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Optical properties of pulsed laser deposited bismuth films
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~Received 13 May 1996; accepted for publication 3 September 1996!

Bismuth films are grown at room temperature onto Si substrates by pulsed laser deposition~PLD!.
Some films are deposited by dc sputtering~DCS! for comparison. PLD films are smooth and show
micron-sized laminar grains as opposed to DCS films which are rough and show nanometer-sized
columnar grains. The optical properties of the films have been studied by means of spectroscopic
ellipsometry in the 300–800 nm wavelength interval over a period of six months. The results show
that the refractive index of PLD Bi films is independent of the film thickness, thus providing reliable
data of the optical constants of Bi films. In addition, it is shown that PLD films exhibit an improved
stability to oxidation probably related to their favorable microstructural properties. The thickness
dependence of the refractive index in DCS films is related to their surface roughness, the results
being improved by pulsed laser melting of these films. ©1996 American Institute of Physics.
@S0021-8979~96!01824-5#
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I. INTRODUCTION

It has been reported that the optical properties of thin B
films depend strongly on the film thickness1 and it has been
shown that only very thin films exhibit optical constants
similar to those of bulk single-crystal Bi.2,3 This variation
has been attributed to the microscopic surface roughness
sulting from the columnar growth. To overcome this prob
lem, films deposited onto heated substrates were stud
since they show improved microstructural and surfac
characteristics.4 The film density was found to increase as
the substrate temperature increased up to 70–80 °C, this
crease also being related to a decrease in surface roughn
Films with the least surface roughness were produced
similar temperatures4,5 but their optical properties were stud-
ied over a nine-day aging period and the growth of a surfa
layer of bismuth oxide was found.5 It is most likely that
surface roughness and oxidation are responsible for the la
variation in the results, reported in the literature so far, fo
the optical constantsn andk for Bi films. Therefore, there is
a real need for reliable measurements of the optical consta
of polycrystalline Bi films either by the development ofin
situ techniques, which may overcome the oxidation prob
lems, or by the production of Bi films with improved struc-
tural properties and stability.

Polycrystalline Bi films have usually been prepared b
thermal evaporation,1,4–7 although there are some reports on
films grown by dc sputtering8 or the recently developed low-
energy cluster beam deposition.9 The films grown on sub-
strates held at room temperature are usually found to ha
columnar-like grains whose size increases as the film thic
ness increases.7,8 Abnormally thick columnar grains emerg-
ing from the surface, whose number and size also increa
with the thickness of the films, have been found in bot
thermally evaporated1 and dc-sputtered8 films leading to in-

a!Present address: Departamento de Fı´sica Aplicada, EUIT de Telecomuni-
cación, UPM, Ctra. de Valencia, Km.7, 28031 Madrid, Spain.
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creased surface roughness. Therefore, the higher the
thickness the higher the film roughness.

The aim of this work is to determine the optical con
stants of polycrystalline Bi films. We have used a recent
developed technique, namely pulsed laser deposition~PLD!,
which has been proven to grow high quality films of com
plex materials. Its application to metallic thin films has bee
much more limited,10,11 but recently it has been shown tha
some PLD metal films exhibit special features when com
pared to films prepared by more conventional techniques11

To our knowledge, this is the first report on the deposition
Bi films by PLD.

The optical properties of the films have been studied
spectroscopic ellipsometry. The structural and optical pro
erties of PLD films are compared to those grown by dc spu
tering ~DCS!, both as deposited and after planarization b
pulsed laser melting.8 Since different deposition techniques
lead to films with different structure and surface roughnes
their influence on the optical properties is discussed. Final
aging effects have been studied by analyzing the change
the ellipsometric parameters over a period of several mont

II. EXPERIMENTAL DETAILS

The films were deposited onto Si~100! substrates held at
room temperature, the target-substrate distance being 33 m
PLD is performed by focusing an ArF laser beam@l5193
nm, 12 ns full width at half maximum~FWHM!, 5 Hz rep-
etition rate# by means of a spherical lens~240 mm focal
length! at 45° onto a rotating Bi~99.999%! target. The aver-
age energy density at the target site is calculated by integ
ing the energy density profile along its surface at an intens
of 0.1 of its maximum value as described elsewhere12 and
was fixed to'2 J/cm2. The thickness of the films follows a
distribution similar to that reported elsewhere for Ge13 and
Bi14 films. It is uniform in a small area near the center of th
deposited film where the characterization and optical me
surements have been performed. The deposition time was
7023/7023/5/$10.00 © 1996 American Institute of Physics
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the range 250–1000 s and the background pressure of
system was 1027 Torr. DCS films were grown in a dc mag-
netron sputtering system from the same target. The ba
ground pressure was 231026 Torr and the operating Ar pres-
sure was 431023 Torr. The deposited film thickness was
determined by Rutherford backscattering spectrome
~RBS! to be: 20, 40, 66, and 100 nm for PLD films and 30
60, 100, and 200 nm for the DCS films.

Both PLD and DCS films of approximately 50 nm hav
also been grown onto carbon mica substrates in order to a
lyze the film microstructure by means of transmission ele
tron microscopy~TEM!. TEM specimens were prepared b
floating the films off the mica in de-ionized water and pick
ing them up on copper grids. They were analyzed in pl
view in a Philips EM-420 transmission electron microscop
Surface analysis was performed using a digital 960 Ze
scanning electron microscope~SEM!.

Some of the DCS films were irradiated using an Ar
excimer laser, in vacuum~131025 Torr! and 24 h after depo-
sition, in order to planarize them through a melting-rap
solidification process as reported elsewhere.8 The laser beam
was passed through a homogenizer to obtain a homogene
4 mm34 mm beam at the sample site. A He–Ne probe bea
~l5633 nm! pulsed tot51 ms by means of an acousto-optic
modulator was used to monitor the reflectivity changes du
ing irradiation in real time. The specular reflectance of PL
and DCS films was determined both before and after irrad
tion by using a He–Ne laser beam and a calibrated piroel
tric detector to measure both the incident and reflected en
gies.

The ellipsometric parameters, tanc and cosd were mea-
sured by means of a SOPRA spectroscopic rotating polari
ellipsometer in the 300–800 nm wavelength range and us
steps of 10 nm. The absolute errors of tanc and cosd are
lower than 531024 and 1023, respectively. The angle of in-
cidence was 70.00°60.05. The ellipsometric parameters o
some DCS and PLD films were measured several times o
a period of six months. During this time, the specimens we
stored at room temperature and at atmospheric pressure
dust free environment.

III. RESULTS AND DISCUSSION

Figure 1 shows both the realn and imaginaryk parts of
the refractive index of PLD films. Results obtained from th
four films of different thicknesses that were studied are
included. The optical constants have been calculated fr
the ellipsometric parameters assuming an absorbing film o
crystalline silicon substrate and using the thicknesses de
mined by RBS. The results clearly show that the refracti
index of PLD films has no significant dependence on the fi
thickness and that the refractive index of the two thicke
films are identical. Furthermore, these two films behave o
tically as a semiinfinite medium and the optical constants
the thickest film will be taken as a reference in the prese
work. The thicknesses of the thinner films can be determin
from the ellipsometric parameters by assuming that the film
have identical constants to the thicker films and the resu
are in excellent agreement with those determined from R
measurements. The ellipsometric parameters of PLD film
7024 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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FIG. 1. Real (n) and imaginary (k) parts of the refractive index of Bi, as a
function of wavelength, obtained in PLD films of different thicknesse
~——! 100 nm, ~1111! 66 nm, ~- - - -! 40 nm, and~• • • •! 20 nm.
Results reported in the literature for Bi films@~n! Ref. 1 and~* ! Ref. 6# and
for bulk crystalline Bi@~L! Ref. 2 and~h! basal plane and~s! optic axis in
Ref. 3# are included for comparison.
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were measured again after 26 h and no significant chan
were observed. After two months, they were measured ag
and some differences were observed. The new parame
were then simulated by assuming a transparent oxide ov
layer. Since the refractive index of Bi2O3 in the range 0.5–
0.7 mm was found constant and equal to 2.5615 or varied
between 2.3 and 2.5 at 0.63mm,16 a constant refractive index
n52.5 has been assumed in the whole spectral range stud
Variations up to 10% in the refractive index of the oxid
layer introduce similar variations in the thickness dete
mined. The experimental results fit very well with an oxid
overlayer whose thickness varies from 1.0 nm for the thi
nest film to 1.5 nm for the thickest one. After five months
the results for the thickest films fit very well with a 2.0-nm
thick oxide overlayer, thus showing that the film surface
nearly passivated by the oxide overlayer. These results pro
the higher stability of PLD films when compared to thos
reported elsewhere for 50-nm-thick films prepared by the
mal evaporation5 ~1–2-nm-thick oxide overlayer after 2–5
months in PLD films as opposed to 0.5–1.6 nm in evap
rated films after 1–9 days!.

Figure 1 also includes the refractive index reported
the literature for bulk single-crystal Bi2,3 and thermally
evaporated Bi films.1,6 It is clearly seen that the data reporte
in the literature show a high dispersion, although the gene
trend is similar in all cases including our PLD films. It is
de Sande, Missana, and Afonso
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worth noting that most of thek values reported in the litera-
ture are lower than those of our PLD films. To evaluate th
optical density of PLD films, we have used an effective m
dium modelling method combined with a standard linear r
gression method17 to simulate the data reported in the litera
ture for bulk Bi and thermally evaporated films. We hav
assumed that the material is formed by an homogene
mixture of Bi and voids, using the refractive index of th
thickest PLD film as a reference for Bi. The results show th
PLD films are 11%–21% denser than the thermally evap
rated films reported in Ref. 6 and bulk Bi.2,3 Nevertheless,
when the same comparison is done to the data reported
Ref. 1 for films grown onto heated substrated, these film
seem to be denser than our PLD films. Although the autho
claim that the optical constants of these films are measu
through the substrate to avoid surface roughness,1 the films
were too thin to neglect the effect of the film–air interfac
roughness. Furthermore, the validity of the optical consta
from these back measurements was examined by the stud
the dependence of the transmittance of different films a
single wavelength as a function of thickness. Since the re
lution of the thickness and transmittance measurements w
poor, the reliability of the optical constants reported in Ref.
is questionable.

The structural properties and surface morphology
PLD films, as studied by TEM and SEM, are shown in Fig
2a and 3a, respectively. PLD films are homogeneous a
composed of laminar crystals a fewmm in size. The surface
is smooth, although some particulates similar to those u
ally reported in PLD films could be found.18 However, as
reported elsewhere for PLD Ge films,19 they seem to have no
significant effect on the optical properties. The structur
properties and surface morphology of DCS films are show
in Figs. 2b and 3b for comparison. DCS films show
columnar-like grain growth similar to that widely reported i
the literature for Bi films4,7,8with a grain size of 50–80 nm,
which is notably smaller than that of PLD films. In addition
DCS films show a strong surface roughness, related both
the columnar growth and the presence of abnormally lar
grains~an example of which is marked with an arrow in Fig
2b! which are more clearly visible in the SEM image in Fig
3b. The surface roughness increases with the film thicknes8

similar to that reported earlier for thermally evaporated film
The ellipsometric parameters measured in the DCS film

show a strong dependence on the film thickness even
thicknesses greater than 100 nm, at which PLD films exh
ited a semi-infinite medium behavior. Furthermore, two di
ferent 200-nm-thick films grown in similar conditions
showed slightly different ellipsometric parameters. Th
thickness dependence and lack of reproducibility of the o
tical properties for similar thickness films is most likely re
lated to the film roughness as shown by the TEM and SE
images included in Figs. 2b and 3b. As suggested in Ref.
we have simulated these rough films as a mixture of Bi a
voids using the effective medium modelling method me
tioned above. The resulting void fraction is included in Fig.
and it is clearly shown that the film density decreases as
film thickness increases and, as a consequence, rough
increases. This result is in very good agreement with o
J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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FIG. 2. TEM images of approximately 50-nm-thick~a! as grown PLD films,
~b! as grown DCS films, and~c! DCS films after laser irradiation with 1
pulse of 30 mJ/cm2.
s.
s
for
ib-
f-

is
p-
-
M
4,
nd
n-
4
the
ness
ur

TEM and SEM observations and leads to the same conc
sion as the results obtained when varying the substrate te
perature during thermal evaporation.4 It is also worth noting
that the density of DCS films is always lower~by at least
15%! than that of PLD films. The ellipsometric parameter
of DCS films measured over a period of six months after fil
deposition showed variations which could not be explain
in terms of a planar oxide overlayer growing at the surfac

In a recent work on laser irradiation of DCS Bi films,8 it
has been reported that surface roughness decreases upo
ser melting and consequently an increase of the film specu
reflectance is obtained. Figure 5 shows the specular refl
tance measured, at 633 nm, in PLD films and DCS film
several weeks after deposition as a function of the film thic
ness, the results obtained in DCS films both before and af
laser irradiation also being included. The specular reflectan
of Bi films, calculated using the refractive index measured
7025de Sande, Missana, and Afonso
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FIG. 3. SEM images of approximately 50-nm-thick~a! as grown PLD films,
~b! as grown DCS films, and~c! DCS films after laser irradiation with 1
pulse of 30 mJ/cm2.
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ss

cal-
k.
the thickest PLD film at the same wavelength (n51.75,
k54.25), is also shown to provide a reference for compa
son. It is clearly seen that the reflectance of PLD films fo
lows the calculated values very well and therefore shows
significant dependence on the film thickness, the slight sh
in the experimental values most likely being related to th
formation of a thin oxide overlayer. In DCS films, the reflec
tance decreases strongly as the film thickness is increas
the value for the thickest DCS film being close to 30% of th
calculated one. Upon pulsed laser melting-rapid solidific
tion, the reflectance of DCS films was observed to increa
up to a saturation value as the number of pulses w
increased.8 The reflectance of the films upon laser irradiatio
was thus measured once this reflectance increase was s
rated which typically occurred for 1–3 pulses of energy de
sity 90–120 mJ/cm2. The enhancement of the film reflec
tance observed in Fig. 5 is mainly related to the increase
7026 J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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FIG. 4. Void fraction of DCS films as a function of the film thickness in~h!
as grown films and@~s!, ~n!# films after laser irradiation. The void fraction
of the latter films is simulated~n! with and ~s! without an oxide surface
overlayer.
the grain size and the planarization produced in these fil
upon laser melting, as can be seen in the TEM and SE
images included in Figs. 2c and 3c. The films have lamin
crystals~Fig. 2c! with a grain size comparable to that of PLD
films ~Fig. 2a! and a high density of voids. The SEM image
~Fig. 3c! shows that the density of the abnormally larg
grains has been notably reduced.

The ellipsometric parameters measured in the DCS film
after laser irradiation have been simulated using the sa
procedure as that followed for the as grown films. The irr
diation conditions are similar to those described above f
Fig. 5 and the calculated void fraction is also plotted in Fig
4. In this case the void fraction depends very little on the fil
thickness and it is strongly reduced in the thickest film. Th
result is consistent with a decrease of roughness and is
agreement with the TEM and SEM observations. Neverth
less, upon irradiation the thinner films show a slightly highe
void fraction than that of the as grown or irradiated thicke
films. This result is unexpected since the highest planariz
tion has been achieved for the thinner films. Although th
irradiations are performed in a short time~48 h after deposi-
tion!, surface oxidation of the as grown films cannot be com
pletely ruled out. It has been reported that the oxide ove
ri-
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FIG. 5. Specular reflectance of Bi films as a function of the film thickne
for ~n! PLD films and DCS films, both~h! as grown and~s! after laser
irradiation. The continuous line corresponds to the specular reflectance
culated using the optical constants of PLD Bi films determined in this wor
de Sande, Missana, and Afonso
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layer thickness in films with a similar structure, i.e.
columnar-like grains, is close to 1 nm after 48 h5 and these
oxidation effects should be more important in the thinn
films. Therefore, it is more realistic to assume that the irr
diated films behave like a two layer system on a substrate
thin ~1 nm! oxide overlayer and a layer formed by a mixtur
of Bi and voids. The void fractions calculated with thi
model and using the optical constants given above for t
oxide overlayer are also included in Fig. 4 and show that t
density of the laser irradiated films is nearly independent
the film thickness. These results also show that, although
density of DCS films is greatly increased by laser irradiatio
it is still at least 10% less dense than that of PLD films. Th
low density of the irradiated films, in spite of the clear in
crease in grain size and surface smoothness, is most lik
related to the formation of many voids during the melting
rapid solidification process induced by the laser. These
evident in the TEM image included in Fig. 2c.

IV. CONCLUSIONS

Pulsed laser deposition produces Bi films with micron
sized laminar crystals, smooth surface and an improved s
bility to oxidation. The refractive index of these films in the
300–800 nm range is independent of the film thickness a
the optical properties of aged films~over several months! can
be well simulated by assuming a 1.0–1.5-nm-thick oxid
overlayer. The optical properties of dc-sputtered films a
found to depend strongly on the film thickness and this d
pendence could be minimized by pulsed laser irradiati
which leads to improved microstructural~large laminar crys-
tals as opposed to columnar crystals! and surface character-
istics. The density of the irradiated DCS films is neverthele
10% lower than that of PLD films due to the formation o
many voids within the Bi crystals during the melting-rapi
solidification process induced by laser irradiation.
J. Appl. Phys., Vol. 80, No. 12, 15 December 1996
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