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EXPERIMENTAL

Single crystal n-TiO2 was heated under hydrogen at 800°C for several

hours. Ohmic contact to the back surface of the crystal was made by the intro-

duction of gallium-indium eutectic into the freshly etched (c.H 2 So 4 ) surface.

Current collecticn was accomplished with a nichrome wire and silver epoxy

(Epoxy Technology, Inc.), and the assembly cured at 150%C for 1 hour. A 5w/o

Nafion 117 solution 4n a mixture of lower aliphatic alcohols and 1 0 w/o water

was obtained from Aldrich. Sodium conductivity was introduced into the polymer

using NaPF Cells were constructed by placing a drop of exchanged Nafion sus-

pension onto a freshly etched (c.H 2So4 10 seconds) electrode face. A drop of

redox-containing polymer was also placed on a SnO2 conducting glass counter

electrode. Both electrodes were dried for approximately 15 minutes, and then

the half-cellq gently pressed together and allowed to dry for an additional

10 minutes. Electrochemical measurements were performed using potentiostatic

control provided by either a Stonehart Associates BC 1200 or a Wenking LT 78

potentiostat. Conductance and capacitance measurements for admittance spectro-

scopy analysis of the polymer-semiconductor interface were performed using a

HP-4276A digital LCZ meter between 100 and 20kHz.

1E
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INTRODUCTION

As has been previously discussed by us, there are several incentives for

characterizing semiconductor lunctions with solid polymer electrolytes (SPE)

incorporating redox species. Ahese include 1) the identification of solid-

state photoelectrochemically rechargeable galvanic cells which possess some

faradaic charge capacity 12, and 2) the potential role of polymer-incorporated

redox couples as antenna probe at the semiconductor surface for the detection

of chemical species via the perturbation of a semiconductor parameter such as

the flatband potential (Vfb)3 or surface state density.

We will discuss here the dependency of Vfb for n-TiO2 as a function of

concentration for the species Ru(bpy,33+, Fe(bpy)3 and Ru(N 3)6 incor-

porated into sodium conducting Nafion 117. Typical cells possessed the con-
figuration:

n-TiO2 /Nefion 117 + redox couple/SnO2 conducting glass

NaPF 6

Of interest to us here was the analogy of such SPE cells to MOSFET (Metal-Oxide-

Semiconductor Field Effect Transistors) devices which have previously been used
4for the detection of H2 , C3 H8 , H2 S, NH3 and EtOH . The detection mechanism used

in these latter devices involves the initial dissociation of the species to be

detected at a metal. catalytic site followed by the migration of atomic hydrogen
5,6through the metal to the metal/metal oxide interface region . Here, the ad-

sorbed hydrogen atoms act as dipoles at the interface, thereby changing the

metal work function. This dipole layer, in turn, gives rise to an extra voltage

in series with an externally applied voltage. Here, the actual change in the

work function Is assumed to be proportional to the interface concentration of

adsorbed hydrogen or the hydrogen coverage. The response of such MOS-type

detectors is dependent upon the oxide layer quality. The presence of defects

in this region can result in device instability resulting from ion drift or a

variable density of interface trap sites. Semiconductor parameters such as Vfb

can be modified by the nature of the oxide layer and its thickness, dielectric

charge and the presence of fixed charges. In the case of silicon-based devices,
.7

the flatband potential can be found dependent upon the following parameters:

Vfb " m - -- f C Lox
where #m is the metal work function, X. is the semiconductor electron affinity,

2
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E is the semiconductor band gap, *f is the difference between the semiconductor

mid-band and its Fermi level, Wo and Cox are respectively the thickness and

dielectric constant of the metal oxide and Qs is the charge associated with the

resident oxide. This last term (Q s) can, in principle, be adjusted in semi-

conductor/redox SPE cells investigated here by varying the concentration of redox

species incorporated into the SPE.

If these poljmer Incorrorated redox species were to possess some sensitivity

to a chemical species to be detected via an appropriate redox mechanism, then the

resultant changes in activity by these incorporated species could be determined

by measuring changes in V fb In MOSFET-type devices used for detector applica-

tions, performance instabilities can result from defects present in the metal
8

oxide layer . The presence of such defects can result in changes in the charge

associated with the metal oxide and introduce trap sites for electron and elec-

tron hole carriers. Substitution of the metal oxide by a redox containing poly-

mer at this interface region is one strategy that can be pursued for improving

overall device stability. A schematic energy level diagram for an MOS cell is shown

in Figure 1 as an approximate analogy for the semiconductor/redox SPE junction

of interest here.

The objective of the work reported there was to determine the relationship be-

tween frequency independent Vfb values for n-TiO2, at n-TiO2 /redox SPE interface,

as a function of 'the concentration of redox species introduced into the polymer.

RESULTS AND DISCUSSION

Work reported here was directed towards the dependency of Vfb for n-TiO2

in solid-state cells of the configuration:

n-TiO2 /Nafion 117 + NaPF 6 + redox species/Srhe 2 conducting glass

as a function of the concentration of the redox species introduced into the SPE.
2+

Metal complexes introduced into the Nafion ion exchange sites included Ru(bpy) 3
2 .

2+ andFe(bpy) 3  and Ru(NH3 ) 6  . These complexes were chosen to investigate the rela-

tive influence of metal oxidation state (Ru2+ vs. Ru 3+) and metal (Ru2+ vs. Fe 2+)

upon the measured flatband potential. Concentrations of redox complex were

typically varied between 5 and 1 Umole/ml of the 5 W/o Nafion 117 SPE solution.

A limitation in the determination of Vfpfrom impedance or admittance measurements

lies in correlating measured parameters with the elements representing the equi-

valent circuit of the n-TiO2 /redox SPE interface region. Here, the parameters

3
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being measured are based upon resistive or capacitive elements arranged in either

a series or parallel configuration as represented in Figure 2. The magnitude of

these parameters will be dependent upon the measurement frequency. This io inI 9
comparison to the equivalent cir-uit elements which are passive and can be used

to gain information on surface-state energies and faradaic charge transfer rates,

.4? etc. As we have discussed previously, a technique has been developed for the
10measurement of frequency independent Mott-Schottky parameters . This technique

was used to obtain Mott-Schottky data from which Vfb values for n-TiO2 at various
SPE interface could be determined. For Mott-Schottky analyses conducted here at
the n-TiO2 /SPE interface, the passive network element of interest was the space

charge capacitance. In this analyses, the double layer capacitance (Cdl) was

assumed to be much larger than C (i.e. C >-> C ) although some components
sc dl se

of Cdl may be present in the measured Csc values. The simplest equivalent circuit

configuration of the semiconductor/SPE interface region consists of the space

charge capacitance (C sc) connected in series with the bulk conductance GBI1
(Figure 2). The admittance of this circuit was given by the equation:

-2 Cs 2  G 2C•'Yx 2GB Csc2 + Jw GB2Cs
G' + ( C sc~I . B + (Wsc)s

where w is the angular frequency (2wf). The measured parameters, Gp (parallel
conductance) and Cp(parallel capacitance) were obtained directly using an

HP-4276 LCZ metet. The related admittance was obtained by use of the relation-
1l0ship:

Y z Gp + j wCp

Relating the real and imaginary components of Y and Y gives:

% 2% Cp/W W C scGBI + (wC)2
GB Csc)

i• and

wCp - G'"B Csc

Plots of Gp/w vs. w and wCp, vp. w will exhibit maxima at a frequency

wmax - G /C and the desired parameters C and G can be obtained through
B so sc B

the following relationship:

Gp/liiax ,Csc/ 2

and

wCPmax " GB/ 2
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C obtained in this manner is frequency independent and thus a plot ofSc
C values obtained at varying bias voltages will yield frequency independent

Mott-Schottky plots for the determination of Vfb.

Figures 3 and 4 show typical Gp/w vs. w and wCp vs. w plots for the system

n-TiO2 /Ru(bpy) 3 2+ + NaPF + Nafion ll7/SnO2 conducting glass. In both of these

* figures, the solid curve represents the theoretical response, calculated using
the model RC circuit and values of RB and Csc derived from the experimental

data. As can be seen from both of these figures, good agreement between exper-

imental and calculated curves was obtained in the middle of the frequency range,

around %ax. Discrepancies bf the model at lower frequencies may be corrected

by the introduction of a resistor corresponding to the faradaic cell conduc-

tance. This modification, which would be in parallel with Csc, would affect

only the low frequency response and not GPmax. Mott-Schottky data obtained by

plotting C at each bias potential for the cell:

n-TiO2 /Nafion 117 + NaPF6 + Redox couple/SnO2 conducting glass

' 2+
are shown in Figures 5-7 where the redox species were respectively Fe(bpy) 3 2

ae 2+ and
Ru(bpy) 3  and Ru(NH3 ) 6  . Over the semiconductor bias region studied

(0 - lV vq. SnO2 conducting glass) these plots exhibited good linearity and the

carrier concentrations (ND) were in reasonable agreement to ND values obtained

from solution measurements in O.IM H3PO4 (i.e. ND - 8xlO19 cm-3 ).

The flatband values obtained as a function of redox concentration within

the SPE are shown in Table 1. As was observed for all complexes introduced into

the SPE, Vfb was found to shift cathodically with decreasing concentration of

redox species. Additionally, n-TiO2 Vfb values were found to be inversely

proportional to the concentration of redox species. This observation is illus-

trated respectively for the redox species Fe(bpy)3  , Ru(bpy) 32+ and Ru(NH3)6

in Figures 8-10. All three of these plots are summarized in Figure 11.

Figures 12-14 also show respectively that linear relationships exist when

V for the n-TiO2 /Nafion, Ru(NH ) interface is plotted vs. Vfb for
n-Tie /Naf ion, Fe(bpy) V + for n-TiO /Nafion, Ru(bpy) 2+ is plotted vs.n - i 2 / N f o , F ~ p ) 3 f b 3 2 3 2-
V for n-TiO /Naf ion, Ru(NH ) 3 +, and V for n-TiO /Nafion, Ru(bpy) 2+ is
ptfb 2 3 6 o+ fb 2 3

plotted vs. V of n-TiO Fe(bpy ,all as a function of transition metal

complex incorporated into the polymer.

From these observations, it appears that the relationship

Vfb M(i/concentration) + b

holds in all cases.

5
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The slope appears to be determined, in part, by the transition metal complex

incorporated into the SPE and maybe, more importantly, by it3 oxidation state.

This point is graphically illustrated when we compare slopes for Ru(NH3 ) 6 3+

and Ru(bpy) 3 2+ incorporated polymers (Figure 11). Hence, introduction of polymer

incorporated chemically sensitive transition metal complexes into such cells

could be used for the detection of chemical species via measuring changes in

Vfb. These results were found to be completely reproducible. Such observations,

however, differ from those that would be expected on an MOS-type device where

direct proportionality would be expected between Vfb and the fixed charge (Qs)

associated with the oxide later.

R
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Vf Of Fermi level

mobile - Na
charge

interface traps

Metal Oxide Semiconductor

Figure 1. Energy level diagram for metal-metal oxide-semiconductor cell,
analogy used for

SnO2 conducting glass/SPE/n-TiO2

cells in this study.
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Cp(w)
Rs(w)

Cs (W)

Gp(w)

a)

GB

C
sc

Figure 2. Passive element network for C measurement in Mott-
Schottky analyses. sc

a) This transformation is performed by a successive reduction
in the equivalent circuit representation of the semiconductor/SPE
interface 6 .
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Figure 5. Hott-Schottky plot for the cell

n-TiO2 /Nafion + NaPF. + F(bpy) 32 +/SnO2 conducting glass

(.00025 g/mJ. Fe(bpy) 3
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(.0015 g/ml Ru(bpy) 3)
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Figure 7. Mott,-Schottky plot for the cell

n-TIO 2/Nafon + NaPF6 Ru (NH3)6 3+/SnO2 conducting glass(.000375..g/ml Ru(NH3 ) 6 3+).
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S2+Figure 8. Plot of I/concentration of Fe(bpy) 3  vs. Vfb fcr the cell

n-TiO2 /Nafion + NaPF6 + Fe(bpy)3 /SnO2 conducting glass.
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Figure 9. Plot of 1/concentration of Ru(bpy) 3 2+ vs. Vfb for the cell

n-TiO2 /Nafion + NaPF6 + Ru(bpy) 3 2+/Conducting glass.
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Figure 13. Plot of Vfb for n-TiO2 /Naf ion, Ru(bpy) 3
2+ interface vs.
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3+ interface as a function

of the redox concentration incorporated into polymer.

20

ELTRON RESEARCH INC.



1/[Ru(bpy) 3
2 +] (ml Nafion/,imole redox species)

0 3.26 2.30 1.35 0.40
•JI I I I

.-4

",• -. 25

0.97

72.13 x. 75

+

S-1 3.30
0.0

.00

"-1.25 4.46 ,u4I
r-.
,-4 M
-4 -

0" -1.5 -.5.624 +
z

S-1.75 .78

.04

-2
-3 -2.5 -2 -1.5 -1 -. 5 0

Vfb (n-TiO2 /Nafion 117, Ru(bpy) 3
2 +) vs. SiO 2 Conducting Glass.

Figure 14. Plot of Vfb for n-TiO2!Nafion, Ru(bpy) 3
2+ interfaca vs.

Vfb of n-TiO2 /Nafion, Ft(bpy) 3 2+ interface as a function

of the redox concentration incorporated into polymer,

21

ELTRON flESEARCH INC.



Table 1. Flatband potentials as a function of the nature and concentra~tion
of the redox species in the cell:

n-TiO 2/Naf ion + NaPF6 + Redox species/SnQ 2 conducting glass.

Camplex Concentration (w mole/m1)a Vfb

F~e(bpy) 3 
2  2.77 -0.37

0.691 -0.61

0.346 -0.91

0.173 -1.54

Ru(bpy) 2- 4.01 - .96

2.00 -1.06

1.00 -1.24

0.501 -1.87

R(H363+ 9.69 -0.032

4.84 -0.206

1.21 -0.97

0.606 -2.05

a. Moles of redox species per ml of 5 w/o Naf ion solution.

b. vs. SnO 2 conducting glass counter electrode.
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