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Abstract

We evaluate the degradation of 1.3 m InAs quantum-dot laser diodes epitaxially grown on silicon.
For the first time, the optical degradation mechanisms are investigated by evaluating the variations
in the gain spectra measured during a constant-current stress test. Remarkably, the gain spectra
showed that the reduction in the peak modal gain is dominant compared to the increase in internal
absorption losses. Moreover, the increase in threshold current (Iy,) induced by stress was found to
be correlated to the gain peak reduction. This experimental evidence was investigated by modeling
the peak modal gain variation through a rate equation model. The outcome of this activity
confirms that the variation of both I, and modal gain can be explained solely by the reduction in
injection efficiency, caused by the stress-induced increase in non-radiative recombination centers
(NRRCs). This result supports previous findings on the optical degradation of 1.3 ym InAs
quantum dot lasers, which is ultimately ascribed to the increase in concentration of NRRCs within
the active region.

1. Introduction

The telecommunications field is facing novel challenges arising from the expansion of 5G infrastructures,
growing demands for data traffic, and the evolution of high-speed, cost-effective, data transmission systems
[1-4]. Silicon photonics (SiPh) has the potential to boost a variety of integrated systems, not only in datacom
and telecom applications [5] but also in biphotonic systems [6], LIDARs [7], and ultimately in photon-based
quantum computing systems [8]. The commercialization of SiPh devices is based on highly efficient and
reliable electrically-pumped laser diodes [9]. Due to the lack of efficient Si-based IR emitters, these laser
diodes are typically based on III-V materials: a crucial factor is therefore the compatibility of these
semiconductors with Si-based substrates. There are several integration techniques, such as heterogeneous
integration [10] and micro transfer printing [11], and one promising approach involves the direct growth of
[II-V materials onto Si substrates [12, 13]. Nevertheless, significant challenges arise from the large lattice
constant mismatch, the different thermal expansion coefficients, and the antiphase domains, resulting in the
formation of dislocations and, ultimately, non-radiative recombination centers (NRRCs) [14, 15]. Indeed,
during operation such defects can grow and propagate via recombination enhanced defect reaction
mechanisms [16, 17]. This ultimately leads to sub-optimal laser performance and to a limited lifespan [18]. A
novel solution to mitigate this issue is to employ quantum dots (QDs) as the optical gain medium in the

© 2025 The Author(s). Published by IOP Publishing Ltd
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active region. Owing to their unique properties, QDs are less vulnerable to crystalline defects, resulting in
enhanced reliability [19].

To investigate the degradation of QD laser diodes (QD LDs), basic approaches are focused on the
evaluation of both the optical (LI, spectra) and electrical (I-V, C-V) characteristics. While these
measurements are crucial for understanding the processes that lead to the worsening of the main output
properties of the devices, they fail in providing information about relevant internal and operating
parameters, such as the gain spectrum and internal absorption losses [20].

To fill this gap, in this work we evaluated for the first time the correlation between the electro-optical
degradation of QD laser diodes, and the variations of the gain spectra. Although the literature includes other
works that measure gain spectra during accelerated aging tests [21, 22], these studies focus solely on
evaluating internal absorption losses without addressing variations across the entire gain spectrum. Our
methodology enables us, for the first time, to discriminate between changes in internal absorption losses and
degradation lowering of the gain peak. The analysis was carried out on devices epitaxially grown on silicon,
which were subjected to an accelerated aging test. The analysis of the experimental results revealed a minor
variation of internal absorption losses throughout the experiment. Conversely, the gain peak exhibited a
decrease, which was found to be correlated with the increase in threshold current. By exploiting a simplified
rate equation model, these experimental observations were ultimately attributed to the reduction in injection
efficiency of the carriers in the QDs, in agreement with previous qualitative interpretations [23].

2. Devices under investigation

The devices analyzed in this work are InAs quantum-dot laser diodes epitaxially grown by molecular beam
epitaxy (MBE) on silicon substrates. The samples are designed for emission at 1.3 um. The epitaxial
structure, reported in figure 1, is formed by a periodic active region enclosed within two GaAs wave-guiding
layers and two Al 4Gag ¢As cladding layers, grown on top of a ~3 pm thick GaAs buffer layer. The active
region of the lasers is composed by seven equal dots-in-well (DWELL) layers, each featuring undoped GaAs
barriers and a 10 nm thick Be-doped layer (N, = 5 x 10'7 cm—3), separated from the Ing ;5GaggsAs well
containing the layer of self-assembled InAs QDs, whose areal density is around 5 x 10'° cm~2 (further
details on the growth processes can be found in [24]). The processing of the devices was then completed with
the etching of the 3.5 ym wide ridge down to the n-contact layer (figure 1), the thinning of the silicon
substrate, and the cleaving of the facets (that were left as-cleaved after fabrication), to form a 850 ym long
Fabry—Pérot optical cavity.

3. Methodology

For our experimental purposes, one representative device with threading dislocation density (TDD) of
7-10” cm™? has been stressed and characterized on-wafer. Temperature control was achieved by means of a
TEC-controlled baseplate. The electrical bias was provided by a source-meter. The optical measurements
were carried out through a single-mode lensed optical fiber which was placed onto a hexapod to achieve
optimized alignment with one of the output laser facets. The fiber was connected to a 1 x 2 optical splitter to
redirect half of the optical emission to a Keysight 8136 A optical power meter, and half to a Yokogawa
AQ6380 optical spectrum analyzer which has a maximum wavelength resolution of 5 pm. This configuration
allows to perform fast and highly-repeatable LI characterizations, while also being capable of acquiring
high-resolution optical spectra below and above threshold with sufficient signal-to-noise (SNR) ratio
(figure 2). The stress experiment was paused at different stages to evaluate the effects of device degradation
by measuring both the L-I characteristics and optical spectra. Both stress and characterization were carried
out at a fixed baseplate temperature of Tayp = 35 °C. A constant current stress at 148 mA (5 kA cm™2) was
chosen to collect degradation data comparable with previous results obtained on similar devices [23, 25]
(TDD = 7-10° cm ™2, three QD layers), and to induce a sufficient amount of degradation in a time frame of
180 h (i.e. about one week) [24]. The stress conditions differ from the actual operating conditions intended
for the devices under test, where lasers are generally designed to provide a constant output power (COP).
This kind of operating condition would imply a time-dependent increase in current during aging, to
maintain a COP even in presence of degradation [26]. However, since degradation rate may depend on
injected current and/or on the recombination rates [23], COP stress would result in a positive feedback and
acceleration of the degradation process during operation, and this would prevent an accurate extraction of
the acceleration factors. Additionally, the employed stress current (density), corresponding to about 150 mA
(=4 x I), is higher compared to typical operating conditions (2 x to 3 x Iy,), and our previous studies
demonstrated that the degradation process and related acceleration factor do not change significantly if the
sample operates below the threshold of excited-state emission [23].
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Figure 1. Epitaxial structure of the devices under investigation.
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Figure 2. Schematic representation of the experimental setup.

4. Experimental results

4.1. Optical power vs current characteristics

The LI characteristics acquired at different times of the aging procedure are depicted in figure 3. The plotted
curves show an increase in the threshold current (Iy,), highlighting a lowering in the optical power below
threshold (OPgy,) and in the slope efficiency (SE), which are comparable with previous works [23]. Such
degradation could be macroscopically interpreted as a reduction of the injection efficiency of carriers in the
active region and/or increase of the internal absorption losses. The degradation kinetics, illustrated in

figure 3(a), have been qualitatively discussed in our previous study on similar devices [14], and ascribed to
the diffusion of NRRC close to the QDs. The increase in NRRCs promotes non-radiative Schokley—Reed Hall
(SRH) recombination in the QW 2D reservoir [27], ultimately reducing the injection of carriers into the
QDs. It was experimentally demonstrated that threading dislocations and misfit dislocations arising from
material mismatch in the devices can evolve during aging [15, 28, 29]. The growth of these dislocations can
increase the density of NRRCs near the active layers. The capture of carriers in the InGaAs wells, followed by
SRH recombination, reduces the rate of carriers injected into the QDs relative to the total carriers injected
into the device. We previously modeled this physical phenomenon [30] demonstrating the degradation of
optical characteristics, such as the increase in threshold current and the reduction in SE and optical power
below threshold.

4.2. Gain spectra measurements

To quantitatively support our degradation hypothesis, we employed the Hakki—Paoli method, which allowed
us to extrapolate the net gain spectrum of the laser, as well its stress-induced variations. Throughout the
characterization stages, we collected sub-threshold spectra at 20, 25, 30, and 35 mA (the Iy, of the unaged
device was ~240 mA) to monitor their variation during stress: figure 4(a) reports a representative spectrum

3
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Figure 3. (a) Experimental L-I curves collected after each step of the stress experiment from which the threshold current was

extrapolated. (b) Threshold current kinetics collected during the constant current stress experiment (Jsress = 5 kA cm™2,

Tamb = 35 °C).

acquired at 35 mA. To compute the gain spectrum of the laser at any current below the threshold current, we
adopted the Hakki—Paoli method described in [20]. This method involves the evaluation of peaks and valleys
in the laser spectrum, which can be seen in the zoomed-in view of figure 4(b). To determine the net gain, we
started by calculating the mirror losses as:

O = iln L (1)
2L RiR,

where Ry and R, (facet reflectivities) are supposed to be equal and were calculated by taking into account the
refractive index of air (#;;) and GaAs (11,,) as:

2
Nwg — Nair
R= (g> ~(.32. (2)

Nyg + Mair

As a result, we calculated the net gain according to the following formula [20]:

1 Vyi—1 1 1
Gnet (A) = Eln (\W> B iln <R1R2> ?

where L is the cavity length, and ~; represents the modulation depth, which can be written as [31]:

Y= (4)

where ; represents the ratio between the intensity of a peak in the spectrum (P;) and the intensity of the
adjacent valley (V;). The gain spectra, extrapolated with the Hakki—Paoli method during the stress
experiment, are reported in figure 4(c); these are obtained by stressing the laser at the current of 5 kA cm™>
and measuring the spectra at different aging times at the current of 35 mA that is always below threshold.
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Figure 4. (a) Optical spectrum acquired at 35 mA in the case of the unaged device; (b) zoomed view of the central part of
spectrum. The figure shows the good level of discrimination between peaks and valleys, which is required for the applicability of
the Hakki—Paoli method. (c) Net gain extrapolated from the spectra acquired at different stages of the constant current stress test.
The curves in the plot show both a reduction in peak gain and a decrease in the plateau around 1340 nm (related to the internal
absorption losses). The resulting values of gain and internal absorption losses are in agreement with previous studies on similar
devices [35].

The experimental curves show a strong variation in the net gain peak (around 1300 nm) during device aging,
which decreases from 11 cm™! to 2.5 cm™1.

Another crucial factor in the study of gain spectra is the evaluation of the internal absorption losses
(cint)- The optical losses have various contributions, the most important being scattering due to waveguide
nonuniformities and free carrier (intraband) absorption [32]. The optical losses are typically measured from
the plateau of the gain spectrum at longer wavelengths (i.e. at energies well below the bandgap). We calculate

the internal absorption losses «; by considering the following equation:
&net (>‘) = FG()‘) — Qint (5)

where I represents the optical confinement factor, gne (A) is the net modal gain, and G (\) is the material
gain. In equation (5), gnet (M) is computed experimentally through equation (3).

A simple approach to estimate the internal absorption losses can be followed by considering that the
material gain asymptotically goes to zero at wavelengths much longer compared to the peak emission.
Although G () is not exactly zero at long wavelengths, it can be small enough for an accurate measurement
of oyt [33, 34].

The estimated internal absorption losses (extrapolated from the plateau around 1340 in figure 4(c))
exhibit a minor variation during the experiment, ranging from cvj,; &~ 5.5 cm ™! (unaged) to ajn &~ 6.8 cm™
(post-stress). The increase in oy, is compatible with other works on similar devices [21, 22].

In order to better understand the degradation process, we reported the trend of the net gain peak as a
function of the measuring current in figure 5(a). As expected, the dependence of net gain on current exhibits
a consistent lowering, in agreement with the worsening of the optical characteristics occurring during the
aging of the device. In particular, the net gain appears to decrease uniformly across all the tested measuring
currents. By subtracting each curve from the first (unaged, 0 min) measurement, it is possible to observe a
rigid shift of the curves, indicating that the characteristics does not feature a change in shape (see figure 5(b)).
This ultimately indicates that the degradation mechanism responsible for the optical degradation affects the
net gain peak more or less equivalently across the entire range of adopted testing currents.

In order to confirm the correlation between the degradation of the optical characteristics and the gain
spectra, we plotted the relative net gain peak (at 35 mA) versus the relative Iy, during the aging experiment.

1
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following a constant trend.

100% [ o Tw=35C ]
N J.pose=5 kAICM?

amb’

stress

® ©

QLS

SIS

T T
(4
b g

B a1 [2]
LIS
SEGESS
——

w

2

>
T

100% 110% 120% 130% 140% 150% 160%
Relative |,

Relative net gain peak @35 mA

Figure 6. Correlation between the threshold current and the peak magnitude of the net gain.

The resulting graph, reported in figure 6, clearly shows a linear correlation among the two quantities,
suggesting that the physical origin of the process responsible for the worsening of the L-I characteristics, and
for the reduction in the net modal gain, is the same.
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Table 1. List of parameters employed to model the optical characteristics of the laser above threshold. Note that v is the group velocity
and ng is the group refractive index. In addition, I refers to the confinement factor per each DWELL.

Symbol Description Value Unit References

q Electron charge 1.6:107% (C)

\% Active volume 4.67-1071 (em?)

A= L SRH coeff. 1/1-107* (s™h (37]
Radiative coeff. 1.1-1071° (cm®s™1) [38]

C Auger-Meitner coeff. 1.107% (em®s™Y) [39, 40]

a Differential gain 1.6-1071¢ (cm?) [41]

go=awvg Gain slope constant 1.34-107° (em™2s7h)

Ny Transparency carrier density 1.15-108 (cm™?) [42]

EPS Gain compression factor 1.5.107Y (cm?) [41]

T Confinement Factor 0.02 [27]

Tp = m Photon lifetime 8.56-10712 (s) [35]

B ’ Spontaneous emission factor 1-107* [27]

Minj Injection efficiency 0.85 [35]

2 The Tsry used in the simulation is consistent with the value shown in [35].

5. Modeling of the optical degradation

According to previous studies [18, 23-25, 35], the optical degradation of InAs QD LDs epitaxially grown on
Si, featuring the DWELL structure is driven by the reduction in injection efficiency (7). This process occurs
through the recombination-enhanced generation/diffusion of defects inside the device active region. These
defects act as NRRCs, effectively stealing carriers before they can be captured by QDs. To explain this process,
we use a modified rate equation model to analyze the variation in the gain spectra exhibited during the stress
test. The proposed model is valid for a QW laser, but the phenomenological considerations can also be
applied to QD LDs [36]. The set of adopted carrier and photon rate equation is the following:

v _ %7\/1 — N(A+ BN+ CN?) — g (N = Nu) 155555 ©)
S _ S S

where S is the photon density, and all remaining parameters are described in table 1 involving results from
other works on QD LDs as similar as possible to the DUTs analyzed within this work.

Since QDs are sandwiched between the wetting layer and the InGaAs well, to determine the active volume
V we assumed an equivalent active volume of InAs QDs with a thickness of 2 nm. Actually, the real QD
volume should be lower, as QDs do not form a continuous layer, but rather a dot-like textured surface [24].

Based on the parameters listed in table 1, we solved the equations reported in equation (6) to match the
unaged net peak gain vs current curve (see figure 7), having the injection efficiency as the sole free parameter.
As it is possible to see in the figure, by only modifying 7;,; from 0.85 (initial estimated value, see [42]) to 0.6
(i.e. supposing a relative reduction of 15%), we were able to reproduce the post-stress net peak gain vs
current curve. This confirms that the variation of 1, alone can account for the experimentally observed
reduction in the net modal gain in the laser. From a physical point of view, this demonstrates the importance
of SRH recombination outside the QDs (in the InGaAs QWs), which subtracts carriers from the active
region, lowering the equivalent injection efficiency of the QDs. A variation in the internal SRH
recombination in the QDs (modeled by the parameter A in the differential equation) is also expected, but
solely varying this parameter has been shown not to accurately emulate the optical degradation of the devices
under investigation (for further details, refer to figure 6 in [30]).

In order to replicate the experimental correlation between the threshold current increment and the gain
peak lowering (figure 6), we calculated the L-I curves and gain peak at 35 mA from the rate equation model.
Figure 8 shows again that the variation in the injection efficiency alone (from 0.85 to 0.60) matches quite well
with the experimental trend of Iy, and gain. We can observe a small deviation between the experimental and
simulated curves, especially for longer stress times. We cannot exclude the possibility that other parameters
may also change during the aging process. For instance, the SRH rate in the QDs (A coefficient) or the
internal absorption losses aj, may also vary (even though we measured only a slight variation in the latter
parameter). Nonetheless, the aim of the modeling was to demonstrate that just the variation in injection
efficiency itself can effectively explain most of the optical degradation exhibited by the devices.

7
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6. Conclusions

We analyzed the degradation of 1.3 pm QD lasers grown on silicon. For the first time, we employed the
measurement of the gain spectra during an aging experiment to assess the physical origin of device
degradation. The variations exhibited by the gain spectra during a constant-current stress showed that (i) the
decrease in magnitude of the gain peak represents the major spectral feature variation during aging, (ii) the
internal absorption losses exhibit a moderate variation (from 5.5 to 6.8 cm™), and (iii) that the threshold
current increase is correlated with the lowering in the modal gain peak during the stress experiment.

By comparing this experimental evidence to a rate-equation model, we conclude that the worsening in
both threshold current and gain can be ascribed to the lowering of injection efficiency, in agreement with
previous reports on similar samples. The methodology proposed in this work ultimately introduces a novel
approach to identify the origin of the optical degradation of a generic laser diode based on the evaluation of
its stress-time dependent gain spectra.
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