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Abstract

In this paper, the optoelectronic properties of InGaN-based blue (430 nm) superluminescent light-emitting diodes with a
multi-section, three contact designs are reported. The bias conditions of the rear absorber section and gain sections are
explored in terms of enhancing and maximizing spectral bandwidth. We demonstrate that broader emission can be obtained
with a short circuit, rather than an open circuit absorber section, and with two active regions under different current densities
as opposed to a single active contact. Under optimal drive conditions, a -3dB linewidth of 20 nm is obtained at 430 nm.
Analysis of the device emission spectrum indicates that ~3.4 um axial resolution may be obtained in an optical coherence

tomography system.

For non-invasive biomedical imaging applications
including ophthalmology, cardiology, and dermatology,
optical coherence tomography (OCT) with high-resolution,
a wide imaging range, and short acquisition time is
indispensable 2. OCT is dependent on temporal
coherence interferometry, and the axial resolution(lc) of
OCT system is governed by the bandwidth (A)) and central
wavelength (Xo) of the light source. For an ideal broadband
source with a Gaussian spectrum, it can be shown that *
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Broader bandwidth sources improve the axial resolution in
OCT and enable the system to distinguish finer features.
Moderate power (often limited by eye safety) is also
required from these devices to enable deeper imaging
depths due to the scattering nature of biological tissue.

To date, in biomedical applications, central wavelengths
in the near-infrared (NIR) range have been preferred
because of lower scattering in skin tissue and the
availability of light sources; with tuneable lasers and
superluminescent light emitting diodes (SLEDs) the most
common commercial sources for OCT.
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Recently, the increased demand for improved axial
resolution has led to the extension of wavelengths used for
OCT. For example, it has been reported that the ultraviolet
and visible-wavelength bands can be used for in-situ OCT
imaging of the dermal layer °. However, the light sources
disclosed require complex supplementary systems 6, yet
highlight the benefit of reducing the magnitude of the
numerator in Eq. (1) as compared to that for NIR sources.
As such, GaN-based SLEDs are increasingly attractive for
OCT applications owing to their short wavelength and
broad emission spectra. This will result in not only
enhanced axial and lateral resolutions but also an increased
signal-to-noise ratio. Sub-cellular axial resolution is also
possible if broader bandwidth shorter wavelength SLEDs
can be realized .

In this letter, we report on the three-section InGaN-
based SLED devices to increase the spectral bandwidth.
We show that by careful control of the current injection
into forward bias sections, and the choice of a short circuit
(S/C) absorber, as opposed to open circuit (O/C), the
emission bandwidth can be increased from 13 nmto 20 nm.
The broadest emission spectrum we obtained indicates
OCT imaging resolutions of 3.4 um may be obtained,



paving the way for low-cost, robust sub-cellular resolution
OCT systems.

A metalorganic chemical vapor deposition (MOCVD)
system was used to grow blue (430 nm) InGaN/GaN-based
SLED structures on freestanding c-plane GaN substrate
with a dislocation density in the 1 - 5 x 108 cm range. The
epilayer stack consists of 1 um Si-doped n-GaN (ng = 3 X
108 ¢cm®), 1 um cladding layer of Si-doped Al.o7Gao.ssN
(ng = 1 x 10 cm®), an active region of two 4.5 nm
Ino.12Gag gsN/GaN quantum wells (QW), separated by 11.5
nm GaN barrier, 20 nm electron blocking layer of Mg-
doped Alg2GagsN (n, = 1 x 107 cm), 110 nm Mg-doped
GaN, 0.5 um cladding layer of Mg-doped Alo.0sGag.ssN (ng
=1 x 10* cm3) and 50 nm Mg-doped p-GaN.

Devices were fabricated using standard photo-
lithography, and the ridge waveguides were etched below
the active region using a plasma-enhanced chemical vapor
deposition (PECVD) silicon dioxide mask and inductively-
coupled plasma reactive-ion etch (ICP-RIE) process. 300
nm SiO, was deposited as an insulating layer by PECVD,
Ni/Au and Ti/Al/Ti/Au ohmic contacts were deposited on
the p-GaN and n-GaN layers, respectively. Device facets
are as cleaved, with a normal front facet, and an angled rear
facet at ~30° to the normal.

Schematic diagrams of the ~2600 um long three-section
InGaN SLEDs are shown in Fig. 1(a) and (b), where the
ridge width (Wg) is 5 um, and gain sections (La, L) are
870 um. The rear absorber section (Laps) is 850 um. The
two gain sections, L, and Ly, may be biased at different
current densities Ja and Jp, which allows control of the
spectral shape, output power and the amplified
spontaneous emission (ASE).

Cavity suppression through the use of passive absorbers
in SLEDs have been widely studied &°. However, unlike
(001) GaAs and InP-based devices, c-plane (0001) GaN-
based devices exhibit spontaneous and piezoelectric
polarization effects at internal interfaces causing strong
electric fields in QWs, even at zero bias **. Additionally,
for p-i-n structures, a forward bias increases the electric
field in QWs due to field-sharing ***4. The calculated band
diagrams of two InGaN/GaN-based QWSs under zero and
forward bias are plotted in Fig. 2.

Energy levels were calculated using the single-band
Schrodinger equation for the conduction band, and by 6-
band k.p theory for the valence band. Fundamental
transition energies of the InGaN-based QWs are 2.97 (n
side: “QW?1”) and 2.94 eV (p side: “QW”), respectively,
at zero bias. These transition energies blue-shift by ~0.01
eV ata forward bias of 3.4 V due to the reduction in electric
field.

Typical designs of InGaN-based SLEDs are based on
laser diodes with cavity suppression. For example, design
of the ridge waveguide *>*8, oblique or wet etched facet *°
2L and/or absorber sections in the resonator & These
methods increase mirror or waveguide loss for efficient
cavity suppression. However, previous designs have a

limited emission bandwidth (~10 nm). To realize improved
axial resolution through bandwidth enhancement of the

InGaN-based blue SLEDs, an angled back facet (~30°) and

normal front facet are utilised to obtain a simple far-field
pattern. To increase cavity suppression, the rear section is
operated as an absorber. The absorber section can be
operated in O/C, S/C or reverse-biased modes.

Only limited work has been performed on the use of
absorber sections in InGaN-based SLEDs. Kwong et al.
investigated the electrical and optical properties of O/C
absorber sections in GaAs SLEDs, demonstrating that
GaAs-based SLEDs with O/C absorber sections had
increased lasing thresholds. However, at high current
injection, the O/C absorber became optically pumped, and
lasing was observed due to burn through °.

We previously demonstrated that operating the absorber
section of a dual-section SLED in S/C resulted in broader
emission than operating the absorber in O/C 22, This was
attributed to the recycling of backward-propagating light
in the SLED, which is at a different wavelength in the case
of S/C absorbers due to screening effects of photo-carriers
in the QW structures 2. At high current injection, the
absorbed backward propagating light induces a photo-
voltage in the O/C absorber section, blue-shifting the
emission to be close to that of the forward biased p-n
junction 24, This means the spontaneous emission and
recycled light have similar wavelengths which overlap
with the gain spectra and reduce the spectral bandwidth.
However, in case of an S/C absorber, the photo-voltage is
not generated. Consequently, the S/C absorber section and
active region have different electric fields, and absorption
and emission energies. Therefore, the bias condition on the
absorber section plays an important role in realizing broad
spectral bandwidth SLEDs due to the re-emitted light from
the absorber section back into the active region.

Fig. 3 plots the output power as a function of current
density for the three-section SLED with the absorber
section O/C and S/C. Here the two forward bias contacts
(A and B) are operated with the same current density. This
operating condition is similar to the dual-section SLEDs.
For both devices at lower current densities almost identical
powers are measured, whilst at higher current densities,
operation with an O/C absorber shows a higher output
power.

The emission bandwidth as a function of output power
is plotted in Fig. 4 (Spectra shown in supplementary
material S1). With the absorber S/C a consistently higher
spectral bandwidth is observed, in line with our prediction
concerning the overlap of the recycled light with the gain
and SE spectrum. This ~1 nm difference is in good
agreement with the 0.01 eV difference in transition
energies between open circuit and forward bias conditions
shown in Fig 2. The observed reduction in spectral
bandwidth with increasing power is strong evidence of
gain within the system. One may expect a reduction in



spectral linewidth as the absorber is bleached (burn
through) and the device becomes more like a dual pass
device. However, we note that in the limit of zero output
power the linewidths should be identical, yet a constant
difference in bandwidth (and similar modulation of the
spectra due to gain) is observed at the lowest current
density.

In contrast, operating the front two contacts with
different current densities results in different optical
properties. Here sections A and B are independently
pumped, and the emission spectra under various conditions
are shown in supplementary material S3. The powers and
bandwidth are plotted in Fig. 5, where the effect of sharing
drive current between the gain sections, and increasing
current to section A of the contact is explored for O/C and
S/C absorber operation, respectively. An enhancement in
bandwidth is observed by using higher current densities in
section A of the device at the expense of emission power.

The emission spectra of the three-section SLEDs under
bias conditions that give maximum bandwidth (~3 kAcm
and ~1 kAcm current injection on the ‘A’ and ‘B’ sections,
respectively) for O/C and S/C absorber operation are
shown in Fig. 6. Modulation to the top of the
electroluminescence peak is strong evidence for gain
within the device °. At drive current densities of 0.95
kAcm, strong modulation of the peak is also observed
(inset of the supplementary material S3), suggesting that
the device is in gain at both current densities.

It is noteworthy that the three-section SLEDs with S/C
absorber section show broader emission spectra than the
SLEDs with O/C absorber section. This is due to the
reduced overlap of the gain spectra and the recycled light
from S/C absorber section. We note that a ~4 nm
enhancement to spectral bandwidth is observed for the gain
section biases in Fig. 6 in biasing the absorber in S/C as
opposed to O/C. This is attributed to the sequential
convolution of the emission spectrum of the recycled
absorber light with the gain spectra of sections A and B, its
superposition with the ASE generated in section A and
amplified in section B, along with the ASE generated in
section B. Additionally, irrespective of the different
absorber operation, broadening of the emission bandwidth
to shorter wavelengths is observed. This can be attributed
to the combined effect of band filling and the quenching of
photon absorption. The three-section SLEDs with different
current density on the front two gain sections exhibited
enhanced bandwidth properties compared with the SLEDs
operated under the same current density on the front two
gain sections as shown in Fig. 5.

A maximum bandwidth of 20 nm was obtained with a
power of 140 pW in-line with maximum permitted
exposure limits 25. This demonstrates that the optical
properties of the three-section SLEDs can be optimized by
the independent control of each gain section. However, the
output power is limited due to the poor overlap of emission
and gain spectra of the individual elements. This trade-off

3

of power and spectral bandwidth is well known in SLEDs
due to the convolution of gain and spontaneous emission
spectra %,

Under optimal operating conditions, the three-section
SLED (Fig. 6, S/C) was evaluated as an OCT light source.
As the spectrum is not a perfect Gaussian profile, the axial
resolution cannot be determined directly from Eq. (1).
To estimate the axial resolution in an OCT system, the
coherence length impacts upon the self-coherence function,
which is given by the inverse Fourier transform (IFT) of
the power spectral density, and can be regarded as the
point-spread function of the imaging system . The IFT
spectrum obtained from the emission spectrum is shown in
Fig. 7. This function represents the detected signal from a
single reflection plane within a specimen. The axial
resolution can be determined by measuring the full-width-
half-maximum of the IFT spectrum. The estimated axial
resolution is ~3.4 pm. We highlight that there are no
significant side lobes, reducing the prospect of ghost
images.

The opto-electronic properties of multi-section InGaN-
based blue SLEDs have been reported. By comparison to
dual-section SLEDs, three-section SLEDs with different
drive conditions in their two active sections provide higher
spectral bandwidths at the expense of optical power. The
bias condition of the absorber section was highlighted as
an additional route to enhance spectral bandwidth. Under
optimal drive conditions, a 20 nm wide bandwidth with
0.14 mW of power was obtained and the IFT of the
emission spectrum indicates that ~3.4 um axial resolution
may be obtained in an OCT system. The short wavelength
and broad emission bandwidth of the device makes these
components suitable for sub-cellular resolution of OCT
system.

See supplementary material for the optical and electrical
characteristics of the studied three-section InGaN-based
SLEDs.
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FIG. 1. Schematic diagrams of InGaN-based three-section
SLEDs (a) and device structure (b).
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FIG. 2. Schematic band diagrams of InGaN/GaN-based
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FIG. 3. Output power as a function of current density (L-
J) for the three-section SLEDs with the same current
density applied to the front two sections with the absorber
operated O/C and S/C.
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