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Abstract— For the first time we investigate the optical degrada-
tion of vertical-cavity silicon-integrated lasers VCSILs) designed
for operation at 845 nm in photonic integrated circuits (PICs).
The study is based on the combined electro-optical characteri-
zation of VCSIL, submitted to constant-current stress tests at
different current levels. The original results obtained within
the manuscript indicate that degradation is related to the
diffusion of impurities. Remarkably, depending on the region
through which these impurities are migrating, the diffusion
process affects device characteristics in different ways. During
Phase 1 (Phl), compensating impurities originating from the
metal-semiconductor contact cross the top DBR, thus degrading
mirror reflectivity, which is rarely observed in the literature,
and leading to an increase in the threshold current of the
device. As the impurities start reaching the active region we
observe the onset of Phase 2 (Ph2), during which both threshold
current and sub-threshold slope worsen, due to the increase of
the Shockley-Read-Hall recombination rate. This phase is also
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characterized by a measurable increase in series resistance, which
is ascribed to a change in the resistance of the oxide aperture. The
identification of the root cause of physical degradation represents
a fundamental step for future lifetime improvement of these novel
optical sources, which are set to replace conventional solid-state
sources in the 0.85 ym communication window.

Index Terms— Degradation, VCSIL, diffusion, PICs.

I. INTRODUCTION

HOTONIC integrated circuits (PICs) allow for the inte-

gration of different optical functions on a single chip,
allowing the realization of compact, cheap and robust optical
systems. Photonic integrated circuits are currently predomi-
nantly being used for high-speed optical communication [1],
[2]. Furthermore, PICs are also being adopted for developing
biosensors [3], [4].

In both communication and sensing applications, one of the
most critical components is the light source, typically a laser
diode. Commonly, the lasers integrated into PIC platforms
include edge-emitting lasers (EELs) such as distributed feed-
back (DFB) lasers and external cavity lasers. Promising optical
sources for PICs operating in the 800 — 950 nm range are
vertical-cavity surface-emitting lasers (VCSELSs) [5]. VCSELs
have different advantages compared to the aforementioned
in-plane lasers: easier wafer-level testing, sub-mA thresh-
old currents and high wall-plug efficiency and are currently
widely deployed in short-range datacom applications, such as
intra-data center data transmission [6].

The leading issue concerning the monolithic integration
of III-V emitters (such as lasers) on silicon photonics plat-
forms, which are widely used in modern PICs, is the lattice
mismatch between the direct bandgap III-V active material
and silicon. If heteroepitaxial integration is adopted, the lattice
mismatch leads to the formation of highly defective semicon-
ductor layers, and ultimately to poor device performance and
lifetime [7]. A different approach is the micro-transfer-printing
technique [8]. Commonly, lasers directly grown on silicon
have lifetimes hovering around hundreds and thousands of
hours [9], however, by leveraging the hybrid integration tech-
niques (as micro-transfer printing), lifetimes of 100’000 hours
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[10] can be achieved. The concept behind this method consists
in growing the VCSEL on its native substrate (i.e. GaAs); then,
after appropriate on-wafer testing, the device is detached from
the substrate by means of a sacrificial layer incorporated in the
layer stack, which is selectively etched after device fabrication.
The detached III-V device is finally transferred to the silicon
platform, on top of suitable coupling structures, using a stamp.
The typical coupling structure is composed of a diffraction
grating that couples the output optical mode of the laser to a
waveguide that re-directs the light into the PIC [11]. Through
this technique, VCSELSs can be integrated with SiN waveguide
circuits, forming so-called Vertical-Cavity Silicon-Integrated
Lasers (VCSILs), which are the devices studied in this paper.

In the last 30 years the most common failure modes,
causes, and mechanisms observed in oxide VCSELs have
been addressed from different perspectives. One of the major
sources of VCSEL failures is related to the oxide aperture.
Indeed, after AlGaAs or AlAs oxidation, a significant stress
is induced in the proximity of the oxide layers, causing
the generation of cracks and/or dark line defects (DLDs)
[12]. Concerning the external factors that lead to VCSEL
failure, the diameter of the oxide aperture (typically rang-
ing from a few microns up to about 10 microns) makes
these devices sensitive to electrostatic discharge (ESD) and
electrical overstress (EOS) [13]. Other common factors that
cause the acceleration of VCSEL aging are thermally-induced
degradation and current-driven defect generation [14] which
are responsible for generating and propagating defects in the
device. Also humidity was proven to produce different failure
modes, including dislocation growth, semiconductor cracks,
and optical window surface degradation [15]. Even though the
degradation and failure of VCSELs have been widely studied
in the past [16], [17], in the literature, only few papers dealt
with the novel VCSILs, and the related reliability has never
been addressed.

To analyze the degradation of these novel family of devices
we carried out a series of constant-current stress tests, during
which the devices are biased at constant current, and the
kinetics of degradation are measured as a function of time.
We repeated the same test for four different current levels
(2.5, 3.5, 4.0, and 4.5 mA) at the same ambient temperature
(25°C) for observing the degradation kinetics versus current.
As an outcome of this first-time-analysis, we identified two
phases of degradation, labeled Phase 1 (Phl) and Phase 2
(Ph2) respectively. Remarkably, during Ph1, a worsening of the
threshold current was observed, whereas Ph2 also highlighted
the degradation of the subthreshold slope. The peculiar degra-
dation kinetics allowed us to correlate the worsening of the
optical characteristics to the diffusion of impurities through
the top DBR (Distributed Bragg Reflector) (Phl) first, and
in the active region of the laser during Ph2.

II. SAMPLES UNDER INVESTIGATION

The devices analyzed within this work are vertical-cavity
silicon-integrated lasers emitting at 845 nm. Each device
consists of a III-V VCSEL, designed for bottom-emission, and
a SiNx waveguide realized on a silicon substrate. The struc-
ture, starting from the top, includes a Ti/Pt/Au disk-shaped
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p-contact that serves both as electrode and as a top reflector.
The top DBR is p-doped with carbon and consists of 29 mirror
pairs of Aly.12Gag.gs As/Aly.9oGag 10 As. At the bottom of the
p-DBR, within the layer closest to the separate confinement
heterostructure (SCH) region, a 30 nm Alg9gGag g2 As-layer
is included for the formation, through selective wet oxidation,
of an oxide aperture about 4 um wide. The presence of this
aperture laterally confines both the current and the optical
mode to the center of the circular VCSEL structure. The active
area of the laser is located below the aperture and consists of
a 1 — A thick SCH and a multi-quantum-well (MQW) struc-
ture containing five 4 nm thick Ing 10Gag.ooAs/Alg37Gag.e3As
QWs. The bottom DBR is n-doped and is composed of
23 mirror pairs of Aly.12Gag ggAs/Aly.90Gap.10As. A Ni/Ge/Au
n-contact is positioned a few DBR mirror pair layers below
the active area. At the bottom of the n-DBR, a 527 nm
Alp.12Gag ggAs buffer layer is included to tune the cavity
length between the bottom DBR and the diffraction grating.
Underneath this layer, a 4 nm GaAs layer serves as an etch stop
layer with respect to an Ing49Gag 51P sacrificial layer, which
is required for the micro-transfer-printing process, as will be
discussed below. The thin GaAs layer absorbs light at 850 nm,
although the impact is minimized since the etch stop layer
is placed outside of the III-V cavity and the standing wave
pattern has a node at the thin GaAs layer.

Below the VCSEL, aligned with the oxide aperture,
a diffraction grating was placed to couple the optical
mode into a SiN/SiO, waveguide. The grating also provides
polarization-dependent and mode-selective feedback, resulting
in an extended cavity laser defined by the top oxide thickness
of the cladding above the waveguide (WG). The polariza-
tion selective feedback lowers the TE threshold gain to a
value smaller than the TM threshold gain. As a result, the
VCSIL preferentially lases in TE-polarization and out-couples
the light laterally into two SiNx waveguides to form the
vertical-cavity silicon-nitride-integrated laser structure. The
light inside the waveguides propagates in both directions, and
is out-coupled by means of a grating coupler [18] located on
each side. Fig. 1 depicts a simplified schematic of the devices
under test. Further information regarding the device epitaxy,
growth and fabrication can be found in [19].

III. METHODOLOGY

For our experimental purposes, the samples have been aged
and characterized on-wafer. Temperature control was achieved
through a TEC-controlled baseplate. The electrical charac-
terization was performed by means of an HP 4142 source-
meter. The L-I measurements were carried out through a
Thorlabs S120VC amplified Si photodiode. To perform elec-
troluminescence (EL) spectral measurements, we employed an
Instrument System CAS140 spectrometer coupled to an optical
fiber placed on top of one of the two output grating couplers
of the chip. The impedance measurements were performed
by means of a Keysight E4980A LCR meter. Both stressing
and characterization were carried out at a fixed baseplate
temperature of Tamp = 25 °C.

To evaluate the degradation kinetics as a function of
time, the devices were submitted to a constant-current stress
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Fig. 1. Simplified view of the samples under investigation. a) cross-section
schematic and b) top view. The drawing is not scaled according to the actual
geometry of the device.

experiment. The stress experiment was interrupted at different
stages to evaluate the effects of device degradation by carrying
out both electrical (I-V, C-V, and C-f) and optical (L-I and
spectra) measurements. In this work, we analyze the results
of four constant current aging tests carried out at stress
levels ranging from 2.5 mA to 4.5 mA. Considering that
the diameter of the oxide aperture is 4 um wide, and the
average threshold current at RT is about 170 nA (& 1350
A/cm?), the corresponding stress current density lies within
the 19.9 - 35.8 kA/cm? window, thus representing a highly
accelerated stress condition.

IV. CONSTANT CURRENT STRESS RESULTS
A. Optical Degradation Modes

To analyze the optical degradation modes that were found to
affect the samples under investigation, we start by reporting the
detailed stress-induced variation of the L-I curves during aging
at Iyress = 3.5 mA, chosen as a representative stress scenario
(Fig. 2). The L-I characteristics show a superimposed sinu-
soidal “ripple”: this behavior derives from the optical feedback
associated with the extended optical cavity formed by the SiN
waveguide and the grating coupler. To correctly extrapolate
typical device parameters, such as threshold current (I,), slope
efficiency (SE), and sub-threshold slope (OPgyp), the raw L-I
data have been processed by means of a digital low pass
filter, thus obtaining a more familiar piece-wise linear output
characteristic.

Initially, the devices were found to only exhibit an Iy
increase, as well as a minor decrease in SE, whereas the OPgyp,
starts to decrease only after a certain amount of time from the
beginning of the stress (see the inset of Fig. 2). Considering
this, we can recognize two distinct phases of degradation:
a phase 1, labeled Phl, during which only Iy, is worsening,
and a phase 2 (Ph2), during which both Iy, and OPgy, are
degrading. This behavior is peculiar, since the absence of
correlation between the increase in Iy, and the optical emission
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Fig. 2. Variation of the L-I curves during stress (Istress =3.5 mA). The inset
highlights the degradation of the OPgyy, slope, which does not correlate with
the variation of Iy, during the initial phases of stress. The dashed black line
represents the post-stress curve with applied digital LP filter.
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Istress- By comparing the two figures, the reader can identify the activation of
Ph2 by looking at the onset of Suby, degradation (also highlighted by vertical
dashed lines).

in subthreshold regime may indicate that the aging procedure
is progressively affecting different parts of the III-V structure,
as will be discussed in the following paragraphs.

B. Dependence of the Optical Degradation Modes on Stress
Current

With the aim of further discriminating the stress
phase-dependent degradation processes affecting the optical
characteristics of the devices, the impact of stress current will
now be discussed. Fig. 3a and Fig. 3b show, respectively, the



2400210

145%
140%
135%
130%
125%
120%
115%
110%
105%
100%

95%

Relative I,

Uncorrelated - Phase 1 .

95% 90% 85% 80%

Relative Sub,, SE

100%

Fig. 4. Correlation between the threshold current increase and the

sub-threshold slope decrease (Isgress =4.0 mA).

trends of Iy, and Suby, slope as a function of stress time, for
Lsress = 2.5, 3.5, 4.0, and 4.5 mA.

From the experimental results reported above the following
observations can be made:

o the degradation rate during Phl does not depend on
the stress current level (within the stress current range
explored), i.e., the threshold current degradation process
does not seem to be strongly current-activated during the
initial phase of degradation.

o Phl saturates as threshold current increases by 8-15 %
with respect to its original value. This behavior can be
easily seen by looking at the 2.5 mA stress test, during
which Ph2 is not activated and the Iy, increase saturates
at ~12 % after about 2000 min of stress.

« In correspondence to the onset of Ph2, the devices start
exhibiting a lowering of OPgy,, correlated with a second
threshold current increase process.

« The onset of activation of Ph2 strongly depends on the
level of applied stress current and is accelerated as stress
current is raised.

To better analyze the relation between the Iy, and the OPgp
degradation, we compared their two trends to look for a
possible correlation. Fig. 4 shows that during Phl Iy, and
OPy,p are not correlated. On the other hand, during Ph2 the
two quantities are linearly correlated.

The correlation between I, and OPg,,, which indicates
the simultaneous worsening of both device parameters, has
often been observed in the past [20], [21], and can typically
be ascribed to the generation/migration of defects, acting as
non-radiative recombination centers (NRRCs), in the active
region of the laser. This kind of degradation mechanism
increases the current required to reach lasing threshold and
lowers the optical efficiency in subthreshold, i.e., LED-like,
emission regime. Indeed, if we evaluate the below-threshold
rate equation for a carrier density equal to its value at
threshold (), and if we assume that the injection efficiency,
Ninj,» below and above-threshold is the same, we can write
that [22]:

Nin

1
Bitn (A + BNy + Cth) Nip = —* 1)

qV
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Fig. 5. Spectra collected during stress: a) spontaneous emission during Phl,
b) spontaneous emission during Ph2, c) laser emission during Phl d), laser
emission during Ph2 (the reader should notice that the x-axes scales related
to the plots on the left and on the right are different).

that yields:

qV (A+ BNy, + CN?) Nuy
Ly, = = (2)
nitT ni

Here A, B, and C are the Shockley-Read-Hall, the radiative
and the Auger recombination coefficients, g is the electron
charge, 7 is the average carrier lifetime and V is the volume
of the active region. Therefore, both the sub-threshold slope,
given by [23],

N
O Pyp x — = N(A+ BN + CN?) 3)
T

and the threshold current (Eq. 2), strongly depend on the bal-
ance between radiative (BN?) and non-radiative (AN + CN?)
recombination terms. For this reason, assuming that the vari-
ation of the Auger coefficient (CN?) due to the variation of
Ny, is lower than the increment of the SRH (Shockley-Read-
Hall) term due to the A coefficient, the strong correlation
observed between the trend of I;; and OPy,; suggests that
their worsening during constant-current aging can be ascribed
to the increase in SRH recombination rate, possibly due to
the generation/relocation of impurities, that reach the active
region in correspondence to the onset of Ph2.

C. Spectral Variations Induced During the Aging Procedure

To further prove our hypothesis on the physical origin of
the degradation process occurring during Ph2, we repeated
a constant current stress by recording also the EL spectra
at two current levels: at 20 pA, to evaluate the spontaneous
emission spectra below threshold, and at a current of 450 pA,
to measure spectra above threshold, where optical emission
mostly originates from stimulated recombination. The stress
current in this case was set at 3.5 mA, since this stress level
was found to be capable of triggering the onset of Ph2 in a
reasonable amount of time (< 40000 min), as indicated by the
previously reported stress experiments.

The experimental results reported in Fig. 5 reveal that the
spontaneous emission is only affected during Ph2, whereas
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the stimulated emission degrades both during Phl and Ph2.
The integrated power spectral density (PSD) trends, reported
in Fig. 6, show the different behavior of the two components
during stress: the laser emission features a relative decrease of
about -17% during Ph1, whereas the spontaneous emission is
unaltered, confirming the outcome of the L-I measurements.
Since during Phl only the stimulated emission exhibits rele-
vant worsening, it is unlikely that degradation is taking place
within the active region, since in this case also the spontaneous
emission would be influenced. In other words, if defects would
reach the active region causing an increment of the SRH
recombination (increment of A coefficient), according to Eq. 2
and 3 this would imply both the lowering of OPgy, and the
increment of Iy,. For this reason, we suppose that Phl-related
optical degradation is probably due to the worsening of the
DBR reflectivity, or to an increase in optical absorption,
according to [23]:

1 1
Qror = o + iln (R1R2) €]

where o, is the total absorption coefficient, «; represents the
internal losses, L is the cavity length and R, is the mirror
reflectivity. Indeed, unlike the spontaneous emission which is
uncoupled with modes of the cavity, the value of the threshold
current strongly depends on the optical feedback provided
by the DBRs. Based on this consideration, we propose that
during Phl the optical degradation is mainly caused by the
generation/relocation of impurities that create optically-active
deep levels responsible for increasing the optical losses within
the cavity, thus worsening the stimulated emission [24].

D. Analysis of the Degradation Kinetics

To better understand the degradation dynamics determin-
ing the observed threshold current increase, we further ana-
lyzed the time-dependence of the degradation process. The plot
of the trend of Iy, as a function of the square root of stress time
[25], reported in Fig. 7, indicates that the degradation curve
has a square-root dependence on stress time, during Ph2.

This kind of temporal dependence suggests that degradation
during Ph2 may be proceeding through the diffusion of impu-
rities acting as non-radiative recombination centers toward the
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Fig. 7. Iy degradation as a function of the square root of stress time
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active region of the devices [25]. When impurities diffuse from
a region where their concentration Ny is constant, the temporal
variation in concentration N(z, ¢) at a given depth z follows
Fick’s laws of diffusion and can be expressed by:

2

N
0 c—dm (5)

4w Dt

where D is the diffusion coefficient of the moving impurity.
Since the density of the diffusing NNRCs directly impacts
on the non-radiative lifetime t,, (assumed to be dominated
by the SRH recombination rate), also the decrease in the
non-radiative lifetime is supposed to have a square-root depen-
dence on time.

In addition to that, we can also notice that between Phl
and Ph2 there is an intermediate phase during which Iy
experiences a very limited degradation (= +2.5%), while
maintaining a weaker dependence on the square root of stress
time compared to Ph2: as a matter of fact, the slope of the
plot from 2500 min to 6500 min is lower, possibly indicating
a variation of the apparent diffusion coefficient. Generally
speaking, this kind of variation can either be indicative of
1) a change in the diffusing species or ii) a change in the
diffusing environment. Concerning the latter hypothesis, this
could indicate that during Ph2 the impurities are diffusing
through a different region, like the device layers closer to the
active region, where their presence impacts in a different way
on the radiative efficiency of the device. These considerations
further support the hypothesis on the relocation of NRRCs
toward the active region occurring during Ph2.

N (t,z) =

E. Analysis of the Stress-Induced Variation in the Series
Resistance During Stress

Additional evidence of the stress-induced diffusion of impu-
rities is provided by the variation of the differential series
resistance (Rg) calculated from the I-V characteristics col-
lected during stress. By comparing the I, and the Rg kinetics
(Fig. 8), we can observe that the series resistance rapidly
increases during the early stages of Phl and saturates after
the first 5-10 minutes of stress. Considering the structure
of the device, the series resistance is mostly determined by
the oxide aperture, and the current spread within the top
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Fig. 8.  Threshold current (I,) and series resistance (Rg) vs stress time
(Istress =4.0 mA).

DBR [26]. The observed variation in Rg can therefore be
ascribed to the relocation of impurities that passivate the p-type
dopant (carbon in our devices) and/or that create complexes
that increase the intrinsic series resistance of the DBR, due
to the local accumulation of fixed charge. In particular, the
large series resistance variation may be probably originated by
the passivation of the dopant species in the device structure.
Indeed, the variation of the doping profiles can induce the
generation of anomalous potential barriers in both conduction
and valence bands capable of causing such series resistance
increment. Such anomalous series resistance variation may be
originated from the suboptimal p-contact process described in
the previous paragraphs. For instance, hydrogen was proven
to form complexes with carbon atoms used as a p-type dopant
in GaAs. In particular, the interaction between hydrogen
and carbon can lead to the formation of H-Cas and H-Cg,
complexes, that induce the passivation of the doping properties
of C in many III-V semiconductors [27]. This interpretation
supports the hypothesis on the generation of optically-active
deep levels that can absorb coherent photons and favor the
increase in the p-DBR losses previously described.

Figure 8 also reveals that after the first series resistance
increase, a second variation, smaller than the first one, starts
occurring in correspondence of the activation of Ph2. Since in
this case the electrical degradation is found to be correlated
with the Iy, increase, this may indicate that when the impurities
approach the active region they originate a second Rg incre-
ment, possibly due to their interaction with the narrow and
thin semiconductor layers associated with the oxide-confined
aperture.

V. CAPACITANCE SPECTROSCOPY ANALYSIS

To better pinpoint the device regions affected by the reloca-
tion of defects, as well as their specific role in the degra-
dation of the VCSILs, we analyzed the variation of the
small signal impedance of the device induced by the constant
current stress by means of capacitance-voltage (C-V) and
capacitance-frequency (C-f) measurements. Fig. 9a reports the
capacitance-voltage curve (C-V) before and after the stress:
from these plots we can notice that the stress test induced a
capacitance increment only at forward bias voltages (> 0.5 V),
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Fig. 9. a) C-V curves of a VCSIL measured at 1 MHz before and after stress.
The picture in the graph shows the proposed equivalent electrical model of
the device. b) variation of the C-f curves measured at 1 V after stress at 1
stress = 3.5 mA. Measurements data below 7 kHz were not shown due to the
measurement noise.

whereas minimal variations affected the C-V characteristics at
more negative bias levels. To investigate the physical origin
of this variation, the C-f profiles have also been measured
for bias levels between 0 V and 1 V to study the cause of
the capacitance variation in the C-V profile. Fig. 9b depicts
the C-f profile measured in the latter DC bias conditions:
remarkably, the data indicate i) the presence of a capacitance
decrease for frequencies above 100 kHz, and ii) that this
variation can no longer be detected on the aged device. The
behavior observed for the fresh device can be associated
with the response of a defect located at the edge of the
SCR (space charge region) being filled and emptied as a
consequence of the variation of the small-signal voltage (Vac)
[28], [29]. We analyzed the derivative of capacitance with
respect to frequency versus angular frequency (dC / dfvs w)
over a reasonable temperature range, to track the shift of
the peak associated with the defect response (Fig. 10a). This
technique, known as Thermal Admittance Spectroscopy (TAS)
[28], allows to relate the small signal capacitance inflection
point with the thermal emission rate of the trap through the
following relation:
Wi

¢ =585 ©
where e (T') is the thermal emission rate at a given temperature
T and w; is the angular frequency at the inflection point.
The activation energy of the trap (E,) can then be obtained
by measuring the small signal capacitance inflection point at
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Fig. 11. Study of capacitance-frequency profiles: the blue line represents the
behavior of a majority carrier trap whereas the red curve the response of a
minority carrier trap. The dashed lines depict a non-responding defect in both
cases.

different temperatures and by building the related Arrhenius
plot, from the mathematical relation expressed by Eq. 7.

The experimental data were used to build the Arrhenius plot
shown in the inset of Fig. 10. The resulting E,, about 0.16 eV,
indicates the presence of a shallow defect, located close to
one of the two band edges. Looking at the response of the
C-f curve we can assess the type of defect involved. From the
sketch reported in Fig. 11, we can see that at low frequencies,
when the trap follows the small signal modulation, the mea-
sured value of the small signal capacitance (or equivalently
of the conductance) becomes affected by the presence of the
defect. On the other hand, at high measuring frequencies, the
modulating signal is much faster than the emission/capture
rate of the trap, and therefore the small signal capacitance
falls back to its expected theoretical value Fig. 11. To be more
specific, when dealing with a majority carrier trap the value
of the capacitance is lower at higher frequencies, since in this
case the trap state cannot be emptied quickly enough and the
filled defect exhibits a polarity which is opposite with respect
to the fixed charge related to the ionized dopant atoms: this
lowers the local charge density, thus inducing the widening of
the space charge region and the lowering of the small signal
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capacitance, according to the relation given by

C=4.5 %
XD
where A is the junction area, ¢ is the material permittivity and
xp represents the extension of the space-charge region.

Conversely, when measuring the response of a minority

carrier trap, the capacitance-frequency response shows an
opposite variation due to the different polarity of defects. The
minority carrier behavior is rarely observed when studying
admittance vs frequency (Y-f) characteristics and SCR exten-
sion in semiconductor devices since the Fermi level is typically
positioned far from the (minority carrier) trap energy level.

Based on these experimental observations, we developed

two hypotheses that could explain the behavior and the vari-
ation of the capacitance measurements of the DUTs during
stress:

1) A first interpretation relates the capacitance increment
measured at positive bias levels during stress to the relo-
cation of defects inside the active region. The presence
of such defects increases the density of fixed charge,
thus inducing the shrinking of the space charge region
(xp) and the increase in the measured small signal
capacitance. This hypothesis is partially supported by the
C-f variation during stress. Since we detect the response
of the defect in the unaged device but not after the stress,
the experimental data suggest that the defect moved from
the edge of the space charge region (being modulated
by the ac voltage) to another site. Moreover, the post
stress C-f curve does not lay on the high frequency value
of the unaged curve, as depicted in Fig. 11 (dashed
blue line). This means that the trap is not responding
anymore, because it has moved inside the SCR closer to
the QWs implying a capacitance increment that explains
the capacitance shift of the C-f curve.

2) A second interpretation relates the observed capacitance
increment in the 0.5-1 V range (at 1 MHz) to the
annealing of the p-contact, induced by the early phases
of stress. In this case we assume that in the fresh
device the metal-semiconductor (M-S) junction at the
p-side exhibits a weak Schottky behavior, rather than
acting as ohmic tunnel junction. As a consequence, the
electrical model of the AC impedance of the device must
also consider the presence of the depletion capacitance
associated to the p-contact (referred to as Cjpsos), which
is connected back-to-back to the main laser diode capac-
itance (Crp), as depicted in Fig. 11. To evaluate the total
capacitance (Cy,;) of the device we must then consider
that:

Crp-Cu-s
Ciot = ———F=— ®)

CLp +Cum—s
When a reverse bias is applied to the VCSIL, the M-S
junction is forward biased, so in series with the laser diode
there is a very high capacitance and the lower depletion
capacitance of the laser dominates the series of the two
components. On the contrary, when the VCSIL is under
forward bias, the M-S junction is reversely biased. If the
contact is of Schottky-type, its depletion capacitance limits
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behavior is reported, whereas on the right we shown the incorrect kinetics
that could be deduced from the first hypothesis proposed.

the overall AC capacitance of the device. After the contact
annealing, which we assume to be occurring during the first
part of Phl, the contact becomes Ohmic (through tunneling).
In this case the resulting capacitance is dominated by the laser
capacitance in both bias regimes (C;,; = Crp). Therefore, the
variation of the C-f response can be explained by considering
that: a) on the fresh device we can detect the defect from
the C-f response, originating from the depleted region of the
M-S junction (meaning that the defect is located in the top
part of the p-DBR); b) after the contact annealing we can no
longer measure the trap response, because we are only probing
defects located at the edge of the laser diode SCR. Moreover,
the probed defect may be the same one that, according to our
hypotheses, starts diffusing from the top DBR (probed by the
M-S junction modulation) during the worsening of the mirror
properties and then reaches the active region, causing the onset
of Ph2, that shows the degradation of the radiative emission.

Among these two hypotheses, we are more prone to consider
the second to be the more realistic for the following reasons:

1) Considering the first scenario, it is not likely that the
defect completely vanishes from one location to settle in
another, since the diffusion of impurities rarely proceeds
through a rigid shift of the impurity profile. As depicted
in Fig. 12, the theoretical kinetics for a diffusion process
implies a lowering of the peak together with the progress
of the diffusion front, for this reason we would expect
to measure a lowering in the defect response due to
the lowering of the trap concentration rather than its
complete absence after stress.

2) If we consider that defects reached the active region
causing the increment of the capacitance, this would
involve a capacitance increment not only in forward
but also in reverse bias regime (instead we only see an
increment in the 0.5 - 1 V range).

3) Taking into account the previous consideration, a capac-
itance increment of ~142 fF at 1 V (from 302 to 444 {F)
should originate from a reduction in the space charge
region width of ~44%. This kind of variation would not
be plausible in our case, as both the n and p sides of
the laser are heavily doped (>1-10'® cm™3), therefore
modification should be induced by the migration of a
very large amount of charged impurities towards the
junction or the intrinsic region.

4) Finally, the capacitance shift observed by comparing
the C-f profile before and after the stress (at 1 V) is
compatible with the capacitance increment measured
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at 1 V in the C-V measurement (1 MHz). This points
out why the plateau of the post stress curve did not
lay on the high frequency value of the unaged C-f
curve as expected from the theory when measuring a
non-responding trap (Fig. 11). Indeed, this further proves
that we are not measuring the trap because we are
not probing within the SCR of the M-S junction that
disappears with the annealing due to the stress, which,
in turn, is responsible of the capacitance increment in
both C-f and C-V characteristics.

VI. MODELING OF THE OPTICAL DEGRADATION PROCESS

The outcome of the analysis presented so far can be summed

up as follows:

o The stress procedure induces two distinct degradation
processes, which are activated in two different time
frames, referred to as Phl and Ph2, respectively. During
the former, only the threshold current of the laser exhibits
degradation, whereas during Ph2 the device exhibits the
worsening of both Iy and OPgyp.

o Concerning Phl, we related the degradation of Iy to
the worsening of the mirror performance explaining the
unaffected OPgy;, over this first phase of degradation.

o From the interpretation of the capacitive measurements,
we found out that in the unaged device a defect was
possibly located closer to the p-contact (in the top part
of the DBR), whose signature was not detected after the
stress. This defect could be responsible for the increased
losses in the top DBR that during Phl affected only the
Ih. The defect is probably measured within the SCR
of the parasitic M-S junction. Indeed, the SCR of the
laser diode cannot extend much further than the intrinsic
region due to the heavily doped DBRs. According to our
simulations the SCR is 312 nm at -3 V whereas at +1 V
is 303 nm, therefore it does not extend far beyond the
intrinsic region (283 nm). For a qualitative view of the
extension of the SCR in the device structure at 0 V see
Fig. 1.

o During Ph2 we observed a linear correlation between
OPgp and Iiy; the relation among these two quantities
was also confirmed by analyzing the spontaneous and
the stimulated emission from the spectra. These outcomes
suggested that over the last phase of degradation, defects
acting as NNRCs reached the active region, thus worsen-
ing the radiative recombination.

o Also, this last point is again compatible with the study of
the C-f profiles, as the same defect probed in the fresh
device can move through the top DBR in the Phl and
finally reach the active region determining the beginning
of Ph2.

According to the experimental results provided within this
work, the devices show a very unusual degradation pro-
cess never found in common VCSELs. Indeed, the proposed
two-phase degradation model takes into account the migration
of point defects during the stress, rather than the genera-
tion/propagation of extended defects after the device growth
[16]. Remarkably, we managed to correlate the variation of
the laser characteristics with the regions crossed by impurities
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Fig. 13. Schematic illustration of the proposed degradation model: during
Phl impurities are crossing the top DBR, whereas over Ph2 impurities reach
the active region.

a specific aging time. Furthermore, the first degradation phase
(Phl), related to the worsening of the top DBR properties of
a VCSEL, was never reported in the literature. Indeed, the
only report analyzing the degradation of reflection induced
by thermal annealing in a GaAs-based DBR can be found
in [31], which should be the case, since the driving force
required to induce the alloy disordering described in [31]
would not be present, or strong enough, during the aging pro-
cedure adopted in this case of study. According to the results
of our study, the impurities are coming from the p-contact
layers, therefore, we do not exclude that degradation is origi-
nated from the possible non-optimal p-contact growth and/or
processing.

VII. CONCLUSION

In summary, with this work, we have analyzed for the first
time the physical degradation processes related to vertical-
cavity silicon-nitride-integrated lasers, emitting at 845 nm,
for silicon photonics applications. We studied these devices
by carrying out several constant current stress tests in
which we performed optical (L-I and spectra) and electrical
(I-V, C-V, and C-f) measurements. The experimental results
showed two different phases of degradation: during phase 1,
only Iy, was found to degrade whereas both Iy, and OPgy,
changed during phase 2. According to our analysis, this
uncommon optical degradation was found to proceed through
an impurity diffusion process: the diffusive front is supposed
to start from the top p-DBR, and then reaching the active
region (Fig. 13). Degradation was found to take place in
two distinct phases: during Phl impurities move through the
top DBR, causing the increase of the mirror losses and the
observed increase in the sole threshold current. The amount
of degradation and its rate during this phase do not depend on
the stress current. The assumption that impurities are moving
through the top DBR is supported by the increment of the
series resistance that could be originated by the passivation
of the p-type dopant or by the formation H-Cas and H-Cg,
complexes. Moreover, additional capacitance measurements
also confirmed the presence of a defect in the unaged device,
possibly located closer to the anode, which is no longer
observed after the first stages of stress. We suppose that in the
fresh device impurities are passivating the anode contact, form-
ing a Schottky-type junction; after an initial contact annealing,
these impurities migrate away allowing the formation of a
tunnel junction at the p-contact. During Ph2 the impurities
finally reach the active region where they act as NRRCs,
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inducing the degradation of both threshold current and sub-
threshold slope. The outcome of this analysis suggests that
the lifetime of current state-of-the-art VCSILs may be further
increased by improving the processing/growth of the p-type
contact layers of the device. The result of the study suggests
that the same strategy to improve the devices lifetime can be
valid for generic laser diodes based on similar III-As epitaxies.
Indeed, the processing and growth of contact layers can be
critical not only for the devices analyzed within this work, but
also for other types of lasers, edge emitting as well, featuring
different type of integration strategies (heterogenous, hybrid
or fully epitaxial).
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