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Interband absorption of continuous-network-structure (CNS) molybdenum films with a weight
thickness below about 3 nm weakened and shifted to higher energies compared to interband
absorption of continuous-thin molybdenum films with bulk energy bands. This weakening and shift
agrees qualitatively with that observed in interband absorption of metal particles, which have energy
bands broadened by latticc contraction. Based on this agreement, the weakening and shift in the
CNS molybdenum films can be qualitatively ascribed to energy-band broadening. Thus, CNS
molybdenum filins with a weight thickness below about 3 nm have broader energy bands compared
to bulk molybdenum. © 2010 American Institute of Physics. [doi:10.1063/1.3496682]

1. INTRODUCTION

Energy bands of metals are of fundamental interest in
solid state physics. Interband absorption, due to transitions
between clectronic states in energy bands, reflects the energy
band structure. Thus, the investigation of interband absorp-
tion of metals is useful for an understanding of the energy
bands of metals.

The formation of a continuous-thin metal film on an
amorphous substrate by vacuum evaporation involves the
following stcps:l (1) formation of small nuclei; (2) growth of
the nuclei into island particles: (3) growth of the island par-
ticles by the coalescence of smaller island particles: (4) for-
mation of a continuous-network-structure (CNS) film by the
coalescence of large island particles; and (5) a continuous-
thin film. Island particles will hereafter be referred to as
“particles.”

A system consisting of particles distributed on the sub-
strate surface is called the island film. CNS metal filins, in
which the metal deposit is separated by long, irregular, and
narrow channels, are intermediate between continuous-thin
metal films and metal-island films. Interband absorption of
continuous-thin metal films is almost the same as that of the
bulk metal,? and thus showing energy bands almost the same
as those of the bulk metal. Lattice constants of metal par-
ticles contract with decreasing particle size because of the
hydrostatic pressure due to the particle surface stress.” Stud-
ies of interband absorption of metal-island films*™® have
shown that energy bands of metal particles broaden with lat-
tice contraction.

There has been very little study of interband absorption
and cnergy bands of CNS metal films. If the interband ab-
sorption of CNS metal films is different from that of bulk
metal, by analyzing the difference, we can understand the
characteristics of the energy bands of CNS metal films.

Molybdenum, a body-centered-cubic (bee) transition
metal, was chosen in the present study because this metal
tended to form CNS films. The interband absorption of CNS
molybdenum films is compared to that of continuous-thin
molybdenum films, which is almost the same as that of bulk
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molybdenum. Based on the difference in strength and loca-
tion of the interband absorption between these films, the en-
ergy bands of CNS molybdenum films are discussed qualita-
tively.

Il. EXPERIMENT

Samples used in the present study were continuous-thin
molybdenum films and CNS molybdenum films.

In a vacuum chamber, a fused-quartz substrate (18X 18
X 0.5 mm?) and transmission electron-microscope meshes
covered with a carbon film were placed adjacently above an
evaporation source. The distance from the evaporation
source to the substrate and meshes was 30.3 cm. SiO, was
first deposited both on the substrate and meshes by electron-
beam heating in an oil-free vacuum of ~ 10~® Torr. Next, at
pressures of ~1077 Torr, molybdenum (purity 99.9%) was
deposited to obtain continuous-thin films or CNS films. The
films were then annealed for 1 h. During deposition and an-
nealing, the substrate and meshes were maintained at a tem-
perature of about 773 K. After annealing, to prevent adsorp-
tion or chemical reactions on exposure to air, the films were
coated with SiO, (thickness 10-30 nm). The weight thick-
ness (nanometer), which corresponds to the effective thick-
ness for an ideal continuous film with bulk density, and the
deposition rate (nanometer per second) were monitored with
a quartz-crystal oscillator.

Optical and electron-microscopic investigations were
carried out after exposing the samples to air. With a double-
beam spectrophotometer (Shimadzu UV-365), transmittance
spectra for normal incidence and their first derivatives were
measured in the wavelength range of 190-2500 nm at room
temperature within an experimental accuracy of =0.1% and
+[0.3 (190 nm)-0.7(2500 nm)] nm. The first-derivative
spectra were derived by computer applications based on the
convolution method for a wavelength interval of about 4 nm.
The image and clectron-diffraction pattern of the films were
investigated with electron microscopes operating at 200 kV
(Hitachi H-800) [Figs. [{a) and 2] and 100 kV (JEOL JEM-
1010) [Figs. 1{b)-1(c")].

© 2010 American Institute of Physics
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FIG. 1. Electron micrographs for CNS molybdenum films with weight
thicknesses of (a) 3.03, (b) 2.27, and (¢) 1.52 nm. (¢’) is the twice enlarged
relative to (c). The optical spectra of films (a), (b), and (c) are shown in Figs.
3{b}-3(d), respectively.

ill. RESULTS
A. Electron-microscopic investigation

In the present study, CNS films were formed when the
weight thickness was below about 5 nm. Figures 1{a)-1{c)
show the bright field images of CNS molybdenum films with
weight thicknesses of 3.03 nm, 2.27 nm, and 1.52 nm, re-
spectively. The magnification of the micrographs is identical
(%320 000). Long, irregular, and narrow channels. which are
characteristic of CNS filims, are observed in these figures.
Figure 1(c’) is twice enlarged with respect to Fig. 1{c). It is
seen in Fig. 1(c’) that the molybdenum deposit is connected
by thin molybdenum lines in places.

CNS metal films are usually polycryswlline.E CNS gold,'
silver.,” and iridium films,” for example, are known to be
polycrystalline. The contrast of the film of Fig. 1{a} is not
uniform because of the diffraction contrast, showing the film

FIG. 2. The electron-diffraction pattern of a continuous-thin molybdenum
film with a weight thickness of 6.82 nm. The optical spectra of this film are
shown in Fig. 3ta}.

J. Appl. Phys. 108, 084301 (2010)

to be in a polycrystalline state.® The films in Figs. I(b) and
1{c) arc presumably also in polycrystalline states, although
not uniform contrast, as shown in Fig. [{a), was difficult to
investigate for these films.

Figure 2 shows the electron-diffraction pattern of the
continuous-thin molybdenum film with a weight thickness of
6.82 nm. The pattern consists of the rings, evidence that the
film is polycrystalline. This pattern represents the bee struc-
ture, e.g.. the smallest and thick ring corresponds to (110)
and the next ring corresponds to (200).

In the present study, only the bce structure, such as
shown in Fig. 2, could always be identified in electron-
diffraction patterns of the films with a weight thickness
above about 3 nm [Fig. 1(a)]. This implies that compound
layers, such as molybdenum oxide layer, are formed rarely
on the film surface, or that the films change rarely into com-
pound. When the weight thickness is below about 3 nm, the
clectron-diffraction patterns of CNS films [Figs. 1{b) and
1{c}] were difficult to observe because of the low contrast.
Thus, the crystal structure of these films could not be iden-
tified. Particles of chromium (a bec transition metal) have
been known to have A-15 type structare.” If molybdenum
films had such a structure, the optical absorption would be
entirely different from that of molybdenum films with a bee
structure. As shown below (Fig. 3) (Sec. III B), interband
absorption with peak at about 4.3 ¢V, the intrinsic absorption
of molybdenum, was found down to the thinnest weight
thickness (0.76 nm) [Fig. 3(¢}] in the present study. Based on
this, CNS molybdenum films with a weight thickness below
about 3 nm were regarded to have a bec structure.

The contraction of lattice constants was investigated for
the diameters of the (110) and (200) electrog-diffraction
rings. There was little difference in diameter between films
with a weight thickness above about 3 nm [Fig. 1{a}], show-
ing no change in the lattice constants. If lattice constants
contracted, this would have been observed in films with a
weight thickness below about 3 nm.

B. Spectra of CNS molybdenum films

In the following figures, to show experimental spectra
compactly, the wavelength unit (nanometer) (Sec. II) is con-
verted into the photon energy unit (electron volt). Due to the
conversion, the slope sign of the derivative is reverse.

In derivative spcctroscopy,“J the location of the maxi-
mum slope in a step appearing in the first derivative corre-
sponds to that of absorption. In the following figures, the
arrow indicates the location of the maximum slope in the
step, and in the transmittance spectrum, this location is la-
beled with a number as the location of absorption. In the
present paper, the location of absorption is expressed by
E* AFE, shows that the slope is at its maximum in the range
of (E=AE)—(E+AE). When the slope in the step is monoto-
nous, the location of the maximum slope is difficult to iden-
tify. In that case, the range of the location (i.e., the range of
the monotonous slope) is represented by a double-ended
horizontal arrow.

There are several differences between previously re-
ported data on the optical spectrum of molybdenum. =B

?
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FIG. 3. Transmittance spectra (solid curves) and first derivatives (dotted
curves) of CNS molybdenum films with weight thicknesses of (a) 6.82, (b)
3.03, (¢) 2.27, (d) 1.52, and (e) 0.76 nm. The deposition rate was 0.006
nm/s.

The dielectric constant spectrum of the vacuum-evaporated
films (polycrystalline) of Ref. 2 is similar to that of the bulk
(single crystal) of Refs. 1,4 though these spectra show
small discrepancies in the absolute values of the dielectric
constants.”* Samples in the present study are vacuum-
evaporated films (polycrystalline) (Sec. III A). Thus, in this
study, the data in Ref. 2 is considered to be the most relevant
reference data.

Transmittance of the evaporated SiO, film was almost
constant within the spectral range of interest here because
absorption of the evaporated SiO, film, which is thin (Sec.
II), was weak in the range above about 5 eV.

Figure 3(a) shows the transmittance spectrum and its de-
rivative for the continuous-thin molybdenum film with a
weight thickness of 6.82 nm, the thickest in the present
study. Absorption in Fig. 3(a) is almost in agreement with
that of Ref. 2 (i.e., the reference data): absorption below
about 1 eV is the ovcrlap” of interband absorption and
Drude-type absorption, due to conduction electrons and in-
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creases with decreasing cnergy, and absorption 1-4, located
at 1.77:+0.07 eV, 2.42+0.05 eV, 3.35-3.56 eV, and

almost agreement shows the film in Fig. 3(a) to have energy
bands almost the same as those of bulk molybdenum. In the
following, absorption 1-4 is referred to as interband absorp-
tion 14, respectively.

In Fig. 3(a), a very weak dip is present at about 5.5 eV in
the transmittance spectrum. This dip was difficult to investi-
gate because the step for the dip is ill defined in the deriva-
tive (possibly the structure in the range of about 5.2-5.6 eV).
The cause of the very weak dip could not be made clear in
the present study. This dip was not found in the films with a
weight thickness below that in Fig. 3(a) (6.82 nm).

By comparing the interband absorption of CNS molyb-
denum films with that in Fig. 3(a) (i.e., the reference data),
we can investigate the difference in energy bands between
the CNS molybdenum films and bulk molybdenuimn.

When a metal-island film consists of metal particles
smaller than the wavelength of the incident light, the absorp-
tion due to conduction electrons is not Drude-type absorption
but optical plasma-resonance absorption caused by plasma
oscillations of conduction electrons in the metal particlc:s."1

For CNS silver and iridium ﬁlms,7 it has been shown
that the region that is mostly surrounded by channels is a
particlelike region where the conduction electrons behave as
in a metal particle, and that absorption due to conduction
electrons in the particlelike region is optical plasma-
resonance absorption.

From this, Drude-type absorption is predicted not to oc-
cur in CNS molybdenum films composed almost of particle-
like regions.

The transmittance spectrum and its derivative for the
CNS molybdenum film with a weight thickness of 3.03 nm
are shown in Fig. 3(b). The locations of interband absorption
1-4 are 1.84:£0.07 eV, 2.44+0.07 eV, 3.39-3.61 eV, and
4.34£0.08 ¢V, respectively. Drude-type absorption, shown
in Fig. 3(a), is not found below about 1 eV, so that this CNS
film is composed almost of particlelike regions. Optical
plasma-resonance absorption of the particlelike regions, not
found in the spectra in Fig. 3(b), is presumably present above
about 6.5 eV.

In Fig. 3(b), the almost constant transmittance in the
range of about 0.5~1 ¢V reveals the interband absorption of
molybdenum separated from Drude-type absorption. Such
separated interband-absorption has also been found for island
films of vanadium'® (a bee transition metal), in which Drude-
type absorption does not occur as described above. The ap-
pearance of the separated interband-absorption in the
vanadium-island films and the CNS molybdenum film in Fig.
3(b) supports that this CNS molybdenum film is composed
almost of particlelike regions.

The other CNS molybdenum films in Figs. 3(c)-3(e), for
which, as in the case of the film in Fig. 3(b), Drude-type
absorption and optical plasma-resonance absorption are not
found, also almost consist of particlelike regions.

rergiaboutinights_and pe
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It has not been reported that particlelike regions influ-
ence interband absorption. Thus, particlelike regions are not
taken into account in the following consideration of inter-
band absorption.

Interband absorption 1-4 in Fig. 3(a) (i.c., in the refer-
ence data) occurs in the CNS molybdenum film in Fig. 3(b).
Thus, this CNS molybdenum film has energy bands almost
the same as those of bulk molybdenum.

Based on an experimental study, Ref. 12 pointed out that
in addition to interband absorption 1-4 interband absorption
is present at about 1.35, 2.70, 3.30, and 4.60 eV. References
2 and 11 have not reported such the interband absorption. In
the present study, as shown in Figs. 3(a) and 3(b), interband
absorption was not detected at these locations. This seems to
be because the interband absorption pointed out by Ref. 12 is
weak compared to interband absorption 1-4.

The increase in the transmittance with increasing energy
above about 5.5 eV is gentler in Fig. 3(a) than in Fig. 3(b).
The reason for this difference is not clear.

The transmittance spectra and the derivatives for the
CNS molybdenum films with weight thicknesses of 2.27 nm
and 1.52 nm are shown in Figs. 3(c) and 3(d), respectively.
In contrast to Fig. 3(b), the transmittance is not constant in
the range of about 0.5-1 eV, indicating the change in inter-
band absorption. The steps for interband absorption 1-3,
found in Fig. 3(b), were not detected by the derivatives. This
shows that interband absorption 1-3 weakens when the
weight thickness is below about 3 nm [Fig. 3(b)].

The location of interband absorption 4 was difficult to
identify in Figs. 3(c) and 3(d), in which the range of the
location is 4.28-5.10 eV and 4.55-5.22 eV, respectively,
showing that the step in the derivative is ill-defined com-
pared to Fig. 3(b) because, as for interband absorption 1-3,
this absorption weakens. Thus, interband absorption 4 also
weakens when the weight thickness is below about 3 nm.

Figure 3(¢) shows the transmittance spectrum and its de-
rivative for the molybdenum film with a weight thickness of
0.76 nm. This film was difficult to observe by electron mi-
croscope because of the low contrast. The spectra of Fig. 3(c)
are similar to those of Figs. 3(c) and 3(d): the transmittance
is not constant in the range of about 0.5-1 eV, the steps for
interband absorption 1-3 are not detected by the derivative,
and interband absorption 4, located in the range 4.78-5.08
eV, is weaker than that in Fig. 3(b). Based on these similari-
ties, the film in Fig. 3(e¢) was regarded to be a CNS film.

Compared to Figs. 3(c) and 3(d), interband absorption 4
in Fig. 3(e) is appreciable weak. This shows that interband
absorption 4 weakens with decreasing weight thickness be-
low about 3 nm. _

In the transmittance spectra of Figs. 3(d) and 3(c), we
see that absorption is present above about 5.5 eV. The ab-
sorption should be present in the spectra of Figs. 3(a)-3(c) as
well. The structure located at about 5.5 eV in the derivatives
of Figs. 3(b)-3(d) and the structure located at about S ¢V in
the derivative of Fig. 3(e) are due to the overlap of interband
absorption 4 and absorption in the range above about 5.5 eV.
The structure due to the overlap is difficult to find in the
derivative of Fig. 3(a). This may be because the structure is
contained in the ill defined step (possibly in the range of
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FIG. 4. The locations of interband absorption 4 vs the weight thickness. The
bars correspond to the double-ended horizontal arrows in Figs. 3(c)-3(e).

about 5.2-5.6 ¢V) mentioned above. Absorption above about
5.5 eV was difficult to investigate because the step in the
derivative was incomplete.

C. Location of interband absorption 4

Figure 4 plots the location of interband absorption 4
against weight thickness. The location for the CNS molyb-
denum film with a weight thickness of 4.55 nm is plotted as
well, though the spectra are not given in the present paper.
The locations of interband absorption 1-4 for this CNS film
are 1.77+0.10 eV, 243+0.05 eV, 3.31-3.60 eV, and
426*0.10 eV, respectively.

We see in Fig. 4 that when the weight thickness is below
about 3 nm interband absorption 4 shifts to higher energies.

If the energy bands of continuous-thin molybdenum
films and CNS molybdenum films are almost the same as
those of bulk molybdenum, the location of interband absorp-
tion must be irrespective of weight thickness. In Fig. 4, the
locations are almost constant for the weight thickness above
about 3 nm. The locations of interband absorption 1-3 of the
films with a weight thickness of 3.03, 4.55, and 6.82 nm,
mentioned above, are also almost constant. Therefore, the
continuous-thin molybdenum films and CNS molybdenum
films with a weight thickness above about 3 nm have energy
bands almost the same as those of bulk molybdenum. This
agrees with the bulk energy bands of the films of Fig. 3(a)
(weight thickness: 6.82 nm) and Fig. 3(b) (weight thickness:
3.03 nm) mentioned in Sec. III B.

IV. DISCUSSION
A. Transitions for interband absorption 1-4

Interband absorption of molybdenum has been studied
by several authors.>'"""* In these studies, considerable cffort
has been devoted to identity transitions for interband absorp-
tion, however, the proposed transitions are different, as men-
tioned below.

Er denotes the Fermi energy. Based on measurements on
single crystals, Weaver et al."! have attributed interband ab-
sorption 1, 2, and 4 to the transitions As(Ep) A}, 2 —3,
and G,— G,, respectively. Nestell and Christy2 have mea-
sured vacuum-evaporated films (polycrystalline). They as-
signed interband absorption 4 to the transition A;— A;. Co-
lavita et al.'* have measured single crystals and ascribed
interband absorption 1-4 to the transitions 3,(Ef)—3

1

S UER) =34, As(Ep)— A, and Ag(Ep) —A,, respectively.
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Romaniello ez al."* have theoretically related interband ab-
sorption | and 2, 3, and 4 to the transitions between the
Fermi level of band 3 and band 4 in the region of I'HN
plane, the transition N{(Er)— Ny. and the transition As(Er)
— A, respectively.

Although transitions for interband absorption 1-4 have
not been identified as yet, the abovementioned studies reveal
that interband absorption 1-4 is due to direct transitions be-
tween the initial states (the occupied states) at or below the
Fermi level and the final states (the empty states) above the
Fermi level.

B. Broad energy-bands

When the weight thickness is below about 3 nm, inter-
band absorption 1-4 weakens (Sec. III B), and interband ab-
sorption 4 shifts to higher energies (Sec. I C). This shift is
not observed in interband absorption 1-3 (Fig. 3). Neverthe-
less, a slight shift, even though not visible in the spectra, is
expected to occur because interband absorption 1-3 and in-
terband absorption 4 are similar in that both weaken below
about 3 nm.

In direct transition, the weakening and shift mentioned
above are, respectively, due to the decrease in the joint den-
sity of states (JDOS) and the increase in energy spacing be-
tween the initial and the final states.'® Thus, both the de-
crease in JDOS and the incrcase in cnergy spacing must
occur when the weight thickness is below about 3 nm.

As is well known, when energy bands of metals broaden,
the density of states (DOS) decreases, which is generally
attended with an decrease in JDOS,'” and the encrgy spacing
between the occupied and empty states increases.’’ Thus, the
energy-band broadening causes the interband absorption to
both weaken and shift to higher energies.

As mentioned in Sec. I, lattice contractions occur in
metal pzmicles.3 It has been accepted that energy bands
broaden with lattice contraction.'® Encrgy-band broadening
due to lattice contraction has been reported for coppcr,d‘5
gold,” and ruthenium panicles.6 In the reponsf"'(’ it has been
shown that when energy bands broaden, interband absorption
of metal particles weakens and shifts to higher energies. This
weakening and shift agrees qualitatively with that observed
in CNS molybdenum films with a weight thickness below
about 3 nm.

There is very little data on the energy-band broadening
of molybdenum. Here, I refer to a theoretical study of the
energy-band broadening of vanadium." Vanadium and mo-
lybdenum are bec transition metals and adjacent in the peri-
odic table, and thus their band dispersions are similar, i.e.,
the energy bands of these metals resemble cach other. Using
the augmented-plane-wave method, Papaconstantopoulos et
al." have calculated the energy bands of vanadium self-
consistently for normal and 5%-reduced lattice constants.
The calculated energy bands for the reduced lattice constant
show energy-band broadening compared to the normal lattice
constant the DOS decreases (e.g., the decrease at the Fermi
level is about 20%) and the energy spacing between the oc-
cupied and empty states increases (c.g., the increase in the
energy spacing between G, and G, is about 30%). Similar

1 subjol 10 Al Boense Or Copyriging of
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changes in the DOS and energy spacing presumably occur
also in the encrgy-band broadening of molybdenum.

At present, energy-band broadening is the only factor
widely accepted to cause both a decrease in the JDOS and an
increase in energy spacing between the occupied and empty
states.

From this discussion, the weakening and shift to higher
energies of the interband absorption of CNS molybdenum
films with a weight thickness below about 3 nm can be quali-
tatively ascribed to energy-band broadening. Therefore, CNS
molybdenum films have broader energy bands compared to
bulk molybdenum.

The weakening of interband absorption 1-3 with a slight
shift mentioned above is presumably because the JDOS for
interband absorption 1-3 decreases early in the energy-band
broadening.

The weakening and shift in interband absorption 14
were difficult to discuss quantitatively because very little
data on the energy-band broadening of molybdenum has
been reported to date.

The energy bands for a bcc structure can be broadened
only by lattice contraction. Thus, the energy-band broaden-
ing for CNS molybdenum films with a weight thickness be-
low about 3 nm is thought to be due to lattice contraction.

The film in Fig. 3(e) was difficult to observe by electron
microscope (Sec. HI'B). This film may be an island film
consisting of molybdenum particles. In the case of an island
film, the weakening and shift to higher energies of interband
absorption 1-4 of molybdenum particles [Figs. 3(c) and 4]
are similar to those of metal partic]es""’ having energy bands
broadened by lattice contraction. The similarity shows that
the molybdenum particles have energy bands that are broader
than those of bulk molybdenum. The weakening and shift to
higher energies of interband absorption 1-4 of the CNS mo-
lybdenum films [Figs. 3(c), 3(d), and 4] agree qualitatively
with those of molybdenum and the metal particles."“b This
shows that the energy bands of the CNS molybdenum films
broaden as in the case of molybdenum and the metal par-
ticles. Therefore, even if the film of Fig. 3(e) is an island
film, the CNS molybdenum films in Figs. 3(c) and 3(d) can
be shown to have energy bands broader than those of bulk
molybdenum.

Very little has been studied about the interaction between
the SiO, matrix and molybdenum. As in a previous papcr.ls
the interaction will be considered below from the viewpoint
of the final-statc occupation.

If electrons of the SiO; matrix occupy the final states for
transitions for interband absorption 1-4, the transitions
would be restricted and thus interband absorption 1-4 would
weaken as in Fig. 3. There is very little data on E; of CNS
molybdenum films. Eg is assumed here to be the same as that
of bulk molybdenum, and as in the case by Ashcroft and
Mermin,” Ep was calculated from the lowest valence (3)
(Ref. 21) and the lattice constant (0.315 nm) (Ref. 22) of
bulk molybdenum. Ex of CNS molybdenum films is about
6.5 ¢V higher than that of bulk silver. and E of bulk silver is
about 6.3 eV higher than the valence-band maximum of
SiOz.:3 From these values, Ep of CNS molybdenum films is
much higher (about 12.8 ¢V) than the valence-band maxi-
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mum of SiO,. Thus, the valence band of SiO, does not over-
lap the final states lying at values higher than Ep, iec., the
electrons of the SiO, matrix cannot occupy the final states.
Therefore, the weakening of interband absorption 1-4 is not
due to the occupation of the final states.

V. SUMMARY

Energy bands of CNS molybdenum films were studied
qualitatively by comparing the interband absorption of CNS
molybdenum films with that of continuous-thin molybdenum
films having bulk energy bands. Interband absorption of
CNS molybdenum films with a weight thickness below about
3 nm weakened and shifted to higher energies compared to
the interband absorption of the continuous-thin molybdenum
film. Referring to the interband absorption of metal particles
having energy bands broadened by lattice contractions, the
weakening and shift can be qualitatively attributed to energy-
band broadening. Thus, the energy bands of CNS molybde-
num films with a weight thickness below about 3 nm are
broader than those of bulk molybdenum.
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