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Formulas for reflection and transmission coefficients R and T for electromagnetic radiation in
thin metallic films are given, where the anomalous skin effect and electron scattering at the film
boundaries are taken into account. The equations are valid in the near-infrared, visible, and ultra-
violet spectral range, and at low frequencies where the skin effect is nearly classical. The classical
size effect in the optical absorption for different values of the specularity parameters is considered.
The observed oscillatory nature of the absorptance provides a promising method for verifying the
boundary conditions for the free electrons at the film surfaces. Finally, a generalized Fuchs formula
for the dynamic current density is developed, which is valid in the same frequency ranges as R and

T.

I. INTRODUCTION

In this paper the influence of the skin effect on the op-
tical transmission and reflection of thin films will be con-
sidered. This problem was theoretically investigated by
Reuter and Sondheimer' for the case of bulk material.
They gave an exact relation for the electric field in the
metal, assuming the free electrons to be either totally
specularly or diffusely reflected at the sample boundary
(specularity parameter p =1 or 0). Dingle? has given ap-
proximate relations for the transmission and reflection
amplitudes ¢ and 7 for thin films with p =0 at both boun-
daries. Hutchison and Hansen® have tried to extend the
Dingle consideration for all values of the p parameter.
The same was recently done by Szczyrbowski et al.*

Unfortunately, it turned out that the relation for the
current density J(w,z) given by Hutchison and Hansen
[relation (9) in that paper] is not complete. We shall see
that it represents only the special case when the speculari-
ty parameter at one of the boundaries equals zero. One of
the consequences of this limitation was the theoretically
obtained weak influence of the p parameter on the optical
properties of thin metallic films in the near infrared
(NIR).

The aim of this paper is to give approximate relations
for r and ¢ for thin homogeneous metallic films with
values of the specularity parameters at both film boun-
daries in the range 0—1. In our solution of the wave
equation we use the method developed by Dingle.>>~7

II. SOLVING THE WAVE EQUATION

We consider a system given in Fig. 1. The sample is
limited by the surfaces z=0 and z=d. A plane elec-
tromagnetic wave is incident from the z direction (normal
incidence). Omitting the time factor throughout, one can
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write the electric field as

—ilw/c)nz ei(a)/c)nlz

E | =te on the left-hand side ,

(1)

—i(w/c)nyz

E;=vye on the right-hand side

in Fig. 1, where n,n; are the refractive indices of the sur-
rounding media 1,3 and , p, and y are the amplitudes of
the incident, reflected, and transmitted field, respectively.

Explicit relations for the complex coefficients of reflec-
tion, r =p/i, and transmission, ¢ =y /i, may be obtained
using the boundary conditions for Maxwell’s equations at
each interface. They are

t+p=E(0), y=E(),
_ ) (2)
ic ic
—p=——E'(0), y=——E'(d),
L—p o (0), v ol (d)
where E and E' are the electric field and its derivative in

the sample, u is the relative magnetic permeability, and €,
the permittivity of free space. Thus to obtain the expres-

film substrate
medium 1 2 / 3
n, nz//: n n,
E, E, =E E,
—p 9
0 d z

FIG. 1. Schematic diagram for the propagation of an elec-
tromagnetic wave through a film-substrate system.
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sions for r and ¢ one has to know the field E in the sam-
ple area which obeys the wave equation (SI units)

2 2 ]
ifz_gzbr%ml +S)E(z)=%)5;.f(w,z) . (3)

The quantity (14 S)=¢; is the residual dielectric constant
which takes care of the displacement current, atomic po-
larization, etc. J(z) is the current density of the free elec-
trons in the sample and is given by

3
f f fvxfldvxdvydvz, (4)

m

J(w,z)=—2e )

where m is the effective mass of an electron.
f1 may be obtained from the linearized Boltzmann
transport equation

?_Jf1_+wf1 e 9fo

a9z TV,

E(z), (5)

where it is assumed that the distribution function f may

be written as f =fo+f1 (f1 <<fo, fo is the Fermi func-
tion, w =1+4iw7, and 7 is the relaxation time). The gen-

J

eral solution of Eq. (5) is given by Reuter and Sondhei-
mer! and f, has the form

)
fi=exp | -2 | ey o
2 muv, v,
z wy
X [ Eexp - dyJ, 6)

where C(v) is an arbitrary function of the velocity which
is determined by the appropriate conditions at the film
boundaries. We use the Lucas® boundary conditions

f0+fi*-(vz’z =0)=P[fo+ff(—vz,2 =0)]'+G1 »
(7)
f0+fl_(vz7z =d)=q[f0+f1+(_vz,z :d)]+GZ s

where fi" =f, for v, >0, Sfi =f1 for v, <0 and p and ¢
are the specularity parameters related to the surfaces z =0
and z =d, respectively. The magnitudes G, and G, are
connected with the diffuse scattering of electrons at the
film boundaries. Using (6) and (7), from (4) one obtains

2
T(w,z)= 27T(en:vF) wadS de(y)dy[pe—w(y+z)s/l+pqew( ly—=z| —2d)s/l+qew(y+z—-2d)s/l+e—w |ly—z |s/1] , (8)
b 1 0
where
1 1 1
F=|-——= , 9
s 53 | 1—pge 2w/l ®

vr is the Fermi velocity and / the mean-free path of an electron. Relation (8) is the same as given by Dimmich and War-
kusz’ for polycristalline films assuming the electron transmission through the grain boundaries to be unity. One can see
now that at g =0 Eq. (8) becomes the expression for the current density given by Hutchison and Hansen.3

It is convenient for mathematical analysis to introduce dimensionless coordinates z =z /I and y =y /I. Emphasizing
that below also the film thickness d is measured in units of the mean-free path I, Eq. (3) then takes the form

2 272 . 12
df£2) +%M(I+S)E(Z)=l—wzl—’iﬂw,z) . (10)
z ¢ C €py }
To obtain the electric field from (10) with (8) we consider first the possible solution E! =e ~*%# which results in
(uz____,n)e—uwz=§[K(u)e-—uwz+A] , .
where ‘
; 2
()
=— == [ (S+1u,
n ‘cw (S+1Du
© 1 1 o |1 1 1 1
K = 1— —2.swdd — L d
w= ["F 5w Tsga |(1mpae T 0ds I} [S s3Hs_u s
=— 2u+(u2—1)ln1+—u}, .
1—u
A= 1°°FS iu ds(pe —SwZ_pe —uwa'e —sw(d+z)+pqe —sw(2d—z)__e—uwde —sw(d—z))
+ 1°°FsiudS(‘“e_sm+qe—“wé_’w(d_’)+pqe*““’de—sw<d+z)_fqe—sw(zd—z))’
and
o 2mlemvp)Pu
§=i
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Taking into account the expression for the electron concentration N =(87/3 )(mvp/h)

0(0)=Ne?l /(mvg) the magnitude £ may be written as

E=itw? o’y =i &
—*ta ) >
P 2y 0362

765

and the dc conductivity

where 8 =[2€,c?/uwa(0)]'/? is the classical penetration depth.
The next contribution to the electric field may be taken as E‘¥=£A. Setting E =E'V 4+ E® into the wave equation

(10), one obtains:
(u2—m)e “=EK (u)e ~““*+ O(£?) ,

(13)

where O (£?) is a term of order £2. This process can be repeated to form a series in £ which converges for | & | <1. Thus,

generally, one can write
E+=E(1)+E(2)+ N
Since by (12)

+O(E .

(14)

K (u) is an even function of u, there is a further solution E ~ obtained from (14) simply by replacing u by

— u. Thus the general solution of (10) with (8) may be written in the form

E(Z)=E0+E+ +E0_E_

where Ey, and E,_ are constants.

(15)

III. RELATIONS FOR r AND ¢

In this section we assume additionally that |§| <<1 and |7 | <<1. One consequence of this is that | u | << 1. This
restricts the validity of the further considerations to either low frequencies, where the skin effect is nearly classical, or
very high frequencies from the near infrared up to the ultraviolet (UV). A more detailed discussion of these assumptions
is given in the next chapter. With sufficient accuracy one may then take

E(Z)=Eo+e_"wz+E0~euwz ’ (16a)
wl,u E'(z )-— [Eo+(E+) +Eo_(E7)]=Eo, n(z)e ™ —E,_n'(z)e"™*, (16b)
where
2
v
n(z)zn_b_% 9:;_7 _(:1_"_[(1_P)euszoe—swz+p(l_q)e—uw(d—-z)Ile—swz
u
_q(l_P)euszZeswz___(l__q)e —uw(d——z)Ileswzl ;
2 17
0,7 | v
n'(z)=— % _lf)___ ?F[(l__p)e—uszOe—swz+p(l_q)euw(d—z)Ile—swz
—q(1—ple ™" Tpe™= (1 gle™'d =] ow07] ;
I
and . notation of the wave equation. From (12) one obtains
f - [ 1 1 o —Ksud K (u)~4/3 and from (13):
Ix= l———-— ds with K=0,1,2 . 5 172 .
1 3 5 _ —2swd : . T .

The expressions Ixe % in Egs. (17) represent an abbrevi-
ated notation and it means that the integrand of Iy is
multiplied by the appropriate exponential function. n, is
the complex refractive index of the considered medium
where the surface contribution is neglected. The appear-
ance of I in (16b) is a consequence of the dimensionless

where a); =Ne?/(eym) is the plasma frequency. The rela-
tion (18) is the familiar expression for the dielectric con-
stant of a free-electron gas with correction for residual po-
larization. .

The relations for r and ¢ may be obtained using the in-
terference matrix M defined as®'°
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E(0) E(d)
H() |=M tH(d)]
with
[mu mn!
mp mp

and
_(muy+mupnying—(mp+myn;)
T (my+mpnyng +(my+myns)

(19)
2’11

t= .
(my +mpn3dng+(mp;+myn;)

The matrix elements can be found from (2) and (16).
After some transformations one obtains

_ n’(d)e“"’d—i—n(d)e—“wd

TUETT D And)
euwd_e-—uwd
TR d) n(d)
(20)
B n(0)n'(d)e*—n'(0)n(d)e
2 n'(d)+n(d) ’
n'(0)e ~*¥4 4 pn (0)e ™
myy = ;
n'(d)+n(d)
The explicit expressions for the optical constants are
2
n w0, T | Y
n(@)=—t_3 2T | PF(y_ )
v 4| w c
X [Lo—(1—gle I, —qI,],
n 3 |w 2y
b T F
= — —_— | —— — 1_____
n(d) u +4 ” c( q)
X[Io-(l—p)euwdll—plz] ,
) (21)
n 1) v
(o) ="t 4 3 | 22T\ 2Ey_p)
J73 4 | w c

X[Lo—(1—g)e*™ I, —qI,],

gyt 3
n'(d)= o 2

COPT U
har A R
c( q)

X[Io—(1—ple=**3[, —pI,] .

Therefore Eqs. (19) reduce to the familiar expressions

—2uwd.
r12+r23Ue u
r=---——

_ ’
1 +r'12r23e 2uwd

(22)

_ tiine —wwd
- _ )
14 7iorp3e ~244

where the Fresnel amplitudes are defined as follows:

ny—n(0) | n;—n'(0)
T TR0 2T )
"23=M, tj=1+4r;
n'(d)+n;
and
e ny+n'(0) '
ny+n(0)

The measured intensity coefficients R and T for reflection
and transmission of a film on a transparent substrate are
given by

, Ry
R=R' TI2____ ,
+ 1—R3R”
(23)
_(1—R31)T'
" 1—RyR" "’
where
2
n n3—n
T'=—>|t|%, R'=|r|% Ry=|——7
ny n3+n

R" represents the reflection coefficient of the film for
light incident from the semi-infinite substrate. Because
R" is multiplied by R3;, which is much less than 1 in the
expression for it, one can practically neglect the con-
sidered skin effect. Thus in the numerical calculation we
can use the expression

2

’ (24)

ryp+rye "

"__
R"= —2uwd

1+riprae

where r;; are the Fresnel coefficients defined as
ny—n'(d) n'(0)—n,
ny+n(d)’ n'(0)+n;

ryp= ra=

IV. DISCUSSION AND CONCLUSIONS

Our discussion will be limited to the case of nonmag-
netic materials, i.e., we assume u=1.

The expressions (22) are similar to those in the litera-
ture!®!! for metallic or dielectric films, where the skin ef-
fect is neglected. The influence of the skin effect and the
interaction of the electrons with the film boundaries are
described by U and the new definitions of 7, and r,;.

The validity of (22) is conditioned by two assumptions:
|| <<l and || <<1. One can consider three cases:

(i) For ot << 1 one has

2
Up

HES Ll

T

and
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2
(S+1).

22 | UF
In| =~ |~
The maximum value of (vz/c)? for any metal is of the or-
der of 10~°. Thus the second inequality |7 | <<1 is al-
ways fulfilled when wr<<1, but |§| <<1 is true when
w,7<c/vp. If we take the typical parameter values for
gold (fiw,~9 eV, 7=~2X 10~ sec) we obtain w,7=c /v,
which means that for this material | §| <<1 is obeyed.

(ii) For w7>>1 the discussed |&| and |7 | magnitudes
may be written as |£|~7(w,/0)(vp/c)* and
| 7| ~(vp/c)X(S +1). Thus again the second inequality
(|m| «1) is fulfilled, while the first one is obeyed only
then when (0, /w)* <<(c /vp)?. For materials such as Au,

Ag, and Cu both inequalities are fulfilled when #w > 0.2

eV.

(iii) For wr=1 the discussed assumptions are fulfilled
when (w,7)* << (c /vp)*.

The optical constants # and n' [Eq. (21)] depend on
both the film thickness d and the specularity parameters p
‘and g. For bulk material or thick films (d >>1, in prac-
tice d >2) the dependence on d disappears, and in this
case only #(0) is of importance. It becomes
3 (Cl)pT)ZUF
n(0)=mny 16 wie
The second term ng in (25) represents the surface contri-
bution resulting from the interaction of free electrons with
the sample boundary and it disappears when p =1.

In the case of metal films, starting from the NIR region
up to the UV, the inequalities w7>>1 and |£| <<1 are
obeyed. Thus, especially from (25), the real value of n(0)
is influenced. For gold the corresponding contributions to
the refractive index are shown in Fig. 2. As we see, the
surface contribution of n at p =¢q =0 is of the same order

(1—p)=ny+n, . (25)

REFRACTIVE INDEX

.8 1.2 1.6 2.0" 2.4
ENERGY (eV)

FIG. 2. Computed contributions to the real part of the re-
fractive index [n(z =0)=n, +n,] for a hypothetical bulk gold
sample [/=30 nm, p=0, m*=m,, S=7, #iw,=9.0 eV
(N =5.9%10% m~3)].

as n,. For metals with a high electron concentration N
(e.g., for Al, N =18x10?® m—3) the surface contribution
may be very large. The influence of n, on the reflection
spectrum of a hypothetical gold film (of thickness 500
nm) at different p values is shown in Fig. 3. As we see,
the surface contribution may lower the measured reflec-
tion by about 0.5%. One can expect also that the ob-
served strong dependence of optical properties of metals
on the preparation conditions is at least in part connected
with the value of the p parameter.

If d <1 one has to use the complete relations for n and
n' [Egs. (17)]. The plots of R and T as a function of en-
ergy for two hypothetical gold films of different thickness
at different p values are shown in Fig. 4. Firstly, one can
see that the influence of the p parameter on the reflection
spectrum is relatively larger in the low-energy region,
where the reflectivity may be several percent lower for
q =p =0 than for g =p =1. The value of this effect de-
pends on d (the ratio of the thickness to the mean-free
path) and increases with decreasing d value. Comparing
our results with the conclusions made in Ref. 4 one must
say that the influence of the specularity parameters on the
reflection and transmission spectra is essentially greater
than in Ref. 4. Concluding, one can expect that the value
of p may now be determined from optical measurements.

Since w is a complex quantity, all the integrals Iy are
periodic functions of Kwrd. This periodicity was theoret-
ically predicted by Dingle’ for p =g =0. The oscillations
should appear in the measured transmission and reflection
spectra and especially in the absorption 4 =1—R —T
and its derivative. The plots of 4 and dA/d (#iw) as a
function of energy for different values of p =g are shown
in Figs. 5(a) and 5(b). One can see that in the thickness
range considered the absorptivity increases as the thick-
ness is decreased and for low values of p the distinct oscil-
lations of 4 appear. For p =q the phase of the oscillatory

1.00
0.99
0.98¢1
o
z 0.97f+
o
oy
o
w
}
w
W 0.96F
0.95 1 1 1 L I
0 0.4 0.8 1.2 1.6 2.0 2.4

ENERGY (eV)

FIG. 3. Reflection spectra of a hypothetical bulk gold sample
for different p values (0, 0.2, 0.4, 0.6, 0.8, 1.0). The other pa-
rameters are the same as in Fig. 2.
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] 1 )
0 0.4 0.8 1.2 1.6 2.0 2.4 0 0.4 0.8 1.2 1.6 2.0 2.4
ENERGY (eV) ENERGY (eV)

FIG. 4. Calculated transmission and reflection spectra of akhypothetical gold film of thickness 10 nm (a) and 20 nm (b) for two
values of the p parameter (p =g =0 and p =q =1). The other parameters as in Fig. 2.
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FIG. 5. Computed values of the absorption 4 =1—T —R and the derivative dA4 /d (#iw) vs energy for two gold films [thickness 10
nm (a), 20 nm (b)] for different values of p =¢ (0, 0.2, 0.4, 0.6, 0.8, 1.0) and the values of the other parameters as in Fig. 2.
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FIG. 6. Plots of the derivative dA /d (#w) vs the energy of a 10-nm-thick gold filxﬁ (the parameters are given in Fig. 2) for ¢ =1 (a)

and g =0.5 (b) with p ranging from O to 1.

function in A4 is given by w7rd and at the maxima
wtd =K 27t /T, where t is the minimum time for an elec-
tron to cross the film, T is the period of radiation and
K =1,2,.... This oscillatory absorption is called the
classical size effect in the optical absorption. The period
length may be understood by analyzing the relations (21)
for n and n’. For |uwd | <<1 and p =q the expression
in brackets in (21) may be well approximated by the Fuchs
integral [see relation (28)]. This gives

(w,7)
n(O)znb-—-%—pz—F(l——p)
wc
© 1 1 |1—e—sw
< fl PR l——pe“’“’dds '

The relations for the other n and n’ may be written in an
analogous form. Therefore, the periodicity in A4 is con-
nected only with the function e ~* in the integrand. On
the other hand for \p =1 or g =1, instead of e "9, the
magnitude e ~>“? appears in the Fuchs integrand. Thus,
the period length of the oscillatory function in A4 [and
dA /d(#w)] is half that at p =q [compare Figs. 5(a) and
6(a)]. For ps£1, gs£1, and ps~q both e ~*“? and e —>%4
remain in the expressions for » and n’. Thus two com-
ponents of the frequency appear in the absorptivity spec-
trum [Fig. 6(b)].

Concluding, one can say that study of these oscillations
may lead to valuable information concerning the transport

J(w,2)=04(e) [e—‘uwz__%(l_p) flmj;\vds(e—su)z+pe—uwde—sw(d+z)+pe—sw(24—z)+e—uu)de—sw(d—z)) E,

with oy (@)=0,(0)/w, where 0(0) is the bulk dc conduc-
tivity, and

F= —2swd

S I S
Yl 1—p

s2 s

parameters in thin metallic film as follows: (i) The ap-
pearance of oscillations in the absorption spectrum means
that at least one of the specularity parameters is different
from unity, (ii) the appearance of the second component
of the frequency tells us that p is different from gq. It is
worth noting here that this fact cannot be simply deduced
from measurements of the dc conductivity o only. For
instance, using the Lucas® formula one can show that for
three  different sets of parameters (/p =g),
(I'=2Lp =1,q), and (I'=2l,p,q =1) the ratio o /o, is ex-
actly the same, thus, these three cases cannot be dis-
tinguished. From the experimental point of view this con-
clusions also remain true, if the corresponding p and ¢
values differ strongly, (iii) since the magnitude
w7d =wlvpd does not depend on the mean-free path of an
electron (d is measured in units of /), from the length of
the period in 4, the Fermi velocity vy may be immediate-

1y deduced.

From an experimental point of view, care must be taken
when measuring 4. Figure 5 shows that the oscillation
amplitude is about 0.001, i.e., the measurement accuracy
must be much better than 0.1%. The film surfaces should
be sufficiently smooth, otherwise the oscillations would be
smeared out. It is worth noting, however, that the surface
roughness only lowers the amplitude of the oscillations,
but does not change the length of the period.

Finally let us discuss the dynamic current density
J(®,2). In our approximation (|£| << 1) for p =g it is
given by

(26)

r

The first term in (26) gives the familiar expression from
the literature for the current density in bulk material. The
second one is connected with electron scattering at the
boundaries of the sample and is equal to zero for p =1.
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The expression for J(z =0) using the assumption d >>1
may be written as v

J(@,0)=0(0)[1—5(1—p)1E, . 27

For p =0 we obtain only half the conductivity compared
to that in the interior of the sample. Comparing (25) with
(27) one can conclude that the influence of the p parame-
ter on the optical constants is smaller than on the electri-
cal conductivity. Additionally one can see from (25) and
(27) that the known simple relationship between the
dynamic conductivity and the complex refractive index is
not valid here.

To compare our results for dynamic current density
with those given by Fuchs'? one has to find the mean
value of J(w,2), i.e.,

1 rd
J(co)=<J(a),z)):E fo J(w,2)dz .

After integration one obtains

l—e™™d 31
uwd 4

X flw ‘—l;—sis

J(w)=0p(w) I P (] 4o —uwd)
wd

—swd
—swd

1—e

ds}Eo .
1—pe

(28)

Equation (28) is the generalized Fuchs formula, valid for
alternate current (ac) also. In the limit @—0 (u —0), ex-
pression (28) becomes exactly the Fuchs expression.
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