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Quantum Dot Superluminescent Diodes for Optical
Coherence Tomography: Device Engineering

Purnima D. L. Greenwood, David T. D. Childs, Kenneth Kennedy, Kristian M. Groom, Maxime Hugues,
Mark Hopkinson, Richard A. Hogg, Nikola Krstaji¢, Louise E. Smith, Stephen J. Matcher,
Marco Bonesi, Sheila MacNeil, and Rod Smallwood

Abstract—We present a 18 mW fiber-coupled single-mode super-
luminescent diode with 85 nm bandwidth for application in optical
coherence tomography (OCT). First, we describe the effect of quan-
tum dot (QD) growth temperature on optical spectrum and gain,
highlighting the need for the optimization of epitaxy for broadband
applications. Then, by incorporating this improved material into
a multicontact device, we show how bandwidth and power can be
controlled. We then go on to show how the spectral shape influences
the autocorrelation function, which exhibits a coherence length of
<11 pm, and relative noise is found to be 10 dB lower than that
of a thermal source. Finally, we apply the optimum device to OCT
of in vivo skin and show the improvement that can be made with
higher power, wider bandwidth, and lower noise, respectively.

Index Terms—Optical coherence tomography (OCT), quantum
dot (QD), skin imaging, superluminescent diodes (SLEDs).

I. INTRODUCTION

PTICAL coherence tomography (OCT) utilizes low co-
O herence interferometry to image the near surface of bi-
ological specimens. The simplest embodiment of this imaging
technique, time-domain OCT (TD OCT) utilizes broadband ra-
diation injected into an interferometer, where the two arms are
composed of a translating reference mirror and a biological
specimen. The interference signal arises from the light reflected
from the specimen at a depth determined by the path length in
the reference arm. By changing this path length in time, dif-
ferent depths of tissue can be interrogated, which, combined
with rastering the beam, allows a full 3-D image to be created.
For OCT systems, a broadband light source is required, since
axial resolution is governed by the coherence length. In the
laboratory, ultrafast mode-locked laser systems can be used to
create broadband light [1], [2], while for lower cost and robust
clinical applications a superluminescent diode (SLED) is used.
Fourier domain variants of OCT are of increasing interest due to
a significant increase in SNR [3], [4], and offer the prospect of
high-resolution video rate imaging [5]. Spectral/Fourier-domain
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OCT systems [6] also utilize broadband sources with identical
requirements as TD OCT, i.e., high spectral bandwidth, high
single-mode fiber-coupled power, low noise, low cost, and ease
of use. Key wavelengths for OCT sources are typically 1050 nm
for ophthalmology (minimum of optical dispersion in water) [7]
and ~1200-1300 nm for imaging skin tissue (minimum in scat-
tering and absorption) [8].

Recently, self-assembled quantum dots (QDs) have attracted
interest as the active element in SLEDs [9], [10]. QDs offer the
advantage of inhomogeneously broadened states, which may be
readily saturated to employ both ground and excited states in the
emission spectrum [9], [10]. QD SLEDs are typically operated at
a current where the emission from two of the QD states balances,
for example, where the power from the ground state and first
excited state is balanced by providing a maximum in emission
linewidth and corresponding minimum in coherence length, so
maximizing resolution. For QD SLEDs, the emission power,
device length, spectral shape, and bandwidth are interlinked
[11], and a spectral dip is usual [12]. A multicontact device
structure has been developed by us, allowing the spectral shape,
and so the point spread function (PSF) of the interferometer
to be tuned [13]. The spectral dip, undesirable for OCT due
to the possibility of ghost images [14], is typically reduced by
varying the emission wavelength of individual QD layers in a
multilayer stack [15]. However, this technique wastes optical
gain, which tends to reduce overall device efficiency, since the
first excited state of short wavelength QDs overlaps with the
strongly absorbing second excited state of the long-wavelength
QDs. Carriers in these QD states may not efficiently contribute
to the output spectrum.

In this paper, we present latest device results for broadband
high-power QD SLED for OCT applications. Epitaxial methods
for reducing the spectral dip are discussed, and the configuration
of a multicontact device utilizing this material is detailed. A
comparison of the noise characteristics of this device with a
commercial quantum well (QW) SLED is made, and the effects
of increased power, reduced noise, and increased bandwidth on
TD OCT imaging is presented.

II. BANDWIDTH ENGINEERING IN QD DEVICES

The optimization of epitaxial growth of QD materials re-
quires high QD aerial density (realizing high-gain and spon-
taneous emission), high inhomogeneity (yielding an inhomo-
geneous broadening greater than the ground and excited state
splitting), along with low-defect density (ensuring nonradiative
recombination is minimized). As the output power spectrum

1077-260X/$26.00 © 2010 IEEE
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Fig. 1. (a) Photoluminescence and (b), (c) gain spectra of QD laser material
at two different growth temperatures for the QD layers, at room temperature.

is linear with regard to spontaneous emission, yet exponential
with optical gain, it follows that gain spectrum measurements
are crucial in optimizing the epitaxial growth of QD SLED ma-
terial. For epitaxy optimization studies, a series of samples was
grown, where key parameters were varied. Nondestructive mate-
rial characterization, gain spectra measurements, and SLED de-
vice characteristics were all compared for various growth param-
eters. Seven InAs/InGaAs dot-in-a-well [16] layers separated by
50 nm of GaAs formed the active region of the QD SLED.
Waveguiding was provided by doped Aly 4Gag ¢As cladding
layers. The details of the epitaxial growth can be found in pre-
vious reports on QD laser epitaxy development [17].

Fig. 1(a) shows photoluminescence (PL) spectra obtained
with identical experimental conditions, and continuous wave
(CW) gain spectra at 10 and 150 mA, respectively, of two wafers
grown sequentially in a growth campaign [see Fig. 1(b) and (c)].
For these two samples, only the deposition temperature of the
QD layers and low-temperature GaAs cap was changed. The
usual deposition temperature for QD laser material is 500 °C.
PL spectra for the 500 °C sample exhibit well-resolved ground
state (1300 nm) and excited state (1220 nm) emission with both
states having a linewidth ~50 nm. Reduction in the temperature
of QD deposition to 480 °C results in a number of signifi-
cant changes. The QD states become less well resolved, with
a broadening to higher energies of the ground-state peak. The
gain spectrum for the 500 °C sample obtained by the variable
stripe length technique [18] at 10 mA also exhibits a peak at this
wavelength, corresponding to the ground state of the QD ensem-
ble. The strong reduction in gain and onset of absorption at short
wavelengths is due to the second excited state, which is not sig-
nificantly populated at these carrier densities. At higher carrier
densities [see Fig. 1(c)], the gain peak is shifted to ~1220 nm,
corresponding to the excited state of the QDs. At a current of
20 mA the gain from excited and ground state is roughly bal-
anced. The 3 dB gain bandwidths for the sample grown at
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500 °C are 120 and 50 nm, at 10 and 150 mA, respectively.
For the sample grown at 480 °C, the 3 dB gain bandwidths are
120 and 55 nm at 10 and 150 mA, respectively.

The longitudinal multiplexing of two devices operated under
drive conditions close to these two current densities is found
to be optimal in achieving a broad high-power emission with
low spectral dip. The internal losses of these two devices (in the
limit of long wavelength) are essentially identical at 2 cm ', The
increase in the peak gain, at all applied currents is also of key
importance. This may be attributed to an increased nonradiative
carrier lifetime and/or an increased QD density.

The size and composition of QDs are strong functions of the
growth temperature, leading to changes in the emission energy
and spectral width. As the growth temperature is reduced, the
indium surface migration length is reduced, acting to reduce
the dot size and increase the dot density [19] through a mecha-
nism, which favors accumulation at increasingly localized sites.
These structural changes induce a blue shift in the emission
energy [20], but this may be partially offset by an increase in
indium incorporation at the growth front at the lower growth
temperature. A widening of the inhomogeneous distribution,
which we exploit in this application is also associated with a
reduction in growth temperature. A major effect of lowering
the growth temperature in the reduced indium migration length
results in a less uniform ensemble of QDs, and can give rise to
distinctly different QD distributions within the same sample. In-
deed, bi and multimodal size distributions are commonly seen
at low growth temperatures [21], [22]. Controlled overlap of
these sub-distributions within the whole ensemble of QDs can
result in a further broadening of the emission and gain spec-
trum. Therefore the broadening of the ground state ensemble
and the filling of the gap between the ground and the excited
state energies is necessary for optimum device performance.

III. DEVICE DESIGN AND FABRICATION

We utilize a multicontact device that allows the separation
of the link between output power and emission spectrum shape
[23], [24]. While a dual-pass device with antireflection/high-
reflection facets allows high powers, the single-pass device pre-
sented here renders the device less sensitive to external feedback.
High feedback causes lasing from the SLED, merely rendering
OCT imaging impossible, rather than physically damaging the
device [25].

Fig. 2(a) shows a schematic of our device. It consists of
a 9 mm long, 7 pum wide ridge with 1 mm isolated contact
sections. At the rear of the device is a ~1 mm long, 300 ym
wide tapered absorber section with a tilted, deep v-etched back
facet, to eliminate reflections [26]. The absorber section was
unbiased for this work, but could also be used to apply a reverse
voltage while driving the device. The output facet of the device
is at a 7° angle due to a bend (radius of curvature 1.625 cm) of
the waveguide. The length of the curved waveguide is chosen
to be 2 mm because it offers a compromise between minimum
waveguide loss and minimum chip real estate.

The devices were patterned using vacuum contact lithogra-
phy and trenches made by inductively coupled plasma etching
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Fig. 2. (a) Schematic of fabricated device structure. (b). Schematic of the
SLED setup for optical and electrical measurements.

of the waveguide to a depth of 2.0 um (i.e., stopping above
the active region core) via a double trench, using a silicon
tetrachloride-based etch. Each 1 mm section was electrically
isolated by means of a 50 pum long shallow etch of the GaAs
p" contact layer, providing a resistance of ~2 k{2 between adja-
cent contacts. Evaporated Au—Zn—Au top contacts followed by
electroplated bond-pads were then applied. The current—voltage
characteristics of individual sections of a given device are es-
sentially identical, which greatly simplifies the driving circuitry
when multiple sections are driven together [27].

IV. DEVICE CHARACTERISTICS

Fig. 3(a) shows the electroluminescence spectra for a SLED
device, fabricated from the 480 °C sample with various drive
currents applied to the front nine sections (the rear absorber
section was left open circuit). The solid line corresponding to
153 mA, supplied to each of the front three sections and 11 mA
in sections four to nine, produces the broadest, flattest emission
spectrum with ~18 mW of power coupled into the single-mode
fiber. A spectral modulation of ~0.87 dB is measured. Reducing
(increasing) the currents results in a reduction (increase) in the
optical power along with a dominance of the spectrum by the
QD ground states (excited states). In order to simplify the drive
electronics, sections one to three were connected and driven
with a single current source, while sections four to nine were
similarly shorted and connected to another current source. The
ratio of currents was chosen to duplicate that of the solid line
in Fig. 3(a) (460:70). Fig. 3(b) shows the optical power as a
function of total drive current of the device driven, maintaining
constant ratio. The inset shows the emission spectrum of the
device at each of the data points. Further simplification of the
drive circuitry is possible by the implementation of a resistor
network to realize the use of a single current source [27].
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Fig. 3. (a) Emission spectrum as a function of different drive configurations
(see Fig. 2) for the QD SLED. (b) Total ex-fiber optical power to maintain a
current ratio equal to that of the solid line in (a). Inset shows emission spectrum
as a function of increasing total current. All measurements were carried out in
CW operation.

For application in OCT systems, the spectral shape is signifi-
cant due to pixel formation being essentially a Fourier transform
process in the interferometer. The detected signal from a single-
reflection plane for low-coherence imaging is given by the self-
coherence function. This function is given by the inverse Fourier
transform of the power spectral density of the source and can
be regarded as the PSF of the imaging system [13]. Fig. 4(a)
shows the PSF, calculated from the emission spectra shown in
the inset of Fig. 3(b). Good correlation between calculated and
measured PSFs has been found [28]. The side-lobe suppression
ratio and 3 dB linewidth of the device are plotted in Fig. 4(b). A
high side-lobe suppression ratio indicates smaller optical pow-
ers in different frequency components of the optical spectrum,
and indicates lower noise and reduced strength of ghost images.
A small 3 dB linewidth indicates increased axial resolution.

As total current is increased, so the side-lobe suppression
ratio increases from ~10 dB (total current = 200 mA, ex-fiber
optical power = 1 mW) to 12 dB (total current = 350 mA,
ex-fiber optical power = 6 mW). Subsequently as total current
is increased, the side-lobe suppression ratio reduces to 7.5 dB at
550 mA (ex-fiber optical power =23 mW). The 3 dB linewidth is
observed to decrease monotonically with total current, reaching
11 pm at currents >450 mA, indicating an increase in resolution
with increasing current. There is therefore a trade off when
deciding the device current with increased side-lobe power as
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Fig.4. (a) Autocorrelation function of the emission spectra shown in the inset
of Fig. 3(b). Inset shows expanded scale around zero path length. (b) Side-
lobe suppression ratio and 3 dB bandwidth determined from the autocorrelation
function.

power is increased in the region where total current = 450 mA
to 550 mA.

V. COMPARISON WITH A LOWER BANDWIDTH DEVICE

A commercial QW SLED was used to provide this compar-
ison to our QD SLED. A Superlum Ltd. 561-MP device was
used, which has a lower emission power (~1 mW compared to
~20 mW) and lower bandwidth (~45 nm compared to ~85 nm)
than the QD SLED described here. While a comparison of the
devices is clouded by these differences in output rather than the
physical differences between QWs and QDs, some comparison
is still meaningful namely the operation of the QD SLED in
gain saturation that impacts upon spectral width and the relative
intensity noise (RIN). Additionally, the effects of these device
specification differences upon TD OCT image quality are also
instructive.

Measuring optical spectra as a function of emission power
for the QW SLED (see inset of Fig. 5) allows a plot of emission
linewidth as a function of power to be made, which is shown in
Fig. 5. The reduction of linewidth is characteristic of an SLED,
which exhibits an increase in peak gain with increasing current,
reducing the emission linewidth. In QD SLEDs, operated in
a condition of gain saturation, the bandwidth can be made to
increase with increasing current. The shift to shorter wave-
lengths is consistent with band filling in the QWs. It should
be noted that broader emission is possible from QW devices
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Fig. 6.  White noise background as a function of QD SLED bandwidth. The
black line with square symbols represents the expected values assuming a ther-
mal noise source, for a Gaussian fit, while the triangles and circles represent
Lorentzian and top hat fits, respectively. The value for the QW SLED at 1 mW
output power is also plotted.

using, for example, asymmetric double QWSs, which rely upon
thermalization of carriers between the wells.

Another key factor in OCT image quality is the signal to noise
ratio (SNR). This is determined by the detection bandwidth and
RIN spectrum of the optical source. The noise of the optical
sources was measured in the electrical frequency domain by an
Agilent E4440A electrical spectrum analyzer, via an Agilent
11982A lightwave converter, as shown in Fig. 2(b). High out-
put powers from the device under test are attenuated down to
1 mW by a neutral density optical filter at the photodiode, to
prevent saturation. The electrical output of the optical to elec-
trical converter is fed into an electrical spectrum analyzer. In
order to convert noise spectral density to RIN, the dc power
level is measured using a Keithley 2000 multimeter via a 50-2
termination resistor.

Fig. 6 plots the noise background of the QD SLED source
as a function of emission bandwidth. The 3 dB bandwidth of a
noise spectrum is approximately equal to the source linewidth
for a thermal source, such as this device where the light genera-
tion occurs via random spontaneous emission. Since an optical
bandwidth of 1 nm results in over 180 GHz of electrical noise
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bandwidth, this can be considered as a pure white noise source
for all practical detection frequencies. Fits are also shown for
a “top hat” and a Lorentzian shape. The difference in Gaussian
to “top hat” fitting to the spectra results in <2 dB in expected
RIN level, and the Gaussian was found to be closer to the mea-
sured data. For a spontaneous emission source, with Gaussian
emission line shape, the white noise RIN level can be simplified
to [29]

0.66

A (D

where the denominator is the bandwidth in Hertz. This depen-
dence is plotted as a solid line in Fig. 6. An increase in bandwidth
from 45 to 85 nm results in the observation of a 4 dB reduction
in the noise background. Deviation from the predicted behavior
of the ideal noise source may be attributed to the emission spec-
trum becoming increasingly non-Gaussian, tending towards a
top hat shape with increasing bandwidth. For comparison, the
RIN from the QW device at | mW output power is also plotted.
The 2 dB lower RIN is attributed again to a difference in line
shape, with the QW SLED giving a more Lorentzian emission.
The bandwidth relationship of RIN for the three simple cases:
top hat, Lorentzian, and Gaussian, respectively, are also plot-
ted. Since the white noise level is dependent on both the source
bandwidth and the emission spectrum, the spectral shaping as
well as the bandwidth improvement should be considered [12].

In the TD OCT system used here, the typical detector band-
width is ~100 kHz relating to 80 A-scans per second. In order
to investigate the low-frequency behavior, a more detailed noise
spectrum was obtained up to this frequency. A comparison of
the QW and QD devices in this frequency range are shown in
Fig. 7. The QD SLED demonstrates a lower noise at all frequen-
cies increasing form 7.5 to 15 dB reduction at 100 kHz.

The white noise level in the SLED, determined by bandwidth,
is therefore not the sole limit to the SNR of the emitted light. It
is known that semiconductor amplifiers driven in the regime of
gain saturation can increase SNR in optical networks [30], [31].
The light emitted by the SLED may be considered as a random
spontaneous emission signal amplified in an SOA. By utilizing
QDs, this noise reduction effect can be harnessed, since Pauli
exclusion leads to state saturation, and in turn gain saturation, at
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Fig. 8.  In vivo skin images using (a) Superlum 561-MP and (b) QD SLED
sources. Scale bar 500 pm.

relatively low carrier densities. It is the saturation effect that is
also utilized in order to give the increased bandwidth by causing
emission at the shorter wavelength excited state energies, in ad-
dition to that at the ground state. The result of this gain saturation
is that the noise from the random spontaneous emission is not
fully transferred to the amplified emission output. Therefore,
RIN is reduced and the resulting system SNR is increased.

For a purely thermal source of Gaussian spectral width 85 nm,
the SNR is 83 dB for a 100 kHz detector bandwidth [(from (1)].
However, the low-frequency-noise suppression observed in the
QD SLED enables an increase of this SNR to 95 dB, obtained
by integrating the data in Fig. 7. Significantly, this ~10 dB
enhancement means the light source is no longer a limitation
to system performance. Similar noise characteristics could be
expected from QW SLED, if it were possible to achieve current
densities high enough to utilize this gain saturation effects.

VI. IMAGING

Fig. 8 shows two OCT images of finger palmar skin, where the
scale bar represents 500 pum. In both the cases, image contrast
was enhanced by the application of glycerol to the skin.

Fig. 8(a) was obtained using the Superlum 561-MP QW-
SLED, while Fig. 8(b) was obtained using the QD-SLED, de-
scribed previously. The output powers (ex-fiber) of the devices
are | mW and 10 mW for the QW and QD devices, respectively.
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We reiterate that the comparison here is to highlight the effect
of different output powers and bandwidth on OCT imaging, not
the choice of active material. Both the images show epidermal
and dermal structures, and have identical contrast settings.

Fig. 8(b), however, shows better resolution of the stratum
corneum from lower layers of the epidermis. Similarly, there is
stronger backscattering from the lower layers of epidermis and
the sweat duct is better resolved in Fig. 8(b). This indicates the
benefit of using high-power and higher bandwidth sources in
OCT [32].

While depth penetration appears similar, investigating sig-
nals deeper than 1.1 mm shows better depth penetration for the
higher power QD SLED (image not shown). The problem then
becomes contrast, because the presence of signal does not al-
ways imply detection of an anatomical structure. It should be
noted that safety requirements limit skin irradiation to about
10 mW [33], but this can be exceeded by pulsed sources for
even better contrast and depth penetration. Fringe visibility is
7.7 dB higher using the 10 mW QD-SLED compared to the
1 mW commercial device. In theory, this value should scale with
power (i.e., 10 dB). We are currently investigating the origin of
the 2.3 dB discrepancy that is likely to be due to suboptimal
alignment in the Fourier domain optical delay line of our TD
OCT system.

VII. SUMMARY

We have presented a method for reducing the spectral dip
usually associated with a QD active medium. By applying this
active material in a multicontact SLED, we demonstrate ex-fiber
powers of 18 mW and a bandwidth of 85 nm. We have shown
how using a QD active operating under gain saturation allows
emission broadening and brings about a reduction in RIN, and
therefore, an improvement in SNR. Finally, we have shown,
how an improvement in bandwidth, power, and noise translates
into improved resolution and depth penetration by OCT in vivo
imaging of skin by comparing to a commercial SLED.
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