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ABSTRACT

Photoemission calculations in the case of semiconductors like gallium arsenide (GaAs) and silicon
(Si) using a spatially dependent vector potential is presented here. The logarthmic dielectric model
of Gurung and Thapa is used for the calculation of vector potential. The vector potential thus de-
veloped is used for the calculation of photocurrent for which Kronig-Penney potential has been
used to define the crystal potential from which the initial state wave-function for the surface state

is derived.
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INTRODUCTION

Photoemission from a metal, in which an
electron is excited by an incident photon and
escapes to the vacuum by overcoming the sur-
face potential barrier is well established as a
technique for studying the electronic states of
solids. Many methods of photoemission calcula-
tion have been developed where wave function
for the semi-infinite solids are constructed accu-
rately." However, in these calculations, the spa-
tial variation of the photon field has been gener-
ally neglected. An accurate calculation of the
electromagnetic field in the surface of a solid is a
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complex problem and first principle calculations
are available only for jellium model.> On the
other hand, empirical calculations of fields near
the surface with ‘local’ dielectric function have
been used to explain certain qualitative features
of photoemission data. Bagchi and Kar have
developed a dielectric model to deduce vector
potential using a simple ‘local’ dielectric func-
tion and applied the same to study photoemis-
sion from tungsten.® This model had been used
by Thapa et al. in explaining the surface photo-
emission from metals like aluminium,*’ palla-
dium,® copper and molybdenum’ and semicon-
ductors like silicon®® and gallium arsenide.’

In this report, photoemission calculations
from semiconductors Si and GaAs using the
dielectric model is presented as proposed by Gu-
rung and Thapa."
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FORMALISM

The Golden rule formula'' for calculating
photocurrent density can be written as

df(E) 2” \ |H|w‘ (E, - E, - ho)

xfo(E -ho)[1- f,(E)]
1)

where ; and ), are the initial and final state
wave-functions and

H'= (L)(A- p+p.A)
2mc

is the perturbing Hamiltonian, 4 being the vec-
tor potential of the photon field and p the one
electron momentum operator. To evaluate the
matrix element, we have to evaluate 4 and con-
struct ;and iy

DIELECTRIC MODEL AND VECTOR POTEN-
TIAL

We consider the solid to occupy all space to
the left of z = 0 plane with surface parallel to the
x-y plane and assume the surface region to ex-
tend from z =0 to z = —d such that the surface
thickness is d.

Vacuum
Bulk

A
>
=

Figure 1. Diagram for model dielectric function.

The model dielectric function' for the bulk (z
< —d), surface (-d < z < 0) and vacuum (z=0) is
given by,

glw) ; z<-d
e(w,z) = 1+(8”_;)10 (1-2); —-d<z<0
1 ;220

. @)
where &,(®) =& (@) +ig,(®) is the bulk di-
electric function. For a p-polarized light, the
magnetic field B(z)=B(K,®»,z), where
o .
K =€Sln¢9i is in the y-direction and it obeys
the following equation'?

o(10B o K’

—| =——|+| 5-—|B=0

82(5 62] (cz & ] (3)
To solve the above equation, we follow the

prescr1pt10n of Landau and Lifsitz'* and use
=u(z),/&(2) , so that Eq. (3) becomes,

2 2
du + k(¢ —sin? 9)u+(Ld—g—§L[ng Ju

dz? 2¢ dz* 4 &'\ dz
=0

(C))
Using Eq. (2) and the boundary conditions

oB .
that B and % are continuous at z=0 and z =

—d, we obtain the magnetic field components for
the three regions as

—ikcos®,-
(é’ ikcost; -z

ikcost; -z
+ yet Y )

; (vacuum)

p“l + 563 ] + x[g‘ + f; ﬂ(a); i (surface)

—ik ersinzel z .
pq gbe )

B(z) =

(bulk)
®)

The electric field components can be ob-
tained from the magnetic field by using the rela-
tion

dB '
Sing, B

c
E*'(K,0,z)=—— z -
( ) e 4, and E(K,0,2)

Thus, the vector potential in three regions are
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A:(2)  E*(K - 0,0,2)
A E

0 o

4,(2)=

—Sin 91 [e—ikcos@z + yeikcos@z:l

_ —sin@ |:1+%3+x(6&+£]i| (suifaCE) (6)

N7 12
qe—z‘kws,, —sin? 6, -z

, (vacuum)

—sing, , (bulk)

&y
Various parameters in Eq. (6) are defined as
3 4
1+7 +x ¥+ z
_y+l 6 12

oc+x¢d’ \/ge‘d
a% &7’ +(ﬂ— gb/l){l+y63}

(\E;L ﬂ){y-&-} g,,a{nﬂ

1

and

3
ikcos6, (o +xp)— %772+p0 +xu
Y="1
3
%n2+po-+xy+ikcosei(o-+x¢)
()
where ¢,u,A L, etc. in Eq. (7) are given by,
3 4 3
n n
1+— +—, 311+
o= =1 T ( 3j el
g —1
zkafe —sin’ g, =
’ = 4d\/§10g 2’
ad-b -b g, —1
y= ,n=— and p=_—"—0o.
a% a§ 2dlog, 2

MATRIX ELEMENT

Matrix element in Eq. (1) for transition from
initial to final state can be written in expanded
form as

<l//f|H/|‘//i>
= '[l//}H'l//idSr+ J l//}H’l//id37’+ I (//;H'z//id3r

vac surf bulk
®)
where in each region, the wave functions and
the vector potentials corresponding to that re-
gion have to be used. The final state wave func-
tion (1)) is taken to be free electron type', given
by the following expression

1
2 .
[ o j P ety (2 <0)
B 2rhip ) wtk,
l//f(z) - % k
mz 671',uz H- (e —1,uz (Z > 0)
2zhtu ptk,
©)
where, & —Zh—TEZ, k; = sz , E,=E +ho
, 2m —a‘z‘
and u :h_2(Ef —Vo) . Here, the factor €

is introduced for the region z < 0 to take into
account the inelastic scattering of the electron.'

DEDUCTION OF INITIAL STATE WAVE FUNC-
TIONS

To deduce the initial state wave function ()
in Kronig Penney potential,”” one generally
solves the one dimensional Schrodinger’s equa-
tion which can be written as

: LV 4 iy () =27 (w2 a0
2mE
where kiz = Zz

and ¥(z) is the §-function potential of the Kronig
-Penney model. Let ¢(z) denote the Bloch wave
function deep in the metal and ¢'(2) the time
reversal version of ¢(z). The eigenfunction in the
semi-infinite solid (z < 0) has been chosen to
have the form
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v, (2) = #(2) — Pp'(2) 1)

where P is the reflection coefficient obtained by
matching the wave functions and its derivative
at z= 0. One can then show that the initial state
wave function for z < 0 may be written as

v, (2) =(1—iPe " sin5)e™? — (P —ie sins)e ™
(12)

2

where cotd =-— Wk, with g being the
g

strength of the potential. The initial state wave-
function outside the metal (z < 0) is

v, (z)=Te ** (13)

where, T is the transmission coefficient across

the boundary plane and y* = 2(V,— E) with V-,

being the step potential at the surface. By match-

ing the wave function and its derivative at z< 0,

we get

o (y—ik)—(k —iy)e” sind

(y—ik)+(k —iy)e ™ sind

B 2ik, sin26
C(y—ik)+(k —iy)esing

and

Thus, the initial state wavefunction can be writ-
ten as

v, (2)

B (1 —iPe™ sind)eik" (P —ie” sin 5)e"ikfz (z<0)

- {Te“ (z20)
(14)

Using the expressions of i, and ¥, (Egs. 9
and 14) and the vector potential as given by Eq.
(6), the matrix element in Eq. (8) can be evalu-
ated for each region to calculate photocurrent.

RESULTS AND DISCUSSION

Figure 2 depicts the plot of photocurrent in
the case of Si as a function of photon energy. As
can be seen from the figure, the photocurrent
plot shows a maximum at around 16eV fol-

lowed by a minimum at around 17eV, the plas-
mon energy of Si. A second maximum in the
photocurrent is obtained at about 18.5 eV, be-
yond which the photocurrent decreases with
increase in photon energy.
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Figure 2. Plot of Photocurrent as a function of Photon
energy for Si.

Figure 3 shows the photocurrent plot of
GaAs as a function of photon energy. In this
case also, we see similar trend with a peak
around 13 eV followed by a minimum around
15 eV, the plasmon energy of GaAs along with a
peak of lower height around 15.5 eV. The gen-
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Figure 3. Plot of Photocurrent as a function of Photon
energy for GaAs.
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