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CHEMISTRY

Y-Doped cadmium oxide has been prepared by a solid state reaction of CdO and Y,O3 in air, and by a
coprecipitation procedure starting from CdO and Y(NO3);-6H,0. Y-Doped dicadmium stannate has been
synthesised by firing well blended mixtures of Y-doped CdO and SnO; in air. Both Y-doped CdO and
Cd,Sn0Oy, have been characterised by XRD, IR, EPR and XPS. XRD measurements confirm the presence of
single cubic CdO and orthorhombic Cd,SnO4 phases. EPR analysis suggests an increased concentration of
conduction electrons and electron mobility upon 2% Y-doping. IR specular reflectance spectra show enhanced
reflectivity in the mid IR for Y-doped Cd,SnO,4 samples. XPS measurements highlight yttrium segregation to

the sample surface.

1 Introduction

Both cadmium oxide, CdO, and dicadmium stannate,
Cd,SnQy, exhibit interesting electronic and optical properties
which have been widely investigated owing to their potential
use as photosensitive anode materials for photochemical cells
and other solar energy applications.'™'® In these compounds
cadmium interstitials or intrinsic oxygen vacancies act as n-
type defects thus producing donor states in the bulk bandgap
and promoting electronic conduction.!”

Different amounts of defects, introduced depending on the
synthesis procedure, strongly affect the electronic and spectro-
scopic properties of these two compounds.”?® In fact, synthesis
under oxidising conditions yields yellow compounds, whilst in
a reducing atmosphere green compounds, with higher carrier
concentrations, are obtained.”?® The synthesis and character-
isation of CdO and Cd,SnO4 have been the subjects of
extended studies.”*

'3Cd NMR, EPR, '"”Sn Mbssbauer, XRD, EELS, UPS,
optical, electrical and photoelectrochemical measurements
have been performed to characterise polycrystalline and
single crystal samples of C>SnO,.'?” The results obtained
are indicative of the presence in the green phase of a
concentration of conduction electrons which is higher than
that found in the yellow phase.>'32° Nevertheless, lower
electrical conductance, due to lower electron mobility, has been
observed in the green phase.'®2° Moreover, it has been
reported that the photoelectrochemical properties of poly-
crystalline Cd,SnO,4 are better than those of single crystal
samples, possibly because of a lower concentration of oxygen
vacancies in the latter.'> Besides, films of Cd,SnO, exhibit
resistivities which increase with decreasing thickness.'!

In addition, EPR studies of single crystals and pressed
powders of CdO, fired at high temperatures, provided evidence
of metal based (Cd 5s) conduction electrons, together with Cd*
ions where the unpaired electron was partly on the central Cd ™+
ion but reaching far out into the crystal.”® Cd* ions, present in
significant amounts in samples fired at 1000 °C, did not appear
associated with conduction band properties.'”?® Obviously
chemical doping represents another convenient way to increase
conduction electrons and both CdO and Cd,SnO, have been
doped with different cations.>!”?° For example, both In- and
Sb-doped Cd,SnO,4 have revealed that dopants enhance the
number of metal based (Cd 5s) conduction electrons even
though the conduction band structure seems to be less
affected.'®2°

Finally, increased light transparency in the UV and

reflectance in the IR regions, which depends upon the
carrier concentration, accompany enhanced conduc-
fivity, 2>11:15.20.26.27.29

In the present study we report on the synthesis and
spectroscopic characterisation of yttrium-doped Cd,SnQy,, in
order to provide further insight into the semiconductor
properties of this material and to check the influence of rare
earth doping.

2 Experimental details

Cadmium oxides are exceedingly toxic, therefore care was
taken during sample manipulation.

Y-Doped cadmium oxide (Cd;_,Y,0) (1<x<0.05) sample
powders were synthesised following two different procedures.
Procedure a involved firing of a well blended mixture of
appropriate quantities of the starting grade oxides (CdO and
Y,0;, Aldrich 99.99%)."” Procedure b involved a copre-
cipitation method wusing yttrium nitrate hexahydrate
[Y(NOs)3-6H,0] and CdO. In this case, appropriate quantities
of the starting materials were separately dissolved in water
[Y(NOs3)3-6H,0] and in concentrated HCl (CdO). Their
solutions were mixed together and, under continuous stirring,
neutralised with Na,COs.!> The hydroxides thus formed
were filtered off, washed with distilled water and dried at
90°C. Powders resulting from both procedures, and some
undoped CdO, were fired in air for 7 days at
880°C. Polycrystalline undoped and Y-doped Cd,SnO,4
sample powders were synthesised by thermal reaction, in air
at 1050 °C for 6 hours, of mixtures of the reagent grade oxide
(Cd1—Y, O and SnO, with 0<x<0.02) in the correct
stoichiometric proportions and slowly cooled to room
temperature.®* All thermal treatments were performed in
recrystallised alumina crucibles with closely fitting lids.?*
Undoped Cd,SnO4 powders are yellow, whilst the Y-doped
Cd,SnOy4 analogues are yellow-green because of some reduc-
tion of Sn™ to Sn™.7 Sample powders of both undoped and Y-
doped Cd,SnO,4 were pressed into pellets (10 MPa) between
tungsten carbide dies (13 mm) and then fired for 8 hours in air
at 900°C.*°

The phase composition of the products was monitored by X-
ray diffraction (XRD), using a computer interfaced Philips PW
1130 diffractometer operating in a Bragg—Brentano geometry
(Cu-Ka radiation, 25 mA and 40 kV) over the angular range
20° <%%0<80O (0.02° stepsize) with a 20s channel”' dwell
time.”
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EPR spectra of weighed amounts of finely ground sample
powders were obtained using a Bruker ER 200D instrument
driven by the ESP 3220 data system. All spectra were recorded
at room temperature. Care was taken over the position of the
sample with respect the resonance cavity in order to perform
analyses of different samples under identical instrumental
conditions. Results were always highly reproducible. The
diphenylpicrylhydrazyl (dpph) radical (g=2.0036) was used to
standardise the klystron frequency, the magnetic field being
monitored by a Bruker ER 035M gauss meter.’' The values of
EPR peak area/grams ratios (hereafter IPAG) of different
samples were obtained by integration of the EPR signals (ESP
3220 data system). EPR peak widths were estimated from the
separation between the maximum slope points in the derivative
spec‘[ra.5

IR specular reflectance spectra were measured using
unpolarised radiation incident at 45° to the surface normal
in a Perkin Elmer 1710 FTIR spectrometer in the range 400—
4000 cm ™ '.% The experimental resolution was set at 2 cm™ .
Background interferograms were recorded from an aluminium
mirror, assumed to be 100% reflecting over the region of
interest.”’

X-Ray photoelectron spectroscopy (XPS) measurements
were performed on pellets with a PHI 5600 Multi Technique
System (operating in the 107'° Torr pressure regime) using
unmonochromated Al-Ka radiation. The spectra were taken at
45° relative to the surface plane. Resolution, correction for
satellite contributions and background removal have been
described elsewhere.*® No sample manipulation was done (such
as argon ion etching or vacuum annealing) in order to analyse
samples under identical conditions (as obtained) with all
techniques. The remaining adventitious carbon contamination
of the surfaces (284.6 eV binding energy) gave a measured C 1s/
O 1s XPS intensity ratio of around 5/100.

3 Results and discussion
3.1 XRD analysis

XRD data indicate that both undoped and Y-doped CdO
brown samples consist of the expected single cubic phase with
the lattice parameter in good agreement with the literature
when x<3.5% (ASTM 5-0640).!732 Beyond this doping level,
reflections of cubic Y,05; (ASTM 5-0574)* begin to appear
thus suggesting that the solubility limit of Y in CdO has been
exceeded (7=880°C). Both undoped and Y-doped Cd,SnO,
show a single phase with an orthorhombic unit cell (ASTM
20-0188).32734

Crystal sizes of both Y-doped CdO and Cd,SnO, were
determined from XRD data using the Scherrer and Warren
equation: S=0.92/(B cos 0p).>° The resulting values of crystal-
lite sizes, reported in Tables 1 and 2, are in the range 63-81 nm
for Y-doped CdO and 81-95 nm for Y-doped Cd,SnO4. No
significant variations in crystal sizes were observed for samples
b. Pellets gave XRD patterns identical to those of unpressed
powders.

Table 1 Crystal sizes and EPR parameters of Y-doped CdO?

3.2 EPR analysis

Relevant experimental observations on CdO samples are
summarised in Table 1.

Fig. 1(a) shows the EPR spectrum of a representative 2% Y-
doped CdO sample a. In particular two peaks are always
observed with g values of 1.86+0.01 and 1.99+0.01 and peak
widths of 93 and 52 G respectively. Both g and peak width
values are similar to those of impure CdO semiconductors fired
up to 1000 °C.?® Therefore the signal with g=1.86 can be safely
assigned to conduction band electrons. This g value is
somewhat higher than that previously reported (1.78).2% The
peak at g=1.99, in agreement with literature data,® is due to
Cd ™ on the site of a Cd** ion.?® Cd ™ ions arise from polaronic
self-trapping of electrons introduced by oxygen deficiency at
Cd>* sites to generate localised 5s' states which are not
involved in the conduction band.?® Similar behaviour has been
previously described for other systems, i.e. TiO, where self-
trapped electronic states are observed close to the conduction
band edge rather than in the middle of the band gap.’® In
addition, a decrease in peak widths upon increasing the Y-
doping level has been observed, with widths of the 2% Y-doped
sample being the lowest observed so far. Broader EPR signals
were always detected for samples b.

Fig. 1(b) shows the EPR spectrum of a representative 2% Y-
doped Cd,SnO,4 sample a. All present EPR spectra of undoped
and Y-doped Cd,SnO,4 show an intense peak with a g value of
1.85+0.01 which does not vary with the Y-doping level,
synthesis procedure, or intensity of the resonance (Table 2).
This value is almost identical to that previously reported for
undoped Cd,SnO,4 and the resonance arises from the conduc-
tion electrons.’

The intensity of the EPR conduction electron resonance is a
function of the number of conduction electrons.” In this
context, an interesting trend of the IPAG values is obtained. In
particular the concentration of conduction electrons in samples
a significantly increases on passing from undoped Cd,SnO4 to 1
and 1.5% Y-doped analogues, whilst a dramatic fall-off is
observed for 2% Y-doped Cd,SnO, (Table 2). At variance,
both 1 and 2% Y-doped samples b show higher IPAG values
than the undoped samples, with the IPAG value for the 1%
doped sample again being higher than that of the 2% Y-doped
sample. This behaviour suggests that procedure b is more
effective in enhancing the carrier concentration than
procedure a.

Previous studies on air-annealed Sb-doped Cd,SnO, have
shown a linear relationship between the EPR peak width and
the Sb nominal doping level.’ The EPR peak width depends on
the electron spin relaxation process efficiency which, in
conducting samples, may be related to electron mobilities.’
Therefore, the increasing Sb concentration parallels an
increased number of conduction electrons having, however,
decreased electron mobility due to electron scattering by
donors, which increases as a function of the donor concentra-
tion.> Note that the EPR peak widths observed in all the
present Y-doped Cd,SnO, samples are always smaller than
those observed for the Sb-doped analogues, thus suggesting
higher electron mobilities.” Moreover the width observed for
2% Y-doped Cd,SnO,4 a samples (20 G) represents the lowest

Nominal Y-doping level (atom%o) Crystal size/nm g-Value Peak width/G

0 (commercial) 119 1.82, 2.00 121, 175

0 (7 days at 880 °C) 81 1.82 weak signal, 1.99 147

1 71 1.87 (1.88), 2.00 (not resolved) 108 (174), 86 (not resolved)

1.5 63 1.86, 1.99 104, 61

2 81 1.86 (1.88), 1.99 (1.92) 93 (not resolved), 52 (not resolved)
5 80 (1.89), (2.01) (128), (95)

“Values in parentheses refer to samples b.
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Table 2 EPR and resistivity parameters of Y-doped Cd,SnO,*

Nominal doping level (atom%) Crystal size/nm g-Value Peak width/G IPAG® Resistivity/Q cm 2
0 71 1.84 26 1 38

1 95 1.85 (1.85) 29 (34.3) 2.6 (5) 27 (37)

1.5 85 1.85 26 3.5 32

2 81 1.85 (1.86) 20 (42.9) 0.15 (4.7) 7 (75)

“Values in parentheses refer to samples b. ®Values have been normalised to the value observed for undoped Cd,SnO,.

value within the present samples. This fact should allow one to
forecast higher conductivity for 2% Y-doped Cd,SnOy relative
to the undoped and 1-1.5% Y-doped analogues.

In the case of Y-doped CdO samples, the observed
monotonous decrease in peak widths upon increasing the Y-
doping level up to 2atom% is in good agreement with
previously reported data.!” In fact, it has been demonstrated
that the carrier concentration increases linearly with the doping
level because of the substitution of Y™ on Cd" sites.'” In
addition, the surface plasmon peak moves progressively to
higher loss energy as the bulk dopant content increases, the
highest value being 0.66eV.!” Moreover, a well defined
conduction band feature appears in He-I UPS spectra of
doped samples; this feature is associated with a shift of the
valence band edge towards high binding energy.!” All these
observations suggest that Y acts as an effective n-type dopant
for CdO.

Samples b show EPR peak widths (Table 2) which are larger
than those of samples a.

It has been reported that particle size effects may influence
the EPR peak widths.®> Previous work on doped SnO- and on
many other closely related systems have indicated that dopants
influence grain sizes, since they segregate to the surface, thus
affecting grain growth.”” As a consequence EPR skin effects,
which are particle size dependent, could be the origin of this
phenomenon.’ In the present case, 1% Y-doped Cd,SnO,
shows crystal sizes of 95 nm, somewhat larger than those
shown by the 1.5 and 2% doped samples (85 and 81 nm
respectively, Table 2). Therefore, the skin effects should be
similar in 1.5 and 2% doped samples, thus permitting some
comparisons.

3600

3700 3800 3900 4000

2800 3200 3600 4000 4400 4806
B/G

Fig. 1 EPR spectra of representative 2% Y-doped CdO (a) and
Cd,SnOy (b) a samples.

3.3 FTIR analysis

IR specular reflectance analysis is an effective technique for the
investigation of surface conductivity of ceramic oxides.?” The
IR specular reflectance spectrum of polycrystalline undoped
Cd,SnO, represents a superposition of structures due to
allowed vibrations with two distinct maxima in the 500—
600 cm ™! region (Fig. 2). Y-Doping has a profound effect on
the reflectance spectra, as the increased number of free carriers
screens out coupling between the external electromagnetic
fields and the electric fields associated with the IR-active
phonons. In fact all Y-doped Cd,SnO,4 samples show enhanced
reflectivity in the mid-IR (Fig. 2) above the phonon frequen-
cies, where the undoped material is less reflecting. Note that the
reflectivity parallels the IPAG values. In particular a strong
increase in reflectivity is observed on passing from undoped to
1% Y-doped samples a. Accordingly, the IPAG value goes
from 1 to 2.6. Moreover, a significant further increase of
the IPAG value is associated with a sizeable increase of the
reflectivity in 1.5% doped samples. The dramatic fall-off of the
IPAG value observed for 2% Y-doped Cd,SnO,4 (Table 2) is,
therefore, consistent with the lowest reflectivity observed in the
present Y-doped a materials. Minor variations are observed
with samples b. In fact, both 1 and 2% Y-doped systems show
high reflectivity, with that of the 2% doped system only slightly
smaller than that of the 1% doped sample. In accordance, high
IPAG values are found, with, once more, that of the 2% doped
sample somewhat smaller than that of the 1% doped sample.
Again, it transpires that procedure b is more efficient in
increasing the carrier concentration.

The IR results are in good agreement with some, admittedly
limited, room temperature resistivity measurements of typical

400 2%Y M o
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0

T T T 1
1200 800 400
Wavenumber / cm-!

Fig. 2 IR specular reflection spectra of undoped and Y-doped
Cd,Sn0O,. Letters in parentheses refer to the synthesis procedure.
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13 mm ceramic pellets between two point contacts at opposite
edges, for which small but significant variations have been
observed upon doping. Thus, the resistance of undoped yellow
Cd,SnO4 was 38Q, in good agreement with previously
reported values.” Lower values were exhibited by Y-doped
green pellets. Note that the 2% Y-doped Cd,SnO, sample a
shows the lowest IPAG value (0.15), the lowest EPR peak
width (20 G), the lowest resistivity (7 Q) and the lowest IR
reflectivity within the Y-doped samples, whilst the 1.5% Y-
doped Cd,SnO,4 sample a shows the largest IPAG value (3.5),
an EPR peak width larger than that of the 2%, the largest
resistivity (32 Q) and the largest IR reflectivity within the Y-
doped samples. By contrast, upon varying the doping level
samples b always show larger EPR peak widths, larger and
almost constant IPAG values, larger resistivity and larger IR
reflectance.

3.4 XPS measurements

Fig. 3 shows the Al-Ka XPS of 1% Y-doped Cd,SnOy, a pellets
in the Cd, Sn and Y 3d binding energy (BE) region. Note that
the observed BEs for Cd (3ds,;=404.1 and 3d;,;=411.0eV)
and Sn (3ds,=485.4 and 3d;,=493.8 e¢V) are identical to
those of undoped Cd»Sn0,.?° No variation of BEs was
observed for Cd 3d, Sn 3d, and O 1s levels upon increasing
the Y-doping level. The Y 3d feature (Y 3ds,=156.0¢V) is
strongly reminiscent of that previously reported for Y-doped
CdO, often encountered with yttrium oxides and Y-doped
ZrO, powders.!”*73% The XPS results have been used to
quantify the cation surface distribution making due allowance
for the atomic sensitivity factors.® The surface Sn/Cd ratio is
0.48+0.05 for undoped Cd,SnOy pellets, very close to the
theoretical value, and shows a monotonous increase upon
increasing the Y doping level (0.50, 0.52 and 0.64 for 1, 1.5 and
2% Y-doped Cd,SnO, respectively). The intensity of the Y 3d
peak, at all the doping levels investigated, is much greater than
expected on the basis of the nominal doping, the Y/Cd ratio
being 0.76 for 1% Y-doped Cd,SnO,. This observation
indicates a pronounced segregation of yttrium to the surface
thus resulting in a new surface phase (Y,03) which does not
contribute electrons to the conduction band.!7-36:40:41

wj \ o
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Fig. 3 Al-Ka excited XPS normal emission of a representative 1% Y-
doped Cd,SnO,4 a sample measured in the Cd-Sn—Y binding energy
regions. Structure due to satellite radiation has been subtracted from
the spectra.
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4 Conclusion

Y-Doped Cd,SnOy, has been synthesised and characterised by
XRD, IR, EPR, XPS and simple resistivity measurements.
XRD measurements confirm the presence of single ortho-
rhombic Cd,SnO,4 phases. Both EPR results and IR specular
reflectance spectra are indicative of increased carrier concen-
tration in Cd,SnO,4 samples a upon light Y-doping (1-1.5%).
Simple resistivity measurements indicate lower resistivities in
Y-doped Cd,SnO,4 a samples with respect to the undoped
analogues.

The key to understanding this behaviour may be in analysing
the mode of bulk Y** substitution. Three possible limiting
modes of bulk substitution warrant consideration. The first
involves Y>* on Cd>™ sites with donation of the extra valence
electron provided by Y into the conduction band. This, in
the absence of other effects such as scattering between
donors, ¥ 2% would lead to significantly enhanced conduct-
ivity. The second alternative involves Y>* on Sn'V sites. In this
case there will be some suppressing of the intrinsic conductivity
of Cd,SnO, itself because Y>* behaves as an acceptor.
The third mode involves Y>* in both Cd*>* and Sn'V sites.
This time both previous mechanisms are operating. It is
therefore evident that a delicate balance between donors,
acceptors and scattering of carriers determines the conduction
properties.

Therefore the 2% Y-doped Cd,SnO4 sample a, which shows
the lowest IPAG value (0.15), the lowest EPR peak width
(20 G) the lowest resistivity (7 Q) and only a moderate increase
in IR reflectivity, with respect to the undoped samples,
represents the case in which YT substitutes for both Cd**
and Sn' and the obtained donor concentration is likely to
minimise scattering by carriers thus increasing the conductivity.
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