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Complementary X-ray photoelectron spectroscopy and optical reflec-
tivity studies of crystalline Si(111) surfaces prepared by two different wet
chemical etching processes were performed. These included aqueous HF so-
lution etch or diluted CP-4 bath. Optical reflectivity spectra of Si surfaces,
measured in the range 3.7-11 eV, were found strongly dependent on the
applied etching process. Analysis of the core level X-ray photoelectron spec-
troscopy data has shown similarity of the surface structure, irrespectively of
the etching procedure. Finally, comparison of optical reflectivity and valence
'band X-ray photoelectron spectra revealed a qualitative correlation between
them indicating dominant influence of the bulk (here, the subsurface region
containing polishing-induced defects) in the case studied. This paper is the
first one which presents correlations between optical reflectivity and X-ray
photoelectron spectroscopy data for Si and thus illustrates a bulk sensitivity
of both techniques considered.

PACS numbers: 78.40.Fy, 79.60.Bm

1. Introduction

Optical reflectance (OR) spectroscopy in the ultraviolet (UV) range is well
known as a method for investigating band stucture of solids, especially semi-
conductors (e.g. [1]). Obviously, this technique is very sensitive to a quality of
solid surface (roughness, oxidation, contamination, etc.) and lattice perfection of
a subsurface region, limited by a penetration depth of the UV photons.

Due to the above factors, for a case of Si the OR technique was also success-
fully applied for investigating the influence of particle irradiation on a crystalline
structure [2-8]. Nevertheless (except for [9]), there is a lack of literature reports
concerning the effect of Si surface preparation (specially chemical treatment) on
its reflectivity spectum.
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On the other hand, X-ray photoelectron spectroscopy (XPS) is a typical sur-
face analysis technique (see [10]) with effective penetration depth limited by the
electron escape depth (e.g. [11]). Numerous papers have been devoted to study
different surface effects in Si with the use of XPS (see references in [10]). These in-
cluded also XPS investigations of silicon surfaces prepared by wet chemical etching
[12-14].

The object of our paper was to perform complementary OR and XPS studies
of chemically treated (111) surface of crystalline silicon (c-Si), taking into account
the following aspects:

— the influence of particular process of chemical etching on the reflectivity
spectum, R(E);

— determination, from the XPS measurements, of the prevailing factor (sur-
face or bulk) which contributes to the effect of chemical treatment on the R(E)
spectum.

2. Experiment

We used n-type silicon wafers cut from the dislocation-free FZ Si (float zone
Si) with resistivity of 800 Ω cm, produced by the Institute of Electronic Materials
Technology (Warsaw, Poland). Their front surfaces were subjected to mechanical
and chemical fine polishing provided by the producer.

Optical reflectivity measurements were performed at room temperature in
the spectral range 3.7-11 eV. The experimental setup consisted of a vacuum UV
monochromator (based on the Seya-Namioka scheme) with a hydrogen discharge
lamp and a detecting system [15]. During measurement the sample was maintained
in hydrogen atmosphere, under a constant pressure of 4 x 10 -1 torn. The incident
and reflected beams were detected by intensity modulation spectroscopy, using
sodium salicylate powder as luminophor, photomultipliers with quartz windows
and UNIPAN 232B lock-in amplifiers.

XPS measurements were performed in a spectrometer Vacuum Generators
ESCALAB 210 with use of Mg K, (1253.6 eV) irradiation source. The detector
was placed perpendicularly to the wafer surface (take off angle, θ = 90 0 ). During
experiment the pressure in the spectrometer chamber was about 3 x 10 -1 0 torr.

Before every OR or XPS measurement the samples were subjected to one of
the following wet chemical etching processes:

A — etching in aqueous HF (10%) solution;
B — double-step etching: aqueous HF (10%) rinse foHowed by the diluted

CP-4 bath.
TypicaHy, an air exposure of the treated samples, prior to insertion into

spectrometer chamber, lasted about 4 min.

3. Results and conclusions

Figure 1 gives typical reflectivity spectra for the Si(111) surface subjected to
different chemical treatment.

It can be seen that OR spectrum of Si significantly depends on the applied
wet chemical etching process.
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In particular, simple etching in HF solution (process A), which leads to de-
oxidation of silicon surface, results in low intensity reflectivity spectum (curve 1
- Fig. 1). On the other hand, use of the B treatment procedure with CP-4 solu-
tion, which removes Si surface layer (in our case, up to 2 μm), provided highest
intensity R(E) dependence (curve 3 - Fig. 1) typical of single crystalline Si (e.g.
[1, 2]). The latter spectrum (denoted by 3) includes two characteristic peaks at
Ei = 4.51 eV and E2 = 5.55 eV (denoted by X and L, respectively - Fig. 1).
The first one refers to the threshold energy for direct interband transitions in the
X point of the BriHouin zone (X4 - X i ) and was found earlier to be specially
sensitive to the lattice disorder [2-4]. The E2 peak corresponds to the L3 — L3
transitions [1, 5].

The above effect of chemical treatment on the R(E) spectrum of c-Si resem-
bles damping of a reflectivity coefficient due to radiation damage of a subsurface
region produced by ion implantation [2-7].

Since optical reflectance is both surface- and bulk-sensitive research tech-
nique (effective penetration depth of UV photons in Si in the energy range studied,
λ 50-100 Å [5]) it became logical to perform complementary XPS measurements
that could enable us to indicate which factor dominates in the effect observed here.

The core level XPS data obtained for Si(111) surfaces studied are partially
represented in Fig. 2, which gives the Si 2p (2a) and O 1s (2b) core level spec-
tra. These refer to the surface subjected to B-type treatment, although identical
spectra were recorded after aqueous HF etching.

Monitoring of the Si 2p core level by XPS provides speciaHy useful informa-
tion since it shows a distinct (up to 4 eV) chemical shift toward higher binding
energies when silicon is in the form of suboxide or SiO2 [13, 16, 17]. Similar shift
appears when formation of SiFx (x = l,2,3) on the crystalline Si surface occurs [18].
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It should be emphasized that in both cases considered the Si 2p core level
spectrum did not exhibited any additional stucture typical of surface oxide layer
or SiF x overlayer, which could influence the magnitude of reflectivity coefficient.

Lack of evident binding energy (EB) shift for Si 2p core level does not exclude
existence of adsorbed oxygen on Si surface (see e.g. [19]). This is the case of Si(111)
surfaces studied, where identical line shapes, binding energies as well as comparable
intensities of the O 1s photoemission peak were observed (irrespectively of applied
etching process — see Fig. 2b). The value of EB(O 1s) of the oxygen adsorbed on
crystalline Si surface strongly depends on the oxide thickness [16]. Comparison of
EB(O 1s) observed here with adequate literature data [16, 19, 20] indicates that
the concentration of adsorbed oxygen has reached the order of 1 ML. Possibly, this
oxygen can be associated to bridging O atoms in the first layers (see [20]) - the
effect characteristic of an early stage of oxide formation.

On the other hand, only trace fluorine concentration ([F] 0.01 [O]) was
detected on the surfaces studied.

Earlier report of Himpsel et al. [21], who have determined for Si the energy
distance between the top of valence band and EB (Si 2p 3 / 2 ), enabled us to estimate
the value of surface Fermi level, EV In both cases considered, it was found pinned
at the midgap position and remained in good agreement with the data given in [21].

In general, the analysis of core level XPS data indicated similarity of Si(111)
surface structure, irrespectively of the used etching procedure (A or B).

On the contrary, the XPS valence band spectra of these surfaces showed
remarkable dependence on the applied wet chemical etching (see Fig. 3).

Comparison of the OR with valence band XPS spectra (Figs. 1 and 3) re-
vealed a qualitative correlation between them, thus indicating dominant influence
of the bulk, namely (in this case) the subsurface region with residual defects in-
duced by polishing. These defects provide (similarly as radiation defects) pertur-
bation of long-range order of the crystalline lattice and hence a modification of
valence and conduction bands.

Evidence of this effect in valence band XPS is specially interesting, 8ince its
penetration depth in a crystal volume is smaller than that of OR technique. In
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the case of Si the effective electron escape depth, determined experimentally [22],
remains smaller than 50 Å.

Generally, this paper is the first one which presents complementary investi-
gations of crystalline Si surface (prepared by chemical treatment) with the use of
optical reflectance and X-ray photoelectron spectroscopy, indicating correlations
between their results and thus illustrating also a bulk sensitivity of both techniques
considered.
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