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Abstract— We present an extensive analysis of the physical
mechanisms responsible for the degradation of 1.3 µm InAs
quantum dot lasers epitaxially grown on Si, for application in
silicon photonics. For the first time, we characterize the degra-
dation of the devices by combined electro-optical measurements,
electroluminescence spectra and current-voltage analysis. We
demonstrate the following original results: when submitted to a
current step-stress experiment, (i) QD lasers show a measurable
increase in threshold current, which is correlated to a decrease
in slope efficiency; (ii) the degradation process is stronger when
devices are stressed at current higher than 200 mA, i.e. in
the stress regime where both ground-state and excited-state
emission are present; (iii) in the same range of stress currents,
an increase in the defect-related current components is also
detected, along with a slight decrease in the series resistance.
Based on the experimental evidence collected within this paper,
the degradation of QD lasers is ascribed to a recombination-
enhanced defect reaction (REDR) process, activated by the escape
of electrons out of the quantum dots.

Index Terms— quantum dots, lasers, degradation, semiconduc-
tor defects, carrier escape, reliability

I. INTRODUCTION

THE need for on-chip emitters on silicon is rapidly

increasing, driven by the need for photonic integrated

circuits for data communications and telecommunications, and

sensors such as LIDARs and gyroscopes. For use in data

communications, laser diodes need to have a high efficiency

and a low cost, and must be monolithically integrated in large-

scale silicon systems. Laser diodes are typically integrated

on a silicon platform by means of wafer bonding [1]. As an

alternative, III-V lasers can be epitaxially grown on a silicon

substrate: this could increase the yield and scale of integration,

thus reducing the cost of the manufacturing process. How-

ever, the direct epitaxial growth of III-V lasers on silicon is

complicated by the large lattice mismatch that results in high

dislocation densities [2], [3]. The performance of quantum-

well laser diodes epitaxially grown on silicon is limited by the

high defectiveness of the semiconductor material and lifetimes

are limited to a few hundred hours [2], [4], [5]. For this

reason, a significant research effort has been done to the

study of III-V quantum-dot (QD) laser diodes, grown on a

silicon substrate (see for instance [6], [7]). These devices are

less affected by defect-related non-radiative recombination,

compared to quantum well devices, thanks to the localization

of carriers within the dots, which limits Shockley-Read-Hall

(SRH) effects at dislocations. Compared to QW lasers, QD

emitters have also a lower threshold current density [8], thus

permitting a significant optimization of the energy efficiency.

In order to find application in silicon photonics, laser diodes

must show a stable threshold current over time; for this reason,

the reliability of QD lasers is currently under investigation.

Pioneering reports have been published in the literature, and

can be summarized as follows: 1) the first study on the

reliability of InAs/GaAs quantum dot lasers grown on silicon,

published in 2015 [9], demonstrated an extrapolated mean

time to failure of 4600 h, and indicated that degradation may

be related with the slow growth of dislocations; 2) a more

recent study demonstrated an extrapolated lifetime of over

100158 h under moderate stress conditions (1.75 times the

initial threshold current) [10]; 3) degradation rate is strongly

dependent on the threading dislocation density (TDD); by

reducing TDD from 2.8×108 cm−2 to 7.3×106 cm−2, lifetime

can be improved by five orders of magnitude, with reference

to continuous-wave stress at 35 °C [11]

The aim of this paper is to contribute to the understanding of

the physical origin of the degradation of QD lasers epitaxially

grown on a silicon substrate. For the first time, we have used

several experimental techniques to investigate the physical

mechanisms responsible for the degradation process, including

current-voltage characterization, spectrally-resolved electrolu-

minescence and L-I characterization. The results collected

within this paper indicate that: (i) the analyzed QD lasers

can operate in two regimes. For I<200 mA, only ground-state

(GS) emission is observed, while for higher current levels the

emission from the excited state (ES) starts dominating; (ii)

current stress induces an increase in the threshold current, well

correlated to a decrease in slope efficiency; (iii) degradation

rate is stronger for stress currents higher than 200 mA, i.e.

when emission from ES and carrier escape are dominant;

finally, (iv) the current-voltage characterization revealed that

stress induced an increase in the defect-related current com-

ponents, and a moderate decrease in series resistance. The

degradation is ascribed to the escape of carriers out of the

quantum dots, with consequent recombination at non-radiative

defects and recombination-enhanced defect reaction (REDR).

Such effect is more prominent when the devices are stressed

at I>200 mA, since a high escape rate is reached when the

carriers populate the excited state.

II. EXPERIMENTAL DETAILS

The study was carried out on quantum-dot laser diodes

grown by solid-source MBE on on-axis (001) GaP/Si sub-

strates. In particular, a 45 nm thick pseudomorphic GaP
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buffer layer was grown on the Si substrate; then, the structure

consists of a 3100 nm n-type GaAs buffer, a 1500 nm n-

AlGaAs cladding, a 50 nm unintentionally doped (uid)-GaAs

waveguide, a 3× sequence of InAs QDs in InGaAs QWs

and related barrier, a uid-GaAs waveguide, a 1510 nm p-

AlGaAs cladding and a 300 nm p-GaAs contact layer. The

GaAs barriers were p-doped at 5×1017 cm−3 using Be,

corresponding to ∼10 holes per QD. A threading dislocation

density of about 7×106 cm−2 was achieved in proximity of

the active region.

The material was processed into ridge-waveguide lasers, and

the devices were cleaved after thinning of the silicon substrate

to 150 µm. Cavity width and length are 3 µm and 1000 µm

respectively, corresponding to a device area of 3000 µm2.

Average threshold current at 25 °C is 17 mA, corresponding to

567 A/cm2, whereas the maximum output power is ≈34 mW,

at 20 °C and I=230 mA Additional details on the growth and

on the epitaxial structure of the devices can be found in [12]

The devices were submitted to a current step-stress exper-

iment; stress current was increased by 10 mA every hour,

starting from 10 mA. The stress experiment was interrupted

at 300 mA, i.e. when a significant degradation of the device

performance was reached. After each stage of the step-stress

experiment, a full characterization of device performance was

carried out. For the stress experiment, the samples were never

moved from their position. LDs were mounted on a Peltier-

controlled baseplate; a bifurcated optical fiber bundle was

used to simultaneously read the optical power through a

photodiode and the electroluminescence spectra through an

optical spectrum analyzer. High resolution (pA-range) current-

voltage characteristics were also measured with the aim of

evaluating changes in the defect-related current components.

III. RESULTS

A. Spectral analysis as a function of current

A first step for understanding the degradation data described

in this paper is the evaluation of the dominant emission

processes taking place during the step-stress experiment. To

this aim, we carried out electroluminescence measurements

at increasing stress currents, from 20 mA to 300 mA, at a

baseplate temperature (TAMB) of 35 °C. The results of this

analysis are summarized in Figure 1, that reports (a) the EL

spectra collected during stress at all investigated current levels,

and (b), (c), (d) the EL spectra collected at 100 mA, 230 mA,

300 mA. All spectra have been smoothed in order to remove

fringes related to cavity modes and improve readability. As

can be noticed (Figure 1 (a)), at 20 mA the EL spectrum

is centered around 1270 nm; with increasing current, a red-

shift of peak wavelength is observed. This is ascribed to self-

heating and the consequent bandgap narrowing, considering

that the EL spectra were collected in dc conditions, with

integration time of 20 s to ensure high sensitivity in the whole

analyzed current range. For currents lower than 200 mA, only

one spectral peak is observed, related to the emission from

the ground-state (GS) of the quantum-dots (Figure 1 (b)).

At higher currents (210-240 mA), a second peak centered

around 1200 nm is observed. This emission is ascribed to the

Fig. 1. (a) EL spectra collected at increasing current during the execution
of the step-stress experiment at TAMB = 35 °C; (b), (c), (d) EL spectra
collected at three different current levels, corresponding to ground-state only,
both ground-state and excited-state, excited-state only. The emission from the
wetting layer, expected to be within the 900 nm - 1000 nm range [13], was
not observed.

recombination from the excited state (ES) of the quantum dots

(Figure 1 (c)). At higher currents (between 250 mA and 300

mA), only emission from the ES is observed, while GS signal

is completely quenched (Figure 1 (d)).

A better description of the interplay between ground and

excited states is given by Figure 2, showing the integral of

GS and ES emission, along with the total integrated emission

(ES+GS). GS emission increases monotonically with current,

starting from 20 mA up to 190 mA. For currents between

190 mA and 230 mA, total (GS+ES) emission shows a

plateau: emission from GS saturates, and carriers start being

transferred to the ES. The excited state starts lasing above

210 mA (see also the spectra in Figure 1 (a)), and beyond

this point GS emission starts decreasing. Between 230 mA

and 250 mA integrated EL further increases slightly, while

for currents higher than 250 mA also emission from ES

quenches completely. Almost no emission is observed at 300

mA, indicating that a considerable amount of injected carriers

is lost non-radiatively.
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Fig. 2. variation of the luminescence from the ground (GS) and excited (ES)
state with increasing stress current. Total integrated optical power (GS+ES)
is also plotted for comparison. Inset figure shows a simplified band-diagram
of the Dots-In-Well (DWELL) region indicating the transitions related to GS
and ES emissions (wetting layer omitted).

To explain the results in Figure 1 and Figure 2, we refer

to the data and numerical simulations discussed in [14], [15]:

the hypothesis is that GS and ES have two different threshold

current levels (Ith_GS, Ith_ES), with Ith_ES>Ith_GS. When GS

lasing is reached, the carrier density at GS will be clamped;

for current levels between Ith_ES and Ith_GS, carriers can start

filling the ES. The hole occupation of GS and ES are linked,

due to the low energy separation of the two states for holes

[14]. On the other hand, the density of electrons in the excited

state will increase with increasing current. Two state lasing

(Figure 1) becomes possible for I>Ith_GS, since ES occupation

increases while GS inversion remains clamped at the threshold

level of GS.

The quenching of ground-state emission for I>Ith_GS can be

explained by three possible processes (see [15] and references

therein): (i) at high currents, self-heating becomes prevalent.

Based on occupation probability, normally ES is less occupied

than GS. This difference is supposed to disappear at high

temperature levels, and ES will start lasing. When ES and

GS have comparable level of occupation, ES will be the only

one lasing, due to its higher degeneracy [15], [16]. This mech-

anism is compatible with the strong self-heating progressively

experienced by the sample in high-current regime, testified by

the considerable redshift of the EL spectra with increasing

stress current (Fig. 1a).(ii) A second explanation considers a

current-dependent homogeneous broadening, with consequent

decrease in the maximum gain [17]. (iii) Finally, the com-

petition for holes between GS and ES has been considered.

At high current levels, if hole injection is not sufficient, ES

emission will consume all the available holes, due to its higher

degeneracy, thus leading to a quenching of GS [18]. It has

already been demonstrated that due to the non-negligible SRH

recombination in proximity of the active layers of the device,

a limited supply of holes to the quantum dots has a strong

negative impact on both optical efficiency and reliability [11].

While this problem was partially circumvented by employing

Fig. 3. L-I curves measured at different stages of the step-stress experiment,
plotted in (a) linear and (b) semi-logarithmic scale.

a modulation p-doping approach, which increases the capture

rate of holes from the QDs, this behavior shows that for this

kind of devices the reduced hole injection represents a limiting

factor, further supporting the role of this process in the balance

between GS and ES emissions. Finally, at very high current

levels (I∼300 mA), escape and overflow processes become

dominant. As a consequence, carriers will not be captured

efficiently by the quantum dots, and escape towards the wells

will dominate. Hence, population inversion will no longer be

reached, and also ES will stop lasing.

B. Impact of stress on the optical characteristics

The L-I curves of the laser diode during stress at increasing

current are shown in Figure 3. As can be noticed, stress

induced an increase in the threshold current of the devices, and

a decrease in the slope efficiency. A better description of the

degradation kinetics is given by Figure 4, that reports the Ith

increase and SE decrease as a function of stress time/current.

Two phases can be clearly identified: when stress current is

low/moderate (I<200 mA), the threshold current increases

slowly, from 18.8 mA (before stress) to 19.6 mA (after the

step at 200 mA). In the same time frame, also slope efficiency

decreases gradually from 100 % to 96.3 % of the original

value observed on the unaged laser. On the other hand, for

higher stress currents (up to 300 mA), a significant increase

in the degradation rate is observed. Threshold current increases

from 20 mA to 26 mA when current is increased from 200

mA to 300 mA, while slope efficiency shows also a quick

variation from 96.3 % to 83.9 %. Figure 3 also shows that

the decrease in the slope efficiency of the devices is stronger

at high measuring current levels (I>70 mA), compared with

what happens in the low current regime.

Figure 5 shows the variations in the threshold current-

temperature curves induced by the step-stress. In particular,

the plot shows that while stress induced a general increase

in threshold current across the entire range of measuring

temperature employed, a stronger variation is observed for

higher measuring temperatures. This decreased optical effi-

ciency at higher temperatures can either be attributed to an

increase in the SRH recombination, due the increase in defect
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Fig. 4. (a) threshold current and (b) slope efficiency variation during the
step-stress experiment. A significant change in both parameters is observed
for stress currents higher than 200 mA.

Fig. 5. Threshold current as a function of baseplate temperature (TAMB)
measured before and after the step-stress experiment. After stress, no lasing
was observed within the bias and temperature range employed for the optical
characterization.

concentration within the active region, or to the increase in the

carrier escape rate from the active volume of the quantum dots.

Interestingly, within the temperature range under investigation,

the Ith-T relation was not showing a purely exponential trend.

This is in agreement with previous reports showing that both

IR QW-based LDs [19]–[21] and DWELL 1.3 µm lasers [22]

exhibit around RT a change in the temperature dependence

of threshold current, due to the increased carrier leakage

from the active region. This process lowers the characteristic

temperature T0 of the laser at high measuring temperatures,

thus lowering the optical performance of the device.

To achieve a better understanding of the degradation

process, we evaluated the link between the degradation of

threshold current and slope efficiency.

The results (Figure 6) indicate that the variation in threshold

current is linearly correlated to the change in 1/SE, i.e. the

reciprocal of slope efficiency. Based on laser theory, we know

Fig. 6. relation between the variation in threshold current (Ith) and the
change in the reciprocal of slope efficiency (1/SE).

that slope (or differential) efficiency can be expressed as:

SE = ηi
αm

αm + αi

(1)

where ηi, called injection efficiency, represents the fraction of

the terminal current that generates carriers in the active region,

while αi and αm are the internal and mirror losses. On the

other hand, threshold current can be calculated by evaluating

the below-threshold rate equation for threshold carrier density

NTH, ad by assuming that the injection efficiencies in LED

mode and above-threshold are equal [23],

ηi IT H

qV
=

(

RS R H + Rsp + RAuger

)

=
NT H

τ
(2)

Indicating that threshold current is inversely proportional to

the injection efficiency, as follows:

IT H
∼=

qV NT H

ηiτ
(3)

Here RSRH, Rsp, RAuger are the Shockley-Read-Hall, sponta-

neous and Auger recombination rates, q is the electron charge,

Nth is the threshold carrier density, τ is the electron lifetime

and V is the volume of the active region. The results in Figure

6 (i.e. the linear relation between the variations of Ith and SE)

can be explained by considering Equations (1) and (3), and are

consistent with the hypothesis that stress induced a change

in injection efficiency, which is directly proportional to SE

and inversely proportional to Ith. Based on this assumption,

we suggest that stress is inducing a decrease in the fraction

of carriers captured by the quantum dot or, equivalently, an

increase in the escape rate.

C. Changes in the electrical parameters and discussion

The electrical parameters of the devices were evaluated by

means of current-voltage characterization. Figure 7 reports

the I-V curves collected during one step-stress experiment:

as can be noticed, the I-V plots showed a generally stable

behavior during stress up to 300 mA. However, small, but

meaningful, changes were detected: stress was found to induce

an increase in the reverse leakage current. At the same time

(Figure 7 (b)), an increase in the low-forward bias current
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Fig. 7. I-V plots collected before stress, after stress at 200 mA, after stress
at 300 mA (intermediate steps are not shown for clarity). Stress induced an
increase in the reverse current and in the sub-threshold forward-leakage.

Fig. 8. variation in (a) sub-threshold forward leakage and (b) series resistance
during the step-stress experiment.

was observed. In both regimes (reverse and low-forward),

current originates from defect-related conduction [24]–[26].

Hopping through traps can favor reverse leakage [27], while

trap-assisted tunneling can contribute to forward-conduction

[28].

Figure 8 (a) provides more insight on the time-dependence

of the degradation process: as can be noticed, defect-related

forward leakage showed the strongest increase for stress

currents higher than 200 mA. Also, minor variations in series

resistance were observed (4 % decrease after the stress at

300 mA). The results in Figure 7 and Figure 8 (a) suggest

that stress induced the generation of defects within the active

region of the devices.

D. Model for the degradation process

The results described above can be summarized as follows:

a. Stress induces an increase in threshold current, corre-

lated with a decrease in slope efficiency; the correlation

between the variation of the two parameters suggests

that stress induces a decrease in injection efficiency,

either due to the loss of carriers caused by recombination

through defects in proximity of the QD layers, or to the

increase in the carrier escape rate;

b. The degradation rate is higher for stress currents higher

than 200 mA, i.e. in the current regime where – accord-

ing to the spectral measurements – emission from the

excited state dominates;

c. The results of the electrical characterization support the

hypothesis that stress induced the generation of defects

within the active region of the devices.

We propose to explain the observed degradation data as

follows (see the schematic drawing in IV): at low stress

currents (up to 190 mA), only ground state is populated,

carriers are effectively confined in the quantum dots, and

excess electrons recombine through stimulated emission at

1270 nm (nominal wavelength of the devices, IV (a)). Thanks

to the strong confinement of the quantum dots, carriers can

not reach dislocation-related defects, and this prevents SRH

recombination and defect reactions [9]. For higher stress

current (between 190 mA and 230 mA), two-state emission

becomes possible (IV (b)), and carriers start populating the

excited state. Finally, for currents higher than 230 mA, lasing

occurs only at the excited mode, until a full quenching of

electroluminescence is reached, once current gets close to 300

mA (IV (c)).

In the last two conditions ((IV (b) and (c)), carrier escape

out of the quantum dots starts becoming relevant. In the same

current range, a high degradation rate is observed. Based on

these considerations, we ascribe degradation to the escape of

carriers out of the quantum dots: once electrons/holes escape,

they can reach and overcome the wetting layer and migrate

to the quantum wells, thus no longer being spatially confined.

As a consequence, carriers can move laterally, thus reaching

extended defects/dislocations present within the active layers

of the device (IV (c)).

Non-radiative recombination of carriers at highly-defective

sites can promote the generation/propagation of dislocations

and dislocation-related defects, and a consequent increase in

SRH losses and threshold current. In this view, degradation

would proceed through recombination-enhanced defect reac-

tion (REDR). The propagation of defects also reduces the

capture rate from QDs, either by changing the electrostatic

potential in proximity of active region (due to the generation

of charge defects), or by reducing the effective concentration

of non-degraded quantum dots contributing to the stimulated

emission process. This eventually reduces the injection effi-

ciency and leads to the decrease in slope efficiency. This inter-

pretation is consistent with recent reports [11] demonstrating

that dislocations play a key role in the degradation process: a

reduction in the density of extended defects can significantly

reduce the degradation rate, thanks to the reduction in REDR

phenomena.
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Fig. 9. schematic model to explain the degradation process induced by
the presence of the excited state, and related to the escape of carriers and
subsequent recombination in the QWs through deep levels.

IV. CONCLUSION

In summary, we have presented an extensive investigation of

the physical origin of degradation of InAs quantum-dot lasers

submitted to step-stress experiment. For the first time, we have

used spectral measurements, optical analysis and electrical

characterization to describe the physics of degradation. The

results collected suggest that carrier escape plays a strong

role in favoring device degradation. When the devices are

stressed at low current densities, carriers are confined by

the quantum dots and can not diffuse laterally, thus being

prevented from reaching defects located within the quantum

wells or the wetting layer. On the other hand, at high stress

currents carriers can first recombine on the excited state,

then escape out of the quantum dots, thus recombining non-

radiatively at dislocations. This can promote recombination-

enhanced defect reactions, leading to the generation of lattice

defects. As a consequence, both threshold current increase and

a worsening in injection efficiency are observed.
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