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The gas released from an oxygen-saturated powder surface of SrTiOs upon irradiation in the 310 
to 430-nm wavelength region is carbon dioxide. It was found that greater-than-band gap photon 
energies cause desorption which is linearly proportional to the incident photon intensity, whereas 
smaller-than-band gap photon energies cause no desorption. The dependence of carbon dioxide 
photodesorption on net illumination time was also investigated and shows, at first, a rapid decrease 
in signal followed eventually by a lower constant level of desorption under prolonged exposure to 
uv radiation. The mechanism proposed is dependent on electron-hole pair production, followed by 
hole recombination with the bonding electron of a CO,- complex leading to thermal desorption of 
weakly bound CO,. 

I. INTRODUCTION 

In 1972, Fujishima and Honda reported 
that titanium dioxide decomposes water 
into hydrogen and oxygen when illuminated 
by photons with energies greater than 3.1 
eV (I). However, such a photoelectrolytic 
reaction could only be sustained by the ap- 
plication of an external potential of 0.5 V to 
the titanium dioxide semiconductor which 
served as an anode. The reason, as pointed 
out by Mavroides et al. in 1975 (2), is that 
the surface band-bending on the TiOz elec- 
trode without an applied potential is too 
small to allow an efficient separation of the 
photogenerated electron-hole pairs, which 
is a necessary step in the photoelectrolytic 
process. In 1976, Mavroides and his co- 
workers (3), and also other investigators 
(4, 5), reported that SrTiO, and KTa03 ox- 
ides have been found to be able to photoas- 
sist the decomposition of water into hydro- 
gen and oxygen in the photoelectrolytic 
process with no other energy input than 
that supplied by photons. 

The above discovery led to numerous in- 
vestigations of SrTi03 in both theoretical 
and experimental studies. Calculations of 
the surface energy band of SrTiO, have 

been carried out by Wolfram and Morin (6), 
in which they pointed out that the existence 
of a highly localized d-electron surface 
band density of states in the band-gap re- 
gion is on the order of 1015/cm3. However, 
this conclusion did not agree with Powell’s 
experimental values of 1013/cm3 obtained 
using the Ultraviolet Photoelectron Spec- 
troscopy (UPS) technique to study reduced 
and nonreduced SrTiO,(OOl) surfaces (7). 
Subsequent calculations by Wolfram and 
Ellialtioglu in 1977 (d), which included 
Coulomb repulsion among d electrons, 
showed that the position of the d-band sur- 
face states depends on the position of the 
Fermi level, which, in turn, depends on the 
mode of sample treatment. Raising the 
Fermi level by reduction of the sample, for 
example, pushes the surface states up into 
the bulk conduction band so that they re- 
main largely unpopulated. 

All modem surface-analysis techniques 
have been employed to study clean and/or 
gas-covered SrTi03 surfaces with different 
orientations. Low-Energy-Electron Dif- 
fraction (LEED) and Auger Electron Spec- 
troscopy (AES) were used to study the sur- 
face structure and chemical composition, 
respectively. Electron energy distributions 
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were studied by Energy-Loss-Spectros- 
copy (ELS) and UPS. Thermal Desorption 
Spectroscopy (TDS) was used to determine 
the binding energy between adsorbed gases 
and substrate, and was also used to study 
isotopic exchange. The location of hydro- 
gen-bonding sites on SrTiO, surfaces, 
which could not be determined by all of the 
above methods, was revealed by Electron- 
Stimulated Desorption technique (ESD). 

Henrich et al. have studied the chemi- 
sorption of oxygen on a reduced, Ar-ion 
bombarded SrTiOs( 100) surface (9), and a 
vacuum-fractured SrTiOJ 100) surface (IO), 
under exposures ranging from 0.5 to lOa L 
using UPS, ELS, and AES techniques. 
They concluded that the band-gap states 
can be depopulated by exposure to oxygen, 
and that the band-gap Ti3+ d-electron states 
are provided by oxygen vacancies, and not 
by the SrTiO, bulk. Lo and Somotjai used 
LEED, AES, ELS, and UPS to study an 
Ar-ion bombarded SrTi03( 111) surface un- 
der crystal temperatures ranging from 27 to 
600°C (21). They found that the concentra- 
tion of surface Ti3+ species decreases with 
increasing temperature in a reversible man- 
ner, and that a significant concentration of 
Ti3+ species is always present on the Sr 
Ti03(ll 1) 1 x 1 surface at room tempera- 
ture. This Ti3+ monolayer makes SrTiO, 
superior to TiO, in the photoelectrochemi- 
cal process (does not require applied poten- 
tial). Chung and Weissbard employed AES, 
LEED, and UPS techniques (12) to study 
electronic properties of platinum deposited 
on SrTi03(100) surfaces. They pointed out 
that the Ti3+ species is removed by electron 
loss to the platinum. The charge exchange 
between SrTi03 and platinum perhaps 
plays an important role in the photosyn- 
thetic reaction between water and carbon 
dioxide to form methane as reported by 
Hemminger et al. (13). The latter report 
seems to indicate that no methane forma- 
tion occurs at the SrTi03 crystal surface 
without the inclusion of the platinum foil. 

More recently, Ferrer and Somotjai used 
a combination of UPS, XPS, and TDS tech- 

niques to study the adsorption of 02, Hz, 
H20, 02, and D,O on reduced and nonre- 
duced SrTiO,(lll) surfaces under both 
dark and uv-illuminated conditions 
(14, 15). In general, they found that one 
monolayer of Ti3+ species is present at the 
surface of reduced SrTi03( 11 l), and is de- 
pleted under exposure to 02, H,, and H,O 
gases in the dark. Subsequent band-gap il- 
lumination partially restored the initial con- 
centration of Ti3+ in the case of O2 and Hz 
exposures, but not in the case of HzO. Oxy- 
gen photodesorption was also detected 
from the oxygen-covered surfaces. Ther- 
mal desorption data indicate the presence 
of hydroxyl species on the surface that 
form during water vapor adsorption, and 
isotropic exchange between the oxygen in 
the adsorbed H,‘Q water molecules and 
the lattice oxygen atom. Bonding of hydro- 
gen species to the SrTiO, substrate has 
been studied by Knotek who used ESD 
technique (16). He concluded that hydro- 
gen is adsorbed on the SrTiO, surfaces as 
Ti-H, TGOH, Sr-H, and to some extent as 
Sr-OH. 

Photocatalytic reactions in the gas phase 
over SrTiO, surfaces have been reported in 
literature; for example, the decomposition 
of water vapor into hydrogen and oxygen 
(17), the reaction of water vapor and car- 
bon dioxide to form methane (13), the pro- 
duction of hydrogen from water vapor-satu- 
rated SrTi03, as well as from platinum 
vacuum deposited on SrTi03 crystal sur- 
faces (18). The oxidation of CO with 0, has 
been studied by Van Damme and Hall (I 9), 
who found that the oxidation of CO is 
strongly enhanced by band-gap irradiation. 

In this paper, the results of the measure- 
ments of photodesorption from oxygen-sat- 
urated powder surfaces of SrTiO, in UHV 
are reported. 

II. EXPERIMENTAL 

The ultra-high-vacuum system, detection 
instrumentation and methods for minimiz- 
ing the desorption from the stainless-steel 
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vacuum chamber due to uv irradiation have fact and a relatively large sample surface 
been described in detail elsewhere (20, 21). area (-3.50 cm2) made these samples espe- 
The base pressure of the system was in the cially suitable for sensitive photodesorption 
middle lo-lo Torr range for this experiment. studies since photodesorption signals avail- 
The strontium titanate powder (purity able per unit area are usually small (22). 
98.5%) which was obtained from Ventron After initial evacuation to the lo-* Torr 
Alfa Products Corporation, was mixed with range ( 1 Torr = 133.3 Nme2), residual im- 
distilled water, spread on an alumina sheet, purities deposited on the sample surface 
and then baked in air at 200°C for 4 hr. during preparation were removed by a brief 
Samples prepared in this manner were stud- heating at -200°C. The sample was indi- 
ied by Auger Electron Spectroscopy (AES) rectly heated by passing a current through a 
and also by Scanning Electron Microscopy. tantalum heater foil which held the sample. 
The AES spectrum of SrTiO, shows the The sample temperature was monitored by 
normal strontium, titanium, and oxygen an alumel-chrome1 thermocouple which 
peaks and a carbon surface impurity peak was mechanically attached to the front. The 
as indicated in Fig. 1. In the Scanning Elec- sample is pretreated by exposure to re- 
tron Microscope, the sample powder search grade oxygen at a pressure of one 
showed surface structures which indicated atmosphere for 15 min while the sample 
a considerable surface to volume ratio. This temperature is maintained at - 100°C. 

SrTi O3 

I I I I I I I I 

100 200 300 400 so0 600 700 600 

FIG. 1. Auger spectrum of SrTiO*, experimental parameters: E, = 8 keV, I, = lo-’ A, modulation 
voltage = 5 V peak-to-peak. 
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Band-gap radiation (>3.1 eV) was pro- 
vided by a 1000-W high-pressure xenon- 
mercury lamp that was placed in an air- 
cooled housing equipped with a fused 
quartz condenser lens system to focus the 
incident light on the 3.5 cm2 sample area. A 
2-in.-thick distilled-water filter was also 
used to absorb infrared radiation. The inci- 
dent photon flux, measured by a radiometer 
(International Light Company) ranged from 
4.2 x 1015 to 2 x 1016 photons per cm2-sec. 
All data were taken with l-s illumination 
pulses using an electronic photographic 
shutter mechanism. 

III. RESULTS 

3.1. Analysis of Photodesorbing Signal 

The production of gases from an oxygen- 
saturated powder surface of SrTiO, during 
a 1-set illumination interval is shown in 
Fig. 2. The 3650-A line of a xenon-mercury 
lamp at a flux of 1.6 x 10ls photons per cm2- 
set was used as a uv source. The signal 
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FIG. 2. Relative signal strengths of 12, 16, 18, 28, 32, 
44 peaks before and after I-set illumination, using 365- 
nm line at a flux of 1.626 x 1Ol6 photons per cme-set as 
a uv source. 
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FIG. 3. A typical chart recorder output of the carbon 
dioxide signal (solid line) together with the total pres- 
sure change (dotted line and slightly shifted to the 
right) during I-set illumination using 365-nm line at a 
flux of 1.626 x 1Ol6 photons per cm*-sec. 

peaks at the mass-to-charge ratios (m/e) of 
12, 16, 28, and 44 which corresponds to 
carbon, atomic oxygen, carbon monoxide, 
and carbon dioxide, respectively, are ob- 
served to increase. No change was ob- 
served at m/e values of 18, 32 which are 
respectively water vapor and molecular ox- 
ygen. A detailed mass analysis of carbon 
dioxide had been reported earlier (20), indi- 
cating that the change in m/e values of 12, 
16, 28 (C, 0, CO) are due to the cracking 
pattern of CO2 produced in the mass spec- 
trometer’s ion cage. Therefore, carbon di- 
oxide is the only detectable photodesorp- 
tion species. It should be mentioned that 
one reason for monitoring these m/e values 
is to compare the present results with pre- 
vious studies of band-gap-induced photode- 
sorption from TiO, powders (23-25) tita- 
nium oxide surfaces (20), and TiO,(OOl) 
surfaces (26). A typical chart recorder out- 
put is displayed in Fig. 3, showing the rela- 
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tive change of the carbon dioxide peak 
(solid line) with the total pressure change 
(dotted line) during a I-set illumination in- 
terval. 

3.2. Carbon Dioxide Photodesorption 
Signal as a Function of Photon 
Wavelength 

To determine the carbon dioxide photo- 
desorption signal as a function of photon 
wavelength, commercial interference filters 
(Klinger Scientific Corp.) were used to iso- 
late the 3130 A (3.962 eV), 3340 8, (3.710 
eV), 3650 A (3.397 eV), 4047 %, (3.064 eV), 
and 4358 %, (2.845 eV) spectral lines from a 
1000-W xenon-mercury lamp. The incident 
photon flux at each wavelength was mea- 

sured with a radiometer and has values of 
4.2 x lo’“, 5.2 x 1015, 1.6 x 1016, 1.3 x 1016, 
and 1.9 x 1016 photons per cm2-set, repec- 
tively. The results of these experiments are 
plotted in Fig. 4 (after normalization of inci- 
dent photon flux). From Fig. 4, one can 
see that there is a detectable signal at the 
3650-A wavelength, but no carbon dioxide 
photodesorption signal was observed at the 
4047-A wavelength. 

A similar experiment as above was car- 
ried out, but this time high-pass Corning 
glass filters were used instead, and results 
are shown in Fig. 5. Figure 5 indicates that 
the relative carbon dioxide desorption sig- 
nal decreases with increasing cutoff wave- 
length of these titers from 3200 to 4000 A. 
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FIG. 4. Carbon dioxide photodesorption as a function of photon wavelength. 
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USING HIGH-PASS CORNING GLASS FILTER 
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FIG. 5. Relative signal strengths of carbon dioxide 
versus high-pass Coming glass filters with I-set illumi- 
nation time. 

A small carbon dioxide desorption signal 
was still detected with the 4000-A high-pass 
filter (hcuton = 4000 A). Since these high- 
pass Corning glass filters are not perfect 
cutoff, therefore some photons at wave- 
lengths less than cutoff = 4000 A (e.g., en- 
ergies > 3.1 eV) still transmit through the 
4000-A high-pass filter and cause some de- 
sorption. The band-gap energy of 3.17 eV 
for SrTiO, has been reported in literature 
(27), and corresponds to the wavelength 
value of -3875 A. The measured threshold 
as seen in Fig. 4 clearly relates to the band- 
gap of the SrTiO,. 

Two basic observations have been men- 
tioned above, namely: (1) carbon dioxide is 
the only detectable photodesorption spe- 
cies, (2) no signal was detected at photon 
energies less than -3.1 eV, suggesting that 
the oxidation of carbon impurities by ad- 
sorbed oxygen, together with the capture of 
an electron from the conduction band, 
forms a CO,- complex. An incident photon 

of energy equal to or greater than that of the 
band gap is absorbed by this material cre- 
ating electron-hole pairs. Holes produced 
near the surface can migrate to the surface 
and recombine with the chemisorbed CO,- 
complex, breaking the chemisorption bond, 
resulting in the thermal desorption of the 
CO, molecule. This band-gap-induced pho- 
todesorption process was reviewed re- 
cently in Ref. (28). 

3.3. Carbon Dioxide Photodesorption 
Signal Versus Photon Intensity 

To check the dependence of carbon diox- 
ide desorption signal on photon intensity, 
copper meshes were used as neutral filters 
to reduce the intensity of the 3650-A line at 
an original flux of 1.6 x 1016 photons per 
cm2-sec. Incident photon intensities, after 
passing through copper meshes, were mea- 
sured by a radiometer, and the results of 
these runs are plotted in Fig. 6. To within 
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FIG. 6. Carbon dioxide photodesorption signals 
versus uv photon intensity, using 365-nm line at a flux 
of 1.626 x 1Ol6 photons per cm2-set with I-set illumi- 
nation time. 



experimental error (see error bars in Fig. ultra-high-vacuum environment readsorp- 
6), the relationship is linear which indicates tion of oxygen is not available to reduce the 
that the carbon dioxide signal is a true pho- accumulation of negative charge which 
ton-induced desorption, and not a photon- forms by photogenerated electrons. This 
induced surface heating effect, since the lat- charge layer in turn reduces the probability 
ter should show a highly superlinear de- of recombination of the COz- ion complex 
pendence [a! exp - (activation energy/ with photogenerated holes. Consequently, 
wi (29). the signal decreases with illumination time 

finally reaching an equilibrium value (35). 
3.4. Carbon Dioxide Photodesorption 

Signal as a Function of Illumination IV. SUMMARY 
Time In this laboratory, extensive studies have 
Figure 7 shows the time decay of the been done on photodesorption from three 

carbon dioxide photodesorption signal us- 
ing the 3650-A line at a flux of 1.6 x 1016 

basic different types of materials: Polycrys- 
talline powder samples of ZnO (31), TiO, 

photons per cmz-sec. First observations in- (25), Vz05 (21), single crystal samples of 
dicate that the carbon dioxide photodesorp- ZnO (30), TiO,(OOl) rutile structure (26), 
tion signal decreases rapidly in the first 150 and oxide surfaces of chronium (stainless 
set, and afterward becomes constant with steel) (32), niobium (33), titanium (20), and 
time (Fig. 7). Similar observations from vanadium (21), and now powder samples of 
several semiconductors such as ZnO (30), SrTiOB. The following conclusions resulted 
TiO, (29, and V,O, (21) have been re- from these studies: (1) adsorption of oxy- 
ported earlier from this laboratory. In the gen (- 15 min at atmospheric pressure oxy- 

gen) is a necessary step for photodesorp- 
tion experiments, (2) carbon dioxide is the 
desorbing species from these surfaces, (3) 
photon energy equal to or greater than the 
band-gap energy is required to cause de- 
sorption, (4) the carbon dioxide photode- 
sorption signal depends linearly on incident 
photon flux, and (5) finally there are direct 
correlations among illumination time, sur- 
face carbon content, and photodesorption 
activities from these materials (21, 34). The 
behavior of SrTiO, seems essentially identi- 
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I cal to that of the other sample metal oxides. 
I Experiments are now in progress to 

study photodesorption, and surface con- 
ductivity with silicon and germanium sys- 
tems, and it is hoped that these results, 
together with previous results, will enable 

t I 
00 

the establishment of a clear, complete 
band-gap photon-induced desorption mech- 
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