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Abstract—Optical coherence tomography (OCT) exploits the
coherent properties of light to permit noninvasive and in situ
imaging of biological tissues. By expanding the range of OCT light
sources from the traditional telecoms wavelengths to include ∼400
nm gallium nitride (GaN) based superluminescent light emitting
diodes (SLEDs) subcellular axial and lateral resolution could be
achieved, provided enhanced bandwidth is also achieved. Due to
the focus on high-power applications for GaN SLEDs, there has
been limited work on increasing the source bandwidth. In this
paper, we demonstrate for the first time a ∼400 nm GaN SLED
with >10 nm bandwidth employed within an OCT system, where
an axial resolution of ∼7 µm is achieved. Bespoke GaN SLEDs
suggest that <4 µm axial resolution imaging is imminent for short
wavelength devices.
Index Terms—Axial resolution, broad bandwidth, gallium
nitride superluminescent light emitting diodes, optical coherence
tomography.

I. INTRODUCTION
ALLIUM nitride (GaN) has been the recent subject of
extensive research with the first viable GaN light emitting
diodes (LEDs) and lasers reported by Nakamura et al. in 1991
and 1996, respectively [1], [2]. Marked improvements in the
crystal quality and III-nitride growth and fabrication [3] have
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provided higher powers and longer lifetime operation [4]–[6];
enabling the use of GaN devices in solid state lighting [7] and
high-density optical media [8].
Superluminescent light emitting diodes (SLEDs) are waveguided devices where feedback is suppressed [9] to allow high
amplified spontaneous emission powers. SLEDs are typically
several times longer than their laser counterparts, with output
powers often limited by the onset of lasing. They offer a low
divergence point source with potential for broad spectral bandwidth and high powers. The first GaN SLED was described by
Feltin et al. where 4.6 nm bandwidth and an output power of 10
mW were achieved under pulsed operation [10].
Realization of practical GaN SLEDs has diversified the application range for short wavelength (∼ 400 nm) optical devices
to include pico-projectors [11]. However, because these sources
require high output power and only moderate bandwidth, GaN
SLED development has thus far focused on enhancing device
tolerance to high current density; through improved thermal
management [12], and feedback suppression [9]. A number of
reported GaN SLEDs have high reflectivity coatings applied
to their rear facets [13] effectively doubling cavity length for
higher efficiency and reduced chip cost. Recently, output powers of > 200 mW under continuous wave have been achieved
[14], [15]. However, to date there has been limited effort towards
broad bandwidth GaN devices.
Optical coherence tomography (OCT) utilizes coherent light
sources for non-invasive and in situ imaging of biological tissues, in particular the eye and skin. Since Huang et al. first
reported OCT in 1991 [16], imaging speed and axial resolution
have increased, with the latter limited by central wavelength
and bandwidth of the light source [17]. Optical coherence microscopy (OCM) combines OCT and confocal microscopy [18],
replacing the low numerical aperture (NA) focusing lens used
in OCT with a high NA objective lens in order to image at a
fixed, and greater, depth within the sample, improving the depth
of field contrast limitations of OCT systems [19].
Demand for increased axial resolution has led to attempts to
extend the traditional wavelengths used for OCT and OCM beyond 800 and 1300 nm; with super-continuum lasers [20] and
non-linear fiber-based light sources [21] giving access to shorter
wavelengths. It has recently been demonstrated that in vivo OCT
imaging at ∼ 400 nm is not only possible on human skin, but that

ultraviolet light is able propagate to the dermal layer [22], providing clinicians with additional diagnostic images. However,
complex systems are required to make use of these light sources
[23]. Sub-cellular axial resolution can be achieved if broader
bandwidth short wavelength SLEDs can be realized [24], in
addition to an enhanced lateral resolution; highlighting a clear
opportunity for broad bandwidth SLEDs emitting at ∼ 400 nm
within both OCT and OCM systems.
Although various configurations of SLED design and cavity suppression have been proposed [9], limited work has been
conducted on the practical use of absorbing section(s) in GaN
SLEDs [25]. An absorbing section is electrically isolated from
the light emitting section of a waveguide but is optically connected, with the absorbing section(s) ideally operated in loss.
Optical loss within the absorber section(s) is significant, suppressing the onset of lasing. The absorber can be operated in
open circuit (O/C), short circuit (S/C), or reverse biased mode.
Kwong et al., demonstrated that by using an O/C absorber in
GaAs SLEDs the lasing threshold, Jth , could be increased, suppressing lasing at lower currents [26]. However, at higher currents the O/C absorber became optically pumped by the light
emission section in a process termed “burning through” and
lasing was observed. By grounding the absorber, it was shown
that Jth was further increased; attributed to the path to ground
preventing carriers from accumulating in the absorbing section.
This is discussed in detail in Section IV.
Laterally patterned substrates have realized bandwidths of
6.1 nm under high current densities [27]. By varying quantum
well (QW) indium composition between the rear and front facet,
the range of emission wavelengths is increased along the device,
and light reabsorption is reduced, giving rise to an increased
spectral bandwidth [28].
In this paper we explore the role of the full-width halfmaximum (FWHM) or − 3 dB bandwidth, central wavelength
and numerical aperture (NA) on the axial and lateral resolution of OCT systems, highlighting the opportunities for subcellular resolution imaging using broadband GaN based light
sources. We show that a commercial GaN laser can be modified
to produce a SLED, and commission a ∼ 400 nm time-domain
OCT system. Different methods to determine OCT system axial
resolution are compared and metrology measurements are performed on a transparent sample. Finally, we discuss the effect of
piezoelectric and spontaneous polarization in GaN devices and
show experimentally, on bespoke GaN SLEDs, that absorber
bias conditions play a critical role in the bandwidth of GaN
SLEDs. Such devices are shown to lend themselves to ∼ 4 μm
axial resolution OCT imaging.
II. THEORETICAL RESOLUTION OF OCT SYSTEMS
The axial resolution of a time-domain OCT system is determined by the coherence length of the optical source [17]–[23].
Whilst for a real source the deduction of the theoretical resolution is often obtained through the calculation of the point spread
function (PSF) [29], [30], for an ideal broadband source with a
Gaussian spectrum, it can be shown that
lc =

2ln(2) λ20
.
π
Δλ

(1)

Fig. 1. OCT systems (a) axial resolution as a function of spectral bandwidth
and central wavelength and (b) lateral resolution as a function of numerical
aperture and central wavelength, calculated from (1) and (2), respectively.

where lc is axial resolution, or coherence length, λ0 is the central
wavelength and Δλ is the FWHM. The lateral resolution, which
is the minimum diameter of a focused beam, has been taken as
r=

λ
λ
=
2 n sinθ
2N A

(2)

where r is lateral resolution, n is the refractive index of the
media, and θ is the half angle of the light beam that enters
the objective. As introduced previously, short wavelength light
sources are the most attractive for OCT applications and other
optical imaging systems as they offer the potential for improved
axial and lateral resolution.
Fig. 1 plots the predicted (a) axial resolution as a function of
central wavelength for Gaussian −3 dB bandwidths from 5 nm
to 200 nm using (1). A clear enhancement in resolution by increasing the −3 dB bandwidth of the source and by reducing
the central wavelength is observed. Fig. 1(b) plots the lateral
resolution as a function of central wavelength for numerical
apertures from 0.1 to 1.0 using (2). Typical OCT systems have
NAs ranging from ∼ 0.2–0.3 [29], [30]; we can therefore expect
in the shift from 1300 nm to 400 nm, an improvement in lateral
resolution from ∼ 5 μm to ∼ 1 μm. However, we do not discuss

NA and lateral resolution any further in this paper. For obtaining high spectral bandwidth sources, the distribution of carriers
within the density of states is critical. If we consider kB T to be
proportional to spectral bandwidth, where kB is the Boltzmann
coefficient and T is temperature, we find that axial resolution is
independent of central wavelength; as in this case Δλ is equivalent to λ20 (kB /hc) where h is Planck’s constant and c is the speed
of light. Hence, lateral resolution enhancement is expected for
short wavelength OCT systems even if axial resolution is not
enhanced beyond that of near infrared systems (800, 1050 and
1300 nm) [23].
However, GaN based devices offer a range of differences
as compared to GaAs and InP based broad spectral bandwidth
devices. GaN materials are robust, with high thermal conductivity and high melting temperatures making them suitable for
high current density devices such as SLEDs and semiconductor
optical amplifiers. Indium gallium nitride (InGaN) QWs suffer
from thickness variations [33], [34] and indium dislocation or
clustering [35], [36] causing dot-like behavior [37], resulting in
a density of states that lends itself to broad bandwidth applications. Additionally, strong polarization effects (both spontaneous and piezoelectric) result in large inbuilt fields that result
in a forward bias significantly modifying the emission wavelength of the device. This, in turn, leads to long carrier lifetimes
advantageous for state-filling, which can be exploited by broad
bandwidth sources.
Fig. 1 indicates that OCT axial and lateral resolutions can be
improved with shorter wavelength light sources. At ∼ 400 nm,
sub-cellular axial resolution could be achieved with bandwidths
of ∼ 10 s of nm and modest NAs.
III. 400 NM OCT SYSTEM
A ∼ 400 nm commercial laser diode was modified to operate
as a SLED. Utilizing a focused ion beam (FIB) system, a shallow
mill (40 nm deep) segmented the ridge contact; removing the top
p-contact metal whilst minimizing damage to the waveguide.
Areas to either side of the ridge were deep milled (100 nm),
ensuring isolation between the two sections.
Fig. 2(a) shows a scanning electron microscope (SEM) image
of the commercial GaN device (Nichia NDV4316) that has been
modified to include an O/C absorber, hereafter referred to as the
FIB-modified commercial device. The total length of the ridge is
∼ 800 μm and the length of the O/C absorber is ∼ 250 μm. Optical output power as a function of current density (LJ) is shown
in Fig. 2(b). Jth prior to modification (Original Jth ) and after
modification (New Jth ) are indicated. Jth shows a significant
increase from ∼ 3000 to ∼ 8100 A/ cm2 , with SLED operation
(super-linear current-power characteristics) for the current density range between ∼ 4500 and ∼ 8000 A/ cm2 .
Fig. 3 plots normalized emission spectra as a function
of wavelength for the commercial laser diode (a) before
modification and (b) after modification. As can be seen in Fig.
3(a), before the O/C absorber was added, for the laser diode spectra narrowing is observed as current densities increase below lasing threshold (∼ 3000 A/ cm2 ). After modification, the spectrum
remains smooth and continuous with a reasonable bandwidth,

Fig. 2. (a) SEM image of FIB-modified commercial device and (b) modified
device LJ characteristics.

which is maintained at current densities much greater than the
original Jth .
Fig. 4 plots the − 3 dB bandwidth as a function of current
density on the primary axis and the predicted axial resolution
from (1) on the secondary axis, for the FIB-modified commercial
device. At ∼ 3000 A/ cm2 , the original Jth , the SLED exhibits a
bandwidth >6 nm, a two-fold increase compared to the unmodified device operating at ∼ 2500 A/ cm2 . Equating to ∼ 8 μm
axial resolution, in line with expectations from Fig. 1(a); this
decreases as current density increases until the onset of burn
through, and lasing is observed. At lower current densities, a
calculated axial resolution of ∼ 5 μm is achieved.
Fig. 5 shows the PSFs obtained from the emission spectra
shown in Fig. 3(b) for increasing current densities. By inverse
Fourier Transforming the emission spectrum, it models an interferometer at zero path length difference, in the case where
all the emitted light propagates through the system. By measuring the half-width-half-maximum (HWHM) the theoretical
axial resolution can be determined for each current density. As
discussed previously, the PSF is used to determine the axial resolution of a light source and is considered more accurate than
(1), particularly for highly non-Gaussian emission spectra.
Fig. 6 plots theoretical axial resolution against current density calculated from Fig. 3(b) using (1) and the FWHMs measured from Fig. 5. The difference in calculated resolutions is
< 0.5 μm. Calculated axial resolution can be confirmed experimentally with an interferometer wherein axial resolution is equal
to the FWHM of the generated interference pattern.

Fig. 4. Spectral bandwidth and calculated axial resolution from (1) for the
FIB-modified commercial device as a function of current density.

Fig. 3. Emission spectra of the commercial device with increasing current
densities (a) before and (b) after FIB modification.

Fig. 7 shows a schematic of the time-domain OCT system
used to generate interference patterns from the commercial GaN
device. The divergent light emitted from the device under test
(DUT) is collimated by Lens 1 before passing through the 50:50
beam-splitter, where half of the light propagates to the stationary
reference mirror while the other half propagates to the scanning
mirror. Light reflected from the stationary mirror and the
scanning mirror passes through the beam-splitter a second time
before it is focused by Lens 2 on to Photodetector 1. By moving
the scanning mirror so the path length difference between the
2 beams is ∼ 0, interference can be observed corresponding to
the displacement between the two mirrors. The helium neon
(HeNe) laser is aligned with the OCT system allowing displacement of the scanning mirror to be monitored. Replacing the
mirror with a multiple layer sample allows layer thickness to be
measured [17].
Fig. 8 plots normalized interferograms measured from the
FIB-modified commercial device for a range of current densities. The interferograms have been translated vertically, for
clarity. With increasing current densities, the − 3 dB bandwidth
of the interferograms increases, increasing the magnitude of
axial resolution as predicted in Fig. 4. For ∼ 1800 A/ cm2 , the

Fig. 5. PSF obtained from the emission spectra of the FIB-modified commercial device for increasing current densities (extracted from Fig. 3(b)).

Fig. 6. Comparison of calculated axial resolution from (1) and deducted from
the PSF derived from the emission spectrum.

Fig. 7.

Schematic of the time-domain OCT system.

Fig. 9. Interferogram of microscope slide showing thickness measurement
with FIB-modified commercial device. Magnified image of the left peak of the
interferogram (inset).

Fig. 8. Interferograms as a function of drive current from FIB-modified commercial device.

predicted axial resolution was ∼ 5.6 μm, the interference pattern gives axial resolutions of ∼ 7.18 μm. At ∼ 6300 A/ cm2 ,
the predicted axial resolution is ∼ 10.83 μm and measured axial
resolution is ∼ 9.12 μm. We attribute this variation to a combination of system alignment, noise and non-Gaussian nature of
the source. At ∼ 3600 A/ cm2 the error between predicted and
measured axial resolution is ∼ 0.6 μm. As such, we note that axial resolution can be closely estimated by the simple Gaussian
spectrum approximation (1).
We now demonstrate the operation of the OCT system using
the FIB-modified commercial device to measure the thickness
of a glass microscope slide.
Fig. 9 plots the normalized interferograms measured from the
FIB-modified commercial device when the stationary mirror
shown in Fig. 7 was replaced by a microscope slide with a
known, nominal thickness of 1100 μm.
The left interference pattern is produced by light reflecting
from the side of the microscope slide nearest the DUT, with
light reflecting from the side of the microscope slide furthest
from the DUT. The difference between the maxima of interference is 1719 μm; which, considering the refractive index of
the slide, ∼ 1.518, gives a measured thickness of ∼ 1132 μm.
This demonstrates the interferometer is capable of performing
an A-scan [16], albeit in this case with an axial resolution of
∼ 7.5 μm (as shown in the inset of Fig. 9), however it shows

proof of concept of the practicality of using GaN devices for
OCT applications. The next step to performing OCT measurements is to use lenses in the system and raster scan the beam.
The low output power of the SLED makes OCT imaging
of biological tissue challenging, as the magnitude of the generated interference pattern is indistinguishable from photodetector
noise, exacerbated by signal degradation through absorption and
scattering [17]–[23]. Output power can be increased by increasing SLED length, as determined from
 
 
J
(3)
Gs = e Γ g0 ηi − α l
d
where Gs is the single pass gain, Γ is the confinement factor, g0
is the gain coefficient, ηi is the internal quantum efficiency, d is
the active layer thickness in cm, α is the internal loss and l is the
active layer length, in cm [38]. Fabrication and characterization
of longer SLEDs is discussed in Section IV.
IV. BROADBAND GAN SLED
The SLED in the previous section was fabricated by modifying a commercially available GaN laser. Although the addition of the O/C absorber successfully converted the laser into a
SLED, the device is far from optimum in terms of output power.
Low output power of the light source reduces the detectability
of the interferometric signal. Hence, increased output power is
required. As demonstrated in (3), output power can be increased
by increasing SLED length. In this section we discuss the application of absorbing sections on custom fabricated GaN SLEDs
with longer and wider ridge waveguides.
The use of a passive absorber for suppressing lasing in a
SLED is well known [9], [25], [26]. However, conventional

Fig. 11.

Fig. 10. Schematic of GaN optical device (a) conduction bands (CBs) under
forward and zero bias (b) schematic of SLED made up of absorber and active
elements with forward and backward propagating light and recycled (from
the absorber) originally backward propagating light. Schematic spontaneous
emission, gain spectra of the active and absorber are shown for O/C and S/C
operating conditions of the absorber, where λ is wavelength.

(0001) GaN based devices differ from conventional (001) GaAs
and InP based devices in that strong polarization (piezoelectric
and spontaneous) effects induce strong electric fields within
the QWs at zero applied bias [39]. For p-i-n structures, due to
field-sharing [40], [41], this leads to a forward bias increasing
the electric field within the QW [42]; shown schematically in
Fig. 10(a).
Fig. 10(b) shows a schematic representation of a SLED device utilizing a forward biased active element and an absorber
section that may be O/C or S/C. Forward and backward propagating light within the active element is amplified and is either injected into the absorber section or emitted from the device facet. Light injected into the absorber section will be absorbed, and after some time, t, be re-emitted as spontaneous
emission (SE). A portion of this “recycled” light will propagate
along the waveguide, where it experiences gain, towards the
front facet. Screening effects due to photo-carriers (and their
photo-voltage) are known to play a critical role in determining
the emission properties of piezoelectric QW structures [43]. In
the case of an O/C absorber, at high J, the absorbed backward

Schematic of the fabricated multi-section GaN device.

propagating light from the SLED will induce a photo-voltage
within the absorber. In GaAs based piezoelectric structures this
can come close to the built-in potential of the p-n junction at
modest excitation powers [44]. In the case of the O/C absorber at
low J, and an S/C absorber, zero voltage is maintained between
the contacts and no photo-voltage is generated. As a result the
active element and absorber QWs will have significantly different electric fields, and hence absorption and emission energies.
A consequence, for the case of the O/C absorber at high J, is
almost equal electric fields are expected for the absorber and
active elements. Therefore, the bias condition of the absorber
is critical in suppressing lasing and preventing burn through.
Previous work has shown that a device with an S/C absorber
allows higher output powers to be achieved [26]. However, due
to the reemission of spontaneous emission back into the active
element, the bias condition may also play a key role in enabling
broad spectral bandwidth to be realized. Fig. 10(b) illustrates
this point, as for an O/C absorber at low J, and an S/C absorber,
the SE from the active element and recycled light will be at
different wavelengths that overlap with the gain spectra. However, for an O/C absorber at high J, the induced photo-voltage
reduces this difference in wavelength and hence reduces the
spectral bandwidth. Hakki-Paoli [45] investigations of the commercial device and similar devices indicate similar linewidths
and peak positions of the SE and gain spectra.
Fig. 11 shows the schematic of the ∼ 2600 μm long multisection GaN SLED, where WR is the ridge width (10 μm), L1
is the front pumped section length (∼ 1750 μm) and L2 is the
rear absorber (ABS) section length (∼ 850 μm).
Devices were fabricated from an epitaxial wafer with 2 InGaN QWs grown by metalorganic vapor phase epitaxy on a
2 inch GaN substrate by Novagan [10], [12]; the SLED features a straight waveguide perpendicular to both facets and no
anti-reflection or high reflection coatings. Lasing is therefore
suppressed only by the absorber section, which can be operated
either O/C or S/C.
The devices were fabricated using standard contact photolithography and the ridge waveguides were etched below

Fig. 13. Emission spectra with the absorber (a) O/C and (b) S/C for the
fabricated GaN device.

Fig. 12. LJ characteristics for the O/C and S/C absorber for the fabricated
GaN device.

the QW region using a plasma-enhanced chemical vapor
deposition (PECVD) silicon dioxide mask and an inductively
coupled plasma reactive-ion etch process, using SiCl4 /Cl2 /Ar
gases. The isolation etches between the sections were similarly
etched, but to a depth above the active region. A 300 nm PECVD
silicon dioxide layer was deposited as an insulating layer, and
an ohmic Ni/Au top contact and Ti/Au bondpad were deposited
by thermal evaporation. A thermally evaporated Ti/Al/Ti/Au
contact was deposited for the n-contact.
Fig. 12 plots the LJ curve for the SLED when the absorber is
operated in O/C (black) and S/C (blue) under pulsed conditions.
With the O/C absorber, output power > 25 mW is observed,
but as with the device in Section II, burn through is observed
at Jth ≥ 7000 A/cm2 . For the S/C absorber, an output power
∼ 70 mW was achieved with no evidence of burn through, up to
current densities of > 15000 A/cm2 .
Fig. 13 plots the normalized SLED emission spectra from
420–440 nm under pulsed operation for a range of injected
current densities with the absorber (a) O/C where A, B, C,
D, E are ∼1500, ∼3000, ∼4500, ∼6000, and ∼ 7500 A/cm2 ;
respectively and (b) S/C, where A’, B’, C’, D’, E’ are ∼1500,
∼3000, ∼4500, ∼6000, and ∼ 15000 A/cm2 , respectively. A

Fig. 14. Central wavelength as a function of current density for O/C and S/C
absorber for the fabricated GaN device.

lasing peak is clearly observed in Fig. 13(a), but is not observed
for any investigated biases in Fig. 13(b). Operating the SLED
with an S/C absorber yields a wider emission spectrum than an
O/C absorber, with the bandwidth at ∼ 30 nm for low current
densities, decreasing to 10 nm for current densities between
∼ 6000–15000 A/cm2 .
Fig. 14 plots the peak emission wavelength against current
density and Fig. 15 plots the −3 dB bandwidth against current
density with the absorber O/C and S/C. These dependencies
have been extracted from the spectra shown in Fig. 13(a) and
(b), with circles highlighting which point corresponds to which
emission spectrum. With an O/C absorber there is a shift in
the central emission wavelength from 432 to 423 nm as current
density increases. With the absorber S/C peak wavelength shifts
from 433 to 428 nm over the same current range.
Fig. 16 plots the HWHM of the PSF of the emission spectra
of fabricated GaN device as a function of current density with
the absorber O/C and S/C. This value provides an estimate of
the axial resolution obtainable in an OCT system. However, we

modulation [46]. At low current densities, the axial resolution
is almost identical whether the absorber is O/C or S/C (i.e., in
the limit of zero photo-voltage applied to the absorber), with an
HWHM of ∼ 2.74 μm. As the current density increases, the axial
resolution decreases at a faster rate for the O/C absorber, even for
a 9 nm blue-shift in central emission wavelength counteracting
the reduction in bandwidth for the O/C emission spectrum. For
the S/C absorber, after the initial reduction, an HWHM ∼ 5.5 μm
for all current densities investigated suggesting it would be a
suitable device for an OCT system.
V. CONCLUSION

Fig. 15. − 3 dB bandwidth as a function of current density for O/C and S/C
absorber for the fabricated GaN device.

In summary, the role of the −3 dB bandwidth, central
wavelength and NA on the axial and lateral resolutions of OCT
systems has been explored. Opportunities for sub-cellular resolution imaging using broadband GaN based light sources have
been discussed. We have shown that a commercial GaN laser can
be modified to produce a SLED, and employed in a ∼ 400 nm
time-domain OCT system. Different methods to determine OCT
system axial resolution have been compared and metrology
measurements performed on a transparent sample. Finally, the
effect of piezoelectric and spontaneous polarization in GaN devices has been discussed and shown experimentally, on bespoke
GaN SLEDs, and the absorber bias condition has been shown
to play a critical role in GaN SLED bandwidths. Such devices
lend themselves to ∼ 3–4 μm axial resolution OCT imaging.
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