e) 5.3 nm, andf) 3 nm. The solid lines show the contri- oglizng’
bution from theE; andE + A, transitions calculated using E().

(18

wheree,, is the magnitude of the anisotropic strain referred

to by the crystal axes, andlis the uniaxial deformation of
The dependence of the energy shift with the QW thick-rhombohedral symmetry. Takind=—5.4 eV for GaAs'

ness is given by Eq99) and (10). These equations were from Eq. (18) we estimate a surface strain @,~7.5

obtained assuming infinite barriers, and thus are expected t§ 10™“.

give values that largely exceed the experimental ones. How-

ever, the shift follows the ﬁif dependencésolid ling) as can VI. CONCLUSIONS

be seen in Fig. 5. We have measured the RDS spectra(001)-oriented
The fits of Figs. 4a) and 4d) yield the same oscillator Qw’s (3, 5.3, 10, 20, and 30 nm thitkvith the asymmetric
intensity for theE; andE; +A1 transitions. In Figs.@) and  structure As dimers/GaAs-QW/AlAs/Gafwiffer) for c(4
4(f), the amplitude of the spectra begins to decrease with<4) and (2x<4) surface reconstructions. The model to de-
respect to spectr@) and(d). This suggests that the thickness scribe the surface anisotropy developed in the present work
of the anisotropic layer should be smaller than 10 nm. Asis based on the anisotropic strain field produced by the
suming that for these two spectiag=L, the amplitude of the dimers. This strain perturbs the electronic energy levels and
RDS should become proportional to the QW thicknessesthe intensities of th&, andE;+ A, transitions. In the model
The ratio between the maximum to minimum amplitudes ofwe have taken into account confinement and multiple reflec-
the solid lines of spectrée) and (f) is equal to 0.7%0.07. tions. We show that. tha RDS spectra around 3.0 eV consist
This ratio agrees reasonably well with the estimated SQwnainly of two contributions: a broad structure and a sharp
thickness ratio of 0.5650.065, where the error bars were Structure, attributed to surfacelike and bulklike transitions,
obtained taking into account an erroro® A inthe Qw's ~ "eSPectively.
thicknesses.
The energy differences;— 55 reflects the reduction in
symmetry of theE,; states induced by the reconstructed sur- We would like to thank H. Hirt, P. Hiessl, M. Siemers, and
face. Using Eq(17) and the fitted amplitude for the spec- W. Stiepany for technical assistance and J. Kuhl for a critical
trum of Fig. 4a we have estimatedL(5;— ) reading of the manuscript. This work was supported by
~0.07 eV nm. TakingL,=5 nm, in accordance with the Fonds der Chemischen Industrie.
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