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ABSTRACT

The advent of optical coherence tomography (OCT) has permitted high-resolution, non-invasive, in vivo imaging of the
eye, skin and other biological tissue. The axial resolution is limited by source bandwidth and central wavelength. With
the growing demand for short wavelength imaging, super-continuum sources and non-linear fibre-based light sources
have been demonstrated in tissue imaging applications exploiting the near-UV and visible spectrum. Whilst the potential
has been identified of using gallium nitride devices due to relative maturity of laser technology, there have been limited
reports on using such low cost, robust devices in imaging systems.

A GaN super-luminescent light emitting diode (SLED) was first reported in 2009, using tilted facets to suppress lasing,
with the focus since on high power, low speckle and relatively low bandwidth applications. In this paper we discuss a
method of producing a GaN based broadband source, including a passive absorber to suppress lasing. The merits of this
passive absorber are then discussed with regards to broad-bandwidth applications, rather than power applications. For the
first time in GaN devices, the performance of the light sources developed are assessed though the point spread function
(PSF) (which describes an imaging systems response to a point source), calculated from the emission spectra. We show a
sub-7pm resolution is possible without the use of special epitaxial techniques, ultimately outlining the suitability of these
short wavelength, broadband, GaN devices for use in OCT applications.
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1. INTRODUCTION

Group II-nitride semiconductors have experienced increased interest since Nakamura et al., first reported a viable
gallium nitride (GaN) light emitting diode (LED) in 1991 [1] and laser diode in 1995 [2]. This has led to rapid
advancements in GaN growth and fabrication [3], improving crystal quality, permitting higher powers and yielding
longer device lifetimes [4]-[6]. As such, short wavelength (~400 nm) LEDs and lasers are now commonplace in solid
state lighting [7] and high-density optical storage systems [8]. The disclosure of a GaN superluminescent light emitting
diode (SLED) in 2009 by Feltin ef al., with 10 mW output power and 4.6 nm bandwidth [9] expanded the list of possible
applications to include pico-projectors [10] and fibre optic gyroscopes (FOGs) [11]. SLEDs are optical devices that take
advantage of amplified spontaneous emission, where light is generated through spontaneous emission and experiences
gain due to stimulated emission as it propagates along the waveguide; resulting in a broader bandwidth than observed in
lasers and higher output powers than in LEDs. The emitted light is also directional, can be coupled to fibres and is
coherent.

As pico-projectors and FOGs require light sources with high output powers and only modest (>1 nm) bandwidths, to date
the development of GaN SLEDs has aimed at increasing device tolerances to high current densities, through improved
thermal management and heat dissipation [12], or methods of feedback suppression to increase the lasing threshold [13].
In the quest for ever-increasing output powers, high reflectivity (HR) coatings have been applied to the rear facets of
several reported SLEDs [14]. The HR coating is designed to reflect almost all backward propagating light, which then
undergoes another pass through the waveguide before ideally being coupled out of the device. This increases real-estate,
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as it effectively doubles the cavity length, therefore increasing gain and output power; with >200 mW being achieved in
continuous wave operation [15], [16]. Thus far, there has been limited drive to develop broad bandwidth (>5 nm at high
current densities) devices.

Recent interest in expanding the optical coherence tomography (OCT) wavelengths beyond the traditional 800 nm and
1300 nm has produced a desire to produce broad bandwidth, short wavelength devices. OCT makes use of the coherent
properties of light to conduct high-resolution, non-invasive, in vivo imaging of biological tissue, most notably of the eye
and skin. Since OCT was first reported in 1991 by Huang et al., [17] axial resolution and imaging speed have both been
increased, with the former limited by the device central wavelength and bandwidth [18]. In lieu of broad bandwidth GaN
SLEDs and in an attempt to access shorter wavelengths, super-continuum lasers [19] and non-linear fibre-based light
sources [20] have been demonstrated. This showed in vivo imaging of the human skin using OCT is possible at ~400 nm
and ultraviolet light is able to propagate to the dermal layer [21]. However, these are complex systems, and it has already
been identified that if broader bandwidths can be reached for GaN SLEDs, sub-cellular resolution is possible [22], with
an enhancement in lateral resolution also likely. Although methods of cavity suppression have been proposed [13], [23],
only limited research has been conducted on the use and role of absorbers in GaN SLEDs.

Figure 1 plots the calculated axial resolution of an OCT imaging system as a function of central wavelength and -3dB
bandwidth of the source. Typical commercial OCT systems and their stated resolutions are indicated along with the state
of the art GaN SLEDs and their predicted resolutions.
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Figure 1. Axial resolution for OCT systems as a function of spectral-bandwidth and central wavelength

This graph shows that the axial resolution of an OCT system can be improved by using a short wavelength light source
with a broad emission spectrum. Blue/violet optical emitters such as LEDs and lasers emit at ~400 nm. As SLEDs offer a
higher optical power than LEDs and a broader optical bandwidth compared to lasers, blue/violet SLEDs could become
optical sources of choice for OCT systems. In this paper we report blue SLEDs fabricated by segmenting the top contact
of a GaN edge-emitting laser. Section 2 briefly introduces the laser diode fabrication steps and discusses its
characteristics. Section 3 describes the process of segmenting the device top contact and its measurement results.
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2. LASER DEVICE FABRICATION AND CHARACTERISTICS

A 2250 pm long, GaN optical device was fabricated from a 2 InGaN quantum well (QW) laser epi-wafer, which had
been grown by metalorganic vapour phase epitaxy (MOVPE) on a 2 inch GaN substrate by Novagan [9], [12]. Shown
schematically in Figure 2, it does not feature tilted facets, but instead these were fabricated perpendicular to the
waveguide. Wy is the ridge width (10 um), L is the length of the ridge (1125 pum).

500nm AlGaN:Mg Cladding

1000nm AlGaN:Si Cladding

350pum GaN Substrate

Figure 2. Schematic of GaN device

Figure 3a) plots the normalised emission spectra obtained operating the device pulsed (10 ps pulses with 2.5% duty
cycle) in arbitrary units against wavelength for the device depicted in Figure 2 for 5 current densities. 1 is 2222 A/cm?, 2
is 3333 A/em?, 3 is 4444 Alem?, 4 is 5555 A/em® and 5 is 6666 A/cm?. At ~6000 A/cm’ lasing is observed, which
quickly dominates the spontaneous emission spectrum. Figure 3b) plots the output power against current density for the
power-current (LI) curve, featuring markers that denote where the emission spectra correspond to. At 7777 A/em” (not
shown in 3a)), the device is lasing with a -3dB bandwidth <1 nm, making it unsuitable for OCT applications.
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Figure 3. GaN device a) emission spectra, b) LI curve
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3. DEVICE MODIFICATION AND RESULTS

A focused ion beam (FIB) was used to mill the top contact in to two halves, as shown schematically and in the scanning
electron microscope image, in Figure 4. This electrically isolated the front section from the rear whilst leaving them
optically connected. L; is the front, pumped section (1125 um) and L, the rear, passive absorber section (1125 pm). Wx

remains unchanged at 10 pm.

Figure 4. Schematic of GaN device after FIB milling of the top contact

Figure 5a) plots the normalised emission spectra also obtained operating the device pulsed (10 ps pulses with 2.5% duty
cycle) in arbitrary units against wavelength for the device pictured in Figure 4 after the FIB milling of the top contact for
4 current densities. 1’ is 2222 A/cmz, 2’ is 4444 A/cmz, 3’ is 6666 A/cm? and 4’ is 8888 A/cm’. The lasing threshold has
been moved to >8888 A/cm’, as evidenced by the smooth and continuous emission spectrum. Figure 5b) plots the output
power against current density for the LI curve, with markers that denote where the emission spectra correspond to. The
maximum measured output power is lower than before the device was modified, at ~12 mW, but that is attributed to the
shorter length of the pumped section. The -3dB bandwidth of the GaN SLED at 12 mW, or 8888 A/cm? is ~10 nm

which would offer <10 um axial resolution as shown in Figure 1.
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Figure 5. GaN device after FIB milling of the top contact a) emission spectra, b) LI curve
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Figure 6 plots the point spread functions (PSFs), calculated from the currents 1°-4’ described in Figure 5a). By
performing an inverse Fourier transform on the emission spectrum [24], the waveforms in Figure 6 can be produced from
those in Figure 5a). This offers a more accurate estimate of the axial resolution than the formula for coherence length
used to generate Figure 1, because that formula assumes the emission spectrum forms an ideal Gaussian. It is also worth
noting these functions do not exhibit side lobes and therefore demonstrate that the SLED would be suitable for OCT
systems. Had there been side lobes, they would indicate a high likelihood that ghost images would appear on the output.
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Figure 6. Predicted resolution obtained from the PSF of the emission spectra

Figure 7 plots the -3dB bandwidth against current density for the emission spectra 1’-4’ in Figure 5a) on the primary
axis. The secondary axis plots the predicted axial resolution calculated from the -3dB bandwidths from the PSFs in
Figure 6 against current density.
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Figure 7. GaN SLED optical bandwidth and resulting estimated axial resolution of the OCT system after FIB milling
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As the injection current increases, the bandwidth decreases and the axial resolution increases to ~7 pm. This effect is
accompanied by the high optical power of the SLED. The axial resolution can be improved by reducing the injection
current, which in turn would reduce the output power. However, this is not always the best scenario as it demands the
OCT system utilising the SLED be equipped with highly sensitive detectors or suffer from a poor signal to noise ratio.

SUMMARY

A technique to broaden the bandwidth of semiconductor devices has been applied to a GaN light sources in this paper,
with a view to producing broadband light sources applicable to medical imaging. We, for the first time in GaN devices,
calculate the PSF from the measured emission spectra and assess device performance, demonstrating a <7 um resolution
that is competitive with current, longer wavelength, commercial OCT systems.
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