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Electron transfer reactions at semiconductor/liquid interfaces are studied using the Fermi Golden
rule and a free electron model for the semiconductor and the redox molecule. Bardeen’s method is
adapted to calculate the coupling matrix element between the molecular and semiconductor
electronic states where the effective electron mass in the semiconductor need not equal the actual
electron mass. The calculated maximum electron transfer rate constants are compared with the
experimental results as well as with the theoretical results obtained in Part | using tight-binding
calculations. The results, which are analytic forsalectron in the redox agent and reduced to a
quadrature forp,- and d,2-electrons, add to the insight of the earlier calculations. 2@D0
American Institute of Physic§S0021-9606)0)70739-7

I. INTRODUCTION wave function of the molecule is obtained by solving a
Schralinger equation whose potential is constant inside a
spherical potential well and is zero outside. Analogous mod-
els for molecules were applied in earlier studies of the ori-

entation effect on the electron transfer reactions by Siders
|_14,15

The electron transfer reactions at the Si/viologéhand
InP/Me,Fc™ interfaces were studied recently by Lewis and
co-workerst—3 The experiments yielded a maximum electron
transfer rate constant in the range of 16-10 ®cmf*s ™.

To compare with the experimental results, the maximum rat&t @ . .
of interfacial electron transfer reactions between a redox ~ 1he wave functions for the semiconductor electrode and

agent in solution and InP and Si semiconductors was calcdl® molecule obtained using the free electron model are then
lated in Part I, the InP surface, as is believed, being termiysed to calculate the electronic coupling matrix element, and
nated with O’s and the Si surface with H'sA tight-binding from it the maximum electron transfer rate constant. The
model was used for the semiconductor and extendazkelu €lectron transfer between a semiconductor electronic state
calculations were performed for the molecule and for theand the molecular state is treated as nonadiabatic and Fermi
electronic coupling, in conjunction witlz-transfornt and ~ Golden Rule is applied, and the electronic coupling matrix
slab method§.Since a free electron model for the problem element is calculated by adapting the method introduced by
provides a simple description which can add to the physicaBardeen'® The application of Bardeen’s method, with an
insight, the present treatment was undertaken, by adaptingdaptation to the present case where the effective electron
Bardeen’s method to this study. It is known that with anmass in a semiconductor differs from the actual electron
effective mass the free electron model describes many prograss, provides an analytical or quadrature expression for the
erties of bulk semiconductdrs? and that the free electron coupling matrix element between the semiconductor and the
model with the actual electron mass describes various proprnolecular state.
erties associated with the LCAO molecular wave functions  The total electron transfer current between the semicon-
of aromatics and polyenes, such as electron densities antlictor and the molecule is obtained as the sum of the cur-
bond order¥’ (and so even the coefficients rents between each semiconductor electronic state and the
The paper is organized as follows: The theoretical modemolecular state. This procedure was discussed and applied
is given in Sec. Il. The expression for the electron transfegarlier in Part | to the study of electron transfer reactions at
rate constant and its application is given in Sec. I, and thesemiconductor/liquid interfaces using a tight-binding mdidel.
results are compared with those in Part | and are discussed jfhhas also been used by various groups in the study of elec-

Sec. IV. tron transfer reactions at metal?® and semiconductor
surfaced®??
Il. THEORY The formula for the maximum rate constant is then ap-

plied to two semiconductor/liquid interfacéSi/viologerf ™' *

and InP/MgFc™®). These two interfaces were studied ex-
The electrons in the semiconductor are treated here agerimentally by Lewis and co-workets? and conditions

free electrons in a semi-infinite potential well with a constantwere obtained for the former and partly for the latter which

potential inside the well and a known effective mass. Thesatisfied ideal current vs applied potential behavior. In these

potential well has a surface normal to thelirection and is  studies, the current densitlf due to electron transfer from

infinite in extent in thex andy directions. The electronic the semiconductor to the molecule is proportional to both the

A. Preliminary remarks

0021-9606/2000/113(15)/6351/10/$17.00 6351 © 2000 American Institute of Physics

Downloaded 05 Apr 2007 to 131.215.21.81. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6352 J. Chem. Phys., Vol. 113, No. 15, 15 October 2000 Y. Q. Gao and R. A. Marcus

concentratiori A] of the molecules in the liquid and the den- of the many-state crossing problem shows that when the

sity of electronsng at the semiconductor surfaée, splitting of the states caused by crossing is small the
Landau—Zener formula is applicable to a large variety of
= A 1
Ji=ekend Al D quch problem&®
wheree is the elementary charge akgl is the electron trans- The major charge carriers in these semiconductors have

fer rate constant. These studies also provided experimentakry low concentration and can be treated individually in
values for the maximum rate constant, which were aroundhterfacial reactiond* As in the tight-binding calculatiofis

10 ecmf*s™, for the electron transfer reaction at the two for the semiconductor/liquid interfacial electron transfer rate
interfaces. The free electron model used in the present studyonstant, it is assumed in the present study that only transi-
provides rate constants for the two systems in reasonablgons between each pair of semiconductor/molecule states are
agreement with the results of tight-binding calculations andmportant, and we restrict ourselves to this two-level ap-

with the experimental maximum rate constants. proximation. Under this approximation the electron transfer
current between the electrode and an acceptor state is the
B. Kinetics at semiconductor /liquid interfaces sum of the current from each electronic state of the semicon-

ductor electrode to the molecular state, and a total rate con-
stant (total denoted by)tki(r) can be written ask}(r)
=3ki(k,r). Here, k denotes a semiconductor electronic
A+e(S)=A"+S (2)  state whose wave vector ks Thek!(r) varies with the po-
sition r of the acceptor molecule relative to the electrode,
and can be further written s

The net current density due to the electron transfer
reaction at a semiconductoB)/liquid interface,

can be written as
J=J;—J,, 3

whereJ; is the current density due to the electron transfer ()= 2_772 FC(e) (€| Vi(D)|3, (9
from the semiconductor to the molecule ahds the current hox
density corresponding to the reverse procdssand J, de-

pend on the concentration & andA™, respectively, at the wheree, is the energy of the stals, f(e) is the probability

that the staté is occupied and/,(r) is the coupling matrix

interface, . .
element between the electronic statef the semiconductor
Ji=eklAl, (4  and the molecule. The FC anf/,(r)|? have units of
J,=ek[A], 5) energy ! and energ$, andk{(r) has units of s1. Whene,

denotes the energy of state relative to the edge of the
wherek; and k, are pseudo-first-order rate constants, andconduction band, thAG in Eq. (8) is related toe, by
from Eq. (1),

Ki=nNgKet. (6)

In the following, we obtain an expression fioy using a ~ Where AG? is defined as the standard free energy of the
standard restfif on electron transfer reactions: Under the reaction when the donor state in the semiconductor electrode

weak coupling assumption, the rate constehtor the elec- IS at the conduction band edge at the interfage<0). AG®
tron transfer from a single electronic state of the semiconéan be obtained from electrochemical measurements.
ductor described by a superscriptwhich includes both the An expressmn for the current density is given next in the
effect of electron tunneling or hole and “nuclear reorganiza-terms ofki(r). The forward current density through the elec-

tion,” can be expressed using the Fermi Golden Riligr ~ trode is obtained by first summing over currents from the
an electronic state to electronic state transition, electrode to all the acceptors in the solution and then divid-

ing the sum by the area of the electrode surface

AG=AG ¢, (10)

2
k?=7|v|2FC, (7)
I[A(r)]k (r)d°r. (12)
where FC is the Franck—Condon factdf,is the electronic
coupling matrix element, antl is Planck’s constant. A com-

mon classical expression for the Franck—Condon facfdr is When the reaction is not diffusion-controlled, and when the

change of electrical potential inside the liquid can be ne-
(N+AG)? glected, as apparently it is under the condition in Lewis’
m I{ aNkgT ) (8  experimentd 3 [A(r)] can be taken as constant. The elec-
tron transfer rate constant in E@), which is independent of
where \ is the reorganization energy, amdG is the free  the concentration of acceptors in the solution but is implicitly
energy change of the reaction under the prevailing conditiondependent on the concentration of electrons in the semicon-
of temperature, electrode-solution potential difference andluctor is then
environment.
Electron transfer at the semiconductor/liquid interface K 1 jk‘(r)d3
(==

. . . . . 12
involves a continuum of electronic states in the semiconduc- (12

tor, whose solution, strictly speaking, requires solving a
many-electronic state problem. A quantum mechanical studit has units of cmst.
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In particular, whenk;(r) is only a function ofR, the
distance between the redox species and the electrode surfacgﬁ
Eq. (12) becomes 5
S V=0 M _
k= f k{(R)dR. (13
Ro
This equation, together with Eq9), will be used later in
deriving an expression for the maximum electron transfer F P H i E,
rate constant at a semiconductor/liquid interface. - A E—
conduction :
band edge b
C. Electronic coupling matrix element v, :
. . . . . . : molecule
In this section, the electronic coupling matrix element is :
obtained using the semiconductor and molecular electronic " =
zZ= zZ=-, z

wave functions given in Appendices A and B as the zeroth-
order orbitals for the interacting system. FIG. 1. Profile of potential wells of the semiconductor and of the spherical
For an electron donorl) and acceptorA) system, if  molecule. There is an electron tunneling through the intervening enviro-
treated as a two-state problem, the coupling matrix elemerf®"t
can be obtained by solving a secular equationHietgES)
=0, whereH and S are the Hamiltonian and overlap matri-
ces for the two-level system. When the two zeroth-order A typical fall-off factor of an electron transfer coupling
states have the same energy, or in the context of(E4.  matrix element with distance is expBR/2), whereR is
below, (D|H|D)=(A|H|A), the matrix elemenTp, is then  distance from the relevant edge of one reactant to the rel-
half of the value of the difference between the two eigenvalevant edge of the second reactant #we1 A1.22 We can
ues of the above secular problem, and can be expressehieve this distance dependence in the free electron model
ag>% as follows: we writeR=R;+R,, whereR; is the distance
RULECOIE e e
DA™ 1-[(D[AY? , (14 point ic 9 _
tant. In a free electron description each wave function then

where(D|A) is the electronic overlap integral of the donor decreases as expfR/2), i=1,2. For the semiconductor,
and the acceptor state. The electron transfer between eaggnoting 8 by g1, we have g,/2=+—2m(E.+ €/)/%,
semiconductor state and the molecular state will be treated &shereE, is the conduction band edge relative to the energy
a two-state problem with the coupling matrix element ob-in the solvent, taken as zeridhe Ey given later in Eq(16)
tained using Eq(14). For a free electron model the Hamil- IS this Ec+ € .] SinceE, is about 1-2 eV and is about
tonian of such an interacting systemHs= —%2/2mv2+V,  kgT, we havee <|Ec| and soB;/2=\—2mE/%. For any
where V=V, within the semiconductory=V, within the  choice form, e.g., choosing it to equal to the effective mass
molecule, andV=0 everywhere else. In this case, the cou-in the bulk semiconductor, we can chodsg to yield the
pling matrix element denoted by, between the semicon- choseng;(~1A™).

ductor state with wave vectdc and the molecule, can be For the molecule the wave function and energy of the
written ag#1527.28 electron depends on the relevant molecular radiiusn the
electron mass,, and on the position of the molecular en-
:Vl< YW1 = Vil )1 (¢ Vi) ergy level E, relative to the solvent, again taken as zero.
“ 1-[(| W )]? Inasmuch as the relevang, written as B,, equals

- _ 2\—2myE,/h, and we wish to havegB,=pB;=p. In the
=V W1~ Vil )2 Vi), (15 interests of simplicity, we can choose the pair,(E,) so as

where(--- )1 means the integration over the space occupiedo produce the desire@,. If we take, for examplem,

by the semiconductor. The tertw| WV ,)|? in the denomina- =m, the effective mass in the bulk semiconductor, we can

tor of the first equality can be neglected relative to unity asadjustE, to achieve thisB,. The adjustedE, equalsE.

the volume of the semiconductor region becomes large.  + ¢, (and hence=E,). Indeed, for electron transfer we have
To apply Bardeen’s method to calculate, it is neces- E.+ €,=E, in the transition state and so this selectionof

sary to extend it to the present system where the electrofor the electron mass outside the molecule is consistent with

massm, in the molecule differs from the effective massof  this energy requiremerisee Fig. L

the electron in the semiconductor. Further, the effective mass It remains to consider the behavior of the molecular

for an electron of the semiconductor has been defined onlwave function inside the molecule. We have already fixed

for the bulk properties, and yet an electron mass in the wavéhe energyE,, a massn, and a radiud®. To achieve thi€,

function just outside the semiconductor is needed also. Witlfior the givenb and m we merely choose the appropriate

these observations in mind, we introduce the following pro-depth of the potential energy well,. Accordingly, we now

cedure. have a system which has the same electron mmaggough-

Downloaded 05 Apr 2007 to 131.215.21.81. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



6354 J. Chem. Phys., Vol. 113, No. 15, 15 October 2000 Y. Q. Gao and R. A. Marcus

out and yields the desired decrease of the wave function with/gz(x,y,z=0)

distance.
~ The method due to Bardeéfiused here for the evalua- _ 2AR1+(BM2) Vp?+R? o PFTR2 (o4
tion of the value ofV,, is only applicable when the donor N Bo(p?+R?)%? )

and acceptor states have the same energy, which is the case

for the electron transfer reaction obeying the Franck-The normalization ofF’, will be made with respect to a large
Condon principle and considered in this study. Sincevolume v, most of which encompasses the semiconductor
() (| W) is typically small as compared ta/| ¥, );,%°  surface. The, in Egs.(21) and(22) has units of 1{v, and
theV, in Eq. (15) can be approximated by,(#|W¥),. Fol- is given by Eq.27) below, and the}, in Egs.(23) and(24)
lowing Bardeert® this quantity can be written as an integral has units of cm'2 A normalization to a delta function
over the space occupied by one of the reactants, here tlmuld have been introduced instead if we had introduced a

semiconductofS, we note that z-dependent electric field inside the semiconductor similar to
the actual field. However, the present procedure is simpler
(AT +V1| ¥ 01=E( W1, (16) and should suffice for our purpose.
where E, is the eigenvalue corresponding &) and T Equations23) and(24) are obtained using E4B7) and

denotes the kinetic energy operater(#2/2m)V2, in coor-  Setting the coordinate of the center of the spherical potential
dinate space. But we also ha¥éy)=E,|#) in the region Well as(0, 0, —R), R being the distance between the center
outside the molecule, wherg, is the eigenvalue for the Of the molecule and the semiconductor surfapebeing

molecule. Thereby, Vx2+y?, andds being 2rpdp.
Equations(21)—(24) are next used for the evaluation of
(WEITI Y )1 =Ex( W [ )1=Ex (4| ¥ )1 (17 the coupling matrix element. For a semiconductor conduc-

tion band, the occupation of the electronic states is low

We have from Eqs(16) and(17), enough to be considered as obeying Boltzmann statistics.

52 Thus, only states within an energy rangekgfl above the
~5m L(lﬁ*Vz‘I’k—‘I’kvzlﬂ*)dsF:(Ek—Ez—Vl) conduction band edge are important in the electron transfer
reaction. Sincek=|k| is only about 0.1 A at room tem-
XYV, (18) perature, it is a good approximation to replace the term

e' k) by unity in Egs.(21) and(22). A final expression
When(D|H|D) and(A|H|A) are set equal in the transition for the coupling matrix element is then obtained by perform-
state,E, and E, are not quite equal, but the difference be-ing the integral in Eq(20), yielding
tween ther’ is neglected’?®We thus obtain, on neglecting

the terms mentioned earlier 2\ mh? 1 ) (R
’ Vi (R)=—A a,| 1+ g~ Pa(R=D)2 25
ﬁz k( ) 0 BZm 1 BZR ( )
V== 2mf n-(¢* V=V, Vy*)ds, (19 In obtaining the above expression, the approximation that

f:o(e—“/uz)du~e—Uo/ug, and [ (e""/u)du~e "o/uy,

wh_e:gn 'S ? um(tj\;ec:r%r normal ttr? tg? sutrfacefof thfind when up>1, are used. Hereu=(5,/2)\p?+R?, and u,
pointing outward from, i.e., in the direction of negative,  _ 5 25" 116 value ofu at p—0. Because of, Vi(R) is

aidodstlihthe area el(cj-:‘m(;:nt of ;he su&fagt;etr?f vfllSettmg seen to be proportional to 7.
=0 at the semiconductor surface, K en becomes, The term 1,R is small compared to the other term in

72 the parenthesis in E¢25) whenR is large. In the problems
V= — %f {w(oVgloz)— Vi (dyloz)}ds.  (20)  treated in this papeR is always greater than 4 A, and the
=0 term 1/3,R can then be neglected. In this case, E2H)
In the following the implementation of Bardeen's becomes,
method is illustrated by an evaluation of the electronic cou- 252
pling matrix element between a semiconductor state and an v/ (R)= — \7Aja;, ——e BAR-D)  (y=5) (26
s-type state of the molecular acceptor. The expressions used Bzm

for p,-like _anddzz-lik_e molecul_ar wave _functions are given and soV,(R) depends exponentially on the edge to edge
n APpe“d'X B. The integrand in EG20) is evaluated at the distanceR—b between the semiconductor and the molecule.
semiconductor surface. We have A, is given by Eq.(B8) or approximately by Eq(B11).

W, (X,y,z=0)=a,e kx+ky), (21) The quantitya, in Eq. (26) is estimated as in Appendix
' A to be
oW\ 13z(x,y,z=0)= Byae' kxTky), (22
2 k, 22k, @7
and when ars-type orbital is used for the molecular accep- a=\No 7"V, 5
tor, we have Uk +(B4/2) v b
28, efﬁz(mfb)& the segond equality arising because< B; .
=0)= (23 Using the relation thaj3,=3,, and the above expres-
w(xayiz 7 2 1 . .
VAT Bop+R sion fora;, the expression fo¥,(R) then becomes
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27 4k,h? where AG® is the same as defined earlier afg~ 3, has
Vi(R)=— > Moz e ARDIZ - (y—s). (28)  been used. Equatiof81) was obtained under the condition
2

that\ —AG®>0.

The procedure discussed above for $higpe orbital can Thek; given by Eq.(31) is then introduced into Eq13)
also be applied to a system with other types of moleculato yield an expression fdk; . The maximum electron trans-
orbitals. In the present study, wherpalike or d,2-like or-  fer rate constank!" is obtained by setting + AG°=0 in
bital is used for the molecular orbital, as it should be for theEq. (31) to obtain

molecules considered here, the approximation thg, 1/

=1/B,~1 A is also used. The wave functiahis given by KM= wh 5Az /WkBTef,BZ(ROfb)’ (s electron.
Egs. (B1) and (B2), with =1, m=0 for a p,-like orbital, Sm(B,/2)>"° A

andl =2, m=0 for ad,2-like orbital, and their normalization (32)

constants are given by Eq®3)—(B5). The electronic cou- |t js seen to be linearly dependent by, the electron density
pling matrix elements for these orbitals are then calculateghear the surface of the semiconductor electrons. Heyés

using Eq.(20). the smallest distance between the center of the molecule and

the semiconductor surface. We then have an expression for
Ill. ESTIMATE OF THE MAXIMUM ELECTRON the maximum second-order electron transfer rate constant
TRANSFER RATE CONSTANT written as

We next obtain the expression for the maximum rate 32:4 kT
. B

constant k3 of the electron transfer reaction at a  kI*=——xzAZ+/ e FRo=D) (s electron,
semiconductor/liquid interface, based on the free electron mpB; A
model given in the preceding section. We first discuss the
f(eo) term in Eq.(9) and then derive an expression fidr  whereA, is given by Eqs(B8) and (B9).
using Egs(9) and(28). The above equation is then applied in the following to

For a low-doped semiconductor of the zincblende typethe two systems studied by Lewis and co-workers for a com-
the occupation of its conduction band at the surface is lowparison with the experimental results. Following the discus-
enough that the occupancy probabilifyg,), of the statek,  sion in the earlier sectiong, is taken as 1 A,
the kinetic energy of which i%2k?/2m,*! can be treated as The rate constant of the electron transfer reaction at
obeying Boltzmann statistics. The sufy ---f(e,) in Eq.  the silicon/viologeA™* interface is estimated using Eq.
(9) can be written as an integral overstates, when properly (33) for a (hypothetical s-like electron. At the Si/
normalized. The number of electrons in the semiconductoN,N’-dimethyl-4,4-bipyridylium?" interface, one of the Si/
conduction band in the volumeis nyw, and the probability ~ viologen systems studied by Fajardo and Letighe radius
of finding one of these electrons idkdk,dk, is  of the spherical potentid is estimated as 3 A; which gives
the Boltzmann factor  exp{(e/kgT)dk.dk,dk,/  approximately the size of the LUMO of the molecular accep-
J2 77 exp(— e /kgT)dkdk,dk,. When multiplied by ~ tor. Them was obtained from self-consistent band structure
ne it becomes the probability that a state is occupied. Thesalculations to be 0.191n.,** wherem, is the mass of a

(33

sum in Eq.(9) thus becomes free electron. Since the surface of the silicon semiconductor
in the experiments is terminated by a single layer of hydro-
E FC(e) | Vi(r)|?f (&) gen atoms to remove the dangling Si bonds, the valug,of
k is chosen as the value corresponding to the direct contact of
2, € IkgT the adsorbed hydrogen atoms and the acceptors and is about
N /TP Ek)'}i"g,:)T' e 7 diudiyd kz_ (299 5 A3* The value of\ obtained from a fit in Ref. 12 to the
e e dkdkydk, experimental datdjs about 0.7 eV and the calculated maxi-

Since |V,|? is inversely proportional taw, the v cancels. mum rate constant is relatively insensitive Xo When the
Equation(9) yields maximum rate constant for this-electron model is calcu-
o fffFC(ek)|Vk(r)|2e‘fk/kBTdedkydkz lated using Eq(33), the result in Table | is obtained, and

Ki(r)=ng S , compared there with the experimental results as well as the
h (2mmkgT)™ 1 theoretical results obtained in Part | by the tight-binding
(30 method.
whereV, for ans-like electron is given by Eq28), and for We turn next to the estimate of the electron transfer re-
p,-like andd,2-like electrons in the molecule is given by Eq. action rate constant at the InP/Me’® interface. For this
(B12) in Appendix B. system,b is taken as 0.6 & the radius of a F&, because
Integration overk,, k,, andk, is intermediately per- of the localization of the LUMO at Fe atof. The (100
formed, and one obtains surface InP semiconductor used in the experiments is
ok on 52 [T beI_ievec?G to be terminat_ed by a layer of oxygen a_toms
KL(R)=ng Y 0) N b which saturate the dangling P bonds. The smallest distance
m(B,/2) A—AG A R, between the center of the acceptor and the electrode is

chosen to b 5 A which corresponds to the direct contact of
the molecular acceptdthe whole ferrocene molecylend
(31)  the oxygen atori® The experimental effective massof an

x @~ [N +AG)%/arkgT] g~ Ba(R- b \—AG’>0,
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TABLE |. Experimental and calculated maximum electron transfer ratejn reasonable agreement with the theoretical results obtained

constant.
kemtax kg:ax k?tax kgntax kg'ltax
System (expt) (ztrans)® (slab? (freee)® (free e)
Silviologert*’*  0.6° 1.3 1.6 1.2p,) 1.9(*'s")
Si/Me,Fc™° “e 0.17  0.024d,) 1.2(*'s”)
InP/MeyFc 1-2 0084 0086 00172 1.1("s")

Units are 10cnfts ™,

From Ref. 12.

‘From Ref. 10.

YFrom Ref. 4.

®The result for viologef”’* was obtained using @,-like orbital and the
result for MgFc*/°

last column were obtained using a hypothetigdike orbital and Eq(33).

electron in the InP conduction band is 0.0%7,.'*%" The
reorganization energy of the system is about 0.8 éhut

ki is again relatively insensitive th. The estimated rate

constant for thes-electron model is then given in Table I.

was obtained using d,.-like orbital. The results in the

in Part | using tight-binding calculations. As mentioned ear-
lier, to mimic the experiments and the tight-binding calcula-
tions, ap,-like orbital and ad,2-like orbital were used for the
viologerf ™' and MeFc' ions, respectively, in the calcula-
tions of the coupling matrix elements for these two systems.
The error is greater for M&c ions, where the LUMO is
assumed to be localized on the Fe atom. For comparison, an
s-like orbital was also used for the calculation of the maxi-
mum rate constant. However, ttdike orbital is hypotheti-

cal, since the LUMO of these systems is notsaaorbital.

The difference between the theoretical maximum rate
constants at Si/viologéf'* and InP/MeFc*” interfaces in
these calculations is partly due to the different size of the
molecular orbitals. The LUMO, the electron acceptor state,
of a viologen molecule is more delocalized than that of the
Me,Fc molecule, which is essentially localized on the Fe
atom®® Although the centers of the two spherical potential
wells representing the two molecules are at approximately

However, to compare with the real systems studied byihe same distance from the semiconductor surface, the calcu-

Lewis and co-worker$? a p,-like orbital should be used for lated electron transfer rate constant for the Si/violdgen
the viologen to be more consistent with the symmetry of thénterface is larger than that for the InP/jfe*’°. The cou-

LUMO of the viologen ions. For the InP/MEc™ system,
since the LUMO of MgFc™ has primarilyd,> character®
the d,2-like orbital is used for the acceptor state of JAe".

pling matrix element as a function of the size of the acceptor
orbital is shown in Fig. 2. The distance between the center of
the spherical orbital and the semiconductor surface is kept

When ap,- or d,2-like orbital is used, we average the rate constant in obtaining this figure. Another factor responsible
constarit® over the orientation of the orbital respect to thefor the larger calculated maximum rate constant at the

semiconductor surface, yielding the results in Table I.

Silviologerf*'* interface is the character of the acceptor or-

For comparison, the maximum electron transfer rate conbital. The use of @,-like orbital yields more efficient cou-
stant at the Si/Mg=c*’® interface is also calculated, although pling between the semiconductor and the acceptor for the
the data on the maximum rate constant for this system ari/viologerf*'* interface than does the-like orbital that

absent. The effective electron mass for the Si conductiotised for the InP/Mg-c

/0 interface, both for the tight-

band is again taken as 0.19%,, the reorganization energy binding and for the free electron calculations. The relative

is 0.8 eV, the radius of MEc™® LUMO is 0.6 A, andR, is

taken as 4 A. The results obtained usingsagpe orbital and

a d,2-like orbital are both given in Table I.

IV. DISCUSSION AND CONCLUSION

A. Discussion

inefficiency ofd-electron in electron transfer was described
in an earlier papef®

It is interesting that a model as simple as the free elec-
tron model yields a result for the electron transfer matrix
element in reasonable agreement with the tight-binding cal-
culation and with experiments. In these applications, the
wave functions of the semiconductor or a reactant are needed

In the present paper, the free electron model is applied toutside the molecular potential well and on the surface of the
the study of electron transfer reactions at semiconductosemiconductor. For both wave functions boundary conditions
electrode/liquid interfaces. The electronic wave functions ofare imposedcontinuity of the respective wave function and
the semiconductor are obtained in terms of plane waves in af their derivatives at the relevant boundarfyor the region
semi-infinite potential well and the wave function of the ac-outside the semiconductor and outside the molecule we in-

ceptor is approximated to bepg-like or d,2-like orbital and

for comparison results for agtlike orbital are also given, all

troduce a distance dependence of the wave function which
yielded the expected distance dependence of the electronic

for a spherical potential well. An analytic formula for the matrix element. Since the expected distance dependence is

coupling matrix element is obtained for arlike orbital us-

also reproduced quite well by extendeddkal

ing Bardeen’s method, and then an expression for the ele@alculations® with no adjustable parameters, perhaps the
tron transfer rate constant is obtained using this formula ohgreement of the matrix element calculated using the free

the coupling matrix element.

electron model with the obtained tight-binding/extended-

The maximum electron transfer rate constants forHuckel calculations or from experiments is also consistent

Silviologerf™* and InP/MeFc™, the two systems studied with this earlier work. The analytical expression HGS8)
experimentally by Lewit al,, are then estimated using Eq. serves to bring out some of the sources of error: when the
(33). The maximum rate constants of both systems are conmolecule and the semiconductor are more or less in edge-to-
pared with the experimental result, which is of order ofedge contact, as in the methyl viologen case, the exponential
10 ¥ to 10 %cm “s L. The agreement is reasonable, con-factor in Eq.(28) is of the order of unity, and so is not a
sidering the approximations involved, and the result is alsanajor source of error. However, when the orbital in the mol-
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FIG. 2. The coupling matrix element between the semi-
conductor stat&= (0, 0, 0.02) and as-like molecular
orbital as a function of the size of the acceptor state.
The distance between the center of the molecule and the
semiconductor surface is kept as a constant 5 A.

0.035
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ecule is localized, as in the ferrocene and so is buried, th®mitted for brevity in the right-hand side of E(R6) are the
orbital distanceR-b, is large. Because of the exponential, discrete analogs of exkx+iky. For M=1 and withk,a
the corresponding free electron model matrix element is subbeing small, we can write

ject to a substantially large error, as seen in Table |, using

orbitals of the appropriate symmetry. Errors in the other alEZCT/'Bla‘/;’ (37
quantities, e.g., foA, in Eq. (B11), appear to be more mi- whereCT is the same for each surface atg¢for small k,x
nor. andky). Thereby, 2B,a/a® can be regarded as the factor

We explore further in the next section the relation be-in a, contributing to the atom/atom exchange integral be-
tween the free electron and the tight-binding models. tween the semiconductor and the adjacent solvent.

The contributionC? to [|y|?4nr?dr outsider=b is,
from Eq.(B7), 4A3/ 35. Taking the coefficien€ of the mol-
B. Relation of free electron and tight-binding models ecule as unity, we can now rewritg, in Eq. (25) as

We make this comparison initially for a one-dimensional 4Ah? K
chain of length . For this chain the free electron valueaf Vie=— \/;WCQ ' (38
is still given by Eq.(27), but with \u replaced byyl. The 2 . .
tight-binding coefficientS:*,\(,l for a chain ofN atoms can be WhereC=1. Now the lowest energy of an electron in a cubic

written adl box of edge lengtla is e=3%2/8a’m. In terms ofe, Eq.(38)
becomes
CR=V2[(N+1) sinmTMK/(N+1), (34) .
o
whereM is a lattice atom indexNI=1,...n), K is an elec- Vi=—1/ Basn? eCCl. (39

tronic state indexK=1,... N), andM =1 is a surface atom.
Since the wave numbeétr,=27/\=rwK/(N+1)a, wherea  For a value ofg=1A"*, m=0.1 m,, and the lattice con-
is the lattice distance parameter, we can write stanta=3 A, the factor muItipIyingCCT is about 2.5 eV.

CX = (2l sinMk.a (35 Not all of C can contribute td/,, but more than one semi-

M~ % conductor atom, and i€, can contribute. To some extent

Inasmuch as thé:f,,’s are normalized to unityZM|C,*\<,,|2 these neglected aspects approximately cancel. The coeffi-
—1) and the individual atomic wave functions are normal-cient of CC{ is seen to havéapproximately the value ex-
ized over a lengtla, theC/\/a for M=1 is the quantity to  pected for an atom/atom exchange integral.
compare with the one-dimensional analogagfin Eq. (27),
V2/12k,/B;. Since k, is small, Eq. (35 yields CX/\a
= \/2/lk,a. When the tight-binding model is extended to the
x andy directions, infinite in both directions, normalized to ~ Although the free electron model is highly approximate,
periodic boundary condition@real?) using complex expo- it does provide a reasonable description for the semiconduc-
nential wave functions, which are the discrete analogs of th&r electronic structure at the conduction band etigé:***°
expik,x+ikyy in Eq. (A2), Eq. (35 again applies but with The present model also incorporates the actual molecular or-

C. Conclusion

2all replaced byy2a3/v, bital size and symmetry and the experimental coupling decay
K _ length, and perhaps for these reasons gives a reasonable
Cw=v2a’/v sinMkaa. (36)  zeroth-order approximation for treating the electron transfer
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at semiconductor/liquid interfaces. Although one cannot genwhere g, is a positive number, for<0. Here k,, k,, and
eralize from only two cases, we suspect on comparing thé&,(8) are the components of the wave vedtoin x, y, and
tight-binding and free electron results in Table | that the freez directions, respectively, with
electron model is better for a delocalized orbital like that of 2 52
viologen than for a highly localized one like that of fer- —(k)2(+ k§+ ki):E—Vl, —(k)2(+ ki_ 5/4)25,
rocene. In this paper, for simplicity, the molecular orbital m 2m
was first taken as astlike orbital with a certain size, leading (Ad)
to an analytic result. However, the symmetry of the molecuwhereE is the energy of the electron.
lar orbital was taken into account instead by choosing orbit- In Egs. (A2) and (A3), a,, a3, anda,; are constants
als with appropriate quantum numbérandm in Egs.(B6)  which can be obtained by satisfying the boundary condition
and(B7). at the surface of the semiconductor and by the normalization

In summary, it appears that the free electron model proef the wave function. The boundary conditionzat-o re-
vides a reasonable and simple though crude description afuires that3;>0. The amplitude of¥'} (r) outside the po-
the electron transfer reaction at semiconductor/liquid intertential well is considerably smaller than inside, a normaliza-
faces. Since this method uses Bardeen’s method of estimaion of the wave function{¥,|¥,)=1, yields|a,|?+ |as|?
ing the coupling matrix element, it is not applicable to two = 1/v to a good approximation, wheteis the volume of the
overlapping potential welt§ and thus it is only applicable to semiconductor as discussed in the text.
relatively weak couplings. Also it is only applicable to the As usual, the relations between andaz, and between
electron transfer reaction near the semiconductor conductiom, and a; are obtained using the continuity of the wave
valence band edge, because of the use of the free electréunction and its first derivative with respectzatz=0, and
model. This method of estimating the electron transfer ratean be written as
constant can be readily applied to other semiconductor/liquid i

,—1B1/2 2k,

interfaces. A -~
BT Fig R MK R
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(A5)

APPENDIX B: THE ELECTRONIC WAVE FUNCTION

OF THE ACCEPTOR MOLECULE
APPENDIX A: FREE-ELECTRON MODEL FOR THE ) o ) ]
SEMICONDUCTOR ELECTRODE For simplicity, we treat the electronic wave function of

the molecule in liquid as an electron moving in a finite
We treat the semiconductor electrode first and then th%pherical potential well with a radius The potentiaV,(r)
molecular electron acceptor in the solution using the potenwithin the potential well is a constait, and is zero outside.
tial wells. The electrons in the semiconductor are treated aghe problem is well knowH and the results will be used as
free electrons in a potential well in the three-dimensionalfollows.
space, with a constant potentigl; inside the well ¥/ The solution of the Schidinger equation in the spherical

<0). The potential well is infinite in th& andy directions  polar coordinate 1, 6, ) gives the normalized wave func-
and has a surface at=0, and the potential is taken as zero tjons which are continuous at=b,**

outside the potential well. The wave functions are then ob-

tained using the one-electron Sctirger equation, Ymi(r,0,,E) = ANy @ () P(cos0) j (ar )ki( B20/2)/
. ji(ab)ef?2  (inside well, (B1)
—_— =+ =
ZmV V(r)|P ) =E W), (A1) whenr<b, and

whereV(r)=V; whenz=0 andV(r) =0 whenz<0. Thek ¢m|(f,9,¢;E)=A|Nm|¢’m(¢)PP(COSH)M(,BZF/Z)eﬂzb/Z,
again denotes the wave vector of the electronic sigtend

m is the effective mass of the electron. (outside well, (B2)
The relevant solution of EqA1) is whenr=b. For use in Eqs(B1) and (B2) we have defined
Wy (r) =Tk (g, ek?+ aze k), (inside well, the A/’'s In Eqs.(BB) and(B5) below by introduqing there a
(A2) factor e 2?2 so as to make thé,’s less sensitive t¢8,.
for 7=0. and Here, m and | are the usual quantum numbers;
=0, = 2M(E—V)lh, B,l2=\—2mEh, O (¢) is
W (r)=a,e xTkehiz2 - (outside wel), (A3) €™/ \27, P"is an associated Legendre polynomial, gnd
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FIG. 3. The comparison foAg being calculated using
Eq. (B8) (exac) and using Eq(B11) (approximatg

andk, are spherical Bessel and Hankel functions. The nor-

malization constantg, andN,, are given by

[KE(BabI2) (b,
'_{—j,z(ab) foh(ar)r dr
. —-1/2
+ fb k,z(,Bzr/Z)rzdr] R (B3)
and
27 (I+m) |2
No =151 0—myr Y| B4

A, can be further evaluated to be

A= (2/b3)l/2[ Ki—1(B2b/2)K| 1 1(B2b/2)

K?(B2bl2) . e
—ljlz(—imlll(ab)lwl(ab)] e PP (B5)

Thevin Eq. (B4) is 2 form=0, and 1 form+#0. In particu-
lar, m=1=0 corresponds to as state with a wave function
denoted by,

2A, sin(ar) b B6
= <
V= Jan By siab) (B8)
and
2A, @ Balr—h)/2
=— r=b. (B7)

Vam  Bor

The constan# obtained by setting=0 in Eqg.(B3) is given
by

1 -1/2

_ B2|2ab—sin(2ab) L
B2

0" 2| 4a sir(ab) (B8)

Clearly A varies with the radiud of the spherical potential

well. The relation between and 3, in the last three equa-

tions, obtained by makingy/Jr continuous at =b, gives
tan(ab)=—2a/B,. (B9)

For a givenB, andb, the eigenvalue of the enerdy of the

systems are then determined by the above equation and the

relation betweerB, andE.
Using Eq.(B9), Eqg. (B8) can be expressed as

1 —-1/2

B2 a’+(8,12)? 2ab—sin(2ab)
0T 2 a? 4o

(B10)

One notes from Eq(B9) that tan@b)<O, thus 2&xb>m
>sin(2ab). When o is sufficiently large, Eq(B8) can be
approximated by

_(B)*?
2

Ao [1/(1+bpB,I2)]12 (B11)
The a decreases monotonically when increases and is
0.73A"* whenb=3 A. The A3 calculated using Eq$B8)
and(B11) are compared in Fig. 3. In the text and in Table |
only Eq.(B8) is used. We note thalt||?4r?dr outside of
the well of radiusb equals A3/B3, and we wish A%/ 33 to
be small. The value from EqB11) is [2/(2+bp,)]*2

As discussed in the text, the coupling matrix element
between a molecular and a semiconductor state can be evalu-
ated using

2 %
V= s e T (B = I 1 92) 27pdp,

B 2m p=0
(B12)
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where the wave functiow),, given by Eq.(B2) is ap,-like
orbital whenl=1, m=0 and is ad,z-like orbital whenl

Y. Q. Gao and R. A. Marcus

The calculated ¢/| ) (| ¥\ )/{(H| V), for s, p, andd orbitals are less
than 0.007 for the cases considered in this paper.

=2, m=0, and where we have written the area element as'We note that, and E, are related as followsE,=(y|T+haVal )

pdpd¢ and integrated theb from O to 2m, noting that the
integrand is independent @f.
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