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Abstract: In this work, we investigate the impact of contact annealing on the device performance
of C-band laser diodes micro-transfer printed onto a silicon photonics platform. Annealing allows
reducing the contact resistance of the devices but can also have an impact on the diffusion of
dopants towards the active region, decreasing the quantum efficiency of the laser. This trade-off is
studied in this paper. Through capacitance deep-level transient spectroscopy (C-DLTS) analysis,
the decrease in performance upon annealing is associated with zinc impurities. These defects are
believed to diffuse toward the active region, and as a result, act as non-radiative recombination
centers. To eliminate the influence of the micro-transfer printing step, two sets of devices
were compared. Both were fabricated from the same epitaxial wafer and underwent identical
processing, except that one set was characterized before transfer-printing on the native substrate,
whereas the other was measured after being transfer-printed onto silicon. C-DLTS measurements
confirmed that the same process occurs on native InP substrates. Once the device contacts are
annealed, constant current stress testing does not introduce further substantial threshold current
variations.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The demand for data capacity and bandwidth has increased dramatically in recent years, driving
the need for new solutions in information processing and communication [1] [2]. Silicon
photonics (SiPh) has emerged as a promising platform that combines the scalability of CMOS
manufacturing with the advantages of optical signal processing. Photonic integrated circuits
(PICs) based on Si or SiN offer cost-effective production and energy-efficient operation, and are
considered key enablers for next-generation data communication systems [3].

A major limitation of silicon is its indirect bandgap [4], which prevents efficient light emission
and hinders the monolithic integration of lasers, one of the most critical components of PICs.
To overcome this, the monolithic integration of III-V materials on silicon has been extensively
investigated. However, the lattice and thermal expansion mismatch between silicon and ITI-V
semiconductors leads to formation of crystalline defects and reduced device performance [5-7].
Various approaches have been explored to address this challenge, including quantum dot (QD)
laser integration [8], which benefits from high defect tolerance, and selective area growth (SAG),
which confines dislocations away from the active region [9]. Heterogeneous integration methods,
such as wafer bonding [10] and flip-chip assembly [11], provide an alternative by growing I1I-V
materials separately and subsequently integrating them onto silicon.

More recently, micro-transfer printing (WTP) [12] has emerged as a versatile heterogeneous
integration technique. pPTP enables the transfer of a wide range of pre-fabricated devices
with sub-micron accuracy in a massively parallel manner, thereby overcoming lattice-matching

#585401 https://doi.org/10.1364/OE.585401
Journal © 2026 Received 17 Dec 2025; revised 20 Feb 2026; accepted 25 Feb 2026; published 7 Apr 2026


https://orcid.org/0000-0001-8803-3824
https://orcid.org/0000-0002-9831-2808
https://orcid.org/0000-0001-6608-9990
https://doi.org/10.1364/OA_License_v2#VOR-OA
https://crossmark.crossref.org/dialog/?doi=10.1364/OE.585401&amp;domain=pdf&amp;date_stamp=2026-04-07

Research Article Vol. 34, No. 8/20 Apr 2026 / Optics Express 13883

Optics EXPRESS

constraints while offering high throughput and scalability. This approach has shown strong
potential for dense integration of III-V lasers onto SiPh platforms [13].

Evanescent coupling of III-V lasers to silicon photonics enables efficient optical interfacing
over a broad wavelength range and with very low back-reflection. However, it requires epitaxial
layer structures with thin n-contact layers to enable efficient optical coupling, as illustrated in
Fig. 1. This thin contact layer requires that contact annealing, to reduce the series resistance of the
device is in general best carried out after micro-transfer printing, as spiking of the n-metal contact
through the n-contact layer into the release layer would hamper high yield printing. In this paper
we assess the impact of this annealing on the device performance of C-band III-V-on-silicon
Fabry-Perot lasers. As expected, a reduction in the series resistance can be observed, however, it
is accompanied with a decrease in the quantum efficiency of the printed devices.
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Fig. 1. Schematic representation of the devices under test. The left side depicts a top view
of the III-V cavity and the waveguide underlying it. The right side shows a cross-section of
the device, highlighting the III-V epitaxial layer structure.

Through capacitance deep-level transient spectroscopy (C-DLTS), we identify zinc diffusion as
a key factor contributing to defect-induced quantum efficiency reduction. Finally, by comparing
native InP and pTP-integrated devices, we demonstrate that the TP process itself is not responsible
for the observed changes in device performance.

Thanks to these results, we can state that the micro-transfer printing integration does not affect
the quality of the III-V material. Therefore, uTP is a promising candidate for integrating I1I-V
devices in large-volume silicon photonics production. Lastly, we demonstrated that the origin
of the initial stabilization of the optical performance can be addressed using non-destructive
characterization techniques (C-DLTS), which could be exploited in the future for statistical
analysis on a wafer scale.

2. Devices under test

The devices investigated in this work are InP Fabry—Perot laser diodes integrated onto a silicon
platform via micro-transfer printing using a benzocyclobutene (BCB) adhesion layer. Beyond
providing mechanical adhesion, the BCB layer has a crucial impact on device performance. It
not only planarizes the surface topography but, more importantly, defines the vertical separation
between the III-V active region and the silicon waveguide, thereby directly influencing the
optical coupling efficiency. In addition, its relatively low Young’s modulus helps relieve
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thermomechanical stress between the heterogeneous materials. Finally, because of its low thermal
conductivity, the BCB thickness strongly affects heat dissipation from the active device. The
samples are designed for operation at an emission wavelength of about 1.55 um. The laser
structure, illustrated in Fig. 1, consists of an active region enclosed by p-InP cladding layers,
doped with zinc and an 200 nm thick n-InP region doped with silicon (n-side). The active region
comprises six identical AlGalnAs quantum wells (QWs). The laser emission is coupled into
an underlying Si/SiO, waveguide using adiabatic taper structures. The mesa width is 4 um,
while the width of the separate confinement heterostructure (SCH) and active region is 7 um.
The cavity length is 1.2 mm, which includes the two 100 um long adiabatic tapers at the ends.
Optical feedback is provided by silicon loop mirrors located at both ends of the waveguide, with
reflectivities of ~40% and 100%, implemented in the 330 nm thick silicon device layer. The
output light is extracted through a grating coupler (GC). The III-V coupons are defined on an
InP wafer by e-beam lithography and ICP etching of the mesa and taper structures, followed by
hard-mask patterning to form isolated device islands. Tethers are realized by SiNx deposition and
RIE, providing mechanical support during selective FeCls wet etching of the release layer, which
undercuts the InP substrate to suspend the coupons; a photoresist encapsulation layer is applied
prior to release to reinforce the tethers. The released coupons are retrieved using a PDMS-based
stamp in an X-Celeprint uTP-100 system and deterministically aligned to Si waveguide recesses
prepared by RIE and BHF etching. A BCB layer is spray-coated and soft-baked prior to printing
to promote adhesion, followed by a post-print oxygen plasma clean and final metallization to
complete electrical interconnection. Further details on device processing and design can be
found in [14].

3. Impact of annealing on device performance

After device fabrication and micro-transfer printing, the lasers underwent an annealing step. This
process is common in compound semiconductor devices, as it is widely used to improve contact
resistance and consequently reduce the overall series resistance [15]. The devices investigated in
this study were annealed at 300 °C for 60 seconds. The annealing step was carried out by a rapid
thermal annealing system in vacuum (both ramp up and cool down rates were 10°C/s). Figure 2
compares the electrical (series resistance) and optical (threshold current) performance before
and after annealing. The series resistance decreased by approximately 1 Q (i.e. almost by 15%),
consistent with the expected improvement in contact resistance due to interdiffusion between
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Fig. 2. Optical and electrical performance variation due to annealing (from -1 to 0 min) and
afterwards during constant-current stress (from 0 to 11000 min).
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the metal layers and the semiconductor surface [16,17]. However, a simultaneous increase in
threshold current was observed (=~ + 10 mA). Subsequently, the devices were subjected to a
constant-current stress test (150 mA, 25 °C) to assess their stability. After 11,000 minutes of
stress (about one week), the devices exhibited a slight further reduction in series resistance
(—0.5% relative to the pre-annealing value) and a small increase in threshold current (+3%
relative to the pre-annealing value).

4. Assessment of threshold increase mechanism

In order to properly assess the mechanism resulting in the laser threshold increase, additional
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Fig. 3. L-I characteristics measured during a constant current stress (Isgregs=150 mA). The
unaged threshold is about 80 mA. The graph on the top-left corner depicts the optical power
measured below threshold.

devices were subjected to constant-current stress without undergoing any contact annealing step.
The goal of this measurement is to slow down the degradation effect allowing additional analysis
using DLTS. The devices were aged again under a constant current of 150 mA (x 4kA/cm?) at
an ambient temperature of 25 °C. Based on combined thermal simulations and experimental
measurements of the devices’ thermal impedance, the internal temperature under stress conditions
is estimated to be approximately 75 °C. Notably, the same increase in threshold current observed
after annealing (=~ + 10-11 mA) was reached during this new experiment after approximately
1000 minutes of stress, attributed to self-annealing of the devices. The resulting worsening of the
LI characteristics is shown in Fig. 3. The light—current curves exhibit an increase in threshold
current (Is,), accompanied by a decrease in slope efficiency (SE) and in the optical power below
threshold (OPgy,).

To analyze the observed performance reduction, the relative threshold current was plotted as
a function of the relative OPy,. Figure 4(a)) shows a linear correlation between the relative
variations of Iy, and OPgy, during the stress test. The relationship can be analyzed using the
following theoretical expressions [18]:

qVNy V(A + BNy + CNp)Ny,

Ninj T Ninj

ey

BN?
OPgyp < My = 2
b ST = BNZ + AN + ON°
where q is the elementary charge, V is the active region volume, n;; is the injection efficiency,

T is the carrier lifetime, N is the carrier density (Ny, at threshold), and A, B, and C are the
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Shockley—Read—Hall (SRH), bimolecular, and Auger recombination coefficients, respectively.
Both Iy, and OPg;, depend on the balance between the radiative (BN?) and non-radiative
recombination terms (AN+CN?). Assuming that the variation of the Auger term (CN?), caused
by the increase in carrier density Ny, during stress, is smaller than the corresponding increase
in Shockley—Read—Hall (SRH) recombination (A coefficient), the observed linear correlation
indicates an enhancement of defect-related recombination within the device. This increase in A
coeflicient leads to the simultaneous variation of I, and OPgyp.
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Fig. 4. a) correlation between Iy, and OPgyy,. b) Iy, degradation as a function of the square
root of time.

Figure 4(b)) presents the evolution of Iy, as a function of the square root of stress time, revealing
a linear dependence. This behavior can be interpreted in terms of Fick’s second law of diffusion.
When impurities diffuse from a region with constant surface concentration Ny, the impurity
concentration N(x,t) at a given depth x and time t can be expressed as:

2

N .
0 e i 3)

V4nDt

where D is the diffusion coefficient of the migrating species. Because the density of diffusing
non-radiative recombination centers (NRRCs) directly affects the non-radiative lifetime Ty,
(dominated by SRH recombination), a square-root time dependence of T, reduction is expected.
These observations indicate that the device performance change is governed by a diffusion-driven
process that increases non-radiative recombination, changing the quantum efficiency of the laser.

N(t, x) =

5. Deep-level characterization

5.1. Deep level transient spectroscopy

In the previous section, we hypothesized that the observed optical variation was driven by an
increase in non-radiative recombination centers near the active region. To characterize these
defects, capacitance deep-level transient spectroscopy (C-DLTS) was employed. This technique
measures capacitance transients as a function of temperature to determine the thermal emission
behavior of defect states. For these measurements, an impedance analyzer was used to apply
a square-wave voltage signal to the device and measure the resulting small-signal capacitance
as a function of time. During the filling pulse (t,), when the voltage Vg is applied, the defects
inside the semiconductor capture carriers. During the subsequent measurement pulse, under the
voltage Veas, these carriers are thermally emitted. The resulting capacitance transient exhibits
an exponential trend, from which defect-related parameters can be extracted. Further details on
the DLTS technique can be found in [19].
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Figure 5(a)) shows representative capacitance transients recorded over a range of temperatures.
From these experimental data, the transients were fitted to extract the emission rate e, as a function
of temperature. According to the standard expression for the emission rate, the corresponding
Arrhenius relation can be written as [20]:

2
en = yTzome‘% =1In (T—) =—+1In (L) @)
en YOoo

where T is the device temperature, k is the Boltzmann constant, 0. is the apparent capture
cross-section, and E, is the activation energy. The term v is defined as y = 2v3(27)*>/2k?>m*h =3,
where h is the Planck’s constant and m* is the effective mass of the charge carriers. From the
experimental Arrhenius plot (where 7 = e;l) shown in Fig. 5(b)) two defect signatures were

identified, labeled T (E,~0.40€eV) and T, (E,~0.5¢eV).
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Fig. 5. a) capacitance transients captured between 285K and 350K applying V=0V,
Vmeas=—2 'V, and tp = 100 ms, together with the corresponding fits (dashed curves). The
top-right inset shows the fit quality assessed via the R2 coefficient. b) Arrhenius
plot extrapolated from a). The data was fitted with a double exponential function
[y =y0 + Ajexp(—t/ty) + Ayexp(—t/ty)] to discern the two defects.

The Arrhenius plot provides a unique signature for identifying deep-level defects. To determine
the physical origin of the two detected traps, the Arrhenius signatures of T| and T, were compared
with those reported in the literature. For this purpose, an Arrhenius plot database was developed,
collecting Arrhenius plots from previously published studies on InP-based materials. The results
of this comparison are presented in Fig. 6(a)) and Fig. 6(b)). Trap T; exhibits matches with the
antisite defect Pr, [21-23] and with Zn-related deep levels [24]. Regarding trap T, we observed
a few occurrences consistent with a Zn-impurity-related trap [25-27]. By further comparing the
capture cross sections of the identified defects, T1: (7 £4)x 10717 cm?, T2: (9 +7)x 1071 cm?,
we can state that T2 more closely resembles H1 (o = 7 X 10718 cm?) and H2 (0 ~ 1 x 1078 cm?)
in [25]. In contrast, the cross section of T1 appears more compatible with those reported in [22]
(0=1x10710 cm?) and [24] (0 =4 x 10716 cm?).

5.2. Capture kinetics

The results presented in the previous section suggest that the defect levels detected by DLTS
are most likely associated with point defects rather than extended defects or dislocations. To
verify this hypothesis, we performed a characterization analogous to DLTS, namely the capture
kinetics. In contrast to DLTS, this method is conducted at a fixed temperature while varying
the filling pulse duration t,. This approach does not affect the thermal emission rate, since the
temperature remains constant, but it does influence the transient amplitude. Specifically, longer
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Fig. 6. Arrhenius plot comparison: a) defect T1, b) defect T2.

filling times lead to higher defect occupancy and, consequently, larger capacitance transients
during carrier emission [28]. By analyzing the dependence of the transient amplitude on the
filling pulse duration, it is possible to distinguish whether the observed defects correspond to
non-interacting point defects or extended defects. For a non-interacting point defect, the carrier
capture follows:

nt () = Nt + [n1(0) — Nr]exp(—catp) (5)

whereas for an extended defect, the relation is given by:
tp
nt (tp) = c,tNtln < 6)

Here, N is the total defect density, nt is the trap occupancy as a function of the filling pulse
duration t;, ¢, is the capture rate, and T represents a characteristic time required for charge capture.
The experimental results shown in Fig. 7 reveal that both T| and T, exhibit an exponential
dependence on the filling pulse duration. This confirms that the two defect levels originate from
non-interacting point defects rather than from dislocations or clusters of defects.
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Fig. 7. Transient amplitude as a function of filling pulse width at 300K for a) trap T and
b) trap T5.

6. Defect density variation during stress

In the previous sections, we identified two deep levels present in the unaged devices. Their
characteristics suggest a point-defect nature, most likely associated with Zn-related deep levels.



Research Article Vol. 34, No. 8/20 Apr 2026/ Optics Express 13889 |

Optics EXPRESS i N

Even though Zn should act as a shallow acceptor (when substitutes In), it is well-known in the
literature to generate defects during the interstitial-substitutional kick-out mechanism. Indeed Zn
can either become an interstitial defect [29] or give rise to a zinc-phosphorus vacancy deep level
[30]. To verify whether these defects are responsible for the observed threshold current shift, we
characterized the trap density at different stages of the constant-current stress test. The defect
concentration was determined through analysis of the DLTS transients. The trap density, Nt, can
be expressed as [20]:

Nt = 2N; - A—C @)
COO
Here, AC represents the capacitance transient amplitude, C, is the steady-state capacitance,
and Nj is the free carrier density obtained from C-V measurements. Figure 8 illustrates the
correlation between threshold current increase and the trap densities of T and T,. The graph
reveals two distinct phases. During the initial stage of stress (Phl), no clear correlation is
observed, as the threshold current exhibits minimal variation. At the same time, the trap density
of T, increases, while that of T; shows only a slight change. After approximately 10 minutes of
stress (Ph2), a strong correlation emerges between Iy, increase and the increase in defect density.
The trap density of T, rises from approximately 7 x 10! cm™ to 1.5 x 10'5 cm™3, whereas T
increases from about 6.5 x 10'> cm™ to 8 x 1015 cm™3.
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Fig. 8. Correlation between AC/C ratio (trap density) and optical degradation for a) trap T,
and b) trap T».

Since both defects exhibit variation during stress and appear to be associated with Zn impurities,
we modeled the degradation mechanism as illustrated in Fig. 9. The figure presents a simplified
p—i—n junction representing the laser under investigation. In the p- and n-type regions the DLTS
probing zones are highlighted, i.e. the semiconductor regions probed during the DLTS pulses
described in the previous section. The DLTS probing region in the p-cladding is broader and
located farther from the active region compared to that on the n-side. This results from the lower
doping concentration in the p-cladding compared to the n-region. During Ph1, we hypothesize
that Zn atoms begin diffusing from the p-cladding toward the active region. However, at this early
stage, the diffusing species have not yet reached the active region; nevertheless, a variation in
trap density (particularly for Ty) is detected, as the DLTS probing region extends slightly beyond
the active layers. In contrast, during Ph2, the Gaussian diffusion tail, described by Fick’s second
law of diffusion (Eq. (3)), reaches the active region, resulting in the observed correlation between
optical variation and defect concentration.
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Fig. 9. Schematic representation of the degradation process. The Gaussian distributions
represent Zn-related deep levels probed by DLTS. During Phase 1 (t < 10 min), the defects
have not yet diffused into the active region. In Phase 2 (t > 10 min), the deep levels reach the
active layers, inducing optical worsening.

7. On-source vs. on-target laser comparison

To ensure that the observed optical alteration during stress does not originate from the micro-
transfer printing process, we compared two new sets of laser diodes fabricated from the same
epitaxial wafer. Part of the III-V material was used to fabricate uTP laser diodes on a silicon
platform (referred to as on-target devices), while the remaining material was used to fabricate
Fabry—Perot (FP) lasers on the native substrate (on-source devices). DLTS measurements were
performed again, and the Arrhenius plots in Fig. 10 show that the same two traps were also
detected in the on-source devices. This comparison confirms that the identified defects do not
originate from the transfer-printing processing but are already present in the III-V material.
Therefore, the hypothesis of Zn-related defects appears well supported.

Finally, we compared the variation in trap density for both devices under the same aging
conditions as described in the previous sections, namely a constant-current stress at J = 4 kA/cm?
and Tymp = 25°C. The kinetics shown in Fig. 11 indicate that, similar to the results discussed in
Section 6, the AC/C ratio (representing the trap density) increases with stress time. The device
fabricated on the native substrate exhibits a faster kinetics, which can be explained by differences
in thermal impedance. Specifically, the thermal conductivity of the InP substrate (on-source
devices) is lower than that of silicon (on-target devices).
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Fig. 11. Trap density comparison: a) on-target device, b) on-source device. The values
indicate the total trap density, that is the sum of trap density T and T5.

8. Conclusions

In this work we analyzed impact of annealing on the optical and electrical characteristics of
heterogeneously integrated C-band laser diodes integrated on silicon photonics. The reduction in
resistance is accompanied by an increase in threshold. This threshold increase is attributed to
Zn-related defects that diffuse towards the active region, increasing the number of non-radiative
recombination centers. We also compared devices originating from the same epitaxial wafer
that underwent identical fabrication steps, with the only difference being that one batch was
micro-transfer printed onto silicon, while the other was characterized on the native substrate.
Both sets exhibited the same defect levels, with comparable variations in defect concentration.
This demonstrates that the micro-transfer printing process is not responsible for the observed
changes in optical characteristics.

In order to mitigate this effect, the Zn doping profile could be optimized to minimize the
impact of the diffusion, diffusion blocking layers could be incorporated in the III-V layer stack
[31,32] or carbon could be used as a p-type dopant, which has been reported to exhibit a lower
diffusion coefficient in InP than zinc [33].
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