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1. INTRODUCTION

During the past querter, the following areas were emphasized
(a) Charactérizatlon of redox couples with very posltive botentlnle
in roometemperature A1C13—BPC electrolytes an&*éomparison of tﬁe
electrochemical behavior of decamethyl ferrocene in these electro—
lytes with the previously—studied‘fetrocene/fertlcenium ion eeuple,
(b) Photoelectrochemical characterlzation’of Cdse\thln4film:enodes
in aqueous polysulfide electrolytes and (c)iRefinepent of the'ed-
mittance measurement teéﬁnique fer extractiOq:of‘ﬁott-échottky para-
ﬁeters. The results of our reseereh in these eteas ate.aetailed in
tern below.

RESULTS AND DISCUSSIONS -

2 PHOTOELECTROCHEMICAL OXIDATION OF DECAMETHYL FERROCENE AND
AROMATIC HYDROCARBONS AT THE n-GaAs/A1C1,-BPC INTERFACE

Cyclic Voltammetry on Carbons

Decamethyl Ferrocene. Figure 1 shows representative éyclic

voltammograms on carbon for (n5 - (Cﬁj)s CS)Z Fe in the A1C13-BPC
electrolyte. Relevant 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]. This in turn is rcflected

in a comcomitant increase in the peak separation apptoaching values
which are significantly greater than those predicted by theory (AV ~ 60
mV for one-electron charge.transfer) at. scan rates > 50 mV-s-I. pThe
peak ratios (estimated by the semi-empirical procedure, ref. 8)'remain
sensibly close to' unity although the systematic variatiqn in the tatio,
cathodic peak curtent/(écan Arate)ll2 suggests that rate control may .not
be exetcised by diffusionAof electroactive species alone. The peak

potentials for the oxidation reaction, however, shows no dependence on



Figure 1: Cyclic voltammograms on carbon for decamethyl ferrocene. The

A£C23-BPC electrolyte had a mole ratio compositior, of ~1.2:1.
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Cyclics \“Igjlt:'almnet‘ry Data on, Car\b'_on_ for Decamethyl Ferrocene and

TABLE 1

-BPC Electrolyte

‘ Aromatic Hydrocarbons in the A2€23
a C
Species Scan Rate V; V; AYP - V: Vl/2 = @ ; Y i;/i i;/(scan race)l/z
. mi/sec V vs. §2°/3' .V vs. A2°/3+ V. V vs. A2°/3+ JJA(set:)]/2 (mv)-12
(ns-(CH3)5cA5)2 Fe 20 +0.210 . +0.115 0.095 +0.16 1.06 3.80
50 +0.210 +0.105 0.105 +0.16 0.96 .3.82
100 +0.210 _+0.100 0.100 +0.16 0.99 3.50
200 +0.210 +0.085 0.125 +0.15 0.88 3.04
BP 20 +1.26 *1.12 0.12 +1.18 0.55 22.37
50 +1.27 a2 0.15 +1.20 0.75 14.14
~1oo‘4 T s T T s T s +1.20 0.87 10.00
200 +1.30 . +1.15 0.15 +1.23 0.92 6.72 .
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 "1.0s 2.93
200 +i.so +1.375° 0.125. #1.1.4" 1.00 i.n
A 20 +1.65 . . +1.475 0.100 +1.57 1.67 6.04
50 +1.675 +1.475 0.26* +1.58 1.59° 6.36
109 +1.725 +1.475 0.25 +1.61 1.56 7.20
200 +1.750 1475 0.27 +1.62 1.35 9.55
HMB 22 +1.58 -- -- +1.46%) -- .-
59 +1.63 -- -- +1.44 -- -
10D +1.66 -- -- +1.53 -- --
20D +1.72 -- -- +1.59 -- .-
a)

The potentials refer-to V

p/2

valhes, 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 anpdic
Qirection. The abové data on (r]5 -A(CH3)5 C5)2 Fe are consistent with
"quasi-reversible" behavior with significant asymmetry assbciated with
thehcharge t;éﬂsfer step., |

The dépa ig Figufell and Table 1'weré ob;aiged.for the AQC&B-BPC
electrolyte adjusted to Dbe ..slightly ‘acidic (A£C23-BPC molar
ratio = ].2;1) of the neutral rnmpbsitinn. A»prev{nns‘sfpdy in the
laboratofy had shown that the oxidation potential of (ns - (CH3)5 05)2 Fe
is dgpepdgnt on melt ac;dity [91‘(by>way of conﬁrast, the redox behéviof
of ferroéene is independent of melt acidiéy, refs. la., 3). In basic
AQCQB-BPC electrolytes, Yp/z

was found to occur at -0,29 V. Mo;gover, a further oxidaiion is

(defined here a; (V; + V;)/Z,.cf., Table 1)

possible in acidic (> 1.5:1) electrolyt:es‘(Vi:)/2 = +1.38 V) yielding the
decamethyl ferricenium dication [9]. No attempt was made in this study

to further characterize this oxidation step.

Aromatic Hydrocarbons

‘Table 1 summarizes the results o¥ c&clic voltammetry oﬁ carbon for
the aromaéic hydrocarbons selecteé for this study. In all cases, gheu
composition of the é£C23-BPC.g1ectrolyte was adjusted tp be acidic ‘
(WI;Silj.' This particular compqsitio# was selected'for two reasons:
(5) the potential limit on the aﬂodic side fofAbasic.eIectrolytés iies
catthic (by ~ 1 V) ofithat for aéid systems and'therefpre ;Q inacces-
sible to the potentiéls required for hydroéé;bon oxidation,~aﬁd (b) a
previous study [3] had show@ that iﬂ mOretggidic elect?olytes, the
hydroéarbon is‘Spontaneously'oxidized ﬁo‘thé Eatioﬁ radicai.

The electrochemical behavior for each individual compound in

Table 1 is amplified'in the following paragraphs.



The anodic shift in V; withAincreasing scan rate for BP is
consistént with a sluggish oxidation'reaction. The V;, values, on the
other hand, are less sensrtive to scan rate suggesting asymmetry in the
‘efficacy of charge transfer in the two directions for this compound
(cf., the case of (n5 - (CHé)5 C5)2 Fe, vide 52253). . The AVP values.’
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 electron'transfer'
is undergorng a following chemical reaction.

Somewhat more ideal behavior is observed for DPA. The relative
insensitivit§ of peak potentials and the peak eurrent ratio to scan rate
is consistent with more facile chargeAtransferiand relatively higher"
stability of the cation radical‘respectiVely. The peak separation
potentials, however, are still quite high even at the lowest scan rate
employed (Table 1). Figure 2 iliustrateS« representative; cyclic

voltammograms for this material.

Even more drastic departures from 1deal1ty (relative to the case of
BP) arec noted for A (cf., Table 1) The Vp values shoh a pronounced
ahodic shift'with increa51ng scan rate‘while the V¢ values are
insensitive (cf. the case of BP. and A above) H The AV vaiues show
the hlghest departurelfrom ideal behav1or relatxve to the other systems
in the present study. The peak current ratios deV1ate s1gn1f1cantly
from unity especially at low scan rates, indicating the relative
instahility'of the A+. radical. Essent1a11§ similar behavior ‘was noted
by previous authors [3] who addltlonally observed oxidation to the
dication at +1.82 V.

Behavior more extreme than that noted above is typ1f1ed by the case

of HMB which shows 1rrevers1b1e charge transfer at scan rates up to
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Figure 2: Cyclic voltammograms on carbon for 9, 10 - diphenyl anthacene

in A#CL -BPC electrolyte.
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Figure 3: Cyclic voltammograms on carbon for hexamethyl benzene in

A£C23-BPC electrolyte:
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200 mV/s (Figure 3). Moreover, the V; values are againbdependeﬂt on
' éédn rate to a pfonounced degree (Iable 1) indicating a rather sluggish
deeclectronation step. Previous authors have observed a reduction.wave

for the HMB.radical at scan rates above 1 V s-1

[3]. Essentially
similar behavior (irreversible'oxidation'af scan rates < 10 Vs-l) has

also been observed for this compound in ALCL ~ethyl pyridinium bromide

A 3
electrolyte [5].

.The Vp/2 values obta;ned for BP, DPA, A and HMB in the p;esent
study lie slightly positive of values reported by pfeviogs authors [3].
Thééé authors also report that their values are independent of the melt
cqmposi£ion and séan rate up to 5 Vs-l.‘ While the former conclusion is
supﬁqrted.by_the-results of this'study, odiy in the case of DPA were the
peak_poﬁéntials insensitive to scan rate (cf., Table 1). The other

compounds showed intrinsically sluggish electrochemical behavior as

shown by the systematic dependence of V; and AV on scan rate.

Baégd on thg results of the present stﬁdy'and the criteria sét forth by
previ;ug aqthors [7] for the elucidation of eiectrode kinetics by cyclic
voltam@etry, the'cation‘;adical stabilit§ and the cﬁatge‘transfen
kinetics méy.be orde;ed thus:‘ DPA >> BP > A > HMB. |

 C§c1ic yoltammograms, essentially similar to tﬁése obtained for the
‘neatqA2023-BPC/e1éctrolytes (cf;, Figures 2 and 3) were seen for the
A2C£3jBPC/toluene mixtures (50 v/v solutions). The peak separation
potentials were not sigpificantl§ affected ih the preseﬂce of toluene
‘conf;tming that solution conduc;iyi;y was not playing a major role in
the'magnitude of the observed ‘AVp valueé, vide §52£g.'_(frevious
sfud?es»tlol had shown ;ﬁat the admi#;ure of organic solvents with
A2623-BPC elegtrqiytes.results in a marked enhancement 6£ the viscosity
and cohductivity of the latter.) The peak potentials were shifted

somewhat cathodic of values in neat ABCQB-BPC systems (Table 3).



Decamethyl Ferrocene

A previous study:ih this laboratory had established that melt '
aciditylplays a critical role in determinihg the efficacy of chargé
tranSfef'at'the n-GaAs/A2C23-BPC interface containing the ferrocene/
ferricenium in redox system [1]. In partiéplér, theEPOSSibility of
moving thevsemiéonductor band edges up or down relafive'to the redox
levei (ﬁy appropriate adjustment of the. relative mole ratios of AQC23
and BPC) offers a cohvéniént means of méppiﬁgAenergyﬁievéls (g.g.,'
surface.states). A ciear illustration of this approach is provided b;
the results in Figure 4. Figure 4(a) illustrates cyclic Vgltamﬁograms
obtained in the dark and under band-gap illuﬁination'dfin-GaAs elec-
trodes in contéé£ wi£h.(n5 (CH3)5 05)2 Fe Species in tﬁe'A£C2$-BfC
electroiyte. Tﬁe AiCRi—BPC electrolyte was adqutéd to be ‘acidic
(AQC£3rBPC = 1.2:1). No photoeffect‘is 6sser§ed,fof‘£hi§ pa?ticula?
electrolyte composition. ‘The background::éduciion turfeﬁié répreéént:
electrolyte decomposition effects discussed in dét;i1 éiéewheré [1a,
11]. Figuré 4(b) shows the data.obtained bﬁ_the same eléctfode in
contact Qiih the above.electrolyte'to.whith'a‘sﬁailvaﬁbunf 6f BPC was

" added. Photooxidatioh of'(ns:- (C}{3)5 Cs)zifew§becies ié nbw clearly
visible with a peak at- ~ -0.05 V. The photsgéﬁefated'S;écies.aré
reduced on the reverse cathodic sweep aﬁ ~ 46115 V. Whéﬁ ﬁhe'iight is
shut off at the anodic potential limit, the anodic cdrfént iﬁmediatei&
dies to zero, with 'a reduction peak stili visibie at N‘;O.IS;V; Tﬁis
peak is greatly.attenuated on the second successive cathodié‘sweép wifh

" the oxidation:peak compiefély absent on the anodic cycle.. These results
confirm thé origin of the peaks as'being due to thé photobxidafibnland
subsequent reduction of the elctroactive (r]5 - (CH3)5 95)2 Fe”speciés.

Note that the oxidation occurs at a ﬁotential.NZOO 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 ferrbcene on the
A.QC£3-BPC elecfrolyte. The data in Figure 4(a). refer to‘the
1.2:1 electrolyted 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/cmz.
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on carbon (the'eQUilibrium potential for (n5 - (CH3)5 C5)2 Fe in this
electrolyte is still +0.16 V (Table 1) and has not shifted by.additiou
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 reactioﬂ. |

Figuré 4(c) shows the data on addition of fur£her BPC to the above
electrolyte (cf., Figure 4(b)). Behavior essentially similar to that in
Figure 4(b) is observed with the oxidationlpeak'displaced slightly more
negative of the value in Figure 4(b). A reduction péak.at -0.1 V which
is barely discernible in the data in Figure 4(b) isy héwever, observed
in the dark. This peak may have its origin iﬁ the reduction of some
electrolyte species. A similarAreductioh 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 eleétrolyte, the semiconductor band-edges are
shifted towards negative Poteqtials because of specific ion adsorption
[1,13]. The net result is é shift in the reiaﬁive 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 figufe'A(a) indicate that surface states
are introduced in the n-GaAs bénd-gap by specific adsorption.of_Cﬂ—
iéps; The photooxida;ion 15 mediated by these band-gapyéfates which are
preSumab1§ ébsent'in the case 6f the electrolyte-in Figure 4(a) because.
of the lack éf free (uncomplexed) C£ specie§ [1):. The reductioﬁ of ihé

photogenerated species is also probably mediated by surface states (cf.,
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ref. la); On the basis of the data in Figure 4, these surface states at

the n-GaAs/ALCL_-BPC interface seem to be located at an energy ~0.6 eV

3
below the conduction Band;edge.‘

Iﬁ the‘O?S:l electrolyte, photooxidation of (r]5 - (CH3)5 Cs?z Fe
on n-GaAs occurs ét ~1i0 mV.negative.of.the oxidation potential on
carbon (V!yzzb=°d.29V) in this system [9,12]. The reduction peak fpr
the photooxidized species occurs at &‘-U.FB V. Therefore, regérdless ot
the electrolyte composition (excluding acidic systems, cf., Figure 4(5)),
photooxidation of (qs - (CH3)5 CS_)2 Fe is sustained on n-GaAs eléct;odes
atApofentials well negative of their:equilibrium (thermodynamic) values.

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

judged by visual examination) during these photooxidation experiments,

.indicating that the electrode corrosion reaction was effectively‘
. suppressed (cf., the case of ferrocene, ref. 1la).

Aromatic Hydrocarbons

" In the dark,.thé cyclic voltammograms on n-GaAs were featureless
for all ;hg hydrocarbons included in the present stndy. This bebavior
is readily unaerstood'in terms of the simple model for semiconductor/
€lectrolyte interfaces [14] since the redox couples lie well positive of
- the éonduction band edge (~ -0.3 V) in the 1.5:1 electrolyte.

Cyclic voitammetry data on illumination of n-GaAs electrodes are
assembled in Table 2 for the various hydrocarboﬂs. Note that in all the
cases, the peak potentials corresponding to the photooxidation(s) occur
at potentials well negative of corresponding values on carbﬁn (qompare
Table 1 and-2). In each case, the photoprocesses were copfirmed by
switching off the light at the anodic potential limit. The currents
immediately died QOwn. Typical cyclic voltammogramg are shown in

Figures 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 A2C23-BPC electrolyte

b) S )

. Species Va , . ve o .

| o  Pyys. ag?3 Py vs. ag?/3*
BP o 0.95 ” | 0.6
DA “0.88, 1.15 ~ o.85, 1.10
A 1.20,%) 1.40 0.5, 1.16
HMB 0.70 | .

a)Scl:an Rate: 100 mV/s.
b)

c)
d)

Only values recorded on the firét sweép are shown.
Incompletely resolved, cf., Figure 6.

Pofential at the foot of the qnodié wave.
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oxidation waves were observed although a gradual increase in photo-
currents was noted ovér the entire range of the potential scan (0 to
+1.9 V). The onset potential was well posifive of‘the flat-band value for
this system (Table 2). It is pertinent to note here that photéoxidation
of HMB is sustained on n-GaAs in spite of the fact that the oxidation
potential (v~ +1.7 V, Table 1) lies Bositive of the valence band edge
(EVB/q = +1.1 V) in this electrolyte. Similar anomalcus behavior has
heen noted hy previans anthnrs for n-GaAs @lectrodes . in acctonitrile
[15}. These effects may be &ue to band edge "unpinning" caused by
surface states and have begn'discussed elsewhere [15}.

Interesting effects were observed for DPA and A in that their
cyclic vol;ammograms 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
At +h' — — s Ar' (1b)
Ar+. > Ar++ + e (conduction band) (1c)

where Ar, AT , Ar+* denote the hydrocarbon,lcation radical and
dication respectively, and e and h+ gepresgnt the photogenerated
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 "current-doubling" mechanism noted
previously for radical species on various semiconductors [16]. The
absence of £his effect for BP in the present study (Table 2) may

indicate the importance of factors related to the reorganization energy
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and diéqtionlétability. It is also noted that the preserice of multiple
l-eléctron waves (ratﬁer 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 byvprevious authofs
[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 éldcidating these aspects are in

progreéss in this laboratory.

Lineaf Swéep Voitammetry 6n h-CaAs

Linear.sweep voltammograms were 6btained on n-GaAs electfodes'in
the dark and under illumination. Both neat A2C23-BPC electrolytes‘and'
ARCQ3-BPC/toluene mixtu;es were utilized for these. studies. The
electrolytes were magne£ica11y‘studied £o facilitate diffusion of
electroactive species awéy from the n-GaAs shrface. Ih;all cas;s, the
dark anodic current flow was negligible. Photocurrents were obsgrved to’
ﬁlqw at potentiéls quit;_positive of the flat-band level andAsh0wed the
.uéual light inﬁensity depéndent plateau. A two- to threé-fold increase

in current densities was .observed for the A2C% -BPC/toluene mixtures

3
relative to the neat liquids. This observation is consistent ﬁith the
increase in the Condﬁét{vity and viscosity noted by previous authors on
addifion of organic solvents [10]. A representativé set of data is
shown for HMB in Figure%7. The current densities .at short-circuit
conditions and' the voltage output (defingd as the difference between the
onset potential and the'equilibrium'vaiue on carbonf, are assembled in
Table 3 for the various hydrocarbons. These output parameters wéfe
stable for periods up'io ~ 2 hou}s;_ No visible damage to the n-GaAs
surface was noted at the conclusion of these experiments. Long-term

stability, however, remains to be demonstrated.
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TABLE 3

oL T

. .. Linear Sweep Voltammetry on Illuminated n-GaAs Eleq;rodesa_

);

in A£C23-BPC/toluene Electrolytes (50 v/v solutions)

Species -Onset Potential .

VI]Z . Open-Circuit‘ Short-Circuit Current
V vs. A20/3+ 'V vs. A2°/3f "*ﬁVQltaged) ' Density mA/cm2
BP 0 : +1.06 1.06- 0.05
DPA +0.1 +1.15 . 1.05 0.19
A o -0.2 +1.19 1.39 1 0.26
: ) ' c) .
HMB o +0.5 - +1.59 . 1.09

4.16

A)
b)
c)

Light intensity: 100 mW/cmz; scan rate: 200 mV/sec. .
Determined .by cyclic voltammetry.

The value refers to (cf., Table 1)

\/
p/2

d')Taken»as the difference between the onset-potential and V

1/2°

-6[-
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3. PHOTOELECTROCHEMICAL CHARACTERIZATION OF CdSe THIN-FILM
ELECTRODES IN AQUEOUS ELECTROLYTES

EXPERIMENTAL

Thin films of CdSe on titanium foil substrates were prepared
at the Indian Institute of Technology, New Delhi, by the overall

chemicai reaction: o
. 2+ 2= - . o2
Cd(NH3)4 +.SeS0,” + 2 OH - CdSe + QNH3 + SOA

3 + H20

(2)
Rélevanf 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 NH3 conéentratidns andihad thicknesses ~0.7; 0.85
and 0.9 pm respectively. The as-grown films were n-type with resis-

tivity ~107 - 108 Q-cm. On annealing at 280°C for 30 min in vécuum

(10-5 Torr), the resistivity was broughtldown to the range 1-10 Q-cm.

.The ' annealed films had carrier ~ concentrations in the range
5x1017- 5x1018 cm~3,‘and éarrie: mobilities:in the range 1-10 cmz/V-sec.

Electrode fabrication consisted of cutting the 3x4 cm2 as-prepared
sheets of thin films into smali wafers of a?ea in the range, 0.15 =
0.5 cm?. ~The CdSe film was scraped off from one side of the wafer and
a back _contact was made to the exposéd titanium by application of"
conductive silver epoxy. A Tefldg-coatéd'copper wire was‘attacﬁed to
the ﬁack conﬁact by using the same epoxy. The entire back surface-and
eéges of the electrodes were then covered with honéonducting cpoxy
resin. t

A mixtﬁre of solutions of 1M Na

2

water was used as the electroltye in ﬁhevPEC,cells. . The cells were

S, IMS and 1M NaOH in deionized

continually purged with a slow stream of pre-purified argon gas. Both
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two-electrode and thrge-electrodé PEC configuraﬁion§ﬂwérg;gﬁplo§ed. A
vitreous carbon plhte (1.5 x 15 x 30 mm, AtomorgicaChemetals Corp., .
N.Y.) was used as the counter-electrode in both cases. A saturated
calomel electrode (SCE) was used as the reference ‘eléctfode " for
potentiostagic measurements. |

| Two' types of e;chiﬁg were employed fo:‘ the CdSe_’thin film
pho;oanodes, .priér to their use in the PEC cells: a chemical etch
consisting of successive,non*convectiég dips in 6M, 1M and 0.1M Héﬁ for
3;5 sec followed by a rinse in deionized water, and'a phqto-etch accord-
ing to the procedure deséribed by 5 previous author [20] whéteih, the
photoelectrodé is illuminated under short-ciréuit conditiong iﬁ a dilute.

aqueous acid solﬁtion, for example 0.1M HCL.

Curreqt*voltage measurements

- Figures 8-10 illust:ate”the current-voltage behavior 6f PEC cells
-basgd;on'SOIution-gfown CdSe thin films. These data were obtained on
two-term?nal devices although. no Significané‘ differenbes' in behavior
were ‘observed in tbe potentiostatic mode with three-electrode PEC cells.
Polarization effects at the connfer-electrode.(gigg supra) cé@;be'thére-
fore ignored in the following discussion. Open circuit potentials (Voc)
in-the range 0;20-0.26 V, short-circuit current densities (J;c)'ranging'
from'Q.l to 2 hA'/cm2 and fill-factors spanning the rangefQ.g0-0.35 weré
observed for the various Qevices depending onAthe prior thermal treaﬁ;
ment of thcAfilm and surface preparation. T&ble 4 summarizes Lhe per-
formance parameters for the various PEC déviceﬁ‘tested.in ihe preéeﬁt
study. In general,‘photO'and chemicaI'etching'tends to imprer the Jsc
values and therefore the energy conversion efficiency of the device.

Film #3 was IOUuJ_to yield better-quality electrodes than Films #1 and
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Table 4

Performance parameters of PEC devices based on

solution-grown CdSe thin films:

(Light intensity: 100 mW/cmZ, electrolyte: 1MS, IM'NaZS,‘IM‘NaOH)
Film No. Prior Treatment 'Voc J ;' 2 FF Coh§er§i§n ‘
: ' -8 mA/cm ' Efficiency % -
- None . 0.28  o0.21 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 0.20 0.011
2 . Chemical etch. 0.25 0.56 0.23 0.032
Photo-etch 10.23 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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##2 (Table 4 ) 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 ovefall photoelectrochemical behavior of solution-grown
CdSe thin films. HpWevér, by using . suitably recrystalized and etched
CdSe film deposited on SnOx:F.coated glass substrétés, Voc value; in the
range 0.40 -.0.62 V, Jéc up to 6 mA/c'm2 (50 mW/cm2 light intfnsity) and
fill factors as high aSAO.SO havenbeeﬁ'?btained. The details of these

i -

prior treatments and the perfdrmanté of the corresponding PEC cells are
. ‘ :
reported elsewhere [21].

Figure 11- compares the cufren}-voltage behavior in the dark and
under illumination for Film #3. These data were obtained under poten-
tiostatic conditions. Similar behavior was observed for Films #1 and
#2. The usu;l rectification behavior éxpecteﬁ in the reverse bias
regime for semiconductqr/electrolyteijunct%ons in the dark is observed
here. From Figure 11and similar data for the other films, the flat-band
potential'(Vfb) is seen to be more negative than ca. - 1.0V (vs SCE) in

the polysulfide solution. A more precise location of the V value is

fb
obtained from the electrical impedance measurements deécribed below.

A feature worthy of note in the data shown in.Figure 11 is the
gradual increase in cu:rént with increasing re§erse biasvin the dark.
This increase is particularly pronoﬂncéd on illumination\df the device.
At voltages significantly anodic of ca. 0.5 V (vs SCE), a very rapid
increase in current (not shﬁwn in FiguréiED was noted for all the films
examined in the present study. This behavior is kommonly encountered in

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

gradual 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
pfesence of an interfacial layer causes the gffective barrier height to
decrease with increasing bias, so that the reverse current-doeg'not
saturate [221, (b) hdle-elect;on paifs are thermally generated iﬁ the
depletion region'unaer conditions ofllarge }everse‘bias (i.e., large
band-bending in the seﬁiconduétor), and (c) the current incrcases due to
the onset of electron injection from the electrolyte because the barrier
becomes thin enough for tunneling to take place.

Of the above possibilities, we prefer the explanations based on (5)
and (c) above. Support for\(#) derives from observations [23-25 ] onm
the formation of a thin CdS layer on tﬁe surface of the CdSe eléctrodgs
by S/Se substitution. On the other hand, the more pronounced increase
in the currents in the reverse bias direction on illumination relative
to the dark case (Figurell), suggests that the tunneling process (i.e.,
electron injection from the electrolyte) might be enh;nced because of
the slight increase in the majority carrié; density at the interfaee.
Under pgtén;ibstatic conditions suéh as those employed for ﬁhe
measurements in Figure 11. this is equivélent to heavier doping of the
semicénductor ahd hence a thinner surface bafrier.

.A more detailed discussion of the current-volﬁage'chatacteriétics

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 characteristic

by the following expression [26]:

J = Jph - Jd = Jph - Jo [exp (q V/nkT) - 1) - (N
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Here J is the net current density (current per unit area), Jph

are the photocurrent density and dark current density respectively, J

?nd Jd

o

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 VOItages exceeding 3 kT/q, we can neglect the last term

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

t19ns),, Jph = Jd énd. vV = Voc so tha; rear;angeyeﬁp of Equatlgn’3
-ylelds:

-~ nkT sc ' - ‘ - .

VOC = —’q 211 J_ h (4)

where voc is the Open-circhit~voltage and Jsé is the short-circuit

current density. If we further assume that Jsc o IL3(= incident light

intensity) ' and 'J;c >> J_, Equation 4 reduces to the - following

‘expression: ‘ C T S

: " nkT SR ' . : o
YOC'a q 2? IL A ‘ (5)

A p}o;qu_ Voc, again;; Q,nIL should yield a spraightk}ine'from whiFh
_values of n may bg ﬁetermined.for‘;he‘particular deyice. An ideal
Jgevice‘should have an n value of unity so ﬁhat'the slépe of 'a straight
line piot of Voc vg,rsus'_log 'IL -shquld bg ca. 6§ mV. Figure 12
. illust;ates .such plgts for Cng films #1, 2 and 3. An alternative
:method involves plotting Yoc versus 19g Jsc (cf., Equatioﬁ 4). .The
slopes determined by these analyses are assembled in Table 5. The

magnitudes of these siopesvcan be rationalizedvdnly‘if n -~ 2.

The above assumption that Jsc s directly' proportional to the

light intenéity, is harne ant hy the data shown in Figure 13, The linear
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. Tables

‘iJunctionVideality.factors for the illuminated CdSe/electrolyte interface.

‘Method of Determination - E ' Slope (Va’

Film #1  Film #2  Film #3 Filn #1 Film #2 - Film #3
v, versus log J__ 0.120 0.108 0.107 2.03 1.83 1.81
v . versus log T, 0.108 0.130 0.115 1.33 12.20 1.95

(c.f. Eq. 4)

—zg_
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dependence also demonstrates that . transport of electro-active Sz-

species to the CdSe/electroiyte interface is not iimitihg the rate of
the overall charge-transfer reaction over the rénge of 1iéht intensities
employed in this study)

The functional dependence of JsE and Voc on iight intensity for
CdSe-based PEC cells was noted by previous authors in studies on single

crystals 27 . and on thin. films prepared by vécuuh‘ evaporatibn 28 .

Photocurrent-wavelength measurements

Figurel4 illustrates the sfeétral responée of solution-gr;wn CdSe
thin film electrodes in polysulfide‘solﬁtion. The sharp decrease in
response below ~520 nm is consistent with the incrgased absorption of
polysulfidé solutions below these'wavelengths [27,29]. The long wave-
length cut-off is less sharp relative to the behaviof‘of.singlé crystal
electodes 28 and reflects the noq-optimized thickne§s of the present
CdSe films leaaipg to a copsequent detefioration iﬁ}%ong.waveiength
response. The graduél decrease 1in pho;orespénﬁe in;o the short-
Qa?elength region ié indicative of shgface‘ éeépmbination of’ photo-
gencrated minor@Ly varriers presumablflmediated by electronic states in
the band—g#p (cf;, Refs. 30 , 31). Application of reverse bias to the

electrode results in the expected increase in phototurrents ariéing from

better field separation of photogenerated carriers although the surface.....

recombination component is not significaﬁtly reduced (Figureld),

Equivalent circuit-representation

Equivalent circuit representation of the semiconduétor/elect;olyte
interface [20,21] enables’ identification of specific components of the
overall electriéal.network, that are responsive to potehtial and current

pertubations. Figuresl5a, b, c¢ and d illustrate successive reductions
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electrolyte interface. Figures 10a, b, ¢ and d show successive

reductions in the complexity of the electrical network. See text
for description of symbols.
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of the equivalent circuit for a model semiconductor[electrolyte
" interface leading to the highly idealized system shown in Figure 15d.

Here - CSc is the space-charge capacitance, CH is the Helmholtz layer

capacitance, CG' is the Gouy layce capacitahce, RB is the internal

‘series resistanee comprising the contributions from the electrolyte,
rbuik semicon&uetor and the back ohmic contact, RF is the resietaece
associated with Faradaic charge-transfer processes at the inteffacc and
CSé and RSS are the capacitance and resistance terﬁs arising from

surface states or traps at the interface. TFor an idcal device, CG and

gﬂ should be 1§rge relative to Csc’ RB should be small, RF' should be

large and surface-state effects should be absent or at least minimal.
In concentrated electrolytes such as those employed in the present

stgdy, the CG- term may be ignored and since usﬁally CH >> csc’

an expression for the parallel admittance. may be derived 32  (cf.,

TFigurelbe):

o (GB.+ GF)(w G5C SC) -w GBGFCSC . BT
w Cp = 3 (6)
(bB + UF) + (w CSC)‘ : oL

T (6 )Gy + G ) * Gy oty
and Cprin. = e/ et S D
(6, + GF) + (W Cgp)

It is noted that in the above, effects from surface states have not been
taken into account E se. The cohductance terms G (= 1/R) have been
employed in the above expre551ons in place of resistances, since the

measured quantity here is the parallel conductance.

Il

Each C- G COmblﬂathﬂ above causes a peak in G versus w

p/w

curves. Unless the GF term becomes very large, it will not overlap
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the peak that is caused by the Csc - GB combination. The more ideally

pblarized the interface, the smaller is the G term and hence the

B

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

- . y ' >> ~ o ’
For very low frequénc1es (w>0) and for GB GF’ Gp ~ GF' Typical GP(W

versus W curves are shown in Figures 16 and 17 for Films #1 and #3

reﬁpectively. Values for CSc and RB can be determined from these

data from the expressions [33,32]:
Cse ='2[(;1,/11‘\]max E _ : FS)

Rp

1/6;, = 1/(2 w [G

B ) : o &)

p/w]max

Gf (bf RF) is given by the extrapolated value of the-lo&;frequency'daté
s RB and
RF thus determined and the overall circuit for the Cage/electrolyie'

to the’ Gp/w axis (¢f., Figufes 16 and 17). Values 6T}ZC$C
interface are shown in the. inset of Figures 16 and 17.. The solid
circles in Figures 16 and 17 represent experimental daté;'the lines are
"theoretical” curves based upon calculated values of the circuit
eigments. Computational procedures for data fitting and other relevant
details may be found elsewhere [3211 |

It is again noted that the circuit representations in Figures 16
and 17 for the CdSe/eiectrolfte intg:f;ce are sohewhat:iaealized since
surface state effects.have been ignﬁred. Based on previous.measurements
iﬁ.éhis laﬁo;atoronn tﬁé n-GaAs/molten-salt electrolyten;nte?face, the
di;érépancy between the‘£heoretical curves and the experi&ental data in
;ﬁe intermedia£e frequency regime in Eigures]6 and 17/ ﬁa&ybe attributed
io the influence of surface states. AAtﬁempts to include this effect in
éémputaﬁion of ghe theoretical Gp/w .éurVes were‘ not enpigely

a ¢

successful because adequate resolutiorn of peaks arising from Css - Gss
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(F1lm #3). Descriplion same as in Figure 11. Electrode potential:
-0.80 V (versus SCE), o

-55:
i FILM # 3
..'6 P~
3 -
N
O
o -TF
o -
~ -
-8[
Y- ST N T Y Y N T I TN TR N I 1 TN TN L B Y SO M S ¥
I 2 3 4q ] 6
LOG FREQUENCY
Figure 17.:- Impedance spectra Af solution-grown CdSe photoanodes
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and CS -G 'combinations, was impeded by the shift of the CSc -G

c B B

peak toward lower frequencies relative to the GaAs case [l4]. Either

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

constant GB) can cause this shift [32].

The Csc values computed from Equation 7 under conditions of

varying bias may Dbe utilized to determine Vfb values by~ the

Mott-Schottky relationship [14]:
/¢ = 2 (V -V, - kI/q) (10)
. , 2 fb
q 83 ND A

"Here ss is the pe¥mitt1vi;y of the semiconductor, ND is the
semiconductor doping density and A .is the electrode area. Figure 18
‘illustrates Mott-Schottky plots for Films #1 and #3. A Vfb value
of -1.56 * 0.06 V (versus SCE) was deduced from plots such as those
shown in Figure 18 for the CdSe films examined in this study. This
value pertains to that obtained in the polysulfide electrolyte .and may
be compared with values of -1.45 V, -1,34 V and -1.30 V (Qersus SCE)

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

. films and for sintered pellets respectively [27,33]

GENERAL DISCUSSION

In a broad sense, the present data may be regarded as representative
"of the manner iﬁ which many‘analogous fentufcn in the electrical chacac-
teristics of_ the semiconducﬁor/electrolyte junction and a Schottk?{
barrier [24] may be utilized to assess the quality of the photoactive
junction in a PEC electrode/electroiyte interface. For example, n -
values close to 2 have been observed for the present. CdSe thix filﬁ

clectrodes (cf., Table5 ). - Values of n=2 are characteristic of the
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propensity of recombination processes involving photogenerated
electron-hole pairs either at the semicoﬁdﬁctor surface or in the
depletion region [26]. This causes a deviation from the ideal current/
voltage characteristic expecially at low values of applied bias. We
postulate that a significant factor in this ndnideal behavior is 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 becausehqﬁ compensation qf excess Cd and/or Se
vacancie; [24]. The effect of this insulatiﬁg layer on the photovoltaic
characteristics of the CdSe/electroly;e junction is two-fold:
(a) beca;se of the potential drop across this layer, the zero;bias
barrier ﬁeight, ¢b° is lower than it Qould Be in the absence of this
layer (cf., Figure 19) and (b) when a bias is applied, part of the bias
voltage is dropped acfoss the CdS 1layer so that the barrier height, ¢b
will be a function of bias voltage. The effect of this bias dependence
of ¢b ie to change the chape of the eﬁrréﬁt/voltagc characteristic in
a manner represented by the inclusion of an ideality factor, n (cf.,
Equation?2 ). | . ’

The above effects may be represented by the expression [34]:

o, = 0.° =a (2 q N /e )% (¢ -v-a-K1/2 (11)
b b D' s b q

Here o = tes/(s:i + qt DSS), € ‘is the permittivity of the insulating:
layer, t is its thickness, Dss is the surface state density, and A
is the difference between that conduction band edge and the Fermi level.

Figure 19 illustrates the electrostatic aspects "of the

semiconductor/electrolyte interface in the presence, of an ultrathin
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Figure 1-9: Encrgy band diagram fotr the CdSé/clectrolyte interface under

any arbitrary forward bias. Vredox is t.he_redox potential, )(S is

the semiconductor electron affinity, EF is the Fermi level in the
semiconductor and Eg is the energy band-gap in the semiconductor.

Other symbols are defined in the text.
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‘insulating layer. An estimate of the barrier-height lowering may be

obtairied from Equation 11, assuming t = 20 A°, D__ = 1017 ev! p2

’
e, =&, ~9 € [35] and (¢£-V-A+kT/q) ~ 1 V; a value ¢ ° -_@b = 0.02 V
is obtained; This effect will be enhanced by a larger doping level in
the semiconductor and a thicker insulating Cds 1layer. (Depth profiles
reported By previods authors for CdSe photoelectrodes indicate a layer
thickness of the order of 80 K, Ref. 25 , The above value therefore is
to be taken as a éonservativé.éstimate;) The barrier-height lowering
wouild also be more pronounced under reverse bias because of the
increase in the (¢b -V-A- kT/q)]lz term in Equation 1l

The electrical imbedence measurements illustt#te the manner in
which difficulties encountered in "conventional" capacitance.measure-
ments with frequency‘dispersion of CSC values [Bg 1 may be avoided.
Meaningful Vfb values may be extracted by utilizing the relationship
of Gp/m peak maxima with Csc (cf., EquationR ). Indeed, capacitance
measurements using. the standard ‘lock-in technique {la] at disérete
'signal frequencies failed to yield reproducible Mott-Schottky-plots‘for.
thg presehﬁ CdSe thin films. An additional advantage with the present
approach is that changes in electrical conductance with voltage are much
greater than corresponding variations in the capaéipance [37], thereby
enhancing the sensitivity éf the technique. Further detail; of this new
technique for measuring vfb' values are discussed in the next
Section.

Work is continuing in these laboratories towards improvement of the
- surface qudlity of solution-grown CdSe thin filmé and thereby op;imii;
ing gheir performance in regenerative PEC devices ‘for conversion - 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 V. and Ny from
capacitance measurements lies in the method of relating thg,measurgd
parameters to the elements comprising the semicondpctor/electjgiy#e
junction. These measured parameters may be based on either a sgriesJ
or a parallel combination of résistance and capacitance elements as
shown in Figure 20.. Tt is noted that these parameters are frquéncy
dependent. . On the other hand, the components in Figure 20 are passive
elements and describe each.individual e1e¢trophysical (e.g. spacecharge,
surface states) or electrochemical (e.g. faradaic charge traqsfqg)‘a.
process in the system and their inter-relationships in terms of an
overall electrical network. This netwérk may take on varying;éegrees
of complexity depending on theAspecific state of the electrolyte,
semiconductor (bulk and surface) and the interface (Figure 20)..

- .- The measurement system has been described in previous papers from
this laboratory- |38,3Y)- although a brief description follows. for the .
sake of completeness.

The series or parallel components ig_Figure la are extracted from
measurement of the attenuation or gain A, and the phase shift ¢, of a
small-amplitude ac signal which is superimposed on the applied bias
voltage. ' These measureménts 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 50 Hz to 'l MHz at a
given bias voltage. Further details on the measurement system and

calibration may be found elsewhere [32].
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Figure 20: Experimentally measured quantitites for a semiconductor/
electrolyte, ‘Cp’ Gp and their series equivalents.
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The next step in the anélysis is the representation of the measured
frequency-dependent. series or para]lnf elements (Figure 20) in terms of
one of the network models shown in Figprev 20. A step-by-step comparison
~of the data with network models of increasing complexityv(c.f; Figure
20) is attempted until an adequate fit (vide infra) over the entire
freqpency range (at a given bias) is obtained [ 32;38,39].'

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 (Figuré 20 )' can be neglected. ‘Addition;lly, the(
countegelectrode 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/electrolyte interface. The term

GB in Figure 20 coﬁtains primarily the coﬁtribution; of the resistance
of the bulk semiconductor, the buik electrolyte and ogcasionally the
metél/scmiconductor ohmic contact.

To our knowledge, the only previous technique that bears some
semblance to the one described heréin, is that reported by Tomkiewigz
[40, 41) It is stressed, however, that imbortant differences exist in
the methodolqu in the two cases. Tomkiewicz [ 41} utilizes high

frquency measu;éménts for the extractiop of Csc (Csc = space charge
capacitance, c.f. Figure 20 ). In our opinion, this approach has at
least two handicaps: (a) theAassumptiqn that the high-frequency part
of the curve can ibe represented as a single resistor and capacitor
connected in series may not be-vélid 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 in view of the

suséeptibility of the data in this region to amplifier roll-off and

other instrument limitations.
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For Mott-Schottky analyses, the passive network element (c.f.
Figure 20 ) of importance is the 'space-charge capacitance, Cec [42]. It
suffices, therefore, to consider the simplest representation of the
semicondutor/elect;olyte junction which consists of Csc connected in
series with the bulk conductance, GB (c.f. Figure 20). As discussed in
detail elsewhere [421, the components of the parallel admittance in Lhis
model are given by Eqs.1Z and 13 respectively:

o we, 6 fo |
wCP =5 (12)
+ GgrwC, ) ‘ o
we? G
c

sc B

G/w:—-==-==—.-—==
P 2, .. 2
GB+(wcsc)

(13
In the above equations, w ig the angular frequency (2nf). Note that in
;hié simplifiéd representatiqn, the effect of the faradaic conductance,
Gy has been ignored (gigg_igfgg).’ According to Egs.l2 and13, plots of
QQP Vs w and Gp/w gg w will have maxima at a frequepcy given P&
w = GB/Cscn sush that the functions will have the values given by

max

Eqs. & and Y. (See Previous Section).
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Illustrative plots typifying this behavior are shown in Figure‘ZI for
the model interface at two bias voltages, 0;6V and 1.2V féspectivgly.
The crosses represent the experimental data.

Computer programs have been developed in this laboratory to
aﬁtomatically determine the maximum vaiues of the fun&tibns (given by
Eqs. 8 and 9) from.pr vs' w and Gp/w gé'Q plotél Fof:thg particular
examples shown in.Figure 21, Csébﬁés calculated to>bé‘33,300 pF and
21,400 pF at 0.6V and 1.2V fespéctively. In a similar fashioq;'GB was
caléﬁlated'fro@ uc, vs w ploﬁs (not  shown) to be 5;1x1§'3 mho. The
éxpected ihsenSitivity of GB to the:applied'biés was confirmed in these
analyses. Using the above values of C;c ‘and. Gg, "théqréticai" G/w vs
w plots were constructed; these are. shown in.Figure 21 as solid lines.-
The degree of fit of fhese lines to the data péin;s~pré§ide§ an accuraﬁe
measure of fhe'accu;acy in the determinatioﬁ of-the fﬁnction.maxima (and
therefore GB and ‘gsc via Eqs. 8 and 9).

Using the "frequency-independent" CSC values calculated f;qm'the
above analyses asla function of bias voltage,'a'Motthéhottky plot'wqé
constructed for the‘test interface as shown in Figuge 23.~A“'Vfb value
of 0.090 * 0.005V is estimated from this plot. The degree of repro-
&ﬁcibility was tested by two Separate expefiments'on the same electrodg/
electrolyte combination. The'cglcuié£éd ECSC values i@ the two cases
agreéd to within 2% over the~entireAvoliage raﬂge. - The éortespondiné

st values differed by 11 mV.
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Figure 21 A (See Next Page)
Experimental (crosses) and theoretical (solid curves) Gp/w Vs w

plots for the n-GaAs/A2CL,-BPC interface. The electrolyte had ~2:1

3
(A2C23:BPC) mole ratio'composition. The data at two bias voltages

(0.6V and 1.2V) arc chown. Sblid curveo a and a' reprcdcnt two-

element.models (CSc at 0.6V = 33,300 pF, Csc at 1.2V = 21,900 pF,

3

GB = 5.1x10 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. 1In

5 1 5

these models, C__ = 33,300 pF, Gp = 1x10 > mho, Gy = 8.1x10 ° mho,

F
C1 = 75,500 pF, 62 = 1.1x10-4 mho and C2 = 9000 pF at 0.6V. The
ss ss : ss
corresponding values at 1.2V bias are: Csc = 21,900 pF, G, =

F
5 .1 _ -5 1 _ o 2 5
, Gss = 5.8x10! mho, Css = 65,400 pF, Gss mho

3

5x10° = 7.5x10

and C2_ = 6000 pF. Gy = 5.1x10

B mho and is independent of bias

voltage.-

Figure 21'B (See Next Page)
Experimental (crosses) and theoretical (solid lines) Gp/u) Vs w

plots for cimulated model circuita. Curves a, b and ¢ represent

behavior predicted by two-element, three#elemcht and the complete

model including surface states respectively. In these com-

putations, C . = 32,900 pF, Gy = 5x10°3 mho, Gp = 1x10™ mho,
1 5 2

) - _ -4 1
Ggs = 8-2x107 mho, G = 1.2x10™" mho, ¢! = 75,900 pF and 2. =

v ss
9000 pF.



17 2In81d

-61_ UL e ll] 1 lllli R LI :,1 -6 1 ||| LI ]I] ! Y L] LI I llll LR }
2} q: B
(0): o[ 1 % (b)_*
b E 2 T -g -gc
- 1.2V i i e i
-7 b= = il =
0.6V /O.SV .
X a+b
-8 . 8- ]
= L2V - - -
! ’

= a+b - - -
i 67/‘0' ] - -
—glrul 1 ol o Aty by 0 gl 1l I ST AT IR

o .. | 2 4 5 6 0 | 2 3 4 5

3

Log Frequency

-I.S-



-52-

An ND value of 1.2x1017 cm.3 was deduced from the slope of the

Mott-Schottky plot in Figure 22. For this calculation, g, was taken as

14

10.9 £, (so = permittivity of free space, 8.85x10 F/cm). This

calculated value could be consistent with the Hall value quoted by the
6 :

.mahufacturer\(ZlSXIOI cm-3) if a roughness factor of 1.6 islassﬁmed'for
ﬁhéwéiectrode}éﬁrface area. An alternative reason for the discrepancy
betwéen the'preseht value and that quoted by the manufacturer could be-
as follows.' Héil.measurements are sensitive énly to free (dissociated)'
chargee a;d AEten the impurities are only incomple£ely'ionized whereas
Jih capacitance techniqués, the field across the debletion layér ofteﬁ
provides a more complete ionization of the donor atoms with a consequént
increase in thenmeasured'ND value. While the Nb_Values obtained from
capacitance-ﬁéaéurements were in each case significantly higher than the
corresponding ﬁ?ll data.for n-GaAs electrOdéé for a wide range of doping
densities (aé well as for n-CdSe thin film electrodes,(gee abové) it is
xindeed likély ﬁhat factﬁrs related to surface roughness alsoaflay an
important roie in view Ofﬁth; extreme seﬁsitivity of éhe measured slopes
to the electfo&é surfacéaérea. Precedence gxists in the 1iteratu¥e for

3

.diécrepaﬁéiéé‘Between measu?ed slopes and those‘predic;ea from Hall data
[43,44]. For examplé, 'J;niefz et al. |44} report that 'N; values
obfainéd from Mott-Schottk; analysis on n-GaAs and n-GaP electroaes a;e
~25% higher.than thosélﬁeasufed by the Hall technique.
H#ving established‘that meaningful Csc vaiues may be extractéd
.from the sinple, two;element CSC-GB model (c.f. Egs. 12 and.iB), the

F

term (c.f. Figure20) have on the . peak maximum caused by the Csé-GB

following question arises: What effect does the inclusion of the G
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combination? Computer simulations show that unless the CF term
becomes yery large it will not overlap with the peak caused by the

C. -GB comb1nat10n [ 38,39] The more ideally polarized the interface,

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

wh1ch it will have an appreciable effect‘ The'importance of ensurfng
complete polarlzat1on of the 1nterface has been stressed by prev1ous
authors[ibj. The theoret1ca1 G /w vs W curves after 1nc1us1on of the GF
'term are also shown in Figure 21. Note that the GB C sc. peaksvare not

1nf1uenced by the addition of this extra c1rcu1t element showing that

the influence of G; is confined to lower frequencies. The relevant

F
equations for the three-element model are detailed elseWherert38,39]
since they are not germane to the objectives of this paper. :

| how do surface states affect the GB-Csc peahs? Computer
simulations again show that the criticai factor here Pis the peak
frequency, wﬁ:x caused by the partlcular surface G-C state (c f. Flgure
20 j._ when uﬁzx for such a state occurs between that caused by the
C ;G combination and the low frequency GF

the G /w vs w plots in the 1ntermed1ate frequency reg1me dependlng on

peak a hump may appear in

the relat1ve magnitudes of C sc and the surface state capac1tance l38
3§.l On the other hand if w located very near the peak frequency
of.the GB-C state, or at very low frequenC1es (near the GF effect),
1ts effect will be difficult to discern from the theoret1ca1 curve for
the C GB GF model (c f. Figure 20) In th1s case, the surface states
Wlll pr1mar11y cause a broadening of the low-frequency shoulder in the -
GB-C peak. ' Interest1ng1y enough, behavior typlfylng both these cases,
is seen for the n-GaAs/A2023-BPC 1nterface Both a loy-frequency sur-

face state as well as a high-frequency state have been located at the

v
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Figure 22

Mott-Schottky plots for the n-GaAs/AQCR3-BPC interface constructed -

from admittance data. The data using both "frequency-independent"

parameters (c.f. Eq. .8, see text) as well as Cs values at discrete

frequencies (2 kHz, .20 kHi and 130 kHz respectively) are compared.
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n-GaAs/A2C23-BPC interface as 'discussed elsewhere .[_38]- The Atheor'etical
curves incorporating surface states are also shown in Figure 21, While
procedural details for these computations are discussed elsewhere [ 38
39], we note, for the purposés of the éresent s{t':udy, that computation of

Csc values is not complicated even in the presence of such ‘states.

The focal point of the above discpssion is slimply that, for Mott-
Schottky analyses, it most often suffices to consider only the
simp,iified two-element model, except perhaps in extreme situations where
the GB-Csc peak is severely dis}torted By deleterious ‘effe_cts. We have
not observed instances of such behévior either on the present interface
or for other electrode/electrolyte juhctiohs (e.g. n-CdSe/polysulfide
interface, see above.:

The above conclusions were confirmed by response cﬁrv,es obtained
from simulated model circuits o f varying complexity (c.f. Figure 20).
Typical results are shown in Figure 21 Precision low-loss capacitors
and metal film resistors were zﬁsed for these measurements. The values
chosen for these components t’y’fify those observed for semicc;nductor/
electrolyte junctions. In eacPh case showr_x in Figure 21 , the value
computed for csc (via Eq. §) differed by less than 0.5% of the actual
\}alue,' confirming the relative insensitivity of the computed Csc value
to the model complexity (vide supra).

The dangers inherent in the interpretation of Mott-Schottky data
obtained from measurements at discrete frequencies (which ;'xre- often
arbitrarily choseﬂ) are illustrated by the expermental data in Figureé

22 and 23 and by the simulated models data in Figure 23.- The data in

Figures 22and 23 were obtained from the same experiments as before (c.f.

Figure 21 but amalyzed in a different manncr. For these analyces, the
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Figure 23 A (See’ Next Paéé)

Experimental (crosses) and theoretical (solid curve) CB vs w data

3

1.2V). The theoretical curves were generated usihg ‘the same

for the n-GaAs/A2CL_-BPC device at two bias voltages (0.6V and
parameters as in Figure 2a.

Figure 23B
Experimental (crosses) and theoretical (solid curve) és vs w data
for simulated model circuits.- . Curves-a, b and c correspond to

those in Figure 2b.
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parallel CP value measured at each individual frequency was converted to
its series equivalent [45]. The Mott-Schottky data for three such
frequencies are shown in Figure 22. Note that the assignment of unique

frequency-independent Vfb and ND values now becomes: ambiguous for the

same system for which: such values were defined by our modified analysis

procedure (vide supra)..

The reason why this is so becomes clear from an examination of the
data in Figure 23. Iq Figure 23, the"."freguency,-independent" Csc valgeg
determined by the present technique are shown as horizontal dashed lines
at the two bias voltages .corresponding to the data in Figure Zi. -The
'experimenf,al 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 those
described by previous authors [46] cause frequency dispersion whereas at
lower frequencies, effects caused by faradaic processes and- surface
states cause . large departures frﬂoml "ideal" freqﬁency-independent
behavior. The subsequent increase in the C, values at very high
frequencies may be attributed to ampl'ifierl"roll-off_" which places an
upper limit for the frequency range accessible for measurelﬁent.

The data on the simulated lﬁodél circuits in Figure 23 provide
evidence which confirms the results c;n the semiconductor/electrolyte
junction. Thé crosses again. represent experimental dat; points. The
solid 1line labelled 'a' represents. the theoretical curve for the
two-element circuit and curves b ‘and c represent the behavior resulting
from the successive addition of GF and surface states to the model
circuit (c.f: Figure 20):. ' One ﬁoint worthy of note in Figure 23 i# ‘

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
detérmination of Mott-Schottky parameters from admittance measurements.
This procedure permits - unequivocal assignﬁent of Mott-Schottky
intercepts and slopes such that the interfering effects of faradaic
prdcesses, surface states and other freqﬁency dispersion phenomena, are
precluded. The dangers inherent in the intefprefation’of Mott-Schottky
data, based ' on measurements at = discrete ‘or arbitrarily chosen
frequencies, are illustrated by the results on é‘repfesentativeAsemi-
conductor/electrolyte‘junction és‘well as by data on simulated model
circuits. Theoretical plots constructed from equivaléﬂt*ciréuit models

provide further confirmation of the utility of the proposed technique.
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5. PROJECTED RESEARCH

Efforts are continuing at further understanding of the n-GaAs/
A1C13-BPC interfece by aumittance measurements. The uariables tof
these studies are electrode 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)/AlCl,_ -BPC and n-

3

v

‘and p- GaP/AlClé;BPC junctions are underway.
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