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Surface versus crystal-termination effects in the optical properties of surfaces
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We prove, by realistic microscopic calculations within g@s* tight-binding method for GaA410) and
GaAgq100), that the surface optical properties are not influenced by long-range crystal termination effects, and
hence that they can be consistently studied considering slabs of limited thickness (20—-30 A). The origin of
derivativelike and bulklike line shapes in reflection anisotropy spectra is also discussed, analyzing the effects
arising from possible surface-induced reduction, broadening, and shifting of the bulk spectrum near the surface.
[S0163-182609)01123-4

[. INTRODUCTION (001) surface, and to its derivative for thi&11) surface. UK
conclude that these two peaks are not due to transitions in-
Reflectance anisotropy spectroscof®AS) and surface Vvolving surface states, but to modified bulk electronic tran-
differential reflectancgSDR) are surface-sensitive optical sitions. They claim that the surface termination effect, first
techniques, and are used to obtain information on the atomidiscussed by one of the present authors in 19i8Srespon-
and electronic structures of surfacem the early times of sible for the occurrence of bulklike features in surface spec-
these spectroscopies, the spectra were explained in terms 6. According to UK, this effect mostly consists in a reduc-
transitions across surface states, although this view has be&fn of the polarizability below the surface, arising from the
contrasted by calculations, showing that surface-geometrguenching of bulk-state wave functions near the surface, due
effects could also determine the spectra through surface pelQ their vanishing outside the crystal. This might be a long-
turbations on the optical matrix elements of transitionsfange effect, extending one hundred Angstroms below the
across bulk State?SNOW the attitude seems to be reversed:surface, which mlght be hardly included in slab calculations.
after realizing that many RA line shapes are similar to theWe show here that, although the crystal-termination effect is
imaginary part of the bulk dielectric function, or to its energy in fact present, the way it has been described by UK is rather
derivative, it is a growing belief that surface optical spectral@ive; not a bare reduction of the polarizability, but a distor-
are mostly determined by bulk effects, and therefore, notion of its line shape must occuiand indeed occuysto
very useful as a tool of surface characterization. In this paProduce a nonvanishing RAS or SDR signal. However, the
per, we discuss the origin of these bulklike features, and diesulting effect is by no means of long range, and is in fact
the same time emphasize the presence in optical spectra cluded in slab calculations. Moreover, while the crystal-
other features, more related to the surface structure. termination effect often yields derivativelike line shapes, we
In 1996, Rossow, Mantese, and Asphescognized that have not found bulklike spectra arising from it.
RAS data on chemically saturated surfaces generally re- The GaA$110 surface is a good test case for our calcu-
semble the energy derivative line shapes of the correspondﬁtions and discussions, because of its well-defined atomic
ing bulk spectrad Im[ e,(w)]/d(w), while surfaces with un- stru<_:ture and for t_he occurrence (cmjodesl surf_ace effects
saturated dangling bond®B'’s) often yield RAS line shapes Partially_overlapping in energy with(predominant bulk
resembling the bulk spectrum, [@y(w)]. They explained effects®’ The As-rich GaA&100 B2(2x4) surface wil
the latter line shapes in terms of surface-induced changes SO be considered.
the electron-hole interaction and of local fields, while deriva-
tivelike spectra were explained in terms of surface perturba-
tions on the energies of bulk states. From these findings, they Il. THEORY
inferred the occurrence of shorter lifetimes of (_electrons.and. We calculate the surface contribution to reflectance, that
holes near the surfaces. We show here that this deduction jg jts relative deviation with respect to Fresnel formulas, ac-
not necessary. Furthermore, we demonstrate the _eX|§tenc_e %rding to the three-layer model
other mechanisms able to produce energy-derivative line

shapes.
A further step along the way of attributing most RAS and AR, 4w gsi(w)—ep(w)
SDR features to bulk effects has been done by Uwai and R~ ¢ cosddim @) =1 | 1)

Kobayashi(UK) in 1997% They measured surface photoab-
sorption (SPA) spectra for different conditions of the
GaAg001) and GaAs111) surfaces, from which the changes for s-light polarized parallel to the direction (=x ory) in

of the surface dielectric tensor were extracted. The imaginarthe surface plane, wher@ is the angle of incidence] the

parts of such changes have peaks at 2.6—3 eV and at 4.5—4J@pth of the surface layesg;(w) is theii diagonal compo-
eV, close to the main structureg; and E,, of the bulk nent of the surface-layer dielectric tensor, andw) is the
dielectric function. The line shapes are similar to the imagi-sotropic bulk dielectric function. Fop-light incident in the
nary part of the bulk dielectric function in the case of theiz plane, the anisotropic three-layer model yiélds
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AR, 4o [ssi(w)—sb(w)][sb(w)—Sin29]+8§(w)sin20[1/852(w)—1/8b(w)]
——=——CosfdIm . ' 2)
R c [ep(w)—1][ep(w)cOSH—SiNP6]

The surface-layer dielectric tensor, assumed to be diagongB2(2x 4) surface, a good convergence of the spectrum is
is obtained by subtracting the bulk dielectric function from already obtained using a numberkopoints equivalent to 64
the calculated slab dielectric tensor, with a suitable choice oin the (1X 1) surface cell. Similar calculations carried out on
the surface-layer deptth. The reflectivity fors light comes  Si(110:H show that the RA spectrum is already converged
out to be independent of the choicedfcoincident with the  with 64 k points (usually, calculations are made with &4
microscopic formulas not relying on the three-layer model.points or les$;%’ since, even with a well-convergdgpoint
This model is instead needed to obtaitight reflectivity by ~ summation, only qualitative accuracy can be achieved, due
avoiding the computationally very demanding inversion ofto the neglect of excitonic and local-field effects

the dielectric susceptibility tensor. The calculated RAS for GaA%10) is qualitatively similar
to previous calculations, carried out using tight-bindingior
Il RESULTS initio methods, and to experimerfts’® The peak at about

2.9 eV embodies a substantial contribution of transitions
We start by calculating the normal-incidence reflectanceacross surface states or resonan@és/ariance with Ref. 6,

anisotropy(RA), 2(R,—R,)/(R+R,), of GaAg110. The  but in agreement with Refs. 7 and)15vhile the higher-
latter is the cleavage surface of GaAs, and, despite being nehergy structures are essentially due to transitions across
reconstructed, undergoes large relaxations. Its equilibriungurface-perturbed bulk states. The main effect ofkipeint
structure, known as the “rotation-relaxation model,” is well convergence achieved in the present calculation was to re-
known both from the experimental and the theoretical sidesguce the intensity of the dip just above the 2.9 eV peak and
the surface As atoms relax toward the vacuum, and Ga atomsf the subsequent structures.
move in the opposite direction, recovering a quasiplaygr Having achieved quantitative convergence with respect to
bonding with their three As neighbotsWe represent the the number ok points, we can look now at the convergence
surface using a slab of 31 atomic layers, where the actualith respect to the number of layers, which is the main in-
atomic positions are taken from a Car-Parrinello total energyerest here, since changes in line shapes occurring for very
minimization!® Since the slab has two equivalent surfacesthick slabs would indicate the presence of the long-range
the computed slab polarizability must be divided by two. Weeffect assumed by UKIn Fig. 2(a) we show the GaA410)
then also consider a polar surface of GaAs: the As{1€/)  RA calculated using slabs of 11, 31, and 93 layers and 1024
B2(2X4). The latter is known to be the stable reconstruck points. The latter two curves are almost indistinguishable,
tion for this surfacé! and is a regular array of two As while the 11-layer curve is also close to them. This means
dimers and two dimer vacanciéhe unit cell contains only that the calculation has already converged with 31 layers,
two As dimers, aligned along th¢110] direction. Also in  and that the aforementioned long-range effect does not oc-
this case, the actual atomic positions are taken from a Cacur. The same is true for the pold00) surface: in Fig. &),
Parrinello total energy minimizatiolf. In the case of we show the calculated RA for the GaA80) B2(2x4)
GaAg100), since geometry does not allow to build a slab
with two equivalent surfaces, the calculation is done for a
system with only one surface reconstructed, i.e., by including
a real-space cutoff functiofe squared cosine, approaching
one on the interesting surface and zero on the atleithe 0.01¢
optical transition probability calculations, to eliminate the
contribution of the back surfacé.The electronic states of

0.015}

the slab, as well as of those of bulk GaAs, are calculatecZ@ 0005y
according to thesp®s* tight-binding method, as in Ref. 2. T

The As-As tight-binding interaction parameters are those of 0
Ref. 14. The imaginary part of the slab dielectric function is

obtained by considering transitions at a numbek pbints in -0.005 |
the irreducible part of the two-dimensional Brillouin Zone

(IBZ). The first issue we address is the numbek qfoints 001

that are needed to obtain a good convergence. In Fig. 1, w 1 15 2 25 3 35 4 45 5 55
show the RA of GaAd 10 calculated with 256, 1024, and
4096 speciak points in the IBZ; the curves corresponding to
the first two cases are clearly distinct from each other. The g 1. calculated reflection anisotropy spectrum of the
calculation with 4096 pOintS, inStead, is almost coincident GaAil]_O) surface’ and its convergence with respect to the
with that with 1024k points. This means that 102dpoints  Brillouin-zone sampling. Full line: 4098 points in the irreducible
are needed to achieve full quantitative convergence of th@edge of the surface Brillouin zone; long-dashed line: 1G24
GaAq110 RA. This result might be a peculiar property of points; dotted line: 25& points. In the latter case, full convergence
this and similar surfaces. In the case of the G4A§) has not yet been reached.

Energy (eV)
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0.015 FIG. 3. Surface contribution to reflectance fslight incident in
they-z plane at 60°, for GaA410) slabs of 31 layer¢dashed ling
and 91 layerdfull line), using 1024k points in the SBZ. Theg
0.01} direction is parallel to the chains in the surface plane, while
perpendicular to the surface.
o 0.005
= used is therefore due to the error caused by the small number
0 of k points, which randomly varies with the number of
planes. This is nicely demonstrated by Figh)2 where the
same series of slabs as in FigaR(11-31-93 layepshas
-0.005 been used to compute the GaAs0) RAS spectrum with a
set of 256k points.
-0.01 . . . . . . . . In view of the different structures of Eql), for s light,
1 15 2 25 3 385 4 45 5 55 and Eq.(2), for p light, one could speculate that the long-
by Energy (eV) range effect might cancel in the former case, and appear in
- the latter. To check this possibility, we present in Fig. 3 the
0.015L | surface contribution t@-light reflectance calculated using
the anisotropic three-layer model at an angle of incidence of
60°. Again no difference is present between the curves cal-
0.01¢ culated with 31 and 93 layers, definitely showing that surface
optical properties are well converged with slabs of 31 layers.
o 0-005 The present results increase our confidence in slab calcula-
=z tion, not only since very long-range effects, which can be
0 hardly embodied therein, are excluded, but also because thin
slabs, as the 11- and 16-layers ones, which are the only ones
\ that can be afforded iab initio calculations, already yield
-0.005 1 rather good results.
Let us discuss now in more detail the crystal-termination
-0.01 effect invoked by UK’ It has been first addressed by one of

1 15 2 25 3 35 4 45 5 55 the present authors in connection with the reflectivity at the
{c) Energy (eV) direct minimum gap of a semiconductbBy disregarding
the microscopic structure of the surface, and describing it
FIG. 2. (a) Convergence of the theoretical RA spectrum of just as an infinite potential barrier preventing electrons from
GaAdq110), calculated using 1024 points, with respect to the escaping into vacuurtthe crystal terminatior the reflectiv-
thickness of the slanumber of atomic layeysused in the calcu- ity was obtained starting from the wave functions calculated
lation. Full line: 93 layers; dashed line: 31 layers; dotted line: 11according to the effective-mass approximation. Since the
layers. The results for 31 and 91 layers are aimost idenfisalhe \yaye functions must vanish at the crystal-termination plane,
same, calculated using 236points. (c) Convergence of the theo- e enyelope plane waves occurring in an infinite crystal are
retical RA spectrum of GaA$00 2(2x4), calculated using & replaced by sinetype standing waves. When looking at the
points[equivalent to 64 in the (X 1) surface cell with respect to imaginary part of the local dielectric function, [8(z,®)]
the thickness of the slab. Full line: 40 layers; dashed line: 20 Iayersf'hiS yields a region below the surface where ’this q’uant’ity is
dotted line: 16 layers. . L2
smaller than in the bulk crystal. The depth of such a region is
surface, where small differences show up using slabs of 1&f the order ofm/k,, k, being the largest wave vector of the
20, and 40 layers. The slow convergence with slab thicknesselevant transitions. In the case of the minimum gap, hence,
observed in calculatiofisvhen a smaller set df points is  k,=[2m* (hw—Ey)/A%]¥% where m* is the reduced
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electron-hole effective mass arkg, the direct gap energy. 0.04
By taking an effective mass of 0.1 adv—E4 as 0.1 eV,

we estimate this depth to be of the order of 60 A. Thisisthe  0.03}
guenching of thébulk) dielectric function below the surface,
that UK assume as the most important effect. However, crys ~ 0.02}
tal termination affects the optical properties also in anothel
way: since the matrix elements of the momentum operato > 001}
must be calculated between the surface-perturbed wave fun 5

tions (sine-type in the case discussed hetigey are different 0

from those of the infinite crystal. More explicithk, is no

longer conserved in subsurface optical transitions; the breal -0.01

ing of this selection rule yields spectra distorted with respec 0.0

to (namely, broader thanthe corresponding bulk spectra, '

acting as an additional broadening localized near the surfact ;4 , . . ) ) . ) .

We will show below that this additional broadening is the 1 15 2 25 3 35 4 45 5 55
most important crystal-termination effect influencing the sur- (a) Energy (eV)

face optical properties of GaAs. 0.02

Differently from the case discussed above, the main struc
tures of bulk spectra, which yield the most prominent bulk- ~ 0-015f
related structures in RAS and SDR, are due to transitions ¢ g1l
saddle points of the joint density of states. The characteristi
k, at saddle points is much larger than at the direct gap « 0-005}
because a large region of Brillouin Zone is available for op- : 0
tical transitions at the saddle-point energy. For instance, ver < |
tical transitions along all thé\ line are responsible for the
E, structure in GaAs. Hence, the largéstis of the order of -0.01}
the BZ boundary,w/a, and the depth of the surface-

-0.005}

perturbed region is of the order of the lattice constarthis 0.015¢

explains why we have not found in Figs. 2 and 3 any indi-  -0.02} .

cation of long-range effects close to saddle-point energies. 0,025 . . . . . . . ."v’
The simplest model of quenching is to assume that the Y4 15 2 925 3 35 4 45 5 55

polarizability is completely suppressed within some depth (b) Energy (eV)

below the surface. This, however, would be equivalent tc 0.02

shift the surface by, and would not give any contribution to
the reflectance. Hence we consider a slightly different model 0.015]
where the polarizability is partly quenched, say 50%, in a
depthd. In practice we assume, within the deptha surface 0.01}
dielectric function of the form

0.005}
) A |
8Si(w):fi.sb(w—Awi,yi) (3) é 0 \// N
whereep(w) is the bulk dielectric functionf; (<1) repre- -0.005
sents the quenchingy; is the broadeningpossibly different
from the bulk ong and Aw; is a possible frequency shift. 0.01r
When Aw;=0, ¥;=ypuk, and f;=1, &.(w) coincides 20.015}
with the bulk dielectric function. Taking’;<1 with v;
= Ypuik aNd A w;=0 would not modify thes-light reflectiv- -0.021 e 3 . it s
ity, since the numerator and denominator in EL.are pro- © ' " Energy (V) : )

portional to each other, and hence, the fraction is a real num-
ber, with vanishing imaginary part. However, this is not the

case for p-light reflectivity, which may undergo some  pig. 4. (a Microscopic calculation(110 slab of the surface
change. The full line in Fig. @) shows the surface contri- contribution to reflectance fap-light incident in they-z plane at
bution calculated in this way. It is clear from the figure that60° (dashed ||n§}V Compared with the results of the ”quenching
this model has no relation with the output of the slab calcumodel” (full line); (b) Microscopic(slab calculation of the surface
lation (dashed ling hence, the pure quenching effect cannotcontribution to reflectance for normally incident light polarized
account for the surface contribution to reflectance. along the(110 chains(dotted ling, and perpendicularly to them

We consider next the pure broadening model, if¢., (dashed ling computed with a 31-layers Ga@4 0 slab and 1024
=1, Aw;=0, andy;> y,uk- Now the surface is assumed to k points in the SBZ, in comparison with the results of the “broad-
have the same dielectric function as the bulk has, but witfening model” (full line); (c) “Broadening model” results for the
broader line shapes, as a consequence of the breaking of tRé& spectrum of GaAgfull line), compared with the microscopic
k, conservation near the surface. In Figbjwe show the —calculation of Fig. l(dashed ling
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surface contribution to the reflectivity of normally incident 0.025
light, with polarization perpendicular and parallel to the

[110] chains, as calculated from the slab polarizability 0.02
(dashed and dotted lingsand according to the broadening 0.015

model(full line). We assume a broadening of 100 meV at the e
surface, while it is 30 meV in the bulk. The curves are rathei 001l

similar, showing line shapes resembling the energy deriva £
tive of the imaginary part of the dielectric function. Also the * 0.005|
surface-state-related peak at about 2.9 eV is embodied in tt ;
broadening-model spectrurthis occurs only because the P
peak mentioned above overlaps in energy with Ehebulk
structure around 3 eV However, the differences between  -p.005}
the broadening model and microscopic calculations, whict
seem to be small in this spectrum, become very large in th -0.01

RA spectrum, shown in Fig.(d). Here, the dashed line is 1
obtained as in Fig. 1, that is from the 31-layer slab calcula:
tion. We can produce a RA-curve according to the broaden
ing model by assuming that the depth where the dielectric
function is broader than in bulk is different for the two po-

1.5 2 25 3 3.5 4 4.5 5 5.5
(@) Energy (eV)

0.015}

larizations, or, in an equivalent manner, that also som 0.01}
guenching of the dielectric function occur§€1), whose
amount depends on the direction of light polarizatidn ( 0.005 L

#f,). By assuming a suitable depth or quenching difference‘é’
we produce the full line in Fig. @), which is of course R
proportional to the continuous line in Fig(b}. The two
curves in Fig. 4c) are markedly different, although the peak
at 2.9 eV (the only spectral feature related to transitions -0.005}
across surface stajeis present in both curves.

Hence, we can conclude by recognizing the occurrence ¢

-0.01

bulk-derivative-like features in surface optical spectra calcu: 1 15 2 25 3 35 4 4t5 5 55
lated for a given polarization of light, due to the broader line , Energy (V)

shape of the dielectric function near the surface. This broader

line shape is due to the breaking of thkeconservation rule FIG. 5. (a) Full line: GaAs RAS results from the quenching-

(namely, it is a crystal-termination effgcts included in slab  broadening-shifting model, with the following choice of param-
calculations, and does not imply a shorter lifetime of eleceters: f,=1, f,=0.5, %,=0.1 eV, 7= y,uk=0.03 eV, Awy
trons near the surface than in bulk. When anisotropy differ=Aw,=0.1 eV (see text Dashed line: microscopic calculation
ence spectra are taken for GdAs0), however, these fea- for the (110 slab, with 31 layers and 1024 points. (b) Dashed
tures largely cancel, so that the surviving RA has about ndine: experimental RAS data for Gafi90) 82(2x4), from Ref.
relation to the broadening model. Of course, such cancelal?. Dotted line: microscopic calculation for the same surface. Full
tion may be smaller at other surfaces, so that derivativelikdine: quenching-broadening-shifting model, with the following
line shapes may be present in RAS and SDR spectra. ~ choice of parameters:f,=f,=1, ¥%=y,=0.1 eV, ypux
As a last point, we can assume that thelk) dielectric ~ =0-03 eV,Aw,=—0.1 eV,Aw,=0.

function near the surface can undergo small shifts of pealyprig spectrum is rather simildalthough energy shiftédo
positions Qw;#0), in addition to broadening and quench- the microscopically calculated RAS spectrum, also shown in
ing. To this aim it is not needed, as assumed in Ref. 3, thatig. 5a) (dashed ling For some choice of the parameters we
electrons and holes excited in optical transitions are kepgot difference spectrapproximatelybulklike, that is show-
close to the surface by their short lifetimes, in order to being peaks close to the two bulk critical-point energies, but,
shifted in energy by the surface potential. The required smalflifferently from the bulk spectrum, with a negative region in
shifts of the peaks of the surface dielectric function may bebetweenFig. 5b), full line]. A similar RA spectrum is the
produced by the surface perturbation on the wave functiongesult of a realistic tight-bindingTB) slab calculation car-
and, consequently, on the local polarizability. It is a matter ofried out for another GaAs surface, tljgolan (100 82(2
fact that the layer-projected density of states may be differenk 4). The calculated RAS is shown in Fig(, by the short-
from the bulk one. The same, of course, can occur for thelashed line, while the experimental spectrum, more similar
z-dependent dielectric functiofl, whose average over the to the bulk one, corresponds to the long-dashediirihis
first few layers yields the surface dielectric function. suggests that the surface-exciton and surface local-field ef-
We have tried to obtain bulklike differen¢RAS or SDR  fect may be determinant to yield bulklike surface spectra. A
spectra by suitably varyinfy, ¥, andAw;, i.e., by shifting,  recent calculation for $110:H,'® where the experimental
broadening and quenching the bulk spectrum. By varying th&®A line shape is bulkliké® shows indeed that the surface
parameters above, we often obtained derivativelike spectrédgcal-field effect, treated therein according to the point-
never obtained bulklike spectra, and sometimes hybrid speatipole approximation, is crucial to obtain a bulklike theoret-
tra [see Fig. %), full line]. It is worth to notice that this ical line shape.
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IV. SUMMARY AND CONCLUSIONS transitions across bulk states. Surface termination effects,
however, involve a more complex mechanism than that de-
. : ; : Yeribed by UK. In fact, the broadening of the bulk dielectric

optical properties of GaAs are localized in a few monOIayer%unction near the surface is the most important crystal-

?heelg\g rtehseulfsuréfécﬁ(.)tAdse|tezzsegeﬁ;tldlsocnu?ﬁgd fl;:tii?lgr ISH’S'Eermination effect, due to the breaking lof conservation at
. pe plicitly parlcuiar sysq, itaces. It does not imply, however, that photogenerated

tem considered, suggesting a more general validity, i.e., inz e .
electrons and holes have shorter lifetimes than in the bulk.

dicating that for a wide. class of sgmicqnduct_or surfaces th‘EI"his effect yields derivativelike line shapes, as those ob-
surface effects on optical properties, including the CryStal[aine d at manv chemically saturated surfaceé
termination effect, are well described using slabs of a few Finally, we >\/Nould like %; stress that many éffects coneur

tens of monolayers. In the absence of peculiar features due %8 determine surface optical properties. It is not possible to

surface states, the crystal-termination effect can be phenoni:- : . .

i . . ) interpret optical spectra of all surfaces in terms of a single
enologically modeled as a shift, broadening, and reduction o . o o

S effect, either the crystal-termination effect, or transitions

the bulk spectrum. Many combinations of these parameters . : =

across surface states. Caution must also be used in assigning

g‘ssl%rsgg?(;e esgt?g:;aI:ﬁ’ﬁg%g&?i;ﬁ;gg%; ?r:(:gemgﬂlr‘: ectral features to bulk-state transitions uniquely because of
b P ) P eir energy positions, as exemplified by the case of

of shift, broadening and reduction are ultimately determine aAq110), where we found that the main peak of the calcu-

by the microscopic structure of the surface; furthermore .
. : i L . lated spectrum, occurring almost at the same energy as the
these bulk-derived structures coexist with transitions directly, : ; L )
E, bulk feature, contains a substantial contribution of transi-

involving surface states. After subtraction of individual SPEC-; < across surface states

tra to obtain RAS or SDR spectra, the resulting line shape '

can be qualitatively different from a derivativelike line

shap_e, as in the_ case of G4A$0). On the other handap- ACKNOWLEDGMENTS
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