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FORMATION OF ELECTRON-HOLE PAIRS IN A SEMICONDUCTOR

BY VIBRATIONALLY-EXCITED MOLECULES
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Soreq Nuclear Research Center
Yavne, 70600 ISRAEL

Thomas F. George
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Rochester, New York 14627 USA

Abstract

- Both one-dimensional and three-dimensional models are presented

for the collision of a vibrationally-excited molecule with a semi-

conductor surface, where the transfer of vibrational energy leads to

the formation of electron-hole pairs. The transition probability P is

calculated as a function of the molecule-surface distance for real two

systems, HCl + InSb and HCl + PbSe, as well as for some model systems

with different values of parameters. While P generally increases as

the distance decreases, there are some minima at intermediate distances.

The overall probability is obtained as an approximate integral of P over the

distance, and for thermal collisions values of a few percent are obtained.

Such values are high enough for an experimental observation of electrical

conductivity due to electron-hole pair formation.
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I. Introduction

A vibrationally-excited molecule near a solid surface can transfer vibrational

energy to either phonons or electrons (or both) of the solid. The situation involving

1-3excitation of phonons has been actively studied, and theoretical investigations

of energy transfer to the electrons of a solid have been carried out for the case

of a metallic surface.4-8 In the present study we consider the transfer of vibrational

energy to the electrons of a semiconductor surface. This process differs from the

case of a metallic surface due to the energy gap between the valence and conduction

bands. Here the transfer of vibrational energy can excite electrons from the valence

to the conduction band and hence result in the formation of electron-hole pairs which

can be detected by measuring the semiconductor electrical conductivity.9'I0  In

Section II we present a one-dimensional model which depends on a transition matrix

element. This element is evaluated in Section III, and the results are used to

determine the transition probability in Section IV. The polarization of the solid

state is considered in Section V, and an extension to three dimensions is discussed

in Section VI. The results of numerical calculations, with specific applications to

the HCl + InSb and HCl + PbSe systems, are presented in Section VII, and Section VIII

is the Summary and Concluding Remarks.
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II. The Model

Let us consider a diatomic molecule whose center of mass is located at some

distance R from a semiconductor surface. Within the framework of a one-dimensional

model, the molecule is assumed to be oriented perpendicular to the surface on the

continuation of a line formed by a linear chain of lattice atoms (Fig. 1), where the

interaction of the molecule with the solid is restricted to just the atoms on the

chain. We assume the velocity of the molecule to be sufficiently low such that the

influence of its translational motion can be neglected. While the vibrational

motion of the molecule affects the motion of both the nuclei and electrons of the

lattice, we shall consider its effect only on the electrons.

The transfer of molecular vibrational energy to the chain electrons leads to the

excitation of electrons from the valence band to the conduction band and therefore

to the formation of electron-hole pairs. Such excitation is possible only when the

vibrational energy level spacing Ev =-,Kw is larger than the semiconductor band gap

energy E (Fig. 2),

Ev =lKw > Eg. (1)

For simplicity we take the molecule to be in its first-excited vibrational state

and assume the influence of the solid on its vibrational motion to be negligible

so that Ev is constant. We further restrict ourselves to cases where Ev is less

than 2E so that only a one-electron transition is possible.

Considering the coupling between the vibrational motion of the molecule and the

solid electrons as a weak perturbation, we can use the golden rule to determine the

transition probability, which can be written for the case of a one-electron tran-

sition between two continua as
Evax

P = fEin dEV nV(E v nC(EC) W 0i(EVSEC). (2)
p V
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P is the probability of transition per second, EV and EC are one-electron energies

of the valence and conduction bands, respectively, nV is the density of electron

states in the valence band, nc is the density of empty levels in the conduction

band, and W01 is the matrix element for the transition from the excited vibrational

state to the ground state with a simultaneous transition from the valence band to

the conduction band. Due to energy conversation, for this transition the EC level

is greater than EV by the vibrational quantum Ev ,

Ec = Ev + Ev (3)

The upper limit on the integral is the maximum electronic level of the valence band,

and the lower limit is given by

Emin =maxV V -E v  Eg94

The matrix element W01 is expressed as an integral over the electronic coordinate

z and the vibrational coordinate Z (Fig. 2),

W01(EVEV+Eg) =fdzdZ p(V) (z) xl(z)W(, z')4 C? (z) (Z), (5)
9 V EV v

where (V) and (C) are the electronic warefunctions in the valence and conduction

bands, respectively, x0 and X1 are the ground and first-excited state vibrational

warefunctions, respectively, and W is the interaction between the electron and the

molecule. At close distances, where the overlap between the molecular orbitals and

the electronic states of the solid cannot be neglected, W is complicated. At far

enough distances where the overlap can be neglected, W becomes electrostatic. If

the size of the molecule is smaller than the distance to the solid-state electron,

then the field of the vibrating molecule can be expressed as a sum of dipole and

higher-order multipole potentials. We shall consider only the point dipole potential,

. . .. . ,.. .. . . . , • m .,i . . . . nn . . . mlm . .. . . . . .. . . ..
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as has been done for the case of a metal surface.6 If the polarization of the solid

is neglected, i.e., setting the dielectric constant equal to one, then the interaction

becomes (in atomic units).

w = z , (6)
I (R-z)

where p(Z) is the dipole moment. Substituting Eq. (6) into (5), we obtain a separa-

tion of variables.

Woi(EvEv+Ev) = po1  dz ( V) (z)1 (C)E(z) , (7)
.L Ev  (R-z)2  Ev+Ev

where L is the length of the chain and p01 is the dynamic dipole moment for the

I - 0 transition,

p dZ X0(Z)p(Z)X1(Z) (8)

II
The separation of variables is also achievable when other multipole moments are

included in W. The dynamic dipole moment is known for many diatomic molecules from

experiments and/or ab initio calculations. The determination of W01 is thus reduced

to the evaluation of a one-dimensional integral over the solid-state electronic coor-

dinate. In the model considered here, only polar molecules can transfer vibrational

energy to the solid. However, at close distances, particularly for an adsorbed

molecule, this transfer is possible also for non-polar molecules due to the overlap

between the molecular orbitals and the electronic states of the solid.
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III. Transition Matrix Element

In order to calculate the transition matrix element displayed in Eq. (7), one

must know the solid-state electronic wavefunctions p(V) and p(C). Forms for these

are available in terms of the wavenumber k,11'12 but we can reexpress these in

unitless and more symmetrical forms in terms of the parameter x determined from the

equations

k :q(1+X) , - i < x .<I(9)

x 2n 1 = a n- 1, (10)
N L

where g = Nk/n = 27T/a is the reciprocal lattice constant, a is .the lattice constant,

n is an integer (0%nzN), and N = L/a is the number of unit cells. The wavefunctions

and also the energies then can be written as

i(V)(u) 1 I (V) (u-) + v x ] u-)ud (11)

(C ( 4)-- ,y- (C)(u) + V7= (C) ( u) (12)

(VfX v7 sin[Tt(l~x)(U-u d) + ex],i U~ud (13)

x)

v sinexexpl-.r/8r- (l+x) 2 (u-ud) ]  u>ud (14)

8x [I+x2 ,x] (15)

- cos[r(1+x)(u-ud) +Ox U>ud (16)

x (u) =

-v cos exexp[- Tr61+x u u , u<Ud (17)
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8 1X + 4 x (18)

where u = z/a, ud = d/a, d is a distance on the order of an atomic radius (an actual

value is set in Section VII), C = E /g2 , r W/g2, W is the sum of the work function

and Fermi energy, y = VT7x, and
tano x = (0+x)/ 7r-(l+x)2. (19)

The wavefunctions (V) and $(C) are normalized to the unit length.

Substituting the above forms of the wavefunctions into the integral of Eq. (7)

and extending the lower limit of integration to -, we obtain for arbitrary 1V)
x

and (C) P0 1 Q(x,R) 
(20)W01 -a

Q(XI) = [V( Y-x)(M+x)Sx' + V(Y-x)(M-x) Sx_

(21)

+ S(WJ T + x,i + '(r+x)-XT S-x9-i]

s=(1) SW I+ I)
x,x x,R x,x (22)

x,x -2sinexCOSeR Ldt exp[-8r-(1+x)2

+ /'r-(l+i) 2 )t] 2 (23)

t = u-u d

SOO = - 2 dt Q(t) (24)

Q(t) = sin[(l+x)t-e x]cos[7(1+)t-e I 2 (25)

(P+t)

t = ud-u
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where p uR u d and uR : R/a.

The integral in Eq. (23), which describes the interaction with the decaying por-

tions of the wavefunctions outside the solid--Eqs. (14) and (17), goes to infinity

at t = p. However, for t close to p the point dipole approximation is not valid

and the finite size of the molecule must be taken into account. Fortunately, the

integral in Eq. (23) is usually smaller than the integral in Eq. (25) so that the

former can be treated approximately. The finite size of the dipole can be accounted

2 2 2for by replacing the term (p-t) by (p-t) + pM, where pM is a distance on the order

of the relative (per lattice constant a) size of the dipole (molecule) This proce-

dure is valid only for p > pM" Usually the exponential function in E (23) de-

creases quickly and becomes small when t e pM. Accounting for this t vior and
taking p to be greater than PM' we may neglect the t-dependence of the Cerm (p-t)2 +

2

PM and express Eq. (23) roughly as

x M 2sio xcosOR (26)
X, ( Xr-l-)2 +V-lx2)2+)

+x7+ ~T~~(P 22P

The integral of Eq. (24) which describes the interaction with the bulk portions

of the wavefunctions is expressed in terms of sine and cosine integrals as

S(II) = -T(+)x T(- (27)X,X X,X X,X

T(+-) = -sin(ex+e) + n(2+x+i) Ux,+ (28)

x,x P xx x~x

T(-) = 1-sin(e -ei) + 7(x-i) U(- (29)
X,X p x X,x

U(+ = cos(Wa+ex+e )ci(7a) + sin(na+ex+E)si(va) (30)

II
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u H~ = COS(v646 6.)c i (7r8) + sin( i$+ x-e)siu) ' (31

where a = (2+x+i)o (x-i)p.
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IV. Transition Probability

The transition probability can be calculated according to Eq. (2) by integra-

ting over the electron energy. However, it is more convenient to perform the

integration in terms of the variable x which determines the wavenumber as in Eq. (9).

The integration must be performed from -x0 to +xO, where x0 corresponds to the

min
energy EV  also taking into account that for each x there are two transitions:

x - i and x -) - with transition energy equal to the vibrational energy Ev (Fig. 3).

Due to the symmetry of signs in Eq. (21) -- Q(x,i) = Q(x,-i) = Q(-x,R) = Q(-X,-i),

we can change the lower integration limit to 0 simply by multiplying the integral in

Eq. (2) by 4. Substituting Eq. (21) into (2), we then have

P o ) o dxE 2(32)0- Hnv(Xv)nc(Xc)Q2(Xv'Xc) '

where xV corresponds to the energy EV of the valence band and xC to the energy

EC = EV + Ev of the conduction band. and 'O =  3/mee4 =2.419x10- 7sec is a time

atomic unit which has been inse;-ted so that the quantities in the above equation

can be expressed in atomic units, giving P in sec -1.

Each level of the valence band is occupied by two electrons of opposite spin,

so that nV is obtained by doubling the level density, and nC is simply equal to

the level density due to conservation of spin in the band-to-band transition:

dn_ dxV (33)
V(XV) = 2 v  d v (3

*t (x dnC = 1 dxc (34)
rC(Xc) 2a c- C

where n and nC are the numbers of levels with the wavenumber value. _ (l+Xv).

Eq. (10) has been used to obtain dn/dx = L/2a = 1/2a, where the same normalization

is used for the level densities as for the wavefunctions in Eqs. (13), (14), (16)
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and (17) which were normalized to the unit length.

Combining the derivative of Eq. (18) with Eqs. (32)-(34), one can write

p =;4A.P012
Sr- a f(u R) (35)

a4 R

f(u) 0x 2 (xV9XC) T7 ~+2 ~(36)

where

x {[-2 (2 -1)] - V{-4c(2&-I) + 4C2} (37)

x~=~[2+8 -2y +x2] - 2V2 4e87C-Y+xV} , (38)

Evg/E > 1, and and y are defined just after Eq. (18). At the point xV = x0 9

XC equals zero but the integral is finite,because in the vicinity of xV = x0 the

variable xC is proportional to x0 - Xv. The integral must be evaluated numerically.

We should mention that the transition probability can also be expressed directly

as an integral over energy as follows:

f(uR) dE Y VC (39)

where E 8Ev/g 2,  = 1-4c(2E-1), E2 = 1-4, and

Yv = 2/4+u - 1 - u (40)

YC = 2V2+8C+u - 1- u - 8c (41)
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V. Polarization of the Solid State

The expression for the transition matrix element in Eq. (20) was obtained by

the assumption that the electrical field [Eq. (6)] in the bulk is the same as in

the vacuum. In other words, the dielectric constant c, which is often large for

semiconductors, was set equal to one. The dielectric constant cannot be taken

into account simply by introducing it into the interaction in Eq. (6). In the

vicinity of the surface the dielectric constant is a function of the distance

from the surface, changing from 1 outside the solid to E deep inside the solid.

It is just this region at the surface which is the most important for the transition

matrix element of Eq. (20). Unfortunately, the introduction of any reasonably

smooth function E'(z) into the integral of Eq. (24) precludes an analytical solution.

The simplest way to account for the polarization of the solid is to make c'(z) a

step function,

I, z > b

£ '(z) =  (42)

, z<- b

where the parameter b is expected to be on the order of the diameter of the Onsager

cavity, which can be assumed to be the diameter of an atom.13  Introducing this

into Eq. (24), we obtain

* x =- du(u) - 2 d+ub du (u) ,(43)

x d+ub

where Q(u) is the function of Eq. (25) and ub = b/a. Evaluating the above two

integrals in the same way as for Eq. (24), we obtain

S(II) = T( - T(-) + [F(+) + F (-) (44)
x,R x,x x,x E xx x,'

where the first two terms on the right-hand side are given by Eqs. (28) and (29).
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The last two terms are:

FM = si ( 0 'Tb-)] + r(2+x+i)G(+i (45)x,x Pb ,

F(-) = 1 sin[O Or (b_)] + ff(x -)(

x, - (46)

G(+ ) = cos(rt + + eo) c + sin(m + ex + 6R) (47)
X,x x R)e'7)b S' (Trob)

G(-) = Cos(r + 0- eR) ci(7b) + sin(rB + ex e ) si('T b)  (48)
x,x x b

where ab = (2 + x + R)ub, b = (x - R)ub and Pb = UR + Ub"

L . . . .. . . .. il- S
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VI. Three Dimensions

The vibrationally-excited molecule can obviously form electron-hole pairs not

only in the chain on the same line with the molecule (Fig. 1) but also in other

chains and in different directions of the electron motion. The consideration of

this three-dimensional interaction is very complicated, and in order to simplify

the problem we shall introduce some assumptions which enable us to reduce the

three-dimensional integration to an integration over the surface.

The solid state is envisioned as formed by a series of one-dimensional chains

which are parallel to each other and perpendicular to the surface. The interaction

between the molecule and a chain which is not on the same line as the molecule is

assumed to be determined by the expression for the one-dimensional case, taking

into account only the difference in the distance and the influence of the dipole

orientation on the perpendicular component of the field at the surface point A

(Fig. 4). Taking the lattice to be formed by two kinds of atoms with similar sizes

and the distribution of atoms to be uniform, we can then express the transition

probability as

= LA L f(uR) + 8 dur Rr urf(UA (49)

0.5A

where ur = r/a, uA = RA/a =  2u + 2, and RA is the distance between the dipole and

the point A. The lower limit of integration is taken to be half of the lattice

constant, considering it approximately as the distance from the point 0 to the

closest neighboring atom. The factor (2u-2  u 2  4 is equal to the squareoRof the
ratio between the z-component of the dipole field at the point A and the field in

the one-dimensional case for the same distance from the dipole.

The above approximations better describe the interaction with the solid-state

electrons which are close to the surface than with the electrons deep in the bulk.

Fortunately, when the dielectric constant is large the electrons deep in the bulk
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interact relatively weakly with the molecule and hence do not have a significant

effect on the transition probability.
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VII. Numerical Results

All results were obtained for a simple lattice of two kinds of atoms (Figs. 1

and 4), where the one-dimensional unit cell consists of two atoms only. With the

assumption that the atoms do not differ much in their size, the parameter d [mentioned

just after Eq. (18)] can be taken as equal to the average atomic radius, which is

approximately a quarter of the lattice constant, i.e., a/4 (ud = 0.25). The para-

meter b for the dielectric constant in Eq. (42) is assumed to be equal to the atomic

diameter, a/2 (ub = 0.5).

The transition probability given by Eq. (35) is proportional to the square of

the ratio pO1/a, where p01 is the dynamic dipole moment of the molecule for the

1 - 0 vibrational transition. The dependence on the molecule-surface distance as

well as on other parameters is included in the function f(uR). This function depends

on unitless quantities only, such as the relative molecule-surface dustance uR

[defined just after Eq. (25)], the relative energy gap [after Eq. (18)], the sum W

of the work function and Fermi energy, and the ratio between the vibrational

energy and the energy gap [after Eq. (38)]. The function f(uR) depends very weakly

on the parameter r, which is determined by W [after Eq. (18)]. In all calculations

we take r to be 0.7, which corresponds approximately to W = 5 eV for the semicon-

ductor InSb.

In order to investigate the behavior of the transition probability on u R as

determined by f(uR), we have carried out calculations for different values of the

parameters and k and the dielectric constant c. All results, except for the one

case of the HC1 + PbSe system, are presented for the lattice constant of the semi-

conductor InSb, a = 6.48 A (12.24 a.u.), 14 and the dynamic dipole moment of the

HCl molecule, p01_= 0.0712 D (0.0279 a.u.). 15 The results for other values of p01

and a can be obtained simply from the equation

2O 6.48

. ..... ... ... . .. . .m
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a

where P0, and 5 are expressed in the units D and A, respectively.

Results for the dielectric constant 6 = 1 are presented in Fib. 5. The most

interesting feature of the curves is that the transition probability P does not

decrease monotically as the molecule-surface distance increases. The curves (dashed

lines) for the one-dimensional (1D) calculation exhibit a deep minimum which is shifted

toward the surface as the vibrational energy decreases, i.e., as & decreases. In the

three-dimensional (3D) calculation, the curves (solid lines) are smoother, as might

be expected due to a "smearing-out" effect, but also have a minimum which becomes very

shallow for large vibrational energies ( = 2.0). At large distances the 1D tran-

sition probability has a sharp decrease approximately proportional to 1/Rn (n = 2-4).

The decrease is slower in the 3D case, and in fact, the decrease for = 1.1 does

not occur until uR = 12. [We note that the 3D results obtained by the integration

over the surface in Eq. (49) are very approximate for c = 1 when electrons deep

in the bulk of the semiconductor play a significant role.] At small distances

P increases quite sharply with little distinction between different parameters and

models (1D and 3D). Very close to the surface, when the size of the molecule is

comparable to its distance from the surface, the point dipole approximation does not

work well. However, for a relative distance uR as small as 0.5 in the HCI + InSb
0

system, for example, the molecule is 3.3 A from the surface, which is over 2.5 times

as large as the size of the molecule and hence large enough for the point dipole

approximation to be valid.

Results for the dielective constant c = 15 are presented in Fig. 6. These

curves are smoother than those for c = 1, and for small vibrational energy

R = 1.1) they decrease monotonically as the distance increases. Except for very

small distances, the transition probability is smaller and decreases more steeply

at large distances for c = 15 than for c = 1. The influence of the dielectric

constant on P is further demonstrated in Fig. 7, where results are presented for

different c but for the same values of the parameters and &. While P decreases
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at large distances as c increases, the opposite behavior occurs in some intervals

at intermediate distances.

The minimum in the transition probability at intermediate molecule-surface

distances occurs because the contributions from different parts of the chain to

the integrals of Eqs. (24) and (43) have different signs. This leads to an

interference effect which is less important for large c, where one unit cell of

the chain, namely the closest to the surface, makes the main contribution to the

integral.

The dependence of the transition probability on the molecule-surface distance

for two real systems, HCl + InSb and HCl + PbSe, is presented in Fig. 8. In

contrast to the results discussed earlier, the distance here is not in relative
0

unitless numbers but rather in A. The lattice parameters for the two semiconduc-

tors are similar -- a = 6.48 A for InSb and a = 6.124 A for PbSe.14  The main

differences are in the energy gap, which is larger for PbSe (0.26 eV) than for

InSb (0.165 eV), and in the dielectric constant, which is much larger for PbSe (280)

than for InSb (18).16 At large distances P is much lower for PbSe mainly due to

the larger value of e, although at small and intermediate distances (4-21 A) P

is higher for PbSe.

It is possible to calculate the overall transition probability corresponding

to each curve P(uR). If the molecule is moving with velocity v perpendicular to

the surface, then this overall probability Pz is

P - f du P(u), (51)

where u = R/a and us is the minimal possible distance between the molecule and
surface. It is reasonable to consider this to be the distance associated with an

adsorbed molecule. However, the results obtained here cannot be continued to such

short distances due to the approximations of the model. Nevertheless, we have

. . . ..... . . .. UI i I I • mil |nm I. . .
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evaluated the above integral for values of us for which our model is valid, and P,

is given for three different values of u in Table I. The dependence of P on the

parameters e, C and E is presented in Table II for us = 0.5 and 0.9. In these

calculations the 3D form of P(u) was used, and the HCl molecule was taken to be

thermal (300 K) with a velocity v = 4.0 x 104 cm/sec. We see that P is on the

order of ten percent for us = 0.5 and is on the order of one percent for us as large

as 0.9. For us=0.5 the probability does not depend as much on the dielectric constant,

while for us= 0.9 it is much higher for e = 1 than for c = 15. It is interesting to

note that as the vibrational energy parameter E increases, P decreases in spite of

the increase in the number of band levels involved in the transition. This is due

to the fact that for values of the parameter E close to 1, the transition takes

place between levels whose spacing is close to the energy gap, so that the product

of the level densities, nVYc , in the integral of Eq. (2) is large as nv and nC are

going to infinity in the vicinity of the gap.

.. . . . . . ..
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VIII. Summary and Concluding Remarks

For a vibrationally-excited molecule not very close to the semiconductor

surface, the influence of the vibrational motion on the solid-state electrons can

be taken as an electrostatic interaction with a point dipole. If the vibrational

energy level spacing is larger than the semiconductor energy gap, this interaction

leads to the excitation of electrons from the valence to the conduction band and

hence to the formation of electron-hole pairs which can be detected by measuring

the semiconductor electrical conductivity.

In the one-dimensional model the transition probability (per second) is

expressed in terms of integrals of analytical functions which include such special

functions as the sine and cosine integrals. Results from this model show the

transition probability to increase sharply at short distances. At intermediate

distances there is often a minimum followed by a maximum and then a further

decrease of the probability. A three-dimensional calculation is performed

approximately by the integration of a modified one-dimensional probability over

the surface. In this case the probability is higher and the dependence on the

molecule-surface distance is smoother than in the one-dimensional case. The

overall probability of formation of an electron-hole pair, obtained by summing

From the distance us to infinity, is on the order of ten percent when us is chosen

to be 0.5 of the lattice constant a.

In an experimental situation, those molecules still excited at us will

continue on toward the surface to undergo an elastic or inelastic encounter.

Inelastic processes may involve either phonon or electron excitation or both.

Because the events occurring after the molecule reaches us can only add to the

probability of electron-hole formation, this theory provides a lower limit to

the efficiency of that process. Experimentally, 17 efficiencies in the range 0.1

to 10% would be readily observable. In summary, this model calculation points

out that vibrational-to-electronic energy transfer could be a significant energy
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pathway at semiconductor surfaces. Possible applications include selective detection

of vibrationally excited molecules.
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Table I. The overall transition probability PZ (in percent) for the systems HC + InSb

and HCl + PbSe. The HCI molecule is moving perpendicular toward the surface

with the velocity v = 4.0 x 104 cm/sec from infinity to the point us = R/a.

Semiconductor InSb PbSe

18. 280.

0.023 0.0324

2.17 1.377

Us 0.5 0.7 0.9 0.5 0.7 0.9

0

R (A) 3.24 4.54 5.83 3.06 4.29 5.51

PZ (%) 4.2 0.91 0.33 7.1 2.0 0.87

d4
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Table II. The same as Table I but for HCl + semiconductor with different values

of the parameters e, and E. PZ (0.5) and P. (0.9) are given in

percent for us = 0.5 and us = 0.9, respectively.

1. 15. 15. 15. 15. 15. 50.

0.05 0.025 0.05 0.05 0.05 0.10 0.05

1.4 1.1 1.1 1.4 2.0 1.1 1.4

P (0.5) 11.3 5.7 10.8 8.5 5.5 19.9 8.8

P (0.9) 5.5 0.83 1.5 0.72 0.51 2.5 0.83

*i

Lq
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Fiqure Captions

1. Location of the molecule with respect to the solid-state atoms in a one-

dimensional chain; a -- lattice constant, R -- molecule-surface distance,

d -- border distance for the wavefunctions of Eqs. (11) and (12).

2. Band structure of the semiconductor; Z -- vibrational coordinate, z --

max m
electronic coordinate, EV -- top level of the valence band; Emc in

bottom level of the conduction band; Ev -- vibrational energy level spacing;

EV & EC -- levels involved in the transition.

3. Band energies of the one-dimensional chain for the PbSe semiconductor. For

the valence and conduction bands EV and EC see Eqs. (15) and (18), and for

the parameter x see Eqs. (9) and (10). The parameters of the chain are:

a = 6.124 A, Eg = 0.26 eV, = 0.0324.

4. Three-dimensional model; 0 -- center, M -- molecule, R -- molecule-surface

distance, r -- distance on the surface from 0 to atom A, RA -- molecule-atom-A

distance.

5. Dependence of the transition probability P (per second) on the relative

molecule-surface distance uR = R/a. The value of the dielectric constant

c is 1. The numbers on the curves indicate the ratio = E v/E between the

vibrational energy level spacing and the energy gap. The dashed lines

represent the results of the 1D calculation, and the solid lines represent

the results of the 3D calculation. (a) Relative energy gap c = E /g2  0.025

and (b) c = 0.10. [The small gaps at uR = 5 for the 3D curves are because

of a change in the integration stepsize used in the evaluation of the integral

in Eq. (49).]

6. Same as for Fig. 5 but for c = 15.
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7. Dependence of the transition probability P (per second) on the relative molecule-

surface distance uR9 where c = 0.05, C = 1.4, and the numbers on the curves

indicate the dielectric constant c (see also the caption to Fig. 5).

8. Dependence of the transition probability P (per second) on the molecule-surface

distance R for the systems HCl + InSb and HCI + PbSe. The vibrational energy

level spacing is 0.358 eV. The parameters for HC + InSb are: e = 18,
0

a = 6.48 A, Eg = 0.165 eV, c = 0.023, = 2.17. The parameters for

HC + PbSe are: c 280, a = 6.124 A, E = 0.26 eV, c = 0.0324, 1.277.~g
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