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Reflectance Difference Spectroscopy: Experiment and Theory for the Model System
Si(001):As and Application to Si(001)
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Reflectance difference spectroscopy (RDS), scanning tunneling microscopy, and calculations of the
RDS spectra have been performed for the bare Si(001) surface and Si(001):As, thereby relating identified
structures with RDS features. For the As-terminated surface, which exhibits & symmetric As-As
dimer structure, we demonstrate excellent agreement between measured and calculated spectra. For
clean Si(001), which shows a more complex structure arising from dimer asymmetry, we provide
identification of RDS spectral features arising from transitions between dangling-bond surface states.

PACS numbers: 78.66.Db, 73.20.Dx

Reflectance difference spectroscopy (RDS), alsaonent between theory and experiment. In our investiga-
referred to as reflectance anisotropy spectroscopy, is tions of the clean Si(001) surface we demonstrate that the
powerful tool for characterizing the surfaces of crystallinedangling-bond surface states on the Si-Si dimers make a
materials [1]. Polarized light normally incident on a significant contribution to the RDS spectrum, and that the
sample which has an azimuthally isotropic bulk opticalRDS spectrum is sensitive to the ordering of the dimers.
susceptibility produces no difference in reflectivity as aTherefore, the disordered nature of the dimer buckling at
function of azimuthal polarization angle. The surface,room temperature could lead to complications in inter-
however, usually has a lower symmetry than the bulkpreting the spectra. Nevertheless, we have obtained rea-
and can lead to optical anisotropy. This can be probedonable agreement between experiment and calculations
by modulating the angle of polarization relative to thewhich employ2 X 2 or2 X 1 unit cells containing buck-
optical eigenaxes. Thus, for example, if the surfacded Si-Si dimers.
symmetry reduces from fourfold to twofold, then taking All results described in this Letter were obtained on
the difference between the reflectance for light polarizedsi(001) samples rotated eith&t or 2.5° from (001) about
parallel and perpendicular to the surface axes providea (110) axis. The clean Si samples, after annealing to
a signal related only to the surface-induced electronid030 °C, had predominantly two-atom high steps separat-
structure. Because light has a far smaller cross sectioimg terraces ofZ X 1) reconstructed dimers. As seen for
for interaction with matter than many other probe beamsthe 4° vicinal surface in Fig. 2(a), the dimerization di-
such as electrons, the RDS technique can also be appliedction was mainly parallel to the step edges. The sur-
to systems immersed in gas or liquid ambients. face optical eigenaxes are parallel and perpendicular to

RDS has been applied to various semiconductor surfaceke dimerization direction. RDS sums the responses over
[2,3]. What is still lacking, though, is a connection the probe region. Therefore, equal areas2o(1) and
between the observed features in RDS spectra and tH{é X 2) domains cancel their local contributions to the
causative transitions. To provide such connections tweesultant RDS signal. The vicinal surfaces allow us to or-
additions to the RDS experiments need to be providedder the dimers and thus maximize the contributions of the
First, one needs to characterize the (preferably simplejimers to the RDS. A minor contribution might be ex-
surfaces using independent means so that one is confidgmected to arise directly from the steps; however, we argue
about what is being probed; second, one must perforrbelow based on the data that RDS features related to steps
theoretical calculations which can accurately delineatare insignificant relative to the net dimer response.
the contributions to the optical transitions at a particular The RDS spectrometer was attached to a strain free
energy. window port having a line of sight normal to the sample

In this Letter we report results of RDS, scanning tun-on its holder in our research molecular beam epitaxy
neling microscopy (STM), and theoretical calculations of(MBE) system. (See Ref. [4] for further description of
the RDS spectra for the As-terminated Si(001) surface anthe MBE.) Samples were moveih vacuo between
the clean Si(001) surface. Si(00d)-x 2):As exhibits interconnected pods of the MBE and surface analysis
a stable and well-understood atomic structure, and magystem. One pod houses the STM. The temperature
therefore serve as a model system for assessing the acaiabilized RDS system used a xenon arc lamp (for
racy of calculations of RDS spectra. Its smalK 2 unit  Ar = 2-5 eV) and a quartz tungsten halogen lamp (for
cell facilitates theoretical calculations of the reflectancehv = 1-3 eV), spherical reflecting optics, MgiRochon
anisotropy. For this system we have obtained good agregolarizers, a quartz photoelastic polarization modulator, a

2810 0031-9007796/76(15)/2810(4)$10.00  © 1996 The American Physical Society



VOLUME 76, NUMBER 15 PHYSICAL REVIEW LETTERS 8 ARRIL 1996

1/4 m grating monochromator, and a 76 channel lineaprinciples pseudopotential calculations with a plane wave
diode array for multiplexed sensing of the wavelengthcutoff of 12 Ry for the As-terminated Si(001) surface and
dispersed, dc-normalized, ac signal. 10 Ry for the clean Si(001) surfaces [7].

The reflectance difference signal isAr/r = In Fig. 1(a) we show an STM filled state image
R (2(Fr10 — F110)/(Ff19 + F110)l, where 75, and for a clean Si(001)2 X 1) sample passivated with a
F110 are the complex reflectivities for light polarized, monolayer (ML) of As. The sample was prepared by
respectively, perpendicular and parallel to the tilt axissaturating the sample surface at room temperature in an
direction. A well-defined rotation of the plane of po- As, flux and then ramping the sample 600 °C before
larization by a small angled is used to calibrate the turning the arsenic flux off. The dimerization axis is
spectrometer according thr/r = 26. The RD spectra rotated by the addition of 1 ML, and thel & 2) to
were taken at room temperature (RT). For each run tw@2 X 1) ratio is typically 9:1. (The trenches running
spectra were taken, corresponding to the sample [11Qerpendicular to the steps are phase boundaries which
axis at =45° relative to the unmodulated polarization
axis. The90° phase shift produces an RDS inversion
for sample-derived signals; however, systematic (small)
baseline offsets do not change. Therefore, half the
difference between spectra was taken for the final data to
eliminate any such artifacts.

The calculation of the reflection anisotropy spectra
was performed in a single-particle approximation which
relatesAr/r to electronic transitions between occupied
and empty states of a thin slab of material. Following
Manghiet al. [5] we calculate
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In this expressione, (w) is the bulk dielectric function 0.001 - .""‘_ i
of Si, and a,(w) and ay,(w) are components of the e L
optical polarizability tensor calculated for a 16 layer 2000 """"!‘-"!-_ —re
centrosymmetric film of Si having a thickness 24 ~ -0.001 { -t =
40ap. Excitonic effects are beyond the scope of this (b)

work and are neglected. The optical response for light -0-002
polarized along the dimers,,(w) will in general be - 0.004

different from that for light polarized perpendicular to the r
dimersa,,(w). The real part ofe(w) is obtained from :n.mz
—

the imaginary part by a Kramers-Kronig transformation. 2=

e . . S 0.000
Within the single-particle approximation, the band struc- :1 |
ture entering the calculation of the imaginary part«fv) L-0.002
should be obtained from quasiparticle calculations [6]. (c) 1x2 cale. - 5
: L-0.004

Indeed, we have performed quasiparticle (QP) calcula-
tions for both the clean Si(001) surface [7] and the As- 0.002

ke

terminated surface [8]. In these and previous calculations ;.. |

[9] it has been found that the QP band structure is related to F el

the LDA (local density approximation) band structure by a  0.000 St
nearly rigid shift of the electron states relative to the hole ot | o . £
states. Because it is impractical to calculate quasiparticle .

energies for each of the large number of electronic states -0.002 { (d) 2xlexp. W
required in the calculation of the dielectric functions, we T S 3 7 3
have employed LDA band structures, but with the energy hv [eV]

band gaps between occupied and empty states increased by
0.5 eV. For the calculation of the dielectric function we FIG. 1. (a) Filled state STM image of As-terminated, vicinal
include all conduction bands within 1 Ry of the conductionSi(001):As{1 X 2). Sample bias was —1.5 V and tunneling

i ; ; ; current wasl00 pA. As,; was used to dose the sample at room
band minimum for each of 12Bpoints on a uniform grid temperature througl00 °C. (b) RDS spectrum of the same

in the 2 X 1 irreducible Brillouin zone. For the X 2 gyiface. (c) Calculatedr/r for Si(001):Asél X 2). (d) RDS
cells we employ an equivalerit point set consisting of spectrum of similar sample dosed with /Agt 500 °C to create
64 points. The LDA band structure is obtained from first-the orthogonal Si(001):A2(X 1).
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may be related to surface stress relief.) Figure 1(b)
is the corresponding RDS spectrum. Figure 1(d) shows
the RDS spectrum for an As-terminated sample prepared
using As, but with the bare Si surface first seeing arsenic
when the surface is &00 °C. We have shown [10] that
this procedure produces a maximal coverage2ok(1)
dimerization. Comparing Fig. 1(d) with Fig. 1(b) it is
evident that the rotation of dimer orientation is observed
in the RDS spectra, and that the dimers dominate the
spectral features.

The spectrum calculated for the Si(001)< 2):As sur- 0.002 _ . ;
face is shown in Fig. 1(c). Below 3 eV the RDS spectrum .
is very weak due to the absence of dangling bonds on the 2.0 bl /\
symmetric As-As dimers [11] of this passivated surface. 0.000 .

The feature present at 2.7 eV arises from transitions be- 404 | 4°
tween surface-perturbed bulk states and an antibongling S
state of the As-As dimer which is located about 2 eV above -0-002 1 % o

the valence band maximum. At higher energies (4.4 eV) -g.gea | ™ vl g g0

there are strongly anisotropic transitions from the bonding i
to the antibondingr states of the As-As dimer. How- 0.000

2
ever, these occur in the same energy region as transitions M
involving surface-perturbed bulk states and it is therefore 0.002
difficult to assign the features above 3 eV to specific tran- = | -0.004
sitions between surface states. The agreement between th( < b inon
experimental and theoretical RDS obtained for this model © B
system is clearly very good, thus demonstrating the accu- ‘ ] 21 cale. | .0.008

P

racy of the calculations. However, as a cautionary note,

the sensitivity of the RDS to details of the surface elec- 9-000 Ay
tronic structure, both surface states and surface-perturbed_g gp2
bulk states, implies that simple interpretation of RDS fea-
tures, e.g., linking certain spectral features to As-As dimers 9004 1
whether on Si or GaAs, is not always possible. -0.006 | i el
Following these results for the As-terminated surface 0008 | @ )
1 2 ' 4 5

we now focus on the clean Si(001) surface. The atomic
structure of this surface is more complicated and less o 3
ordered because of dimer buckling and dynamic flipping hv [eV]

at RT. Figure 2(a) shows a filled state STM imageFlG. 2. (a) Filled state STM image of ba#¥, vicinal Si(100).

of a bare,4° vicinal Si(001) sample. The terraces andsample bias was —1.5 V and tunneling current was 100 pA. The
steps are evident as is the predominant orientation diistance between dimer rows is 0.8 nm. (b) RDS spectrum

dimer rows perpendicular to the terrace edges, the s®f the same surface (dotted) and of2z° vicinal surface

called @ x 1) configuration. Occasional single height (S0lid line). Calculated\r/r for the (c)2 X 1 and (d)2 x 2

steps result in smaller terraces df X 2) dimerization. geometries.

The net area of A X 1) material is equal to the total

area probed minus twice the area of rotated dimerization.

Thus in Fig. 2(a) the net2(X 1) coverage is 0.6. We optical anisotropy due to the presence of dangling bonds

find this coverage is typical of the bare, vicinal Si(001)on this surface. Also shown (solid line) is a spectrum

prepared by annealing at030°C. One should also for clean 2.5° vicinal Si(001). On this surface the

note, in addition to the Si-Si dimers, the presence oterraces are wider than those on #hfesurface and we

missing dimer defects, pinned buckled dimer rows, andbserve characteristic and reproducible enhancements of

perhaps other inhomogeneities. Such inhomogeneitiethe RDS signal around 1.4 and 3.5 eV photon energy. At

could conceivably play a complicating role in analyzingthese energies the optical transitions involve unoccupied

the origins of the RDS spectra. dangling bond states which is further corroborated by an
The RDS spectrum for the same surface is shown irxtreme sensitivity to adsorbates.

Fig. 2(b) (dots). It obviously manifests a significantly The ground state of the Si(001) surface is &g X

different signature from that of the As-passivated surface2) reconstruction, a structure in which the dimer buck-

At photon energies below 2 eV we observe a significanting direction alternates along the row of dimers [12,13].
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However at room temperature, where the RDS measurespectra are sensitive to the ordering of the dimer buckling.
ments are performed, the surface is not well ordered. Calfhus one may expect the measurements for the Si(001)
culations have therefore been performed for two differensurface to be sensitive to temperature. In particular, as
structures: & X 1 structure, which has all of the dimers the temperature is lowered to the point where 2hg 2
buckled in the same direction, and& 2 buckled dimer or c(4 X 2) ordering is present over a substantial fraction
structure, which has alternate dimer buckling along theof the surface, one expects to observe the anisotropy in the
dimer row, like thec(4 X 2) surface. The calculated equi- transitions between occupied and empty dangling bonds at
librium magnitude of buckling i9.57 A forthe2 X 1 and  energies as low as 1 eV.
0.68 A for the 2 X 2. Comparison of the two spectra pro-  In conclusion, we have measured RDS spectra under
vides an indication of the sensitivity of the RDS spectra tocontrolled experimental conditions for the bare and As-
dimer ordering. terminated Si(001) surfaces and have shown that the
The RDS spectrum calculated for the Si(001)X 1)  measured spectra can be understood in terms of calculated
surface, shown in Fig. 2(c), exhibits a peak at 1.4 eMransitions involving the surface electronic structures. For
which arises from transitions between the occupied an&i(001):As, a model system with a well-defined atomic
empty dangling-bond bands. The anisotropy appearingtructure, we obtain excellent agreement between theory
at higher energies originates from a number of sourcesnd experiment. We identify spectral features related to
including transitions between occupied back-bond surfacdimer surface states. For the bare Si(001) surface we have
states and the empty dangling bond states. The result fadentified a peak in the RDS spectra near 1.4 eV with
the2 X 2 surface is shown in Fig. 2(d). The differencestransitions between occupied and empty dangling bonds
between the spectra calculated for the< 1 and2 X 2 on the Si-Si dimers. The close correspondence between
structures indicate that the RDS spectrum is sensitivéheory and experiment demonstrates that the local atomic
to the dimer ordering. Below 2 eV the single peak instructure imaged by STM can be linked to the measured
the 2 X 1 spectrum is replaced by a set of featuresRDS spectra by calculations of the surface electronic
which result from transitions between the zone-foldedstructure.
dangling-bond bands. Transitions between back-bond
surface resonances and the empty dangling-bond states
make strong contributions to the anisotropy occurring
near 3.7 eV. Overall the comparison between theory and
experiment is very good, especially when one considers[1] D.E. Aspnes and A. A. Studna, Phys. Rev. L&, 1956
that dimer ordering is certainly not complete at room (1985).
temperature. An admixture of the X 1 and 2 X 2 [2] T. Yasuda, L. Mantese, U. Rossow, and D.E. Aspnes,
spectra could be employed to approximate the theoretical[ Phys. Rev. Lett74, 3431 (1995). .
response for the actual sample configuration. 3] I. Kamiya, D.E. Aspnes, L. T. Florez, and J.P. Harbison,
A . . Phys. Rev. B46, 15894 (1992).
It is interesting to compare the present calculations of

. . o . [4] D.K. Biegelsen, R.D. Bringans, J.E. Northrup, and
Ar/r for Si(001){2 X 1) to the tight-binding calculations L. Swartz, Phys. Rev. B1, 5701 (1990).

performed previously by Shkrebtii and Del Sole [14]. The |5 F. Manghi, R. Del Sole, A. Selloni, and E. Molinari, Phys.
most significant difference is that the peak originating Rev. B41, 9935 (1990).

from the transitions between the occupied and empty[6] M.S. Hybertsen and S. G. Louie, Phys. Rev. LB, 1418
dangling-bond derived bands, which occurs near 1.4 eV,  (1985).

is opposite in sign to that obtained in the tight-binding [7] J.E. Northrup, Phys. Rev. B7, 10032 (1993).
calculations. Our results indicate that the reflectivity is [8] J. E. Northrup (to be published). .

largest for light polarized perpendicular to the dimer [9] J.E. Northrup, M.S. Hybertsen, and S.G. Louie, Phys.
bond, in agreement with the experimental results shown in Rev. Lett.66, 500 (1991).

Fig. 2. Our results, both experimental and theoretical, arélo] S'zf' 2822‘5‘13’92' K. Biegelsen, and L. Swartz, Phys. Rev.
in contrast to simple arguments based on the symmetr, ’ ( )

L . - Pﬂl] R. Uhrberg, R.D. Bringans, R.Z. Bachrach, and J.E.
that the initial and final states would have in a local Northrup, Phys. Rev. Let66, 520 (1986).

molecular orbital picture [2,14]. This highlights the [12] D.J. Chadi, J. Vac. Sci. Techndl6, 1290 (1979).
necessity of performing an accurate calculation of thg13] R.A. Wolkow, Phys. Rev. Leti68, 2636 (1992).
electronic structure and integration over the Brillouin[14] A.I. Shkrebtii and R. Del Sole, Phys. Rev. Let0, 2645
zone to properly interpret RDS. It is clear that RDS (1993).
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