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Abstract

A gquantum mechanical description of the dynamics of non-adiabatic electron transfer in
metal/semiconductor interfaces can be achieved using simplified models of the system. For
this system we can suppose two localized quantum states donor state |D> and acceptor state
|A> respectively. Expression of rate constant of electron transfer for metal/semiconductor
system derived upon quantum mechanical model and perturbation theory for transition
between |D) and |A) state when the coupling matrix element coefficient is smaller than
0.025eV. The rate of electron transfer for Au/ ZnSe and Au/ZnS interface systems is
evaluated with orientation free energy using a Matlap program. The results of the electron
transfer rate constant are calculated for our modeas well as with experimental results .
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Introduction

Electron transfer is an integral part of many biophysics[1], physical chemistry[2]
processes and technology[3], which occurs in a large variety of molecules ranging from small
ion pairs up to large system [4].The theory of electron transfer reaction is the subject of
persistent interest in physics [5] , over the past several decades, researchers have investigated
the transfer of electron through molecule and solid state structure [6] , molecule metal
interfaces [7], and metal semiconductors interfaces [8].Metal semiconductor contact from
interfaces that give basic features of many metal /semiconductor devices .To construct the
diagram of an metal/ semiconductor contact ,we consider the energy band diagram of metal
/semiconductor , and align .These ET systems seen important from technological and
biological ? where a metal is placed in intimate contact with a semiconductor , the electrons
from the conduction band in one material ,which have higher energy ,flow into the other
material until the Fermi level on the two sides are brought into coincidence [9].

The energy level in the two material are rearranged relatively to the new common Fermi
level. However, the Fermi energy of the metal and semiconductor do not change right away
[10].. Fundamental studies, as performed in this paper are expected to provide guidelines for
design of such practically useful ET system In this paper, Our main theoretical model to study
of electron transfer is at metal/semiconductor interface system .There orientation energy and
the rate of electron transfer constant are calculated according to this model.

Theoretical Model

The fundamental starting point is the derived formula for the transition probability given by
first order perturbation theory for a transition from a discrete state to continuum state the state
a quantum system which is described by a wave function [11].

iEnt

Y(r,t) =Y, Ae & Pn(r)..coocivin ()

Where ¥(1,t) is the time dependent state vector in Hilbert space at quantum system state, A,
is the coefficient of wave founction , E,, is the energy ,and tis time .Model Hamiltonians
operator used to describe the electron transfer in donor /acceptor system can be written as
[12].

H=H,,+V eeriieeieenn(2)

Where H,,is the Hamiltonian before perturbation ,and V refers to the potential where the
electron is either on the donor|D> or acceptor |A> , respectively ,it is given [13].

Hy,,=|D>Hp, <D|+|A>Hy <A|............. (3)
The Hamiltonian operator obeys the Schrodinger equation H¥w#(r,t) = En¥(r,t)
.Substituting Eq.(3) and Eq. (2) into Eq.(1)the results

d
(Hop +V) ZAn(t)ch(t) >= ihaz A () 1B > e (4)

The first term on each side in Eq.(4) is concelled that because |p(t)>is a solusion to time
dependent schrodinger eqution with Ho, EQ. (3) becomes .

iEnt

i 5L A, (D) |fD(t) se oy A V|o,0) > e . (5)
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Multiply both sides of the Eq.(5) by <&, (t)|for the final state and integral over space , we
get :-

iEnt

ihzn%x‘ln(t) <P (DR, (t) > e 7 = znAn (t) < D (O |V Py (L) ... (6)

By normalizing the left hand side of Eq. (6) all terms vanish except n=m then.

i(Em—En)t

S An(®) = T An(®OVpae T e (7)

Herel/;4is the coupling coefficient of donor and acceptor state,and E,,, — E,, is the difference
in the energy between the state m and n respectively with direct integration for Eq. (7),and
mathematical treatment,results.

i(Em=En)t sinEm—En)t
— 7 2h
Ay (t) = —iVpge 2 —(G—25——.iieeeinn.(8)

h
2h
The total probability of finding the particles at time (t) in the final state |m> is given by.

s Em—-En)t
tz San( 'm—En)

2h

. 2(Em—En)t

The term 2 = 5 Em=En)t 1947,
2h

(Em—-En)t
2h

Where § is delta function 6 (ax) = ﬁ&(x)a # 0[14]

m~—En 2h
6% 2: )t':‘Sﬁ(Em—En) =T0(En —Ep)..oe.. (10)

So that Eq. (9) becomes :

2mt
Pa(t) = [ Vpa P8 (B — En) oo (10)
The rate of the probability transition per unit time is the rate constant K, of electron transfer

that means [15].

d

Kot ==
et dt

Pa(t) = =5 | Vpal2p(E) e (12)
Such that [16].

JZ p(E)S(E)AE = p(E)................(13)
In plase of the wave function , one in traduces the density operator [17].

p=2npn Py ><Wr|  Xplpnl>=1 ....(14)

According to Eq.(14) and mathematically the corresponding density operator becomes.
—(Eq-Ea)

p=NY,e "7 |&,>< P, |¥W>............(15)
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~(Eq—Ea)
KﬁT

Eq.(15) indicates that the probability is proportional to the Boltzmann's factor e
In non-adiabatic metal/semiconductor interface system the energy difference AE = E; — E,
and equals the activation free energy AG*,and can be written Eq.(15) in expression.

—A —A ++
p(AG) = Nexkai = Nexp RZT .............. (16)

The activation energy according Marcus theory is given by [18].

AGHt = T° ...................... @17
Inserting Eq.(17) in Eqg.(16) results.
—(A+AG-)?
p(AG) = Nexp;;TBT) .............. (18)

To Find N we note that using definition of Gamma integral [19].
o 1
Jy e® M6 dAG. = D)z..............(19)

And for complete set | ®y> we found Y &;d,, = Y|&,| = 1

1 1

- (4n/1kBT)2 o

ceeeeeen(20)

Inserting value of N inEq.(18 ) we can get the influence of temperature on the electron
transfer rate with Boltzmann distribution to give the common classical expression for the
Franck-Condon factor.

= —(A+AG-)?
FC = (4mAKT)> expTBT)...................(21)

Inserting Eq(21) in EqQ.(12) we get e the Landau-Zener formula to described the rate of a non-
adiabatic electron tunneling from one electronic state to another [20].

Ker = ZVpa(E)2FC oo (22)

where Vp4( E ) is the electronic coupling matrix element of the donor and acceptor.

The total electron transfer rate from semiconductor (donor state) ot the metal (acceptor state)
can be expressed as the sum of electron transfer rates to all possible accepting states in the
metal that are given by [21].

—(A+AG)?
4-TthT

2n o -1
Ker =< J_, f(E,Ep) |Ve|*(4mhkpT)Z exp

Where f(E, Er)is the Fermi- Dirac function can be related to electron by [22].

1
f(E,EF) :m(zll)

Here E.5 is the conduction band energy and Ep is the Fermi level energy.
Inserting Eq.(24) in the Eq.(23) we get

_ 21 (oo 1 — —(A+AG)?
KET = ?f—m 1+exp(ECB_EF) IV(k,r)IZ(‘l-TE?LKT) 2 EXpW dE(25)

kpT
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The free energy AG is related to occupy energy E by [23].
AG = AG-—E.......... ..(26)
Where AG- is the standard free energy of reactlon Substltutlng Eq (26) in Eq.(25) results.
-1 —(A+ AG. — E)?

21 (* — Vi, |2 (4m\KT) 2 exp dE
KET = — 1 + expM ( r) 47CkBT
kpT
ve e (27)
(MAG-—-E)2 (x+AGo)2 (x+AG )E EZ . .
The exponent exp Tamgr |~ €XP [ e Ty 4kaT] in the integral .

The activation energy AG**is the height of the barrier of ideal potential contact between
metal and semiconductor in the absence of surface state is equal the difference between the

metal work function @,,, and the electron affinity y of the semiconductor and formulated by

++ (e@m e){)
AGT™ = Qg = T [24].

DOm
Kee = 2 (4mhksT) 7 € %] 1+

M] LV(k 1)|2e— ZT dE ...... (28)
B

kT

WhereEcg , Vapp, and E are the conduction energy,applied voltage ,and Fermi energy The
Fermi-Dirac function in Eq.(28) reduced to the Boltzmann equation when E.g — Ex >> kT

F(E, Er)(Ecp — Er > kpT) ~ exp =P ...(29)

kT

The square of the electronic coupling matrix element integrated over the distribution of the
electronic state at the given E is [25].

2
Hpa(k,)? = a0t

Where Hp, (k,7) denotes < ¥, | H|, > and describes the electronic coupling matrix
element between the metal end semiconductor state , and k as the electronic state. The metal
density of state p(E) can be defined as [17].

o(E) = z 2By = E) e oo (31)

By substituting Eq.(31) and Eq.(30) in Eq.(28) ,we get.

. O —(Ecp—€Vapp—E
Ket = 22 (4mhkesT) 2 e%f 5. exp ~Ee=Vam=Be) oy (h, )2 (B

E)e—

AE oo (32)

4lkBT

With recall formulated the above equation.

Va ‘Dm (E Efp)
Kee = 2 (4mhkeg )2 exp S =(0nreid (o Een-te) |y, 2

dE...33)

4 kgT

Then the rate constant at semiconductor /metal contact .
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2n -1 Neq —E?
K.:(contact) = €(4nkkBT) 2 —fp(E)f (E)|Hpa(k, r)|2e— dE

—eVpi
c&Xp——
B

..(34)

evbl o p(E)f,(E)
volume of the untll cell of semiconductor .
Then Eq.(34) becomes.

K. (contact)

ThenN, exp — dE is readily evaluated being equal to[11]. where V is the

Neq V —(eCI)
[ p(E)f(B)AE * 0 4NkegT
..(35)

= 5 kT ex) f P (o (kDo dE

TheK,; depend exponentially on distance with a decay constant f,theK,; becomes [26]

Ko = %Ket(contact).............................(36)

_g2
The ratio of the term e in Eq.(3-86) to £ isZ  whichis very small since E = KzT
4kgT kg 42

2
.6,0.025 eV and A typically is 1 eV that the term e —
B

- can then be ignored [18]yielding
~(e®u —ex)" V Jy PEF o (E) Hpa(k, 1) [2dE

A\kgT B f0°° p(E)f,(E)E
..(37)

The averaged coupling electronic coefficient of matrix element square is given
. E E)|H k, ZdE
by [H(E,r)|? = Ll o®lHpaten)]

2n — -1
Kot = N (4m\kgT) 2 exp

[18].Then the rate constant of electron at

J p(E)f,(E)dE
metal/semiconductor interface is given by.
2
21 - —(eCI) )() vV 5
=— —|H(E, r)|” ... ... 38
Ket (470\’1(]3’11) 2 eXp 4>kaT B IH(Er r)l ( )

WhereA Is the reorientation energy,7 ,is Planck constant,®,,is the work founction of metal

, x Is the work founcton of semiconductor ,and B is the attenuation parameter. The
reorganization energy is given by[27].

1 1,1 1 1 /3 —-nd1 gp—g1 1 /ni. 1 e—g,1l 2 1 1
Zas(g_e_s)+a(a_a)_4_ds(n,2n+n§ns €m +£s£s> E(ng+r‘:§,a_ss+ema>_R_ms(n§+n,2n_£s+£m)
e ..(39)
Where n2,&m, ns,Rm , Qgy Aoy ds,and d,, are the dielectric constant for semiconductor and
metal, refrective index for semiconductor and metal ,distance between metal semiconductor,
radii of semiconductor and metal and the distance for semiconductor and metal to

electroderespectivel.

_ (8e)?

4-‘1'[80
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Results

Theoretical studies for electron transfer at Au/ ZnSe and Au/ZnS interface system are
treated using quantum mechanical theory .We have applied a quantum model results under
the weak coupling assumption for the matrix element coupling coefficient to the calculated
rate constant of electron transfer at metal/semiconductor interface system using Eq.(38). The
evaluate of the rate constant of electron transfer for this system depending on calculation of
many parameters, such that: the reorganization free energyithe exponent for the decay of the
square of the matrix element with distance constantp , the radius as, a,,, are the effective
radii of both donor and acceptor . The reorganization energy is one of the most important
parameters that is calculated using Eq.(39). Substituting in Eqg.(39) the values of the static

dielectric constante,,,and e for metal , semiconductor and optical dielectric constant , n,,

,and ,ng from tables(1-2).

Initially of the calculate of rate constant of charge transfer in metal/semiconductor
interface system is the reorganization free energy that calculated depending on Marcus— Hush
semi classical theory Eq.(39).Inserting the values ofa,,anda,,, are the radii of semiconductor
,and metal, and the distance d; =as+1,d,, = ap+l,and R, =as+a,, with values of
refractive index and static dielectric constant for semiconductor and metal
ng N, &, anderespectively. The results are 0.71502218 , 0.670556312, and 0.673663776,
there is on agreement with the experimental result[31]. Substituting these values with work
function of metal4.080 [28],and affinity of semiconductoryg.and value of coupling matrix
element from table (4) in a Matlab designed program to evaluate the rate constant of charge
transfer Eq.(38),results are summarized in table (3-5)for system Au/ ZnSe andAu/ZnS
interface systems.

Discussion

A theory of charge transport across metal/semiconductor interface has been derived
depending on quantum theory .In our theoretical model, we have been assuming the wave
function for transfer of charge from donor to acceptor state describe in Hilbert space, and
quantum well. When the metal bring to contact with semiconductor, the Fermi level for two
material much be coincident at equilibrium state. The charges upon excitation has to be
rapidly transfered into the metal before it can fall back to its ground state .The rate constant of
charge transfer have been evaluated for ZnSe and ZnS semiconductors contact with gold Au
metal system depending on calculation of many parameters, such that: the reorganization free
energy work function of metal, affinity of semiconductor, and the coupling matrix element
coefficient in table(3) .The rate constant of charge transfer in tables (3) to (5) for two systems
Au/ ZnSe and AuU/ZnS interface systems indicate the rate constant dependent on the
reorganization energy A-(eV) ,and work founction ®,,(eV) ,of metal and affinity of
semiconductor y.(eV).

Consequently the rate of charge transport across metal/semiconductor system has large
according with large reorganization energy and vice versa.This indicates the reorganization
free energy is large for large dielectric constant for semiconductor .On the other hand the
shift in the reorganization free energy is~0.1.The ratio of rate indicated the system Au/ZnSe is
active media for applied in devices technology according with Au/ZnS system.

Conclusion

A theoretical model for charge transport across metal/semiconductor interface has been
derived depending on quantum theory provided a good model that describe the foundmental
charge transfer processes. Also the rate constant of charge transfer at two systems Au/ Zn,Se
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and Au/ZnSdepending on the reorganization free energy that is necessary to alignment and
oriented of the configuration system .This energy is limited the ability of transfer .

(

2
The rate constant is proportional exponentially with height barrier in exp %,for more
B

high ,the rate is small.In summary ,it can be concluded from the results the Au/ZnSe system
are in a good matching as compare with the other system.
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recombination in dye semiconductor

surfaces

Table No.(1) Properties of semiconductors[29-30]

Semiconductor Properties ZnS ZnSe
Crystal structure Zinc blend] | Zinc blend
Lattice constant(nm) 0.541 0.566
Density(g/cm®) 4.08] 5.42
Dielectric constant 8.3 9.2
Refractive index 2.52226 2.62408
Energy gap(eV) 3.6 2.6
Electron affinity(ev) 3.9 4.09

Table No.(2) The reorganization energy for Gold metal/semiconductor interface system

Reorganization energy A(ev)
System =a+1.0(A") | d=a+1.2(A%) | d=a+1.4(A°) | d=a+1.6(A")
AuU-ZnS 0.670556312 | 0.682074705 | 0.69202476 | 0.700700169
Au-ZnSe | 0.673663776 | 0.685728201 | 0.696178713 | 0.705299904

Table No. (3) The Coupling matrix element||Hp, (k, r)|?|* for gold (Au)

[1Hpa (e )P BX10™ | [[Hpa (B ) X102 | Eev)
0.4 5.889514591 -1.35
0.45 6.625703913 -0.90
0.5 7.361893239 -0.25
0.55 8.098082563 0
0.6 8.834271886 0.15
0.65 9.57046121 0.3
0.7 10.30665053 0.5
0.75 11.04283986 0.75
0.8 11.77902918 1
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Table No.(4) Rate of electron transfer between Au-ZnS interface
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Table No.(5) Rate of electron transfer between Au-ZnSe interface
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