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Amorphous thin n-SrTi03 films have been prepared using the RF sputtering technique in a reductive 
atmosphere. Their optical absorption and photoelectrochemical properties have been investigated. In 
the visible region, the films display an increase of the optical absorption coefficient with wavelength, 
which is correlated with some deep localized levels within the band-energy gap. The low flat-band 
potential (V, = - 1 .O V in 1 M NaOH solution) and the high ionized donor density (ND = 10Zo cmm3) 
characterize an n+ degenerate semiconductor with a low electron affinity. o 1987 Academic PRESS, hc. 

Introduction 

Most of the oxide anodes investigated so 
far which are used in photoelectrochemical 
(PEC) cells are stable against photocorro- 
sion but have low conversion efficiencies. 
On the other hand, efficient nonoxide con- 
verters such as Si or GaAs often show poor 
photoelectrochemical stability. To avoid 
this problem, Hodes et al. have focused 
their attention on a strategy of deposition of 
an inert indium tin oxide (ITO) layer on a 
silicon semiconductor surface so as to in- 
hibit attack by the aqueous electrolyte (1). 
This strategy has proved to be effective, 
particularly for a PEC cell based on a p-Si 
substrate, yielding a 5.7% efficiency. Since 
the output depends on the band bending re- 
sulting from the IT0 junction, an n-type 
semiconductor having an electron affinity 
lower than IT0 should give rise to higher 
band bending and increase the open circuit 

potential. The n-type SrTi03 should be par- 
ticularly useful for such purposes. How- 
ever, whereas the properties of insulating 
SrTi03 thin films are very well known, no 
previous investigation on n-type SrTi03 
thin films has been reported. In this paper 
we study the main features of n-type SrTi03 
films (band energy gap, flat-band potential, 
ionized donor density, etc.) on the basis of 
the absorption spectra and the photoelec- 
trochemical behavior of the corresponding 
electrodes. The conductivity mechanisms 
of the samples which vary with the prepara- 
tive conditions have been reported else- 
where (2). 

Experimental Section 
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A sputtering deposition technique has 
been used, as it generally gives rise to 
highly compact films adhering tightly to the 
substrate. 
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Thin SrTi03 films have been prepared by 
RF sputtering of a target (of 5 cm diameter), 
made of pelletized insulating SrTi03, in a 
reducing atmosphere. To obtain reproduc- 
ible conditions the following process has 
been used: 

-power supply: 200 W, 13 MHz 
-atmosphere: *composition: Ar, 

60%; Hz, 40% 
*pressure: 1.33 Pa 

-target- to- substrate distance: 4 cm 
-sputtering time: 300 mn 
-film thickness: 1 pm. 

The substrates (1.5 x 1.5 cm2, 0.02 cm 
thick) are either silica (for optical measure- 
ments) or tantalum plates (for photoelectro- 
chemical determinations). 

Morphology and Texture Characterization 

The films have been analyzed by X-ray 
diffraction and by a-beam nuclear analysis. 
Their texture was examined by SEM using 
a Siemens Autoscan microscope. 

The optical absorption spectra were re- 
corded with a Cary 17 ratio-recording spec- 
trophotometer. 

Electrochemical Measurements 

Electrical contact was made onto the 
back side of the tantalum substrate using a 
silver epoxy resin. A copper wire was sol- 
dered to the contacting surface. The whole 
back surface was covered with an isolating 
epoxy resin so that only the outside surface 
of the deposited film was exposed to the 
solution. 

Photoelectrochemical measurements 
were performed in a 1 M NaOH solution 
under potentiostatic conditions using a con- 
ventional three-electrode electrochemical 
cell with a large area platinium counterelec- 
trode and a saturated calomel reference 
electrode (SCE). Electrode potentials were 
controlled by a PRT 20-2X Tacussel poten- 
tiostat and a GSTP Tacussel programmer. 

The electrode was illuminated, through a 

quartz window introduced in the cell wall, 
using a 150-W high-pressure Xe lamp 
(Oriel) as light source whose output was 
passed through a monochromator (Oriel, 
Model 7240). The light intensity was mea- 
sured with a calibrated thermopile (Kipp 
and Zonen, Model 754324) placed at the 
same position as the electrode. 

Results and Discussion 

Uniform films (1 pm in thickness) with 
relatively smooth surface have been ob- 
tained (Fig. 1). They correspond to the ex- 
pected stoichiometry as deduced from the 
a-beam nuclear analysis (Fig. 2). 

The X-ray diffraction patterns are indica- 
tive of partially crystallized films (Fig. 3a). 
However, totally crystallized films can be 
obtained once the samples have been 
heated for 5 hr at 900°C under relatively 
high vacuum (10m6 Torr) (Fig. 3b). In the 
following the films will be designated as un- 
treated and heat-treated samples, respec- 
tively. 

Optical Absorption and Band Energy Gap 

Figures 4a and 4b show respectively the 
variation in the range 300-800 nm of the 
transmittance as a function of photon wave- 
length and the calculated variation of the 
absorption coefficient (Y. They clearly give 
evidence for the existence of two wave- 
length ranges (A > 420 nm and h < 420 nm). 

(i) High wavelength domain (A > 420 
nm). In this wavelength range, CY increases 
with h for untreated samples only (Fig. 4b, 
curve 1). Although this behavior could be 
correlated to a tailing of the conduction and 
valence-band edges, it also implies that 
deep localized levels, associated with spe- 
cific defects, occur. 

Either filled or empty Sr*+ levels are too 
far in energy from the band gap to be rele- 
vant. Therefore [Ti : 3d(t2&lsub and (or) 
[O : 2p],,b subband-gap energy states are re- 
sponsible for the observed increase of (Y 



FIG. 1. Morphology of the films: (a) untreated film and (b) cleaved section. 
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FIG. 2. a-beam nuclear analysis of SrTiOl film de- 
posited on graphite substrate. 

with A in the untreated samples. These sub- 
band-gap energy states are not likely to 
originate from Ti-0 bond weakening, since 
a reduced symmetry would only introduce 
states near the band edges. They should 
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FIG. 3. X-ray diffraction patterns: (a) untreated film 
and (b) heat-treated film. 

FIG. 4. Wavelength variation (a) of the transmit- 
tance and (b) of the absorption coefficient: (1) un- 
treated films and (2) heat-treated films. 

rather arise from (i) titanium (oxygen) asso- 
ciated with oxygen (titanium) vacancies 
and (ii) broken Ti-0 bonds. 

As previously discussed by Goodenough 
et al. for polycrystalline SrTi03 electrodes, 
broken titanium bonds associated with an- 
ion vacancies indeed introduce donor 
states, [Ti : 3d(tZg)lsut,, lowered away from 
the r? conduction band of Ti4+ : 3d&) par- 
entage. Aside from these broken oxygen 
bonds, which occur at cation vacancies, 
and which introduce acceptor states, 
[O : 2~1,~s lifted out of the 02- : 2p6 valence 
band (4). 

In fact, the Ti-0 broken bonds can be 
reasonably likened to the dangling bonds 
occurring in amorphous semiconductors 
such as silicon. The electron energy levels 
of the dangling bonds indeed constitute 
deep states. They can often be analyzed ac- 
cording to the Davis and Mott model (5); 
then they contribute to subband-gap ab- 
sorption processes similar to those ob- 
served in Fig. 4-l. 

On the other hand, the annealing proce- 
dure provides the thermal energy required 
for structuring the lattice and thus for the 
healing of the defects. The partially amor- 
phous network of untreated films is then 
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progressively reconstructed in a manner 
that leads to crystallized heat-treated films. 
In such well-organized structures the CY vs A 
curves are consistent with the ordinary be- 
havior: (Y decreases as A increases (Fig. 4b, 
curve 2). The fringes encountered for these 
films (curves 2 in Figs. 4a and 4b) result 
from multireflection phenomena (interfer- 
ence effect) occurring both at the substrate/ 
film and at the film/air interfaces (3). Their 
analysis, using Manifacier’s model, has 
been reported elsewhere (2). 

(ii) Low wavelength domain (A < 420 
nm): Determination of the band-energy 
gaps. Both untreated and heat-treated sam- 
ples exhibit a similar variation of the ab- 
sorption coefficient. 

Johnson has shown that the optical ab- 
sorption for interband transitions, in a crys- 
tallized semiconductor, close to the band- 
energy gap varies as (6) 

(cyhv)*‘” = A(hv - E ) x ’ (1) 

where n equals 1 or 4 respectively for direct 
or indirect transitions. 

Relation (l), corresponding to n = 4, also 
applies to amorphous semiconductors (7). 

A plot of (ahv)*‘” against hv permits the 

determination of both Eg and the nature of 
the transition. 

Figure 5a shows the variation (crhv)r’* as a 
function of hv to be linear, for both un- 
treated and heat-treated samples; thus, al- 
though cx is large ((u > IO4 cm-r), the transi- 
tions are indirect, as expected, for SrTi03. 

The intercept with the hv axis yields for 
both samples the same Eg value (3.2 eV) 
generally observed for SrTi03 (7). 

Photoelectrochemical Behavior: 
Flat-Band-Potential and Ionized Donor 
Density 

Attention is directed to the photocurrent 
efficiency calculated from 

ij - id 
71=- $0 ’ 

(2) 

where il and id are the respective current 
densities under illumination and in the 
dark. $0 represents the photon flux ab- 
sorbed by the electrode. 

The flat-band potential V, can be esti- 
mated from the theory of the depletion 
layer photoeffect developed by Gartner (9): 

FIG. 5. Determination of the band-energy gap: (a) untreated films and (b) heat-treated films. 
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FIG. 6. Photocurrent efficiency vs potential curves 
for SrTiOl thin films: (a) untreated films and (b) heat- 
treated films. 

Jln(1 - n)j2 = $$ (V - V,), (3) 

where V is the electrode potential and Nn 
the ionized donor density; the other param- 
eters are assigned their usual symbols. 

Figures 6 and 7 show respectively the q 
vs V curves and the Jln(l - -/1)1* vs V curves 
deduced for h = 380 nm, i.e., for hv = 3,26 
eV, a value close to ER. 

As expected, the extrapolated V, value 
(- 1 .O V) is consistent with the photocur- 
rent-onset potential V,, (Table I). It is more 
positive than the values obtained for single 
crystal or for pelletized polycrystalline Sr 
TiOj (- 1.30 V). This implies that some sur- 
face states are present at the film-electro- 
lyte interface. 

The ionized donor density calculated 
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FIG. 7. jln (1 - 7)j2 vs potential plots at A = 370 nm: 
(a) untreated films and (b) heat-treated films. 

from the slope of the straight lines is high 
(ND = 2.6 x 1020 cme3), close to the elec- 
tronic densities in the conduction band 
determined previously (2) (Table I). Such 
values characterize a degenerate semicon- 
ductor (n+) and are responsible for a very 
narrow depletion layer, which is almost 100 
times lower than the inverse of the absorp- 
tion coefficient (Table I). That is consistent 
with Hodes’s model, according to which 
the protective layer deposited on the Si- 
semiconductor behaves as a degenerate 
semiconductor (1). 

TABLE I 
EXPERIMENTAL PARAMETERS FOR UNTREATEDANDHEAT-TREATED SrTiOz DEPOSITS 

PC 
CJ (25°C)’ * a (380 nm) Es BE* II* vfb> VO” ND (lo-4 cd w at 0.5 v 

(10-j R-’ cm-0 ~‘(25°C) IO+4 cm-’ (eV) (to.02 eV) (1020e' cm-?) w C-10*0cm-3) V-l set-') (IO-’ cm) 

Untreated 5 lo0 1.45 3.2 0.13 1.2 -I 2.6 I.2 IO 
films (0.X) 

Heat-treated 50 I80 1.65 3.2 0.09 5 -I 2.6 I2 8 
films (4) 

* See ref. (2). 
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As observed for IT0 films the conduction 
band electron density is high, but V, (Sr 
Ti03) is lower than that of IT0 and should 
characterize a lower electron affinity (1). 
Consequently, the n-SrTi03 films should be 
used rather than IT0 for protection against 
corrosion in aqueous solutions of efficient 
p-type semiconductors such as silicon. The 
adequate V, value should indeed give rise 
to a high band bending at the semiconduc- 
tor/film interface. 

Such composite electrodes are presently 
under investigation in this laboratory. 
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