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Influence of oxide layers on optical properties
of copper in a wide spectral range
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Optical properties of flawless bulk copper sample has been studied based on spectroel-
lipsometry measurements in a wide spectral interval (hv = 0.18 to 4.87 eV) at various
angles of light incidence. The main characteristics of electronic subsystem of this metal
and values of main energy intervals in a band structure have been calculated. Taking into
consideration influence of the surface oxide layer.

HccnemoBaHbl OITUYECKNE CBOMICTBA MACCUBHBIX 00pPAa3I[0OB MEIM C UAeaJLHON CTPYKTYpPOit
Ha OCHOBe CIIEKTPOJIJINIICOMETPUUYECKNX U3MepeHWH B MUPOKOoil obgacTu CHeKTpa
(hv = 0.18-4.87 5B) npu pasmTMUHBIX yIJIaX TaJeHWs CcBeTd. PaccumMTaHBl XapaKTePUCTUKU
9JIEKTPOHHOH TOACHUCTEMBI METAJIJIa ¥ OCHOBHBIE SHEPTeTUUECKUEe WHTEPBAJLI 30HHOIN CTPYK-
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TYPbI ME€IHBIX 06pa3u013 C yU4eTOM BJIMAHUA IMOBEPXHOCTHOTO CJOA OKMCH.

Light wave reflected from a metal is
formed due to interaction of the incident
wave with the electronic subsystem of the
material surface layer. For example, for
copper in the visible range, that layer is
about 3.0—4.5 nm thick [1]. Since a metal
sample in normal conditions is coated with
an oxide layer [2], it is necessary to take
into consideration the influence of such sur-
face oxide layer on the reflectivity deter-
mined for pure metal.

Optical properties of copper were studied
most comprehensively as compared to other
metals. This interest is defined by several
factors. First, it is possible to obtain a cop-
per sample of high purity up to 99.9995 %.
Second, the objects made of this metal are
easy to process and, therefore, to obtain
samples with very high surface quality.
Third, the electronic structure of copper is
studied, rather well its d bands are com-
pletely occupied and placed approximately
2.1-2.2 eV below the Fermi level [3].
Fourth, copper is widely used in practice.
Though many works are dedicated to the
research of optical properties of copper [4],
those properties have not been studied com-
pletely. The majority of researches was
made in narrow spectral ranges [5] and
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their results do not coincide with each
other, therefore, do not give complete infor-
mation on the nature of interband transi-
tions. Our purpose was to study the elec-
tronic structure of flawless unoxidized bulk
copper basing on measurements of optical
constants n and x within a wide spectral
range of intraband and interband absorption.

To that end, the phase shift A and azi-
muth y of the restored linear polarization
in a wide spectral range of light wave-
lengths A =0.25 to 7 um (hv=0.18 to
4.87 eV) were measured at room tempera-
ture. The reflective surfaces of copper sam-
ples were made by mechanical grinding and
polishing of bulk copper of 99.999 % pu-
rity using recrystallization annealing and
electrolytic polishing. By measuring A and
vy at multiple angles ¢ of light incidence
and solving the inverse problem of ellip-
sometry [6], it is established for single-
layer model that an oxide layer of 4.2 nm
thickness is present at the copper sample
surface. This value was used to calculate
the optical constants of unoxidized metal.
The results of the measurements and calcu-
lations of refractive indices n and absorp-
tion e are presented in Fig. 1. In the ultra-
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Fig. 1. Indices of refraction n and absorption
2 for a copper sample.

violet, the absorption values for metal and
copper monoxide are comparable, therefore,
the oxide layer influence can be neglected.
From Fig. 1, it is seen that the reduction of
the mentioned indices for an oxidized layer
is rather essential in the whole measured
range and within some spectral intervals it
makes more than 30 % (k) and 70 % (n)
decrease. The analysis of the dispersion re-
lations demonstrates that in the infrared at
hv < 1.5 eV, the intraband transitions
dominate, while within photon energy range
hv > 1.9 eV, the interband electron transi-
tions are observed.

The detailed analysis of the obtained
data and their correlation with theoretical
background results in a conclusion that
light absorption by the conduction electrons
at photon energies Av < 1.2 eV may be due
to a weak anomalous skin effect. Applying
the iterative method to the scheme designed
in [7], the free electron collision frequency
y and free electron density N were deter-
mined. It was found that the density N is
frequency-independent as it has to be ex-
pected, while the electron collision fre-
quency y depends strongly on frequency.
The calculated values N and y are shown in
Fig. 2. In the Av range of 0.3 to 0.83 eV,
the relationship of electron collision fre-
quency Y is described by linear dependence
on the square of frequency w for both oxi-
dized and unoxidized copper. This testifies
a strong influence of electron interconnec-
tion on the electron collision frequency [8].
Nevertheless, it is necessary to take into
account that even at room temperature, in
flawless copper samples with perfect struc-
ture electron-photon collisions take place.
The correct separation among the contribu-
tions of electron-electron and electron-pho-

Functional materials, 12, 1, 2005

v10712 & N-10728 m=

VoregeeeFocuny ¥ 1 o,’vg 4 FRTTINN 16
- A A 26 A }% 4s

20F
Pure copper 14

15F
Oxidized copper 13
1.0k 1 1 1 1 2

40 60 80 100 120 140 ©107%8 s

Fig. 2. Electron density N and electron colli-
sion frequency y for a copper sample.

ton collisions in copper is possible only
after measurements of optical parameters
within a wide temperature interval. In the
A range of 1.5 to 6 um, the free electron
density N is essentially independent of the
light wavelength, thus evidencing the ade-
quacy of the selected surface model for cal-
culation of electronic characteristics. The
values N = 4.25-1028 and 6.837.1028 m3 for
oxidized and unoxidized copper sample, re-
spectively, differ by a factor more than 1.5.

The most informative analysis of the
copper electronic characteristics is provided
by consideration of the separated spectra of
interband optical conductivity obtained
from experimental optical conductivity
spectra computed basing on spectroellip-
sometrical measurements data in the relaxa-
tion range of conduction electrons. The rele-
vant characteristic among appropriate optical
parameters is optical conductivity o = nxv
since this value is proportional to the com-
bined interband density of electron states
[9]- The dependence of optical conductivity
o on photon energy hv for oxidized and
unoxidized copper sample is shown in Fig.
3. It is seen that within the range 1 to
4 eV, the of absorption band edge for unox-
idized and oxidized copper sample lies at
hv = 2.6 and 2.45 eV, respectively. At the
same time, the intensity of appropriate
maximum in the o(kv) spectrum is almost
twice higher than that for oxidized copper
sample.

Using results of data interpretation in
the IR which allow to determine the elec-
tron characteristics, it is possible to dedi-
cate the contribution 6 of the interband
transitions to optical conductivity o [10]
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Fig. 3. Dependence of optical conductivity o
on photon energy hv for oxidized and unoxi-
dized copper sample.

where Q is the plasma frequency and v is
free electron collision frequency.

The dispersion curves o(hv) of interband
optical conductivity for oxidized and unoxi-
dized copper sample are shown in Fig. 4. It
is seen that the copper monoxide layer dis-
torts the the absorption curve shape and
results in a shift of its maximum by 0.2 eV
towards longer wavelengths. The detailed
analysis of the obtained results and their
comparison with theoretical data has shown
that the main absorption band has complex
structure and consists of several compo-
nents. It is necessary to note that the struc-
ture of the absorption bands is more pro-
nounced in curve 6 (Av) for unoxidized cop-
per sample. The results obtained for the
interband absorption are described using
the electron band structure approach [11].
In Fig. 5, the band structure of copper are
shown and possible interband transitions
forming the absorption spectrum are indi-
cated by arrows. The absorption edge at
hv = 2.25 eV is formed with respect to di-
rect transitions near L and X points of the
Brillouin zone. This absorption in copper is
boosted while photon energy increases and
characteristic "plateau” is formed in appro-
priate spectrum. A lower absorption is con-
nected with interband transitions from top
of d-like bands to p-like band in L-Q-W di-
rection of the Brillouin zone. The interband
transitions from d-like states to p-like one
are realized in X point of the Brillouin zone
at photon energy of approximately 3.5 eV.
The broad maximum at Av = 4.6 eV is due to
interband transitions at W point of the Bril-
louin zone. These results specify existing
data on electronic spectrum of copper [12].

A detailed consideration of the obtained
results in the intraband absorption range
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Fig. 4. Interband optical conductivity for oxi-
dized and unoxidized copper sample.

has given other parameters which charac-
terize the electronic system of copper. To
that end, the relationships can be used asso-
ciating the optical characteristics of copper
with main parameters of its conduction
electron system. In particular, we have cal-
culated the valence electron density N,
and velocity VFO of free electrons at the
Fermi surface. These values can be calcu-
lated using well-known equations of classic
electronic theory [13]

Nyd 7 1
T V%)’ = E(3R2Nvaﬂ /3’

val =

where N, is the Avogadro constant; u —atomic
mass of copper; d—density of copper; and
m—the mass of free electron.

These data together with ones obtained
before allow us to calculate the average
value Vi of electron velocity at the Fermi

surface. For this purpose, the following re-
lation can be used [14]:

N

Nval S%

=i

where Sy and SFO are the squares of real
Fermi surface of copper and spherical Fermi
surface for valence electrons in free elec-
tron approximation, respectively.

The main parameter of the electronic
subsystem is the electron effective mass m*
which can be estimated in pseudopotential
approximation. It is possible to use the rela-
tion which is similar to the above-mentioned
ones, defining the value N* = Nm*/me. Then
the values Sy and Vi may be connected with
free electron density N by the following

relation:
Vp=VEN Al;f 3

Sp =S¥V ;‘”,
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Fig. 5. The band structure of copper.

From these relations, it is possible to get
the expression for effective mass of conduc-
tion electron

Basing on experimental N values for oxi-
dized and unoxidized copper sample and the
obtained valence electron density N, =
8.57-1028 m~3, it is found that m™ = 1.42
m, and 1.1 m, for oxidized and unoxidized
copper, respectively. That is why the effec-
tive electronic mass for copper does not
strongly differ from the free electron one
and this fact is characteristic for other
noble metals [15].

Then the values of the electron free path
I and depth & of skin layer were obtained
from the following relationships [16]:

14
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Y 2nK

In the range of A > 6 um, the electron

free path I and skin-layer depth & become
values of the same order. In this case, the
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skin-effect becomes anomalous, and to proc-
ess the numerical values of the mentioned
quantities, it is necessary to use only the re-
sults of the theory of anomalous skin effect.

The obtained characteristics are tabu-
lated in the Table below.

It is seen that some results for unoxi-
dized copper differ more than by 1.5 times
as compared to those for oxide layer while
other results are almost the same.

Basing on the data obtained, it is possi-
ble to calculate the value of plasma oscilla-

tions frequency Q=eN4nN/m =
eN4nN*/m* = 1.16-1016 571 and Q=

1.51-1016 571 for oxidized and unoxidized
copper, respectively.

As a conclusion, the results obtained for
unoxidized copper sample are agree better
with the theoretical calculations. The oxide
layer on a copper mirror surface influences
essentially on its optical reflectivity that
results in distorted data on electronic struc-
ture of this metal. Thus, the measurement
of optical constants for copper in wide spec-
tral range at various angles of light inci-
dence on metal made it possible to deter-

Table
Oxide N*, IN*/N,,| Vi, P m*/m, | 1,108m | § 108m Q,
layer, nm| 1028 m~3 105 m/s | 10747 kgZm?2/s2 (A=38um) [ (L =38 um) 1016 g1
4.2 6.02 0.707 1.32 2.17 1.42 2.32 2.60 1.16
0 7.76 0.911 1.42 2.33 1.10 2.21 2.03 1.51
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mine some characteristics of electronic sub-
system of this metal such as mass, density
and velocity of electrons at the Fermi sur-
face. The values of main energy intervals in
the metal band structure responsible for
characteristic spectrum structure of the in-
terband absorption for both oxidized and
unoxidized copper sample are also reliably
determined.
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BniuB oKcUAHOTO mapy Ha OITHYHI BJACTHMBOCTI Mimi
y HIIMPOKiN 00JIACTi CHEKTPY

A.B.dininose, B.C.Cmawyx, JI.B.Ilonepenko

HocmigskeHo ONTUYHI BJIACTUBOCTI MACHBHUX MIiHUX 3PasKiB 3 iealbHOI0 CTPYKTYPOIO Ha
OCHOBI CIIEKTPOETITICOMETPUYHNX JOCHIIXKeHb y MHUPOKiil obmacti cekTpy (Av = 0.18-4.87 eB)
Opu BapioBaHHI KyTa naginHa cBiTaa. PospaxoBano xapakTepUCTUKM eJeKTPOHHOI mifcucre-
MU MeTajqy Ta OCHOBHI eHepreTHMYHi iHTepBanau 30HHOI CTPYKTYPHM MiAHUX 3pasKiB 3 ypaxy-
BAHHAM BIIJIMBY TPUTIOBEPXHEBOTO IIAPY OKCUAY.
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