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Waveguide Behavior of Distributed Bragg Reflectors Probed by
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Distributed Bragg Reflectors (DBRs) have been found to be very effective in increasing the
efficiency of light emitting diodes and semiconductor laser devices. By using polarization-modulated
scanning near-field optical microscopy (PM-SNOM), we investigate the optical response to different
illumination polarization states of a DBR structure that consists of a stack of quarter wavelength
thick slabs of dielectrics with alternating high and low refractive index. The DBR has been optically
characterized in the near-field at different wavelengths in illumination- and in collection- mode with
light excitation orthogonal to the probe axis, for fixed as well as for modulated polarization. We
have found that the optical signal does not follow the morphological structure of the slabs, as
expected but it shows a different spatial periodicity related to the excitation properties and to the
interplay of the different DBR planes.

PACS numbers: 07.79.Fc, 68.37.Uv, 95.75.Hi, 42.82.-m
Keywords: Scanning near-field optical microscopy, Distributed bragg reflectors, Polarization control

I. INTRODUCTION

Distributed Bragg Reflectors (DBRs) are gratings used
in integrated laser technology to decrease standard mir-
ror losses, resulting in a reduced lasing threshold and in
a further shrinking of the device’s dimension [1, 2]. It
has been shown in fact that high reflectivity mirrors can
be formed by deeply etching semiconductor/air DBRs,
enhancing the optical feedback into the laser cavity [3,
4]. The implementation of DBR structures is particu-
larly suited to increase the low facet reflectivity of In-
GaN/GaN lasers (∼18 %), due to the small refractive
index of GaN-based materials (∼2.5). As a consequence,
the operating current can be reduced to values compa-
rable to those of GaAs/AlGaAs or GaInAsP/InP lasers
[5, 6]. The characteristics of DBRs depend strongly on
the geometrical structure of the grating. Several theoret-
ical studies have been made to optimize the DBR design,
maximizing the performance in edge-emitting lasers [1,
7,8]. From the experimental point of view, the efficiency
of DBRs is studied by the direct implementation on a
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lasing device. On the other hand, Scanning Electron Mi-
croscopy (SEM) is the technique most widely used for the
analysis of their morphology [5,6]. Scanning Near-Field
Optical Microscopy (SNOM) [9, 10] is a powerful tech-
nique for simultaneous investigations of the morpholog-
ical and optical properties of nano-structured materials.
SNOM, in fact, is capable to access the nanometer spatial
scales, due to its enhanced resolution with respect to con-
ventional optical microscopy, limited by the diffraction
to λ/2 (∼250 nm in the visible range). Aperture-SNOM
[11] is at present the most widely employed experimental
configuration. It exploits the apical aperture present at
the edge of a tapered, metal-coated optical fiber either
as a nanosource to illuminate the sample (illumination
mode) [11], or as a nanoantenna [12] to collect the local
near-field radiation scattered by the sample (collection
mode). In order to detect the evanescent near-field com-
ponents, the aperture is scanned at a constant distance
from the sample surface (1 – 10 nm). The tip-sample
distance is controlled by means of an independent feed-
back loop, based on shear-force detection [13–15], which
simultaneously provides a direct measurement of the sur-
face topography.
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The possibility to control and exploit the polarization
in SNOM was first pointed out by Betzig et al. [16]. In
particular, Faraday rotation was used to image magnetic
domains in magneto-optical materials [16,17]. The pos-
sibility to obtain well defined polarization states in the
near-field, suggested the idea to probe the dichroic and
birefringence properties of nano-structured samples by
means of the so-called Polarization Modulated SNOM
(PM-SNOM). In such configuration a modulated near-
field polarization state, changing as a function of time,
is generated at the apex of the SNOM probe, and lock-
in demodulation at different harmonics is accomplished.
Quantitative measurements of the local dichroism and
birefringence have been demonstrated on patterned SiN
membranes [18], mesoscale domains in poly(phenylene
vinylene) [19] and naphthaphenylene benzidine [20] thin
films, as well as on photonic block copolymers [21]. The
light polarization can be modulated either by a photoe-
lastic modulator (PEM) [18, 21–23], or by an electro-
optical modulator (EOM) [19,24], or by a rotating linear
polarizer [20,25]. Both illumination and collection-mode
(with axial excitation [20]) PM-SNOM have been fruit-
fully demonstrated.

In this paper we report on the development and appli-
cation of PM-SNOM techniques to test the polarization
response of a DBR grating, engraved by Focussed Ion
Beam (FIB) milling on a layer of GaN deposited on sap-
phire. We have developed a new PM-SNOM setup, work-
ing in collection-mode, with laser illumination orthogo-
nal to the SNOM probe, specially suitable to investigate
the polarization response of photonic waveguide struc-
tures. We have used a PM-SNOM approach with fixed
and rotating polarizations, in both collection and trans-
mission mode, in order to elucidate, for the first time, the
local polarization properties of the DBR as a function of
the incident wavelength.

II. EXPERIMENTS

The DBR sample has been etched by FIB on a 4 µm
GaN layer, deposited on a 2 mm sapphire substrate. The
tilt of the beam has been set to approximately 60◦ with
respect to the normal of the substrate. The ion current
used was of 50 pA. Every slab is a few tens of microns
long, thus the writing process took about 5 minutes per
each air-gap. This resulted in a depth of about 1.5 µm
on the GaN. The distance between each slab is of about
1 µm with an air gap between them of about 250 nm.

The DBR has been tested integrated in an actual
laser device [6,26]. We used a 370 nm pumping source
that illuminates the laser structure and its DBR mirror
through a cylindrical lens. The spontaneous emission is
monitored by a monochromator and multi-channel ana-
lyzer system. We have found that, using a DBR with
the geometrical configuration described above, we can
reduce the threshold pumping necessary to obtain laser

Fig. 1. (a) Collection mode SNOM setup. (b) Illumination
mode SNOM setup.

emission from 0.0210 MW/cm2 (laser with facets mir-
rors) to 0.0134 MW/cm2 (laser with DBR reflectors at
both edges of the cavity).

The two experimental configurations, working in col-
lection and illumination mode, are depicted in Figs. 1(a)
and 1(b) respectively. In both configurations the exci-
tation light, originated from a linearly polarized laser
beam, is first passed through a λ/4 wave-plate, generat-
ing a circular polarization, and thus fed through a rotat-
ing linear polarizer. The rotary motion of the polarizer is
achieved by the motor of a modified chopper device. In
this way we obtain a linearly polarized laser beam with
polarization angle rotating with time. A simple theoret-
ical description of the time-modulated polarization state
preparation can be achieved within the Jones-matrix for-
malism. Assuming a laser polarization state Plas = (1, 0),
the final polarization is given by:

Pmod = R−1(ωt)·L·R(ωt)·R−1(π/4)·C ·R(π/4)·Plas (1)

where C =
(

1 0
0 i

)
is the matrix associated to the

λ/4 wave-plate with respect to its principal axes, and

L =
(

1 0
0 0

)
is the matrix associated to the linear po-

larizer. The matrices R(θ) =
(

cos θ sin θ
− sin θ cos θ

)
take into

account the fact that the principal axes of the λ/4 wave-
plate are rotated by π/4 with respect to the laser in-
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cident polarization, and the fact that the linear polar-
izer is rotating with angular frequency ω. As expected,
the polarization state is given by Pmod = (cos ωt, sinωt).
We note that in our case the phase change is φ ∝ ωt,
differently to what occurs when using PEM in which
φ ∝ sin(ωt). Depending on the configuration, the laser
light is either directly focused on the sample (collection
mode) or launched into the SNOM fiber (illumination
mode).

The collection mode PM-SNOM apparatus (Fig. 1(a))
has been expressly designed for the characterization of
photonic structures and waveguides, in which the light
must be injected and propagates parallel to the sample
surface, i.e. orthogonally to the SNOM probe. The light
beam comes either from a HeNe (632.8 nm) or HeCd (442
nm) laser and, after undergoing polarization processing,
is focused perpendicularly to the DBR planes by means
of a 50 mm focal length lens. The spot size is about 30
µm, i.e. much larger than the GaN layer. Geometrical
artifacts, related to the relative motion between the sam-
ple and the focused spot, are thus negligible. To switch
between s- and p- polarization in experiments at fixed
polarization, we manually turn the linear polarizer (for
442 nm excitation), or use a λ/2 wave-plate (for 632.8
nm excitation) instead of the λ/4 wave-plate, removing
the rotating polarizer. The scattered light is collected
either through commercially available CrAl- and Gold-
coated fiber probes (Nanonics Inc. and Jasco Inc.), or
through tapered uncoated fibers produced by chemical
etching methods [27]. A photomultiplier (PMT) is used
for light detection. For polarization-modulated measure-
ments the PMT signal is fed to a lock-in amplifier to
detect the AC amplitude or phase signal, simultaneous
with the optical DC signal. Modulation frequencies of
the order of 100 Hz are used, so we set typical integra-
tion times of 100 ms. The sample is scanned by means
of a 1 inch diameter piezo-cylinder capable of 32 × 32 ×
8 µm3, or by means of a set of three smaller piezo-tubes
capable of 15 × 15 × 6 µm3.

The illumination mode PM-SNOM set-up (Fig. 1(b)),
fully described in previous publications [25, 28], is em-
ployed here in the transmission configuration. The exci-
tation light is provided by two red laser diodes (emitting
at 670 and 690 nm), coupled to metal coated SNOM
fiber probes. The transmitted light can be collected ei-
ther with a lens placed inside the piezo-scanner, or by
means of a 200 µm –core optical fiber attached just un-
derneath the sample. Light detection is accomplished
by a PMT, whose signal is fed to a lock-in amplifier for
PM-SNOM measurements. Simultaneous measurements
of the AC amplitude and phase, together with the topog-
raphy signal, are usually carried out. For experiments
with fixed polarization states, the light polarization is
switched before fiber launching between two orthogonal
states by means of a λ/2 wave-plate, or changed ran-
domly by twisting the SNOM fiber.

Since the aim of this experiment is to check the qual-
itative response of the DBR to different incident polar-

Fig. 2. Images of the DBR sample. (a) Optical microscopy
and (b) Scanning Electron Microscopy.

izations, we do not use paddles [19] or other special tech-
niques [25] to compensate for the dichroism and birefrin-
gence induced by both the optical fiber (made of quartz)
and by the aperture anisotropies [29]. We do not know
exactly the polarization state of the light incident on
the sample. However, we can change such a state pe-
riodically as a function of the time by modulating the
polarization state of the light injected into the fiber. As
a result, every local dichroic or birefringence property of
the sample is evidenced in the optical maps, and spe-
cially in the AC phase image which provides a measure
of the sample’s dichroic axis orientation. In addition,
we take advantage of the fiber’s birefringence properties
to change the near-field polarization state, operation ac-
complished by simply bending and twisting the SNOM
fiber.

III. RESULTS AND DISCUSSION

The DBR sample has been first imaged by means of
laser scanning confocal and scanning electron microscopy
(SEM), as shown in Figs. 2(a) and 2(b) respectively.
We can see that the structure is constituted by six
air/semiconductor periods. Each semiconductor slab is
682 nm thick and 17.5 µm long, while the width of the
air gaps is 244 nm. The confocal microscope, which can
perform optical profilometry measurements, confirmed
an etch depth of ∼1.5 µm. Due to the small dimensions
of the sample, it was necessary to implement our PM-
SNOM apparatus with a long-working distance stereo-
microscope, in order to easily target the DBR structure
with the SNOM tip.

The peculiar structure of DBRs, i.e. the presence of al-
ternated air/semiconductor (nGaN = 2.5) structures with
a thickness comparable to the light wavelength and a
length in the 10-microns scale (>> λ), makes them suit-
able for 2D theoretical descriptions, and for test experi-
ments to put forward the different behavior as a function
of the incident polarization.

The sample has been first characterized using the
illumination-mode SNOM configuration. Fig. 3(a, b)
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Fig. 3. DBR’s topography (a) and transmission map (b)
at 670 nm (10 × 8.1 µm2). The light injected to the SNOM
fiber was p-polarized. (c) Profiles drawn in correspondence
of the black lines in (a) and (b).

reproduce respectively the topography and the optical
transmission map. Excitation is accomplished by means
of a CrAl coated SNOM fiber (Nanonics Inc., 100 nm
nominal aperture) at λ = 670 nm. The light injected into
the optical fiber was p-polarized (vertical polarization).
The fiber, single mode at 670 nm, has a length of ∼50 cm
and is kept as straight as possible in order to minimize
birefringence effects induced by mechanical stresses. The
different spatial pattern shown by the optical map with
respect to the topography, is highlighted by the line pro-
files in Fig. 3(c). We note the very small topography
depth (∼60 nm) measured in correspondence of the air
gaps, compared to the actual etch depth (1.5 µm). This
is indeed due to geometrical reasons. Summing the nom-
inal aperture’s diameter to the metal coating thickness of
our probes (∼100 nm), we obtain an actual probe apical
diameter of the ∼200 nm. Considering that the air gap
width is only 244 nm, and that our probes have cone an-
gles of a few tens of degrees, we can estimate that the tip
can not penetrate into the gaps by more than 100 nm.
In particular, such a value will strongly depend on the
used tip, following its actual dimensions. The V-shaped
profile observed in correspondence of the air gaps (no
lower plateau is observed therein) confirms our hypothe-
sis. The optical profiles allow to make interesting obser-
vations: first of all, we see that the average transmission
measured in correspondence of the DBR is attenuated
by ∼50 % with respect to what detected in the unpat-

Fig. 4. DBR’s topography (a) and transmission map (b)
at 670 nm (10 × 6.1 µm2). The light injected to the SNOM
fiber was p-polarized, the fibre was twisted forming two rings.
(c) Profiles drawn in correspondence of the lines in (a) and
(b).

terned zone; secondly, the optical profile shows a double
modulation pattern, in which we observe a decrease of
the transmission signal in correspondence of the GaN
slabs (∼50 % of the average DBR value), and a smaller
modulation in correspondence of the air gaps; finally, we
observe that the first modulation of the optical signal
arises ∼250 nm before the topography fingerprint of the
first air-gap. Subsequently, we have changed the incident
polarization by twisting the optical fiber. In Figs. 4(a, b)
we report respectively the topography and the transmis-
sion maps. We immediately see that the spatial pattern
of the optical signal is different from what measured in
Fig. 3(b). The line profiles (Fig. 4(c)) show that, again,
the average transmission of the DBR structure is ∼50 %
of the unpatterned zone’s one. The optical profile is now
somehow the negative of the topography, with a decrease
of the transmitted signal in correspondence of the GaN
slabs of ∼30 – 40 % with respect to the average DBR
value. The slight shift (∼100 nm) between the topog-
raphy and the optical signal confirm the genuine optical
nature of measured signals [30,31].

The optical response of the DBR shown in Figs. 3 and
4, and in particular the strong dependence on the inci-
dent polarization, as well as the presence of modulations
of the optical signal some hundreds of nm far from the to-
pographic structures, are in qualitative agreement with
what theoretically predicted by Carminati et al. [32]
and Sandoghdar [33], for the case of single or double
dielectric steps in air. The decreased transmission of the
DBR is due to the elastic scattering of the slabs at an-
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gles higher than those gathered by the collection optical
fiber (NA ∼0.25). To evidence even further the strong
dependence of the sample on the incident polarization,
we show in Fig. 5 an optical transmission map in which
we scan always the same line (line-scan image) changing,
every 10 scans, the polarization of the near-field excita-
tion by bending and/or twisting the SNOM fibre, as said
in the previous section. Fig. 5(a) shows a 3D rendering
of the optical response, evidencing different modulation
patterns and shifts as a function of the incident polar-
ization. We observe also a clear change of the average
power coming out from SNOM aperture when bending
the optical fiber. Light loesses, in fact, take place when
the fiber is bent to form rings, in correspondence of which
the total internal reflection condition is not fulfilled for
all the rays propagating into the fiber. However, since
the fiber is not touched during the scan of each single
line, such effect does not influence the observed optical
pattern, but only produces an intensity offset among the
10-lines groups. Such an offset has been easily removed
during the image post-processing, by means of a line-by-
line offset removal. The topography pattern (Fig. 5(b))
is also reported to assess that only a slight continuous
shift takes place during the repeated scans of the same
line, with no relevant implications for the optical signal.

Once evidenced the sensitivity of the DBR to the po-
larization, we performed a test with the PM-SNOM in
illumination mode. Measurements have been carried out
at 690 nm with a CrAl metal coated fiber probe (Nanon-
ics Inc., 50 nm nominal aperture). In Figs. 6(a, b) we
show respectively the AC amplitude and the AC phase
map. Strong modulations appear in both images, as ex-
pected. Due to the not perfect alignment among the laser
beam, the rotating polarizer, and the fiber coupler, we
observed that the light power coupled to the fiber was not
constant, changing with the polarization angle [25]. Such
effect, summed with the fiber birefringence, led to an in-
tensity of the light coming out from the SNOM aperture
modulated with time. The lock-in amplifier, thus, mea-
sured a strong signal also in the GaN unpatterned zone
which, in principle, should not be sensitive to in-plane
polarization variations. Fig. 6(a) shows a strong atten-
uation of the AC amplitude signal in correspondence of
the DBR, as found previously. The phase map shows a
constant value in the unpatterned zone (φ = −35 deg),
while sinusoidal oscillations are found in the DBR-zone
(∆φ = 60 deg). The line profiles in Fig. 6(c) highlight
the different spatial patterns of the two signals.

The collection-mode SNOM is definitely the most suit-
able configuration to characterize the optical properties
of DBRs, since the illumination geometry exactly repro-
duces the operation conditions in real laser devices. In-
vestigations have been aimed to highlight the different
behavior of the DBR as a function of the light wave-
length and of the incident polarization. As described in
sect. II, the DBR sample consists of a GaN waveguide,
sandwiched between air (n = 1) and sapphire (n ∼ 1.77),
in which air gaps have been etched by FIB. Such wave-

Fig. 5. 3D rendering of the optical transmission profiles (a)
acquired scanning the same line (10 µm), while varying the
near-field incident polarization. The corresponding topogra-
phy profiles (b) show only slight changes due to mechanical
and thermal drifts.

guiding properties have been preliminarily studied by
observing the DBR under an optical microscope, while
changing the illumination geometry. In our setup, the
focussing lens (Fig. 1(a)) can be translated by an XYZ
micrometer stage. We can thus displace the light spot
in order to either couple part of the light into the GaN
layer (note that the spot is larger than the layer thick-
ness), or to send the light completely into the sapphire
substrate. In the first case light gets confined into the
GaN layer and emerges from the waveguides only when
scattered from the DBR planes. As a result the DBR ap-
pears as a bright structure on a dark background. In the
second case, conversely, light is not confined and spreads
all around. This makes the DBR almost indiscernible
from the background at the optical microscope. The
same light confinement phenomenon has been observed
by SNOM. Fig. 7 shows the topography (a) and the col-
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Fig. 6. AC amplitude (a) and AC phase (b) maps of the
DBR acquired with the PM-SNOM in transmission-mode at
690 nm (7 × 7 µm2). (c) Profiles drawn in correspondence of
the lines in (a), and (b).

lection optical maps at 632.8 nm, exciting with p- (b)
and s- polarized light (c). The polarization plane is here
defined by the laser beam and the SNOM probe axis di-
rections, as usual. With the help of the line profiles (Fig.
7(g)) we first observe that light emission arises in cor-
respondence of the air-gaps; moreover, we note that the
influence (interference) of the planes reflections shows up
in correspondence of the fourth air gap (counting from
the left). We do not observe striking differences between
the two different polarizations, as in the illumination-
mode measurements. Small difference are evidenced in
the zoom shown in Figs. 7(d, e, f) and in the respec-
tive line profiles (Fig. 7(h), squared zones), together to
a more detailed evidence of the collective DBR planes
effects.

Similar measurements, carried out at 442 nm, are re-
ported in Fig. 8, where we display the topographies (a, c)
and the optical maps acquired using p- (b) and s- polar-
ized light (d). A gold-coated SNOM probe (JASCO Inc.)
was used for these measurements. Although noisy and
affected by relevant scan drifts, these two maps evidence
once again the DBR as a bright structure superimposed
to a dark background. Moreover qualitative differences
between the two polarization maps are clearly visible in
the figures. To get more insight, we have exploited the
newly developed PM-SNOM setup in collection-mode.

Fig. 7. Topography (a, d), and collection-mode optical
maps related to (b, e) p-polarization and (c, f) s-polarization
excitation at 632.8 nm. The white arrows indicate the exci-
tation light direction. (G) Line profiles extracted from the 15
× 12 µm2 scans (a, b, c) and (h) from the 5 × 3.5 µm2 scans
(d, e, f).

Fig. 8. Topography (a, c), and collection-mode optical
maps related to (b) p-polarization and (d) s-polarization ex-
citation at 442 nm (8.6 × 8.6 µm2).

Fig. 9 shows the topography (a), the DC (b) and the AC
amplitude (c) optical maps acquired on a 3.0 × 1.8 µm2

area. The DC map represents the average (the integral)
response of the DBR to all the incident polarizations.
In particular it depends on the scattering properties of
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Fig. 9. Topography (a), DC optical (b) and AC amplitude
maps (c) acquired with the PM-SNOM in collection-mode,
exciting at 442 nm. Profiles (d) extracted in correspondence
to the lines in (a), (b), and (c). Scan size 3.0 × 1.8 µm2.

Fig. 10. DC optical (a) and AC phase maps (b, d) acquired
with the PM-SNOM in collection-mode, exciting at 442 nm.
Profiles (c) extracted in correspondence to the lines in (a),
and (b). Scan size: (a), (b) 8.6 × 8.6 µm2, (d) 4.0 × 4.0
µm2.

the DBR. The comparison between the topography and
the DC optical map, supported by the line profiles (Fig.
9(d)), highlight the different behavior of the DBR at 442
nm with respect to what observed at 632.8 nm (Fig. 9).
Here, in fact, the zones of higher scattering correspond to
the semiconductor slabs. The same behavior is observed
in the measurements carried out at fixed polarizations in

Fig. 8. The AC amplitude map (Fig. 9(c)), reproduces
qualitatively the DC optical one, but from the line pro-
files in Fig. 9(d) we can note a 250 nm shift between the
DC and the AC optical patterns. The polarization sensi-
tivity of the sample is put forward by the AC phase map
(Fig. 10(b)), acquired simultaneously to the DC optical
map (Fig. 10(a)). With the help of the line profiles in
Fig. 10(c) we can see how the phase map well reproduces
the DBR features, being slightly shifted with respect to
the DC map (∼150 nm). The phase fluctuations evident
on the right hand side of Fig. 10(b) are due to the very
low light levels detected outside the DBR planes. The
sudden phase changes, corresponding to the dark areas
evident in the zoom of Fig. 10(d), are simply due to 2π
phase wraps. The last picture, in particular permits to
assess a spatial resolution of the order of 150 nm using
the 10 – 90 % criterion.

IV. CONCLUSION

In conclusion, in this report we have used the PM-
SNOM working both in illumination and collection mode
configuration, to carry out first measurements on DBR
structures. The detection of the intensity of the local
optical field gave us direct information on polarization
anisotropy of the structure that is important in the de-
sign and characterization of these devices. The measure-
ments give high resolution optical and topographical in-
formation simultaneously, allowing correlation between
structural and geometrical properties of the DBR with
its optical characteristics. With SNOM characterization
it is possible to test the DBR structures before the actual
realization of the laser.
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