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Surface Termination Effect on Reflectance Spectra of GaAs
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Dielectric response spectra of GaAs surfaces are determined using surface photoabsorption for surface
conversion caused by Ga deposition and H adsorption on As-stabilipég(2 X 4) surfaces and As
desorption from As-rich111)B-(2 X 2) surfaces. All of these spectra show common peaks at 2.6—

3.0 and 4.5-4.7 eV, which coincide with critical points of bulk GaAs dielectric function. Model
calculations show that the appearance of these critical points in the surface dielectric response can be
explained by assuming that light absorption is quenched in the surface layer because of the terminated
electronic wave functions at the surface. [S0031-9007(96)02246-6]

PACS numbers: 78.20.Ci

Surface reflectance (SR) spectroscopies in the visindicates that these surface reflectance spectra for GaAs
ble to near-uv range have successfully been used faran originate from modified bulk electronic transitions
monitoring surfaces during epitaxy by molecular beamnot related to any specific surface dimers and suggest
epitaxy (MBE) and metalorganic vapor phase epitaxyan explanation for these spectra based on the surface
(MOVPE). These surface sensitive techniques includeéermination of bulk electronic states using simple model
spectroscopic elliposometry [1,2], reflectance differencealculations. Our calculations show that a peak in the
spectroscopy (RDS) [3], normal incidence reflectancémaginary part of the bulk dielectric function appears in
spectroscopy [4], and the Brewster-angle-incidence suthe surface dielectric change, which is consistent with the
face reflectance spectroscopy called surface photoabsorpbservation for the Si [1,12—-14], Ge [1,14], and GalnAs
tion (SPA) [5]. The GaAs (001) surface was extensivelyalloys [15].
investigated using these techniques and a close correla- Experiments were performed situ using an MBE ma-
tion between surface reflectance spectra and surface rehine with optical access. Three surface transformations
constructions observed by reflection high energy electromwere performed for GaAs surfaces: (i) fro(@ X 4) to
diffraction (RHEED) was established experimentally in(3 X 1) caused by Ga deposition on the (001) surface, (ii)
the MBE growth environment [6,7]. from (2 X 2) to (+/19 X /19) caused by As desorption

Changet al.[8,9] calculated the surface band struc-on the(111)B surface, and (iii) from2 X 4) to (1 X 1)
ture of GaAs (001) using tight binding approximation caused by H adsorption on th@01) surface [16,17].
and assigned the observed RDS peaks to electronio the hydrogen adsorption experiments, atomic hydro-
transitions localized at As or Ga dimers on the surfacegen was supplied to the GaAs surface by cracking puri-
Recent first principles calculations [10,11] provide afied H,.
more sophisticated picture in which electronic transi- In contrast to the RD spectra, which are obtained under
tions between filled bulklike valence band and emptystatic conditions, SPA measurements require a surface
surface states contribute to optical anisotropy of thechange. The SPAsignd,,(oy — o; «) corresponding
GaAs (2 X 4) and c(4 X 4) surface. Similar band cal- to surface conversion fromt, to o is defined as a relative
culations were also performed for Si (001) surfaces anghange in reflection intensity. This is obtained( -
electronic transitions related to surface dimers werds )/I7s ., wherel7, , gives the reflected intensities for
identified [12]. In all of the above calculations, optical thep-polarized light with an incidence azimughwhen the
transitions that involve electronic states localized at sursurface has reconstructien When the incidence azimuth
face dimers were more or less responsible for the opticatoincides with one of the principal axes of a biaxial surface,
anisotropy. the SPA signal is given by the following formula using the

In this Letter, we will show experimental evidence thatanisotropic three phase model [18],
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whereAeg,, is the change in the surface dielectric function along the @asdA(1/«,) is the change in the reciprocal of
the dielectric function along the surface normal. The other parameters in the fokmbdae,, €,, d are the wavelength

Assdi|

0031-900797/78(5)/959(4)$10.00 © 1997 The American Physical Society 959



VOLUME 78, NUMBER 5 PHYSICAL REVIEW LETTERS 3 EBRUARY 1997

2 T T T 3 T T T
(a) GaAs(001) GaAs(111)B
T f110] (2x4)—>(3xD 7 2 (2%2) = (V19 x+19) A
% n['}__lO] 560°C 500°C
£ Fe :._. ’g 1L
£ AL £
\-o © 0 —
‘%o 2+ N E
E -1t
3t Vet K : —
- - N —_ ~ - ~ N
4 gy N/ 21 gy xC1710) "\ 1
N
_5 | | | \ - ! _3 I I I 1
2 3 4 5 2 3 4 5
energy (eV) energy (eV)
= (b)  GaAs(001) FIG. 2. The imaginary parts of the change in the surface
£ 2r (2x4)—>@ExD) - dielectric functionAe d determined from SPA data fdi10]
© 560°C (solid line) for the surface conversion frof@ X 2) to (/19 X
5 | o V19) caused by As desorption. The imaginary part of the bulk
= g 3 dieletric function of GaAs at 50T (Ref. [21]) is also shown
‘cia 1L by the thin dash-dotted line.

i azimuth dependence was observed, which is consistent
*@/ . with the fact that the (111) surface without reconstruction
< o} \ is optically isotropic.

All of these curves show a peak at 2.6-3.0 eV [an

3 inverted one for Ga deposition aridll 1)B] and another
energy (eV) one at 4.5-4.7 eV [also an inverted one for Ga deposition

FIG. 1. (a) The imaginary parts of the change in the surfaceand (111)3]' The ex_act peak positions shift to higher
dielectric functionsAe,d determined from SPA data fgi10] ~ €nergy with decreasing measurement temperature. For
(solid line) and fo{ 110] (dotted line) for the surface conversion comparison, the imaginary part of the dielectric function
from (2 X 4) to (3 X 1) caused by Ga deposition. The of bulk GaAs is also shown by the thin dash-dotted lines
imaginary part of the bulk dieletric function of GaAs at S8 jn Figs. 1-3 [20,21]. The peaks in the surface dielectric
(Ref. [21]) is also shown by the thin dash-dotted line. (b)change coincide with those that have been assigned to

The imaginary parts of the change in the surface dielectri " . . . - .
anisotropyA(s(110] — e(i0))d determined by SPA (solid line) ‘bulk critical points (CP) in the bulk dielectric function.

and RDS (dotted line) (Ref. [18]). The solid line in Fig. 1(b) shows the change in the
imaginary part of the surface dielectric anisotropy (SDA)

in vacuum, the angle of incidence, the dielectric constan\(ef;,9; — e[ii0)), Which is defined as the difference

of the GaAs substrate and that of the vacuum, and the filrpetween the dielectric function alofg10] and[110] [22]

thickness, respectively. The effect of the change in thevhen the surface reconstruction changed fi@nx 4) to

surface dielectric function is represented Ay,. Real

and imaginary parts ole; are obtained fronQ,, and

the accompanying phase shift upon reflection determined GaAS(OOD‘ '

by Kramers-Kronig transformation o00,, [19]. The 0.8} (2x4)—>1x1) gy . i

published dielectric function of GaAs at the appropriate 270°C A}

temperature was used for calculating, [20,21]. SN XA130) %, [T10]
Imaginary parts of the change in surface dielectric ' — "/

0.4 /e ._." \ 1

function Ae; corresponding to these surface conversions
are shown in Figs. 1-3. Dielectric changes observed
for the surface conversion from As-stabiliz€® X 4)

to more Ga-rich(3 X 1) are shown by the solid line
([110] azimuth) and by the dotted lin¢1(0] azimuth)

in Fig. 1(a); the changes for the surface conversion from
(2 X 2) to (/19 X /19) due to As desorption on the
(111)B surface are shown in Fig. 2 for the [110] azimuth;
and those for H adsorption to th@ X 4) surface are FIG. 3. The imaginary parts of the change in the surface

id i i dielectric functions Ae,d determined from SPA data for
shown by the solid line ([110] azimuth) and the dOtted[llo] (solid line) and for[110] (dotted line) for the surface

line (110] azimuth) in Fig. 3. For surface conversion conversion from(2 X 4) to (1 x 1) caused by H adsorption.
on a(111)B surface, the SPA spectrum observed for therhe imaginary part of the bulk dieletric function of GaAs at
[211] azimuth is the same as for the [110] azimuth. No0231°C (Ref. [20]) is also shown by the thin dash-dotted line.
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(3 X 1) obtained from data shown in Fig. 1(a). The SDA Ek — k) = E, + h_2< o, L),{z
obtained here is consistent with that previously obtained v "o \mer o) T
by RDS as shown by the dotted line, which is the SDA 52
calculated from theAr/r and A¢ in Ref. [18]. Both o k2, — ki),

Z

curves agree with each other showing peaks at 1.8 and
2.6 eV and a shoulder at 4.0 eV. As can be seen her&herekr, m,r, m,r, andk,, m. are the components of
the SPA measurements are not only consistent with theé — k., perpendicular and parallel i@, and the electron
RDS observations of SDA, but also clarify the azimuth(hole) effective masses along each direction, respectively.
with which each peak is associated. It is evident from The difference between the model dielectric function
Fig. 1(a), that a 2.6 eV peak exists for both azimuths.  and the effective dielectric functiohe.s; = (&) — go(w)
Common features appearing in thed for the(111)B  determined in this way can be converted to the surface
surface and for the (001) surface calls for an origin of thedielectric function of the three phase model by equating
spectra that is not related to specific surface dimers becautige complex reflectance change given by the three phase
it is inconceivable that thél111)B surface has the same model with that given by the Fresnel formula [27],
surface dimers as those existing on the (001) surface. Fur- A&3-phased = /\Aseff/47ris;/2 _ )
thermore, the same peaks appear for hoild)] and[110] ) ) ] _ _
azimuths for the surface conversion on th81) surface, 1€ imaginary part of the surface dielectric function
which indicates that the simplified argument of opticalM[A&3-phase] thus obtained is shown in Fig. 4(b) (solid
transition based on the selection rule of a diatomic molelin€) along with the imaginary part of the bulk model
cule does not hold for these surfaces [6]. It was also foundi€lectric function (dotted line) used for the calculation.
theoretically and experimentally that this type of simple se/AS ¢an be seen in Fig. 4, the three phase model dielectric
lection rule is not valid for a S(001) surface [12]. function has its peak at the same position as the bulk,

The appearance of the bulk CPs in the surface dielec¥hich is consistent with our observation for thel1)B
tric change suggests that we can explain the spectra ciirface shown in Fig. 2.
the basis of bulk electronic states modified by the surface. The physical origin of the appearance of bulk CP
We explored this possibility by choosing a simple modelcan be understood as follows [23]: the bo_undary condlthn
to show that a change in the dielectric function of the sur&t the surface leads to a surface layer in which light is
face layer in the three phase model has a peak at the sarigt absorbed becaus#|* reduces to zero from the bulk
position as that of the bulk dielectric function because of/alue. Quenched” absorption causes a surface dielectric
the surface termination. Del Sole [23] demonstrated thaghangeAe” = —e, in the layer. The thickness of this
surface termination of electronic wave functions causeldyer would be of the order of /k;, wherek. is the
the deviation of the normal incidence reflectance from thénagnitude of wave vector alorig11] of the carriers that
Fresnel formula. He showed that this effect can be accd?'® responsible for the, transition. Because of the two
modated by replacing the bulk dielectric function of thedimensionality of the£; CP, the threshold energy of the
infinite crystal in the Fresnel formula with the effective Valence-to-conduction band transition and the line shape
dielectric function, which was explicitly obtained for the Of the transition do not depend dn. This results in the
transition at thel' point. We extended his calculation dielectric function of the surface layer of the three phase
[23] to the case ofZ; CP when the light is incident to ModelAed ~ Z{c:(_sb)/kz * TEp. _ _
the (111) surface. Following Del Sole, we assumed that Next we will discuss the origin of the optical amsqtrop_y
the electronic wave functiog is terminated at the sur- ©n the (001) surface. As shown above, the termination
face z = 0 such thatyy = 0 for z = 0, which indicates
that wave function does not permeate the vacuum.

We calculated the effective dielectric functige) =
(e'y + i(e") for E; CP as follows. We assumeéi] to be a
two-dimensionalM, type, consistent with various modula-
tion spectroscopy results [24,25]. Then we assumed that
the model dielectric function of the infinite solid near the
E; CP is given by [26]

or= () [ - (F5) ] o

Using the same scheme as used by Del Sole [23], we ’
calculated the imaginary part of the effective dielectric energy (eV)

. " . T
function (¢") for the E; CP atk., in the Brillouin zone FIG. 4. Solid line: calculated change of the imaginary part of

when the'surface is p_erp(_andicular ko,. We assqmed the surface dielectric function determined for the three phase
the following E-k relation in terms of local coordinates model. Dotted line: the imaginary part of the model dielectric

associated to the CP &t,: function of the infinite crystal used in the calculation.

(arbitrary unit)
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of wave functions havingk vectors along[111] can that this is explained by the termination of electronic wave
lead to the observed surface dielectric change. Fofunctions at the surfaces using a simple model calculation.
the (001) surface with surface reconstruction such as We thank Yoshiji Horikoshi for his valuable comments
(2 X 4), eight(111) valleys are divided into two groups on this research and Tetsuhiko lkegami for his support
depending on whether the projection &f, onto the and encouragement.
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