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Abstract

We report a broadband-gain superluminescent diode (SLD) based on self-assembled InAs
quantum dots (QDs) for application in a high-resolution optical coherence tomography
(OCT) light source. Four InAs QD layers, with sequentially shifted emission wavelengths
achieved by varying the thickness of the Ing,GapsAs strain-reducing capping layers, were
embedded in a conventional p-n heterojunction comprising GaAs and AlGaAs layers. A
ridge-type waveguide with segmented contacts was formed on the grown wafer, and an as-
cleaved 4-mm-long chip (QD-SLD) was prepared. The segmented contacts were effective in
applying a high injection current density to the QDs and obtaining emission from excited
states of the QDs, resulting in an extension of the bandwidth of the electroluminescence
spectrum. In addition, gain spectra deduced with the segmented contacts indicated a
broadband smooth positive gain region spanning 160 nm. Furthermore, OCT imaging with
the fabricated QD-SLD was performed, and OCT images with an axial resolution of ~4 um in
air were obtained. These results demonstrate the effectiveness of the QD-SLD with

segmented contacts as a high-resolution OCT light source.
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I. INTRODUCTION

Near-infrared (NIR) broadband (low-coherence) light has been utilized as a useful probe
for non-invasive cross-sectional biological and medical imaging system: optical coherence
tomography (OCT)'. OCT relies upon low-coherence interferometry, and the axial resolution
of OCT is governed by the coherence length of the light source®, which is given by the
formula 0.44 x Lo*/A\ for a low-coherence light with a Gaussian spectral shape. Where the
peak in emission is centered at Ay with a bandwidth of AL. As the application is in medical
imaging, the center wavelength, Ao, is preferably in the NIR wavelength range as NIR light
offers deep penetration into biological samples, and a large imaging depth can be obtained’.
Thus, a large bandwidth NIR light source is required to obtain an OCT image with high axial
resolution and large penetration depth. As a specific criterion, a resolution of 3-5 pum is
necessary to distinguish single cells®. In commercial OCT systems, a semiconductor-based
superluminescent diode (SLD) is often used as a broadband light source. A SLD exhibits
amplified spontaneous emission providing a broader spectral emission range than a laser
diode and higher emission power and brightness than a light-emitting diode. However, it is
difficult to broaden the emission bandwidth of a NIR SLD beyond ~ 100 nanometers, which
is one of the reasons for the limitation of the axial resolution in an OCT image to around ~ 10
pm. Although alternative light sources have been developed for realizing high-resolution
OCT, such as the use of a short-pulsed femtosecond laser” or supercontinuum generation in a
photonic crystal fiber®, a SLD still offers the advantages of being a compact, robust, and
inexpensive device compared with alternative light sources.

To overcome the difficulty of obtaining a broadband-gain SLD, self-assembled quantum
dots (QDs)” have been recently recognized as an ideal light-emitting material instead of a
conventional quantum well (QW) or bulk semiconductor. A QD is a three-dimensionally

quantum confined structure and has a unique configuration of electron states and discrete



delta-function-like density of states (DOS)®. The states can be easily filled with supplied
carriers, and the emission bandwidth of the QD should be extended in accordance with their
discrete bandgap energies: the ground state (GS), 1* excited state (ES1), and 2" excited state
(ES2). In addition, self-assembled InAs QDs on a GaAs substrate, which are grown via the
strain induced by a lattice mismatch between InAs and GaAs (Stranski-Krastanov growth

mode)g’10

, are particularly suitable to emit a broadband spectrum in the NIR region because of
their size and compositional distributions in the ensemble. A SLD based on InAs QDs (QD-
SLD) was first proposed by Wang et al.'' and has been intensively studied'**'. We have
fabricated a QD-SLD based on InAs QDs with controlled emission wavelengths21 and
demonstrated OCT imaging using the developed QD-SLD*:. However, the bandwidth of the
electroluminescence (EL) was limited because the emission was limited to that from GS and
ES1 due to a limited injection current density (J) through the use of a single contact
electrode.

In this work, we thus developed a QD-based SLD, which includes multiple QD layers
with deliberately shifted emission wavelengths, with segmented contacts to allow an increase
in J locally within the device and to exploit emissions from higher energy states of the QDs,
1.e., ES2. The objective of this work was to realize a further broadened and dipless EL
spectrum suitable for a high-resolution OCT light source. In addition, we measured gain
spectra from the fabricated SLD using the segmented contact method® to examine the gain

bandwidth. Furthermore, OCT imaging with the fabricated QD-SLD was performed to

evaluate its potential use in an OCT light source.

Il. EXPERIMENTAL DETAILS

A. Sample preparation



Four stacked InAs QD layers capped with Ing,GapgAs layers of various thickness were
grown by molecular beam epitaxy on an n+-GaAs (001) substrate, as illustrated in Fig. 1(a).
All the QD layers were grown with a supply of InAs of 2.0 monolayers, where the density of
the grown QDs was 2—4 x 10'° cm™. The Ing,Gap gAs layer deposited on each QD layer was
used as a strain-reducing layer (SRL)** to control the emission center wavelength of the QDs
by varying its thickness®: 0, 1, 2, and 4 nm. A 240-nm-thick GaAs waveguide layer
including the QD layers was optically and electronically confined within 1.5-pm-thick p-/n-
Alp35GapesAs cladding layers. The p-/n-cladding layers were doped at approximately 2.0 x
10" cm™ by Be and Si, respectively. A 300-nm-thick p*-GaAs (doped: ~1 x 10" cm™) layer
was grown on the upper p-cladding layer as a contact layer to the electrode.

A ridge waveguide (RWG) was fabricated normal to cleaved facets with a height of 1.4
pm and width of 5 um on the p-side surface of the grown wafer using photolithography and
inductively coupled plasma reactive ion etching techniques. An insulation film of 200-nm-
thick SiO, was deposited on the surface using plasma-enhanced chemical vapor deposition,
followed by wet-etching of selective areas (segments) on the RWG with buffered
hydrofluoric acid solution. Subsequently, electrodes were formed by depositing Ti/Au (p-
contact) and Ni/AuGe/Ni/Au (n-contact), and rapid thermal annealing was performed. To
form segmented contacts, the electrode of the p-contact was divided into four 1-mm-long
electrically isolated segments via the lift-off process, as shown in Fig. 1(b). The contact gap
lengths between the segments were approximately 40 pum. Both edges of the RWG were
cleaved to form a 4-mm-long chip, and no anti-reflective (AR) coating was applied to the

cleaved edges.

B. EL and gain spectra measurement



EL emission spectra from an edge of the fabricated RWG were measured at room
temperature. Various injection currents (I/s) were applied to the contact nearest to the edge
(segment 1). The emission light was collected with an optical lensed fiber and was detected
with an optical spectrum analyzer, which performs spectrum measurements through tunable
bandpass filtering with a monochromator. The coupling loss into the optical lensed fiber was
approximately 10dB.

The gain spectrum was obtained using the segmented contact method. Based on the

following formula®,

G:lln(P(J—’ZL)—lj, (1)
L | PUJ,L)

the gain and absorption spectra as a function of wavelength were determined. P(J, L) and P(J,
2L) indicate the EL intensities obtained from the RWG lengths of L and 2L, respectively,
under the same J. Figures 2(a) and 2(b) present schematic diagrams of the device drive
geometries; the current was injected into segment 1 only to measure P(J, L), and both
segments 1 and 2 were injected with identical J to measure P(J, 2L).

The un-pumped segments are expected to act as absorber elements during the EL
measurements and prevent lasing in the device. This feature of the segmented contact can be
effective in obtaining a broadband SLD emission even though the RWG has a simple straight

structure and no AR coating is formed on the facets.

C. Spectral-domain OCT imaging

A spectral-domain (SD)-OCT? system was utilized to evaluate the fabricated chip as an
OCT light source. The SD-OCT, which is categorized as a Fourier-domain OCT27’28, enables
a spatial reflectivity distribution to be obtained against the depth of a sample along with the

optical axis through an inverse Fourier-transformed (IFT) spectrum of interference between



reflections from the sample and a reference mirror. As schematically illustrated in Fig. 3, the
OCT setup consisted of the QD-SLD as a light source, a reference arm, a sample arm, and a
spectrometer. Light from the QD-SLD was split by a 50:50 coupler and introduced into the
reference and sample arms. Then, the reflected light from the two arms was recombined by
the 50:50 coupler, and the interference signal was measured by the spectrometer. The
interference signal sampled as a function of the wavelength was rescaled to the wavenumber,
I(k), by the linear interpolation method. The zero-filling method was also used to increase the
number of data points on both sides of the spectrum, I(k)*. Subsequently, the IFT spectrum
and depth profile of the reflectivity in the sample along with the optical axis was obtained. By
collecting the depth profile with a lateral scanning of the sample, a 2D OCT image was

obtained.

lll. Results and discussion
A. EL measurements

Figure 4 presents the EL spectra obtained from the fabricated chip under various Is = 1—
150 mA, corresponding to current densities of J = 20-3000 Alem?, which were applied to
segment 1. As clearly observed in the series of spectra with injected currents (Figs. 3(a)—(c)),
the spectral shape and center wavelength varied with the increased current. Initially, 1230-
nm-centered emission spanning approximately 1100—1300 nm (the bandwidth was below 100
nm) was exhibited at lower Is (~3 mA), as observed in Fig. 4(a). Subsequently, 1180-nm-
centered emission spanning approximately 1050—1300 nm was exhibited from / = 5-10 mA
(Fig. 4(b)). Finally, the center wavelength blue-shifted up to 1100 nm and the emission span
extended to ~1000 nm for 7 = 150 mA (Fig. 4(c)). As summarized in Fig. 4(d), the peak
wavelength (closed square) and emission band (solid bar) were blue-shifted, and the

bandwidth was increased from approximately 70 to 120 nm with increased /. These behaviors



can be attributed to state-filling effect, where supplied carriers fill the discrete states in the
QD in a stepwise manner, from lower to higher energy states. Although the observed
emission spectra cannot be certainly assigned to specific emission lines from each energy
state of the four stacked QDs, the emission spanning 1200-1250 nm is attributed to
electron/hole (e/h) recombination between GSs, and the emissions at approximately 1150—
1200 nm and 1050-1150 nm is attributed to ES1 and ES2 recombinations, respectively. The
number of states in the GS is lower than in the ES1 and ES2, and thus, GS emissions can be
obtained, even though a low injection current (~3 mA) is applied. Then, the injection current
was increased, and the contribution of ES1 emissions began. When their intensity was almost
equal to the GS intensity under the injection current of approximately 12.5 mA, the
bandwidth was increased to 120 nm. On further increasing the injection current, the ES1
emissions were increased while the GS emissions were saturated; then, ES2 emissions were
sequentially increased while the ES1 and GS emissions were saturated.

In order to clarify the state-filling effect, EL intensities at several wavelengths in the
spectra are plotted as functions of /, as shown in Fig. 5. Ideally, the integral EL intensities of
each QD energy state in each layer should be plotted; however, it is difficult to distinguish
the emission spectra because of the broad and overlapping nature of emissions from QD
ensembles, as described above. We thus utilized the plotted EL intensities as an approximate
investigation. The EL intensities at 1200 and 1250 nm, which should be dominantly
contributed from the GS emissions, were increased for lower I (< ~30 mA) and then became
gradually saturated for / > ~30 mA. On the other hand, the EL intensities at 1150 and 1100
nm increased sequentially after the increment of EL intensities at longer wavelength were
decreased. These increments of EL intensities in order of wavelength (state energy) indicate
the state-filling in the discrete states, which indicates QD-originated emission. Furthermore,

the ratio of the saturation currents of the EL intensities can be explained by varying the



number of carriers filling the QD states. The ratio of the number of states for GS:ES1:ES2 in
a parabolic potential is 2:4:6 (including spin degeneracy)’’, and thus, the ratio of the injection
currents necessary for filling the QD states should be 2:6:12 for GS, GS+ESI, and
GS+ES1+4ES2. In addition, when the carrier density increases, the Auger process will occur,
and the actual current to saturate these states will increase. The saturation currents of the EL.
intensities shown in Fig. 5 vary with respect to the increase in current for filling the states,
e.g., approximately 20 mA for the longest wavelength in contrast to above 140 mA for the
shortest wavelength.

The wide extended emission wavelength implies the contribution of emission from ES2

and not only ES1 and GS of the QDs. In our previous work”"*?

, the emission wavelength was
extended to approximately ~1100 nm from a chip with single contact under a current density
of 400 A/cm®. By introducing the segmented contacts, it was possible to increase the current

density up to 3000 A/cm”in a single segment, which is approximately 8 times higher than

that for the previous device, and emission from the higher energy state (ES2) emerged.

B. Gain Spectra

Figure 6 presents the deduced net modal gain spectra under various Is (applied to a I-mm
long segment of the waveguide) in accordance with equation (1). The positive or negative
values of the net modal gain indicate that the QDs function as optical gain or absorption
media at the given wavelength, respectively. As clearly seen in the spectra, positive gain
regions occur from approximately 1240 nm, where the GS emissions were mainly observed,
and extended continuously to shorter wavelength with increasing /. The positive gain region
under / of 12.5 mA was ~1183—-1237 nm and was extended to a range of ~1076—1233 nm
(bandwidth of ~160 nm) under / of 150 mA. The extension of the positive gain region with

the increase in / can be also attributed to the sequential state-filling effect from GS to ES2,



which is demonstrated by the dependence of the EL intensities. These results demonstrate
that the fabricated chip operates as a gain media because of the QDs. The maximum gain
value at I of 150 mA was approximately 6 cm™. The span of the gain region and the
maximum gain value were almost the same under /s higher than 150 mA. This result might
be due to the influence of the heat caused by high Is. By introducing a thermoelectric cooler
and a pulsed current source, the maximum gain value can be further increased.

Because the emission center wavelength of each QD layer was shifted continuously by
the SRL, the broad gain spectra appeared without apparent dips in the positive gain regions of
the spectra in contrast to the QD-SLD including QD layers with identical emission center
wavelengths of GS and ES. This smooth gain feature is useful in obtaining a broad emission
spectrum with homogeneous intensities. The gain values assigned at excited states (ES1 and
ES2) were higher than that from GS, which is probably due to the higher state degeneracy in
the ESs compared with the GS. The possibility of amplified spontaneous emission, that is,
stimulated emissions from the states, is proportional to the DOS for the transition of carriers
(Fermi’s golden rule). The results above indicate the effectiveness of the segmented contacts

for deriving higher ES emission and a broadband-gain.

C. OCT imaging

A fabricated QD-SLD chip was evaluated as an OCT light source. As described in the
Introduction, the axial resolution of OCT image is governed by the central wavelength and
the bandwidth of the EL spectrum. Figure 7 (a) presents normalized EL spectra of a QD-SLD
under various Is (10-100 mA). In order to estimate the axial resolution when the chip was
used in OCT, the IFT EL spectra were deduced, as shown in Fig. 7(b). The IFT EL spectrum
provide more accurate estimation of the OCT axial resolution than that from the formula

indicated in the Introduction: 0.44 x XOZ/AK, because this formula is defined for a low-



coherence light source with a Gaussian spectrum in the frequency unit. According to the
Wiener—Khinchin theorem, a Fourier relationship exists between the autocorrelation function
and the power spectrum of the light source’'. The autocorrelation, which corresponds to the
point-spread function, governs the axial resolution of the OCT image; the axial resolution can
be estimated using the full-width at half-maximum (FWHM) of the IFT EL (power) spectra.
As observed in the Fig. 7(b), the FWHM decreased with increased /. In addition to the
increase in the bandwidth of the power spectrum, the blue-shift of the peak wavelength
resulted in a decrease of the axial resolution to 3.8 um (in air) with an increase of 7 to 100
mA. This estimated axial resolution is less than half of that of typical commercial OCT: ~10
um. In addition, no apparent side lobes appeared beside the main peak, which indicates that
the ghost images (noise) resulting from the side lobe should be minimized in an OCT image
when the QD-SLD is used as a light source.

OCT imaging with the QD-SLD was performed for a test sample: a cover-glass plate with
a refractive index of 1.5 and a thickness of approximately 150 pm. To produce a two-
dimensional OCT image of the sample, depth profiles were obtained by scanning the sample
along the in-plane direction. Then, the depth profiles were displayed in two dimensions with
a gray scale of the signal intensity. Figure 8(a) presents the obtained OCT image. Two white
lines are clearly seen in the image, which represent reflections at the upper and lower surfaces
of the sample. The distance between the lines is approximately 220 um, which is consistent
with the optical path length, that is, the thickness of the cover-glass plate multiplied by its
refractive index. Figure 8(b) presents a depth profile along the red dashed line in the image.
Two peaks resulting from reflections from the surfaces of the cover-glass plate appear in the
depth profile. The FWHM of each peak is approximately 4 pum, and no apparent side lobes
appeared beside the peak. These features are consistent with those of the coherence function

shown in Fig. 7(b). The axial resolution of the OCT image was thus determined to be

10



approximately 4 um, which is half of that of our previous result using a QD-SLD with a
single contact®. This improvement of the axial resolution results from the modification of the
prepared contacts; the segmented contacts enable an increase of J and extension of the
emission wavelength range.

Based on the above results, we conclude that the QD-SLD with segmented contacts is a
promising light source for high-resolution OCT imaging. In particular, the axial resolution
below 4 um in air is expected to distinguish single cells in an OCT image, which is difficult

to observe using a conventional OCT system.

IV. SUMMARY

A SLD chip based on self-assembled InAs QDs with segmented contacts was developed.
EL spectra revealed the extension of the emission band to shorter wavelength with increasing
I. This behavior is due to the contribution of higher excited states of the QDs to the emission,
which were derived from the state-filling effect under higher Is. The measured optical gain of
the QDs using the segmented contact method revealed a gain bandwidth beyond 160 nm
under / of 150 mA. The gain bandwidth was also extended to shorter wavelength,
corresponding to the contributions of the ESs of the QDs. These results indicate the
effectiveness of the segmented contacts for deriving emissions of higher excited states of
QDs and broadband gain. Furthermore, OCT imaging was performed using the QD-SLD, and

the potential of the QD-SLD as a light source for high-resolution OCT was demonstrated.
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Figure Captions

Fig. 1. (a) Profile of a fabricated sample. (b) Schematic image and photograph of the

segmented contacts fabricated on the QD-SLD chip.

Fig. 2. Schematic images of device driven with different lengths.

Fig. 3. Schematic illustration of SD-OCT setup including the fabricated QD-SLD chip.

Fig. 4. (a)—(c) EL spectra obtained from the fabricated QD-SLD chip under various Is applied
to segment 1. (d) Plotted peak wavelength (closed square) and span (solid bar) of the EL

emissions.

Fig. 5. EL intensity plotted for each wavelength as a function of 1.

Fig. 6. Net-modal-gain spectra of the QD-SLD under various Is.

Fig. 7. (a) Normalized EL spectrum from a QD-SLD under /s of 10—-100 mA. (b) Coherence

function of the EL spectra shown in (a).

Fig. 8. (a) OCT image obtained from a cover-glass plate with a refractive index and thickness
of approximately 1.5 and 150 pm, respectively. Surfaces of the cover-glass are indicated by
black arrows. (b) Depth profile along the red dashed line in the OCT image. The FWHM of

the peaks indicated by black arrows is ~4 pum.
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