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Simultaneous doping of Zn and Sb in SnO 2 ceramics: Enhancement of electrical conductivity
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SnO 2 -based ceramics doped with Sb and/or Zn, have been prepared by solid state reaction at 1300 • C. The effect of dopants on electronic properties and sintering behavior has been studied. While undoped SnO 2 pellets displayed very low electrical conductivities and lower densities, the Sb-doped ceramics showed higher electrical conductivity, with almost no densification and a significant antimony loss. On the contrary, a high densification and low conductivity are obtained for Zn-doped ceramics. Therefore, it is worthwhile to investigate SnO 2 ceramics co-doped with Sb and Zn (SnO 2 :Sb:Zn) to combine the advantages of both dopants. X-ray photoelectron spectroscopy (XPS) analysis confirmed that Sb 5+ is mainly substituted at the Sn 4+ site for Sb-doped ceramics and is in agreement with Hall-measurements. In the case of SnO 2 samples co-doped with Sb and Zn, XPS and Hall data confirmed the presence of both Sb 5+ and Sb 3+ . The SnO 2 :Sb:Zn system exhibited enhanced electrical conductivity and high densities. In addition, the presence of Zn prevented the Sb evaporation during sintering.

Introduction

Tin (IV) dioxide, SnO 2 , has only one stable phase, the socalled cassiterite (mineral form). It crystallizes in the tetragonal rutile structure with space group P 4 2 /mnm, with lattice parameters a = b = 4.738 Å and c = 3.187 Å [1]. Tin dioxide is used in different technological areas, such as optoelectronic devices, gas-sensors and lithium batteries [2][START_REF] Kluth | Magnetron sputtered zinc stannate films for silicon thin film solar cell[END_REF][START_REF] Zakrzewska | [END_REF][5][6]. Some properties can be drastically changed by the addition of adequate dopants. For instance, undoped stoichiometric SnO 2 is an insulator; whereas doping with F -or Sb 5+ leads to a degenerate semiconductor with metal-like conductivity [7][8][9]. Moreover, the high band-energy gap of SnO 2 (∼ 3.6 eV) is even more increased by such doping due to Moss-Brustein effect [10][11][12]. Metal-type conductivity together with a large band-energy gap, doped SnO 2 ceramic is specially attractive for manufacturing highly-conductive transparent thin film electrodes. Various techniques, such as sol-gel [13], chemical vapor deposition [14], spray pyrolysis [15,16], pulsed laser deposition [17] and sputtering [18] have all been experimented to prepare such thin film electrodes. In order to prepare large scale thin films with high deposition rates, the sputtering technique needs highly dense and conductive ceramic-based targets. Unfortunately, the use of SnO 2 ceramics is limited by the low densification of this oxide during sintering. Indeed, Leite et al. [19,20] and Varela et al. [21] reported no significant macroscopic shrinkage during sintering, even at up to 1300 • C. However, a meaningful shrinkage, associated with high densification, is possible by addition of cationic dopants with oxidation states lower than Sn 4+ , such as Mn 2+ , Cu 2+ , Zn 2+ or Co 3+ [22][23][24]. In this work SnO 2 was doped with both Zn 2+ and Sb 5+ ions in order to obtain dense ceramics with high electrical conductivities. It is assumed that doping SnO 2 with Sb 5+ may introduce free electrons in the semiconductor conduction band, while doping with Zn 2+ induces high densification [22][23][24]. It is also assumed that doping with Zn 2+ (having 4s 0 electronic structure) will not have much effect on SnO 2 conduction band (with s-character). Therefore, the electron mobility, and thereby the conductivity, should not be much affected.

The aim of this work is to give an insight on how the doping elements influence the density, the structure, and the electronic properties of the SnO 2 -based ceramics. A set of complementary investigation methods has been used to characterize the ceramics. The chemical composition of ceramics has been determined using Electron Probe X-ray Microanalysis (EPMA) and Thermogravimetric analysis (TGA). Structural analysis has been evaluated by X-Ray Diffraction (XRD) and Scanning Electron Microscopy (SEM). Finally, the electronic properties have been evaluated by X-ray Photoelectron Spectroscopy (XPS), resistivity and Hall measurements.

Experimental

SnO 2 (99.9%, Aldrich), Sb 2 O 3 (> 99%, Prolabo) and ZnO (99.9%, Aldrich) powders, were used to prepare the SnO 2 based ceramics. Appropriate amounts of the selected oxides were ball mixed for 30 min in an agate bowl containing agate balls and ethanol. The alcohol was then evaporated at 110 • C for 6 hours. Afterwards, the powder was ground in an agate mortar, and pressed, in a mold, at 185 MPa, to form ∼ 3 mm thick cylindrical pellets, 13 mm in diameter. The pellets were finally sintered at 1300 • C under air for 12 hours. The sintering temperature was chosen to minimize the oxygen departure [21]. Pellet dimensions were measured with a digital caliper vernier, and weighed using an analytical balance. These measurements were used to estimate the bulk densities of the pellets. For some samples, the bulk densities were also determined precisely from mercury displacement method using an AutoPore IV 9500 mercury porosimeter. The latter was also used to determine the pore size distribution. Scanning electron microscopy (SEM) was measured on a JEOL JSM-6360 microscope. To protect samples from charging by the electron beam, during observation, the samples were coated with a thin gold film. Thermo-gravimetric analysis (TGA) was recorded on a 2950 HR V 5.3 TGA apparatus. Annealing was done in the range 25-1300 • C under air at 5 • C min -1 annealing rate. Pellet chemical compositions were determined by Electron Probe X-ray Microanalysis (EPMA) using a CAMECA SX100 spectrometer. XRD data were acquired on a Philips PW1820 vertical goniometer with in a Bragg Brentano geometry with CuK α radiation (λ = 1.5406 Å). The XPS data were collected using a VG 220i-XL Escalab spectrometer with a nonmonochromatized AlK α source (hν = 1486.6 eV) at 110 Watt and a 10 eV pass energy for high-resolution spectra. Energy calibration for XPS was done using Silver. Fresh samples were fractured and quickly transferred to the ultra-high vacuum system. Resistivity was measured, as a function of temperature, from 4.2 K to room temperature, using computerized homemade four-probe equipment. Conduction-band majority carrier (electrons) concentrations were determined from Hall measurements in a magnetic field strength ranging from 0 to 3 T. Typical used ceramic dimensions were 2 × 2 mm 2 with thickness range 0.1-0.3 mm.

Results and discussion

SnO 2 ceramics

Consistent with literature [19][20][21], no significant macroscopic shrinkage was observed for undoped ceramics by sintering at 1300 • C. The bulk density (4.12 g/cm 3 ), corresponds to 58% of the theoretical value (6.95 g/cm 3 ), as shown in Table 1. It should be noted that the n-type conductivity, normally observed in undoped SnO 2 , is due to the co-existence of oxygen vacancies ( ) and interstitial tin (Sn i ), occurring simultaneously and producing shallow donor levels [11]. Therefore the n-type conduction in undoped SnO 2 can be reasonably depicted with the following formula:

(1) SnO 2 ⇔ Sn 4+ Sn 4+ ix O 2-ε ε (2ε + 4x)e - C.B. + ε 2 O 2
where e -represents the mobile electrons in the lattice. In this work, the ceramics, white in color, have a rather low electrical conductivity (∼ 10 -4 S cm -1 ). Such n-type conductivity low value means that ε, depicted in formula (1), is lower than 10 -2 [25]. Consequently, it can possibly be asserted that practically no oxygen departs from the SnO 2 lattice at temperatures up to 1300 • C, in agreement with literature [19]. This was confirmed by TGA analysis (Fig. 1(a)). Only small weight losses (∼ 0.4%) take place in the temperature range 25-500 • C. Such weight losses are due to adsorbed water removal and structural water removal from Sn-OH moieties present on the grain surface [26,27]. In the temperature range 500-1300 • C, no weight loss is observed. 

SnO 2 :Sb ceramics

Doping SnO 2 with different nominal amounts of Sb significantly lowers the ceramic resistivity (Fig. 2). Similar to undoped SnO 2 , the effects of oxygen vacancies and interstitial tin, are negligible in SnO 2 :Sb x ceramics. Therefore, the resistivity lowering could result from carrier concentration increase, according to the following formulas

(2a) Sn 4+ 1-x Sb 5+ x O 2 [xe - C.B. ] or (2b) Sn 4+ Sb 5+ ix O 2 [5xe - C.B.
] depending on whether Sb is being substitutional (formula (2a)) or interstitial (formula (2b)); where xe -represents the number of free electrons in the conduction band per formula unit. According to formula (2b), the carrier concentration should be 5 times higher than the Sb content. However, it will be shown later, by Hall measurements, that mobile electrons concentration is nearly equal to Sb concentration in the SnO 2 :Sb x samples. This means that formula (2b) should be excluded and only formula (2a) should be adopted. Moreover the substitution is facilitated by Sb 5+ ionic radius (0.62 Å) [28] which is slightly smaller than that of Sn 4+ (0.71 Å) in octahedral environment. The energy of the Sb 4+ :5s 1 , is located at the immediate vicinity of the conduction band edge [29], leading to metal type conductivity resulting from:

(3) Sb 4+ → Sb 5+ + e - C.B.
EPMA results for final compositions after ceramic sintering, are shown in Table 1, together with nominal compositions. It has been found that whatever the nominal antimony amount is, the final antimony composition always reaches only 0.01 moles per formula unit. Consequently, the significant weight loss reported in Table 1 accounts not only for water loss, but also for antimony oxide departure at high temperature during ceramic sintering. Moreover, the bulk density values of the Sb-doped ceramics are lower than their undoped counterparts (Table 1), presumably due to antimony departure during sintering. The weight loss (or gain) is more precisely observable from TGA data. As shown in Fig. 1(b), weight loss up to (∼ 0.1%) at 340 • C can be assigned to the release of water departure (both adsorbed water and water resulting from surface hydroxyl group condensations). This parallels water loss that occurred in undoped SnO 2 . The weight gain observed at temperatures above ∼ 340 • C is probably due to the oxidation of Sb 3+ to Sb 5+ which in turn enters the structure to substitute Sn 4+ according to formula (2), as confirmed hereafter by XPS analysis. Finally, the weight loss that occurs above ∼ 940 • C is due to unreacted antimony oxide (Sb 2 O 3 ) departure. Fig. 3(a) represents the XPS data showing Sb (4d) spectra for SnO 2 :Sb 0.06 compound. A pronounced maximum occurs at 35.0 eV corresponding to Sb 5+ species [30]. This confirms that antimony presents in SnO 2 :Sb x samples mostly occurs in the Sb 5+ state. By taking into account formula (2a) and EPMA results, (showing that 0.01 Sb are present in the ceramic, Table 1); the carrier concentration is estimated to be 1.4 × 10 20 e -cm -3 . From Hall measurements, carrier concentrations were found to be in the range 1.2 to 1.6×10 20 e -cm -3 (Table 2), confirming our initial hypothesis and Sb 5+ presence in substitution. Consequently, it can be deduced that (i) Sb solubility within SnO 2 lattice is limited to ∼1% in agreement with literature [16]; (ii) most of Sb introduced in the crystal lattice plays a role in the conduction mechanism, according to formula (2) implying that Sb sub- stitutes Sn 4+ in the lattice as Sb 5+ . Taking into account the carrier concentration determined from Hall effect and the conductivity measurements, the carrier mobility (μ) is estimated to be ∼1 cm 2 V -1 s -1 (Table 2). This value is about ten times smaller than that occurring in dense thin films, for similar carrier concentration [31,32]. In this work, the mobility is limited by a textural effect. First of all, the intrinsic carrier mean free path must be negligible compared with the crystallite size. Otherwise, the carrier-scattering effect occurring at the crystallite interfaces will cause a carrier mobility lowering [25]. From X-ray diffractogram (Fig. 4), the crystallite mean size is estimated to be ∼ 60 nm by using the Scherrer formula. This value is more than 100 times higher than the electron mean free path. Indeed, the electron mean free path, l, can be roughly estimated from the classical relation:

(4) l = μτ where ν = (3kT /m * ) 1/2 is the electron velocity, m * is the electron effective mass and τ = μm * /e -is the relaxation time. By assuming an intrinsic mobility μ ∼ 10 cm 2 V -1 s -1 , and taking m * ∼ 0.19-0.33m 0 [33], then l is ∼ 0.29-0.38 nm. Consequently, the electron mean free path may be neglected in comparison with the average crystallite size. Moreover, the effect of crystallite interfaces is weaker in heavily doped semiconductors, with n 10 20 cm 3 , observed here, as a consequence of the narrower depletion layer width at the interface between two crystallites [34]. Consequently, the observed low carrier mobility, μ ∼ 1 cm 2 V -1 s -1 (Table 2), cannot be justified using a straightforward carrier-scattering effect occurring at the crystallite interfaces. Moreover, one has to emphasize that the ceramic density should approach as much as possible the theoretical density. Indeed, an inefficient grain percolation and/or the presence of pores in the ceramics, will also cause a drop of the carrier mobility and, therefore, a drop of the conductivity [35]. Such textural aspects appears on the SEM micrographs (Fig. 5) showing that the SnO 2 :Sb x samples consist of agglomerated particles, with rather regular sizes of micrometer order. This induces the existence of macropores and, thereby, leads to the low density values reported in Table 1. The presence of macropores is also evidenced from porosity measurements using a mercury porosimeter, Fig. 6, showing the variation of the differential intrusion of mercury versus pore size for doped SnO 2 :Sb x samples. Moreover, Fig. 6 indicates that as the nominal antimony content increases, the average pore size slightly increases. Main data deduced from porosity measurements are collected in Table 3. This parallels the bulk density decrease with the nominal antimony content increase, attributed to the antimony departure. Consequently, the mobility values obtained here are lower than expected, presumably due to the porous texture of the ceramics. 

SnO 2 :Zn ceramics

According to literature [22][23][24], doping SnO 2 with substitutional cations, having lower oxidation states than Sn 4+ , strongly enhances the ceramic density. Therefore, as expected, the doping of SnO 2 with Zn 2+ greatly enhances the relative ceramic bulk density (ρ/ρ 0 ), where ρ is the measured bulk density and ρ 0 is the SnO 2 theoretical density. For example, when SnO 2 is doped with 0.06 at. of Zn, the relative bulk density increases up to 95%. It can be reasonably assumed that this event is correlated with the presence of Zn 2+ in substitutional positions, leading to the formation of uncharged oxygen vacancies according to:

(5) Sn 4+ 1-y Zn 2+ y O 2- 2-y y . Indeed, the presence of oxygen vacancies, as it occurs in formula (5), would promote mass transport at the grain boundary resulting in ceramics with higher densities. Let us quote that the presence of Zn 2+ (0.74 Å) [28] in interstitial position, leading to n-type conductivity according to:

(6) Sn 4+ Zn 2+ x O 2- 2 [2xe - C.B.
] can be reasonably neglected regarding the high value of the resistivity reported in Fig. 7.

SnO 2 :Sb:Zn ceramics

In order to combine the advantages of doping with both Sb 5+ and Zn 2+ , SnO 2 :Sb:Zn ceramics have been prepared. It noticeable from Table 1 (entries 6-9) that the sintered ceramics have an antimony concentration higher than the solubility limit (∼ 0.01 at.) observed for the SnO 2 :Sb x ceramics. This implies that the ceramic shrinkage due to Zn doping prevents antimony departure, as observed in Table 1. Therefore, more Sb 5+ could eventually substitute Sn 4+ in the SnO 2 :Sb:Zn ceramic, leading to enhanced conductivity. The ceramics show higher electrical conductivity compared to the SnO 2 :Sb x system Fig. 7. A plot of resistivity versus temperature for SnO 2 doped with 0.06 at. of Zn. (Fig. 8). The best conductivity (∼ 0.7 × 10 2 S cm -1 at 273 K), is reached for the ceramic doped with 0.06 atomic ratio of Zn. Most interestingly, the conductivity remains nearly stable over the whole temperature range. For higher Zn content, a resistivity increase has been noticed. This could be correlated with the formation of the insulating inverse spinel phase Zn 2 SnO 4 [36], as observed on the X-ray diffractogram (Fig. 9(c),(d)). Fig. 10 shows two steps: in the first step, the relative bulk density of the ceramic increases significantly as Zn 2+ content increases from 0 to ∼ 0.06. Then, in the second step, the bulk density slightly decreases with higher Zn values. This is probably due to inverse spinel phase formation. Therefore, the increase of the electrical conductivity can be reasonably explained by macroscopic carrier mobility enhancement, whereas grain percolation takes place due to mass transport at the grain boundary, as dis-Fig. 10. Relative bulk density (ρ/ρ 0 ) variation with X Zn variation of SnO 2 : Sb 0 06 :Zn y (see Table 1) ceramics. cussed above. Such grain percolation is evidenced on the SEM micrograph (Fig. 11) for the SnO 2 :Sb 0.06 :Zn 0.06 ceramic. Moreover, Hall measurements reveal a significant enhancement in the carrier mobility, for the SnO 2 :Sb 0.06 :Zn y ceramics, up to four times compared with SnO 2 :Sb x counterparts (Table 2). Such mobility enhancement is accompanied with a slight decrease in the carrier concentration, ∼ 1 × 10 20 e -cm -1 . This result is a priori unexpected since the SnO 2 :Sb 0.06 :Zn y ceramics have an antimony concentration higher than the solubility limit (∼ 0.01 at.) observed for the SnO 2 :Sb x ceramics. In order to justify this 'anomaly', we should consider that the antimony in SnO 2 :Sb 0.06 :Zn y sample is not purely Sb 5+ , but Sb 3+ and/or Sb 4+ may also exist. In fact, we will show hereafter that only Sb 5+ and Sb 3+ are present in the n-type semiconductor according to:

(7) Sn 4+ 1-x-x -y Sb 5+

x Sb 3+

x Zn 2+ y O 2-y y (xx )e - C.B. . First of all, XPS normalized Sb (4d) spectra for SnO 2 :Sb 0.06 : Zn 0.06 ceramic (Fig. 3(b)) shows a recognized maximum at 35.0 eV (i.e., Sb 5+ ) and a new shoulder at around 34.2 eV confirming the existence of Sb 3+ species [30]. The deduced Sb 3+ /Sb 5+ ratio is ∼ 43/57, where Sb 3+ represents around 43% of the ceramic antimony. According to formula (7), and considering that Sb(x + x ) ∼ = 0.05 (Table 1), it is understandable that the carrier concentration reaches ∼1 × 10 20 e -cm -3 , i.e., close to the above-mentioned value 1.1 × 10 20 e -cm -3 deduced from Hall measurement (Table 2). Consequently the enhancement in the conductivity of the SnO 2 :Sb:Zn ceramic is mainly due to the enhancement in the carrier mobility.

Conclusions

Co-doping SnO 2 based ceramics with Sb and Zn, showed profound effects on ceramic density, electronic properties and crystal composition. Doping with Sb alone, enhanced the ceramic electrical conductivity, with no densification. On the other hand, Zn-doped ceramics showed enhanced ceramic densification with low conductivity. Ceramics doped with both Sb and Zn (SnO 2 :Sb:Zn) showed enhanced electrical conductivity and high densities as well. Evidence shows that Zn doping is responsible for retention of Sb in the composition.
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 1 Fig. 1. TGA data for (a) SnO 2 , (b) SnO 2 :Sb 0 06 , (c) SnO 2 :Sb 0 06 :Zn 0 02 , and (d) SnO 2 :Sb 0 06 :Zn 0 06 .

Fig. 2 .

 2 Fig. 2. Plots of resistivity versus temperature for SnO 2 :Sb x ceramics; (a) SnO 2 -Sb 0 02 , (b) SnO 2 :Sb 0 04 , (c) SnO 2 :Sb 0 06 , and (d) SnO 2 :Sb 0 10 .

Fig. 3 .

 3 Fig. 3. Sb 4d XPS normalized spectra for (a) SnO 2 :Sb 0 06 ceramic, (b) SnO 2 : Sb 0 06 :Zn 0 06 ceramic. Similar observations were observed for other antimony and antimony-zinc doped ceramics.

Fig. 4 .

 4 Fig. 4. XRD data for (a) undoped SnO 2 and (b) SnO 2 :Sb 0 06 powders annealed at 1300 • C. Same peak positions appear for SnO 2 , no extra peaks is observed. The only difference comes from a slight decrease in line width for SnO 2 :Sb 0 06 .

Fig. 5 .Fig. 6 .

 56 Fig. 5. SEM micrograph for SnO 2 :Sb x ceramics; (a) SnO 2 Sb 0 02 , (b) SnO 2 : Sb 0 04 , (c) SnO 2 :Sb 0 06 , and (d) SnO 2 :Sb 0 10 .

Fig. 8 .

 8 Fig. 8. Plots of resistivity versus temperature for different Zn atomic ratios (X Zn ) in the SnO 2 :Sb 0 06 :Zn y ceramics (seeTable 1 legend).

Fig. 9 .

 9 Fig. 9. XRD for (a) SnO 2 :Sb 0 06 , (b) SnO 2 :Sb 0 06 :Zn 0 06 , (c) SnO 2 :Sb 0 06 : Zn 0 10 (d) SnO 2 :Sb 0 06 :Zn 0 14 , (e) inverse spinal Zn 2 SnO 4 phase. (↓) indicates peaks corresponding to the inverse spinel Zn 2 SnO 4 phase peaks.

Fig. 11 .

 11 Fig. 11. SEM micrograph for SnO 2 :Sb 0 06 :Zn 0 06 ceramic.

Table 1

 1 Ceramic chemical composition, volumetric mass, and weight loss of SnO 2 :Sb x and SnO 2 :Sb 0 06 :Zn y ceramics, 0 x 0.10 and 0 y 0.14The reported bulk densities were deduced by measuring pellets dimensions and weights. Samples identification is the same for all following figures and tables.

	Entry number	Sample identification	Starting mixture	Ceramic final composition	Bulk density	Weight loss a
				determined by EPMA	(g/cm 3 ) ±0.05	(%) ±0.1
	1	S n O 2	SnO 2	SnO 2	4.12	0.4
	2	S n O 2 :Sb 0 02	(SnO 2 ) 0 98 + (Sb 2 O 3 ) 0 01	Sn 0 989 Sb 0 011 O 2	4.06	1.2
	3	S n O 2 :Sb 0 04	(SnO 2 ) 0 96 + (Sb 2 O 3 ) 0 02	Sn 0 987 Sb 0 013 O 2	4.02	3.0
	4	S n O 2 :Sb 0 06	(SnO 2 ) 0 94 + (Sb 2 O 3 ) 0 03	Sn 0 988 Sb 0 012 O 2	3.79	5.0
	5	S n O 2 :Sb 0 10	(SnO 2 ) 0 90 + (Sb 2 O 3 ) 0 05	Sn 0 987 Sb 0 013 O 2	3.47	8.9
	6	S n O 2 :Sb 0 06 :Zn 0 02	[(SnO 2 ) 0 94 + (Sb 2 O 3 ) 0 03 ] 0 98 + (ZnO) 0 02	Sn 0 948 Sb 0 035 Zn 0 017 O 2	4.51	1.2
	7	S n O 2 :Sb 0 06 :Zn 0 06	[(SnO 2 ) 0 94 + (Sb 2 O 3 ) 0 03 ] 0 94 + (ZnO) 0 06	Sn 0 892 Sb 0 053 Zn 0 055 O 2	6.42	∼
	8	S n O 2 :Sb 0 06 :Zn 0 10	[(SnO 2 ) 0 94 + (Sb 2 O 3 ) 0 03 ] 0 90 + (ZnO) 0 10	Sn 0 865 Sb 0 053 Zn 0 082 O 2	6.24	∼
	9	S n O 2 :Sb 0 06 :Zn 0 14	[(SnO 2 ) 0 94 + (Sb 2 O 3 ) 0 03 ] 0 86 + (ZnO) 0 14	Sn 0 810 Sb 0 052 Zn 0 137 O 2	6.07	∼

a ∼ indicates negligible weight loss.

Table 2

 2 Electrical measurements, conducted at room temperature, for SnO 2 :Sb x and SnO 2 :Sb 0 06 :Zn y ceramics

	Entry number	Sample identification a	Carrier concentration (10 20 e Carrier mobility (cm 2 V -1 s -1 ) ±5%
	1	S n O 2 :Sb 0 02	1.22	3.00	1.71
	2	S n O 2 :Sb 0 04	1.60	3.09	1.26
	3	S n O 2 :Sb 0 06	1.25	3.38	1.48
	4	S n O 2 :Sb 0 06 :Zn 0 06	1.15	1.28	4.26
	5	S n O 2 :Sb 0 06 :Zn 0 10	0.97	1.37	4.69
	6	S n O 2 :Sb 0 06 :Zn 0 14	0.95	1.40	4.71

-cm -3 ) ±2% Resistivity (10 -2 cm) ±5% a See Table

1

.

Table 3

 3 Main data deduced from porosity measurements for SnO 2 :Sb x ceramics

	Entry number	Sample identification a	Total pore volume	Average pore	Bulk density b
			(cm 3 /g)	diameter (µm)	(g/cm 3 )
	1	S n O 2 :Sb 0 04	0.079	0.887	4.25
	2	S n O 2 :Sb 0 06	0.102	0.941	3.805
	3	S n O 2 :Sb 0 10	0.105	1.342	3.443

a See Table

1

. b The deduced bulk density values are, as expected, close to those listed in Table

1

.

Table 1

 1 

legend).
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