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Abstract-Optimizing gain through systematic methods of
varying current injection schemes analytically is significant to
maximize experimentally device yield and evaluation. Various
techniques are used to calculate the amplified spontaneous
emission (ASE) gain for light emitting devices consisting of
single-section and multiple-sections of even length. Recently
double quantum well (DQW) superluminescent diodes (SLD)
have shown a broad multi-state emission due to mutli-
electrodes of non-equal lengths and at high non-equal current
densities. In this study, we adopt an improved method utilizing
an ASE intensity ratio to calibrate a gain curve based on the
sum of the measured ASE spectra to efficiently estimate the
gain. Although the laser gain for GaAs/AlGaAs material is well
studied, the ASE gain of SLD devices has not been
systematically studied particular to further explain the
multiple-state emission observed in fabricated devices. In
addition a unique gain estimate was achieved where the excited
state gain clamps prior to the ground state due to approaching
saturation levels. In our results, high current densities in long
sectioned active regions achieved sufficient un-truncated gain
that show evidence of excited state emission has been observed.

L INTRODUCTION

Superlumienscent diodes (SLDs) have a great number of
applications in interferometric sensing such as optical
coherent tomography and optical gyroscopes due to the
required broad spectral bandwidth for high axial resolution
[1]. Techniques to measure the modal gain is significant in
revealing the origin of the bandwidth and output power as
well as calculating other device and material properties for
device optimization.

SLDs operate at the superlinear, amplified spontaneous
emission (ASE) regime of the luminescence versus current
(L-I) curve. The modal gain is defined as the fractional
increase of the intensity of an optical mode per unit distance
of propagation. Typically the modal gain in SLDs is at least
two times higher than threshold modal gain in laser diodes
[2], since SLDs have device features to suppress lasing.

Comparing published ASE measurement techniques
summarized in Table 1, it is evident that certain approaches
require a set of conditions, such as equal segments, equal
current density, and a particular number of active sections.
Our multi-electrode SLD design (previously detailed in [3])

consists of two active ridge sections (D;, D,) butt-coupled to
a slab waveguide photon absorber. The D, (middle) section
is a fixed length and the D; (by emitter facet) section is
adjustable in length up to 1 mm. The D; section can
therefore support greater current density than the D, section.
In addition, long cavity lengths and high current density can
lead to saturation, which can therefore impede gain
measurements. Saturation occurs when the ASE intensity
shows the depleted excited state (ES) population reducing
the ES gain as the signal intensity builds up along the
amplification axis [4,5]. Therefore, the longer the cavity, the
more susceptible a device is to approaching saturation at
high injection currents.

Although there has been recent work on multiple-section
ASE gain calculations when characterizing quantum well
(QW) lasers [6-8], the ASE gain of QW SLDs has not been
quantified. In addition, no other work has shown multiple
state gain in symmetric QW based material structures. Oster
et al. [6] implemented the segmented device gain technique
from Blood et al. [8], which uses the ratio of measured ASE
spectra. The material characterized was an InGaAsP/AlGaAs
multiple-section laser device emitting at 800 nm. The
maximum injected current density reported was 1.6 kA/cm?
and the active region consists of two QWs which were 6 nm
thick. The gain curves confirmed the emission is only from
the ground state energy level. Since our GaAs/AlGaAs wells
are 10 nm thick each, we can achieve higher current
densities which in turn enable an ES gain. Quantifying gain
can demonstrate ES emission as well as the role of saturation
in our device.
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Jpi is the current density in section D,
Lp; is the length in section D,

II. RESULTS AND DISCUSSION

A. Single-Section Device

Several single section modal gain approximations have
been formulated. The Hakki Paoli method for instance
examines the Fabry-Perot (FP) modulation of the ASE of a
laser device at subthreshold current densities using the
following equation [9].

_l \/E-F Imin l . (1)
G= Lln(im_m)thln(R)

where I, refers to a peak of a FP mode, 7,,;, refers to a
valley of a FP mode, L is the active length, R is the facet
reflectance. By fitting the measured ASE spectra at various
current densities to a series of Lorentzian functions, the
minimum and maximum points are extracted to generate the
modal gain. The limitation of this method is the maximum
current density and OSA resolution. The maximum current
density under threshold is less than the current density
achievable in SLDs which have absorbing sections and low
reflectance facets. In addition, since the cavity length is
inversely proportional to the period of the FP modulation,
the cavity length must be small enough for the OSA not to
undersample the FP modes of the wide the spectrum. Modal
gain calculated using the Hakki-Paoli method for a
GaAs/AlGaAs single ridge section device is shown in Fig. 1.
As seen from the data, the gain increases with current
injection density up to 3.42 kA/cm® with a peak at 862 nm.
Note that above the threshold current, a single lasing peak at
865 nm is observed for the corresponding cavity length of
0.03 cm. This single section gain approach falls short of
easily demonstrating an ES gain. The following gain
approximation methods discussed involve having longer
sections, thus enabling higher current densities.
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Fig. 1. Hakki Paoli Gain approximation of a GaAs/AlGaAs DQW single
section ridge device with a cavity length of 0.03 cm at varying current
densities.

A gain calculation method based on the sum of ASE
spectra is derived and implemented. The semiconductor
optical amplifier (SOA) equation is as follows [10]:

di’:GPa (2)
dL

where P is optical power at distance L from the input at
L=0, and G is net modal gain. For a constant gain, a solution
to Equation (2) is the following [10].

P(L)=P,e%, 3)

where P(L) refers to optical power at distance L, and P;, is
the input optical power at L=0. The term exp(GL) is also
referred to as the amplified gain. From Equation (3), Lin et
al. [11] applied the following set of equations to calculate
the optical gain from a two-section SOA device:
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where Ip;(4,Jp;,Jp;) corresponds to the ASE intensity
from facet D; when the current density of section D; equals
Jp; and the current density of section D, equals Jp,. C is a
coupling factor quantifying the coupling variation in
measurement when coupling into each facet. As shown, the
net modal gain, G(4, Jp;) is not dependent on Jp,, which
therefore can be of any value.

The benefit of this ASE sum approach is that it does not
depend on sections of equal length nor equal current
densities. This is especially beneficial when one section is
much shorter, as is the case in our multiple-section design.



Fig. 2(a) shows the measured spectra from each facet while
injecting each section individually as well as injecting both
sections simultaneously. Using Equation (5), the gain from
each section of a two-section GaAs/AlGaAs ridge device is
examined in Fig. 2(b). Applying this two-section two-facet
method to our straight ridge device limits our current density
in order to maintain sub-threshold conditions. Lin et al., on
the other hand, applied this gain method to a set of tilted
ridge SOAs and therefore achieved high current density [9].
Due to the limitation in our current injection, the gain
spectrum only corresponds to the ground state. In addition,
saturation in the longer section is observed during
wavelengths, where Ip,(4, Jp;, Jpy) is less than Ip,(4, 0, Jpy)
forcing gain to be an imaginary and therefore invalid value.
Even though the D, section is injected at higher current
density than D,, saturation does not occur because it is a
shorter section. One more important observation is the
similar gain shape for the similar injection current densities.
The gain for the longer section, D;, seems truncated. In
summary, a higher current density with less saturation
effects is needed as well as a way to derive C. Although the
section lengths and current densities do not have to be equal,
the coupling factor C has to be calculated to yield gain in
real units.
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Fig. 2. (a) The spectrum and (b) the corresponding uncalibrated net
modal gains of a two section GaAs/AlGaAs ridge device. The inset in
(a) illustrates the emitting facet that corresponds to each spectrum.

C. Multiple-section Device, Equal Current Density
The optical gain, the differential change in the ASE
intensity with transmission length, L, and the pure
spontaneous emission, Py, can be related by the following
equation [12]:
I _Grip, (6)
dL
Using the boundary condition of /=0 at x=0, the single
pass emission equation is derived [13].
_FB@AI) sunt 4, 7
I,(A,J)= G [e 1]
where [;, corresponds to ASE intensity with active length,
L, P, is the uncalibrated pure unamplified spectrum.

Assuming uniform current injection and that gain is
independent of length, Blood ef al. [8] used a ratio of ASE
spectra to calculate gain in a multiple-section device with the
following equation.

L, () R

- = , (®)
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where 7, is the ratio of ASE intensities, and x is the scalar
factor between the lengths. In order to match our previous
convention of the subscript of / pertaining to the facet, the
equation is re-written in the following manner for
consistency:

Ay (ud ) S -
I (AJ0) T

where Ip;(4,J,J), corresponds to ASE intensity from facet
D, where Jp; = Jp; = J. The corresponding lengths are L,
and L,, and xLp, equals Lp;+Lp,. In addition, a few
conditions are necessary to implement the above set of
equations given uniform density and length independence
assumptions: 1) lasing is fully suppressed by the PA, 2)
spatial filtering is accomplished with a tapered single mode
fiber, 3) single mode emission is accomplished by having a 4
um ridge waveguide. Although the analytical solution to
gain exists for equal sectioned devices in a simple form [14],
the estimate is dependent on fixed non-optimal device
lengths and long length intervals making measurements
more vulnerable to saturation [7].
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Fig. 3. The spectrum (a),(b), gain (c), and uncalibrated spontaneous
emission (d) of a 3-section SLD at equal current densities ranging from
1.1 kA/em® to 4.88 kA/cm?®. The insets of (a),(b) show the spectrum
were taken by pumping both sections, as well as D, and D, individually.

Fig. 3 demonstrates the spectrum of pumping various
sections of a GaAs/AlGaAs SLD with equal current densities



as well as the corresponding gain and spontaneous emission
estimates. As evident in Equation (9), r, cannot be below 1,
otherwise absorption is greater than gain. The ASE spectra
ratio, r,, varies between 0 and 1 for the wavelengths (810 nm
- 830 nm) because Ip;(J,0) is greater than Ip,(J,.J). Therefore
saturation impedes evidence of an ES gain. With a smaller
Ipy than Ipy, less saturation effects may occur. Therefore,
using a gain method allowing unequal current density is
necessary.
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Fig. 4. Spectrum by pumping various regions: (a) ASE intensity from
the D, facet at various D, current densities (1.45 — 6.52 kA/cm?) (b)
Spectrum of pumping of both sections (blue) and front section (red) for a
three-section Gas/AlGaAs SLD with current densities ranging from 0
kA/cm? to 10.48 kA/cm? for D, and fixed at 2.85 kA/cm? for D,.

D. Multiple-section Device, Unequal Current Density

In this section, we devise a technique to measure the gain
of our two-section ridge SLD with integrated PA devices
which have different sectioned lengths. First the ASE ratio
and sum approach (Equation (5), Equation (9)) are used to
solve for the gain while pumping the same current density in
each section (D;, D). As discussed, the ASE ratio yields
gain in real values, while the sum approach yields results in
relative values when setting C (from Equation (5)) to unity.
Therefore by setting these two gains to one another, C can be
found.
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Fig. 5. Calculated net modal gain increases with increasing current
densities. AtJ = 5.8 kA/cm’, the gain for the ES begins to be prominent.

In our approach, Ip,(4, 0, Jpy) from Equations 4 and 5,
now pertains to the spectra of a I-section D, ridge with
integrated PA SLD rather than emission from the same
device at the opposite facet. In other words, the D; section
has been cleaved off for spectra requiring a D, facet
emission, as shown in Fig. 4(a) inset. Ip;(4,0Jpy) is
measured while J varies from 1.45 to thermal roll off which
is 6.52 kA/cm® Since all of our multiple-section devices
have a fixed 0.035 cm D, section, the Ip,(4,0J)
measurements will serve to measure the gain for any length
and current density of D; by using Equation (5). The ASE
sum equations are then applied to our multiple-section
device. As shown in Flg 4(b), IDl(ﬂ: JD[; 0), and ]Dj(].,JDz,
2.85 kA/cmz) are measured for values of Jp; up to 10.48
kA/cm?®.  Jp, was chosen because it yields a clean spectra
Ipi(7,0, 2.85 kA/ecm?®). By examining the gain emission
shown in Fig. 5, one can observe a distinct gain hump
corresponding to the ES emission of the spectra, followed by
a truncated gain due to saturation. If Jp, had been set to
equal Jp;, saturation and thermal roll-off would have
impeded any evidence of the ES gain. No gain curve
previously for symmetric QWs had previously been
observed. In addition, the maximum gain with increasing
current density is approaching a flattening point. This new
multiple-section, unequal current density approach is a
simple straight forward way to calculate the net modal gain.
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Fig. 5. Spectrum by pumping various regions: (a) ASE intensity from the
D1 facet at various D2 current densities while D1 is unpumped, (b)
Absorption at various current densities.

E. Loss Measurements

Loss measurements can also be measured from
multisection devices. By measuring two spectra: Ipy(4, 0,
Jpy) - Fig. 4(b) and Ip;(4, 0, Jp;) - Fig. 6(a), the following
equations can be used to yield the corresponding absorption
curve [15]:

1, (20,0 p,) =1, (A,0,J e ™, (10)

1y IO ,), (an
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where « is the optical loss co-efficient of the waveguide.
In general this equation is used for segmented devices of
equal length. In the equal section case, Ipy(4, 0, Jpy) = Ipi(4,
Jp1,0), which therefore only involves one fiber coupling
setup. However, since our D; section is not fixed, the
measurement of Ip,(4, 0, Jp;) which is necessary for our new
gain approximation, is also useful for loss measurements. As
the D1 section absorbs all but the ground state emission from
the mid section emission, Fig. 6(b) clearly illustrates the
absorption edge at 860 nm. In addition, we observe that a. is
~30 cm™ as the absorption curves converge to this value.

III. SUMMARY

Various techniques were examined to explain our
segmented multiple-state GaAs/AlGaAs SLD emission. A
new technique was devised to measure gain for an unequal
segmented and unequally pumped two-section ridge SLD. In
addition a unique gain estimate was achieved where the ES
state gain clamps prior to the GS due to approaching
saturation levels. High current densities in long sectioned
active regions achieved sufficient un-truncated gain to show
evidence of ES excitation.
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