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variable work functions. In Phase I, the diode p—Si/MxW03 (M = H, Li) was studied.
LiyWO3 thin films, prepared by vacuum evaporation or sputtering, showed work functions -
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range, limited by significant Fermi level pinning. Photoelectrochemical measurements :
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trode stability and photoresponse in acidic electrolytes. The band bending in naked
and coated p-Si electrodes was measured as a function of applied bias using a new tech-
nigque assessing saturation photovoltage as the electrode is polarized. The slope of
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1.0 INTRODUCTION

Most solid state electronic semiconductor devices are dependent
on the properties of the rectifying junction which forms between the
semiconductor and a contacting phase of differing work function. In
! this program, we consider a novel device structure in which the inter-
face energetics can be, in principle, controlled in a continuous and
reversible manner.

To date, Schottky barriers have been produced using elemental
metal or metal alloy (e.g., PtSi) contacts (1). 1In order to provide a
variable contact potential and to sample effective work functions out-
side of the regions normally found in these metals, thin film insertion
compounds may be employed as barrier metals. The ion insertion reaction
can be generalized as

AB, + xC™ + mxe™ T CyABp (1]

The same reaction may be promoted chemically, e.g., by reaction of solid
ABy, with C in the gas phase:

v AB;, + xC ¥ CxABp [2]

An example of this reaction is the reversible insertion of H, Li or Na
into the perovskite WO3. When carried out electrochemically, the reac-
tion potentials for WO3 thin films appear to be smoothly varying func-
tions of composition. For 0<x<l, the potential varies by at least 1V.

If the compound CyABp is in direct contact with a semiconductor surface,
then the effective Schottky barrier height should be directly proportional
to the chemical potential of the reversible reaction (1). The variable
barrier height concept is illustrated in Figure 1 for a Schottky barrier
where the work function change in CxAB;, is promoted electrochemically.

Numerous ion insertion compounds with approximately reversible ‘
electrochemical behavior have been identified as a result of technological
interest in electrochromism (2) and high energy density Li or Na batteries ;
(3). A representative group of these materials and their relevant proper- |
ties are given in Table 1. These nonstoichiometric compounds span a range
of potentials (and hence electron energies) from -2V to +2V vs. the standard
hydrogen potential. On an electron energy scale, this range corresponds to
n2.5 to 6.5 eV, Insertion compounds containing 2 or even 3 elements can
be fabricated as thin films by evaporation or sputtering processes. We
note that only a few monolayers of metal are required to form a Schottky
barrier. Hence, variable barrier height photoelectric or photoelectro-
chemical devices can be conceived, where light absorption from the inser-
tion compound is minimal.
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TABLE 1

SOME ALKALI AND HYDROGEN ION INSERTION REACTIONS
AND ASSOCIATED POTENTIAL RANGES

Potential Range Absolute Electron

Ion Insertion Reaction vs. Mt/m? Energy ngggz(eV)

WO3/LiWO3 1.1/0.3 3.0/2.2

WO3/LiWO3 3.0/1.5 4.9/3.4

WO3/NaWwo3 3.0/1.6 4.9/3.6

WO3/HWO3 0.4/-0.5° 4.9/4.1

TiS,/LiyTiSs 2.4/0.5 4.3/2.4

CuS/Li}l ., 2CusS 2.0/1.3 3.9/3.2 i

RuO,/LiRu0; 1.2/0.4 3.1/2.3

Ru0O,/HRuO, 1.5/0 6.1/4.6

Ve013/LiVg013 2.9/1.3 4.8/3.2

Crop,5/LiCr0y s 3.9/1.1 5.8/3.0

MOO3/LiMoO3 2.5/1.3 4.4/3.2

C00,/LiCo0; 4.7/3.9 6.6/5.8

(CH) x /Li (CH) » 4.0/71.0 5.9/2.9

Ir05-H50/Ir (OH) 3 0.3/-0.8 4.9/3.8
ly vs. (Lit/Li) measured in propylene carbonate. V(H*/Hj) is the )
normal hydrogen electrode (NHE). NHE3q=2.71V vs. V(Li*/Li) in

propylene carbonate (N. Matsuura, K. Umimoto and Z. Takeuchi,
Bull. Chem. Soc. Japan 47, 813 (1974)).

2Assuming NHE = 4.6 eV below vacuum; E°(Lit/Li) in propylene
carbonate = 1.9 eV below vacuum.

3Unstable in aqueous solution.
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The compounds in Table 1 all have work functions which are variable
with H, Li or Na content. These elements may be introduced by either re-
actions [1] or [2]. We note further that the variable barrier height
Schottky diodes are chemical sensors for these elements. The same
principles may be applied to insertion compounds of the general formula
CxABp, i.e., where AB;, = a layered compound such as TaS; and C is an
organic base/electron donor (e.g., pyridine) (4). Thus, although not
addressed in Phase I, this concept might be applied to a wide range of
chemical sensors. Again, the fact that the barrier need only be a few
monolayers thick would contribute to the enhanced sensitivity of such
devices.

In Lhe Phase 1 research, we were able to conduct prel’  inary
experiments on solid state and photoelectrochemical charact .z.tion
of one model system, the p-Si/MyWO3 Schottky barrier. Her¢ ~e were .
able to demonstrate the feasibility of constructing such ar :iement L7
with M = Li and x variable. The results of the six-month 2arch
effort are given in Sections 2.0 and 3.0; the summary and ¢ .c sions
in Section 4.0.
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2.0 PHASE I RESEARCH: EXPERIMENTAL

2.1 Materials and Schottky Barrier Fabrication

Schottky barriers were fabricated onto <l111> p-Si wafers cobtained
from Virginia Semiconductors, Inc., Fredericksburg, VA 2240i. The wafers
were p-type, B doped, with resistivities of 2 to 16 {-am. This corresponds
to a range of doping densities of 7 x 1015 to 8 x 1014 cm™3.

Alloyed Al-Si ohmic contacts were formed on the unpolished face
of the wafer. The evaporations were carried out thermally using an
Edwards 3-source system. The Al was evaporated from a tungstern filament
at 107% torr and a Si substrate temperature which increased from €2 tc
240°C during the process. After deposition of the Al, the substrate
was heated radiatively from the tungsten filament to 500°C, in vacuo,
for 3 minutes. This procedure resulted in an Al-Si alloy ohmic contact,
which was verified by the symmetrical i-V characteristics of twc separated
dots.

Ni was used for top contacts, since it is mechanically rcbust and
not easily scratched during probe measurements. The polished surface of
the p-Si was prepared by degreasing with spectroscopic grade methancl,
acetone, and methyl ethyl ketone. The surface .as then etched for 15
seconds in concentrated HF, rinsed with triply distilled Hy0, and imme-
diately introduced into the vacuum chamber. About 500A of Ni was evap-
orated at 4 x 10”® torr from an alumina coated tungsten boat through a
mask containing regions 0.045 cm< and 0.0015 cm? circles in contact with
the Si wafer.

. Diodes of configuration Ni|w03|p—si[Al were produced by evaporating
W5000A of WO3 onto the p-Si polished surface following the above cleaning/
etching procedure. An alumina coated tungsten boat and a pressure of
2-4 x 10~5 torr were employed. A Kronos quartz crystal thickness monitor
was employed for in situ monitoring of the process. However, all film
thicknesses were measured following evaporation with a Sloan Dektak pro-
filimeter. These two measurements of film thickness generally agreed to
within 10%.

Li metal was evaporated onto the WO3 film using the thickness
monitor to measure the amount and hence the LiyWO3 stoichiometry. The
density of WO3 films formed under these conditions is weg/cm3. Thus,
the stoichiometry x = 1 is achieved with a Li:WO3 thickness ratio of 1/3.
During the Li evaporation, a shutter was moved across the WO3 film, and
controlled amounts of Li were deposited onto 4 regions, representing
x = 0.1, 0.2, 0.3 and 0.4. Following Li evaporation, the substrate




temperature was raised to 350°C for 3 minutes, to promote the completion p
of LiyWO3 formation. A glass slide also coated with WO3 Was placed beside
the Si wafer during this process and was also coated with Li. The rapid
blue coloration of the LiyWO3 could, therefore, be monitored visually.

The reaction appeared to be immediate, with no further change in color
appearing during the annealing step. The four LixWO3 regions could be
seen easily on the glass slide, with mask-defined boundaries separating
regions of deepening blue coloration. Finally, without breaking vacuum,
the diode hole mask and Ni evaporation source were moved into place, and
circular Ni top contacts evaporated over the LixWO3. A typical test wafer
is shown in Figure 2. Each region contained from 5 to 25, 0.045 cm? diodes
for test.

to

Electrical Measurements

The capacitance-voltage (C-V) and current voltage (j-V) character-
istics of the diodes were measured using standard apparatus. The wafers
were mounted on a Signatone temperature controlled vacuum chuck, and the
diodes were contacted with a small Ni wire loop probe. Capacitance was
measured at 1 MHz with a Boonton 72BD capacitance meter. The device bias
was produced using a voltage ramp output from a Princeton Applied Research
Model 173 Universal programmer. The resulting C-V curve was plotted on
a Hewlett Packard 7013B x-y recorder. Current-voltage curves were ob~
tained using a PAR Model 373 potentiostat, driven with the same voltage
ramp. The apparatus was configured so that the C-V and j~V curve could
be obtained sequentially on the same diode without moving the device or
the probe.

2.3 Electrochemical Measurements

Measurements of LiyWO3 potentials were carried out in propylene
carbonate, 1IN LiClO4, vs. a Lit/Li reference electrode. These experiments
were conducted in an Ar atmosphere glove box containing <10 ppm H;O0. Equil-
ibrium potentials were obtained with a Keithly electrometer.

Photoelectrochemical measurements were carried out in a demountable
Teflon cell. The cell permits rapid mounting of 0.5 cm?2 pieces cut from
the p-Si wafers. A key component of the cell is the conductive rubber
contact (Chromerics Materials, Inc., Woburn, MA), which forms a compliant
contact to the ohmic side of the fragile wafer (5). These measurements
were made in an aqueous 0.1M HCl electrolyte. An Ag/AgCl wire reference
electrode was employed which had a measured equilibrium potential of
+0.058V vs. SCE. Some measurements were made using a Metrologic 3 mW
He-Ne laser operating at 633 nm. Measurements of photovoltage vs. applied
voltage were made using pulsed dye laser excitation. This apparatus has
been described elsewhere (6).




Region of 0.0015 cm? Diodes

0.045 cm? Diode

Fig. 2. Test structure for NifLixw03(O.5u)lp—Si]Al ohmic contact
Schottky barriers. Li is introduced by evaporation into selec-
tively masked areas. Circles are Ni contacts, 0.045 cm- and
0.0015 cm?.

Structures evaluated: Nilp-SilAl
Ni|w03(0.5u) |p-si|al

Ni |LixWO3(0.5p) |p-siiAl
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3.0 PHASE I RESEARCH: RESULTS

.;4.,,
N G

3.1 LiyxWO3 Reversible Potential

The evaporated WO3 films were featureless by X-ray and were thus
judged to be amorphous. Nevertheless, we determined the variation of
LixWO3 potential as a function of x for amorphous films prepared by rf
sputtering as well as by evaporation, and also for crystalline films
prepared by rf sputtering onto a substrate heated to 350°C. WO3 films,
0.5y thick, were deposited onto conductive SnOp.y coated glass (PPG
Industries). The reaction xLit + xe™ + WO3 -+ LiyxWO3 was carried out ‘
galvanostatically. 1In general, 25 minutes were allowed between each i‘

4

v AT

Li insertion to permit the electrochemical cell to equilibrate. The
results are shown in Figure 3.

The equilibrium potential for both the amorphous and crystalline :\
film= changes rapidly on Li insertion. These results are similar to
those obtained by other investigators (7,8). During the measurement of
the potential it was found that the observed EMF frequently took an
extensive length of time to reach its true equilibrium value. The loca- }
tions of the interrupts and the time lengths are shown in Figure 3. The
fact that it takes such a long time to reach eguilibrium indicates that .
bulk diffusion in the LixWO3 films is governing the kinetic behavior.

The inserted Li initially accumulates at the film-electrolyte interface and
then diffuses slowly through the bulk of the WO3 until the Li concentra-
tion is uniform.

Measurements of the potentials of LixWO3 formed by evaporation of
Li rather than by electrochemical incorporation fell into the range corres-
ponding to their stoichiometry as measured by the in situ thickness monitor,
using the amorphous LiyWO3 curve in Figure 3.

An energy scale is also provided in Figure 3 which relates the
equilibrium LiyWO3 potential to the vacuum scale. This scale is derived
fram the fact that the standard Hy potential is determined experimentally
to be V4.6 eV vs. vacuum, and that E°(Lit/Li) = -2.7V vs. NHEaq (9,10).
Hence, a work function range of 4.1 to 5.3 eV is obtained for a-LixWO3,
with x varied from 0 to 0.4. This large variation may be obtained either
by electrochemical reduction of Li* onto W03, or by reaction of Li metal
with WO3, with similar results.

3.2 Capacitance-Voltage Behavior

C-V measurements were obtained at 1 MHz for the entire series of ;
Ni|LiyWO3|p-Si|Al diodes (x = 0, 0.1, 0.2, 0.3, 0.4). At least 5 diodes |
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were evaluated in each region of stoichiometry. All diodes showed recti-
fying behavior. Representative plots for the diodes under test are shown

in Figures 4 and 5. Measurements in the different regions were virtually
superimposable except for the x = 0.1 region, which showed about 20% variance
in capacitance from structure to structure. Since x = 0.1 is in the steep
region of potential variation (Figure 3), this may be a result of small
variations in stoichiometry. 1In general, capacitance values were an in-
verse function of Li content in the films. This suggests the increased
barrier heights accompany decreased work function of the LiyWO3 layer.

The C~V behavior of metal-semiconductor contacts may be understood

in terms of modulation of the space charge, Qgc, with applied voltage.
Using the notation in Sze (1), the junction capacitance is given as

Q| qgegN 4
c EI scl - [ sA ] (3)

2v 2 (Vpi=V-kT/q)

Here, Np is the doping density, eg is the semiconductor permittivity
(1.05 x 1012 F/cm for Si), and Vpj is the built-in potential. A
straight line is obtained if 1/C2 is plotted vs. V, since

1 2(Vy,; -V-kT/q) 4]
c? qegNpy

The doping density is given by the slope:

2 1
N = - [5]
A qes [d a/c?) /dv]

The intercept, Vi, is approximately related to the barrier height, ¢Bp'
by the expression

¢Bp =V; + vp + kT/q [e]

At 1015 cm~3 doping concentration, Vp = 0.25V, i.e., the Fermi level is
0.25 eV above the valence band.

In Figures 4 and 5, plots of 1/C? vs. V are shown for the same
diodes. All are classically linear and show slopes which yield acceptor
densities of 3 x 1015 to 3 x 1016 cm~3, which is in the range of the wafers
employed (7 x 1015 em=3). However, Na values for lithiated diodes are
slightly lower, suggesting some possible compensation of acceptors by Li
during fabrication. The x intercepts of the 1/C2 vs. V plots yield barrier
heights of 0.7-0.8V, somewhat higher than expected for Nilp—si diodes.
Table 2 summarizes results of barrier heights and doping densities obtained
from C-V measurements.

10
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Fig. 5. C-V and 1/C2 vs. V plots of p-Si|LiyWO3|Ni diodes.




TABLE 2

RESULTS OF CAPACITANCE-VOLTAGE ANALYSIS .
OF p-Si/WO3 DIODES

Slope (A2/C2/V) Np ¢plev) :
Diode (cm2 F 1) (cm=3) (20.02v) = Vj + Vp v
Al|p-Si|Ni 6.2 x 1014 1.9 x 1016 0.54 + 0.15 = 0.6v f
Al|p-si|wo3|Ni 4.6 x 1014 2.6 x 1016  0.55 + 0.14 = 0.c(¥ y
Al|p-Si|LiyWO3|Ni R
x = 0.1 4.0 x 1015 2.9 x 1015 0.50 + 0.20 = 0.70 -
x = 0.2 2.3 x 1015 5.1 x 1015  0.53 4+ 0.18 = 0.71 .
x = 0.3 2.1 x 1035 5.0 x 1015 0.55 + 0.18 = 0.7 .
x = 0.4 2.9 x 1015 4.1 x 1015 0.5¢ + 0.20 = 0.7¢ l
\("
3.3 Current-Voltage Behavior =
Again, all diodes show rectifying behavior. The forward current 4
for a Schottky barrier is given by *

J = Jg (qu/kT_l) (71

Thus, 1nJ vs. applied V will yield a straight line with interce't 1lnJg,
the saturation current density. At any temperature, T, Jg is related
to the barrier height by :

q¢B )

L2 ] P
JS =A T exp(- —k__T_

[8]
where A*" is the effective Richardson constant for holes. Plots of InJ¢
(foward current) vs. voltage are shown in Figure 6. The magnitudes of
forward currents at a given voltage are inversely related to Li content,
as would be expected for increasing barrier height. The plots of 1lnJg¢
vs. V are only classically linear up to “+0.2V, where diode quality
factors of 1-1.5 are calculated. Extrapolation back to OV yields
barrier heights of 0.54 to 0.62V for x(Li) = 0 to 0.4.

The barrier height of a metal-semiconductor contact in which sur-~
face states are present at the interface is approximately given by the
expression (11):

Eq AE
9Bp=Cy (bn=x) + (1-Cp) (713 - —:5) (9l




NijLi, ,WO3|p-Si

NijLi, ,WO,ip-Si -

~12 |- -1
~13 4 [ 1 iR 4 1
0 0.05 0.10 0.15 0.20 0.25 0.30
vbias
Diode en Jg Jg(A/cm2) og (eV)
1 -4.7 9.1 x 10°3 0.54
2 -6.0 2.5 x 1073 0.58
3 7.1 8.3 x 1074 0.62
4 -8.1 3.0 x 1074 0.64

Fig. 6. Representative forward current characteristics for p-SiiLixw03IN1
Schottky barrier diodes. n = 1 shows ideal diode behavior.
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In equation [9], ¢Bp is the barrier height for a p-type semiconductor,
¢m is the metal work function, x is the semiconductor electron affinity,
Eg is the band gap of the semiconductor, and AEgg is the midpoint energy
of the surface state distribution relative to the valence band edge.
Many covalent semiconductors have AEgg at v1/3 of the band gap energy
measured from the valence band edge. The coefficient C, relates to the
interface state density, Dg, and is given as

E.
‘ Cy 5 —2 [10]

2.
€5 + g oDS

Here, €; is the permittivity of the interfacial layer (usually approx-
imated ag €o, the free space value) and 6§ is that layer's thickness,
i.e., VA for an atomic monolayer. We note that if C, = 0, then the
Fermi level is completely pinned at (Eq-AEgg)/q; if C, = 1, then the
Schottky barrier exhibits classical behavior.

The reversible potentials of the Li,WO3 layers, measured electro-
chemically, span the range -0.4 to +0.4 vs. NHE, or 4.2 to 5.2V vs.
vacuum. In Figure 7, a plot of barrier height from eguation [8] vs. work
function of LiyWO3 yields an intercept of 0.85 (typical of p-Si) and a
slope of 0.06. The error bars signify the range of barrier height ob-
tained for 5-10 diodes (see Figure 2). The slope, (Cp), is related to
the surface state density by Ngg=~1.1 x 1013 (1- C5)/Cy. A surface state ’
density of Ngg = 1.7 x 1014 cm2 ev™1 is thus indicated. The small vari-
ation of barrier height with work function and this high surface state -
density indicates a large degree of Fermi level pinning in the p—SiiLiXWOB
interface. A similar slope is obtained from the C-V data.

3.4 Al]p-Si|w03 Photoelectrochemical Response

The current-voltage behavior of naked p-Si electrodes in 0.1M HCI1
was generally nonrectifying, showing high reverse currents and no detectable
photocurrent. The p-Si electrodes coated with 3000- 4000R of evaporated WO;3
also showed high forward currents, but also significant superimposed photo-
currents when illuminated at 633 nm. Repeated anodic and cathodic sweeps
led to rapid passivation of the naked p-Si electrode. The WO3-coated elec-
trode displayed high currents in both directions, which did not decay (see
Figure 8). These are ascribed to the reversible reaction

' wo3 + xH' + xe” T HuWO3 (11)

The transient photovoltage was measured as a function of applied
voltage using a pulsed dye laser excitation source, and a slowly respond-
ing potentiostat for steady state potential control, and a boxcar inte-
grator for capturing and quantifying photovoltages within 10 usec after
the laser firing. 1In photoelectrochemistry, the photovoltage response

ﬁ;’
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Ni|LixWO3|p-Si

| bgp = 0-06 ¢ + 0.80
0.4L1 3 1
3 y 5
¢m (eV)
X V(Li*/Li) V(NHE)
Ni - -
0 3.0 0.
0.1 2.7 0.
0.2 2.5 -0.
0.3 2.35 -0.
0.4 2.2 -0.

14 (NHE) =~ 4.6 eV

?Obtained from forward current voltage characteristics.

Fi1g. 7. Variation of barrier height with metal work func-
tion (¢ny) in Ni|Li,WO3|p-Si diodes.
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Naked Electrode
----- With 0.5u WO3

V vs. Agt/Ag

Fig. 8. Current-voltage curves for p-Si (solid line) and
p~Si]0.5u WO3 (broken line) photocathodes under "1 mW/cm?
633 nm illumination. The coated electrode shows a marked
photoeffect and high stability. Sweep rate = 10 mV/sec. ‘
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is a measure of the band bending, i.e., the fraction of the reverse bias
potential dropped across the space charge layer. Under light saturation,
4vp vs. V should have a slope approaching unity for an ideal diode.

Figure 9 shows AVp vs. V curves for saturating dye laser pulses
at 500 nm (V100 W/cm? pulse). It can be seen that the naked electrode
shows a much smaller slope than p-Si/WO3. Furthermore, the latter elec-
trodes display near unit slopes and a photosensitivity ~103 greater than
naked Si. As shown in Figure 10, holding these electrodes at positive
bias and thus allowing complete H removal from HyxWC3 creates a more
positive "turn on" potential for the photovoltage, indicating a movement
of the band edges with hydrogenation. This is an expected result of a
large interfacc state density between the p-Si surface and the WO3 layer.

The plots of photovoltage vs. voltage may be transformed to band
bending (Vg) vs. voltage when the photovoltage signal is recorded at its
maximum value under saturation conditions. At any point on the curves
in Figure 10, (dVp/dV)gr is yielded directly, where ST refers to a static
bias. The relationship between this slope and the interface state density,
Dg, is given by Fonash (12) as

av/sT T \1 + Cgo/Cq + o (12]
Here, Cg. is the space charge capacitance, Cy is the capacitance of the
interfacial layer containing the surface states, and o' = gdDg/cj (see

equation 2). Since C; = €3/6§, and § is very thin, then Cgo/Cr <<1, and
can be neglected here. We see from Figure 10 that at low bias the slope
(dVg/dv) is small, while at large negative (reverse) bias it approsches
a nearly classical value. The flat band potential, Vgg, is near zero

in all cases except when the electrode was oxidized by holding at 1V for
5 minutes. The initial slopes between Vgp and Vpp-0.5V are given in
Table 3 for p-Si, p—Si|w03 and p-Si|H0.1wo3. Values of Dg, calculated
from equation [12]), are also given.

Although the surface state densities are 5-10 times lower from
this analysis than obtained from solid state diodes, Figure 7, the
systems are not equivalent in that the photoelectrodes were not annealed
in vacuo with Li. The surface states are, nevertheless, high enough to
indicate significant Fermi level pinning at low to intermediate band
bending. The addition of WO3 to the naked p-Si surface does tend to
decrease Dg, the major effect probably being suppression of p-Si reac-
tivity with the electrolyte. However, we also note that incorporation
of H during the scan can have the effect of decreasing the WO3; work
function, thus enhancing the space charge barrier. This effect would
add to the observed photovoltage.




-2.0 -1.6 -1.2 -0.8 -0.u

+
Vbias vs. AgT/Ag

Fig. 9. Photovoltage vs. voltage for p-Si photoelectrodes
with and without 0.5 um WO3. 1 - Naked electrode; 2 - p-Si]
WO3; 3 - curve 2 repeated at 0.01 x intensity; 4 - curve 3
repeated after holding at +1V for 5 min to remove all H
from WO3. Curves 1 and 2 were recorded at 100 W/cm< pulse.
All curves recorded at 500 nm.
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TABLE 3

INITIAL SLOPES OF PHOTOVOLTAGE vs. VOLTAGE CURVES FOR p-Si BASED
DIODES IN AQUEOUS 0.1N HCl. ILLUMINATION BY DYE LASER, 100 W/cm2/
PULSE, PULSE DURATION = 10 nsec, A = 500 nm. PHOTOVOLTAGE IS
RECORDED FROM 1 to 10 usec AFTER PULSE.

Initial D

Diode (dvg/av) (states/cm2/eV)
Allp-si 0.15 3.1 x 1013
Al{p-Si|W03(0.4 um) 0.41 7.9 x 1012
Al|p-Si|Hg, 1WO3 (0.4 um) 0.65 3.0 x 1012

This barrier enhancement effect, if confirmed in future research,
could be useful in photoelectrochemical Hy fuel forming reactions on

. p-type semiconductors. As shown in Figure 10, the H; evolution would

occur on the WO3 after it had first become saturated with H;. A similar
enhancement effect has also been considered by Heller ard co-workers (13)
for Pt(p-InP Schottky barrier photoelectrochemical diodes on formation
of the intermetallic compound HyPt.
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4.0 SUMMARY AND CONCLUSIONS

In the Phase I research program, we have identified a new kind
of semiconductor barrier element based on the junction formed between
a semiconductor and a mixed ionic/electrical conductor with a reversibly
variable work function. Such an element can be used to probe the ener-
getics of Schottky barrier formation using a single barrier forming
system, rather than employing a variety of Schottky barrier metals,
each with its own complex intermetallic chemistry with the underlying
semiconductor material.

Also in the Phase 1 research we were able to conduct preliminary
experiments on one model system, the p-Si/MyWO3 Schottky barrier. Here,
we demonstrated the feasibility of constructing such an element with
M = Li and x variable. The results of electrical measurements indicated
that interface state density was high over the potential range examined,
and Fermi level pinning was dominant. This resuylt is in agreement with
the bulk of solid state device literature for p~Si. Larger variations
with work function might be expected for barriers with other more 1ionic
semiconductors which are less prone than Si to pinning of the Fermi level
near mid-bandgap by surface states. As shown in Figure 11, semiconductors
such as CdS and Z2nO typically exhibit Schottky barrier heights that are
sensitive to metal electronegativity.

In Phase 1 we suggested the use of such elements in photoelectro-
chemistry as Schottky barrier photoelectrodes. Here, as shown in Figure
10, the variable work function layer would be employed to maximize the
band bending in the semiconductor, while at the same time shielding .
from corrosion by the electrolyte. Phase I only permitted us a brief
look at HyWO3/p-Si as a H; evolving photoelectrode, although these
results appeared promising. Pt group metal oxides are all variable
work function ion insertion compounds, and these in connection with
Si, or particularly with more ionic semiconductors, should produce
highly efficient catalytic photoelectrodes for Hp and O, evolution.

We recognize that many of the systems considered as insertion
compound layers are themselves electrochromic. Thus, photoelectrochem-
ical reactions which employ n~type semiconductors coated with colorless
HIro,, for example, are imagers, viz:

hv
n-CdS |HIr0, =——— n-Cds|Iro, + H' + e~ (13}
V<VtD blue

The degree of reaction would be a function by light intensity, and thus
a grey scale could be developed for an imager of submicron resoluticn.
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Fig. 11. 1Index of interface behavior vs. metal-
semiconductor electronegativity difference (%)
for various semiconductors. S = d¢p/dY, where
¢p is the barrier height (from Ref. 1).

Finally, we feel that an important application of the proposed
work is in the area of chemical and electrochemical sensors. The Phase
I research characterizing Schottky barriers has general relevance to
this problem since, in order to achieve maximum sensitivity, changes
in chemical potential of the chemically sensitive layer must be reflected
efficiently as a modulation in semiconductor space charge. In addition,
many of the insertion compounds exhibit selectivity with respect to the
inserting species. For example, WO3 undergoes electrochemical reactions
of the class

xe” + xM* + WO3 T MyWO; [14]

where M = H, Li, Na, Ag and where the rates of these reactions vary in-
versely with the ionic radius of M. Similarly, TaS, is a layered com-
pound which reversibly intercalates alkali metals and organic molecules,
also with size discrimination and accompanying work function changes.

In conclusion, variable barrier height diodes have numerous
applications. Yet, research is at a basic stage. It is crucial to
pursue both the science and technology of these elements in order to
realize fully their potential benefits in areas of electrochemistry,
sensors, imaging, and solid state electronics.
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