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" decreaSed from 3,03 eV to 1.99 eV.

; Abstract

P~ Materials based on modified transition metal oxide semiconductors for the
photoelectrochemical decomposition of H,0 were investigated. Single crystals
of TiOz doped wiiv 1 V0, were made and it was demonstrated that the bandgap was

The flatband potential was increased from
-1.0 V to 0.25 V. Roth effects are attributed to the existence of an empty
vanadium d-band locatad in the Ti0, bandgap. Another approach was taken with
FeTi03-Fen04 alloys in the form of amorphous thin films and single crystals,
where it was anticipated that the charge-transfer interactions observed in
such alloys could be exploited in the materials' photoelectrochenical proper-
ties. The effect of FeTi03 had very little effect on the overall properties
of Fe,0, single crystals. On the other hand the effect on the Fe/Ti oxide
thin ;i?ms was quite dramatic. Optical absorption, photoconductivity and

- photoelectrolytic spectral measurements demonstrate a photometric enhancement

at energies above the bandgap for Ti concentrations in the range of 5% to
8%. There is some suggestion that the bandgap has been reduced in this
concentration regime. Higher concertrations of Ti result in a cnange from n-

type to p-type. Efficiency and stab111ty of thermally oxidized Fe/Ti ox1de
films are comparable to single crystal results.
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Ti0,-V0, Alloys -- Reduced Randgap Effects

in the Photoelectrolysis of Water

T. E. Phillips, K. Moorjani, J. C. Murphy, and T. 0. Poehler
Johns Hopkins University, Applied Physics Laboratory
Johns Hopkins Road
Laurel, MG 20707

ABSTRACT

A series of Tij.xVx0o (0.04 < x < 0.55) single crystals and ceramics were
prepared and eva]uated as electrodes in tHe photo-assisted electrolysis of
Ho0. Samples of Ti)_ Y0, (0.3 < x < 0. 5) possess an optical bandgap of 1.99

eV and a flatband potential of approximately +0.05 Vys.sce» which compares

~with 3.03 eV and -1.0 V ¢ ccp respectively in Ti0,. For Ti;_ .V 0, in the

range 0.10° < x < 0.30, the flatband potential increases to approximately 0.25 ,

Vvs;SCE’ Both observétions,_the narrower bandgap and varying flatband
potential, are attributed to the existence of a primarily V d-band, of varying

width anc density, interjected in the Ti02 bandgap.

Full paper was.pub3ishéd fn the Journal of the Electrochemical Society,,Voi.

129, p. 1210 (1982).




' Photoe]eétrochemistry of Iron-Titanium Oxide Alloys

T. E. Phi1lips,'K. Moorjani, J. C. Murphy, and T, 0. Poehler
Johns Hopkins'University, Applied Physics Laboraﬁory
Laurel, MD 20707

The f611owing section {s to be submftéeﬁ for publication

. in" the Journal of the Electrochemical Suciety
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INTRODUCTION

 The dbservatiohlof photo-assisted decomposition of water into elemental
constitutents by the ection of light 6n a semiconductor—electro]yte interface‘
is now a well-documented phenomenon. The first ebservation of this effect was
made in 1972 by Fujishfma and Honda,llend since then, research in this area
has been quite intense, to exploit its obvious soTar energy conversfon po-
tenfial.2’3 A1though much effort has been expended, a practical solar energy
cqn?ersion séhemé remains elusive due to chellenging materials prob]ems.

There are a number of criteria that must be met‘by a material if it is to
be considered. a potential candidate for solar«powered photoelectrolysis of
water; three of these are coneidered to be of primary importance. The first
criterioh is that of a suitabie baddgap for the material. Much of the solar
photon flux lies in the 1.4-2.0 eV range and to achieve high conversion effi-
ciencies, the material must have, among other conversion efficiency re]ated
properties, a bandgap that lies in this range. Secondly, the material must be
chemically stable.' The photoelectrolytic process that occurs at the semi-
cohductor-electrolyte interface relies, in mpsf paft. oh the produqtion of
energetfc species.(minority'carhiers) within the semiconductor. and the semi-
conductor must be able to wifhstand their presence, To date, host of these
materials which ere chemically'stable,_aiso have bandgaps outsjde,the'pre-
requisffe 1.4 *0 2, O eV range; The transition metal oxides-are'good ezamples

of‘this probiem. They are typicaily very stab1e in most electrolytes. but

. their bandgaps range from 2, 8 to 3.8 ev

There are a few mater1a1s that. do possess both the required bandgap and

chemical stability, but they do not satisfy the third requirement regard1ng

_ the proper positioning cf the valence and conduction bands relative’ to the
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‘redox levels of the solution; For e#ample, with an n-type semiconductor, it
is necessary that thelconduction band be at the same position or lie higher
than the H*/HZ redox potential in order to achieve photoelectrolysis without
the application of‘én externa] bias.

_ Our wofk has concentrated.on starting with materials which are intrinsi-
cally stable under photoelectrdlytic conditions and can be modified to improve
their correspondence with the solar spectrum and their electrochemical effi-

ciency.4

RACKGROUND AND FOCUS |

Currently, our attention has béén'focused uss 4 variation of the transi;
tion metal oxide, Fe203. In the past, n-type Fe203 has been demonstrated tc
possess very good stabifity against photoanodic decomposition in noﬁ-acidic
(pH > 6) environments. Its bandéap of 2.0-2.2.eV is one of the smallest gf
the transition metal oxides and is quite close to being ideal for the effi-
cient utilization of the solar flux profile in photoelectrolytic applications,

With resnect to the negative aspects of this material, there are a few,
but we believe that they are correctable. One such disadvantage is that the
~ flatband potentialv(vFB) is ~ot sufficiently negative to efféct the unassisted
photoelectrolysis »f water, thoﬁgh a tandem pfn;cell would be more than |
capable'of ﬁna;sisted photoelectrolysis., Anéther problem area is that'of
efficiency., There appears to be some conseasus in the literature fhat the -
quantum efffitiencyland thereforé the photoelectric conversion efficiency of
“n-type F9203 15 Tow in comﬁarison‘to other transition metal oxides,

Interestingly though in our work and in some other reports, the efficiency is
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found to be very respectable. The reason, we believe, for the inconsistency
in the various reports is a result .f thé'materia1‘s (n-type Feé03)
sensitivity to preparatfon. '

It has been demonstrateds,thac pureja-Fe203 is photoe]ectrocheﬁica]]y
inactive. Activation of a-Fe,05 appears to require the presence of Fe*z,
usually in the form of Fe304. ‘The difficulty ofvobtaining reproducible
results from Fe,03 probably ar1ses from the difficulty of control]1ng the
amount and homogeneity of the structurally incompatible (sp1ne1) Fe30y 1n the
bulk (corundum) Fe,03. In most preparations of the n-type Fe,04, the Fe30, is.
présunab]y found on or near the surface and along dislocation networks (form-
ing at grain boundaries) where fhe spinel structure is moré'easfly accommo-
dated. Consequently, the observed photoconductive and photoe1ectrochemica1
properties‘can be significantly affected.by the preparation techniques, which
may overshadow the intrinsic properties of Fe203. With these problems in,
mind, we. are looking at a chargé-transfer alloy of Fe203 and FeTi03'as an
1nterest1ng candidate for use as a photoelectrode.

a-iron oxide and iron titanate crystallize in essentia]]y the same
rhombohedral space group {R3C/R3) with sim11ar 1att1ce constants. Conse-
quently Fe203 and_ FeTi03 form 2 solid solution over the whole composition
range.6 As a naturally occurring mineral, the hematite (iron oxide)-i]menvte

(fron titanate) series are'very important in paleomagnetic research because

they exhibit highly stable maghetic properties which are dependent on composi-

tion and thermal history.7 In many minérals. the electrical and optical
properties that characterize these materials are'principally'determined by

1nterva1ence charge transfer and crystal field transitions within and between

cations of Fe and Ti.
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In the hematite-ilmenite mineral series [xFeTiO3-(1~x)Fe203], Mossbauer

measurementss

indicate that for x < 0.6, they2 is a considerable amount of
charge transfer from Fe*? in the titanatc to Fe™3 in the hematite. For many
minerals where the crystal field interactions of the participating ions are
different, the energy of this charge transfer‘reaction is often found in the
yisible region of the spectrum, We Qere interested in e*amining the effects
of these interactions (Fe’“.2 » Fe*3; Fe*t2 & Ti*4, and Ti*3 » Ti+4) when
introduced into the Fe203 photoelectrochemical system,
Our specific area of interest was in changes of the spectral response of
the modified Fe203 as a consequence of the additjona] absorption sices, Fe*t2 .
Fe*3; Fe*Z u Ti*4, and Ti*3 » Ti*4. Additionally, we wanced to evaluate the
stabilization of che semicondccting properties by the introduction of Fe*2
ions contained within a nearly identical crystal lattice, as opposed to the
introduction via a structurally incompatible Fe304 spinel structure. Finally,
we investigated ‘changes in the other phatoelectrochemical parameters pf |
interest such as quadtun efficiency and f]atband potential in this alloy
§ystem. : |
A series of Fel_xTixoy sampIes were prepared in the form of thin films
by r.f. reactivé sputtering and thermal okidation techniques, and single
,_crysta1s by flux melt techniques. 'The,thin fiids are befieveq .3 be
.47 )FeT103-k1 - %-)Fe203, cased oﬁvassumptions derived from X-ray meascre-
‘ments,-and the single cryctals'aré~known to be FeTi05/Fey05. With respect te
the thin films, their optiral photoconductivify, and photoe!ectrochemica1
hehavior were examined as a funct1on of Ti concentration, and these rnsults

are presented fin the following sectipn. The single crystals were evaluated

for changes in their photoelectrochemical properties'aé a func:1un of FeTi03
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concentration and the resuits are prasented 'in the section following the thin

£i1m wark.

‘THIN SILMS

Preparation

Thin fiims of Fel_xTiXOy, used for absorbance ard photoconductivity

measurements, were prepared on one inch square glass slides (Corning #7024) by

r.f. reactive sputtering Fe-Ti metal powder mixtures. The gas nused.to gener-
ate the sputtering plasma was a mixture of Ar (5 microns Hg) ard 02 (5 microns
Hg) . Derosition time was typically three hours with a 450 watt r.f. source
(13.58 nHz). | |

Thin films used in the photde1eetrolysis'measuremeuts'were prepareu by
two different techniques. The first series, hereafter known as r'f oxides,"
were made in a manner similar to that described above, except that a thin

matal layer is first deposited on the glass slide. This metal 1ayer, ‘which is

used s an electrical contact to the subsequently depocited metal oxide layer,

is produced by sputtering the Fe-Ti powder target with 5 m1crons of Ar for'

1 8-6.0 hours in the absence of 02. Longer deposition times were required as }

. the per cenc of Ti increased. The r.f. sputtered metal ox1de film is then

applied to the Fe-Ti metal contact through a 3/4* circular mask, -The‘starting
compositions of the Fe-Ti ﬁetal powder mi.tures were 0,0, 7.7, 22,6, 26.2.'
31.8, 43.7, 53.8, and 73,5 (per cent titanium by moles),

. The second series of. thin films referred to as the therma1 oxides, were

prepared by sputtering the Fe-Ti metal powder mixtures onto one inch square

glass slides for varying times (0.5-9.0 hours). with 5 mxcrons of Ar in the

\ L T
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absence of 0,. The resuiting thin meta! fi1m§bwefe then 5xjdized by blacing.
‘them on a 300°C hot plate under the ambient atmosphere for 0.5 to 2.0 hours.
The starting compositions of the Fe-Ti metal powder mixtﬁres were 0.0, 7.7,.
15.2, 22.6, 31.8, and 53.8 (per cent titanium by 'moles).

Elemental and Structural Analysis

The initial composition of the Fe-Ti metal powders uéed as the sputtering
target for the various fi1m§ produced was well-known., Since ihe sputtering
rates of Fe and Ti differ, and appea} to beléensitiva to the sputtering
condifions, such as the 0, and Ar partial pressure; the final thin film
composition may be considerably different from the initial composition,

| Elemental analyses were performéd by sputfer jon mass spectroscopy.
Matrix yield factors were obtained from powders of Fe203, FeZTiOS. and
FezTi03. When a composition is reported ih brackets tx], it implies that the
cbmbosition was nof determined explicitly for that particular sample, rather
it was.obtainea from a film produced from the same Fe/Ti' powder target, Table

1 lists the starting and final composition of some of r.f. and thermal oxides
examined. ' :

Table 1. Elemental analysis of thin £ilm oxides as determined by SIMS.

Starting Compbsit&bn, r.f.oxides Thermal Oxides
4T i CoaTi
S0 o 0
7.7 - L2 .
15.4 2.5 s
22,5 4.4 4.5
6.2 3.3 . 4.2
31.8 53 - | 6.4
437 1.2 . |
53.6 . 114 16,5 7
7.5 . 16.9 .. ‘
T T e T A e e T e T T T el
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Normally energy dispersive spectroscopy is the preferred techﬁique for
. cbtaining stofchiometry because of the greater simplicity and ease of measure-
ment. In the case of the thin films though, the Ti dgfermination was
seriously hampered by a Ba jmpurity in the glass substrafe.

x-ray diffraction measurements were made on the r.f. oxide fi]ms (with
and without the underlying metal layer) and on the thermal oxide films with a
Reed camera using Cr K, Eadiation; Diffraction measurements were made on the
bare hetal film, on the oxide film plus underlying metal film and in the case
of the transparent r.f. oxide fi]ms'without an underl}ing metal layer, on just
the dxide film. The X-ray beam was incident on the front surface of the films
at an angle of‘75° from the normal and‘the recorded diffracted rays similarly
emanated from the front surface. The thickness of the oxide layers are
estimated to be 600A-1300A and the unoxidized metal films are 1000A-1800A.

" The pdre iron films were identified to be of the g-Fe sfrucfure without
orientational dependence, The angulér width of the diffraction lines visually
estimated at half maximum was 1.2°(28=69°), This is considerably larger than
the 0.2;-line widths obsgrvéd fn a polycrystalline film of cdmﬁarable th{ck-
ness whiéh is a'reasonable upper 1iﬁ1t dge to instrumental broadening factors.
“The additibn cf T§ Causes the diffhait%on 1inewidth to 1ncfease and the higher
29 1inés 200 and 211 to decrease 1n'1nténsity. At 4.5% Ti Just ore line
corresponding_té the 110 reflaction of a-fe remained, This behtvfor persists
| up to gpproxfméteiy 11% T1, where fﬁe 1inewidth of the single diffractiOn Tine
1s'1.6°. At a higher fj concentration, ~ 16%, the single line is repTaced by
two very weak and broad lines tentatively assigned to the intermetallic Tife.

In some of the films cxéminéd; the bresence of Fel was observed, which is
’norma!ly'produced only at hiqﬁ temperatures (> §70°C) uaecé equilibrium cqhdi-‘

tibns;, It s felt that ;ha'Feo ts most 1ikely formed at the glass/metal
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interface during the initial stages of the metal film deposition, where the

kinetically "hot" Fe atoms can react with oxygen, adsorbed or otherwise,

available at the surface. _

The oxide films with an underlying metal ff]m, including both the r.f.
oxide and the thermal oxide films, yielded results identi¢a1.to that of the
bare metal films, As the additional oxide layer did not result in any observ-
able coherent diffraction, fhe oxide layers are assumed fo be amorphous in
‘structure. The r.f. oxide§ without an underlying metal film were likewise
void of any obvious diffraction lines. Through the use of some photographic
enhancement techniques, a very weak diffractipn‘pattern of 6-10 lings could be
observed in some of the films. The pattern is consistent with the
Fe,05/FeTi0y corundum structure, R3C/R3. ‘

Attempts to produce a thin film of an amorphous Fe/Ti oxide without the
underlying metal iayer, by tha technidue used to make the tﬁermal oxides, were
unsuccessfui. The nominally amorphous oxjde films growing from the underlying
metgl film would crystallize when all or most of the metal was consumed, and
'the resulting oxide films adhered,pobrly to the glass substrate, The poly-
crystallfne natire of these films was indicated by their strong Xeray dif- .
fraction pattern which was unambiguously assigned to the Fe,0,/FeTiO, |
structure, -

Althoﬁqﬁ the composftion in the ambrphdus:oxide films has not peed
explicitly determined;lft is felt that.the composition and.short-range order
are very 1ike1y that of Fe203/FeT103. Cbnsequentiy the resuylts presented in
the succeeding sec;ion#.ﬁill occasionally be dfécvssed in terms of the proper-

ties of Fe203 and FeT103.
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Experimental Procedure

Ahsorptivity Measurements

Absorbance measurenents were made with a Beckman DK-2 from 400 nm to

1800 nm, The short wavelength limit was set by the non-linearity.of the

detector at the high absorbance {»1.5 A) values of the films. All of the

oxide films exhibited normal reflectance losses and most of the films were of

a thickness that interference effects were opvious.iﬁ the 700 nm to 300 nm
region. These fnterference effects extended to the 1800 nm limit, where it
was assumed that the oxide films did not exhibit any inherently measureable
absorbance. Using derived film thickness values from the SIMS data, an
iterative.prétess was used to calculate a2 best fit index of refraction (n) and
thickness (d) for each film., The best fit was determined by a non-linear
squares minimization of deviations in the absorbance data from the baseline fn
the 800 nm to 1800 nm region. The values of n and d were then used to correct

the measured absorbance for reflectance effects and thickness jn,the 400 nm

and 700 nm region, No attempt was made to accodnt,for the anomolous .

dispersion of n within the absoﬁpéicn bard.. The value of n varied from 2,46
to 2.71. The optimum d was typically 6%-10% 1af§er than the d determined from.
the SIM data. '

Pho;ocqnductivity _
The photoconductivity'of the samples used for the absorbance measurements

w$§ me@sureq by making‘electricaI cphtaét'to,the sample hitﬁ sifver paint to

twb_points‘separated by 1 em, along ghe edge of the film, A 50 volt éotent1§l

was applfed to one contact and the other contact was terminated at the
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inverting-input of a high input-impedance operational amplifier (RCA

CA3140). The amplifier was operated with a gain.of 108 V/A and a low-pass

cutoff of 30 Hz. (-3.0 db.). |
Monochromat{c light was obtained from a Spex. Minimate ﬁonochromator with

a 100 W quartz-halogen source, A 20 nm bandpass was achigved with 5 mm

s]%ts. The 1ight was chopped at 23 Hz by a mechanical chopper. The wave-

.length dependence of the photocurrent was then corrected for. the source and

monochromator profile, which was measured with a Laser Precision Corp. Power

Meter Rk 3240. Typical light intensities ranged from 0.03 mw/cmz at 400 nm to
0.2 mwlcm2 at 570 nm,

Photoelectrolysis

Thin film saﬁp1es that were used for photoeiectrolysis measurements were
prepared by breaking ihe one inch ;quare glass slides containing the metai
oxide thin film into two to four pieces. A copper wire Qas bonded to the
under]ying metal layer with silver pafnt. The front and side surface of the
sample was thenAencapsuléted fn Torrséal epoxy except for a small circular
area (3-5-mm diaﬁeter) on the surface, All of the gamp!es were j11uminated |

2 mask'plated near the front surface of. the electrode.

through a 5 mm
The photoelectrochemical (bEC) cell is a conventional three-electrode

cell with a 1‘cm2‘p1atjnun counter electrode and a saturated calomel (SCE)

‘reference electrode, The electrolyte used in all measurements was 1.0 M

NaOH. A1l solutions were de-aerated by bubbiing Ny throﬁgh the so!utign;‘ The
three-electrode potentiostatic measuéements were.made with a PAR 173 Potentio-
stat 1inked with a lock-1n amplifier to de#ermihe_light induced éhaﬁges in

cell cufrgnt., A description of the iighp SOurce'cén oe fohndv15~;he photocon

ductivity section, -




¥

N
. P e e e
SCFEEE AL

i 1 JLPRRT

T EICIREUNIAEVES  FENDREAL LA U R

AR

e I I

15

Differential Capacitance

The capacitance of a semiconductor-electrolyte interface is determined by
several interfacial processes and in general depends on the interfacial
voltage. One important component of the overa]l capacitance is the capaci-
tance of the space charge region. This space charge capacltance is a funct1on
of the width of the depletion region which in turn Is dependent on the
vo1ta'ge1/2 impressed across the semfconductor. Given that other complicating
contributions to the overall capecitance such as traps, surface siates, and

the Helmholtz capacitahce are well-behaved br can be predicted, the linear

| relationship of (space.charge capacitance)'2 to the interfacial voltage can be

used to Charecterize the semiconductor's flatband potential and charged
impurity density. | » |

We have measured the differential capacitance of the r.f. and therma)
oxides using the same experimental configuration as dsed for the.phofoelec-‘

trolysis measurements, except that the sample was held in the dark. A linear

.1 voltage ramp with a superdmposed 2.0 mV sinusoidal a.c. voltage was applied to

the sample, Three frequencies were used, 23 500 and 100 Hz. The limits of

the ramp were typically -1.0V to *0.8 v (versus SCE), with ramp speeds of

' 5.10 mV/second. The normal (io) and quadrature (199) a.c. currents were

detected by two HR-8 lock in amplifiers, and were used to calculate the
capacitance as a- function of applied voltage using a series resistor-capacitor-
combination.as a model for the system. ,

In most of the films substantial dark current was observed'at the two

extremes of the cathodic and anodic potential sweeps, This current is presum-

"ably due to faradaic processes at the 1nterface involving the semiconductor or

- possidly just the underiying metal via p1nholes through the oxide, The
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presence ¢f this d.c. dark éurrent indicates that the measured iy exceeds the
actual a.c. current as a consequénce of this d.c. current path. This in turn
detrimentally affects the determiriction of the space charge capacitance from a
series Rclnetwork'mbdel. In order tovaccouﬁt for this.d.c. path, a resistor
was added to the model across the space charge capacitance. Inversion of the
resulting equations to yield the values of the ﬁhree component impedepces as a
function of iy, igy and id;c. was straightforward, but applying them to the
data was unsuccessfu1ﬂ The problem appeafs to be the presence of galvanic
potentials within the interface which cause the faradaic resistance to be
incorrectly determined. This then causes the id to be incorrectly ta]culated;
sometimes leading td‘negative impedehces.

Id retrospect_itbis evident that {n order to properly model the interface
with gnough elements_to account for al}’fhe ongoing processes and toldetermine
the value of those eiements, nunerous measurements a: different frequenéies
must be made. As it'is not possible to analytically invert the resu1tin§
equat1ons to y1e1d the circuit parameters from 10(f) and 190(f), some sort of

least-squaras aigorithm must then be utilized.

Results

Absorptivity

The absorptivity spectra of the r.f, oxides without an underlying metal

layer are presented in Figure 1. Taking the 0% cur#e as a point of reference,

the addition of 4.4% to 5 3% T1 causes the absorptivity to increase in the _
500-600 nm regfon, As the Ti concentration fincreases heyond 5 3%, the absorp-

tivity begins to drop as the curve appears to be b!ue-shifted. This would be
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“expected if it is assumed that the increasing Ti concentration is in the form

of FeTiO3, which has an Egap

then at ‘some point reflect the fact that the FeTi03 content is increasing.

of 2.58 eV.® The film's spectral response should

In semiconductors, the optical! absorption coefficient near the edge is

given by the equation;9

ay, = 'A(hv-sgap) " /hv
where the exponent n is determined by the nature of the transition. For a
direct transition, n = 1/2; forbidden direct, n = 3/2; and indirect, n = 2.
Y2 ~vs. hv, the linear
relationship that is seen indicates that the bandgap transitions are indirect.
‘ The energ& range over which the linearity exists varies somewhat with the
Ti concentration. Ffrom 0% to 5.3% the plots are linear from just above the
abscissa intercept to approximately 2.3 eV.‘ A; 2.3 eV, the slope decreases by

a small but noticeable amount and the curve is again linear to 3.1 eV, the

upper limit of the measurement “In films with Ti concenteation above 5.3% and

up to 16,9%, the plots are 1inear from the abscissa intercept to 3. 1 eV,

_ The semiconductor S bandgap can also be determined from the abscissa
1ntercept of the above plots. ’The vaTues for the bandgap es a function of Ti
are given in Table 2, where it is5 seen that the values drop frum 2.08 eV to
1.83 aV in the range of N to 5.3% T{. Beyond 5.3% Ti, the bandgap increasaes
and quickly reaches a value of 2.0 eV. Note that the bandgap of 2.0 eV ,‘
observed for the film containing 16 9% T4 is lower than one might have .

expected given the spectrum shown in Figure 1.

. - v -y ‘ N A - -
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.w%th ihe pregent films, the bandgap determination is made less certain by
some cdfvafure in thé'immediate vicinity of the intercept; the curvature‘being
more notiteable in the lower Ti content films. This behavior can result from
band tailing, and given the hfghly disordered and/or amorphous nature of thase

oxide films, it is not at all unexpected.

Table II

Randgap as a function of Ti concentration, determined from the

ébsorptivity data. o | A o .
%2Ti - - Bandgap (eV)
3.3 7 | 2.0
4.4 | R 1.94 .
5.3 | | | 1.88
1.2 o 198
11.4 ‘ R : 2.0
16.9 o 2.0
Photoconductivity

A1Y of the spectra were normalfzed to 400 nm to minfmize skeuing of the
| data presentation by such scaling effects as uncertainties in electrod:

| placehént, and excitation beam placement and uniform{ty.l The photoconduce
th{t}'Spect}um befie@ts.nof only the abﬁorption'charac;eriﬁtics of thé

\.\
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material, but also the elsctrical conductivity characteristics of the film as
well. The relationship between the photoconductivity spectrum taken under
steady state conditions and the abscrption spectrum is given for a single

carrier type by the t-zquat:ion:'10
T o eyen1 (1-R) (1-exp(-a(a)d))

wﬁere u is the carrier mobility, v is the carrier recombination lifetime, n is
the quantum efficiency of carrier formation, R is the reflecfance, a is the
absorptivity, and d is the film thickness. In thin films, thé reflectance and
transmfttanceJ(exp(-a(x)d)) terms must be adjusted for multiple reflection
effects. The daté presented in Figure 2 for the r.f. oxides have béen cor-

rected for interference.effééts and also haQe been adjusted for a film thick-

‘ness of 7604, the average thickness of the films. examined. Corrections were

also made for the source profile.and monochremator response.

It should be recognized thét although it {s necessary fouaccount for thé
multiple reffections iﬁ the thin film in order to determine the photoconduc-
tivfty'Sqectrun, the proceduré is subject to qonsiqerablé errord'.Probébly the
most serious source of error, in-the presént ca§e, {s the assumption that the |
product term nut 1s'unif6fm_throughqut the film, It is ce}tainly reqsongblé
to expect that ﬁur near the th film 1nferface§ is goin§ t§ be differeﬁt than
whgt it s in the f{lm bulk, but there 1§_no'straightforward way to determine :
this distribution, . . |

As can be seen in Figure 1 and 2, the photometric respdnses ége similar‘
in that a distincf redshift {s observed with 1gcrehs1nq_Tivcontent followed by

a reversal of that trend beyond some Ti conceﬁtration., [he turnaround in the

15 ::..'_.,.:;',“,.:.:-I: : -‘..‘ ; ‘;':q':\':(:ﬂ; RV .‘..:'...-? : ’.‘-')-n-'-;-a;-}-*Mth;{ﬁiﬁ‘h\a‘xaf"‘-“)}?*ﬁ*\a}'ﬁéﬁ’%_,‘g';\ PRl A TS TN I PR I DA e )
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photoconductivity occurs around 7.2% Ti in compariscn to the 5.3% Ti seen in
tre absorptivityldata. Uhfortunafely theEe is only one photoconductivity
curve (i1.4%) which defines this reversal. The pﬁotoconductivity data from
the higher Ti content film,,16.9%, was very noisy, and a well defined value at

400 nm could not be determined,

Photoelectrolysis _

The photocurrent response as a function cf applied voltage was measured
for both fhe r.f. oxide and thermal oxide films. The wavelength chosen was in
the'range from 450Anm te 470.nm,_which represented the maximum ip the data
before it is corrected for the source and monochromatqr response,

‘The films demonstrated an interesting and'ueusual dependence on the
applied Qoltage. R.f. oxide and thermal oxide films containing-lower concen=-

trations of Ti. (< 5.3%) exhibited'two maxima 1n their photoanodic current

response vs applied voitage. R.f. oxide films containing the higher concen-

trations. of Ti possessed both a photoanodic and a photocathodic current

_response depending upon the applied potential.

An example typical ‘of the lower Ti content films is shown ‘in Figure 3,
which shows the photocurrent verses applied voltage of a [4.4%] Ti sample at

450 nm,  As the voltage {s swept anodically, the photocurrent begins to rise

at -0,75 V {onset potentfel). 1t réaches a maximum-at 30.33 v, drops through '

a minimum at -0,05 V andsthen‘beginS'to.rise'again. peakieg usually at +0.45
V. These values are shifted bbsitively for the [5.3%] Ti samples. The onset
potentiaI (Von), first peak and val]ey. are typ!cally 0,50, -0. 15 and
+0.05Y, respectively. Beyond [5 3%], Von and the. first peak appear to shift

back slightly to more cathodic potentials, Some of the uncertaincy in

N
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. determining the precise behavior is a consequence of the photocathodic current

(see below) which is becomina more pronounced in this concentration regime.
The relative magnitudes of the two peaks varied from sample to sample, wtth
the second peak at +0.45 V usually greater than'the first peak, though in many
samples the peak heights were equal. R.f. oxides containing 0% Ti did not
show a peak at -0.40 to -0.15 volts and the onset potential was typically
-0.5 V. The magnitude of the photocurrent maxima'(ﬁ 0.45 V; 450 nm - 470 nm)
were within a factor of three for most of the films. At tne lower Ti concen-
trations (<7.2%) there was more variation observed in the maxima between
different samples of the same composition than between the average value of'.
-ne maxima at different compositions, There may have been.some decrease in
the magnitude of the maximum for the higher Ti;content samples, but the
variation from sample to samp1e.makes it difficult to say with certainty,

The photocurrent versus aoplied voltage behavior described above was
typical of all the samples with a Ti content‘<[5;3z] after they had been
cycled cathodically at least once. Mzny samples,“when scanned cathodically

for the first time, exhibited what might be cal]ed‘p-type'behavior,'i.e.. an

' 1ncreasing rhotocathodic current as the potential 1s scanned cathodically, -

If the potentia] is allowed to exceed ~-0.7 V, this p-type behavior«is .
replaced by the usual n-type response (the peak at -0.40 to -0.1% v), when the
ample is returned to more positive potentials.
The photocurrent versus applied potential response (o 450 rm .- 470 nm) of
samp!es with T concentration >[5.3%]) showed an increasing predominance of |
this. p-type photoresponse. Hn]ike the [5.3%] Ti and lower samplaeas, therp-type

response tended to be stable as well as more dominant'inAthe higher Ti concen-

.- tration samples, 'Figure 4 depicts the photoresoonse of a‘[lé.?%] T sample.'i

-,
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in which the p-type phofocurrents are evident at potentials less than +0.2
V. This p-type photocurrent was stable and reproducible even after a number
Iof negative (~=0.75 V) vd]tage excursions,

The photocufrent versus applied potential characteristic§ of the fhermal
oxides differs somewhat from the r.f. dxides. The curves observed with the
thermal oxides were very similar to the curve seen with the lower Ti content
r.f. oxides (Figure 3) with some exceptions. For the Igwer Ti content thermal
oxides, including the 0% sample, a small peak was seen. at -0.55 V to -0.50 V,
when the sample was scanned anodically from -0.75 V. The onset potential was
approximately -0.75 V. A second and much larger peak occurred at +0.55 V,

 coincident with the rise in the ﬁ.c. dark current, ,A; higher %Ti compoéitions
the peak was replaced by a low level plateau in the region from -0.55 to 0.0
V. At no time did any of the thermal oxide films show any evidence of the
photocatﬁodic currents that'were observed in the higher Ti content r.f. oxide
samples.

The magnitu&e of the photocurrent at the 0.5 V peak does not appear to be
a measurable function of the Ti content. There was in fact very little

, variation obsefve& sample té sample. Relative to the rff.'oxides, the magni- -
tude of the therma) oxide 0.5 ¥ peak was typically 5-10 times larger.

'} Photocurrent measurements as a functionlof wavelength were also made on
the r.f. oxide and'thermal oxide films, Fiédré S5 depicts the photocurrent |
spec;rhm for the series oflr.f. oxides at an applied potential of 0.0 V (vs
SCE). As was done with the‘phoﬁoconducthﬁty-curves; these curves were also
corrected for the sourceldnd monochromator profile, and all the curves were

_ .nofmalized so that the photdcurrehts at 400 rm were equiva!eh£. Cdrrection§

for multiple internal reflections within the thin fiims were nbt?attempted;.
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however, bacause of uncertainties in the width.of the spacevchafge region and
to a lesser degree, in the width of the oxide film,
Taking the 0.0% curve as a point of reference, the relati&e photoresponse
in the 450-600 nm region is, enhanced for the lower Ti content samp]és (4,4%-
7;2%]f As the concentration increases above 7.2%, the response in this
yayelength region begins to fall back to the 0% reference curve, a character-
istic which was simi]ariy observed in.the absofptivity and photoconductivity.
Note-also that the addition of Ti extends the photoresponse of these oxides
beyond the 620 nm (2.0 eV) bandedge of-Fe203. All of thése curves, except the
'[16.9%]'represent anodic photocurrents from an n-typé semiconductor. The
[16.9%] curve on the other hand represents a‘cathodfc photocurrent, that one
would expect from a p-type semiconductor. | |
Near the bandedge, where the préduct of the absorption coefficient (a)
and ﬁep]etion layer width (W) is less than 1 {aW<<l), it can be'assumed that
the photocurrent is proport#onai to the absorption coefficient, With this
relationship, the transition type and Sandgap can 1nvpr1ncfple be calculated
in a manner identical to that done with the absorptivity data. And as was.
observed with the absorptivity data, the trahsitibu type i; most 1fké1y
_indirect. The bandgap determinétion is fess cer:ainfthouqh, because the

curves‘exhibited much more curvature than seen in the (a-hv)l/Z vs hv plots of

thé'absorptivity data. The 0% Ti curve was the only one yhfcﬁ was reasodably

1ineaf and- the intercept at 2.0 eV is consistent'with the absorptivity data.
An increase in Ti was accompanied by increased curvature especially at the
lower energies, where ahsicca’intercep;s of 1.8 to 1.68 eV were observed,

It was shown that the photocurrent of these fi!m; posseés an-unusdal

voltage dependence, exhibiting fn some cases two peaks. An attempt was made =
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to record the photocurrent's spectral response at voltages corresponding to or
near the two maxima. It was observed that the two peaks shift by small
amounts with time, the cathodic peak doing so more than the anodically posi-

tioned peak. The large dI/dV of the peaks' slopes and the shifting preclude

making an accurate measurement of the spectral response, though qpalitative

. observations can be made. The photocurrent spectrun of the films obtained at

0.3V to 0.5V were essentially the same as those obtained at 0.0V, the magni-

tude of the photocurrent was of course much greater. There was a, difference

observed at the more cathodic potentials (-0.4V to -0.15V), where, relative to

" the spectra measured at 0.0V, the photocurrent at the longer wavelengths,

~ 525 nm and‘above,‘were'enhanced over the photocurrent at the‘shortér
wavelengths,

The photocurreqt spectral response of the thermalqoxide,films is shown in
Figure 6; The same corrections applied to the r,f, oxide films were employed
here. It can be seen that the same trend in the spectral shift with Ti

content is evident, The enhanced photoactivity in the'425-600 nm regfon is

quite obvious for the {4.4-5.32] Ti samples, and as the Ti content {s

increased to [11.4%], the photoactivity curve returns approxfm&tely'to the
reference 0% curve, Unltike the-r.f.foxides. the thermal oxides appearftd have
little or no photoactivity beyond 680 nm, The photocurrent'sAspectral

response of the thermal oxide samples was a!so Measured at potentials cathod1c

’(~O SV to -0.2V) and anodic (0.4V to 0.5V). of 0. .0V and were equivalent to the

spectra! response obtained at 0,0V,
_Using the same argument outlined above for the r.f. oxide where the

photocurrent was assumed to be prooortiona! to the absorption coefficient the

photocurrent vs wave!ength data was replottad in the form (I hv))’/z vs hv,

" The approximater linear relationship observed suggests that the trans!tion is
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indirect. As with all the other plots of spectral data discussed so far, the
thermal oxide sﬁectra] response also possessed some curvature in the low
energy (<2.3 eV) regime. Unlike the r.f, oxide samples though, the reproduc-
ibility of this curvature from sample to sample was very good.

In many materials where band tailing is known to exist, due either to
iﬁpurity effects on the valence and conduction bands, or to lattice deforma-
tion caused by impurifies or structural irregularities, such as amorphicity,
the absorption coefficient is often found to increase exponentially at the
edge. This relationship described empirically by the equation10

.

a = a exp{v(hv-Eg) /kT]

is known as the Urbach rule.ll The thermal oxide spectral response was
plotted in the form In (I) v§ hv and it resulted in two linear segments, one
from a low energy of 1.7 eV to 1.9 eV to an {ntermediéte value qf 2.2 eV to
2.3 eV and a second one with a much smaller slope extending to 3.25 eV.

A similar exercise was carried out with the spectral data obtainéd from

the f.f. oxide films,. Although the overall form of the derived plots were

~the same: as that obtained with the thermal oxide data, the obyious curvature |

in the plofs was not at all convincing evidence'that the Urbach type edge was

present in the r.f, oxides.
Differential Capacitance

The diffeben#ia!icapacitancé of the r.f, oxide and thermal oxide films

was ysually measured at 23 Hz dnd & few films were measured at 500 Hz and 1
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KHz; all were analyzed as a series resistor-capacitor network. The Mott-
Schottky plots obtained from the cépacitance daAt'a are somewhat complex, ex-

hibiting regions cf different slope. The curves were also double valued as

‘o
i R
_‘_.‘n’.l.-‘ AN .

can be .een in Figure 7. At the more '\anod'i;c‘ potentials, where the Mott-

-~
. Schottky approximation?s13 is no longer valid, the capacitance begins to
increase as the semiconductor is being biasgd into the inversion region,
h ' + The flatband potentials (Vpg) were determined by the. abscissa intercept
l of the curves and the results are shown in Table 3 and 4. The values listed |
are averaged over a number of measurefnents on the same sémple and on differenlt
; _ samples with nominally tﬁe same composb'i"t'ion.
: Tabie 3
\l :  R.f. Oxide Flatband Potential
‘ | Composition ’ | Flatband Potential (1 M NaUH .vs' SCE)
E;: : 0 , . -.61
2 co 0 M2y o o -.83
- (3.3 3 - | e
S fea) ) S s
: [5.3] S e
N .2 - Y
: r1.4] | o -.43
(16,9 . Y
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Table ‘4
Thermal Oxide Flatband Potential
Composition ' Flatband Potential (1 M NaOH vs SCE)
0 -.74
[1.2] =77
[2.5] -.75
f4.5] =77
r6.4] -.79
-.70

ri6.5]

The values for the r.f, oxides at low concentrations of Ti agree well

with previously reported VFB'14’15'16 As the

becomes more positive and at [11.4%] Ti it is

Ti content increasés, the Vpg

-0.43V, When the Ti concentra-

tion is. increased te [16.9%] Ti, the Veg makes a large anodic jump to

+0.87V. This positive Vpg reflects the fact that the material is now

preSunably p-type and the Fermi level is located near the valence band, It

should be realized that the nature 6f the relJtionshﬁp between the space

charge capacitance and applied voltage, which

is double-valued, makes the Veg

determination equivocél, unless one knows beerehand the nature of the semi-

conductor being examined,

' The VFR obtained from the thermal oxide fliilms, Table 4, behave different-

1y than the r.f. oxide films in two aspects.

Ti content r.f. oxide s;mple. Secondly, unlik

First, the magnitude of the

~thermal oxide Veg i more négative by 0.1 to 0L.2 V than the corresponding low

the r,f, oxide series, there

isn't any pdsftivé shtft in Veg as the T{ cont nt,is,increaseﬁ;'the Veg
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remains approximately constant throughout the upper Ti concentration range
examined. _

Tﬁe charged impurity density (Np) in the §pace charge region is also
obtainable from the slope of the Mott-Schottky plot. More precisely, the
product Npee is determined, where ¢ is_the material's dielectric constant.
Values of ¢ are depéndent not only oﬁ the intrinsfc properties of a particular
material but al;o on the macroscopic structure, partiqle size etc,; values of.
10 to 120.ha§e been used in the Iiterature.14’15'16 Recause of this uncer-

tainty we shall report the combined product Np.e and make the assumption that

. although ¢ is unknown, it is unlikely to be changing significantly.

- At the low end of the Ti concentration range, the Mott-Schottky plots are

' qualftatively,simi1ar to that shown in Fiqure 7 ¢curve A, There is an

inflection point in the slope that occurs in the range of -0.35 V to -0.25 V,
and is often not as well defined as that jnIFigure 7. At fhe higher Ti con-
centrations, this inflection point is not always obvious as it very often
coincides with the onset of the plateau nf the bell-shapéd cufve, Fiéure'7
curve B, o | | | |

The value of Nofé varies from 1021em=3 to 102%¢m-3 in the/low T regimé,

0% <% T1 <5.3% At and beyond 5.3%, Ny-c sharply decreases by an order of

hagnitude. 102°cm'3-to 1021cm‘3,' when'the second linear"segmewt anodic of the.A

' inflectﬁon point {5 apparent, the value of Npee is 2 to 5 times the values
‘ obtaihed from the first linear ségment. The Mott-Schottky plots obtained frqm

‘the thermal oxide films were very similar from sample to samplg, dnd'resembled

Figure 7 curve A, A representative curve is shown in Figure 8, The curves
were linear from Veg up to approximately -0,35 V to -0.30 V at|which point

there was a small {nflection point. '?rON this point, the:curv$ again was

.................
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Vinear to'approximately 0.5 V with a slightly diminished slope. The derived
value of Npee wa§ relatively constant throughout the Ti containing thermal

oxide films at 5 x 102%m=3 to 3 x 1021em=3. Anodic of the inflection point

at approximately -0.35 V, the value of Nyee would usually increase by a factor

of 2. The 0% Ti thermal film yielded an anomalously high value of 6 x 1023

for ND-e.

.Photoconvefsion Efficiency

The photoconversion effiéiency (r,) defined as electrons generated per
incident photon, was determined for the r.f. oxides and thermal oxides.. The
efficieﬁcy;was determined at 450 nm and an applied potentia. of 0;5 V. Within
the r.f. Oxide.samples, the efficiencies varied from 0.1 to 1.3%, with most of
the samples lying in fhe range of G.4%. The conversion efficiency of the 0%
sampfe was ~ 0,35%. The thermal oxides'on.the other h&nd had efficiencies

which varied from 3-4% including the 0% Ti sample. There was one [16.5%]

‘sample that exh1bited‘a respectable 11% conversion efficiency.

Stability’

. Prelimirary stability méasurements have been made on a 0% and [5.3%] r.f.

~oxide, A small amount of dissolution was observed fn the Oz‘Ti'sémp1e aftgr

67 hours, but no decomposition was seen in the [5.3%] T sample after it was

in solutfon for 96 hours and passed 13,9 coulombs of charge. The {1lumination

source fn both measurements was a 100 W Hg Tamp.

Discussion

A discussion of the bruperties o’ these thin films, absorbance, photocon.

ductivity and photoelectrocﬁemistry,_Qouid norﬁal!y be presenteﬁlin,tecms of
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comparisons with previously repdrted data on similar or.related prepara-

tions. In this present system though, such an approach is not without some

legitinate guestions of appropriateness, because of the predominately amor-

phous character of these films., This ﬁon-crystalline character poses two

‘problems dealing first with the composition, structural identity, and homo-

‘geneity of the films and secondly with validity of using a band model, Qerived

for crystalline mafter, as a framework to discuss the observed properties of"

these films. The émorphicity of these films, which implies the lack of 1ong'

range structure, also precludes for the most part the determination of short-

range structure as well, . | |
This has consequences in terms of compositional ‘ambiguities. In the

present case, the Fe/Ti ratio was determined by the SIM technique, but SIMS is

inexact when it comes to determining the amount of oxygen present. then the

identification of the crystal.structure is sufficiéﬁtly adequate to fix the -

relative ratio of metal ion to ogygen content, but this is not possible

here. Consequently there are a numbgr,of questions that remain unanswered,

such as what particular Felﬁxide(s)'are present, what are their spatial

ﬁistributions,'aﬁd how i§ the Ti incorporated in the filh..‘Although these

questions are unansweréd. it is not unreasonable to Epeculate aSout‘what the

fi]m composition is and di._cuss it in terms of this'composition as long as it

is‘fully appreciated that it 15 1ndeed Just speculation._ Conthined within the

X-ray resultéiis some evidence that may give more‘credence to our specula- | \

iion. It was noted that 1p som§ oflthe r.f. oxides, without a underlying |

metal layer, a diffraction pattern con§1stent with the Fe203/FeT103_structufe

could be extracted with a photographic averaging technique. The breath and

weakness of tﬁgse 1ines could result from a numoer of different conditions. -
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One possibility which would account for these‘results is that, contained
with%n the bulk of a structurally ill-defined amorphous film, there is a very
thin layer of polycrystalline material possfbly subjéct to some lattice
distortions due to internal stress. Another possibility, which is somewhat

more appealiné, is that essentially all of the r.f. oxide film is, in terms ¢f
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the short-ranée order, considered to be of the Fe203/FeTiO3 structure. The

»
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extent to which this~sﬂort-range‘order is found could depend subtly on
prepération conditions etc., such that in'some of the fiTms the short-range
order may be extensive enough that hints of coherent diffraction are obserVed.
The situation with'the thermal oxides is different than the r.f. oxides,

as the oxide growth conditions are very much different. There has been a

: 1;bge body of work reported on the-oxfde growth oﬁ iron,17‘?2 which indicate
that nature of the oxide(s) is guite dependent or temperature and 0, partial
pressure, and under some circumstances, a glassy amorphous oxide iayer has
been observed. In all of the cases the low temberature films were of a
stratified composition, with Fes0,4 at the interface between the film and
crystél]ine me;al surface, an intermedfate y-FeZOS‘Iayer and an outer a-Fezoé
layer. .To our knowiédée, a §1milar'study on ‘the oxidation of an amorphous
metal film has not been published. As to whether or not the therm§1 oxide
films prepared ipvtnié study are similarly sgructurgd. it is of course not
knowﬁ. Buﬁ the fact that thg'f11m, which' forms when the undeflying metal
jayer is completely consunéd. is po1ycrystal11né and only of the Fey04/FeTiOq
structure argués aga!nst'thg presence of Fe30,. It suggests that the bulk may
be of one composition and'struéture; Fé203/FéT103, aé it is assumed to be in
‘the r.f, oxide films. | - |

The second area of'difficulty‘presented by the amorphous nature of these’

films is the va!idjty,ofiﬁsing models derived from band theorfes to discuss
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the prooerties of these films in terims of bandgap, well defined band edges,
discrete impurity states in the gap etc.‘ An essential element to all band
structure construction and development is that the lattice‘is regular and
orderly which al]ows for the ccherent interaction of the various wavefunctions
that make up the solid state bands. “In an amorphous material where these
orderly long-range intera;tfons are nof present, the conceptual basis of the
band structure is in considerable -doubt,

Amorphous semiconductors have beeo studied for many years, and it is
interesting to note the many experimentally observed similarities with
crystalline semiconductors, In‘many aspects the properties of amorphous

semiconductor are adequately interpreted by a modified band structure which

- allows for a finite density of states in the gap, a band edge that is defined

in terms of varying carrier mobility plus some other additional adJust-

10,23 Unfortunate1y, little research has been directed at the electro-

ments,
chemistry and photoelectrochemistry of amorphous electrodes, presumably
because conventional wisdom would indicate that the low mobiTities and 1ow
efficiencies associafed with.amorphous semiconductors make them very unattrac-
tive mater1a1s for electrodes and unworthy of further consideration. ﬁeceotly
work24 was publushed on a chemical vapor d°posited Fe Til xO series of films
(0.0 < x < 0.9) and it indicated the presence of amorphous films at a medium
compos1tion range (0.1 < x < 0.7). The amorphous %1lms were shown to’actuai1y
exhibit greater photocurrents than their anneqled counterparts; Simflar

results were obsarved in the presenﬁ study. Despite the prootems that might

be associated with discussing an amorphous solid within the framework of a

band‘structure. the following sections will do so freely as comparisons are

. made between therpresent3materiqls'and-results obiaineqofrom crystalline Fey04

and FeTi03.
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Absorptivity

The absorptivity‘curve of the 0% Ti r.f. oxide is Figure 1 is very
similar to other pub]ished spectra of Fe203, with respect to the onset of‘
absorption (~ 2.0 eV), the small shou]der in the. absorption band at ~ 500 nm
and the absolute value of the absorpt1v1ty curve.25 2? This correspondence
supports the conclusions drawn from the X-ray results. |

With small increases in the Ti concentration, the absorption in the 500
nm to 600 nm region inoreases and then the whole spectrel curve decreases at
the highest Ti concentrations. yftt1e if any of these changes are due to a

change in the bandgap, which except for some band tailing expected for amor-

' phous or highly disorder materials, remains relatively fixed. The absorption

changes are most likely due to variotions in the density of states of the
bands involved in the transition(s) and/or chenges in the transition selection
rules brought  about by alterations of locai molecul ar symmecries.' Similar
behavior has been seen in the diffuse reflectance spectra of polycrystal1ine
FexTil_x0323, where it was shown that the addition of Tit%.Fe*2 results in
donor levels wnichvare located approxinately O 5 V to 0.6 V below the conduc- -
t1on band and empty, d sublevels Iocated approx1mate!y 0.2 ev above the conduc«
tion band (2, 2 eV above the valence band).

It is not yet obvious why the absorpt1vity should decline with a contin-

‘ued increase .in Ti beyond 5% as rapidly as it does, The bandgap of,FeT103 is

reported to be 2.58 eV and as the concentration of T{ approaches 50%, the

spectrum is expected to be blue-shifted, It is surprising to find the blue-

shift occurring at such relatively low Ti concentrations (5.2 % <% Ti«

' 16 9%), also without any apparent large shift in the bandgap.

" The photoconduct1vity response is determined by both the absorptiOn.

cnaracteristics of a particular material and the spectra! and spatﬁal_response.'

e
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of the product term nur, described earlier. If the term nyt were constant,
the photoconductivjty'Curve would be identical to the absorption curve. The

factors that come -in to play in determining the various components of nut are

quite complex and beyond the scope of this discussion. It can be argued that

near the absorption edge there should be some similarity between the
photoconductivity and.optica1 absorptﬁon Spectrun.10 Thié is generally
observed in amorphous semiconductors. At energies above tﬁé edge the photo-
currents are re]atively constaht. Crystalline semiconductors, on the other
hand, often’exhibﬁ; a peak in the photoconductivity curve at photon energies
Jjust abové the edge which is u5ua11yldue to spatial variations in ﬁur. When
the absonption coefficient is high, most of the 1ight‘is absorbed in the outer
regions of the material where surface effects tend to increase the recombina-
tion rafé; thereby lowering the photocurrent.

From Figure 1, it would be expected that a similar sﬁectral enhancement
in the 450‘ﬁm to 600 nm region should be seen in the phntocon&uctivity. It is
seen in Figure 2 that initiallybthere is a largé increase in.the'response in
going from 0% to'3.3% Ti, followed by a much more subtle change with a further
increase‘in‘Ti.l The 7.2% Ti photoconductivity Curve; which defines the
turnéboqt in the spectral enhancement like that seen in the absorptivity dqta
at.5,3% Ti, does appedr to be éffferent from the rést o;-the Ti contaiding
films.’-This particular film was the thihnest examined (5&0&) and therefore

the data was subject to the most man1pu1§tion in order to obtain the photo-

- conductivity curve expected at a normalizing thickness of 760&, Consequently

its significance must be weighted accordingly.
The photoelectrolytic spectral characteristics should be quite similar to

the photoconductivity ¢urVes since the'phqgoglectrolysis-currents also depend
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on the absorptivity and é_simi1ar'nur term. It can be seen in Figure 5 that
the photoelectrolytic spectfal'profiles‘ere not exactly equivalent to the
photoconductivity curves, thougn'the'same enchanced‘response for Ti < 5.4%
that is present in the other spectrally related data is also pnesent here,
The same decrease in photoactiﬁity with Ti equal to 16.9% seen in the

absorptivity data is also present. As in the absorptivity data, there is no

. unambiquous change in the bandgap aSIde from the postulated band tailing that

suggests a decrease in the bandgap.. It has been'demonstrated in similar
amorphous fi1m524 that as the Ti concentration increases'from 30% to 75%, the
photocurrents in the 600 nmbto 450 nm continue to decrease without any shift
in the bandgap. There isvsome question though as to exactly how similar. these
amorphous fi]ms.are with respect to the present study, as they could see
diffraction due to Fe,Ti0g and Ti0, when the amorphous films were annealed in
Ar at 600°C., This ‘suggests tne stoichiometry of their mnorphous'fiIms may be
different than the present amorphous films,.

The voltage dependence of the photoelnctrolytic current of these films
contains two 1nterest1ng and unusual features, the p-type photocathodic'

currents in the r.f, oxides and the existence of a distinct phbtoanodic

normally observed at the nighest Ti ooncentrations,llé.S%. though' photo- ‘
cathodic currents were observed in the lo&er:fi containing samples,when the |
sample was cathodically scanned.the first time."After the cathod1c scan was
eompleted the above mentioned peak would appear, Photocatnodic cyrrents are
not uncommon in the literature of Fe2ﬂ315 29‘30 and TiOz doped Fe2032a, though
little effort has been made to explain behavior that is unusual for an notype

semiconductor, lt has been.suggested16 that when tne bias is _cathodic of the -
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Veg, the conduction band is bent downwérd and illumination increases the
electron density near the surface giving rise to the obsérved’photocurrents.
At potentials where band bénding is slight, this is certainly possible, but as
thg band is bent further, the electron density at the surfacevincreases
exponentially and the photogenerated electrons would'contribute proportidnate-
ly ]gss to theIOVerall cathodic current, fxamination of the data in
references 16 and 31 though indicate the photocathodic current is still
increasing as the bias is made more negative.

In reférence 16 the Vcp is defined as potential at which the n-type
semiconductﬁr's typical photoanodic current goes to zero and becomes a
photocathodic current, In the conkext of the'prévfously outlined explanation,
this ‘would be a reasonable determination of Vep. Expgrimenta11y in Ref. 16
Veg was found to be -0.22 V (vs SCE at pH 8.4) which is approximately 0.1 V
positive of the Vpp as determined by the differential capacitance measure-
ments. 'The reported examples of photbcathodic currents Qere also positive of
the V#B as deterﬁined by the Mott-Shottky plot. : In the pres:nt case, it is

not felt that such an explanation is adequate because the phutocathodic

' currents occur at potentials quite positive of Veg (Mott-Shattky) and they are

‘eliminated by a one time cathodic polarization of the eJectrodeé. The cause:

of this particular bhénomenon will have to wait fofvfurther study.

The photocathodic currents that are observed in the highest Ti containing

“films are, on the other hand, believed more 1ikely due to the photoresponse of

a true p-type semiconductor, The fact thét Fe203/FeT103 solid so%ution§ are

known31! to switch from n-type to thype at higher covcéntratiqns cfrFeT10§

gives us some confidence in our conjecture,’ Solid sd!utions of FezoélFeTiog

in the form pf,sintéred"poiycrystaliine‘pellets were shown to. have a Seebeck
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voltage that changed contihuously with composition. The sign of which was

"pqsitive for Ti contents higher than 36.5%. This value is higher than what is
- presently observed, but the composition at thch the change from n-type to p-

type occurs will be dependent also on the different carrier mobilities, And

it is not unreasonable to accept that these might be different in materials
prepared by such vastly different techniques.

The other unusual aspect of the photocurrent's voltage dependence was the

. peak observed approximately 0.2 V to 0.3 V bositive of the VFB' This peak was

predominate in the r.f, oxides (Ti < 16.9%) and to a lesser extent in the
thermal oxides at the low end of the Ti concentration range. It was seen in
the r.f. oxides (%Ti < 11.4%) that both the onset potentiai and fhe'peak

shifted anodically along with the Veg as the Ti concentration increased., At

. higher Ti concentrations, the onset potentizl was not determinable because of

the increasingly predominate photncathcdic currents. The onset potential

observed in the thermal oxide films similarly shifted'positive1y with

" increasing Ti ;oncentration aven though the VFB remained approximately

constant, 'Tﬁe pealk in the thermal oxide films did not shift with the onset
patentiai and was replaced by a Tow level plateau of photocurrent in the

regfon of -0.55V to 0.0v. Anodic shifts32 in the onset potential’ relative to

' Veg with‘inc}eased.Ti doping have been observed before with the explanation

‘that as donor density increases, the space charge region iS narrowed and

hiéher overvoltages are required to see measurable photocurrents.

It is unlikely that such s the casé in-the present thermal oxide films

 for two reasons. First, the differential capacitance data indicates the donor

density does not change significantly as a function of Ti, ‘Secondly the

quantum ef?iciency at highef,potentfuis-(o.sv) are_ésseﬁtiallylindependént'Of' )
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Ti concentration ‘indicating that the width of the space charge region is
relatively constant. Anothef possibility, demonstrated30 in certain

preparations of Fe203, is the presence of surface states located a few tenths

~of an eV beneath the Ffermi level. As long as the Fermi level is negative of’

these siates, they can effectively quench the hole'concentration via recom-
bination processes. In the Ti containing films, a deep donor level which has
been seen”’*28 before and whose existerce is éuggested in the present films by
the differential capacftance data could similarly quench the hole concentra-
tion at the more cathodic potentials. ‘ |

The presence of peaks in the photocurrent have been observed!®:33 at
anodic potentia1§, coincident with the onset of substantial da}k currents,

These peaks have been attributed in one caselb to an increased concentration

- of nonphqtogeneratéd'holes in the region of the space charge which effectively

lowers the absorption coefficient. Another explanation33 is that electron
tunneling from the electrolyte or surface states to the conduction band’
results in some electrons recombining with the holes, thereby decreasing the

photécuérent. These explanations may exy.ain the frequently observed peaks

. seen in the present study at the higher anodic potentia]s where the dark -

current is increasing.

They do no£,~hqwever.‘gxpla1n the peaks at'pdtentigls Just positi#efof
Vege We offer as a ﬁentative ekplanation that thése phdtocu}reﬁt peaks maj be
a consequence of Fermi 1évél pinhing’by surface or interface §tates located
approximatelyAO.s V beneath the ?onduction band, These states may be
associated with the deep donor states that are simj!arly 16ca€ed aphroximatejy

0.6 V beneath the conduction band, At this energy; these states are about 9.4

v nega;ive'of the OZ/QH‘ redox couple in solutfon, As the bias on the
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electrode is swepf anodically, most of the varying potential is impressed
across the Helmholtz layer because of the Fermf level pinning, resulting in a
increased registration of the surface state energy with 0,/0H” redox energy
and a concomitant increase in photocurrent. Beyond some optimum potential,
the increasing disparityvbetween these same energy levels results iﬁ the
decrease in photocurrent. This presumably is also accompanied by an
funpinning” of the'Fermi 1e§e1 at the mbre anodic potentials, ‘The applfed

veltage is now impressed predominately across the space charge region which

- grows according., The wider space charge region results in increased hole

formaticn which leads to the usual inérease in photocurrent at apprdximéte1y
0.0 V. | | |

The presence of such §urface/interface states should have been observedl3
in the capacitance data as a region %n.which the capaéitance changes very
little with potential. It is also possible that'the surface/interface states
are not monoenerget%c but rather have some relatively broad distribution,

This situation could lead to the same photocurrent verses voltage dependence,

‘but would be difficult to see iﬁ‘the differential capacitance data,

; Thé différential capacftance data'yfelded reasonably linear Mott-Schottky
plots that suggested the presence of a donor leveilappro§1m§te1y 0.3 V to 0.35
V beneath the Fermi level, Such dohor Tevels have been observed?® and are
attributed to Fe*2 donor states, thodqﬁ some studies of,Ti-doped'Feé0314 &id
not bﬁserve‘evidence of this level, The caTculaté¢ donor densities (Nb-e) are
somewhat high when compared to single crystal and polycrystalline data, but
are comparable to values obtained from amorphbus fﬂms.z4 In the'rmf} oxide

films, a sharp drop in Npec was observed at 5.3% Ti, which corresponds roughly

to the.posifive shift in Vep, It is-qufious that ¢espfte the change in Nyee
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by approximately a factor of 19 that there was not any evidence that the
quantum efficienCy changed, as would be expected if the width of the space

" charge region is proportional to (ND-e)'l/z. Tﬁe positive shift in Veg with
respect to Ti concentration has been observed24‘before for much larger concen-
trations of Ti, but the>turnacddnd from n-type to p-type was not seen, The
Npee obtained for the thermal oxides are also quite high, but comparable to
other amorphoes films, It is also relatively constant with respect to the Ti
concentration except fcr an anomaly at 0% which is noc belfeved to be signi-
ficant., It is interesting that the Veg 1s considerably more.negative than the

r.f. oxides.

CONCLUSIONM
We have made thin films of Fe/Tilbxide by two different techniques which
are believed to be solid 'solutions of Fe203 and FeTi03. An unusual feature of
both series of films is that they are hon-crystalline as determined by X-ray
diffraction'techniques. The addition of Ti (FeT103) up to approximately 5% to
8% causes an increascd Spectral response, relative to Fe203, ‘at photon
'energies above the bandgap.: This enhancement was observed in the thin f11m
1absorptivity spectra, the photoconductivity spectra, and the wavelength depen-
. dence of the photoelectrolysis spectra. From the.standpoint of solar dciven
photoelectro]y:ic'app11cetfons, these observed ﬁodificacions are in the
direction of‘impcoved'perfdrmenCe,and applicabilftyc Specif{cally. althouch
the bandgap does not‘appear to change signffitaqtly, the enhanced absorbance
and the resulting 1ncrease'1n photoactivity in the cegioﬂAimmediately above
‘the Feéo3 bandgap, increases the collection effeciency'of the solar flux in
this important regfon, The effect is almost :he'sane-aslif the bandgap has

i~

been lowered, ™
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In the spectral measurements on the r.f. o;ide films there is a sugges-
tion that the bandgap may have been reduced, bot the effects of excessive band
tailing make the determination amb iguous. Higher concentrations of Ti result
in a reduction of these spectral enhancements. The higher Ti concentrations

‘in the r.f. oxides also result in a change in the semiconductor from n-type to

. p-type, which opens up some interesting possibiiities in terms of a p-n tanden

photoeiectroiytic cell design, The Ti concentration dependence of the flat-
band potential differed considerably for the two preparations. The Vpg in the
thermal oxide films was essentially unaffected by the Ti concentration., The |
Veg of r.f. oxide films on'the other hano.exhibited a very definite anodic
shift with increasing Ti concentration. v‘

 There appears to be little effect on thekphotoeiectroiytic quantum.

,efficiency by the addition of Ti. Overall the thermal oxide films were about

6 to 10 times more efficient than the r.f. oxides, The efficiency of the

. thermal oxide films are approximately equivalent to what has been observed for -

a variety of poiycrystaliine‘anq single crystal preparations. This in itself

is very surprising as conventional wisdom would suggest that an amorphous _'

. semiconductor shouid be a very poor candidate for photoeletrolytic applica-

tions because of the low mobiiity and high recombination rates associated with

the amorphous state.. |
The observation of a ™ concentration dependent spectrai enhancement p-

type conduction and reiativeiy high quantum efficiencies aln indicate that

this particuiar series of materials poSsess some very interesting chemistry

- and ohysics7which are certainly worthwhile porsuing._in terms of basic science

and practical applications, "The amOrphoos structure of this films adds an

additional aspect which'requires further consideration and investigation,

‘This fs not only with;respect to the pnesent system aione“buttin,nore generai
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terms, the relationship between the structure and physics of amorphous ' semi-

conductors and their photoelectrochemica] properties,

SINGLE CRYSTALS
Preparation '

Single crystals of Fe203-FeTiO3 have been grown by the'flux-melt
technique, using Pb0 and V,0g as the flux medium, The constituents are piaced
in 3 Pt crucible and the crucible is brought up to 1300°C‘in'an electrically

.heated vertical furnace. After 24 hours at 1300°C, the-temperature is lowered
by epproximate1y 2C°/hr until the temperature reaches 850-900°C. The'furnace
is then turned off and allowed to cool to room tembefature. The flux-

encrusted crystals are then separated from the flux by boiling in HNO5.

Elemental and Structural Analysis

The elemental stoichiometries of the single crystals were measured by a
Kevex energy dispersion spectrometer (EDS) The relative amounts of Fe and Ti
were determined from the integrated 1ntensit1es of the Ky and KB peaks at
4.51, 4.79, and 6,37, 6.58 eV, respectiver.. The surface of one single

vcrystal was measured by the §fﬁglgechn1que to provide a cross-check between
_the two techniques., EDS, rather than. SIMS, was used to measure the composi-

: tion of the single crystals because of the much greater ease of measurement
afforded by ENS, ' The results are given 1n Table 5.

X-ray powder 4'ffraction techniques were used to exanine the structure of
the FeT103-FeZO3 single crystals, Representativevsingle crystals were taken
from each batch and grouhd uo a fine powder,infe'mortar and,pestfe. lThe
powder was plecedf1n 0.3 mm thin wall capi}lary tubing and piaced in a . Reed
powder diffractiou camera, Unlite the.results seen with the thin films, the
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diffraction photographs were sharp and well defined. The diffraction pattérns
wer2 2asily indexed to the rhombohedral space Qrouped of Fe,03/FeTi03 and/or
the orthorhombic space group of Fe,Ti0g. The structures are'indicated in
Table 5. |

_In all of the crystals examined, alsnall amount of V'and Pb were also

seen, From the one sample examined by SIMS, the amounts were 0.5% V and

0.1% Pb.
Table 5
- Crystal Composition :
Scarting Composition %Ti :
%Ti (EDS) SIMS Structure
0 O . - Fe203
6.2 | |
8.7 5.2 Bulk Fe,0/FeTi0,
10.6 Surface 15 . L
93 . - . 36  Fepy/FeTi0y
11.1 ' -
7o 4.2  Feyy/Fe,Ti05
235 .32  Fe,Ti0g

Experimental Procedure

Photoelectrolysis

' The,single crystals were a:téched to copper foil with éonductiye Ag

paint, 'Tﬁe entire surface of tne copper foil, the cobpef‘wirg attached to the
/ . I .

Oe 2% 4. &t aumaw "m a s ! a. -
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foil and all of the crystal except for an ~5 mmZ area of the front face were

potted in epoxy. The experimental setup is the sane as that described in the

thin film section,

Results

The photoelectrolytic spectra of the single Fe203/FeTiO3 crystals

D 1T ' A WM s s S AR Y L

examined were nearly identical to the response of Fey03. The current versus
applied voltage were also quite similar, yie]ding an onset potentia1 on the
order of -0,5 V. Although the overall shape of the curves were similar, there

were some differences observed in the magnitude of the photocurrents measured,

FREER & U e

which translate directly ‘into quantum efficiency. Table 6 1ists the composi-
tion and conversion efficiency of the samples’examined.
' Although the number of samples measured is not large enough to make a

} definitive siatement; the hint of a trend is seen in Table 6. The higher

conversion efficiencies are seen at the higher concentrations of Ti. Also it

N

, should be noted that the variation in conversion efficiencies within any one

composition is quite small in comparison to that seen for the 0% samples
(FeéO3). This may be an 1nd1tatipn that, according to one of our initial

premises the photoelectrochemical properties of “pure" Fe203 are strongly

a’e @ .beas’a

dependent upon preparation, and might be stab111zed by the addition of Fe 2

via a structurally compatible,material, f.e, FeTi0,,
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Table 6
Composition | Conversion Efficiency
/ i electron/photon
| 0.0 | g 1.5
0.0 , : 0.07
3.6 o 0.7
3.6 | 1.0
5.2 , 1.7
, 5.2 , 2.5
32.0 (Fe,Ti0g) . 0.0

niscussrnu

We have examined a collection of Fé203 thin films made by two different
techniques containing varying amounts of FeTi0y. In these films, there is
clearly a definite modification of the thin film's properties upon'the
additionfof FeTi0y. This can be seen in the conéistgnt behavior of all the
cpmposition dependent measurements, spectral response of the photo- |
copddétivity, photocurrent versus applied potentiai. flatband measurements,
i absorbance and‘photocbﬁductivitylmea§urements. All of these measurements
indicéte the occurrence of dramatié changes in a narrow compdéition'regioﬁ;
fanging from approximately 2.5-14,4% (FeTiOé).. |

‘From the standpoint of photoejectrdlytic app11c§t1on§, these observed
modifications are in the difection of improved'béffofmance and applicabil-
ity. Specifically, although the bandéap QOes nd; appear to change signifi-

~.cantly, the enhanced absorbance and the resulting fncrease in photoactivity in

- . -
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the region immediately above the Fe,0; bﬁndgap, increases the collection
efficiency of the solar flux in this important region. The effect is almost
the same as if the bahdgap has been lowered. Secondly, the movement of the
flatband potential to more negative values further enhances the utility of
‘this material in alpractical photoelectrolytic application by reducing che
necessity of applying an external biaé. Also, the following point should be
emphasized. It is well known that p-n photoelectrolytic systems are much
better photbconversion devices becausg the combination of the two electrodes
reduce the bandgap and flatband potential requirements of one another, In the
. current thin film systems, there is the possibility of p-type béhavior at the
high end of the FeTi0, composition ranée. .The possibility of making.p-n Junc-
tions simply by modifying the Ti coﬁcentration of a Fa-Ti oxide system has
some very iﬁteresting and uSefullramifications, which will be pursued,
The.reéu]ts obtained from the spectral response of the single crystals is
quite disconcerting given the‘seeﬁingly consistent picture'deve1ope&'with the
“thin films, The reason for: such differences in behavi@F is not at all clear, -
as the single crystals and thin fiTms are éupposedly the same material, fhere
is one possibiity though which was brougﬁt to light by the SIMS data, o
concerning the possible difference in the oxygen étoiqhiomefry betweén the
thin films and single Erysta1s.' It sthId be noted, before too much credence
is pTéced on the sfghificgnce of the numbers presented below, thatgthé
accuracy of SIMS.in determining the oxygen conceﬁtratfon is very poor. The
yield factor for oxyﬁéd»f# one of the lowest of al the e1eﬁents. A1l of the
thin film oxides that were examimed had oxygen stbfchiometrjes (formulated as
“metal 0,) of 1.13 ¢ 0.16. These values are much lower than-thét'obtained’from

- the single-cr&sta?, with a value 1,82 £.0.2.I It 1s_pcssih1e"theh-thgt~the
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results seen in the thin films is a combination effect of both oxygen
vacancies and the presence of Fe*z'aﬁd Ti+4. It will be interesting to see if
similar spectral shifts can be induced in the single crystals by some
reduction technique.

Final]}, a point should be made regarding the conversion efficiencies
seen for the various preparation techniques. Relative to the r.f. oxides, the
thermal oxides have a conversion efficiency that is almbst consistently a
factor of ten.larger. In comparison to the single crysta’s, the conversion
efficiency of the thermal oxides is still approximately 1.5 to Z.b times
higher. fhere appears to beé something special about these thérma1 oxide films
in regard to conversion efficiency., It should also be remembered that there
was one 33% FeTi05 film which had a conversionvefficiency three times highér

than the ayerage. This is six timés the single crystal results and 30 times

"that seen in the r.f, oxides,
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