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1. INTRODUCTION 

During the past quarter, the foilowing areas were emphasized 

(a) Characterization of redox couples with very positive potentl;tls 

in room~temperature AlC1
3

-BPC electrolytes and .. comparison of the 

electrochemicai behavior of decamethyl ferrocene·'in these electro-

lytes with the previously-studied ferrocene/ferriceniurn ion couple, 
' ' 

(b) Photoelectrochemical characterization 'of CdSe ·thin~film anodes 

in aqueous polysulfide electrolytes and (c) Refinement of the ad-

mittance measurement technique for extraction of Matt-Schottky para-

meters. The results of our research in these areas are detailed in 

turn below. 

RESULTS AND DISCUSSIONS 

2 PHOTOELECTROCHEMICAL OXIDATION OF DECAMETHYL FERROCENE AND 
AROMATIC HYDROCARBONS AT THE n-GaAs/AlC13-BPC INTERFACE 

Cyclic Voltammetry on Carbons 

Decamethyi Ferrocene. Figure 1 shows representative cyclic 

5 . ' 
voltammograms on carbon for (n - (CHj)s c5 ) 2 Fe in the A1Cl3-BPC 

electrolyte. Releyant data on various parameters extracted from these 

plots are assembled in Table 1. The cathodic shift in the peak for 

reduction of the cation with increasing scan rate is consistent with an 

inherently sluggish charge transfer step [7]. ~his in turn is r<!flecteJ 

in a coticomitant increase in the peak separation approaching values 

which are significantly greater than those predicted by theory (av ~ 60 
p 

mV for one-electron charge transfer) at. scan rates ~ SO mV-s -1. The 

peak ratios (estimated by the semi-empirical procedure, ref. 8) remain 

sensibly close to unity although the systematic variation in the ratio, 

cathodic p_eak current/(~can rate)l/2 suggests that rate control may .not 

be exercised by diffusion of electroactive species alone. The peak 

potentials for the oxidation reaction, however, shows no dependence on 
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Figure 1: Cyclic voltammograms on carbon for decamethyl fenocene. The 

A.e.C.£
3

-BPC electrolyte had a mole ratio compositior., of "-1.2:1. 
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TABLE 1 

Cyclic Vo:ltacunetry Data:- on_ Carbon for Decamethyl FerrocenP and . ".~ ; . . ,._ \ ; 

Aromatic Hydrocarbons in the A.R.C.R. -BPC 
3 

Electrolyte 

va vc - va • vc 
(Va + Vc) 

ic/ia ic/(scan rate) 1/ 2 
Species Scan Rate !lV v112 

= 2 2 
mV/sE·C 

p p p p p 2 p p p 
~fl.o/3+ Ail. o/3+ Afl.o/3+ 1/2 (mv)·12 v vs. v vs. v v vs. I!A(sec) 

5 . 
[I) -(CH3)5C5J2 Fe 2(• +0.210 +0.115 0.095 +0 0 16 1.06 3.80 

5(• +0.210 +0. 105 o. 105 +0. 16 0.96 . 3.82 

100 +0.210 +0.100 0.100 +0.16 0.99 3.50 

200 +0.210 +O.o8s· 0.125 +0.15 0.88 3.04 

BP 20 +i.24 +1.12 0.12 +L 18 0.55 22.37 

50 +1.27 +1.12 0.15 +1.20 0.75 14.14 

.. ·100 ··+1.275" +1. 13 0.145 +1.20 0.87 10.00 
I 

200 +1.30 +1. 15 0. 15 +1.23 0.92 6.72 w - I 

DPA 20 +1.48 +1.375 0.105 +.1-. 43 1.09 2.68 

50 +1.49 +1.375 0.115 +1 .. 44 1.09 2.83 

100 +1.50 +1.375 0.125 +1.44 1.05 2.93 

200 +1.50 +1. 375. 0.125. +1.44· 1:00 3 0 11 

A 2•) +1.65 . +1.475 0.100 +1.57 1. 67 6.04 

5o) +1.675 .+1.475 0.20 +1.58 1. 59 6.36 

10•) +1. 725 +1.475 0.25 +L61 1.56 7.20 

20·) +1. 750 +1.475 0.27 +1.62 1.35 9.55 

WIB 2) +1.58 +1.44a) 

5\l +1.63 +1.44 

10) +1.66 0 +1.53 

20i> +1. 72 +1.59 

a)The potentials refer to vp/2 values, i.e., the potentials at _which the currents are half their peak values. 
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scan rate indicating relatively facile charge transfer in the anodic 

direction. 
. 5 

The above data on (~ - (CH
3

)
5 

c
5

) 2 Fe a~e consistent with 

"quasi-:reversible" behavior with significant asymmetry associated with 

the charge transfer step .. 

The data in ~igure 1 and Table 1 were obtained for the MC~.3 -BPC 

electr9lyte adjusted to be . _slightly ·acidic (MCR.
3 

-BPC molar 

ratio= 1.2:1.) of t.h~ nPnt.r.a] rnmp~sit.inn. A prPvi.ons stJ.u'ly in thP. 

laboratory had shown the1t the oxidation potential of (115 - (CH
3

)
5 

c
5

) 2 Fe 

is d~pend~nt on melt acidity [9] (by way of contrast, the redox behavior 

of ferrocene i,s independent of melt acidity, refs. 13., 3). In basic 

AR.c£
3

-BPC electrolytes, v .. 12 (defined h_ere as (Va + Vc)/2, cf., Table 1) p . p p. 

was found to_. ~~cur at -0 ,_29 V. Moreover, a further oxidation is 

possible in acidic (~ 1._5: 1) electrolytes (VP./ 2 = +1. 38 V) yielding the 

decamethyl ferricenium dication [9]. No attempt was made in this study. 

Lo further characterize this oxidation step. 

Aromatic Hydrocarbons 

Table 1 summarizes the results of cyclic voltammetry on carbon for 

the aromatic hydrocarbons selected for this study. In all cases, the 

composition of the MCR.
3 

-BPC electrolyte was adjusted to be acidic 

(~1:5:1). This pe1rticular comp~sition was selected for two reasons: 

(a) the potentid limit on the anodic side for basic electrolytes lies 

cathodic (by ~ 1 V) of that for acid systems and therefo're is inacce~-

s~ble to the potentials required for hydrocarbon oxidation, and (b) a 

previous study '(3] had sho~ that in more ac::idic electrolytes, the 
. . . 

hydrocarbon is spontaneously oxidized to t~e cation radical. 

The electroc~emical behavior for e~cf1. individual compound in 

Table 1 is amplified in the following paragraphs. 
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The anodic shift in with increasing scan rate for BP is 

consiit~nt wit~ a slug~ish oxidation reaction. Th Vc l the· e va ues, on 
p 

other hand, are less sensitive to scan rate suggesting asymmetry in the 

efficacy of charge transfer in· the two directions for this compound 

The tl.V values . 
p 

are much higher than those typical of reversible 'charge transfer'. 

Moreover, the systematic increase in the peak· current ratio with 

increasing scan rate indicates that the product.of the electr~n transfer· 

1.s undergoing a following chemical reaction. 

Somewhat more ideal behavior is observed for DPA. The relative 

insensitivit~ of peak potentials and th~ p~ak ~uirent ratio to scan rate 

is consistent with more facile charge transfer .and relatively higher 

stability of the cation radical respectively. The peak separation 

potentials, however, are still quite high eve~ at the lowest scan rat-e 

employed (Table 1). Figure 2 illustrates· representative' ~yclic · 

voltammograms for this material. 

Even more drastic departures from ideality (relative to the ca~e of 

BP) arc noted for A '(cf., Tctble 1). The Va 1 · va ues show a pronounced p 

anodic shift. with increasing scan rate while the vc values are 
p 

insensitive (cf., the case of BP. and A above). The av values show 
p 

the highest departure from ideal behavior relat 1've to the · h ot er systems 
, I 

in the present study. The peak current ratios deviate significantly 

from u. nity e. specially at low scan rates, · d · t · h I.n 1.ca 1.ng t e relative 
. +· 

instability of the A radical. Essentially simi•lar behavior was noted 

by previo~s authors· [3] who additionally observed oxidation to the 

dication at +1.82 V. 

Behavior more extreme than that noted above is typified by th~ case 

of HMB which shows ~rreversible charge transfer at scan rates up to 
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200 mV/s (Figure 3). Moreover, the Va values are again dependent on p 

scan rate to a pronounced degree (Table 1) indicating a rather sluggish 

deeclec.tronation step. Previous authors have observed a reduction wave 

-1 
for the HMB. radical at scan rates above 1 V s [3]. Essentialiy 

. -1 
similar behavior (irreversible oxidation ·at scan rates < 10 Vs ) has 

also been observed for this compound in AiCf
3
-ethyl pyridinium bromide 

electrolyte [5]. 

.The values obtained for BP, DPA, A and 11MB in the present 

study lie slightly positive of values reported by previous authors [3]. 

These authors also report that their values. are independent of t~e melt 

-1 
composition and scan rat~ up to 5 Vs While the former conclusion is 

supported by. the result~ of this study, oniy in the case of DPA were the 

peak. pot~ritials insensitive to scan rate (cf., Table 1). The other 

compounds !iltowed intrinsically sluggish electrochemical behavior as 

shown by the systematic dependence of and llV 
p 

on scan rate. 

Based on the results of the present study and the criteria set forth by 

previous authors [7] for the elucidation of electrode kinetics .bV cyclic 

voltamnietry, the cation. ~adical stability and the charge. transfer. 

kinetics may be ordered thus: DPA >> BP > A > HMB. 

Cyclic voltammograms, essentially si~ilar to those obtained for the 

neat. A.eCf3 -BPC/ele.ctrolytes (cf., Figures 2 and 3) were seen. for the 

AfCf3~BPC/toluene mixtures (50 ~/v solgtions). The peak separation 

potentials were not significantly affec::ted in the presence of tolue.ne 

confirming that solution conductivity was not playing a major role.in 

the magnitude of the observed llV 
p 

values, vide supra. (Previous 

studies [10] had shown that the admixture of organic solvents with 

AiCf3 -BPC electrolytes results in a· marked enhancement of the viscosity 

and conductivity of the latter.) The peak potentials were shifted 

somewhat cathodic of values in neat A.ect
3

-BPC systems (Table 3). 
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Decamethyi Ferrocene 

A previous study: in this laboratory had established that melt 

acidity plays a 'criticai role in determining the effic~cy of charge 

transfer at the n-GaAs/AR.C£
3

-BPC interface containing the ·ferrocene/ 

ferricenium in redox system [ 1}. Iri particular, the. possibility of 

moving the semiconductor band edges up or down relative to the redox 

level (by appropriate adjustment of th~. relative mole rati()S of A£C.2.3 

and BPC) offers a conveni'ent;. means of ro'appirig energy ·''levels (e · g · , 

surface states). A clear illustration of this approach is provided by 

the results in Figure 4. Figure 4'(a) illustrates cyclic voltanurlograms 

obtained in the dark and under band-gap illumination of· n-GaAs elec­

trodes in cont~ct wi~h (f'l5 (cli:
3

)
5 

c
5

}2 Fe species in the AR.C£3-BPC 

electrolyte. The Aic£
3

-BPC electrolyte was adj.usted to. b~· .. ~·cidic 

(A.2.C.2.3~BPC = 1.2:1). No photoeffect is 6bserved. for this particular 

electrolyte composition. The background. reduction currents. r~present 

electrolyte decomposition effects discussed in de.tail elsewhere [ 1a, 

11}. Figure 4(b) shows the data obta~ned on the same electrode in 

contact with the above electrolyte to which a small amount of BPC was 

added. Photooxidation of· (f'lS: - (CH
3

)
5 

c
5

)
2

'Fe .. species i~ n~w clearly 

viSible with a peak at "' -0. OS V. The photogene rated species are 

reduced on the reverse ca.thodic sweep at "' .:.o'. 15 V. When the light is 
. . 

shut off at the anodic potential limit, the anodic current immediately 

dies to zero, with ·a reduction peak stili visible at"' -0.1s:v. This 

peak .is greatly attenuated on the second successive cathodic sweep with 

the oxidation.peak completely absent on the anodic cycle .. These results 

confirm the origin of the peaks as'be~n.g due to the photooxidation and 

subsequent reduction· of the elctroactive (f'l5 - (CH
3

)
5 

~5 ) 2 Fe ·species. 

Note that the oxidation occurs at a potential. "-200 mV .negative of that 
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Figure 4: Cyclic voltammograms in the dark and under illumination for 

n-GaAs electrodes in contact with decamethyl ferrocene on the 

A!CR3-BPC electrolyte. The data in Figure 4(a) refer to the 

1.2:1 electrolyte and those in 4(b) and 4(c) represent 

increasing additions of BPC to this composition (see text). 

The illumination intensity (uncorrected) was "-80 mW/cm2 . 
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on carbon (the equilibrium potential for (1')
5 - (CH

3
)
5 

c
5

)
2 

Fe in this 

electrolyte is still +0.16 V (Table 1) and has not shifted by ~ddilion 

of BPC as shown by a cyclic voltammetry scan on carbon) underscoring the 

contribution of light energy to the total energy required for the 

oxidation reaction. 

Figure 4(c) shows the data on addition of further BPC to the above 

electrolyte (cf., Figure 4(b)). Behavior essentially similar to that in 

Figure 4(b) is observed with the oxidation peak displaced slightly more 

negative of the value in Figure 4(b). A reduction peak at -0.1 V which 

is barely discernible in the data in Figure 4(b) is; however, observed 

in the dark. This peak may have its origin in the reduction of some 

electrolyte species. A similar reduction was observed in the case of 

ferrocene and also for decamethyl ferrocene in very basic ·electrolytes 

(vide infra) [12]. 

The data in Figure 4 may be rationalized as follows. On addition 

of BPC to the 1. 2: 1 electrolyte, the semiconductor band-edges are 

shifted towards negative potentials because of specific ion adsorption 

[1,13]. The net result is a shift in the relative disposition of the 

semiconductor energy levels and the redox couple (which remains 

relatively fixed over the range of electrolyte compositions in Figure 4, 

vide supra). The onset of photooxidation as seen in Figure 4(b) and the 

absence of this photoeffect in Figure.4(a) indicate that surface states 

are introduced- in the n-GaAs band gap by specific adsorption of C.i!. 

ions. The photooxidation is mediated by these band-gap states which are 

presumably absent in the case of the electrolyte in Figure 4(a) because 

of the lack of free (uncomplexed) C.i!. species [1], The reduction of the 

photogenerated species is also probably mediated by surface states (cf., 
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) Oil t he basis of the data in Figure 4, these surface states at ref. 1a . 

the n-GaAs/AQCQ
3

-BPC interface seem to be located at an energy ~0.6 eV 

below the conduction band-edge. 

5 
In the 0.8:1 electrolyte, photooxidation of (~ - (CH~) 5 CS~2 Fe 

on n-Ga s ocqus A at ~-110 mV. negative _of. th_e oxidation potential on 

carbon (vP/
2

: ·=-0.29V) in this system [9,12]. The reduction peak for 

the photoo.xi.dized species occurs at -\.. -0 ._48 V. 'fherefore, rega.rdless ot 

the electrolyte .composition (excluding acidic systems, cf., Figure 4(a)), 

· ( 5 (CH ) c ) F is sustained on n-GaAs electrodes. photooxidation of -~ - . 3 5 5 2 . e 

at potentials well negative of their equilibrium (thermodynamic) values . 

. No perceptible degradation of ·the n-GaAs surface occurred (as 

judged by visual examination) during these photooxidation exper~ments, 

. indicating that the electrode corrosion reaction was effectively 

suppressed (cf., the case of ferrocene, ref. la). 

Aromatic Hydrocarbons 

· In the dark, the cyclic voltammograms on n-GaAs were featureless 

for all the hydrocarbons included in tile present st.nciy. This behavior 

is readily understood 'in terms of the simple model for semiconductor/ 

electrolyte interfaces [14] since the redox couples lie well positive of 

the conduction band edge (~ -0.3 V) in·the 1.5:1 electrolyte. 

Cyclic voltammetry data on illuniinatl.on of n-GaAs electrodes are 

assembled in Table 2 for the various hydrocarbons. Note that in all the 

cases, the peak potentials correspondirig to the photooxidation(s) o~rur 

al potentials well negative of corresponding values on carbon (compare 

Table 1 and 2). In each case, t~e photoprocesses were confirmed by 

switching off the light at the anodic potential limit. The currents 

immediately di~d down. Typical . cyclic voltammograms are shown in 

Figur~s 5 and 6 for DPA and A respectively. In the case of HMB, no 
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TABLE 2 

Cyclic Voltammetry dataa) on illuminated·n-GaAs electrodes 

(light intensity: "-100 mW/cm2) in the A!C.£3-BPC elec.trolyte 

va 
b) 

vc 
b) 

Species 
A..eo/3+ A.£0/3+ p v vs. p v vs. 

BP 0.95 0.63 

DPA 0.88, 1.15 0.85, 1.10 

A 1.20, c) 1.40 0.85, 1.16 

Hl1B 0.70d) ---

a)S~an Rate: 100 mV/s. 

b)Only values recorded on the first sweep are shown. 

c)Incompletely resolved, cf., Figure 6. 

d)Po,tential at the foot of the anodic wave. . .. 
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oxidation waves were observe.d although a gradual increase in photo-

currents was noted over the entire range of the potential scan (0 to 

+1.9 V).The onset potential was well positive of the flat-band value for 

this system (Table 2). It is pertinent to note here that photooxidation 

of HMB is sustained on n-GaAs in spite of the fact that t~e oxidation 

potential ("- +1. 7 V, Table 1) lies positive of the valence band edge 

(EVB/q = +1.1 V) in this electrolyte. Similar anomalLus behavior has 

hP.P.n not.Pt'l hy prPVi nm: ;mthnrs for n .. GaA& electrode&. in acetonitrile 

[ 15] . These effects may be due to band edge "unpinning" caused by 

surface states and have been discussed elsewhere [15]. 

Interesting effects were observed for DPA and A in that their 

cyclic voltammograms on n-GaAs showed two oxidation and reduction waves 

(Figures 5 and 6), the former being resolved to varying degrees on the 

two systems depending on the scan rate employed. These peak positions 

are listed in Table 2 and may be ascribed to_ the following sequence of 

steps: 

hv 
- + semiconductor -+ e + h (1a) 

+ hv +· Ar: + h -+ Ar (lb) 

+· Ar++ (conduction band) (lc) Ar -+ + e 

where Ar, Ar +• Ar++ <jenote the hydrocarbon, cation radical and 

dication respectively, and e and h + represent the photogene rated 

electron-hole pairs. The formation of the dication is facilitated by 

/ 

injection of an electron into the conduction band in n.,.GaAs. This. 

process is reminiscent of the "curre~t-doubling" mechanism noted 

previously for rad:i,cal species on various semiconductors [ 16] . The 

absence of this effect for BP in the ~:>resent study (Table 2) m!!Y 

indicate the importance of factors related to the reorganization energy 
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and dication stability. It is also noted that the preserice of multiple 

1-electron waves (rather than a single multi-electron wave) in the 

cyclic voltammograms suggests that surface states may be mediating the 

back electron transfer in this cases as discussed by previous authors 

(17]. If this is indeed the case, a second set of states situated very 

close to the valence band edge in n-'GaAs 'is implicated by the present 

data. :Further studies aimed at ~el~cidating these. aspects . are in . 

progress in this laboratory. 

Linear Sweep Voltammetry on ri-GaAs 

Linear sweep voltammograms were obtained on n-GaAs eiectrodes ·in 

the dark and under illrimination. Both neat A£C£
3

-BPC electrolytes and 

A£C£
3 

-BPC/toluene mixtures were utilized for these. studies. The 

el.ectrolytes were magneticaliy· studied to facilitate diffusion of 

electroactive species aw~y from the n-GaAs surface. Iri ~11 cas~s, the 

qark ariodic current flow was negligible. Photocurrents were observed to· 

flow at potentials quite positive of the flat-band level and showed the 
' . 

usual light intensity dependent plateau. A two- to three-fold increase 

in current densities was .observed for the A£C£
3

-BPC/toltiene mixtures 

relative to the rieat liquids. This observation is consistent w·ith the 

increase in the conductivity and viscosity noted by previous authors on 

addition of or~anic ~olv~nts [10]. A representative set of data is 

shown for HMB in Figure: 7. The current densities .at short-circuit 

conditions and· the voltage· output (defined as the difference between the 

onset potential and the equilibrium value on carbon), are assembled in 

Table 3 for the various hydrocarbons. These outp.ut parameters were 

stable for periods up to "' 2 hou'rs~ No visiblt~ damage to t.he.n-GaAs 

surface was noted at the conciusibn of these experiments. Long-ter~ 

stability, however, remains to be demonstrated. 
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TABLE 3 

Linear Sweep Voltammetry on Illuminated n-G~As Elec;~rodesa? 

in A1.C£
3

-BPC/toluene Electrolytes (50 v/v solutions) 

Species -Onset Potential 

V A~0/3+ vs. }C. 

BP 0 

DPA +0.1 

A -0.2 

+0.5 

vl/2 
v vs. A1.013+ 

+1.06 

+1.15 

+1.19 

+1.59c) 

A) - 2 · Light intensity: 100 mW/cm ; scan rate: 200 mV/sec. 

b)Determined by cyclic voltammetry. 

c)The value refers to Vp/2 (cf., Table 1) 

Open-Circuit 
. . d) 

· ·''Voltage V 

1.06· 

.1.05 

1.39 

1.09 

d)Taken ~s the diffe~rence between the onset-potential and v
112

. 

Short-Circuit Current 
.. · ' 2 
Density mA/cm 

0.05 

0.19 

o·.26 

4.16 

I _. 
\0 
I 
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3. PHOTOELECTROCHEMICAL CHARACTERIZATION OF CdSe THIN-FILM 
ELECTRODES IN AQUEOUS ELECTROLYT~S 

EXPERIMENTAL . 

Thin films of CdSe on titanium foil substrates were prepared 

at the Indian Institute of Technology, New Delhi,. by the overall 

chemical reaction: 
. 2+ 2- . 2 

Cd(NH ) + S SO ~ 2 OH ~ CdSe + 4NH3 + so4 + H20 · 3 4 · e 3 · (2) 

Relevant·. details on the growth of these films are given elsewhere· 

[18,19]. The' films labeled "Film 1, 2 and 3" were prepared at 85°C with 

2. 1, 2. 8 and 3. 5 M NH
3 

concentrations and had thicknesses --:0.7; 0. 85 

and o~ 9 !Jm respectively. The as-grown films were n-type with res is~ 

· · 107 108 
n t1v1ty - - u-cm. 0~ annealing at 280°C for 30 miq in vacuum 

(lo-5 Torr), the resistivity was brought down to the range 1-10 0-cm. 

, The· annealed films had carr;ier concentrat~ons in the range 

5x1o17- 5x1o18 cm- 3 ,'and ~arrie~ mobilitle~ in the range 1-10 cm2/V-sec. 

2 
Electrqd~ fabric~ti.on consisted of cutting t~e 3x4 em as-prepared 

sheets of thin films into smal_l wafers of area in the range, 0.15 -

2 0.5 em. The CdSe film was scrape~ off from .on~ side of the. wafer and 

a back contact was made to. the exposed titaQ.ium by application of· 

conductive silver epoxy. A Teflon-coated copper wire was attached to 

the back contact by. using the same ep~xy. The entire back surface· and 

edges qf the electrodes were ~hen covered with nonconducting epoxy 

resin. 

A mixture of solutions of 1M Na2~, 1MS and 1M _NaOH in . deionized 

water was used as the electroltye in the. PEC. cells. . The c.ells "?ere 

continually pur~ed with a slow stream of pre:pur~~ied argon gas. Both 
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two-electrode and three-electrode I>EC configura~~ons· .wer.e employed· A 

vi.lreous carbon plate (1.5 x 15 x 30 mm, Atomf'rgic Chemetals Cor.p., · 

N.y.) was used as the counter-electrode in both cases. A saturated 

calomel electrode (SCE) was used as the reference electrode for 

potentiostatic measurements. 

Two· types of etching were employed for the CdSe 'thin film 

photoanodes, .prior to their use. in the PEC cells: a chemical etcJi 

consistill;g of successive. non~convective dips in 6M, 1M and O.lM HC.t for 

3-5 sec followed by a rinse in deionized water, and a photo-etch accord­

ing to the procedure described by a previous _author [20] wherein, the 

photoelect.rode is illuminated under short-circu~t conditions in a dilute 

aqueous acid solution, for example O~lM HC.t. 

Current-voltage measurements 

· Fig~r~s 8-10 illustrate·· the current-voltage ·behavior of PEC cells 

·based: on· solution-grown CdSe thin films. These data· were bbtained on 

two-terminal devices although no significant· differences in behavior 

were ~bserved in the potentiostatic mode ~ith three-electrode PEC cells. 

Polarization· effects at the counter-electrode (vide supra) ~an be there-

fore ignored in the following qiscussion. Open circuit potentials (V ) . oc 

in the· range 0 . .20-0.26 v, short-circuit current'densities (Jsc) "rangin~ 

from· 0.1 to 2 mA/cm
2 

and· fill-factors spanning t:he range 0.~0-0.35 were 

observed for the various devices depending on the prior thermal treat-

lllt'Ul of the film and surface prep~lratiou. Table 4 summarizes ll~c per-

forma·nce parameters for· the various PEC d~vices tested. in ·the present 

study. In general, photo and chemical' etching tends to improve the J 
sc 

values and therefore the energy conversion efficiency of the device. 

Film ()J was fount!. to yield better-quali~y ~l~ctrodes than Films Ill and 
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Table 4 

Performance parameters of PEC devices based'on 

solution-grown CdSe thin films; 

(Light intensity: . 100 mW/cm2 , eiectrolyte: 1MS, 1M Na2s, .1M ·NaOH) 

Film No. Prior Treatment v J 2 FF Con=.:rers,ion 
ocv · scfnA/ em Effici~ncy % · . . . 

None 0.28 0.21· 0.35 0.021 

1 Chemical etch 0.25 0.47 0.33 0.039 

Photo-etch 0.22 0.44 0.38 0.037 

None. 0.28 0.20 D.20 0.011 

2 Chemical etch. 0.25 0.56 0.23 0.032 

Photo-etch . 0.23 i.17 0.29 0.078 

None 0.24 0.78 0.27 0 .. 051 

3 .Chemical etch 0.23 1.92 0.34, 0.150 

Photo-etch 0.23 1.90 0.34 ,· 0.149 
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112 (Table 1 .. ) as expected from thickness considerations (vide supra). No 

attempt was made in these experiments to optimize cell geometry, redox 

concentration, etc. since the main objective of this work was to char-

acterize the overall photoelectrochemical behavior of solution-grown 

CdSe thin films. H.owever, by using. suitably recrystalized and etched 

CdSe film deposited on SnO :F. coated glass substrates, V values in the 
X OC · 

range 0.40 -. 0.62 V~ .] up to 6 rnA/cm2 (50 mW/c:m2 Hght. ;nt.PMity) .;,nlj 
sc 

fill factors as high as. 0.50 have ~een obtained. Th~ rlet~ils o~ these 

prior treatments and the performance' of the corresponding PEC cells are 

reported elsewhere [21]. 

Figure lJ: compares the current-voltage behavior in the dark and 

under illumination for Film f/3. These data were obtained under poten-

tiostatic condition·s. Similar behavior was observed for Films Ill and 

112. The usual rectification behavior expected in the reverse bias 

regime for semiconductor/electrolyte junctions in the dark is observed 

here. From Figure !land similar data for the other films, the flat-band 

potential (Vfb) is seen to be more negative than ca. - 1.0 V (vs SCE) in 

• 
the polysulfid .. e solution. A more precise location of the V fb value is 

obtained from the electrical impedance measure'.llents described below. 

A feature worthy of note in the data shown in. Figure 11 is the 

' 
gradual increase in current with increasing re~erse bias in the dark. 

This increase is particularly pronounced on illumination of the device. 

At voltages significantly anodic of ca. 0.5 V (vs SCE), a very rapid 

increase in current (not shown in Figure B) was noted for all the films 

examined in the present study. This behavior is .commonly encountered in 

solid-state devices ~rtd is attributed to dielectric breakdown [22]. The 

grad~al increase in currept prior to this abrupt'change, however, is of 
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more relevance to this study. There are three possible explanations for 

this "anomalous" behavior: (a) in the reverse bias direction, the 

presence of an interfacial layer causes the effective barrier height to 

decrease with increasing bias, so that the reverse current does ·not 

saturate [22), (b) hole-electron pairs are thermally generated in the 
. . 

depletion region under conditions of large reverse bias (i.e., large 

band-bendi~g in the semiconductor), and (c) the current increases due to 

the onset of electron injection from the electrolyte because the barrier 

becomes ~hin enou~h £or tunneling to take place. 

Of t~e above possibilities, we prefer the explanations based on (a) 

and (c). above. Support for (a) derives from observations [23-2~ ) on 

the formation of a thin CdS layer ~n the surface ot the CdSe electrod~s 

by S/Se s~bstitution. On the other hand, the more pronounced increase 

in the c~rrents in the reverse bias direction on illumination relative 

to the dar~ case (Figurell), suggest$ that the tunneling process (i.e., 

electroq injection from the electrolyte) might be enhanced because of 

the slight increase in the majority carrier density at the interface. 

Under potentiostatic conditions sue~ as those employed for the 

measurements in Figure 11. this is equivalent to heavier doping of the 

semiconductor and hence a thinner surface barrier. 

A more detailed di$cussion of the current-voltage· characteristics 

and the effect of interfacial layers is postponed to a later section. 

Effect of light intensity 

If we_ model the ·semiconductor/electrolyte interface as a Schottky 

barrier, it is possible to represent the current-voltage chara~~eristic 

by the following expression (261: 

J = J h - Jd = Jph p 
J 

0 
[exp (q V/nkT) - 1) ( 3) 
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Here J is the net current density (current per unit area), Jph .~nd Jd 

are the photocurrent density and dark current density respectively, J 
0 

is the reverse saturation current density, V is the voltage, n is the 

"junction-ideality" factor and other terms have their usual signifi-

cance. For bias voltages exceeding 3. kT/q, we can negl,ect_ the last te~m 

in the bracket in Equation .3. Also at equilibrium (open-circuit condi-
' 

.. 
tions), J = Jd and v = v so that rearrangement of Equation 3 ph· oc 

yields: 

nkT 
J 

v - .2.n 
sc (4) 

oc q J 
0-

where v 
oc 

is the open-circuit· voltage and J 
sc 

is the short-circuit 

cu-rrent density. · If we further assume that J a I ~(= in_ ciderit light 
sc L 

re'duces 'to the· · f~>llowing intensity) .. and 'J >> J· Equation ·4 sc ·o' 

expression: ,, 

v nkT 
.2.n IL a 

oc· ~ 
(S) 

~ P.lot of V against 
oc. 

should yieid a straight line from which 
'; 

values of n may b~ determined for· the particular de~i.ce. An ideal 

device should have an n va,lue of unity so that the slope of· a straight 

line plot of v 
oc 

versus log should be ca. 60 mV. Figure 12 

illustrates ,such plots for CdSe films /11, 2 and 3. An alternative . . . . 

method involves plotting v 
·OC 

versus log J 
sc; 

(cf., Equation 4). The 

slopes ~eter111ined by these analyses are assembled in 'fable 5. The 

~agnitudes of these slopes can be rationalized only _if n - 2. 
') j 

The above assumption that J is directly prqportional to the 
sc 

light iritP-osity, is bor.nP. nut. hy the data shown in Figure 13. The linear 
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. Table 5 

"Junction ideality. factors for the illmJinat·ed· CdSe/electrolyte interface. 

,: 

Method of Determination Slope (V) n 
Film Ill Film fi2 Film /13 file Ill Film 112 

· V versus log J 
oc sc 0.120 0. 108 0.107 2.03 1:83 

V versus log I 
oc L 0_.108 0.130 ·o.11s 1.;33 . 2.20 

(c.f. Eq. 4) 

·Film 113 

1.81 

1.95 

I 
w 
N 
I 
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dependence also demonstrates that . transport of electro-active 2-s 

species to the CdSe/electrolyte interface is not limiting the rate of 

the overall charge-transfer reactidn over the range of light intensities 

employed in this study·. 

The functional dependence ~f J and V on light intensitY for sc oc 

CdSe-based PEC cells was noted by previous authors in studies on single 

crystals 27 and on thin. films prepared by vacuum evaporation 2·8 

Photocurrent-wavelength measureRJents 

Figure14 illustrates the spe~tral response of solution-grown CdSe 

thin film electrodes in polysulfide solution. The sharp decrease in 

response below -520 nm . is consistent with the increased absorption of 

polysulfide solutions below these .wavelengths [27, 2 9]. The long wave­

length cut-off is less sharp relatiye to the behavior ~f single crystal 

elec'todes 28 and reflects the non-optimized thickness of the pres~nt 

CdSe films leadi~g to a consequent deterioration in. long wavelength 

response. The g~adual decrease in p~otoresponse in~o the short-

wavelength region is indicative of surface recombination of photo-

generated miuo£ily ~arriers presu~~bli mediated by electronic ~tates in 

the band-gap (cf;, Refs. 30, 31). Application of reverse bias t9 the 

electrode results in the expected increase in photocurrents arising from 

better field Separation of ~hotogenerated carriers although the ~urface--.·· 

re~ombination component is not significa~tly ~educed (Figurel4). 

Equivalent ci~cuit-representation 

Equivalent circuit representation of the semiconductor/elect~olyte 

interface (20,21] enables identificati~n of specific.components of the 

overall electrical network, that are responsive to potential and current 

pertubations. Figures15a, b, c and d illustrate suicessive reductions 



0.30 
FILM # 3 

-0.55 v 

0.15 

450 520 590 660 730 

WAVELENGTH , nm 
Figure 14: Photocurrent-wavelength. characteristics for solution-grown 

C:iSe photoanad'es I_Fqm 113) at various values of re'\lerse bias. The 
voltages refer 'to SCE "refe_r.ence electrode. The p'ootoresponse was 
normalized to talke int:> account, variations in intensity and 
quantum flux with wavelength. 

800 

I 
w 
-'=" 
I 



-35-

I 
, r -----, 
., ---I 

I 
I_ I 

Csc 
I Rss : 
I I 
I . I 
I Css 1· 

~-----+--""'-. --- I L __ -'-:._..j 

(a) 

Re r----- ----
1 

.----~----t----r-------

I 
I 

··, 

;' 

' 

Csc 

,", 

(c) 

Re 

I 
I Css .. ' 

RF ... : Csc , . T Csc 1..,.:-~~-+-----;:_·=r··-·- --~-
.. 

L ___ . ___ ___: 

('b) (d) 

Figurel5:: Equivaleni circuit· ·repregen~ations df the~~s~~{conductcir/ 
clectro1yt..e interface. Figures lOa, b, c and d show successive 
reductioits in the complexity of the electrical network. See text 
for description of symbols. 



-36-

of the equivalent circuit for a model semiconductor/electrolyte 

lnterface leading to the highly idealized system shown in Figure lSd. 

Here C is the space-charge capacitance, CH is the Helmholtz layer 
sc 

capaci tam.:e, c . 
G. 

i.S the Couy layer cap3cit ant:P., H~ ; s the intern~l 

series resistance comprising the contributions from the electrolyte, 

bulk semiconductor and the back ohmic contact, ~ is the resistance 

associated with Faradaic charge-transfer processes at the interface and 

CSS and RSS are the capacitance and tesisEanc:e terms arising from 

surface states or traps at the int~rfa~~. For an ideal device, CG and 

~H should ~~ l~rge relative to esc' R8 should be small, ~ should be 

large and surface-state effects should be absent or at least minimal. 

ln concentrated electrolytes such as those employed in the present 

study, the CG term may be ignored arid since usually CH >> .Gsc, 

an expressi?n for the parallel admittance. may be derived 32 

Fi~urcl5c) 1 

and 

w c = 
p 

G ~ i>fw.-

(GB. + GF) (w .GBCSC) - w GBGFCS·C 

(~ + G ) 2 ~ (w C )~ 
B F sc 

(cf.' 

(6) 

It is noted that in the above, effects from surface states have not been 

taken into account per se. The conductance terms G (= 1/R) have beeri 

employed in the above expressions in place of resistances, since the 

measured quantity here is the parallel condu~tance. 

w Each C-G combination above causes a peak in Gp/w versus 

curves. Unless the GF term becomes very large, it will no~ overlap 
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the peak that is caused by the C - G
8 

combination. 
sc 

The more ideally 

polarized the interface, the smaller is the G
8 

term and hence the 

lower the frequency range at which it will have an appreciable effects. 

For very low frequencies (~0) and for G
8 

>> GF, Gp ~ GF. Typical G I 
P,W 

versus w curves are shown in Figures 16 and 17 for F'i.lms Ill and /13 

respectively. Values for C and RB can be determined from these 
sc 

data from the expressions [ 33 ,32): 

C -·2[G ] 
sc - p/w max 

(8) 
·. ' 

(9) 

GF ('or RF) is given by the extrapolated value of the low~frequency data 

to· the Gp/w axis (cf., Figures 16 and 1.7). Values ~'£· C , RB and 
sc 

Ry thus determined. and the overall circuit for the CdSe/electrolyte 

interface are shown in the. inset of Figures J 6 and 17. The solid 

ci~cles in tigures.l6 and 17 represerit experimental dat~; ·the lin~~ are 

"theoretical" curves based upon calculated values of the circuit 

elements. Computational procedures for ~ata fitting and other relevant 

details may be found elsewhere [32]. 

It is again noted that t,he circuit represent:ations in Figures 16 

and 17 for the CdSe/electrolyte inte~face are somewhat .idealized since 

surface state effects have be~n ignored. Based on previous measurements 

in this laboratory on the n-GaAs/molten-salt electrolyte interface, the 

discrepancy between the theoretical cur~es a~d the experimental data in 

the intermediate frequency regime in Figures 16 and 1/ may be attributed 

to the influence of surface states. Attempts to include this effect in 

computation of the theoretical G cur~es were not entirely 
p/w 

successful because adeq~ate resolutiori of peaks arising fiom C - G ss ss 
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and esc - G8 combinations, was impeded by the shift of t~e esc - G
8 

peak toward lower frequencies relative to the GaAs case [14). Either 

a decrease in (with constant CF) or an increase in 

constant G
8

) can cause this shift bZ). 

c 
sc 

(with 

The c 
sc 

values computed from Equation 7 under conditions of 

varying bias may be utilized to determine V fb values by the 

Mott-Schottky relationship [14]: 

2 
(V - Vfb - kT/q) (10) 

·Here E. 
s 

is the permittivi~y of tpe semiconductor, ND is the 

semiconductor doping density and A . is the electrode area. Figure 18 

illustrates Mott-Schottky plo~s fo~ Films Ill and /13. A V fb value 

of -1.56 ± 0.06 V (versus SCE) was dedu~:ed from plots such as those 

shown in Figure 18 for the CdSe films ~xamined in this study. This 

value pertains to that obtained in the polysulfide electrolyt~ _and may 

be compared with values of -1.45 V,. -1.34 V and -1.30 V (versus SCE) 

reported by previous authors for single crystal, vacuum-deposited thin 

films and for sintered pellets respectively ~7,13] 

GENERAL DISCUSSION 

In a broa~ sense, the present data may be regarded as representative 

· nf the manner in which many an~logou& fcatur~~ in the ~lrrtrirAl ch~r~c-

teristics of the semiconductor/electrolyte junction and a Schottky 

barrier [24] may be utilized to asse~s the quality of the phot~active 

junction in a PEC electrode/electr.olyte interface. For example, n · 

values close to 2 have been observed for the present CdSe thi:::: film 

clectro~es (cf., Table 5 ) . Values of n=2 are characteristic of the 
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propensity of recombination processes involving photogene rated 

electron-hole pairs either at the semiconductor surface or in the 

depletion region ~6 ). This causes a deviation from the ideal current/ 

voltage characteristic expecially at low values of applied bias. We 

postulate that a si&nificant factor in this nonideal behavior ~s the 

presence of an ultrathin, tunnelable layer consisting of CdS ·on the 

CdSe surface (cf., Figure 19). This layer is believed to be elec-

trically insulating because of compensation of excess Cd and/or Se 
... ' . ~· 

vacancies [24]. The effect of this insulating layer Qn the photovoltaic 

characteristics of the CdSe/electrolyte junction is two-fold: 

(a) because of the potential drop across this layer, the zero-bias 

barrier height, 4> 0 is lower than it would be in the absence of th.is 
b 

layer (cf., Figure 19) and (b) when a bias is applied, part of the bias 

voltage is drop~ed across the CdS layer so that the barrier height, 4>b 

will be a function of bias voltage. The effect of this bias dependence 

of cjlb ic ~o change the chnpe of the c~rrent/voltage oharacteri&tic in 

a manner represented by the inclusion of an ideality factor, n (cf., 
.. 

Equation 2 ) . 

The above effects may be represented by the expression [j4): 

(11) 

Her.e a= tE /(£. + q t D ), £. ·is the permittivity of the ill"ulating· 
s l. ss l. 

layer, t is its thickness, D is the surface state density, and 6 
ss 

is the difference between that conduction band edge and the Fermi level. 

Figure lY illustrates the electrostatic aspects of the 

semiconductor/electrolyte interface in the presence. of an ultrathin 
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E g/q . 

v. 
1 
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~ . . . 

Figure 1.9: Energy hand diagram for the CdSe/elpctrolyte interface u1ider 
any arbitrary forward bias. Vredox isS the redox potenti~l, Xs is 

the semiconductor electron affinity, EF is the Fermi level in the 

semiconductor and E is th~ energy band-gap in the semiconductor. g 
Other syniliols ate defined in the text. 
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insulating layer. An estimate of the barrier-height lowering may be 

obtained from Equation 11, assuming 

e : t. - 9 e [35] and (~b-v-~+kT/q) 
s 1 - 0 

1 V; a value ~bo - ~b = 0.02 V 

is obtained. This effect will be enhanced by a larger doping level in 

the semiconductor and a thicker insulating Cd~ la~er. (Depth profiles 

reported by previous authors for CdSe photoelectrodes indicate a layer 
0 

thickness of the order of 80 A, Ref. 25 • The above value therefore is 

to be take·n as a conservativ~ .estimate.) The barrier-height lowering 

wotild als~ be mote pronounced under reverse 6ias becaus~ of the 

increase in the (~ - V- ~- kT/q)l/?. 
b 

term in Equation 11. 

The electrical impedence measurements illustrate the manner in 

which difficulties encountered in "conventional" capacitance measure-

ments with frequency dispersion of c 
.sc 

values 136 1 may ·be avoided. 

Meaningful V fb values may be extracted. by ·utilizing the relationship 

of G p. eak maxima with C (cf., Equation R ) • p/w sc · Indeed, capacitance 

measurements using the. standard lock-in technique. [la) at discrete 

signal frequencies failed to yield reproducible Mott-Schottky· plots ·for 

the present CdSe thin films. An additiomil advantage with the· present 

approach is that changes in electrical conductance with voltage are much 

greater th~n corres~onding vaiiations in the capacitance [371, th~reby 

enhancing the sensitivity of the technique. Further details of this new 

technique fo~ measuring vrb. values are discussed in the next 

Section. 

Work is continuing in these laboratories towards improvement of the 

surface quality of solution-grown CdSe thin films and thereby op~i~iz-

in·g their performance in regenerative PEC devices for convers.ion of 

solar energy into electricity. 
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. ,. 

4. A NEW TECHNIQUE FOR THE DETERMINATION OF MOTT-SCHOTTKY 
PARAMETERS FROM ADMITTANCE MEASUREMENTS AND EQUIVALENT 
CIRCUIT MODELS 

Background and Description of Technique 

The,central problem in the determination of Vfb and ND from 

capacitance measurements lies in the method of relating the_ ~ea.sur~d 

pa~ameters to the elements comprising the semiconductor/electroiyte 
' . . . . 

junction .. These measured parameters m?Y be based pn either a series 

or a parallel combination of resistance and capacitance .elements as 

shown in Figure _20 .. 'It is noted that these parameters are frequency 

de.pe~dent. On the other Jland, the components in Figure 20 are passiv:e 

elements and describe each.individual electrophysical (e.~. ~pacechaz:ge, 

surface states) or electrochemical (e.g. faradaic charge transfer) . 
• . • • - j •••• , • 

proce~s. in the. ~ystem and_ their iiiter-relationships in t~rms of an 

overall elec:trical network. ·This network may take on varyin~Aegrees 

of co~plexity depending on the specific state.of the electrolyte, 

semiconduct9r .(b~lk and surface) and the ~n~erface (Figure ,20) ,• _. 

· 'J,'he measurement system has been described in previo4s pap~~s from 

this laboratory· t:HI,-1YJ· al~}:lough a brief_.description follows: for the 

sake. of completeness. 

The series or parallel components in. Figure la are .extracted from 

measurement of the attenuation or gain A, and the phase shift ~' of ~ 

small-amplitude ac signal which is superimposed· on the applied bias 

voltage. · These measurements are carried. out with an automatic network 

analyzer and a frequency synthesizer such that the A and ~ values are 

obtained over a continuous range of frequencies from SO Hz to ·I HHz ·at a· 

given bias voltage. Further details on the measurement system and 

calibration may be found elsewhere (32 ). 
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Figure 20: Exper~mentally measureq qtJanFit~te.s for a sem:f..~onductor/ 
electrplyte~ Cp' Gp .and their series equivalents. 
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The next step in the analysis is the representation of the measured 

one of the network models shown in Figure 20. A step-by-step comparison 

of the data with network models of increasing complexity (c. f. Figure 

20) is attempted until an ade.quate fit (vide infra) over the entire 

frequency range (at a given bias) is obtained [ 32 ,J~ ,39]. 

The ·analytical procedures for extraction of the Mott-Schottky 

parameters are described in a subsequent section although it is noted 

here that the experimental conditions are so chosen that the Gouy layer 

capacitance, CG (Figure 20 J can be neglected. ·Additionally, the 

counterelectrode area is such that it is orders of magnitude larger than 

that of the working electrode. The measured capacitance therefore 

corresponds only to the semiconductor I electrolyte interface. The term 

GB in Figure20 co(ltains primarily the contributions of the resistance 

of the bulk semiconductor, the bulk electrolyte and occasionally the 

metal/semiconductor ohmic contact. 

To our knowledge, the only previous technique that bears some 

semblance to the one des.cribed herein, is that reported by Tomkiewicz 

[40; 'll] It is strPssPrl, howP.ver, that important differences exist in 

the methodology in the two cases. Tomkiewicz [ 41] utilizes high 

frequency measurements for the extraction of c sc 
(C = space charge 

sc 

capacitance, c. f. Figure 20 ) . In our opinion, this approach has at 

least two handicaps: (a) the assumption that the high-frequency part 

of the curve can be represented as a single resistor and capacitor 

connected in series may not be valid in the presence of fast surface 

states and (b) the construction of a tangent to the high frequency 

portion of the curve seems arbitrary especially i~ view of the 

susceptibility of the data in this region to amplifier roll-off ~nd 

othe:r; instrument limitations. 
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For Molt-Schottky analyses, the passive network element (c.f. 
' . 

Figure 20) of importance is the space-charge capacitance, C [42]. It 
' . sc 

suffices, the.refore, to consider the simplest representation of the 

semicondutor/electr:olyte junction which consists of c 
sc 

connected in 

series with the bulk conductance, GB (c.£. Figure 20). As discussed in 

ctl't;Jil c.Ls(:WIU'rc h~'l, Lhe components of llll' parallel aclmillauce in Llti:; 

mt;>del are .give~ by Eqs .1£ an,d 13 cespectively: 

(12) 

we2 G 
G /w = sc B . (J~) 
P G2+(WC )2 

B sc 

In the above equ~tions, w is the angular frequency (2nf). Note that in 

this simplified representation, the effect of ~he faradaic conductance, 

GF. has been. i~n~re4 (vide. infra). According to Eqs .12 and 13, plots of 
. . 

we 
.. p 

VS W an~ G /W vs w 
·p -. 

will have maxima at a frequency given by 

wmax = GB/C~a: .. such tb~t tbe functions will have the values given by 

Eqs. 8 and 9. (See Previous Section). 
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Illustrative plots typifying this behavior are shown in Figure l I for 

the model interface at two bias voltages, 0.6V and 1..2V respectively. 

The crosses represent the experimental data. 

Computer programs have been developed in this laboratory to 

automatically determine the niaximuni values ·of the functions (given by 

Eqs. 8 and 9 ) from we vs· w and G /w vs · w plots. 
p - p 

For-the particular 

examples shown in Figure 21 ," C · was calculated to . be . 33,300 pF and 
sc 

21,400 pF at 0.6V and 1.2V respectively. 

calculated ·from we. vs w plots (not· shown) . p- . . . 

In a similar fashion, . GB was 

to be ·s ~ 1x10 - 3 mho. · The 

expected insensitivity of GB.to the applied bias was confirmed in these 

analyses. Using the above values of c sc 

w plots were constructed; these are shown in Figure 21 as solid lines. 

The degree of fit of these lines t~ the.data points provide~ an accurate 

measure of the accuracy in the determination of the function maxima (and 

therefore GB and C via Eqs . 8 and 9 ) • . sc 

Using the "frequency-independent" esc values calculated from th~ 

. ' . . . 

above analyses as a function of bias voltage,· a Mott-:Schottky plot w~·s 

cunslructed for· the test iittei·face as show~1 i:U Figure 23. · A · V fb value 

of 0.090 ± O.OOSV is estimated fi·om this plot. The degree of repro~ 

ducibility was tested by two separate experiments on the same electrode/ 
. . 

electrolyte combination. The calcuhted C values in the two cases 
sc 

agreed to within 2% over the entire voltage range. ·The corresponding 

Vfb values dif(ered by 11 mV. 
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Figure 21 A (Sec Next Page) 

Experimental (crosses) and theoretical (solid curves) G /w vs w 
p -

plots for the n~GaAs/A!Ct3-BPC interface. The electrolyte had -2:1 

(A!Ct
3

:BPC) mole ratio composition. The data at two bias voltages 

(0.6V ~nd 1.2V) arc ohown. Solid curvco a and a' rcprcocnt two-

element models (C at 0.6V = 33,300 pF, C at 1.2V = 21,900 pF~ sc sc 
. . -3 

GB = ? . lxlO mho). Solid curves b and b' represent behavior 

predicted by the complete model including surface states and 

faradaic conductance elements at 0. 6V and 1. 2V respectively. In 

these models, C = 33,300'pF, GF = ixlo-5 mho, G1 = 8.1x10-5 mho, sc ss 
1 2 -4 2 

C = 75,500 pF, G = 1.1xl0 mho and C = 9000 pF at 0.6V. The ss ss . ss 

corresponding values at 1. 2V bias are: C 
sc = 21 , 900 pF, GF = 

5xlo··S, ·G1 = 5.8x10-S mho, c1 = 65,400 pF, 
ss ss 

2 -5 
G = 7.5x10 mho ss 

and c2 = 6000 pF. GB = 5. lxlO - 3 mho and is independent of bias ss 

voltage.· 

Figure 21<1~ (Sec Next Page)' 

~xperimental (crosse~) and theoretical (solid lines) G /w vs w 
J:l -. 

p~ots for cimulat~d ~odcl circuita. Curves a, b and c represent 

behavior predicted by two-element, three~eleme~t and the complete 

model including surface states respectively. Jn these com­

putations, esc = 32,900 pF, GB = 5xlo-3 mho, GF = lxl0-5 mho, 

G~s = 8.2x10-5 mho, G;s = 1.2x10-4 mho, Cl ·= 75,900 pF and C2 = 
ss . ss 

9000 pF. 
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. 17 -3 
An ND value of 1.2x10 em was deduced from the slope of the 

Matt-Schottky. plot in Figure 22. For this calculation, E was taken as s 

10.9 E 
0 

(E = permitt1vity of 
0 

-14 free spac~, 8.8Sx10. F/cm). T~is 

calculated value could be consistent with the Hall value quoted by the 
. . . . .·. 16 -3 
manufacturer (4.Sx10 em ) if a roughness factor of 1~6 is assumed ·for 

the electrode surface area. An alternative reason for the discrepancy 

between the present value and that quoted by the manufacturer could be 

as follows. Hall measurements are sensitive only to free (dissociated) 

chargee and often the impurities are only incompletely ·ioni:zed whereas 
. . 

in capacitance techniques, the field across the depletion layer often 

provides a more complet~ ionization of the.donor atoms with a consequent 

increase in the measured ND value. While the N0 . values obtained from 

capacitance measurements were in each case significantly higher than the 

corresponding Hall data for n-GaAs electrodes for a wide range of doping 

densities (as well as for n-CdSe thin film electrodes ,lsee above) it is 

indeed likely that factors related to surface roughness also play an 

important role in view of the extreme sensitivity of the measured slopes 

to the electrode surface area. Precedence exists in the literature for 

discrepancies between measured slopes and those predicted from Hall data 

l43 '44 J • For example, Janietz et al. l44'J report that ND . v~lu~s 

obtained from Mott-Schottky analysis on n-GaAs and n-GaP electrodes are 

-25% higher than those measured by the Hall technique. 

Having established that meaningful C values may be extracted sc 

from the sirriple, two-element C -G
8 

model (c. f. Eqs. 12 and 13), the . sc 

following question arises: What effect does the inclusion of the GF 

term (c.f. Figure 20 ) have on the . peak maximum caused by the C .-GB 
SC .. 



-53-

combination? Computer simulations show that unless the GF. term 

becomes very large, it will not overlap with the peak caused by the 

C -GB combination [ 38 ,39]. The more ideally polarized the interface, sc . 
·.• 

the smaller the GF value and hence the lower the frequency range at 

which it will have an appreciable effect. The· importance of ensuring 

complete polarization of the interface has been stressed by previous 

authors [J6j. The theoretical Gp/w vs w curves after inclusion of the GF 

term a:r;e also shown in Figure 21. Note that the GB-Cs~ peaks :are not 

influenced by the addition of this extra circuit element showing that 

the influence of GF is confined to lower frequencies. The relevant 

equations for the three-element model are detailed elsewhere [38 ,39] 

since they are not germane to the objectives of this paper. 

How do surface states affect the G -c B sc peaks? Computer 

simulations again show that the critical factor here is the peak 

ss ( frequency, w caused by the particular surface G-C state c.f. Figure 
max 

20 ) • When wss for such a state occurs between that caused by the 
01ax 

esc -GB combination and the low frequency GF peak, a hump . may appear_ in 

the G /w vs w plots in the intermediate frequency regime depending on 
.P ... -

the relative magnitudes of c and the surface-state capacitance r 38 
sc - . . . -

391. On the other hand if wss located very near the peak frequency 
max 

of the G.Q-Csc state, or at very low frequencies (near. the GF. effec~), 

its effect will be difficult to discern from the theoretical curve for 

the C
5

c-GB-GF.model (c.f. Figure 20 ). In this case, the surface states 

will primarily cause a broadening of the low-frequency shoulder in the · 

GB-C peak. interestingly enough, behavior typifying both these cases, sc 

is seen for the n-GaAs/ A.2C.2
3 

-BPC interface. Both a low-frequency sur-
I '·'. 

fac~ stat~ as well as a high-frequency state have been located at the 

·; 
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o Present Technique 
(See Text) 

Mott-Scbottky plots for the n-GaA$/A!Ct
3

-BPC interface constructed 

from admittance data. The data using b~th "frequency-independent" 

parameters (c.f. Eq ... a, see text) as well as C values at discrete 
s 

frequencies (2 kHz, .20 kHz and 130 kHz respectively) are compared. 
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n-GaAs/A£C£
3

-BPC interface as discussed elsewhere "[38]. The theoretical 

curves incorporating surface states are also shown in figure 21 • While 

prqcedural details {or these computations are discusse<i elsewhere [ JH 

39 J, we note, for the purposes of the present study, that coiJ}putati~n of 

Csc values is not complicated even in the presence of. su~h states. 

The focal point of t~e above discussion is simply that, f~.r Mott.,. 

Schottky analys~s, it ·most often suffices to consider only the 

simplified two-~lement model, except perhaps in extreme situations where 

the GB-Csc peak is severely distorted by .deleterious effects. We have 

not observed instances of such behavior either on the present interface 

or for other electrode/electrolyte junctions (e.g. n-CdSe/polysulfide 

interface, see above. · 

The above conclusions were confirmed by response curv~s obtained 

from simulated model circuits of varying complexity (c. f. Figure 20). 

Typical results are shown in Figure 21 Precision low-loss capacitors 

and metal film resistors were ,used for t~~se measurements. The values 

chosen for these components tyPify those observed for semiconductor/ 
I 

electrolyt-e junctions. In each c;ase shown in Figure 21 , the value 

computed for C (via Eq. 8 ) .differed by less than 0.5% of the actual 
sc 

value, confirming_ the relative insensitivity of the computed C va~ue sc 

to the model complexity (vide supra). 

The dangers inh~:r;ent in th~ in~erpretation of Mott-Schottky data 

obtained from measurements at discrete frequenc~es (which are often 

arbitrarily choseQ) are illustrated by the expermental data in Figures 

22 and 23 and by the simulated models data in Figure 23 ~ · The data in 

Fig~res 22 and 23. were obtained from the same experiments as before (c. f. 

F .igui'e 21 but aualyzed in a different manner. For thcac analy&e&, the 
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Figure 23 A (See· Next Page) 

Experimental (crosses) and theoretical (solid curve) C vs w ~ata 
D 

for the n-GaAs/AiC.£
3

-BPC device at two bias voltages ·co.6V and 

1.2V). The theoretical curves ~ere generated using 'the same 

parameters as in Figure 2a. 

Figure 23B 

Experimental (crosses) and theoretical (solid curve) C
5 

vs w data 

for simulated model circuits.· ·Curves ··a, b and c correspond to 

those in Figure 2b'. 
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parallel C value measured at each individual frequency was converted to 
p 

its series equivalent [ 4Sj. The Mott-Schottky data for three such 

frequencies are shown iri Figure 22. Note that the assignment of unique 

frequency-independent V fb and ND values now becomes ambiguous for the 

same system for which· such .values were defined ~ our modified analysis 

procedure (vide supra) .. 

The reason why this is so becomes clear from an examination of the 

data in Figure 23. In, Fi~ure 23 , the "frequency.- independent" C
5

c vab1e~ 

determined by the. present technique are shown as horizontal dashed li~~s 

at the two bias voltages .corresponding to the data in Figure 21. . The 

· experimental data {shown as crosses in Figure 23) coincide with these 

values only over a very narrow frequency range. At higher frequencies, 

dipolar relaxation effects in the space-charge layer such as th,ose 

described by previous_ authors [ 46] cause frequency dispersion whereas at 

lower. frequencies, effects caused ~y faradaic processes and· surfa~e 

states cause .. lar;ge d~partures fr.om 11 ideal" frequency-independent 

behavior. The subsequent increase in the C values at very high s 

frequencies may be attributed to amplifier "roll-off" which places an 

upper limit fot the frequency range accessible for measurement. 

The data on the simulated model circuits in Figure 23 provide 

evidence which confirms the results on the semic:onductor/electrolyte 

junction. The crosses again. represent experimental data points. . 'I'he 

solid line labelled 'a' represents the theoretical curve for the 

two-element circuit and curves b and c r~present the behavior resulting 

from the successive addition of GF and surface states to the model 

circuit (c. L Figure 20 ) ; · One point worthy Qf note in Figure· 23 is 

the absence of the high-frequency dispersion characteristic:. of the 
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semiconductor/electrolyte junction (c.f. Figure 23). This tends to 

support the above interpretation of this effect in terms 'of dipolar 

relaxation effects in the semiconductor.space-charge layer. 

In conclusion, a new analysis procedure has been described. for the 

determination of Mott-Schottky parameters from admittance measurements. 

This procedure permits · unequivocal assignment of Mott-Schottky 

intercepts . and · slopes such that· the interfering effects of faradaic 

processes, surface states and other frequency dispersion phenomena, are 

precluded. The dangers inherent in the interpretation· of Mott-Schottky 

data, based · on measurements at discrete or arbitrarily chosen 

frequencies, are illustrated by the results on a representative semi­

conductor/electrolyte ·junction as- well as by data on· simulated- model 

circuits. Theoretical plots cons'tructed from equivalent""circuit models 

provide ·further· confirmation of the utility of the proposed technique. 

-; 
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s·. PROJECTED RESEARCH 

Efforts are continuing at further understanding of the n-GaAs/ 

AlC13-BPC interface by admittance measurements. The variables for 

these studies are elec.t·rode doping density and electrolyte composition. 

Helmholtz layers effects· will be of particular relevance to. this program 

phase. 

Capacitance measurements on the InP (n and p)/AlC13-BPC and n-

and p- GaP/A1Cl~~BPC junctions are underway. 

,·, 

~ 1. • 
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