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a b s t r a c t
In this work, we report low-loss single-mode integrated optical waveguides in the near ultra-violet and
visible spectral regions with aluminum oxide (Al2O3) ﬁlms using an atomic layer deposition (ALD) process.
Alumina ﬁlms were deposited on glass and fused silica substrates by the ALD process at substrate/chamber
temperatures of 200 °C and 300 °C. Transmission spectra and waveguide measurements were performed in
our alumina ﬁlms with thicknesses in the range of 210–380 nm for the optical characterization. Those
measurements allowed us to determine the optical constants (nw and kw), propagation loss, and thickness of
the alumina ﬁlms. The experimental results from the applied techniques show good agreement and
demonstrate a low-loss optical waveguide. Our alumina thin-ﬁlm waveguides are well transparent in the
whole visible spectral region and also in an important region of the UV; the measured propagation loss is
below 4 dB/cm down to a wavelength as short as 250 nm. The low propagation loss of these alumina guiding
ﬁlms, in particular in the near ultra-violet region which lacks materials with high optical performance, is
extremely useful for several integrated optic applications.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The requirement of high sensitivity and extremely low limit of
detection in biological and chemical sensors has directed the attention
of several researchers to use single-mode integrated optic waveguides
in place of attenuated total reﬂection elements; sensitivity enhancements of about ﬁve orders of magnitude are possible in single-mode
integrated optic devices when compared to direct transmission
measurements [1,2]. For these integrated optic applications and
others, the guiding ﬁlm must have very low propagation loss, which
then requires excellent surface quality of the guiding ﬁlm and
substrate, high homogeneity in the ﬁlm to avoid scattering, and low
residual absorption in the spectral region of interest. In order to reach
those conditions, a proper material and fabrication process are needed
to deliver waveguide-quality ﬁlms. Because of their high refractive
index in the visible wavelength region, metal oxides (e.g. HfO2, Ta2O5,
ZrO2, Nb2O5, and Corning glass 7059) are widely used as waveguidebased biological and chemical sensors [1–6]. In addition, metal oxides
typically provide a chemically tunable interface as they have surface
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properties (e.g. surface charge density) that can be conveniently
modiﬁed by changing pH level of the aqueous solution covering the
waveguide ﬁlm.
Many intrinsic transition bands of biological materials (proteins,
DNA, lipid bilayers, etc.) are located in the near ultra-violet (UV)
region, and thus several potential applications of integrated optic
waveguides as biological and chemical sensors reside in this spectral
band. However, usual optical waveguides and their associated
fabrication processes fail to reach adequate optical performance in
this spectral region. It is highly needed to develop integrated optic
devices that have adequate performance at shorter wavelengths than
the usual infra-red (IR) and visible spectral regions. To reach optical
waveguides with low-loss and high refractive index in the UV spectral
region, a highly transparent material with a proper deposition process
is required. For this purpose, aluminum oxide (or alumina, Al2O3) is a
natural candidate to achieve those requirements. Alumina is an
important material used in many bulky optical components because
of its high transparency from the near-UV to the near infra-red
regions. In addition, alumina thin ﬁlms have also been used in
integrated optic applications as optical waveguides for the telecommunication window around the 1.5-µm band. However, typical
alumina ﬁlms from traditional fabrication techniques fail to reach
adequate low propagation losses in the UV region. Propagation loss
in optical waveguides is generally affected by four major defects in
the guiding structure: discrete defects in the ﬁlm (such as porosity,
bubbles, or particles), surface roughness (either in the ﬁlm or
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substrate), intrinsic absorption, and imperfect stoichiometry in the
ﬁlm [7]. Many of these defects can be related to the deposition
processes. Deposition of alumina ﬁlms are widely reported in the
literature, but propagation losses of integrated optic devices are
notoriously restricted to the visible (mostly at 633 nm) and IR
regions. Regarding the fabrication of high quality alumina thin ﬁlms
for integrated optic applications, the major processes used are d.c.
planar magnetron sputtering [8], r.f. sputtering [9], ion-beam
sputtering [10], plasma-enhanced chemical vapor deposition (PECVD) [11], and pulsed laser deposition [12]. An early work by Este
and Westwood [8] studied the fabrication conditions in a d.c.
sputtering process for improving the optical properties of an
alumina ﬁlm; a propagation loss of about 1 dB/cm at 633 nm was
reported for their optimum process. Later, Smit et al. [9] provided
an investigation based on r.f. sputtering process to coat alumina
ﬁlms on oxidized silicon substrates; after an annealing process at
800 °C, the refractive index of their alumina ﬁlm increased from
1.54 to 1.70 and the propagation loss decreased from 25 dB/cm to
about 1 dB/cm, with both measurements collected at 633 nm.
Arnold and Cole [10] showed that ion-beam sputtering could be
used to produce high performance alumina ﬁlms by pre- and postannealing; they reported propagation loss at 633 nm of 0.4–2.9 dB/
cm (before annealing) and 0.23 dB/cm (after annealing). Alumina
waveguides by the PE-CVD were produced for applications in
optical communications at the near IR region [11]; the propagation
loss achieved at the 1.1–1.8 µm region was about 0.2 dB/cm after
annealing at 800 °C. As seen above, most of the alumina waveguides
with low propagation loss were achieved when the ﬁlms were
either deposited at high temperature or annealed at high temperature. One exception is the pulsed laser deposition process, as
reported in the work by Suarez-Garcia et al. [12] for the fabrication
of amorphous alumina waveguides on silicon substrates at room
temperature; their ﬁlm had a propagation loss of 2.5 dB/cm at
633 nm and a refractive index of about 1.67. Lacking in all those
reports is a study on the optical properties of the alumina ﬁlms at
wavelengths shorter than 633 nm, which is highly relevant for
many waveguide-based biosensors.
Although there are several reports on the growth of alumina thin
ﬁlms by the atomic layer deposition (ALD) process [13], none of them
so far has provided quantitative information on the optical performance of the alumina thin ﬁlms for integrated optic applications. In
particular, important pieces of information that are missing in the
literature are the propagation loss and optical constants of those ﬁlms
over a broad spectral range. In this work, we focus to quantify
thoroughly those key parameters in the visible and UV spectral
regions. In general, atomic layer deposition (ALD) process has
attracted the attention of several researchers due to some unique
advantages over other deposition processes. For instance, in the ALD
process, the thin ﬁlm is grown through chemically covalent bonds at a
self-limiting step of one atomic layer per cycle; this feature tends to
form a smooth ﬁlm surface required for many applications. It is also
possible to use ALD to deposit high quality ﬁlms [14] at a wide range
of temperatures, including room temperature. The self-limiting
nature of the process allows the growth of ﬁlms that are conformal
to the substrate surface with an excellent uniformity on the thickness
and optical properties. Reproducibility in the thickness and optical
properties of the deposited ﬁlms is also very good, since each cycle
creates one atomic layer on the substrate surface. Critical parameters
for the ALD deposition process are chamber temperature, pressure,
and purge-gas ﬂow rate.
The goal of the present work is to create and characterize low
propagation loss and high refractive index alumina ﬁlms on fused
silica and glass substrates for waveguide applications at the nearUV and visible spectral regions. We report here ALD ﬁlms that were
formed by sequentially exposing a working substrate to tri-methylaluminum (TMA) and H2O precursors to grow alumina ﬁlms at

moderate deposition temperatures (200 °C and 300 °C). Optical
transmission and coupling measurements were taken in order to
characterize the optical properties (refractive index and propagation loss) of the deposited ﬁlms. Grating couplers were used for
coupling a light beam in and out of the thin ﬁlm for waveguide
mode measurements. Prior to the ﬁlm deposition, two diffraction
gratings (separated apart by 34 mm) were fabricated on the
substrates to work as waveguide couplers, which greatly facilitated
our measurements. Fabrication details of the integrated grating
couplers can be found in the literature [15]. Atomic force
microscope (AFM) images were also taken to inspect the topology
and to quantify the surface roughness of the bare substrates and the
deposited ﬁlms.
2. Alumina (Al2O3) waveguide fabrication by atomic layer
deposition (ALD)
Fused silica and glass substrates with dimensions of
75 mm× 25 mm× 1 mm were thoroughly cleaned to provide a pristine
surface for the thin-ﬁlm deposition. The substrates were then coated
with an alumina thin ﬁlm by using a Savannah-100 ALD from Cambridge
NanoTech Inc. In order to form an alumina thin ﬁlm, the ALD deposition
process consists of alternating two precursors inside the vacuum reactor
chamber: tri-methyl-aluminum (TMA from Sigma Aldrich) and deionized water (18 MΩ). The TMA precursor is introduced into the
reactor chamber for 25 ms, then the reactor chamber is purged with N2
gas (20 sccm) for 8 s, which is followed by the introduction of the H2O
precursor into the process chamber also for 25ms, and ﬁnally the
chamber is purged again with N2 (20 sccm) for another 8 s. Those steps
complete one full cycle that forms approximately one atomic layer on
the substrate surface; by replicating the cycle described above at a
certain number of times one can deposit a precise ﬁlm thickness.
3. Characterization methods
In order to determine the optical constants (nw and kw) and
thickness (tw) of our ALD-deposited thin ﬁlms of alumina, we have
employed both the Envelope Technique (ET) [16,17] based on
optical transmittance data and the Waveguide Mode Technique
(WMT) [18–20].
3.1. Envelope Technique
The Envelope Technique is based on data from a transmission
spectrum of a thin ﬁlm deposited on a transparent substrate with
parallel surfaces; the technique was originally developed by Manifacier et al. [16] and later advanced by Swanepoel [17]. Transmission
measurements are collected for an optical beam impinging almost
perpendicularly to the ﬁlm/substrate plane (the angle between the
waveguide surface normal and the incident beam is 5°). By using ﬁlms
with thicknesses in the range of 200–400 nm, several interference
fringes appear in the transmission spectrum at the visible and UV
regions, as illustrated in Fig. 1 for one of our samples (alumina ﬁlm
deposited on fused silica substrate). Two envelope curves are then
deﬁned, one involving the maxima values (TM) and another one
involving the minima values (Tm) of the transmission curve. Those
envelope curves form the basis for the calculations expressed in [17]
to determine the refractive index, the extinction coefﬁcient, the
propagation loss, and the thickness of the thin ﬁlm under investigation. The technique is particularly suitable for weakly absorbing ﬁlms,


kw
nw ≪1 , and assumes a homogeneous and isotropic thin ﬁlm. As
described in [17], the real part of the refractive index is given by:

nw =

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A + A2 −n2s ;

ð1Þ
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of the ﬁlm based on the measured wavelength of an extreme value in
the transmittance spectrum, the corresponding integer value of the
fringe order, and the averaged ﬁlm thickness.
Once the value for nw and t w have been determined, a solution for
the extinction coefﬁcient kw is then possible from the following
equation:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

3 
ﬃ
B− B2 − n2w −1 n2w −n4s


;
ð5Þ
exp ð−αw tw Þ =
ðnw −1Þ3 nw −n2s


TM + Tm
and α w, which is the absorption
where B ≡ 4n2w ns
TM Tm
w
coefﬁcient of the ﬁlm, is given by αw ≡ 4πk
λ . Once αw is determined
from Eq. (5) using the experimental data, the extinction coefﬁcient is
then simply calculated by:
kw = αw
Fig. 1. The transmission spectrum of an alumina ﬁlm coated on a fused silica substrate;
the thickness of this particular alumina ﬁlm was determined by the Envelope Technique
to be (254 ± 5) nm. For comparison, the plot also includes the transmission spectrum of
a bare fused silica substrate.

where ns is the refractive index of the substrate and the term A is
deﬁned by:
A ≡ 2ns

TM −Tm
n2 + 1
+ s
:
TM Tm
2

ð2Þ

It is implicitly assumed in the previous Eqs. (1) and (2) that the
medium surrounding the ﬁlm/substrate sample is air, which is the
usual case. By applying Eqs. (1) and (2), the refractive index of the ﬁlm
is calculated at each wavelength λm corresponding to an extreme
value (either a maximum or a minimum) in the transmittance curve.
Next, the thickness of the ﬁlm is determined by using data from two
consecutive minima or two consecutive maxima according to the
following relation:
tw =

λm λm + 2

:
2 λm nm + 2 −λm + 2 nm

ð3Þ

The expression above allows for the calculation of the thickness
from several pairs of data points; such redundancy is quite helpful as
the average of those results substantially improves the estimated
value for the ﬁlm thickness. Then, the averaged value of the ﬁlm
thickness t w is used to determine the order of each interference
fringe:
m=

4nm t̄ w
:
λm

λ
:
4π

ð6Þ

From the analysis above, the thickness, t̄ w , and the optical
constants, nw and kw, of an alumina ﬁlm were determined over a
broad range of wavelengths, which is particularly important to
construct a dispersion curve for the ﬁlm under investigation. The
transmittance spectra measurements of alumina thin ﬁlms were
taken with a Cary-300 spectrophotometer (Varian Inc.) in the
wavelength range of 900 nm to 200 nm, which covers the transparency region of the fused silica substrates in the visible and UV ranges.
Transmission data points were acquired at steps of 0.25 nm with a
spectral resolution bandwidth of 0.5 nm and an integration time of
1 s. As already mentioned, Fig. 1 shows a typical transmittance
spectrum (200–900 nm) of an alumina ﬁlm coated on a fused silica
substrate and also for comparison of a bare fused silica substrate.
3.2. Waveguide Mode Technique
The Waveguide Mode Technique was employed to further
characterize the alumina ﬁlms. An alumina ﬁlm deposited on fused
silica or glass substrate can conﬁne guided modes when the ﬁlm
thickness exceeds a certain cut-off value. By measuring the effective
refractive index of two (or more) guided modes of different mode
orders or/and different polarizations (transverse electric, TE, or
transverse magnetic, TM), one can retrieve the real part of the
refractive index and the thickness of the guiding ﬁlm [18–20]. To
measure the effective refractive index of a planar waveguide formed
by the substrate/alumina/air structure, a pair of periodic surface
corrugation (diffraction grating) was created on the substrate surface
prior to the deposition of the alumina ﬁlm, as shown in Fig. 2. Then,
after the alumina ﬁlm has been deposited by the ALD process, we
measured the coupling angle that the grating coupler could excite

ð4Þ

Those fringe orders m should in principle be integer numbers, but
due to experimental errors they typically depart a little. It is well
known that these integer numbers increase sequentially by one unit,
when counting each fringe order from long to short wavelengths. In
addition, the fringe orders must correspond to an even number at the
locations where the envelope curve approaches the transmittance of a
bare substrate. With such information in hand, we can round-off the
experimental fringe orders to the appropriate integer order number.
As explained in Swanepoel [17], this process of rounding-off the fringe
orders improves substantially the estimated value of the ﬁlm
thickness by inverting Eq. (4) to solve for the ﬁlm thickness at each
extreme wavelength value. Averaging again those several results of
the thickness give a much further improved estimation of the ﬁlm
thickness. And ﬁnally, Eq. (4) is used to solve for the refractive index

Fig. 2. The optical beams that were experimentally measured (drawn in black) and used
to determine the in-coupled and out-coupled optical beams (drawn in gray). From
those intensity measurements, the propagation loss could be determined for the singlemode integrated optical waveguide structure consisting of a cover medium, a guiding
thin ﬁlm, and a substrate.
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guided modes on the waveguide structure at each polarization and at
each allowed guided mode. Coupling of an optical beam from free
space into a waveguide mode occurs when the effective refractive
index of the waveguide, Neff, is matched by the sum of the grating
contribution plus the Snell's term, which is mathematically given by:
Neff = p

λ
+ na sin θin ;
Λ

ð7Þ

where, λ is the vacuum wavelength, Λ is the grating period, p is the
grating diffraction order, na is the refractive index of air, and θin is the
incident angle between the incident beam and the normal to the
waveguide surface.
The effective refractive index of a planar waveguide, Neff, is related
to the optical parameters in the structure through the dispersion
relation given by:
2π
t
λ w

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
n2w −Neff
+ ϕc + ϕs = 2πm;

ð8Þ

where m is the order of the waveguide mode, and the terms ϕc and ϕs
are the phase shifts deﬁned by:
−1

2
!1= 3

2ρ
2
2
2
n
N
−n
w
eff
c
4 ―
5
2
2
nc
nw −Neff

−1

2
!1= 3

2ρ
2
2
2
n
N
−n
w
eff
s
4 ―
5;
2
2
ns
nw −Neff

ϕc ≡−2 tan

ð9Þ

and

ϕs ≡−2 tan

ð10Þ

where ρ = 0 applies for the TE polarization, and ρ = 1 applies for the
TM polarization.
An experimental setup was built to measure coupling angles, and
thus the effective refractive indices, with high accuracy and precision
for both TE and TM polarizations. For this purpose, a high performance
rotational stage (Danaher FIR) was used with a digital reader
(Quadra-check 100 from Metronics). The waveguide was located at
the center of rotational stage in vertical position. The light sources
used in our experiments were: a 12-mW He–Ne laser from Thorlabs
Inc, a tunable 40-mW argon-ion laser from Melles Griot, and a 20-mW
He–Cd laser at 325 nm from Kimmon. The laser polarization was
ﬁltered by a linear polarizer before it was loosely focused on the
grating via a long-focal-length lens (Thorlabs-AC254-300-A1). The
rotational stage, which was initially set to zero by back-reﬂection, was
rotated until the strongest coupling signal was found in a photodetector controlled by a power meter. Angle readings were recorded
with better than 3-digit precision. The incident angles were measured
for TE0 and TM0 modes, which then allowed the determination of
thickness and refractive index of the ﬁlm by numerically solving
Eqs. (7)–(10).
Propagation loss was also measured using the pair of gratings
integrated on the planar optical waveguide structure, as shown in
Fig. 2. Propagation loss data on the waveguide could be determined by
measuring the in-coupled and out-coupled intensities of the optical
beam. As indicated in Fig. 2, the in-coupled intensity is given by
Iic = Ii −ðIt + Ir1 + Ir2 Þ;

ð11Þ

and the out-coupled intensity is given by
Ioc = Io1 + Io2 :

ð12Þ

In the equations above, Ii is the incident intensity, It is the transmitted
intensity, Ir1 and Ir2 are the reﬂected intensities from the front and
back surfaces respectively, and Io1 and Io2 are the intensities of the

out-coupled beams from the exit grating coupler. Propagation loss, in
units of dB, can then be calculated from Eqs. (11) and (12) as:
Loss = −10 log

 
Ioc
Io1 + Io2
= −10 log
:
Iic
Ii −ðIt + Ir1 + Ir2 Þ

ð13Þ

3.3. Alumina roughness
Surface roughness at the boundaries of the waveguide ﬁlm (top
and bottom interfaces) can potentially scatter a propagating guided
mode and be a source of optical attenuation. An atomic force
microscope (Autoprobe-M5, Park Instruments) was used to check
surface topologies of both the ALD-deposited ﬁlms and the uncoated
substrates. AFM measurements were performed in contact mode in an
area of 5 × 5 µm2. Since surface roughness is approximately independent of the ﬁlm thickness, only alumina ﬁlms with thickness of 380nm were scanned at 4 different locations. The root mean square of the
surface roughness was 1.25 nm for the bare fused silica substrate and
0.95 nm for the alumina ﬁlm coated on the fused silica substrate.
Lower surface roughness and varying topologies were observed on
the coated substrates. The average surface roughness for a bare glass
substrate and an alumina ﬁlm coated on a glass substrate were
0.62 nm and 0.52 nm, respectively. Regardless of the substrate type,
our AFM results indicate that the amount of surface roughness on the
top surface of the waveguide ﬁlm is slightly less than the buried
interface between the ﬁlm and the substrate, which demonstrates
that the ALD process at least maintains the roughness of the substrate,
if not improving it. Such feature is quite relevant to keep the
propagation losses of the IOW at low levels.
4. Results and discussions
In this work, four different alumina ﬁlm thicknesses were
deposited onto glass and fused silica substrates. The thicknesses of
our ﬁlms, as determined by the Envelope Technique, were 210 ± 5,
254 ± 5, 322 ± 2, and 380 ± 2 nm. In particular, the thicker waveguides (254, 322 and 380 nm) provide several interference fringes
(maximum and minimum in the transmittance curve) in the visible
and near-UV spectral regions, and thus increase the accuracy of the
calculations by the Envelope Technique. On the other hand, the 210nm thick waveguide ﬁlm provides a single-mode structure (one TE0
and one TM0) at the spectral range of interest, and thus several
samples with this nominal thickness were prepared for the application of the Waveguide Mode Technique.
The reactor chamber temperature was kept constant for all
depositions at either 200 °C or 300 °C, where a high refractive index
is expected [14]. Deposition rate curves for these two temperatures
(Trc) of the reaction chamber are shown in Fig. 3. By applying a linear
curve-ﬁt to our measurements, we obtained a deposition rate of
1.013 Å/cycle for Trc = 300 °C and 1.090 Å/cycle for Trc = 200 °C,
which shows that lowering the substrate temperature slightly
increases the deposition rate of alumina per cycle. However, the
variation of the ALD deposition rate is small because of the selflimiting nature of the ALD process. In one report [21], deposition rates
of alumina using the ALD process were reported in the range of 0.8 to
1.1 Å/cycle depending on process parameters such as temperature,
exposure time, purge time, purge-gas ﬂow rate, and chamber
pressure. In another report [22], the deposition rate was reported to
be approximately 1.1 Å/cycle for a reactor temperature of 177 °C and
exposure times of 0.33 s for TMA and water. Others have also
observed [23] that small variations in the deposition rate can occur
when the chamber temperature is changed, but our thickness and
refractive index measurements show that it was within an acceptable
temperature window where the condition for single atomic layer
deposition was satisﬁed.
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Fig. 3. Alumina ﬁlm thickness as a function of number of cycles in the ALD process at
different temperatures of the reactor chamber, Trc = 200 °C and 300 °C. Slope of the
curves provides the deposition rate of the ALD process at each temperature.

The real part of the refractive index of our alumina waveguide
ﬁlms, nw, at different wavelengths was determined by the Envelope
and Waveguide Mode Techniques, and the experimental results are
summarized in Fig. 4. As previously mentioned, the Envelope
Technique results were collected over 4 samples with different
thicknesses and the Waveguide Mode Technique results reﬂect an
average over 10 data samples with a thickness of approximately
210 nm. These data correspond to ﬁlms that were coated at 300 °C for
the reactor chamber temperature. A Cauchy expression was used to ﬁt
the experimental results [24]. The plotted graph shows that the
alumina waveguide ﬁlm has a high refractive index and a strong
dispersion, especially around the near-UV range. The nw is about 1.64
at 850 nm and it increases with decreasing wavelength to 1.86 at
200 nm. By using the multiple lines of an argon-ion laser, the coupling
angles at different wavelengths ranging from 454 nm to 514 nm were
measured for different waveguide modes so we could apply the
Waveguide Mode Technique to determine the real part of the alumina
ﬁlm refractive index. In Fig. 4, the consistency can be seen between
the two characterization approaches we have used.
Next, we focused on the determination of the extinction coefﬁcient
of the ﬁlm, kw, which can quantify how much light is absorbed and/or

Fig. 4. Real part of the refractive index of the alumina thin ﬁlm as determined by the
Envelope and Waveguide Mode Techniques.
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scattered by defects in the alumina ﬁlm. For this purpose, transmittance data taken at three different spots from the three thicker ﬁlms
deposited on fused silica substrates were analyzed. By using the
Envelope Technique, the extinction coefﬁcient, kw, was determined as
a function of wavelength according to Eqs. (5) and (6); our
experimental results are shown in Fig. 5. As the data indicates, the
extinction coefﬁcient of the alumina ﬁlm in the spectral range from
250 nm to 650 nm is quite low and demonstrates that the alumina
thin ﬁlm, as prepared by the ALD process, shows very low loss even in
the near-UV region. There is a large region in the UV region and visible
spectrum with low kw values, which quantiﬁes a highly transparent
ﬁlm that can be useful for several applications. In addition, we observe
that the current data shows a sharp increase in the extinction
coefﬁcient for wavelengths smaller than 230 nm, as it approaches the
alumina absorption band.
Propagation losses measurements were determined using the
Waveguide Mode Technique, as previously described in connection
with Fig. 2 and summarized in Eq. (13). The WMT loss measurements
were taken via grating couplers (one for input, another for output) for
12 samples at the 543-nm and 633-nm wavelengths. The average
results from the TE0 mode, which were (1.1 ± 0.3) dB/cm at 633 nm
and (2.0 ± 0.7) dB/cm at 543 nm, agree well with the results from the
TM0 modes (1.3 ± 0.5) dB/cm at 543 nm. Besides the WMT direct
determination just described, the Envelope Technique can also be
used to estimate the propagation loss in a waveguide if one assumes
that the dominant factor for the optical losses of a beam propagating
inside the waveguide is originated from the extinction coefﬁcient of
the guiding ﬁlm. In this case, the propagation loss can be evaluated
from the extinction coefﬁcient through the following equation:


k l
10 × 4π kw l
−4π w
λ
=
Loss = −10 log e
λ lnð10Þ

ð14Þ

where l is the distance between the input and output grating couplers.
The average values and standard deviations of the ET measurements
were taken from three samples of different thicknesses (254, 322, and
380 nm) and each sample was measured at 3 different spots of the
alumina coated fused silica substrates. The experimental results of the
propagation loss per-unit-length (dB/cm) for all techniques described
above are shown in Fig. 6. The ET experimental results span over the
208–633 nm spectral region and show good agreement with the WMT
technique at the long wavelengths range and very low propagation
losses down to 250 nm, even though the standard deviations of the
losses are not so small at some wavelengths in the UV region. Our

Fig. 5. Imaginary part of the refractive index (extinction coefﬁcient) of the alumina thin
ﬁlm as experimentally determined by the Envelope Technique.
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210–380 nm. The optical characterization of the waveguides was
performed by the Envelope Technique and the Waveguide Mode
Technique. Optical constants and propagation losses were calculated
for several samples and for a broad spectral range, 200–633 nm. A
highly transparent single-mode optical waveguide is reported to
reach a wavelength as short as 250 nm. Such experimental results will
certainly enable the fabrication of several integrated optic devices in
the short wavelength spectral region for a variety of applications. In
particular, our group has already started exploiting the high quality of
ALD-deposited alumina waveguides and we have incorporated those
ﬁlms as part of a single-mode integrated optical waveguide platform
for spectroscopic studies of surface-adsorbed protein sub-monolayers
[25].
Acknowledgments
Fig. 6. Propagation loss of the alumina thin ﬁlm waveguide as a function of wavelength
as measured by the Envelope and Waveguide Mode Techniques.

experimental results at 633 nm were (1.1 ± 0.3) dB/cm by the
Waveguide Mode Technique and 2.6 dB/cm by the Envelope Technique, which seems to indicate that the assumption underlying the ET
calculations is over-estimating the contribution of the extinction
coefﬁcient for evaluating the propagation loss; a direct and straightforward measurement of the propagation loss as provided by the
Waveguide Mode Technique consistently gave us a lower value. We
also note that our results of the propagation loss at 633 nm are similar
to the best results existent in the literature, which were typically
obtained at high temperatures of annealing or deposition. More
remarkably, the present work demonstrates that the ALD alumina
ﬁlms can reach the important UV spectral region, which was not
addressed in previous studies. Fig. 7 shows a picture of our alumina
thin-ﬁlm waveguide when a 325-nm UV laser beam propagates for
34 mm inside the single-mode structure and out-couples from a
grating coupler. Strong out-coupling qualitatively and visually
corroborates the previously discussed quantitative measurements of
low propagation loss in our ALD-deposited alumina ﬁlms. These
experimental results conﬁrm the ability of the ALD process to produce
low-loss optical waveguides well inside the UV region; such ability is
expected to become extremely useful for developing integrated optic
devices in the near-UV and visible spectral regions for a variety of
applications including sensing of many relevant biological materials
(e.g., see [25] for speciﬁc applications).
5. Conclusions
In summary, we report here the fabrication and characterization of
single-mode integrated optical waveguide with low propagation loss
in near-UV and visible spectral regions from alumina thin ﬁlms
deposited by the atomic layer deposition (ALD) process. Glass and
fused silica substrates were coated with ﬁlm thickness in the range of

Fig. 7. Picture of the guided UV light (325 nm) showing the out-coupled m-line after
the optical beam has propagated 34 mm inside the single-mode alumina thin-ﬁlm
optical waveguide.
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