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Abstract. XPS, UPS. work function, surfaceconductivity and LEED measurements of 
SnOS(110) have been performed with the purpose of exploring the eRect of anneeling 
the clean, morphous surf- in the temperature range 300 < T < 1100 K. Most of 
the results are consistent with earlier work. However. the extended temperature range 
employed allows the presence of the 1 x 2 high-temperature phase to be confumed. 
The meas-ents point to  a missing bridejns-0 row model for this phase. 

1. Introduction 

Rutile SnO, surfaces, particularly the lowestenergy, (1 10) face, have received wide 
attention [l-I]. This largely derives from the use of the material in gas-sensing and 
other applications. Most of the applications rely on the 0-vacancy-derived n-type 
semiconductor behaviour of the 3.6 eV bandgap material. Gas-sensing relies on the 
conductivity increase (decrease) in reducing (oxidizing) gases and the research has 
sought a more complete understanding of the basic operating mechanism with an aim 
of improving performance. This includes attempts to relate conductivity information 
to the surface structure and stoichiometry of SnO2(l10)[1-6]. In this paper we focus 
on in-situ measurements of the surface conductivity and composition. We extend the 
range of earlier measurements and investigate discrepancies in the reported surface 
structures. This allows us to suggest a structure for the ordered-defect Sn0,(110)1 x 2 
phase. 

2. Experimental details 

LEED, Auger electron spectroscopy (AES) and He I (hv = 21.22 eV) photoemission 
experiments were performed using an instrument described elsewhere [8]. A Mg Ka 
(hv = 1253.6 eV) x-ray photoemission spectroscopy (XPS) source, mass spectrometer 

5 Pamanent address: Institute of Electronics, Academia Sinica, PO Box 2652, Beijing 100080, Pe* 
ple's Republic of China. 
T Permanent a d b s s :  Uniwrsidad de 10s Andes, Facultad de Ciencias, Departmento de Fisica, 
Laboratolio de Fisica de Superficies, MCrideEstado, MCrida, Venezuela. 

095%8984/9l/S0029l+06$@3.50 @ 1991 IOP Publishing Ltd S291 



5292 

and surface conductivity probe have been added to this instrument. In this work He I 
photoemission spectra were recorded with a photoemission energy resolution of 0.1 eV 
(FWHM) and an angular resolution of -12' Photoemission spectra are referenced 
t o  the Fermi level, EF, recorded from the Ta sample holder. Sheet conductance 
measurements employed an in  situ four-point resistivity probe (Jandel Engineering 
Ltd) similar to that described in 111. The base pressure of the instrument during 
measurements was 1 x lo-'' mbar. 

The Sn0,(110) sample (10 m m x 3  mmx2 mm) was mechanically polished t o  within 
1' of the (110) plane. The sample was cleaned in silu by 500 eV Ar+-bombardment 
(3 PA) for 5 min. 
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3. Results and discussion 

The LEED patterns obtained following annealing of the Art-bombarded Sn0,(110) 
surface are shown in figure 1. Three different well-defined LEED patterns were ob- 
served depending on the period of the anneal and the temperature employed. Typ- 
ically, annealing at  900 K results in a 4 x 1 pattern, followed by 1 x 1 after further 
annealing at 1000 K and a 1 x 2 pattern on raising the anneal temperature to 1100 K .  
In addition, a diffuse 1 x 1 LEED pattern was observed after annealing in the range 
400-840 K,  with some 4 x 1 character introduced at  the high temperature end of the 
range. These observations are similar t o  those reported by De Frbart  el  a[ [6] ,  with 
the exception that we do not observe a centred beam associated with the 4 x 1 pat- 
tern. This difference also applies to the observations of Cox et al [2], who report a 
c(2 x 2) pattern following an 800 K anneal. In addition, these authors only observed 
a 1 x 2 pattern after extensive Art-bombardment and annealing [2]. The latter differ- 
ence could well arise from a difference in sample history, since Cox et al [2, 31 employ 
a much more extensive oxidation treatment (- 1 mbar a t  700 K) than that used by 
De Frbart  el a l  [6] or i n  this work. As yet we do not have a n  explanation for the 
discrepancies associated with the centred phases. 

The corresponding changes t o  the 0 Is/Sn 3d XPS ratio, work function and sheet 
conductivity are shown in figure 2. The XPS ratio is not modified until the anneal tem- 
perature reaches a temperature of about 900 K ,  corresponding to the formation of the 
well-defined surface phases. At higher anneal temperatures the XPS ratio increases. 
The work function decreases on annealing the Art-bombarded surface, reaching a 
minimum at an anneal temperature of around 650 K. This corresponds to the appear- 
ance of diffuse LEED spots having 1 x 1 and 4 x 1 symmetry. The work function then 
increases with increasing anneal temperature until a t  900 K it reaches a value compara- 
ble with that of the At+-bombarded surface, As for the sheet conductivity, it increases 
by almost four orders of magnitude over the anneal temperature range 400-900 K. It  
then decreases when the anneal temperature is raised through the range corresponding 
to the formation of the 1 x 1 and 1 x 2 phases. The variation of the band-bending 
with anneal temperature, monitored using the valence band position with respect to 
EF in the He I photoemission spectrum, follows the same trend as the work function. 
I t  displays an increasingly downward band-bending towards the surface as the anneal 
temperature is increased to about 700 K .  At higher anneal temperatures the downward 
band-bending decreases up to 1050 K. These results are qualitatively consistent with 
those obtained in earlier work 11-61, although in this work the anneal-temperature 
range is extended. 
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Figure 1. SnOz(l lO) LEED patterns recordedat room temperstweandan electron 
energy of 68 eV obtained after sequential 10 min anneals to: (e) 900 K (4 x 1); (6) 
1000 K (1 x 1) and ( c )  1100 K (1 x 2) .  The horizontalaxis is parallel to [Oll]. 
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Figure 2. 0 1s/Sn 3d xPs peak area ratio, sheet Conductivity and work function, 
A+, obtained at room temperature alter sequential 10 rnin anneals 10 the tempera- 
tures indicated. The corresponding temperature range of surface phases is indicated. 

The increase in the 0 ls/Sn 3d XPS ratio with anneal temperature can be un- 
derstood as a progressive re-oxidation of the surface by diffusion of oxygen from the 
bulk [2]. This follows surface reduction by Ar+-bombardment. Our work function 
and band-bending results are consistent with this conclusion. The work function in- 
creases over the range of increase of the ~ P s  ratio as 0 atoms increasingly terminate 
the structure at the surface. This will deplete the accumulation layer associated with 
oxygen-vacancy-derived bandgap states and decrease the extent of band-bending. 

Although the Art-bombarded surface contains a high concentration of 0 vacancies 
[7], the associated donor levels do not effectively contribute t o  the n-type conductivity 
in this amorphous surface. Introducing crystallinity by annealing gives rise to the 
increase in surface conductivity observed in figure 2(b) [2]. Oxidation of the surface 
by bulk 0 atoms after annealing at sufficiently high temperature will give rise to a 
decrease in carrier concentration, as evidenced by the band-bending results. These 
two competing processes give rise t o  the maximum observed in the conductivity at - 900 K. 

The surface structure proposed for the 1 x 1 vacuum-annealed surface is shown 
in figure 3(b), in which all the top-layer oxygen atoms are missing [2, 31. A 1 x 1 
structure can be formed which is oxygen-terminated (see figure 3 ( n ) ) ,  with the bridge 
sites fully occupied, but this requires annealing at  700 K in 1.32 mbar 0,[3]. The 
da ta  in figure 2 as well as the band-bending measurements point to a decrease in the 
number of surface oxygen vacancies in the 1 x 2 phase compargd wibh 1 x 1. A structure 
which satisfies this requirement has been suggested for the 1 x 2 ordered 0-vacancy 
phase of Ti0,(110)[9] and is shown in figure 3(c). As for the 4 x 1 structure, our 
data  suggest that  this should have a lower 0-vacancy concentration than the vacuum 
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annealed 1 x 1. This would require the removal of in-plane 0 atoms, or as suggested 
by Cox et a/  [Z], a coincident SnO layer. 

, ,  

Figure 3. Stlvcturslmodelsproposed for SnO,(llO): (a)  1 x 1 stoichiometricsur- 
face; (6 )  1 x 1 vacuum-ealed a d a c e ;  and (c )  the 1 x 2 stmctum formed by 
annealing to 1100 K. Open circle are the toplayer bridging oxygen atoms, and the 
full circles represent Sn atoms. 

4. Summary 

In this work we have examined the relationship between the Sn0,(110) surface con- 
ductivity, work function, surface oxygen concentration and structure. By extending 
the temperature range we are able to confirm the presence of a 1 x 2 high-temperature 
phase. Our measurements point to a missing bridging-0 row model for this phase. A 
discrepancy associated with centred surface phases remains. 
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