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Isotropic and anisotropic contributions to the optical reflection of S(001)-2x 1
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Optical properties of the outermost layer of clean Si and Ge surfaces are different from the bulk, and can be
changed by chemisorption. We show that on Si an€DG8, in contrast to Q, H is not capable of removing
completely the optical activity of the outermost layer as usually is assumed. By ellipsometric measurements
both near Brewster’s angle and at normal incidence, we are able to separate surface dielectric tensor compo-
nents parallel and perpendicular to dimers on cledf03). The tensor components consist of at least two
parts: a large isotropic part and a much weaker anisotropic part. The isotropic part can be represented by an
attenuation of the bulk dielectric functiof50163-18287)02131-0

A remarkable abnormal behavior of the change in opticathe UHV chamber, the samples were carefully cleaned. At
reflection from clean Si and Ge surfaces upon gas exposug@essures above 10 Pa, heating to 600 K and above led to
was observed by Bootsma and Meyer three decades agdtreversible changes of the (8D1) surfaces, identified as
Instead of the expected growth of a chemisorbed layer, thefiacet formation due to etchin§:'” Also, the flash heating
measurements revealed a surface layer with dielectric progsleaning procedure at low temperatures gives identical irre-
erties different from the semiconducting bulk. Later, theversible change¥ eventually resulting in lower optical sig-
change in optical reflection of both Si and Ge surfaces upomals. In our sample cleaning, we used sputter anneal cycles
gas adsorption was record&d. Early work was seriously for cleaning the surfac®:’
hampered by imperfect cleaning of the surface, leaving C The optical reflection was monitored with a rotating po-
and O on the presumably clean surface. Dielectric propertiegrizer ellipsometer, operated in the 1.5-5-eV photon energy
of the outermost surface layer were attributed to surfaceéegion. This instrument can be used for measurements near
states present at the clean surface. The intuitive picture dbrewster’s angle of incidend@0°) and at normal incidence
optical transitions between surface states was challenged résr isotropy and anisotropy measurements, respectively, and
cently by Kelly, Zollner, and Cardonawho pointed out that is described elsewhet&™® Changes in tanf) and A are
spectra obtained from differently oriented surfaces are quiteneasured. They are related to the change in complex reflec-
alike, despite the difference in surface states. The surfac@nce ratiop=r,/rs before and after gas exposure of the
dielectric function was interpreted as a surface-modified bulkclean surface, y and rs being the reflection parallel and per-
dielectric function. However, a theoretical explanation frompendicular to the plane of incidence, respectively,
first principles of this effect is still lacking. Theoretical and
experimental difficulties of standard optical measurements Pl i
have led to investigations of optical anisotropy of semicon- %:[1+ 8 tar(W)e' ], @
ductor surfaces. The anisotropy is attributed to the recon-
struction of the surface. The capability of anisotropy The indices cl andn refer to the clean and modified surface.
measurementswas demonstrated with the confirmation At normal incidence, § and rs are along the[110] and
of Pandey’$ chain model of the reconstruction of the [110] azimuth, respectively.

Si(111)-2Xx1 surface. More recently, optical anisotropy Values ofs tan(¥) near Brewster’'s angle for exposure of
measurements of @i10),'° Ge(001),**~*3and S{001) (Refs.  clean S{001) and G€001) surfaces to @and H are shown in
13-19 surfaces have been reported. Fig. 1. Also, measurements at normal incidence fd0&i)

In this paper we will show that the optical anisotropy of are shown. Measurements near Brewster's angle were per-
clean S{001) reflects only a part of the surface dielectric formed on the two-domain surface. Hence one averages from
function. Surface optical properties are dominated by an isoboth domains in the surface dielectric function. The single-
tropic part which is independent of the actual reconstructiondomain sample was used for measurements at normal inci-
Absorption of H and Q leads to different results, showing dence, and provides the anisotropy of the surface dielectric
that probably H either does not remove or introduces opticafunction. These figures show that near Brewster's angle there
properties on the semiconductor surface. is a difference between the adsorption gf éhd H. Between

The experiments were performed in an UHV system with1.5 and 3 eV, §001) shows a difference in curvature. For
base pressure below 1% Pa. Two different SD01) sub-  oxidized G€001), a clear negative signal is observed at 2.5
strates were used: one nominéd0l)-oriented (103 B/ eV as well as a smaller signal between 3 and 3.5 eV. At
cnt) and the other 4£0.2° toward[110] (10%° B/cm®).  normal incidence, the anisotropy spectrum d08I) shows
The clean reconstructed surfaces of these substrates shan additional peak at 3.8 eV for H. Both oxidation and hy-
two orthogonal domains or a single domain orientation of thedrogenation of semiconductor surfaces have been used for
dimers, respectively. A nominally oriented (881) substrate removing the optical activity of the clean surfacé&. The
was also usedl0* P/cm®). Before and after introduction in chemisorbed layer was considered to have negligible activ-
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The interpretation of measured surface optical spectra is
usually done by calculating the surface dielectric function,
using a so-called three-layer modélThe clean surface is
represented by a semi-infinite bulk crystal, a thin layer with
thicknessd representing the surface properties, and the
vacuum forms the third layer. After oxidation, only the semi-
infinite bulk crystal remains effectively a two-layer model.
After hydrogenation the surface still shows optical activity,
i.e., a three-layer situation. However, we can calculate the
dielectric function of the H-terminated surface by using oxi-
dation measurements, since in our experiments we measure
the ratio of the complex optical reflectanedefore and after
chemisorptiorfEq. (1)
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Dielectric properties of the surface layer, the so-called sur-
face excess, can be calculated according to Ref. 7 as
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FIG. 1. The change in tat(), e.g., 5 tan(¥), upon oxidation
and hydrogenation of double domain @G@1)-2X1 at Brewster’'s ©)

angle (70°) and for double and single domain(@1)-2x1 at  pere 4 .. andp,; represent the complex reflectance ratio of
Brewster’s angle and at the normal angle of incidence respectlvelydean or hydrogen-covered surfaces and the oxidized surface,

. . respectively.@ is the angle of incidence and the dielectric
ity, and a bulk-terminated surface was expected after expg; nEtion ofythe Si bulk ganng is taken from Aspnes and

sure. Our measurements clearly show that at least expositi wudnz22 At normal incidence, the term preceding the isotro-

to either G, or H does not completely remove the optical . 50 ; . :
activity of the surface layer. By comparing the results atp:)cmsu(;;aecfﬂzxcg‘iﬁain;/arr:sgfrséeizd Ot?g g:ﬁsi?r';oitéosp&?_
normal incidence with anisotropy measurements made du2MP e ; P, P

ing ion sputtering, we found that anisotropy can be COm_face excess measured at single-domain samples equals the

pletely removed by oxygen exposure for both (8ef. 17 difference in dielectric tensor components parallel to the sur-

and Ge'? This suggests that exposition to H does not lead toface:

an optically bulk-terminated Si or Ge surfaces, and puts into dA &= d(&1101— &1T101) (4)
question experiments which neglected residual optical activ- (1101 © (110D

ity after hydrogenatio.Although no direct proof exists that Near Brewster's angle, the term preceding the isotropic sur-
oxidation renders an optically bulk-terminated surface, weface excess makes this term dominant. As we have used a
believe that this is most likely the case. Pinning of the Fermiwo domain sample for measurements near Brewster's angle,
level at the surface is removéfiand ultraviolet photoelec- the isotropic surface excess is denoted as

tron spectroscopy also shows no occupied levels in the en-
ergy range contributing to the optical spectrum.

The change in anisotropy upon oxidation can be com-
pared with reflectance difference spectroscopy data of Ya-
sudaet al’® However, features might be different, as they Both isotropic and anisotropic surface excesses are shown in
reported a gradual change in optical anisotropy after samplEig. 2. Clearly, for the clean surface, the isotropic and aniso-
cleaning. A gradual hydrogen contamination of the surfacdropic surface excess are of equal strength, despite large dif-
was suggested. This is probably true, because, after oxidatidgrences ins tan(¥). In fact, the isotropic spectrum mimics
on the surface, they could still see ax2 low-energy |dA&®], with features at energies of bulk characteristic
electron-diffraction pattern. In many diffraction experimentspoints?* This suggests a model in which the features are due
performed after oxidation of 8101)-2x 1, no reconstruction to light absorption in th¢110] ([110]) direction at 3.2 eV
of the surface has been observed by us. Also, a large discrep#.1 eV), i.e., perpendicular and parallel to the dimer direc-
ancy in size is observed as compared with measurements lpn, respectively. The two critical points for semiconductors
Yasudaet al*® Both hydrogen contamination and the smallerwith a diamond lattice have been assigned to absorption in
misorientation angle of the Si substrate may be the reason fdwo perpendicular bond directioR$This would also explain
this, as a larger misorientation angle yields a more singlethe gqualitative resemblance between the isotropic surface ex-
domain surface. Compared with the work of Kippal.*we ~ cess and the bulk dielectric function. However, for the
observe an identical spectrum. The difference in height cahydrogen-covered surface, the isotropic signal has become
again be attributed to the amount of single-domain surfacejuite small, in contrast to the anisotropic part. The idea of
areat®’ absorption in two orthogonal directions parallel to the sur-

er1101t €[110]
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FIG. 3. (a) The dielectric function of the surface layer of a clean
Energy (eV) Si(001)-2x 1 surface, in thg¢110] (dotted ling and[110] (dashed
. . o . . ) line) directions. Also, the bulk dielectric function is_showsolid
FIG. 2. The isotropidsolid ling) and anlsotrqplc(dashed ling line), multiplied by «=1.35.(b) H-terminated surfacg110] direc-
surface excess of clean(801)-2x 1 and H-terminated £01). tion (dotted ling, and[110] direction (dashed ling The bulk di-
electric function(solid line) is shown for comparison. For both
face fails to describe thid-passivated surface. The presencespectra a thickness af=3 A for the surface layer was used.
of a large anisotropy on H-terminated@1) is not surpris-
ing. Although dimers present on the clean surface are re-
moved with H, the H-Si-H bond and the dimer direction arefails to provide an explanation for the observed isotropic and
in the same plane, and an anisotropic surface remains after &hisotropic optical reflection behavior. Instead, the surface
exposure. Near Brewster's angle, only isotropic propertieslielectric function of the clean surface in a directioparal-
are probed, which have almost completely been removed. lel to the surface can be well represented by
The surface excess has been computed since the surfage=(1+ a)eg+ dg;. The isotropic part shows an enhanced
layer thickness is unknown, and the three orthogonal compaaptical density compared to the bulk dielectric function by a
nents of the surface dielectric function cannot be evaluate¢hctor «~0.35 for d=3 A, while the anisotropy is intro-
separately. However, as already noted, the isotropic surfacguced by an additional factate; . Both oxidation or hydro-
excess shows a large resemblance with the bulk dielectrigenation of the $001) surface remove the enhanced optical
function, as was also noted in Ref. 7. If the three orthogonadiensity «. In contrast, the anisotropic part is removed by
components of the surface dielectric function also have axidation(as established from the resemblance in anisotropy
large resemblance to the bulk dielectric function, the contrispectrum of the oxidized and Assputtered surfagewhile
bution of the term containing ooy to the isotropic surface hydrogenation only modifies the anisotropic part, but is in-
excess becomes negligible. It is then possible to extract theapable of removing it. This implies that at least two pro-
two surface dielectric tensor components parallel to the surecesses are active in the optical response of semiconductor
face by combining Egs(4) and (5). The thickness of the surfaces. The study of the anisotropy effect alone, cannot
surface layer is set at 3 A. Other values do not change linexplain the behavior observed by Bootsma and Méyer.
shapes or relative intensities. The dielectric function compo- The existence of two processes at semiconductor surfaces,
nent parallel and perpendicular to the dimer bond can béading to isotropic and anisotropic optical behavior, is not
determined from the combination of the normal incidencesurprising. On metal surfaces, a difference in the electronic
and near Brewster's angle measurement. Separately, theyructure in two orthogonal directions at a surface will lead
only give a differential or averaged dielectric functifgee to anisotropic reflection phenomena. However, ellipsometric
Egs. (4) and (5)], but not the component itself. Figure 3 changes observed upon oxidation of (G21) can only be
shows dielectric tensor components in fid.0] and[110] explained by growth of a CuO layét A clean surface layer
directions for clean and H-covered(®01). This shows that with different optical properties cannot be observed. These
the surface dielectric function looks quite likg . The two  experiments on metal surfaces also make an explanation of
orthogonal components of the H-terminated surface ar¢he surface optical effect in terms of surface states unlikely,
about equal tasg, implying that both oxidized and hydro- since these are also present on Cu andlAg) and(001).%
genated surfaces show the same isotropic optical behavioA comparison with a metal like Cu can be quite illustrating
The difference between the dielectric tensor components ibecause in the optical region, the metallic Drude contribution
the two orthogonal directions is dwarfed by the commonplays only a minor role.
isotropic part for both clean and hydrogen-terminated sur- Figure 3 shows that the enlarged optical density at the
faces. The idea of two different light absorption directionssurface can be described by an attenuation of the bulk dielec-
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tric function with a factor, i.e., the critical points of Si play In summary, we have shown that oxidation and hydroge-
a prominent role. An increase of the thickness of the laler nation of clean SD01)-2X 1 leads to opticglly_ different re-
reducesa, but the shape remains the same. The total differsponses. Measurement at both normal incidence and near
ence in optical density obtained from integrating the excesBrewster's angle is necessary for obtaining the surface di-
dielectric function from the surface down to the layer thick- €lectric function parallel or perpendicular to the dimer bond.
nessd, given by ad, remains the same. The anisotropy is The total optical response of a surface layer has to be divided
related to the bulk dielectric function as its intensity is in- Itn(;[gl t\(ljvgngirti:hgtn ('as‘:)tlg?g'sc t%irtotggérsg?‘gﬁ %? Iggg?snnizda%%-
i i xplai vati
Creas.ed at 3.4 .eV and decreased at 4.2 e\/ for[ 118) Meyer} anga surface-structure-related anisotropic part. The
direction, and vice versa fdrl10]. The large influence of yer, pic part.

L . ) ._isotropic part of the surface dielectric function is removed
critical points also explains the resemblance between optlci

spectra taken at semiconductor surfaces with different cryst ye(oboolt)f_lziﬁpgjﬁ;eﬂ\)’ve@esgg foilmzjra ?L(J?)ggnt:;cl)ris:ﬂ%pic

orientations. The mechanism behind the isotropic part, thegptical activity after H exposure. The anisotropic part of the
enhanced dielectric functiorr for the clean Si surface re- iglectric function is only modified upon H exposure. This
mains unclear. The different behavior of semiconductor andagy,t indicates that exposure to H cannot be used for obtain-
metal_ surfaces points to a semiconductor characteristic efhg optically bulk-terminated semiconductor surfaces. In a
fect, like the Franz-Keldysh effe€talthough the strength of  heoretical calculation of the optical response of semiconduc-
this effect is a factor 10 too small. However, such a nonlineag, surfaces, both components will have to be considered.
effect would explain the vanishing of the isotropic contribu-

tion upon oxidation or hydrogenation, and the noted resem- This work was part of the Stichting voor Fundamenteel
blance with surface conduction measureméntsAlso the  Onderzoek der Materi€FOM), which is financially sup-
strong peak in the anisotropic dielectric function of(G&l) ported by the Nederlandse Organisatie voor Wetenschap-
after exposure to MO (Ref. 12 is exactly at a critical point, pelijk Onderzoek(NWO). One of the authorg¢H.W.) ac-

and has a large resemblance to electroreflectance measuk®owledges the Royal Netherlands Academy of Science
ments performed on G@01).%’ (KNAW) for their support.
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