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N . . . ABSTRACT . S

{. The-recent intetest in photoelectrochemical methods of solar

of pany sen i

energy conversion has led to the i igati

for. thieir suitability as electrodes for the process. Attémpts have , '[!
. = 'also been made t5 improve the photoelectrochenical performance of mary
o L of these senuconductct ?lectxodes by Various surface. £reatments. "

. In the firet ‘part of chu work, tna Surrent’ density-potential

for” the, o-as isted o

is a£ water were

N B
4 of platinum or pauaamm. ‘Tha

resuue.( in. fakuxable positive ponenuﬂvsmfcs of ‘the cathodic

uu:zent—pecentu; curves!. Pnsitive energy q:nversian ef\\.clencl.e! were

Roe 2 tealized (max!.mun\ valueof 0.038 in 200 mW.cn” silmllated sunl)qht) for

. G cnly.

I!‘. is suggested that ‘the hnbla metal atom plated on f_her
suxface xmnm o by-ca ¢

evelut:xan reaction, (h e.r., ).

In the

cond part of this work -phebaelectrochem)cal kinetic
L

: parameters wefs determined for the h

i.x. on the, same three semi-

cnnducmrs in 0.5 M H,80,." Room tempe:a:uza n\easu;mnts showed :the . N

zesnlts to".contori zeusonahly well o equations derlved by W.L. Ahlgre

hased latqely Jn.theory, developed by’ ERR Dewald and H. Gerischer, and

"nogified nere for :he pnn,cunx s.u;uatwn of ‘interest.

e method :

lved i - ial a oxd at several light X % e g
meensiuea 3\\5 extracting¥data £ om ‘them o constFuct a so-caTiéa o // K
Ahlgren plc\:‘to, vield the exchanjel.current density. A jacketed ce11 was’ %




and used to x plots. Thé ;-

i Avgzaqe R exchanqe cnz'rent densities ‘(in yA.cn ~2at 298 X)
2.

- were: 5 x 1972,/ & 10 and- 2% 107% for cap, Gahs and, e ' respectively

thalpies i kd.mnl were 16.0 for

Gar, 25.7-for . caAs, and 61 6 for P ’l'hese zésults suqqest that for'

;. pily y are; discussed.

The Biqnificance gi the exchanqe curzent

“Jeor "the h.e/z on some lnemls ia presantsd - Sone’ recents pmmssmq work

by .other: 1

|
5 i
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g I. INTRODUCTION . 3

Because the bandgap energies of many semiconductors lie within the
9y : e

range of energies of the .solar spectrum,: Semiconductors. absorb solar «

. radiation, promoting valénce band electrons™to the cordiction band and
- leaving holes in the valence.band. Under suitable conditions of band

bending the semicofiductor surface, the charge carriers can be L

separdted so\that they may effect useful processes, such as electric-

ity generation (photovoltaic cells) or’the production. of tseful fuels

or other chtmicals: ic and thetic cells).

Only within the last ten, yeai»s or so have' these possibilities been

Tealized and the use of saml:onguc:e: electrndes to uonvet_b_g;at enezgy,

into more practical energy forms become of wxdespread 1ntexest. }mu.s v

thesxs is concerneﬁ ‘with the p'hota asslstsd (L.e. enerqy adaitional to

xola energy, is required) electxclysls of water" to hydrogen and oxyqen
This Frogess, has been the focus of'a great deal of research since tht
pioheering work Bf.l’u)l.shlma' and Honda, (1), who demonstrated the
sucgessful potoslectrolysis of vater using a titanium dioxide ancde, a
Dlatinun cathode and wltraviolet light. Since then, a-large volume of
work, using a wide rande of semiconductor materials, vhrious éiectrq—'

lytes, and particular surface peamencs, in attempts  improve the

has been, Reviews of this
carly work have been written by Harris and $itdoy (2) Noik (3), and

Tomkiewicz and Fay 14)4 Some recent. pmgzess, wi h ¢mphasis on

isi i i has been by (5).

The present work has focussed on the use of p-type I

semiconductors GaP, Gahs and Top as pnotacathodes

. assm\;ed electrolysl.s of wata:. Hemm.nq and Schwindt (6) seem to




=
A\

/rm been' the first to observe:hydrog 3 on illuminated.p-Gap

_at’potentials positive of the" giuilibriun poténtial of. ‘the H 0" 78,

| couple. of the ghree cm_npm.\nds studidd in this research, GaP has been

the subject of the greatest volume of work,:some of the more relevant

|(to this work) of which have been cited in Tfeten‘ces ((7) -.(15)). in

earlier research-on GaAs and InP, the isus was, that, the additional:
Lo w ] L N 5,0
’ Bias voltages (the aforementicned additignal enérgy. input) requires
) I
= . were 'so laxge that efficient conversion of solar energy to hydrogen

was improbable (8, 16)e s oo

Investigations by Nakato et al. (11) had shown that thin electro-

deposits ui metals such ds platinum: and palladium on’ p-GaP resulted in

favoutable smgts of the currenc por.em:ul reuuon.smps for hydrnqen

., * &velution. ‘The - purpose of a part of 'the pzssenlrwozk was to re]_:eat

the sl:udies of Nakato et al. and to.extend the ‘range of thxcknass OF “ o e M

“the noble ‘metal filns’ to’larger values, in ordez to oPtl.mize theé ‘éffect,

and to expami the invest: ggm. to include Geas and I, with the £,

ticipation that the a1, relationehips on thesd materials
i coutd se sufficiem:ly ahifred to substanéially reduce the. zequueg bias.

vulcaqe

i //\g the second part of thisvork, an attempt.has been made to

measure hyarogen evalution reaction:: (h. .e.r.) Tates on these semi-
. conductors by a nuv¢1 method. ‘It has been s\quested 18, 19) that !
Sihekicn, Fathisd thay themodyaimicn; ta tha Liniting* fagtor in the L2

« h.eir. - EBxperiments vére performed in which the current was neasured as

o a function of potential and light intensity and the results analyzed
using a method modified from one developed by Alilgren (20,

Ul s 3
reaction rates determined were expressible as exchange current

\ i ) 5 ‘ !




¢ of these rates, activation
and Arrhe e=exp {al factors have been derived for

\.the hie.r. occurring at the three p-type semiconductors, GaP, GaAs and
W . 5 P . 4 . :




Introduction . : v

‘wetdl;  the lover conduclx.v).ty and. the ‘existence of the su—callsd

b "faxmdden band", of width equal to, the handqap, lead m important

d).fferences “in the properties of. semicon o ect 2

as campaxed with the mst.al-electxolyte intertace.

As noted by Dewald (22), the -low,

. density permits gxtension bf electrical fields deep into the. seni-
Ay

cow:luctcz. Als, tyo types “of chax‘ge :ax‘r).zrs,. l:unduction band elegtrons

and valance band heles, are distin

electron-hole pairs which, if separated, daniack to effect redox rescts

"ions with a suitable electrolyte.

lectrolyte junction -~ dark and illuminated. -

s Many 11ént reviews the semi

juncnon and how, it is affected by Light ‘are now .wau e. Those of. -
Harris and Wilson (z), Nozik. (3), and Tcm!ue\-a.cz and Pay 4) have proved

particularly helpfal in the ﬂevilopmenc of this section:

When a_ senicondugtor is-brought ‘intd contact with an electrolyte,
thére will in genéral be a difference in the average energy, or Fermi

.
By conven-

level, E, of electrons in the two phases (see Figure 1).




(3) High iﬁ;ensn!tmdminaﬁnn (4) High intensity ilumination with bios

Figure 1.

" metal euccraaa system under tre indicated conditions (from
'uaux's d’hq\r-m (3), modified for.a p-type semiconductor) .

\
Energy level dm;mu for. the| p-type suni;cnducmr-elemolyte-

Symbols: B\E, - :ondul:!‘.xen\and valencé band edges respectively;
5, - Ferni\ievel; v, - bana

difference between rs"mx lev.

‘- photovoltage;, AE, -

valence band edge;, By - bias

woltage; n , M, - anodic.and cathodic Helmholtz layer potential
arops; Ey - flat-band potential; E_ - bandigap energy.

i J

e S



. tion, Ey ' foia Selepudieser i .equal to the electronic wozk

A
the semiconductor measured witf respect ‘to the eiectron vacuug\ level and

for ex:n.nsic semiconductors is  usually nedr the band edge of the band .
¢
" oggtaining excess chaxqe Garriers. ‘The nature and concentration of the

reddx species’ present in sotuiion dete:mxnes E "for ‘the electiolyte, -

neasured. with respect to'a suitable reference slectrode, often the,

standard hydrogenelectrode (SHE). .As Figure l shows, the two energy
s g § A

" i _ scales .are ,dx/z.;_c_uy related. ’ 7
j" I ; et the, Fermi, levels are initially different, charge tramsfer
| " across the interface occurs and ‘the semxéorld-ﬁaor bands bend to bring

*the Ferni, levels to equnlity; Depending on the initial’positions of the '

T - Pemni levels; this chuq transter can result dn acomilation, inverdlon, .
. lor aeplenon layexs in the semiconductcr space chaxge region (see E‘igute
2). .An accumulation or inversion layer is forned when'a relatively

large increase in the majority or minority carrier concentration

5

. respectively, occurs in the dpace charge region. A depletion layer

forms when the spacé\charge region is deficient in majority carriers.

Since the minority carrier-oncentration is already low, the region is ¢

- truly "depleted" of charge and heca@encuny insulating .(see

Figure 2). ‘A dépleted semiconductor surface is of interest in photo-

\/f . electrolysis since’ it permits light-generated minority carriers to’ reach °

of

the surface, giving a large pl since the

P 3 : . ). 3
these carriers is initially low'and more sénsitive to illumination than

. the c&ncencnuom'of the majority carriers; which is initially much

larger. ‘The bend).ng of " the bands, measured with tespect to the flat-

band potential, Em' the potential at which the pands are £lat right out

¢
<
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!‘;qure 2. " Catrier concentration (c) and band bending for a p-type semi-

with: (a) unulation layer, (b) i xayer,"t .
(c) depletion layer and (d) flat bands. Based pn Gerischer's

. diggram (23a) for n-type semiconductors: El and E_ afe the

conduction and 'valence.band edge energies respectively, p and n

represent holes and electrons and X -is the distance into the 2.
' g
semiconductor. J
/
B . . .
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. U  to'the surface (see F: es 1-and 2), presents an'obstacle to:further k
' v~ . charge transfer as'the Femi levels become equal. ’ (C
§ 1€ the sw depleted seniconductor is illuminated with light ,

7 . . g
- with photon energy greater than the bandgap energy, the equilibrium is 3

again disturbed by generation of electmn~hale paurs. The increased
2 populations of electzns dh the conduction band.and. of toles i the .

e } - valence band result in the Fermi lavel of the semiconductor bemg driven

back towards E [Flgure 1. Thus Een set ailini€ on the mmmcy .

carriet epergy at the surface and hence on which redox reactichs are, .

ITlumination

L
the semi
: evidently decreasesithe band bending. ‘In suitable cases, sufficient .

band bending remains to effect a separation’ of electron-hole pairs, . .

. . minority carriers. nigrating to the surface and mijority carriers moving

“towards the bulk. If redox species of suitable energy are present in

3 the —— then redox reactions can occur. . fu T

For a p-type semiconductox, pmt‘:—excu‘_ed n\mor:\_ty éarx:

" trons may effect 9eﬂuction at the semconductorelectxelyte mterface .
¢ % while holes, aftef being transported via an external contact to a
suitable counter-electrode, effect oxidation (see Figure 1). Actually
B A

an eléctron from a donor species, in solution migratés in the iatfr

case, but the effect s the same as'if one imagines hole migration.
- If the redox reactions driven at the two electrodes are gach the
. reveérse of the other, electricity is generated and there.is no net

change'in the electrolyte conposition. Such a-device is an electro-

chemical photovoltaic cell. If the redox reactions are different, \
‘photoelectrolysis occurs and there is consequent depletion of certain *

species.in the electrolyte, An example of this is the photoelectrolysis




S —_— "

Electrode, whu:h is the process of xnterest n this “thesis; P

In many cases;, simpiy ulummatmq the Semiconductox does'mot . *

& suffxce to effect the désired reactl.nnsA The position of thie Semi-

conductoz bands may ot be- opl:xmal with respect to-the anﬂqu.es of che

“redox species, /invo in Ehe elect:clys;s and sone additional’ electr\

cal energy', in the fm:m of a bias voltaqe imay bgyrequired to drive L‘.he
£

uvsr:au raaction. men if the bandﬂ;osxuons are ade uat,e the reactions

B valtaqe, to be £ensible for sola.r energy convex'sion. When bias Voltaqes

is also depicced in Pigure e

| e “ . Bias volx:aqes vere required for apptel:iahle elect:olyaxs currents

with-all of the semxr:und\]ctors studied in this thesis. e ‘bias vcltaqe
/ must be taken into ‘account when “the overall.energy convel‘sxon effiuency i
- fore phc(:oelecfrolysis is calculated. If fhe bias voltage is not too . -

flarge; positive energy conversion etticicnoies may still be realized.
s Shonal .

s % ‘ Th balance for pi -assi g Rt

with' reference o Figure 1, following (3),

i
nF




- 10~

and the top of the valence band, AG is the free energy of electrolysis

for’ the reaction involving h electrons, F is Faraday's constant, n_ and

'nb\a,;:e the anodic aha-cathodic overpotentials, respectively, and iR is

the' zesistive’ loss .in the ereccmﬂ;:e. To appreciate equation [11, -

follow the pams oi an elect:on—hoxe -pair gemerated near the Semi-

employing” [1], one must also ensure that the units are compatible since *

conductor surface, remembetan that the bands are drawri foz electron

energies so that, a higher position means & lower energy for holes. In

“some. quanl:u::.es, such as By aré usually expressed in molecular units,

4le. ey, whue othezs ‘like M; are usually given ‘fl'lax units. These

convexsions are uncomplicated sincg, by dsfunitien, 1 eV for a.J]glecul.s

is aqu;valenc to 1F x/1V for a oy &N o ;

ey ion ‘effici o phcto—

“The dverall

In (2], i is the cupfent density of hydrogen evolution, I is the

+ incident Iight-is sity, BB is as defined above, and the constant, .‘*
1M8 Vv, is AH) for " sar water ap298 K. -Bquation (2] gives the maximun
‘possible offj iency as.it assumes that the.hydrogen produced can be

collected

!

burned with 100 per cent, etficiencyA




The of tha hyquen ion reaction (h.e.r.) on il

i entcontuazs /\\ . 0
i § i )
1 b Y “The steps of ‘the H.e.r. mdchanism at an illuninated p-type

femiconductor are.listed below, after (12, 15, 24).
- s - - .
. SC +hv — h_ +e + sc 31 (photogeneration) ——
: b cb vy &
N e . o ;
e e L P’ (4a)
) b os (aiffusion)
o ——\h w 1)
; By . W— g]q " A K (5 (mass transport)
Lo N L .
” Foa st g npl e sememo - {61 (charge sransfer)
'SC-H + H-SC ——> i, + 25C ' [7a] . (H-atom recombination)
. SC-H ix3<>“1L 4 > Wy HHO SC. 7] (electrochemical desorption)
A rd ¢ ;
i ‘_ B sScn 4 10— uo", + sc ) (oxidation)

4 o3 - “X & 1§ an clectron, wt sepresents a hole and the s\xbscilpts
¢, v, s and/’ are a@mﬂatwns for conduction band, valence band,

“surface, and bulk] The semi lectrode is

represented by SC, while SCK meana y “hydrogen atom adsorbed on' the

seml.conductor surface. v

Thus th e phntoqenarated mmority carrier, e after 4iffdsipg to

the surface cdn participlyé in step (6], charge transfer with hydroni
ions, M0, which have Migrated from the electrolyte pulk to the

inters: The adsorbed hydr8gen atoms; SC-H,

& cnexeby fomed, can then react to produce n by a purely nhemca])« 15\1"

oF by an'electrochenical (7b) process. sf.ep 18] allows. for the V', |

pussiblllty of rao)udation of adsorbed hydrogdd atoms by holes.

Electron-hole recombination via surfacs states involves steps 161 and

o .




e & . . ey & 5,

- #

- [8] together. Such recombination may alsoroceur directly or via surface

trap-mechanisms. 5

Certain noble metals, such as platinum and palladium, are known to
catalyze the h.e.r. (25), probably by providing sites-to facilitate the

( desorption steps, [7a] &nd [7b]. This was the motivation for attempting

to 1;nprove the nt- ial tics of the p

. electralysis by electrodepositing thin filna of such atalaion the |

- semiconductors.

e .. The rate of the desired overall reaction. 2H o ey * 2hV + “
. < H2 +.2H, Ov at the senuconductor catliode,  is that of the rate-determining
step in. the above/sequence. For metals, .steps analogous to [6], [7a] or

gy (7b] are rate-limiting, in the.absence of mass transport control.in the
solutipn phase; as alectvon evpply ‘is unlikely to limit the rate. For

, semiconéucm:s, however, with ir;he,tem:ly 26 charge carriér concentra-

g B ; tions and losses by recombination, cnelate at'which minority carriers

arsive at the interface may be the limtlnq 'step. The observation that

the Of | is cells are light intensity-depend-

gtronte
. . ©ent (20,21,26) in & sufftable potential rgngé lends support to ENis idea.

=5 With either ic"or mo ic i1 the quantum
vield (9), the Eacie Of the number of ;tws of hydrogen produced to the
incident light quanta, is uatally much less than 1 (11), in the usual ,
range of pctentials. Thus, step (3] generally produces electrons.at a

+ . greater rate than they are consuned by subsequent charge transters. .
Step [3] can still influence the rate ‘because it affocts the concen-
tration of alectx‘cms involved in subsequent rate decem\lninq steps.

¢ T omyife ipproaches unity, i.e. transport of carriérs becomes very

' efficient, cuuld step [3) Limit ‘the réte. . P

-



)

Mass transport hindrance can be minimized by efficient stirring
of the electrolyte. Charge tramsfer, exemplified by [6] or by the

combination of [6] and [7b], can only be satisfactorily studied if

1 ial ing the roles of the

light sity and carrier migration in the have been

" develbped. This is. the purpose of the next section.

The current- ial i of 1 ’

lytic cells
v

e of ita1 ions for the current-
potential relation of anlelectrochemical reaction at a semiconductor-
\ .
: electrolyte interface follows closely that for the analogous situation

‘at a metal-electrolyte ' mcezface (see, for example, Myaml%.n and Pleskov

s\
(27)). \or the qeneral xedox reaction - .
JO L E . i
thé overall current density isiwritten , . :
o=+ : (10]

where i, and i_ denote the ‘anodic and’cathodic conm—xbur_mns, pasrgesi
tively,. to the total current density i. The convention that amgsc
current ig positive,and cithodic current negative, will be followed.

. The cathodic curfent is 1 to the iom of the

species A", designated Cyn+, to the numbefof electrons at the inter-

face, nj, and to the probability of electron transfer to the ion, i.e.

) o
i k(v ex Taley ] a1



o xw - /
- 7. In'01] k_ is the rate constant, 3 is the transfer coefficient with the
. 1 5
arrow the ‘cathodic direction of electron flow, and ¥, is the \

potential drop in the Helmholtz layer of the electrolyte (the matter of

e ial ai ih the i ial region will be'addressed .
later). LN i . .
. The presence of the term n_ (1] £rom the © .
. ing relation for metals, since for the latter ng is large and current- |
independent .and is generally subsumed in k_. % i
'_ ' . The co;znipondihg expression :r.n [11] for g is \
o= k(G aDencily ' 121

+
. where, as before, k, is the rate constant, C,(n-1)+ is.the concenfration \
‘b{A(“'”‘ and & i5 the anodic transfer coefficient. - The net current \

. ) \

density i is therefore 3 \

i . -
. T N T k'(cl(n>1)+)etp('u—;%':) = x_(clno)g‘w(%!e) n3) A \
2 : < i & E ) i {
o, I For the peeﬂtm drop in the \

5 diffuse part ot\h— ‘double Tayer may be neglected, i.e. the ionic
L N 5o

are’ i nt and may be inclided in the

‘exchange cdrrent, i_, defined here as that current whigh flows equally

°
in both directions at-the potential of Zero current,and given by

\p @ g %Y s /e
<k, (e D oo B = k_(cnm)/n;axp(%) a1

. i " RT

where @3 and ng are the values of @, and n_ at the potential of zero -
X ; : = % i

: -« current, respectively.
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The net current density may now hT wriften as /
% : b /l\
N QaFm, n m \"\H B
L HomiJexpt - n, exp—) . us

where N, the Helmholtz layer overpotential is given by
. w T= o8-8 : : e
. ng = B- g8 A el |
. . A
) -
Because of the existence of the semiconductor bandgap, charge

transfer may involve either the conduction band or thewalence band.

The total current is the sum of these contributions. Chakge transfer to .
and. from ‘the conduction band cccurs by electrons whereas’that to and
from the valence band involves positive holes. Using [15], expressions <o

for the conduction band and Walence band contributions to the current,

igandi :especuvny,‘may be writtén as

- _
cc[exp(-——v) - ~—- exp (- RT )| . N [17a]

(176)

) Tn the above, the subscripts ¢ and'v serve to distinguish terms appli-

cabila to"the conduction and valence lands, respectively, while p, is_ :

T —— concentration with current flowing and S is that with . -
‘zexo net current flowing. The form of [17b] can be bettex' appx‘el:iated .
o e the symbolic.reaction of eq-uatinn [9) is rgxitten »




nt+ (n-1)+ , .+ . !
A= +h - 18]

n* re?esenting a‘ole in the valence band.

onductors

‘The present interest has Besn in the use of p-type Sepg
rifls
. as photo- for hydrogen i der conditions of reverse
. _bias ive polarization'for a p-tyge or). Using semi- .

a . ‘conductors with relatively large band gaps (> 1 eV), charge transfer at

the interface is via the conduction band sb that.the approximation

5 . § 7 tae)
=76 # s

is quite valid. Such experimental lead o depleti

layex
(seé Figure 2) : fomtian in the semiconductor space cprge rasion.
The potehtial distribution across a metalelectrolyte interface is

. / 5 :
easily understood, i.e. because the conductivity of the metal is much

greater than'that.of the electrolyte, the potential drop acrdss the
interface, ocours exclusively_in the.electrolyte, ‘For. a semiconauctor-

el te it is

to visualize ehe atstri- -

bution of potegtial. Because a depleted sewlcnnductor is insulator-
like, some authors (3, 22) have argued that most of the overpotential
occurs in the semiconductor increasing the.band bending whereas that in

the (for ent: 4

at least) may be

neglected. Others (15, 28) dx.saqrae with this view-and state that the

. 1 in the el 1ayer i significant and nay,
in’some instances, constitute most or all of the overpotential,
This latter effect is known as.Fermi-level pinning. . As the name .

implies it refers'to a situation where the ‘semiconductor Fermi level -
iy g




e

" and band bending are constant as the applied potential is varied so that

the overpotential mist be located in the Helmholtz layer. Fermi level
pinning usually occurs when pe 1azq‘e‘ number of surface states are present
on the semiconductor 50 that its behaviour is metallic (16, 29; 30).:
most general case, that in which part of the overpotential
bécurs in the. semiconductor and part in the -1-cr.xv1ym. ‘as suggested by
Hyanlm and Pleskov (ref. 29, ch. 21, is conzldgred here. -me ondy——

simplification adopted, that due to Ahlgren (20; 21), is that the

Eraction of the' ové 1 in'the 01tz 1ayer, 0, is

I . 2
of the ial. ‘With this, [19]"ana 117-].

e

he et current danu.ty for the sl:\ladan of interest now ' becomes -

. T . By " - '
i = iu.,'[-xp(uch) »n—‘ w(-&‘cmﬂ g . (20

where £ = ne/Re.

_For a p-type semiconductor, electrons are the minority carriers,

the mneentxadon of which will be icantly altered by i
In the absence of current flow, the electron surface coricentration, nZ,
at an illumination intensity I, is related to the eiectron concentration

at the inside edge of the depletion.layer of width w, the equilibrium

bulk concentration n, by nl = n_ expl-(1-p)V°E/RT]. With current,

. £lowing, both, the Auc:zon surface canc;nuacioﬁ, ng, and that at w, n;

aiffer from their former values but are -A.mnuxy related by

ng = n, expl-{1-p)ve/rr] wherd\v A Aaze; vespectively’ the potanthl

v

| [ drop'with current flowing and At zero current. rzmn these tuo expressions .

|

(20-23,26,31,32) the ratlon /n~ is expressible as .

% E




\

ng n, tu-v ) :

AV p)__F_ m_(,_‘,m]m,
ng

ng °

where the overpotentxal in the space: charge region, r|~ o is equal to

(l»v)n and+5 (: (x—p) (V-v,). as &xpécted qualitatively, a negative
"PIn an 4

- ;i .
+applied potential increasés the electron population at the surface.

Assuming chat":he illuminated electrode is in quasi-equilibrium,

| the following steady-state balance may be written.

net pair generatién rateé .| miffority carrier flux out |

within the depletion layer

of the depletion.iayez
The lefthand|tem i3 the generation rate due'to Light absorption, minus
the,

rate. The assumption of Dewald (22), that the elec-
diffusion. iengm () Lm qreatex than v will be followed, i:e.

surface recombinuu.on, given by u (n ~n,); where v_ "is.the surface
—_ § U @
velocity, inat . -

Frof\ahlgren (20), the minority carrier (in this casd electron)
generation due to light absorption at. a depth x into thé semiconductor
(from the surface), g(x), is

Lo apuExits
g fs e 221

i
where E 15 the photon gnergy; a is the ahsnrytum» coefficient, B is

the th a enerqy for e pair

(usually-

E_, the semiconguctor bandgap energy), and”

WEw = E;R(EJHD(E)W(—H(B)X) o 123)

1 23, W (E) is the spectral radiation intensxty at tlie surface and

R(E) is the surface reflectance. As expected intufeively, W(E,x), the !

J\




/ ' -9 - ‘
—r ' ;X ¥
/ ®consity of light of energy & at position x, and hence g(x), decrease
x .

.as the distance into the semiconductor increases.

Ahlgren next uses the approximation that

gt = Lapeang . (241

where {i and 3 are. defined so that [22] and [24] yield the same result.
In [24], I'is the total light inténsity at the surface, Y is a cofver-

sion factor from light to-electrical energy and & is the average absorp- '

tion coeff ient over ltha apprcpzx_ate wavslength xange: - .

me. mnenty caziier £lix out of the depletx.on layer is|the exiting

aleetron curvent mims that entering from the bulk’ by ﬂiffuslon The

aiffusive flux alone, I, 1s given by A

an, - : i ,
-b, (G : ‘ oo

. & .
3 | ; ; -

whiere D is the diffusion coefficient for electrons and the differential
s B is evaluated at the inside edge of the depletion‘layer (i.e. at x = w).

Applying Fick's second 1%,._:};3 change in flux with x is obtained as

(26]

The time rate of chisnge of m at a given x is the generat)qn rate. .

Plis the rate of increase due to diffusion.minus the
. . rate, i.e.. : ER C
Sy B : g ’
s - o




- 20~ ¢

Th— 2 n(x)-
. dat) a®ntn) _
4 at = g(x) + Dn — 27

ax’ n /

where T is the electron’s bulk lifetime, rélated to its diffusion

léngth, L, and ";. by =
3 .
2 ;
D m T, [28)
.n. T;‘

From the quasi~equ11\1bzium (steady-state) assumption we have

an(x) o e
0t o .
. o
which gives, from [27] ~ *
2 ;
2 .
o L odhaw _ i
T 2 - o
ax’ -

" Equation (29 is the steady state (electron) continuity equation
from which the e}ect[c:m concentration profile, n(x), may be found by
solving* [29] with the boundary conditions that n » n_ as x +«.andy
n=n,atx=w. The solution is differentiated and.solved for x = w

s T >
to 'yield J7, where 3

is the electron flux entering the depletion layer

from the bulk. Note that this flux is in the negative'x direction so °
that there is a sign change from the usual definition ([25]) written

for £IUXin the positive x direction.

C .

T N
j

* .
The detailed development from equatipn [27] to equation [32] is
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arL yTexp(-aw) '
n -n_) + ——————— 1301
W o

dn
= (_._ i
= ' n LA e(l +aLn)
'n
“ S ¢
. The mincrir.y S B lancy Gras tHATRELE S ORRLBE o, 157aE s
now be written as L .
’ 3 ® .
: T ~—.
s - - : i N
/ g(xax - v_(n -n) =g, . . Ik3u

remembering thit i_ is negafive since-the photo-cathodic current’of a

reverse-biased electrode is being considered.” Using [30] and (241, [31]°

éan be solved (see the Appendix) to yield

2 .
T m] ) é
A 3 ®oe

@ +an;

R .
en (v, + ) : . *
n

; ession can be simplified by recognizing (séb references . -
(31) "ana (22)) ‘that . . ¢ R
" exp (-aw y T ¢
{3 *——E\— and i_ = en (F+ Dy | 1331
oY
. 14+ aL\ n - .
p—
% where ¢_-and 15 are tHe saturation values, respectively, of :he quantum

yield and of the Girk current (with both surface and bull qene:atxcm

eE electrois considered). | Equation [32] ther beeome;,
y i o i ¥ YT »
2 5 :
3 '
g ¢ - '
e s . . Faoy
p ¥ . >



Combining, [34], (20} and [21] gives

< 2 L e

P / i #+ Y6 T
xcb(exp(&oOA], = [1 +

e~ (1-pE)exp (3,000} [35)

.- Recalling [19], i.e. i =i

. for the situation of interesy here, [35]
can be solved for i to give [36], . : -
! YOI i [exp(u ph) - ‘expl-(1-pid_p)aT) / %
iehay + 1361
L © o exp|(-pid o)A+ 1 T2 exp (- (1-p+d_p)A) . -
¥ o, L +..f ¥ .
the ial relationship for hydrogen evolution at an
illuminated se-biased p-type semi cathode. \
(9 Although [36]sis somewhat unwieldy, useful relationships-are 4

w obtained from'it by comparing it with {37],

P4 = YOMI + 1400 U
, . N

N
the exact expression'for, the Gurrent in tems Of the dark current, iy, -
and the quantun’ yxehi, '$, Woth of which are functiors of 1. The
negative sign in [37] is required to give the photsoiitrast {Sateineton

. to i the correct sign, }ince i is a’cathodic current. ' ' '
From the 'afnrementione?,\gcm\parisan B J 2 N
,V ‘ . :
| 38]
< ‘ . l‘ ’
. . ~ ’ L %
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i

e

N

T (a;rp(c? p8) - exp[-(1-p+d 08}

Lcn *
TR | u—pmcp)ra]

Manipulation of .[38) leads to.[40], the general

.
L L
In(gp)

s e . i g
relation derived by Ahlgres, [2I], which efiables the deterninatioh of i

g ke
_ (1-p+a p)F. :

Erom the intercepts of plots of 10(#/(8,~9)) versis ny, Such plots will

bétemmed Ahlgren Plnts.

contams two unkﬂmms, p.and a , and can give J\(ean ngful 1nfomacinn f ¥

only if ué or pis accwtately known jfrom som,g other investigation, il .

The slope of an’)\hlgren plot, (1'~p+§ pYE/RT, .

Ahlgren: (21) assumed 3 could be’ evaluated fgam.ﬂ{e slopé on thé basis -

of a simplifyihg assunption, namiely p=1 hich is uplikely W
generally applicable.’

-

e

of a current deﬂncy—hqm xntensn:y piotat ‘constant overpotential,

it suffices o evaluate g—i =

o rar.m ds taken and ‘need not be' evaluated exphm.tly.

=y because' \u dxsappeat when the

From [37] it is obvious cnat wm can bé evaiu,ated Erom :hm

found Ll fa17 by choosmq hin the&heau (saturation), région' of the

current

ial curve. T

¥

2

value of, the. dark,

)

The valué of b x;




. for the three se.nu.cunductcrs stu

_/ e t.he{ bands are flat, hawavez

- lost A\bimdon. (Increased bald bending increases the ratio”

24 -

current, (i ), is found from the, plateau région of dark current density- Fd
-

overpobential curves.

ition of overpotential, n in particular the potential N
vx:h respect to which it is measured, is'a point requiring clarifica-
tion. For'a noble metal electrode'in an agidic or-basic adueous solu-

.tion, hydrogen eyo'xutian begins wﬁen the electrode potential is cathodic:

ta'the Hao (aq)/ﬂz redox patential in the electrolyte bsmg stu\hed‘

e chcice of ‘this potential ag that wif_h respecc “to which the over-

i pncmnax‘ahmm be measu,{ed is -obvious. ! .For an Lllmuna:e¢ semicon-

ducto: s,].acr_rode the,v.»,hm;e is: leds cledr. 4 sl ST

valence band of a n v forits c on’ band, redt of Ll

* should Qheox‘etically e able ‘to proceed at the flat-bahd pctenna). $ i

wided the conductiun band edge of the semtcundm:tor at

the interface is above’the enérgy “of thé 40 /H couple. This £ tews

éd in ‘this work;’as seen in Figure 3.
a

ctron-hole separation is un-

Likely'to oogur ‘so tHat one lu.th. relsunably Sepect: sdme’ degree of band
“bending to be required to enahle.l)qht—qenezated é1ectzons to Zoach the

irnite rtace and. reduce qu without first being nmulu.hted by x‘ecambi-

IS . '
nation wi noxes “There L also the problem of surface rscombination

-of , electrons and holes. _even more bendinq is req\xired for-a o | },

n /n as ‘can be seen fzom (21]. ramm.bexinq that ni2s negative. )

ne snvxaugss, then, a ultum:iv.‘:n 1tke thit in Figire 4, uhwinq the .-

energy levels At a se




Ege2.24eV Fazlid3eV. ..

+\1>°_ “.' I
e, T

: Eorénﬁa%(vs. standard hydrogen electrode

Figure 3. The band gap energies (E;)" and the positions of .the conduction

and 'valence band edges in 0.5 M B, 550, £or the 3 semiconductors
. .. studied in this frork. The positions of the. 0 /H and H,0/0,
redox ccup1aa are also shown (after nare»xdwaras a: al.(12)).




‘Figure 4. \The illuminated

at the

potential of zero current (a), and reverse biased with

cathodic current £lowing (b), shoking the potential

aistribution acrosa the ‘interfacé. “E_ and E_ are the

condugtion and valence band edges, Vy and v, are the band

bending and Helmholtz layer potennal drop and Nge and 1,

_the portions of the overpotential occurring in the semi-

conductor, and, the uemmn‘\cz layer, respectively.
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of zero net currént under illumination, i.e. there is a well defined

band bending, v,°, and Helmholts layer potential drop, V,°, at this
potential. '

The overpotential can/now be defined, in the same sense as

Horowitz* (33), as the difference between the potential drop across the

interface with current flowing, V, andthat at the potential of zero

current, v°, i.e. i
" A o o . |
_ o Yoo ' "

= Yy ). A\ el [42) |

where vy and.V, are’the band bending and’the potential drof across thfz

Helnoltz lakr, repfectively, with current £lowing. Note that V,

vB and Vr( are" nega:we s0 that n will also be negative, in ghreement

with the convancmn followed he\'e. This definition agrees Gith that

given in Ahlgren's ihesis (21) . ~ \/ ' ’

The above is not the only way that the overpotential at a semi-

conductor electrode hab ‘been dfined. Ahlgren elsewhers. (20) chose

)
the same convention as fqr metals and measured nwith xespect to the

“H o*/u redox pawiml. e “exchange" current by this defu\itien, .
would be deteimined at a potential far from the pocantia]. Of zero
current for &e semiconducmrs studied helg_é and the validity of t.he

+ application:of the term "exuhange curzent" to the current measured at

) t

=0'is quastiona% “This convention also x‘eq\lires that both

negative and po}ui

_What this defifffion does give is the Current flowing at the potential

.give negative

e " .
* ) b ' - ,
His'approach is the same but he neglects the Helmholtz layer potential

difference.
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at which H, evolution wolild begin on a metal like platinun, a useful’
number but definitely not what is generally conceived as the exchange

current density.

- ] N strictly, one might argue that the flatband potential is the
reference point with respect to which the overpotential should be -]
¥ 'measured since it is the potential at WHIEh/ CRECSHE EHOWA ‘begin to’ flow )
in the li.ght Some researchers (M have chosen this convention. As
i discussed prsvxrmsly, however, cal‘.hrxlic curre{\t does not begin to flw
4@: this potential and, i:n fact, anodic (light-independent) current. has )
. : "' been observed ‘Eo flow (12) .in" the potential reqime. .

. 3 . e
X « . e 4

° E ;
- . B < E< By . . ! 143]
Tee . . C ~

. _where E° is the obsezved potential of zero current at a given Light

).ntel{n:y. b6 thin vaserance poLnt ars used,  trid CuEE snEpotsgtial
relatioﬁships derived here would have to yield an anodic current for a-

certain range of negative overpotential, a possibility precluded by the-

dﬂﬂﬂhand" used in determining them. ! —T—
1 ( ; * For the theoiy as developed heie, the fixst den;:r.mn, ! S a

. " 144)

S
(VB-VB. )+ (AVH_V
. N

' where E; is the potential at vhich the potential drop across the int

b | face is v + vy and both E;‘and E° aré measured with respect

cmwenient ‘reference electrode, is mst readily appuc

The ex-

change’ current obtained using it tells one how:"active" the semicon-

- \ductor surface is'at the potential of zero current, in accord with the
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ysual pictgre. The potentials, E°, will, inAjeneral, be dependent on

the type of i %, the light i ity, and the
but, as is explained in the Disclsion, the analysis gives exchange
current densities (ideally, at least) at the equilibriuh potential of

the h.e.r. Using E, as the reference point yields exchange current

at ai tentials since the values'of Epp vary with

Anigren's ion - (20) pexmihé ri

2L

Of "exchange' currents at the same potential but it is ob]ectionahle foz/,

the ‘reasons already. cited: and for others given in r_hkimscu sion.

sumazy, the definition of (441 seems best .suited to. this wérk and will
P

be adhered to.




|
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III. EXPERIMENTAL

Photoelectrochemical Cells o By .

. (i) Cells for ical at Room ¢

A number of different cells, each with slight modifications ox .

for ‘specifid pu were used in the work. . The design’

was based on one of Ohashi et al. (35) and cons:sbed of a ’Ey’rex hndy

with t.hree comparr.ments, one for eqch of the xefmnce, counter, and

semlconductcr a1a=uodes The compartments were, sepata:ed by zme Glass

(cat. no. 8192-03) Teflon solution-type stopcog) The cenfre (selm.— .
conduc:or elecr.zode) cmpazmem_ was equipped .for xuumnutmn with a.
‘one'irich dlameter. quartz o'ptical flat, affixed to the. cell body itn.

Canﬂdla.n General- Electric silicone sealant.

6 Ace Glass! (cat. no. 8194-19) gas-type Teflon stopcocks permxttad gas
to be bubbled through each compartnent fron belov. AT

Later-modifications to this basic design uu:luded the elminatmn

of inter-compartment stapco:ks, inclusion of a glass fxit between the

and counter,

(tc énsure’
of gaseous produgts) 4nd the rsplacement of the qlass frits at the
-
botton with ones attached. to,thd cays enabli.ng 528 'to, be sipplied fram

above. o0 T Y . L

The method, of supplyinggas pas retined even further by a set-up ;

whereby theé gas inlsts on the caps could be secure!.y attached to glass

_suﬁply lings via stainlesa steel bellnws (for flexibi].n‘.y) and’ glass—tn—

glags Swagelok Fiteings. ‘A schematic disgiah of a typigal cell i

presented fi Figure

 Fine glass £rits ‘comected-
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(ii) The Jacketed Cell £ . ,

To facilitate construction, this cell consisted of two, rather than

three compartments, by making, the reference electrode compartment a

sidearm off the i ‘electrode, p . This change
increased the sym‘metry of the cell and simpli¥icd the construction of
the jacket. - . ¥ o o (Q ;
fhe electrocherical cell as 'qli_ss‘bl‘uwn within a 10 cn diameter
Pyrex tube, seiled 'at the' bottor ‘and, around the neck ‘For the el’ec&oae
_holders atithe top. 'rm@ a]mnst all of “the' electxolyte could ba sur-

rounded by c,\.rcul;tin constant. temparatuze _fvlul.d ’l'ha ‘expeptiug e

the solution' ind eck at the fxonc

sman

2 one Jnch atameter’ quartz

. opt:.cal f1at;. l:hxough wluch t:-he ssmlbonductur eleccrcde cobld be illa-

—
_minated without absozpaon by thé bath ﬂuxa, was attached as before. A

glass t} > used_for s i measurement résted in

‘a.glass well aipping ‘into tHe thezlnostatic jackel: The well passed into

the acket through.a ground Jaxnt. - The jacket vai equlpged with inlet

3 and mxtlet: ports for. the sllyply of thennnstah‘.eﬂ bath’ flui.d F guxe_s 6a

show’ two. phomgraphs of thxs det1,

T '\:i.n% of the teuuperature tecux‘ﬂeﬂ by a. thermmneter in the wall 3

cuu\paxed o that r recorded by one’placed near the semicnnduchot electrode,‘ s

pnsition showed &) t{ measurements ‘to agree l:o betcer than o.1%¢.

mrmemex‘e ‘the ce_mpenmze réadings ueze observed 5 be conagady to

within $0.05°C for: perxeds ‘of greater than one hour:

- 3 ‘ana Mounting: " B e

Specimens of y-GaP p-GaA! and p-InP e aupplieﬂ by Hetals
v

' Reseaxuh Ltd. (Helbaurn, Enqland) as thin’ slices, sawn from ingots. The

t:ans was pohshed or‘ anq faca. ‘The other Imateriéls wex‘e s:r.ooth but’ -




hotoelectroct

optical flat at the front.







. Al -
inpolished. | Theix propertics are symarized in '!‘able o g
7 B b
i TABLE 1. Some px‘open.l.es of the semiconductor ucnals used.
, b-type Pcyam: (zn)" Crystal } cu e - Thickness/mm
Material  Concentration/ orientation \ Lett x (before etching)
~atoms-cm™ >
| - W
} GaP 12+ 154 mXB (100) W 0.5
| car 3.9 - 5.5x 10 (1) \ 0.4
‘ R \
Gap 1.2- 1.5x 10" (111) BY . 0.4 g
Gans 21 - 9.4x10" (100) - WL 0%
. e 1.3 x 1 ' -)\ 0.57
“ ’ C ! i
V. e approximately 25-35 m Jiangter slides were cut, into smller
\ 1 e :

' . essentially rectangular pieces usingia Fisher brand diamond marking
pen®il. . Specinens selected for use as semiconductbr electrodes’ vere
first, subjected to a chemical etching treatment. » Indiun phosphide’and

. £ "' galliim arsenide samples ‘were étched for 2-3 minutes in'a solation of 5%
e “yolune)' Br, in methanol (36). After etching they were rinsed with
Ciple-aletinies waker and aliowed wdry in the air A
= Gauium posphide speclasns were — ima ninture of 2mN0,:1HCL -

—_— s acid mixtire’gor

aix—dxmd

/

m.lnutes, and finully :mser “with witer anﬂ

(by volune) (36) for 10 minutes, - rinsed with vater, T —etched in the

Once dry, a small cube of 90 wt. % In/zm Zn allpy (36) was

was attached to thejetch-pitted (In oxr Ga) face.

25 watt soldering iron.

to the unpolish

For (111)GaP and

. attached to one face of each spacimen by heating the

\11oy gently with a

(111) InP'sdmples, the alloy

e alloy was attached

e of the GaAs and'to either faci of the (100)GaP.




Next, specimens were placed in a quartz fube connected'fo a Vacuum

IS
line and heated at ca. 400°C for about 3 houks in an argon atmosphere.
The purpose of this heating was to promote diffusién"f the zinc ‘in the

alloy into s\e semiconddctor, resulting in an "ohmic".contact. That .

this treatnent prodyced ohmié contacts could be demr{scxamd by meas- »

uring the ‘current-voltage relatiunshxp Babinis 0 gk contacts b s

attached to the same semiconductor sample. Lineaz:cu.rren:—voltau plots

(for relatively small applied voltiges) were gnvariahly found, as illus-

trated in Figure 7 for . typical sample: 4 SN

-
’A'he quunens were theh ready for moynting on gldss’ ‘holders, These

hnxders were &F two types = horizoptal fr earlier cells and vertical

‘for. lhg_ Jacketer As illustrated in Figres 8a'and 65 they con- -
sisted of a Quadrant Glass Co. flat Flange with an opening leading via
a tube throuh an appropriate size glass coRe. “The ‘vertical holders
were also equipped with a gas supply tube terminating in an )\ce Glass
(5™ 4-8Y) glass frit, just above e flanqe. .

Blectrodes were mounted in the mannér of Kohl and Bard (31).

First, a suitable 1enq(:h Of coppér wire was attafhed to thé dfinic

contact by heating gently with a 25 watt soldering iron.. The wire was

then pulled through the tibe,of the holder andithe back Of ,the semi-
conductor glued. to the flat flange with Devcon "five minute epoxy".
& : > 3 “

. . i
Finally silicone sealant (C.G.E. or Devcon) was applied around the edges

‘and over theé outer part of the exposed front face of the specimen. The

. . E . L .
silicone sealant’was allowed to cure at room temperature £or at,least
24 h before using an electrode. A mounted electrode is illustrated (in

cross-section) in Figure 8c. o - 3
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¢ 40 80 120y

. :Polgpﬂ'nll difference /mV >

Figure 7. The bukrent

for 2.Ti/zn’ |
alloy contacts-on p-GaP . 7 G




Flange ;

quizomcl', semiconductor ;
electrode holdgr. % |

n semiconductor
« ;

-electrode specimens’on the Holders. . o~

Hollow tube

~. . Hollow tube”

-, . Flange’ R

Vertical semiconductor
-electrode holder -

8a - BT -~ 8b.

Silicone adhesive
5 minute epoxy

_ glass flange

Copper wire
‘ ;

Photoelectrode . mounting 'arrangement
,.8¢ . 5 G
The two, ciu;ea of qlllsvelecuod.e holdaz‘s. used in ghis work

- (a) horizontal and, (b) ‘vertical - and the mounting *
: .

in ction, () for |

. + . i
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Instrumentation ’ L
The Light Source Illumination was pxavxded by an Osram 4504 high
pressure xenon lamp contained within a Phomchemical Research g
Associates (PRA) model ALH 220 arc lamp housing. The lamp was.powered
by ‘a PRA m‘odel 302 power supply, ‘equipped with an ignition unit.

The lamp housing contained a parabolic reflector so that a broad
parallel beam of light was emitted. In order u; )s;’m\zlate sunlight as

closely .as posgibly

ALH'1) ‘containing no water. It was then focussed by a quartz lens (PRA

A nunber’ of neutral demsity interference filters
(Ealing models no. 31-8980-2, 35-6246, 31-9020-440, and 26-8854-2) of

absorbances; 1,0, 1.5, 2.0 and 3.0 were availakle forinterposition in

the ughc path ta‘;eéucq its in The light inten ity could ‘also

; . \
be:vaned over'a limited zange by adjusting the current setting on the

powver supply. The Tamp, other optical eqmpuusn:, and the cell or light
intensity-measuring probe were ‘an l:lan\ped usi.nq holders attached to ‘a
Lasico 2-metre 1m;g aluminum opgxcal rail which was fastened to the™

bench top. " This greatly faci:licated.aliqnment of the pptical equipme;m
and of the cell with the light bean. The set-pp £ atiows schanatically

in Figure 9. %

The light tntensity mcmenc upon the electrode was measured ubing
a.Yellow Sprans Instruments nodel 65A xadioneter eq'\u.pped with a prube

WS conta be placed at the i irf The -in

was

corrected for absorption bylthe 0.5 M nzsé 4 in the cell by passing the
. . ) .

Light through a ‘small aqueous H,80,-filled cell, with path-length equal

. to that of the golution in front of.the electrode, IRterposed between

& . the lamp and the probe.

the bean was passed through an infrared filter (PRA
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-~

Lol
Témperature Control and Variati

A Neslab model.RTE-8 girculating constant temperature bath, f£illed
- : v,
with a 1:1 mixture, by volume, of ethylene glycol and Water, was used to

“thermostat the jacketed cell at various temperatux‘es 'rempezatuxe N

control was precise ‘to * 0.05°C

The temperature was measured using an Brteo ¥ series (range -1°C to

s1°0) y-in-g

hich had iously been calibrated

against a platinum resistan .. For greater
than 51°C, a wide range (-10 - 110°C) mercury thermometer _{Canlab) was *

used.

L
Blectxochunical Measurene# §

Cyelie véltamograns yere generated using elither a Prix&cetan

 Applied Research (PAR) model 371 potentiostat-galvanostat /or a '

-* | laboratory-built poce-}gscat, with an Exact Electr;n\x;s type 301

function 3 A ing at low in' the nriangulzu- wave

mode, connected to[the potentiostat auxiliary input. ‘The voltﬁ.mmegrams
wwere regorded on a Hewlett-Packard .(m=) model 70464 X-Y- recordex, '
Altex’natively, slow voltamnogzams were :ecurded pmndiby pox.nt usfiig
an #P model 3467A 10gging mulcmeyer . 0 [ R i

Fast (500 mV.s ) ‘current-potential characteristics were usually

Pproduced using the FAR model 174 pelaxchAp}:Lc.mxyzez and vere

recorded on the HE X-¥ r;cox'aer. Some preliminary fast 'm;zrent-

potential plots were made using a Tektronix pée1 5441 osgi116acope
o and'a Polaroid camera, ot o » sx :

The stability of the photocurrest with. time at a given potential

(using one of the potentiostats) was determiggd either with an HF model

S -~



680M strip chart recorder or the previously mentioned HP logging
< .- - multimeter. N :
Materials. . " . - .
Gasgé. In preliminary work relatively impuré (K-grade) nitrogen frum'
anadian Liquid Air (CLA) wds bubhled, without further treatment,
. . through the electrolyte solu;icns. .
In later' work, CILA ultra high égxxty_ (U) argon (< 2'ppm 0,,
<10 ppm N, < 1 pem H,, % 0.5 ppm H,0, < 0.5 ppm total h;{zécazbons),
y further purified by phssage through’ pre-reduced BASE-type BIS- catalyst

3 : )
. . (to rémove 0,), was bubbléd through the solution for pre-saturation. .~

‘In ugure 10 the gas” handhng system iis depicted. mm argen was also

used as the inert atmosphere “for the preparation of the alloy L
! : "4 on tne semiconductors.

m‘:xd&,@xcept for those used 1n claaning, all acids were BN ARISEAR.
grade. They-were used either aniluted, Eor stoliing,of dilutdd with

\ . ':n‘p;e-diitiued water to yield electrolyte solutions of suitable . rz ¢

concentrations. ) Vo )
/'/ - Bromine (for'etching)., Mallinckrodt A.C.S. analytical reagent grade. ’
——Methanol (for etching) . Fisher certified A.C.S. - spectroanalyzed.
~ . Tripledistilled water. Tap water was distilled-once, re-distilled
" fron alxaline Km0; and finally distilled again under nitrogen, carbon
. : ) dioxide bei.nq excluded by use of'a soda-lime trap. . . /
4 Platinum' and palladion.  (ded for couhter and réfekence electrodesy '
A : ’ ‘respectively) . Apparatus grade metals: (Johnson, Matthey and ilh]:loq 5,
© 7 (amm) were usea. . : .
. 3 ) o, \ s . ' .
g . 2 N \
?
. 'y s . .
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p4 ("\Hz) P

. electrode worked -as an 3 eléctrode (potential = 50-60

=45 =

Indium (for alloy). BDH (99'9% pure) and Fishér (99.97% pure) were

used. i “a E oy e ;

Zinc (for alldy). Alfa division of Ventron.99.9399% pure zinc shqt was''

used.

Platinum and phlladiun compounds (for plating) ' oo

PA(N) , (NO;) , = £rom IMM (R, 7'pgms Ca, Cwy Fe, Mg Si, Ag all < 1

ppm; Pd 35.94%) T i Fe

.91 Puratronic.grade (Pd/ S ppmi Fe, 1 ppm; Si, 1 ppm

Ca, Cu, Mg all < 1 ppm) N

mé x

ot a 3'mn dxametez palla-’

diun®rod welded to a platinum contact wire, the Ju nct:mn being sealed. in
-2

Pyrex glass. (see Pigure '1l). 'When charged cathodically at 1.5 mA:cm
in 0,14 HCLO, for about 16 hours, hydrogen dissolves in the palladium,

and an equilibriun between two (¢ and B) Pdi phases is established,
¢ A

maintaining a relatively constant potential. After charging, the

Y . o o e ”
mV vs standard hydrogen tx with T tability, for 3-6

days, after which period the charging process was repeated. . Whether or
not the electrode was palladxzed (covered with a fine ajectrodeposit of
palladiun metal) seemed to make little difference to its suitability as

a reference electrode (see references (38), and (o).

Counter were lusively of platinum gauze

“wound on a qlass rod with external contact via a plat{num wire. (see

Figure my. v 2% P g i Y
Cleaning
Apparatus received from the glass-blowing shop was ‘invariably




4

. - wound on-a. glass

- 46 - "

. -bubbley
plat/'num

platinum guuie -

rod

" Figure 11. Drawings showing the construction of typical counter and

reference electrodes used in this work.:




T i ‘and Maul-nanng 3 s i

cla'aned ﬂxzr_ viéh Vnmratad aéuem! sodium hydroxide. ’Polh‘inq
thorough xmmg fatn dssuued ua:ex, all glassware not containing
sninless steel]/ plzt.l or” Rlladu- Iebil was cle with hnt ‘concen-
trated nitric lc]d. llnwgd with :L\s(‘_llled water and then washed copi-
ously with t.n-ple'dxsulled water, and finally dried in a clean oven.
Glassware with parts sensitive to nitrib acid was m}ugMy
zmsed, after the alkaline ’txeabnent, with distilled witer and triple-
distxued water and azsga n e oven.’,
¢ "

Mothods

Before each'run a unicond.uc:nt electrode as etched for a short
time (usually 60 s for a new. electrode and 15 5 or 30 s for an electrode
which had previously been used). GaP was etched in the 2HNO:1 HCL

mixture (36), GaAs in 1HNO,:2HCL:2H,0 mixture (40) because it was less

vigorous than Hethanolic bromine, and Inf in 2403 1CL: 2H,0 mixture
(42). After etching, the electrodes were rinsed well with triple- -
Qistilled water and then with me electrolyte to be used (almost exclu-

sively 0.5 ¥ nzs})‘). siis wats elebtrode waa placed in the cell which was

quickly filled with lution. - The and counter
electrodes were then placed in position and tile cell aligned so that the
'light was focussed at the semiconductor electrode position. m:zﬁm or
lzg.on was bubb1ea through the eleatralyte hefors experimenta and also

auring experiments when gas supply from abdve was possible. With gas

supplied from below, ‘it was foumd'desirable to discontinue its flow _
during illuination because of light scattering by gas bubbles. The

rest potentials of the in thé dark, i.e. in

room. light but with the lamp off,were usually noted. . Certain values
, x




_ a8 -
proved to be characteristic of a properly functioning electrode (ca.
+300 mv+ for InP and Gahsjand ca. +500 my for GaP) and rest potentials ~
woze:Lhnniliont 506wy dsgarivernd Thewe walves dntheanin stunse leakage
of electrolyte to the back contact of the semiconductor or a=poor:metal-
3 semiconductor contact. E *

~  Ccyelic of .the bare electrode in the dark (dim room

light) and with tfie lamp on, at one or more light intensities, were
- recorded. This was usually repeated at regular intervals until a
“stable- cyclic voltammogram,” i.e. one which exhibited little or no

i drift with time, was obtained.

. Frequently a procedure known as "blank" plating was performed,

' whereby the.electrode was subjected to-all.of the procedures. of the

plating treatment except that metal ions were absent. Following this
“blank" plating the cyclic véltammogram 'Whs again recorded in order te
& verify that this treatment had had little or no eftéct on e alectroas
behaviour. | {f. an effect was observed, ‘the "blank" plating was repegted
until it resulted-in no’further change. - )

P i electsofis wan thon ready for plating. The pyocedure mvaivéd
first calculating the volume of ‘a PE(II) or PatID:'stock solutiod
re.qu;red to give theMiesired ficble metal atom surface coverage (usuilly
in the 0.4 - 100 ;tams:x_z range) ‘assuning complete deposition of plat-

ing metal. This volume of solution was added to the electrolyte using

o an ipetten The electrode was next exposed to a light inten-

. sity of ca. 100 mW.cn” %, and polarized at a potential just negative of

ﬁ aré quoted with réspect to the a/B PAH reference

*
- ALl potenti.

p electrode discussed earlier.

4
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Asvthe onsct potential for hydrogen evolution on thé same b;/e electrode,

to initiate the plating. (For each semiconductor this plating potential

was alvays negative of the Pt2'/pt and~pa2’/pd equilibrium potentials).
Stirring was effected by bubbling gas through the elecfrolyte. Plating
was usually continued overnight (for ca; 16 h), with the semiconductor
electrode illuminated, to emsure that most, if not all, of the.metal
would 'be plated out under the diffusion-controlled conditions.

" Plating was halted the next day by allowirg the. semiconductor -

-
electrode potential to return to'its rest value. Cyclic voltammograms

were then recorded at.reqular intervals until they became reproducible.

. . The'stability of the bare and plated electrodes was compared by

of the with the

the time

eléctrode polarized at a particular potential at which the current was
znitially relatively large, but the applied cell voltige still small
enough so that the overall energy conversion efficiency was positive
(i.e. the applied voltage was less than 1.48 V (see equation 1021,,

Chapter II). The energy conversion efficiency was calculated using [2]

from measurements of applied cell voltage, current and light intensity.

(1.1.) Photx ical Kinetics
a)  Non-themostatted conditions. The lrelimlnary treatments, iie. the
»

. ecchmq i rinsing of semiconductor electrodes and the alignment and

£illing of the cell wera ematly as Ly the-pravious experinents.
)
5

a1 icteristics wére recorded at a fast rate

W500'mv.a”%) starting at or near the steady-state potential and

proceeding in a negative direction at least as far as necessary to

reach a limiting current plateau. Fast scans were used (taking 2-3 s
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to complete) on the premise that they could be completed before the

electro;ie surface condition was significantly alte®q, presumably by the
build-up and adsorption of intermediatés or produvts whi.ch could act as
electron-hole recombination centres and x‘esult in lowered currents. The

effect of scanning speed can be seen in Figure 12 which shows current-'

potential scans recorded-at vaxious scan rates. B

Generally, 1-2 days in solution were required before the semi-

lectrode exhibited &

ial charac-
teristics at a given light intensity. Presumably, freshly etched, 3
electrodes regiifed some time in solution before the"surface attained
equilibrium (see Figure 13). The ereprodnc)bllxty of newly etched
surfaces has also been reported rocakly by/\bexy and Bartlett .(42) for
GaP, although they found it neces§axy to wait only.an hour or'so.

., Once a stable surface had been achieved, data collection for ‘the
kinetics measurements was, Startd. Past curbent-potential characteris-
tics were me;%uxed'at. several (usually 4 oK 5) different incident nthl
intensities. These were then analyzed as outlined in Chapter 11 fsee 4

equations [40] and [41]) and the kinetic pararieters elucidated. l;hg %

current-light intensity and Ahlgren plots were each’analy¥8d by s:
jecting them to linear ledst squares regressions.

Saturation dark current (i) values, required for the agalysis,
were obtained from the middle of the plateau xegion of fast current-.

potential characterxstics recorded in the dark, i.e: with the cell

coyered with daﬂk ¢loth, the room darkened with blinds and fluorescent

Tights off.

In the above ents, the

of the el te was

3 y
assumed to be ﬂie/mpe;ature: 23 pien, ’ .
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. befére the semiccnductor elec:xode was lowered into the cell.

diti e preli minary etch'inq and rinsing of

b)
the semiconductor electrodes. as well as ma mounting and alignmem: of

the cell, were done. exactly as before. Now, however, with the semi-
conductors mounted n vertical-type holders, tie cell could be Filled

- y - & ’
with the el and the yoe and counter electrodes positfigy

Again,

~/
dav'or 50 vas required befoté results with the senu.condnctor elgotyodan)

were reproducible. - . ¥
~ R
Bfter this waiting period, data collection, which now required at
least 12 hours, often spread over two days, was begun. .With the cell
) ) ) .

- thermostatted at a particular témperature by use of the circulating

* bath, fast ial stics were recorded at 4 or 5
bathy, 2 ¥

aifferent light intensities. The babh was then set for & new temper-
ature, and, after waiting at leas thirty minutes for -the bath to zeach
:h.is temperature (w ensure that the elect_zcl.yte tmperat\u‘e di\i not. laq‘

stics at saveral light intensities

behihd); potential )
S

were recorded for the_.second temperature. This whole procedure was _ 4

repeated until 4'or 5 different cempexaéuzes' in the range 2°C - 65°C had
been, studied. A dupllcate set of measurements at one of the first

stugied temperatures vas us\ully carried out at the end of the sequence,
to verifyrthe reproducibility of the results, During the time required

*for “at one e latiqpg of § %

0.05°C weze observed. f ' B
"' _From the values of f.he exchange: ¢ zenc“aensnus ehtained at 8

aifferent témperatures by the analysis Lined in Chapter II, the

enthalpies of a AH+, ami the‘ i s of the p 1
factor, a‘} .were, obtained, raspectively, frnm the llapa and intazcup: of
q . ot . ¢ N

Ve



~

N
§ " s
" i ¥ i 1
i & s - .
the Arrhenius plot of 1n(i_ ) vs 1/T, where
o R
BIn(i
it = o eol]
3(/T) -
' |
. : | :
and \ln A+ = 1In(i,) evaluated at 1/T ='0

Weighted least squares analysis, with weights eq

461

. b
to the inverse

. e
square of the standard deviations, was used in ‘the’ treatment of the

Arrhenius plot data.

)

%
@
Ao
T
~
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+ IV. RESULTS

Br n..nna‘rv Studies and Noble Metal Plating

* L.

a.  Gallium phosphide
‘Q_ Because it has the most positive onset pctd.ntlal for hydmg n
evolution of the three semiconductots mefiad; gadifom phnsphlde s
the subject of the mst extensive research in this part of the wotk.
In Figure 14, tepressnta‘::ive _urrent-potential curves for ﬁyd:oggn
évolution on GaP 4nd GaAs are shown. The current densities at
= o =" satuTation are larger on Gahs (as is t6 be expicted because of its
sma11"er~ band gap) but the cathodic onset, is about’ 700 mV" negative
to that for GaP.' Fop InP, the threshold potential is near to that

{ \ . of Gahs and the current demsities are comparable, but cathodic polar~

ization also caused special problems (see (c) below) .

Although GaP was Pronising in that hydfogesi evolutioh beqah some

\ i .
¥ e *" 500°600 mv positive.Sf. tlie equilibrium potential ‘of thé K 0 /H2 redox

couple, the cirrent densities were small and conseq’uently h2 overall

‘ en&rgy f£eicienci (2], Chapter II) weré small,

. _ ca. 0.01%. Various anodic and cathodic pelarizitiom treatments had

- .
little influence on the shape of the current-potential. curves or on

the efficiency:
The electrodeposition of thin films of platimm and palladium
aid, however, result in favourable (positive) shifts of the Gar

1 s (see Figure 15 for a typical rdsult), .

& c ol
This effect had been reported by Nakato ct. al. (17) for metgl coverages

of 0.2-2 atons.&2, Here the investigation was extended to' include
4 ., v - : v
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platinum and palladium coverages from 0.2-100 atoms.® 2. 'Up to a

coverage of ca. 40 atoms.f 7, increased coverages resulted in larger
i shifts of the ial cs. Beyond

fis level °

additional plating provided no beneficial effgct and at very hich ,

metal ‘coverages (> 100" atoms.R2) thé photoeffeck began to diminish

9 . and the current-potential curves exhibited metallic behaviouz.
X 5 2 ‘ oo’
In’the "useful" range studied, 0.4-40 atoms. & 2, stability 'studies
(protbeurrent vs tine at a coristant potential or cell voltage) showed

f_hat GaP .1ee¢ma=a with the largest me’h atom coverages, ‘and hence the *

. & most. en:— itial i ekhibited the poux'al:
stability (Figure 15). 5 Gallium phosphide pratea with 4 atoms. R 208

palhdulm showed 1nc-nnediin stability vhile that with the lowest

_coverage had, the Tt At.n.bxlxty. This most Stable electrode, for

‘which £ = 0.015, was only about 50% more énergy-efficient than the bare

electrode.” . The bést Lnitial improvemeit, £orGap électrodes plated
* with 40 atons.82 of noble metal, gave £ = 0302, but the-enhancement .
quickly diminished (Pigure }6). Bare and lightly-plated G electrodes
showed quite good long term photocurrent -m&x;:y (24 b or h:tcer). <
/ When platinum was plated instead of palladium, the results were
~ quite gmm;z. The maximum stable energy conversion efficiency
i obsarved, ‘for GaP with ca.’ 0.4 atéms.X 2 of platinum} was 0.03%:.

The above resul

will be considered further in the Discussion. ° .
(IS 3 b. ' Gallium arsenide *
* As already mentioned, thé caumdxn énsot potential, !er .h'yd.rogen

evolution on illuminafed unplated p-GAM is mg.ci.vq With respect to

the njo /xa2 eq‘ilihri\m potuntial. ‘The aim of px.unq was to.shift

the curve iently so t_h.: the onset would occur
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" at positive potentials. As Bifure 17 reveals, plating of a small amount

Of platinun did result in a fairly large positive shift both of the '

s
‘ current-potential curve and the onset, but there was still very little

s cathodic ‘photo-current at potentials positive to the n:‘c‘/xz2 equilibrium

i
!
i

potential. Figure 17 shows the largest improvement achieved in experi- ’

ments in which various amounts (0.4-100 atoms.f %) of plarinum or

A - palladium were plated on GaAs. Higher metal coverages (100 atoms.f ¢

, . or more) gusually resulted in metal-like current-potential behaviour.

2 = * Thus, although plating of small amounts of platinum and palladium

‘on Gars did uauu‘m a L !hi}h' of the

characteristics, other, p:oblelu with G-As result in such|a delayed
—_ |
5 " omset for: cathodic: mxant that it xs' unlikely to be pseful in etslcnn:

i phor.o—assuced electrolysis of water. This problemhas also been. "o
. recognized by Fan.and Bard (16). ; SRS : '
% : c.  Indium phosphide - : bE BN o TS

as

cathodic pols of InP resulted .

. in umssual o ive cyelic were rarely

-and, if the s was at a sufficientl

negative pcm’xhu (ca. =1 V) for even as short a period as 1 minute,

2 whitish fila forned on the InP surface. This had peviously been

observed'by Mayuni et al. (43) and vas confirmed by osaki (36) and

Uosaki and nn (44) for cathodic polarization of p-InP in 0.5M .80,

 Mayuni et al. deternined, from ion microanalyzer measurefients that
. © the _ﬁm was indiun mefal formed présumably by the Yathodic decom-
positien of InP. T a . i Sk
: Chal As a result of this £ilm formation, anodic scans performed
) imediately after cathodic scans showed distinct anodic current @
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result in very large currents at patqntials positive to the H.

- 63-

s -
peaks4 The height of these peaks increased with the duration of the
preceding cathodic polarization as also found in (44). The film was” .

also dpbérved to form in the dark, at negative potentials, but the rate

of film ion was qreacly by & inatic ie. its

formation depended upon the electzen supply at the InP surface. These
findings'will also be'reconsidered in the. Discussion.

The only way, then, to achieve reproducible current-potential
relationships with Ine vas to ensur® that this :£{ln had been completely
removed before repeating scans. This.could be accomplished by subject-

ing “Ehe film-covered InP to Ehott—duzitlon anodic’ pulses (100-200 v

positive of the yesg parential for cai 30 sfyo.. ,‘
A few platinum platiny, experinents p'ez:amed with InP resulted in -,

' positive shifts of 4he cur:ent—pbtenual chiractéristic but did not

30 /iy

eq\ul]_hrium potent;n. «The presence of pu:mum did, hwe'var, greatly

phibit film fommation, presmably by making hydrogen’ evolution the -

favoured reaction (see the, Discussion).

a. s\m-my

The presence of thin el.er:riodepes‘i:s of platimm or palladiun
on the surface of GaP, Gahs and InP results ii*favm-fable, i.e. positive
potential, ‘shifts of their current-potential charactéristics for
hydrogen evolution under illunination. For GaAs and InP, however, the
shifts are xmdequa'te to overtone other. problems (such as elecm,{'inole

rscm\bxnatlon) erid the gurrents remain quite mall ac potenuals

positive to the H;0 W equilibrium potential, tesultxng in very small

or even negitive energy conversion efficiencies.’




“f - ¢ L. 3
o R \.\g\/ &
% ical Kinetics® B « * ! !
- Ci.  préliminary work . E . 5

Preliminary experiments £or,all three semiconfuctors made use of A=
RN an unjicketed cell, so measurements vere linited jp xoon temperature, /
with temperature control no better than 1 K. ‘Thb’purpose of these
;o investigations wa's todetemine how weu’c_he data .

i

; I . [40] (chapter IT). :

\ ¢ © a. Gallium phosphida

| § A
i - S SRl Ve doe wl.th r_xus materialias the eleciypdp and

N althnuqh‘each separately fxtzed the theory vell, the exchange current ' A

¥ 7 N
densiuas obtilned wee “th poor agreement ('l‘able 2). " me stronglight

. 5 o )
i ofthe‘f‘ ¢ ’].c\lrvesfophydrogen. s .

R ™

wvolution is Emcmstrated in nguxe 18. F!ouhthe!e burves, valugy/of %

cnnrent density and light mtens;cy at’ sevaral overpotentials wer”

exttacted and plotted, as shown in Figure 1s. mse cu:zem: densxty— .

d liqht intensity p].ots exh

ted gaea linearity and the anticipated . - \

i increase of slope from the cathodic Dnset to the' platea region of

overpatmt).al Us:.ng.squacmn (371 eom: Chaptex 1T, valuwes of ¢-Y and §_*Y

rvere’ calculated at appropriate Gverpotentisls and ubed to plOt In@/ (9,-4)) %

vs. T (Figure.20). The intercept.at n'= 0 of this latter plot yields -

the quantity In(i_ /i). Since i_ is easily detemined (from current-

potential scanh in. the dazk) the valie of In(i_ ) ican thonhe computed.: &
“riqure 20 3lso shows thit provided ons does ot seléstpoints too

near ‘the platean region, the standard deviations of the points are of

R comparable magnitude., For polnts near the plateaurregion, ¢ or

| ) 4, *0,and the caloulated errors in 1n(¢/14,~9)) “increase rapidly.
| - - ; ’
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FEL Table 2. A summary of the results of the preliminary 4
= . photoelectrocheical experiments with ‘Ga?, ‘GaAs and InE.
Vgoom, ™ 7 T=207%1xK R ¥ s W
i ; -
. . i .
1
9 Semiconductor  Triglve. . - lali /i) % ./u% “n(d_ up.gn”
) A . - o
cap A -1.49(£0.09) b 3 ragacm. 09)?
X Gap 2 -2.78(0.13) 0.3 | -3.80(i0:13)
‘Gans 3 1. Sae2:0.12) 0 100t 2320003 0
‘ ‘Gans " . L2 lsoree.oh) . 700 P a7earon "5 Wi
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I e me e -5i00(0.49) 240 0" -4,31(20.49)
i . " i) i . :
! Untess  indicated, the
L . calenlated 't-ndaxd deviations.
o ’ % since mxeudv.-m:m' %
£ Inli_ /177y the relative errox in In(i, ) is ‘the same s that in .
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— -
Therefare the errcry,in the y-intercepts of the Ahlgren plots were s
calculated using ordinary least squares analysis, omitting any points

in or near the plateau region for which the errors were m:.?m

large. (
: The Values calculated for ln(i_) were of the same order of

. :
. . y
\ # nagnitude as those found later at :Tnm. temperatures in the

\

variable.temperature experiments. [ \ . 3
b. - Galliur arsenide i

The cnlcul.:!a valdes of the exchange curfent. dénsity for hydrogen ' ..

B i v
in two g on il GaAs agreed reasonably well . B

(Table 2). The r'.m- (L.e. "the ial curves at

several light intensities (nquxa 21)) were uncaﬂ exactly as for GaP.

* A typical current jmllty-llqht Lntensity, plot (liq\lre 22) and M.\\qtm

" plot (Figure 23) are pzenﬁtzd They exhibit good, if not excellent,

linearity. The valf of l.num1 obtained agreed well with. those

obtained in'the same temperature range in the later vork with'the

“thermostatted cell. o )
.. Tndium phosphide ¥ oe
With Top, the calculated values of the exchange curzent. denmiCy +

frbm the two prelisinaiy trials also did ot dges pirticulariy well

(Table 2). The current density-light intensity plo€s (Figure 25), taken

 from the current-potential curves at vanou. Light intefsities (Figure

3 24), and the m-.xqz-n plots (Figure 26) axa, hovevez, show quite reason-

able linearity ior both trials. The valued of Inflz ) ahw.md w\m , \
somevhat larger than thosq calculated in,the same talnpontuxs zange in
N

the hta! variable t ture work.

“d. Sumary| | - \

- | o, % :
b The !l[!vduclbullty of the results for each semiconductor from
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trial to trial was; at best, anly fair. This is probably due, in part

at least, to the difficulty in malntaining a zepﬁoagame (emi-

receive. -

) suxfa7e diti a m:ter:whgdm W

i ®  further .comment in’ the Discusg_ on.,
Despite the above, and on the basis of the quite reasonable fit %
' of the currept dengity-light intensity plots and the Ajlgren plots to .
the - theoretical axgrdasidns, for'each trial, it vas decided that -

| ; s
extension of these experiments to a range of temperatures was desirable.

g
if." variable

1 " . In these investigations, use was made of a jacketed photoelectro-

H * . / R
R chemical cell to measure exchange current densities at several care-

5 | fully controlled (£'0.05 X) temperatures in the 275—3/40 X region.

"hese results. vere used to construct Arrhenius-plots from which the :
B / o enﬂmlpi?es of activation of the hydrogen ,evcl:\:tiop reaction on t)"ne o o
three samiccndu‘ctoxs were estimated.’ .

a. ' Gallium phosphide., =/ . o

Several 'separate experiments were perfrmed using two différent

. " GaPelectrodes. As before, cufffert-potential curves recorded at several

- ! light

one 1yun, and this procedure °

feo + was repeated at three or four addi 1 The' n .

s %
of these current-potential curves, at-one temperature, on. light 3 te

intensity was demonstrated’ previously (Figuréd' 18). r;qm-e,n shiin’ he . l

o

‘effect of on the ¢ ial at
; . o
" % constant light interising. o s G = Ay

4

: Ct For_ each

Vo . bgfgze (part S|p

* . severai ‘overpot
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/
- at each temperature and in all erpnx'mnt_s. _Thése plots were nbserved

“zerc current’ at zero .inunaicy are pn:ba.b}ydue To small erxors -

light intensity values. The cnavailability um in the 0-20- o 2

<. : range also nud-~to uaka the extrapolation less g;Q?sK. 1t 15,,

s Pk hmzv;z, the 5lnpe ¢ these plots'that is required fpr the analysis, g

. 7" and, a5 \\entianed above,the linearity ovez r_ha sn:anmy ranqa\studild
—

g x'svaryzuqd,‘
VoG

_ Anlgren plogs for savatul Lepparatnren; ‘fron' one experiment: with
- cartar illuﬂt_nl:ed l.n Fiqure 29‘ Klthough there is upp:eclable

scattr_tfmg of t.he daca about the laast"ﬂqu.xc 11no obhest £it, the

s at, zera ial are signi f different for each
4 p The aif “in these is also_cl
- Table 3, which summarizes results from two of the GaP iments.

Table 3 also reveals a lack of reproducibility of the ‘alculatea

e-chmge ‘current & ies at a from one

2 #; 2
. \expezulent to another. ' If chggandssd g deviaéfoﬁs 6f the values are

oy % considered, howeve \ Qleaxchange mmnr. dwidel overlap, or very *

kK ‘Pigure 30 whith s M mhennls pxm for

s
» @
b nearly avezup. g all hut one tulptraturl. This u also appaunc in_
the two experiments. It

S

\ \1s nevem..\u clear fom Figu?e 30 that the variation of the In(i_)

\The curfent would, strictly, not be.zero .c I=o hecause of the

” © ' ° finite.dark éurrent. The ‘ark cumrent is o pﬁx B St

s 5 cannot aceorint ol Lhe ‘deviations.

o very nearly intersect the origin, 'alsrnquctad‘ e deviations From

Y/ the -
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Table 3. -'Exchange current densities as a function of temperatire. for "
A 1 . i Fa
| g q .
A hydrogen 'éo;uticn at illuminated p-Gap (two experiments). . .

(1) Experiment T4

< ' v .
4 £, 71 § Anvea? ;
1000/T Ing /i) tg/uien In(i /uA.gu
. L 3.099 .45sto.17_-)j 0.32 . -2.58(0.17)
3.625  -2.04(30.22) 026 7 -3.39(20.22)
3.431°  -1.63(20.15). 0.26 =2.98(£0.15)
3:285° 1.32(20.18) 0.32 . -2‘.47(:0.15)"
- v
2,982~ -1.13(£0.23) . , 0.44 " -1.95(£0.23)
: . .
@ E‘ ime R N S
A Experiment 15 y E
R . S K . 51
. Run. f/" \Emuu/m (\m(xm/.xs ) In(i /uA.cm )
* 1 - -275.4°  3.631  -2.35(20.18) 0.26 - - -3.70(%0.18) *
S 2 306.8 . 3433 ~L8L(0,15) - 0.2 [ -3-05(20.15)
3 322.8 . 37259 . -1.63(20716) To |- 52.7a(50.16)
|1 E - ~
ca 4 332 2.957 . ~1.38(£0.17) " 0.37 . ~2.38(20.17) .
. o R
. e . . . - . . [ :
. . This point ‘omitted in the Arrhenius plot.
~| . S s N
3 - i '
B f < v . ¥
| ~ ) i \
| ' "
\ I 2 i
| e . .
6 ] L
| 12
' 1
. e . .
3 i
N g & 1



1

L2

.+ 30 eyep woxz) Vos'
; Y )

, ; y 2" (€ e1qRn
H W 6’0 UT qed-d POIRUTUITT UO UOTINTOA® URB0IPAY 203 SIOTd SMTULYZIY
9% |

-o¢ eambra
E'E E &

- 83 -




[ i A =
2 ¥ . NV e . .
. values at a particul £rom one éxperinent. to. the nextiis . )
i qulte s)(sl:ematxc. with'the entire Arthenius piot ‘being & fred by about
. 'the same amount. Thus Ehe Slope varies very little' wmle the xktezcepc 7 el
(at 1000/T = 0 changes ially from i to 2 N
- 4 -~ 4 .
the values. of Adl and Aa(aT), obtained from weighted least squares
§ . 3

analysis of thé Arrhenius data, are given in Table 4 for the two -

and ‘two additiuQal experiments.

There is some variation in the activation en:halpies ebtéined but the . .

fust three values agree. ratherwell wheri the error limits are

»consxdezed. Experx.luents '1'4 T5, and T6 were, dune, in order, usinq

the sane elsctrode, and'a systenatic trenﬂ is ‘observed of decxsasmg ~

Aﬂ+ and n* i a1 de ages. Quite i variation in

the calculated pre-exponential factors is also observed. T}g, weighted

mean of the agtivation enthalpy,. 16.0 ka.mol ™Y, is small in comparison
.9 &) o 2 a

t0 “usual''values obtained for “electrochemical reactions. The above

" observations will be discussed fuzcher in Chiapter V.

Galfmm arsenide . ... "

Of the three semiconductops studied, Gahs-gave.the most Beoblems B /
” of ‘an axpex).mental natu.re. Gallium arsqpide;elecu‘odvas were much more
susceptible to problems of .leakage and poor ohmic ci:A:Qct. . They 'also ~
survived for fewer expsrul\e,nts than the Gap and In® electrodes,’ i.:

sometimes leakage would occur suon (wm-un a’day-or so) aftar “the T, .

¢jectrode was put into solution, betors curren

-potential character—
istics were repmducible or me;xu.anul expet.unants had been started.
Few Gahs execuqeé endured £8r" moxe}han one experimént. Nevertheless,

two 1 variable & i igati ere

completed with GaAs.
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s » e S s
== = .
R4
. 3 . % i T
A By ) .
N 5 - R S
’ : ’ ;

A . ! -
o —.85= IR
- . l f*
% ks . K
- . Sable 4.. i valyes of Al and IniaT) obtained from veighted least

squares analysis of the Arrhenius plots for hydrogen

" evolution on illuminated p-GaP.

., Weighted mean .

e 1 X
16.0 1.0
13.5: 1y

*16.0 0.9

it/

7 e, G
3.42 £0.94 . -
i . s

3

.29 £ 0.67
33 %041

—_—

1 Experiments T4, TS and T6 used the samé electrods. - A diffexent
o ; =

electrode was used in T3.




-plots agreed’ reasonably well as is evident in the calculated ant |

| e ce of the' ial curves farmyquen

evolution upon l:emgerntuze (at constant: nth Lntans).ty) is {1ustrates,

in F).guxe 5 f -Fiqq{sgzsrmome curn;n: density vs. light ntensity

5 A N 0
plots, at sevéral ials, for one studied duzinq orie

of the sidogsstul Gans experiments. The plots we'xe qenezally linegr at

all tempsla’t es studied. Some of the Ahlqten plots at different
yr e ;

for thg above inént,”are pr L in quute ) el
Altjicug)‘thexa«is 3 déviati from Linearity' at. Spth sl 2,
- Yoo S

and large 5 fitted lines ar .

given in Table 5. . o RE Lo P
Arrheniu plots, constructed using data’ such as’that of Table 5,

s . i :

for the two i L 1" i are il

in Figure 34. . Only one of the plots exhibited good linearity and
the actual values of ln(i_j at a given temperature again varied con- !
siderably, from one experiment to the néxt. The slopes.of the Arrhenius

valuesin Table 6. The weighted mean Va).ue of tit, 25.7 Kz.mor ) is
significantly larger than -that found wu:h Gap. The valuestof ln(A*J: |

as Figure 34 ts, are quite discordant. The above

will be discussed further “in the Discussion. 3 S '

c.’" Indium phosphide —

When the same experimental techniques as applied to GaP and GaAs

were used to obtain data with InP, the initial results (the current- v
potential curves at different light intensities and the Ahlgren plots)

that the'i igations were proceeding as expécted based on
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Table 5. Exchange current densities:as a function Of temperature for «
5 : B

hydrogen at an illuninated p-GaAs 8
Exg‘er ent T8 | )
i @ . -2 . -2;
o Run /K 1000/T In(i /i) i /un.cm 1n(i /up.com %)
- 1 306.9 ' 3.258  -5.20(0.28) 1.7 . ~2.78(£0.28)
2 ] 323.0 3.096 -4.85(£0.35) ., 14.7 o -2.16(20.35)
§ o e A % o .9 B x e
53 2751 ©3.635 | -5I14(20.16) 3.5 -~3.88(20:16),
) fows s -
.- . 4 291.1 -5.54(20521) - - 9.2 -3132(£0.21)
s " T : 1 3
. i \ . s
s, . . . -
2 Table 6. fho Valuesof il and 1n(ah o))taineé f£rom Weighted least * &
5 ¢ o ' . )
squares analysis of the’Arrhenihis plots-for hydrogen
A o -
., evolution on illuminated pSGahs.
?  Experiment ' mitamer? \ “tn(at/en:s
T8t . 25.5(21.4) . *7.27(20.50) L
2 i B 19 29.9(46.5) 8.04(£2.50)
" . s
¥ ! veighted mean 25.7(0.9) s +7:30(20.15) “
. . o ., " e o ©
. - L / v
i -
=8 2 .
i d
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Y It was spected Ehat film was ‘ogcurri .

“in em:].mentu usxng GaP'and Gas ¢

the GaP and GaAs results. The t\z‘rent»potﬁntiﬂl ¢haracteristics were
reasonably zep:oducxbu and the Ahlgren plots were quite lincar. It

was soon Giscoversd, hovever, that when the FeSults fromsiveral -
benpezatuxeu were ca:paud, the valies of In@_ ) ~enlike Lho§e “found |

&

scattex (see hhle n.

* Of particular riote in Table 7 are, the poor zaproducmiucy of the k

results of the two expexuwnts at ca. 307 K and the bm;e disuzepancges‘
in n the changes of ind,, ) Sor Approximntely equal, changea inW/r. It

was subseq}_ntly learned that if a run at one :umpexatura was xepa-:l:ad g

immediately, the’ : cial h werenet oduci-/ '

Ca
ble. (‘Instead there was a trend to inc:easqd current (at a 'qxven poten~
tial ,;th intensity) for r_he later run. ‘If, er, a run’was '
repeated aftex a "rest pe!iod' (elecf_l:ode left at rest pocenr_uu of

sevéral hmzs, the cnéz-n:—poumm1 curves displayed mach bettér

tepzoﬂm:lbxlxty. " 5 - e

£
the bt Quring the cathodic potential sweep, a pheno-enon r!pcrtad

~pzev1msly (p *1). Although visible films were mt ohsarvad afr.er

tbe cathodic' sweeps, it vas' suspal:ted f_hat an h(vislhle fu.n, 1£ not
rmoved before the next current-potential’ reep, coutd s\lffxc:.fm:],y
alter the cmd1|:§on of the IiP surface o as to praxant reproducibility”
For an’ e1ecuoda left, for, several hnurs “at rest, the H].m aissolves and ;
xepxoducihl.e resulfgrare obtained. Film ‘aissolition could n effected
(see p. 63), byl suhjsugnq the Inp ulectrnde toa briaf (30 s) anodic
pulse at.a-potential~some mo—zoo v peli.cive of 1:/: rest potential,

after every.caphodic pétential sweep.: This anodic pulse treataent vas .
. g 3 . 2 o -




S . 8 .
' K = 5 -
» t. B N -'93 - i
‘esults of early vaziab'le temperature work ogen -
; . evolution on illuminated p-Inp. $s .
o ES s
o . X . . - N
. . - ]
Ren /K Tooo/r . nli /i) i/ma.em i /M. on 3
1. 2759 3.625° s 8,37 £0.15 1.4 .. -8.03 £0.15
: B ‘e . s i
2 2914 3.432 -6.26 + 0.24 1.7, -5.73  0.24 "
N 7 291.5 3.431 -6.27 £.0.21. © L7 T -5.74% 0.21 . @
: .- p ' T o 5 7% 8
A - 3. 307.1% - 3.25. ° -4.94 % 0.20 2.5. <4.02 0.20
R 65 . 306.7 -6.72 £.0.21 2.5 -5,80 + 0.21
! - .« * o LI Fam T R
: . 4 .,°322.9, . 3.097% . -7.08 £'0.19. 4.2 -5.64'% 0.19
- ~ Vi G . . .

: 5 337.2 . 2.966 -6.50 £ 0.18~ - 5.8 -4.74 £ 018 :
b LI ; . i .
i b X

i % . v . b
o . y .

; \ > "4
i % . 5 . ’
i = ) . , 4 "
o ¥ B . . <

T . i s 2
I . il

. »
‘ .

o i o .

i . B : !

» - .
- N . .
- : , : 7 v
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w

employed in all subsequént’ experiments with InP, Yesulting in’ much more
‘ ‘consistent behavigur. - * [} .
Some of the resilts of these later experiments are sumnarized and
illustrated in.the fcih;wi:nq tables an& figures. Current-potential £
‘Gurves at varions temperatures (and‘eonstant light intensity) are shown

n Figure 35. It was obsekved that a much more cathodic pofential ”

relative to the onset potential is required for InP relative to GaP

S @ 4 : .
before :the current begins to increase rapidly (compare Figures 31 and 35).

.
Otheryise the currert-potential curves for iInP and GaR .are similiar:

* . Representative current density vs. light intensity plots at several >
Ve ials for one are il 4 in Figure 36. Such!
excellent linearity.was generally found for the later experiments with ) (
£ ¥ :

an. Typical Ahlgrén plots, from which the in(i_,) values at varibus .
temperatures were obtained, "are-shown in Figure 37. The good linearity, :
and @istinet intercepts at m = 0 for different temperatures, were

th InP. A summary of the .

characteristic of the later experiments

results of one of these later experiments is presented in Table 8.

. The resultgalculated tron the Arrhenius plots for threé of the
; ; A

e

t° later using, two

are given in

. 2 0 *
Table 9. Tyo Of the Arrhenius plots are shown in Figure 38. While g

the valies of in(i_ ) at a particular temperature do mot éy{ee very <
well, the figure demonstrates that :L.e slopes uf', the two plots are in " v
o £ :

ngoa agreement. fhis is.reflected in Table 9 by the much greater

i

. relative variance in the ln (A#l values than in the .MM’ values from the -

three experiments. The weighted mean wit, 61.6 kr.mo1™), is’consider- £

ably larger than that for the experiments using GaP and GaAs cathodes. E
Many of the above i will be upon in the Di

# “ 3

\
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Table 8. A sumnary'cf' the results of one bf the later variable

Experinent |T16

Run 'x'/l(\ 1000/T

1 275.7 3.6

2 . 20L.5 | 343

3 322.9 3.097

4 337.4 2.964
L}

Il /iy)
-9.72(#0.20)
-§.42(£0.15)
=7.29(+0.06)

-6.54(£0.12)

temperature experiments with p-InP.

& -2 N =
ig/uh.em I, /uA.cm

1.4 -9.38(#0.20)
17 -slssro.s).
a2 -5.85(0.06)
s.e 1 -a.7(0.12)

{Tablé 9. A sumnary of the values of art ana ln(A*) for hydrmz‘en evolution

analysis of the, Arrhenius plots

Experimentl ¢

T18 L¢

weighted mean

L&m.mfl

64.0 * 7.0

63.5 5.4

61.6 t 1.6

59.1 £ 4.6.°

on-illuminated p-InP obtained from the weighted least squares

for three different experiments.

Y

1nadem.s”
17.9 ¢ 2:’6
c14.7:1.8
16.4.2 2.1

16.0 £ 0.9

t Experiments T18 and 720 involved the same electrode. Experiment T16

employed a second specimen of InP. a_

¥



]
|

. |

53 ‘ . % |
‘ |

|

- (590 atezoiyTe dea butsn

wox3 36p) YOSH W §°0 UT-quI-d POIRUTENETT UO UOTANTOAS usBOIPAY ‘303 s30Td SMIUSATY -gE- 9INBTL
L} " .
. 170001 : .
- = 82
o1-
g p .
ol

.
s
g
5
)

hl




4 N S11- -

. V. DISCUSSION .

1. Noble Metal-Plating Experiments .

L As shown-in the previous chapter, the presence of thin electro-
. s

deposits of platinun or palladium on the ‘surface of GaP, GaAs and InP
|

resulted in favourable (inthe d‘irec}i_on of positive pofential) shifts :

N : of the ial istics for hydxogen

B « iy

under .

1lumination compared-to those abtatned 11 the mbsence’ of sleccm- 5
- deposits. Hence a smaller applied voltags is xequj.xed for shoto-

assisted eléctrolysis on plated electrodes, resulting in slightly

enérgy
& * Plating is beneficial because it xesults in a semiconfuctor ;
‘. surface with sufficient ies of the catalysts platirun ox I

palladiun to enhance the h.e.r. but not o mich as to appreciably

The optimum

lower the lxgm: i reaching the

Al 7

5 ® metal coverage for current and long term stability was

‘about 2 monolayers (for Pt and ?d, 1 atom.%2 ~ 5 monalayers) while

. coverages greater than about's00 monalayers resulted in metallic °
"' behavior of ' the electrode. The two monolayer coverage reigred to above
is almgst certainly non-uniform, with alternating bare and plated areas,

- allowing the .light to penetrate while providing many citalytic sites for

* cbm';let’iomoi the h.e.r.

: Although it was only on GaP that positive energy conversion
efficiencies were realized, ;r;e\ favourable effect of noble metal-plating

“was also observed with InP and Gahs. _Heller's growp has recently had

. remarkable success by zefxn).nq metal-plating techniques for p-InP

% . (45,46). They used indium phnsphide upon vhich catalyst islands of Pt

‘or Rh had heen created and,a thin layer of oxide, presumably n 0, or




. np0, formed. With this cqnf‘kquratioq they achieved 123 solar, conver-
4 i a1

I

)silun efficiency for-pl igted & is ina y-type cell

producing H, and CL, (43) and up to 11% efficiency for spontaneous
i

“photoeleétrolysis (i.e. no bias!voltage required) of to i, and Br, .
using a p-InP cathode, ueated\a‘s above, and aa n-MoSe, hnode (46).
- L
( Theix major achievement was the attaimment of large currpnt densities .

| g
near the cathodic onset on p-InP|as a result of the sufface treatment,
| " .

scmethifig’ which-has not been ‘acédmplished by the methods employed in © s
this work. -Hellér has'hot reported a problem of film formation during

cathodic polarization of the sukLce»ue;:ed p-Inb. Presunably, as Y 7
. v . .
£ found to a lesser degreé 'in this zesearch, the nobld métal catalyst . °
causes the h.e.r. to be the reaction preferred relative ‘to film

] © formation

T The idea of ‘using a phnmexec\:zoxysis' cell in which both anode and
o % i T s X
- cathode are sem was firdt by Nozik (9). Sucha {

eases the on the positions of the semi-

conduttor band edges relative to the 1,0*/H, ana 0,/1,0 tedox couples

and 1y on the onset otential for the desired reaction'at\

. Shn A1SGEEAETI0ER Figure 39). Neela photocathiode with a more positive
onset potential for H;evolution Ehan the equilibrim potential (such
as the plated GaP studied here or the modified\Inp referred to above)

|

is combined with a photoanode with al nore negative onset potential for

0, evolution tiqn that of a Pt anode, the conversion efficiencies § .

»" . become quite significant and smmmelecuulysis nay even be

possible, as demonstrated by Heller (45,46).

In summary, as technigues are developed to improve the current-

i g tential stics and stability of semt B




e .

TFigure 39.  Hypothetical energy level diagrams for the spontaneous §
.photoelectrolysis of water in a cell with 2 semiconductor
electrodes with H, produced. at the (p-type) cathodé and-0;

g produced at the (n-typé) anode. Note that neither eléctrode
could be used for spontaneous electrolysis if used in a
Schottky-type cell with a metal counter electrode. :
symbols: E, - condhiction band edge; E, - valence band edge;’
B, - Ferm\level; 5_(n), E (p) - band gap erergies of the
n-type and p-type semiconductors, respectively. Based on
a figure in (3). ‘ .
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and photocathodes, photoelectrolysis of water as a means of solar -

energy conversion may becone nore feasible.

2. phot 1 Kinetics

Agreement of results with theory . &

The current vs. light intensity plots without exception exhibited

the anticipated linear i and the individual *plots
also conformed y;ll to the'behaviod! predicted. The data for Anquen
plots, however, was cftemscattered guite notiCeably about the least
squaxas/uﬁxe as best fit w oFtén showed slight curvature at both sifall
and large overpotentials. L centd be-an indiestion thak gy dhe

“a
fraction of the ial in-the Helmholtz layer, is some-

what dependent on the overpofentidl. Tt seems probable that at low and’
high overpdftentials, vhere the current is beginning to flow ox has

saturated, wespectively, p will vary somewhat from its value at inter-

ials, Ahlgren plots
were reasonably linéar and data in thls range were usually emphasized
in the construction of the plots™= " B 3

. The discussion of the lslcpes of the Anlgren plots has been delayed
until now. From 'equation _r‘ao]. Chater II, the slope is .
-(L-pHi pIF/RT. IF p= ', ie. all of the overpotential occurs in the

semiconductor sace duige layer, the slope would‘be —F/RT‘\ (ca. -39Vt

at 208 K. Ifp=1, ie. all of the nvezpatent:al occurs in=the .

Hei.mholtz layer of the electrolyte, the $lope would be -d F/RT, L

emblmg direct detemination of the transfer coefficient, as

suggested in Ahlgren's paper (20) . . .

The di £ ference in slope between experinents with @iffere

conductors was probably not significant, the average valy




texperature hgﬂ: 10.4, 12.0 1.6 V" for GaAs, GaP and InP, ;

1€ no

in the siope with temper- &

ature was observed. The\influence of temperature ls unpredlctable -

because the temperature depbndence Of p and @ is unkiown. -

'rhe slopes are much smaller than »v , so thd possuulxty of efk- 4
overpotential occurring enca.quy in the .emcmducmx is eXcluded,
Mso, p must bé greater than ca. 0‘7 or else negative (physically un- )

‘reasonable) values of uc woulﬂ_ result. If p were unity, vué would be

about 0.3,'its maximum value according 6 ‘the present observations.

P -~
This suqqal’s that the activated complex for the rate determining step .

of the h.e.r. on thase sémi . is decidedly re: slike. It 2R

also ixlp'lies that,the ential ng in the layer is
qilte siguificast, and sy be dminant for hyftogen solution on.the | .
séiccmdm:tn‘ts' studied here, but it is not necessarily ‘true that p = »
‘as vas assumed by Ahlgren (20).

mﬁxmne- ; encountered L | = —

The sajor dx\appohlt-ent wis the poor” reprodul:lbllity of the .

Ahenin ploty. As npoxted ia Chapter TV, Arrhenius plots for

i et with a particular caf)n'le were -

gw(zauy, reasonably une'u-. . For rufreu_mt si@nz:uu‘:-, hmgva;,/eﬁ?' )
exchange currents at- each tpexatux—e were rarely 1n qoud ‘agreement. o £

The y—mtarceptl, i.e. the ln(d) values £rom Arrhenius plots of “data’

obtained vith the sams electrads material were very discordant; whete_n LI

much better :

the slopes fand hence, st vatues)’ g
7/

Fox consecutive experiments with the same u-cgmd‘e'. an {perease

in the true alect:ode ku. ca\lluirby the roughening effects of etchh\é'\ - i
and aging in solution, may pa.rtnlly account for the di;crqpanuas . -




mentioned, as

unity was used for [caleulytiong” Thig/area change on aging seems to be
s

4 4 & in the T4, T5 and T6, using the same
GaP electrode (s‘ea Table 4, Results). 'An analytical me:thud for the
accurate dvctemination of the true’ electrode area would be desirable.

. The failure to agniex}e zE\pmdﬁ'cmle Afrhenius plots is wi.thuut.

e . doupt linked to the difficulties of obtaining a stable surface

condition. - The smuicanductuis studied contaisied low concentrations of )

L ‘impurity donor atnms, so that their surface pxcpexuewum be very

\, > Seriitiva £ aben anaits dmonribe: of 1m§uzxciea in'the electrolyts which
- becone adsorbed on the surface. Difficnltles in obtatning Yeproducible*

"results-are well ‘knoun for elect:ochemical ki.netic studies usingfetal »

electrodes, so it sh#hld be no surprise to encounter’ such problens when

semiconductors, which may be expected to be more susceptlple to

aze used as®lectrodes,

iii. Thé sxgmﬁcance of the exchange current’ e Lr.halpxes

of activation :xe:emsn’i‘a here. ¥
Recall from equation ‘(40] of Chapter II that the exchange current

*  density is deteymined -fmm ‘the intf_x‘cept a€ n=0ofa plo: of

; . [ 1n@/@,-41 g n. The valuss of the e ¥ie1d and the giancun

ooy i
ion, ¢ 'and ¢ . i are obtaxned econ plots of

! ?&“
% 2 ‘current density (4) versus lightintensity’ o at selected over- .

o . potenuaxs. Since the“iuantum yields. are xnﬂependent of T a ringe of

conveniently measurable light intensities was cl-psen (see Figure 29,

for example): " . z
In the dark, when equilibrium is established, the Fermi level of a

. s Q b 1
\semiconductor electrode is.equal to that of the electrolyte solution
¥ = - . N

~
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with which it is in contact, hefe the equilibriun potential of the

i h.e.r, in 0.5 M 32504 . Upon illumination the Fermi level of the semi-
conductor changes, as the band bending is decreased, and a photo-

. . potential (or photovoltage) is measurable at open circuit. The ‘ -
of this ial, which determines the potential of zero
3 h g
current at the particular light i ity, is nt on the light -
intensity (see Gérischer @ %

s the] light intensity is lovered, the potential of zero current
in :ne light approaches the equilibrium potential m the dark and in
the limit I+ o0, the two potentials should be equal. The values of

¢ and ¢, are independent of the light intensity rangé used to find them, 4

7 ' so that the Anlgren plot, and hence the exchinge current obtained from : .

32 it, aje also of the i of the light i ities
. employed, The exchange currents detdrmined by this method are then the

same as those that would be cbtained in the dark, at the equilibrium ~
potential (vhich, as stated irf the footnote, may be slightly different

* For true egullibriun of the h.e.r., appreciable quantities of both ' ;

the 'reduced apecxes, H, g O Hy, and the oxidized species, B 0 W must .

N ads
be present. Thiis 0.5 M H. 50, with dissolved ﬂ2 (i.e. under a constant

pressure of K,) is Sdeally :equired to mest this :;onduwn. Hovever ,

' v . ‘as long as some dissaived H, or some H s x; pxesent, an equumnum .

(res:)A potential can be estahh.shed wmch may be close to the eqmmﬁ\_ »

i
. rium potential for the h.e.r. in 0.5 M H,S0, "at wnte fllqal:ity of H,. |
4

In this work, it was observed that after a series of potential scans in .

the light producing 1-12', the rest potential in‘the dark was near

(within. 50 mV at worst) this equilibrium potential.



o

" current densities at different temperatures.
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from th‘e .equilibrium potential in 0.5 M H,80, at unit Euq§city_ of H-z)'
The light intensity is simply the variable wh.ich enables ofie to

determine the exchar:qe current. ’ \
Anlgren's approach (20), of using the equilibriuf potential for the

. reaction being studied as his n = 0 for the plot of ln A¢/(¢5 ) vs. s o,

is now seen to have another flaw. ~Although the current demsity-light!

intensity plots do not depend on I, the potential of zero current'does
50 depend while Ahlgren's potential for n =0 remains constant. There-

- .
fore, the overpotential assigned to the i vs

I plots will vary with light

intensity and hence the exchange current demsities determined will)decrease

if smaller light, infensities are uséd for the measurements, as illustrated

in Figure 40. I

With the above considerations, comparison of the exchange current
densities for the h.e.r. on the diffelnt sepiconductors studied here
4nd on metal electrodes in the same (or similiar) electrolytes should be
— . ’

3 *
valid, at least at the order of magnitude level .

. me &t values ofe determinea” fromtArrhenius plots of the exchange

¥ They Eﬁé%%r;x tofa
potential, on each semiconductor, for which the Jpctenti;l energy,
barrier is the same from the reactants' or pfoducts' side (and thus A
for the reaction is zero), in agreement with Randles' definition (48),

and should be, from to

iv. Exchange currents

The exchange current densities at room temperature for the h.e.r.

r electrodes studied here (interpolated from the

on, the semiconduct

* i .
-Since, as discussed previously, the equilibrium potentials for the

-
h.e.r. may vary a little on the seqicondugtor electrodes.
py y 5 .
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e . ~ Lo
Figure 40. Hypothetical Ahlgren plots showing the éffect of the . AN
X s " relafive magnitude of the light inténsities used upon ! 3
8 . the values of the exchange current density obtained when
] \ S 2 aifferent conventions for n = 0 are followed. The
intercept varies with Ahlgren's convention (20) because

i . the potential of zero current shifts with light intensity
.50 the overpotential to.which particular currenv. density-
Light 1ntgnsity. plots (from wh)z:h the values of.g are .

Dbtaxned) refer is not. invariagt. # %
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" figes
" Atrhenine piots); and on several metals, are giv| n in Table 10. g—ﬁg,

: Gahs 4nd Inp are intermedi;tz in catalytic activ[ty for the h.e.r., ° d
Peing less effective than such well-knqun e4ellent catalysts as Pd and
Pt but better than such poor catalysts as Ga, In, Pb and Hg.

InP may bepoorer than GaP and Gahs as an h.e.r. electrode because
of the cathodic filn which forms on’bt in competition with the h.e.r.
and perhaps partially because In is a poorer h.e.f. catalyst than Ga.
. v. Activation enthalpies

a ison of the acti rhalples and Srat 1

. factors’ for the h.e.r. on the three sentcondustors of tia thesis
(Table 11) shows that the activation harrier for 'the hie.r. is greatest
.. ob TP, sighificantly smaller on Gahs and smaller still on Gab. The  -.i
E v_alu;as of 1ty show the opMsite trend. . These resulfs apply to the

R . bare electrode surfaces, and as was seen here and in Heller's results

. (45,46), plating of thin noble metal Filis and other surface tregtments
R may greatly facilitate the h.e.r. ’ o
g - , vi. Summary - future research
In view'of Heller's qmmtic successes ‘it vould be instductive to - "
, extend his specifip surface treatments to GaP and Gahs aid to use the . ' i
methods Of this thesis to investigate the effect of such treatments on-
the kinetlics of the h.e.r. at these electrodes.” Specifically, one might
: ekpect to find a decrease in An' or an increasg in at or both ana an;
increase in exchange currerit denbity following these treatments. .
P In Sumary, the results of this thesis agreed reasonably well with
i the theory so far developed, enabling the caloulation of kinetic

such %3

parameters for the h.e.r. on the three semiconductors studied

data can be used in conjunction with thermodyhamic results to'predict

- the feasibility bf use of these materials in solar energy conversion. .
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Table 10. Exchange current densities on some metals’ and on the semi-
: N .

conductor electredes studied here for the h.e.r. &t 298 K.

Elect:rude material . log, (i‘co/um'z)
e : 43 4
b - ' 4.0
T -1.0
GaP ’ -1.3
, . Gans -1.5
e ‘

Hg - . ' ‘ -6.

o .
» Calculated from data of Krishtalik (25) for acid so1u'umsz\®-—

. . //Table 11. Comparison of the activation enthalpies and pre-exponential

. ’ ; factors calculated from the Arrhenius plots for the h.e.r.

on the three semiconductors studied in this work. *

5 Semiconductor cathode . An*/ka.mx'l . et/
cat\r 16.0 £ 0.9 3.3 £ 0.4
! Gans . 25.7£0.9 . 7.3 0.2
: e , 6164 1.6 L. 160 %09
A B .
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~— V
APPENDIX
The detailed solution of equation [27], p. 20, and subsequent
\ ]
development to arrive at equation (32], p. 21, is given below.
At a distance x into the semiconductor, the time rate of change
g o an(x) :
of the electron concentration, 3% is given by
; P
i an(x) .
Tor = g0 +d6) - rx) (a11
\ . ‘
t where g(x) is thé rate of electron generation due to light absorption,
(%), is the electron-hole recombination rate, and d(x) is the rate of
chanqe of n(x) due to diffusion. e
. Using the quasi-equilibrium (steady-state) assumption (i.e. .
(x| \
a- = 0 gives: . ) . 3 .
A = ~glx) +r(x) . (a2
3 From equations {26], [24], and [27] of Chapter II, one can write
Ln2 ¥
dlx) = where H =D = —— 3]
i n
gl = G éxp(-ax) where G = 2T 4]
- n(x)-n ’
r(x) = ——— as]
n ’

so that [A2] now becomes,




- 118 -

n
ol a8 p(an - F 61

dx’ n

.
The inhomogencous differential equation [A6] may be solveddBy the

method of undetermined coefficients, i.e.
« i

. A= ngx) o) ’ “ (a71

where n, (x) and n, (x) are solutions to the homogeneous and,inhomo-

geneous parts of [A6], respectilely. Thus,

dox N -x,
n G0 = oCp exp(Ln) +C, exp(H) . (28]

n

where C, “and C, are to be determined, and
‘ t

n(x) = Aexp(-dx) +B ' 9]

where ,g and B are constants to be detenmned by glbstituting n, (x) and

a4 n; (x)
5 Aound from [A9] into [A6]. The result is ,

dx’

G N
N, (x) = —————— exp(-ax) + n [aL0]
i = 2, °

- (i-h)‘ H)

The solution of [A6] it then:

/

exp(-ax) + ng (AL1]
'

.G
e
&

.

“
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"\ By imposing the boundary condifYons of the problem,
~

asx » @

[a12]

n = on atx = w
SN
the dopstints C) ‘and C, may be evaluated and the complete solution

of [A6] becomes

i n .
. {;-.up(‘axi] +n [a13]
1 z " o L8
G-a4
n .
¢ . .- i
To evaluate J , the eléctron flux entering the depletion layer

£rom the bulk, by diffusion, one’ first rewrites [25],

) ;
- .
n dn,
T T T @ e
n o
3, nowever,

which iswwritten for flux in the positive x-difection. J

is, particularly, in the negative x-direction so

{als]

Equatjon [AL3] is used dizectly fo evaluate &, v 15 sustitutea for

s




| - ey 7
LIS . * ' 3
© . g o,
. }‘/ X tﬁ give (dx]x—w and the result used in [ALS) to yield ¢ N
' A ! B
+ aL VI (exp(-aw
o, = o B © i) .
e(l +aL)" - s
N - o ;
- where sgbstitutions for q andefl have been made using (A3 and [Ad] ’
Equatfon [A16] jis the same as equation [30] of Chaj 1. 5 ¢ ®
* . . T, g a- ! .
The 'minority carrier balance over_ the eéntirerdepletion layer, L n
. [AL7], Tequation [31]'of Chapter IT), . - .  * ' ° g
d ¥ . i P
. . . , v/ S
. Jamax- v e, - ng - 23 a7

O \LLA

* 391 texp () )

2 n) -
3 n m Ta® Tedl +a )\

By collecting the ‘"w"'o) terms, [A1B] can be simplified to
b 7 s oWoen .
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