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Localization of carriers of Y-doped CaCu02 
films prepared by an organometallic-chemical- 
vapour-deposition method 
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Y-doped CaCuO 2 films have been formed on SrTiO3 (1 0 0) substrates in the range 
730-790 ~ The lattice constants of c = 0.3180 ,-~ 0.3183 nm were estimated from the X-ray 
diffraction (XRD) of c-axis-oriented Y-doped CaCuO2 films. The values of the c-axis were 
shorter than those of the undoped CaCuO= film. Although the resistivity of a Y-doped 
CaCuO2 film is significantly lower in comparison with that of an undoped CaCuO 2 film, no 
superconductivity was found in these Y-doped CaCuO= films at temperatures higher than 
12K. 

1. Introduct ion  
C a C u O  2 with infinite C H O  2 sheets is the parent ma- 
terial in superconductors of a B i -Sr -Ca-Cu-O and a 
T1-Ba-Ca-Cu-O system. In the C a C u O  2 structure, 
an appreciable interaction is probably present be- 
tween the CuO2 sheets, so that the correlation of the 
interaction between the CuO2 sheets to a Tr value 
may be revealed from investigation of the super- 
conductivity of C a C u O  2. Electron doping of C a C u O  2 

has been attempted to obtain a superconducting 
C a C u O  2. No one has succeeded , however, in the 
electron doping of C a C u O  2. Recently, Smith et al. 
[1] found superconductivity at 40 K in Nd-doped 
S r C u O 2 ,  with infinite CuO 2 sheets, which was pre- 
pared by means of a solid-state reaction at high 
pressure. They interpreted the failure of electron-dop- 
ing of C a C u O  2 as being due to a small Cu-O bond 
length as in GdECuO 4 [1]. Another reason may be 
associated with the instability of CaCuO2 at high 
pressure, because CaCuO2 has not been prepared at 
high pressures [2]. Using an organometallic-chemical- 
vapour-deposition (MOCVD) method, the authors 
succeeded in the preparation of C a C u O  2 [3]; this was 
not synthesized by the conventional solid-state reac- 
tion. The present work attempted the preparation of 
Y-doped CaCuO 2 films by employing the MOCVD 
method, and the electrical properties of the Y-doped 
CaCuO 2 films were also investigated. 

2. Experimental procedure 
Chelates of copper, yttrium and calcium with ligands 
of 2,2,6,6-tetramethyl-3,5-heptanedione (thd) were 
used as precursors. Y-doped CaCuO2 films were de- 
posited on single crystals of SrTiO3 (10 0). The depos- 
ition rate was controlled by the sublimation temper- 

atures of the chelates (the sublimation temperatures of 
Cu(thd)2, Y(thd) 3 and Ca(thd)2 were varied in the 
range 95-105~ 160-170~ and 180-190~ re- 
spectively). The film preparation was carried out at the 
total pressure of 100-200 Pa. The ~thicknesses of the 
films were measured by means of a surface roughness 
meter (Kosaka SE-30D). A film deposited for 1 h was 
about 50 nm thick. The composition of the metal 
elements in the films was determined by both the 
atomic absorption spectrometry and the inductively 
coupled plasma-emission spectrometry of a solution, 
which was prepared by dissolving a film in a HNO 3 
solution. The temperature dependence of the resistiv- 
ity of a film was measured by a direct current (d.c.) 
four-probe method. The Seebeck effect was measured 
in the range 100-300 K. 

3. Results 
Y-doped CaCuO 2 films were formed at a suitable 
substrate temperature (730-790~ and at an 
optimum oxygen flow rate, as shown in Fig. 1. Y- 
doped CaCuO 2 films were formed in a narrow oxy- 
gen-flow-rate range at low temperatures and in a wide 
range of oxygen flow rates at fairly high temperatures. 
In addition, the optimum flow rate of oxygen in- 
creased with increasing substrate temperature (the 
accurate partial pressure of oxygen near the SrTiO 3 
substrate was nOt measured.). The preferable flow rate 
of oxygen may be governed by the following equilib- 
rium: 2CuO ~ C u 2 0  + 1/202. 

In order to prepare Y-doped CaCuO2 films 
(x >0.1), the molar ratio of vaporized Y(thd)a to 
Cu(thd)2 was enhanced up to 0.2. However, the forma- 
tion of Ca I _xYxCuO2 was not confirmed at a vapor- 
ized molar ratio, Y(thd)3/Cu(thd)2, of 0.05 or more. 
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Figure 1 The relationship between the oxygen flow rate and the 
substrate temperature in the deposition processes of films: (O) the 
formation of Y-doped CaCuO2 confirmed by XRD, and (x) no 
formation of CaCuO2. 

T A B L E I The composition of Cax _ ~ Y~ CuO 2 films deposited on 
SrTiO a (100) substrates 

Sample Substrate 
n u m b e r  t emper -  

(c-axis) ature (~ 

Vaporized precursors (tool) 
(Deposited metal elements (tool)) 

Cu Y Ca 

1(0.3183 nm) 734 6.1 X 1 0  . 6  3.0 x 10 .8 7.1 X 1 0  - 6  

(3.4X10 -7) (4.1X10 -9) (4.1X10 -7) 
2(0.3183 nm) 750 6.5 X 10 . 6  1.5 x 10 -8 6.9 X 1 0  . 6  

(1.9x10-7) (2.3x10-9) (2.4x10-7) 
3(0.3180 nm) 750 6.8 x 10 -6 3.0 x 10 -s 7.1 x 10 -6 

(2AxlO -7) (4.1x10 -9) (2.2x10 -'~) 
4(0.3183 nm) 770 6.5 x 10 -6 1.5 x 10 .8 6.6 x 10 .6 

(1.4x10 -'z) (2.9x10 -9) (1.8x10 -'7) 
5(0.3182 nm) 780 1.1 x 10 -5 3.0 x 10 -s 1.0 x 10 -5 

(2.6x10-7) (3.3X10-9) (3.4x10-7) 

For several films exhibiting intense reflections of 
CaCuO2, the number of moles of vaporized chelates 
and of the metal elements contained in these films are 
listed in Table I. As seen in Table I, the content of Y 
atoms is less than a few per cent, which is approxim- 
ately close to the vaporized molar ratio, Y(thd)3/ 
Cu(thd)z. 

Fig. 2 shows the X-ray diffraction (XRD) patterns of 
the Y-doped CaCuO 2 film labelled 4. The XRD pat- 
tern is almost the same as in CaCuOz, except for a 
slight difference in 20 [3]. Thus, reflections at 20 of 
28.0 and 57,9 can be indexed to (00 1) and (0 0 2) of Y- 
doped CaCuO2. Thus, the c-axis of the film is prefer- 
entially oriented perpendicular to the substrate sur- 
face. The c-axis of the Y-doped CaCuO 2 film labelled 
4 is estimated to be 0.3183 nm. The c-axis values of the 
other films range from 0.3180 to 0.3183 nm. These 
values for the c-axis are slightly shorter than those of 
non-doped CaCuO 2 (c = 0.3188 nm) [3-1. Thus, the Y- 
doping of CaCuO 2 results in shortening of the c-axis. 
Such shortening of the c-axis by electron doping has 
been observed in n-type superconductors, for example 
Nd2_xCexCu04.. Information on the a-axis of Y- 
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Figure 2 XRD of the Y-doped CaCuO2 film labelled 4 in Table I 
(CuI~). 
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Figure 3 Plots of absolute values of the Seebeck coefficient against 
temperature for the Y-doped CaCuO 2 film labelled 4 in Table I. The 
Seebeck coefficient is negative. 

doped CaCuO2 could not be obtained because the 
(1 10) and (220) reflections of CaCuO 2 were not 
observed in XRD of films deposited on SrTiOa (1 1 0) 
substrates. 

All Y-doped CaCuO 2 films prepared in the present 
work exhibit negative Seebeck coefficients at temper- 
atures lower than 270 K. In Fig. 3, the Seebeck coeffi- 
cient for the film labelled 4 is plotted as a function of 
temperature. The Seebeck coefficient is negative in the 
temperature range 110-270 K, so the carriers of these 
Y-doped CaCuO2 films are electrons, which may be 
generated by the substitution of Y atoms for Ca sites 
in CaCuO 2. It should be noted that the Seebeck 
coefficient is nearly constant in the range of 
270-100 K. 

Fig. 4 shows plots of the resistivity, p, against the 
temperature, T, of the Y-doped CaCuO 2 films labelled 
3 and 4. For these films, the temperature dependence 
of the resistivity is weak at temperatures higher than 
50 K, whereas the resistivity increases remarkably at 
temperatures higher than 50 K. Unfortunately, no 
drastic decrease in the resistivity is observed for films 3 
and 4 at temperatures higher than 12 K; no super- 
conductivity is found for the Y-doped CaCuO2 films 
at temperatures higher than 12 K. The t empera tu re  
dependence of the resistivity shown in Fig. 4 has been 
observed for lightly doped La 2_xSrxCuO2 (x < 0.06) 
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Figure 4 Plots of p against T for the Y-doped CaCuO 2 films 
labelled 3 and 4 in Table I. 

and superconductivity emerged with further hole-dop- 
ing [4]. Thus, superconductivity might appear for a Y- 
doped CaCuO 2 film with a higher carrier concentra- 
tion if the problem of the low solubility of Y atoms in 
CaCuO2 is overcome. 

4. D i s c u s s i o n  
As seen in Table I, the Y-content in CaCuO 2 is a few 
per cent. This result implies that the solubility limit of 
Y-atoms in C a C u O  2 is of the order of a few per cent. 
The ionic radius of y3 + ions is close to that of C a  2 + 

ions, so that the substitution of y 3 +  ions for C a  2 + 

ions is expected to occur to some extent, from a 
crystallographic viewpoint. In fact, superconductivity 
was found at 65 K for Pb2SrzYl_xCaxCu30 8 (x 
= 0.5) [5]. Thus, the low solubility of Y atoms in 

CaCuO 2 may be due to the instability of CaCuO 2, 
because CaCuO 2 is not synthesized at 1 atm. 

The Seebeck coefficient, S, for non-degenerate semi- 
conductors is written as S = (k/q)(5/2 + r + E f / kT ) ,  
where E F is the Fermi energy with respect to the 
bottom of the conduction band and r is a constant 
dependent on the scattering mechanism. The temper- 
ature independence of the Seebeck coefficient shown 
in Fig. 3 means the zero-Fermi-energy: carriers of Y- 
doped CaCuO2 are degenerate. In general, the zero 
Fermi energy is realized when the carrier concentra- 
tion is larger than the effective state density of the 
conduction band. Under this condition, the Fermi 
level is located in the conduction band and thus the 
carrier concentration is independent of temperature. 
As seen in Fig. 4, however, the resistivity is remarkably 
high near 50 K. Such a temperature dependence of the 
resistivity is no t  typical of normal degenerate semi- 
conductors. The localization of carriers occurs for 
conductors containing a large amount of the random 
potential (disordered conductors), even if an appre- 
ciable state density is present at the Fermi level. The 
localization of carriers is called Anderson localization 
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Figure 5 Plots of ~ against In T for the Y-doped CaCuO 2 films 
labelled 3 and 4 in Table I. 

[6]. According to a recent theory of Anderson local- 
ization, the localization of carriers always occurs for 
the case of two-dimensional conductors, and occurs in 
the case of three-dimensional conductors with a car- 
rier density less than a critical value. In the Anderson 
localization of a weakly localized regime, the conduct- 
ivity consists of a term proportional to In T for a two- 
dimensional conductor [7]. For  instance, a linear 
relationship was observed in plots of the conductivity, 
o, against In T for Nd2_xCexCuO 4 films with low 
carrier densities [8]. In Fig. 5, the conductivity, o, of 
films 3 and 4 is plotted as a function of In T. No linear 
relationship is seen in Fig. 5. Accordingly, the localiza- 
tion of carriers of the Y-doped CaCuO2 films labelled 
3 and 4 is not in accordance with a weakly localized 
regime of two-dimensional conductors. In the weakly 
localized regime of three-dimensional conductors, the 
conductivity contains a term proportional to temper- 
ature [9]. In Fig. 6, the conductivity, cy, is plotted as a 
function of T. In Fig. 6, it seems that the conductivity 
is proportional to T at temperatures lower than 
180 K. However, zero conductivity at T = 0 is anticip- 
ated from an extrapolation of the o versus T plot. 
Thus, the temperature dependence of the conductivity 
shown in Fig. 5 is not explained by the weak localiza- 
tion in three-dimensional conductors, in which a non- 
zero minimum conductivity should be obtained at 
T - - 0 .  

Although an explicit formula for strong localization 
at finite temperatures is not presented, the temper- 
ature dependence of the conductivity can be qualitat- 
ively expressed by variable range hopping in which 
the conductivity, o, is given by o(T)  = ~0 
e x p [ -  (To/T)l /(a+l)],  where d is the dimensionality 
[10]. In Figs 7 and 8, In c~ is plotted as a function of 
T-1/3 and T-1/4, respectively. A good linear relation- 
ship is seen in the plots of In cy against T -1/4. A 
linear relationship has been observed in plots of In cy 
ag a i n s t  T -1/3 for Ndz_xCe~,CuO 4 [8]. According 
to the theory of variable range hopping [10], 
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Figure 6 Plots of cr against T for the Y-doped CaCuO2 films 
labelled 3 and 4. 
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Figure 8 Plots of In ~r against T-  1/4 for the Y-doped CaCuO 2 films 
labelled 3 and 4. 
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Figure 7 Plots ofln ~ against T -1/~ for the Y-doped CaCuO 2 films 
labelled 3 and 4. 

three-dimensional metals with low carrier densities as 
the temperature is lowered. Besides these disordered 
metals, strong localization is expected for charge 
transport through an impurity band in heavily doped 
semiconductors [I03. As seen in Table I, if 2% of the 
Ca 2 + ions in CaCuO 2 are substituted by y3 + ions, the 
state density of the impurity levels due to Y atoms is 
estimated to be 4.2 x 102o cm -3. This value of the 
state density is insufficient to form an impurity band 
over the CaCuO 2 crystal. Under this condition, vari- 
able range hopping is a predominant process at lower 
temperatures. The Y-doped CaCuO 2 films exhibit 
sharp reflection peaks in the XRD patterns, so that it 
seems that the Y-doped CaCuO 2 films are not corres- 
ponding to disordered metals. The origin of the strong 
localization of the Y-doped CaCuO 2 films may be 
related to the impurity band. Recently, the temper -  
ature dependence of In p against T -  ~/(d + ~) has been 
explained by the localization of bosons [11]. To ex- 
plain the present work by bosons localization, it is 
necessary to measure the effects of the magnetic field 
on the resistivity. 

Nd2_xCexCuO 4 is a two-dimensional conductor, 
whereas Y-doped C&CuO2 is a three-dimensional con- 
ductor. This difference may be attributable to the lack 
of blocking layers between the CuO2 sheets in the 
CaCuO 2 structure. Another explanation is attributed 
to the many defects in the ab-plane, because a linear 
relationship was found in plots of In p against T -  1/4 
for La2_~SrxCuO 4 (x <0.06) which has blocking 
layers between the CuO 2 sheets [43; two-dimensional 
conduction is interrupted by defects in the ab-plane, 
and then the conduction along the c-axis is not neg- 
lected. 

As mentioned above, strong localization occurs for 
disordered two-dimensional metals and for disordered 
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