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ABSTRACT: We report on a hybrid integrated distributed
feedback (DFB) laser fabricated using the colloidal quantum
dots (QDs)/silicon nitride (SiN) integration platform. The
DEFB laser is fabricated with a CMOS-compatible process and
consists of a waveguide stack in which a QD layer is embedded
between two SiN layers to enhance the coupling of the QD to
the optical waveguide mode. Following characterization of the
intrinsic properties of the CdSe/CdS core/shell QDs using
transient absorption spectroscopy, we demonstrate single-
mode lasing upon nanosecond optical pumping. With a 7 ns
pump pulse, the lasing threshold is 270 uJ/cm? This result
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attests to the potential of colloidal QDs as an enabling gain material for integrated SiN photonics, and it showcases the design
versatility of hybrid integrated photonics platforms based on colloidal QDs.
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hotonic integrated circuits (PICs), originally mainly

developed for telecom applications, are now finding
widespread use in domains as diverse as optical interconnects,
biosensing, physical sensing, spectroscopy, and quantum
optics.' > In this context, silicon nitride (SiN) is a particularly
interesting material. The broad transparency of SiN, extending
from the blue side of the visible to the near-infrared, allows
addressing new wavelength domains relevant for these
applications,® and its relatively high index (~2.0) allows for
compact PICs. Moreover, the material is very well known in the
electronics industry, which enables SiN-based devices to be
fabricated using cost-effective processes and opens the
possibility for upscaling to large-volume and high-yield
fabrication. Although the advantageous properties of SiN have
been demonstrated by numerous groups,”'* active function-
alities in general and light emission in particular are still largely
missing for the SiN platform. Integrated light sources and lasers
are, however, essential for building fully on-chip integrated
systems, and several groups now have started integrating active
materials with SiN waveguides."

Colloidal quantum dots (QDs) are particularly relevant in
this respect. Over the past 15 years, it has been shown that,
depending on their shape, size, and composition, QDs can
exhibit net optical gain at visible wavelengths.'* Especially when
synthesized as fully inorganic core/shell materials, QDs are
more photostable and less prone to oxidation than other
solution-processable gain media, such as organic dyes,"” and
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their emission wavelength can be readily tuned by size
quantization.'* The combination of these properties and their
substrate-independent processing makes them especially
promising for realizing low-cost lasers with a tunable gain
spectrum.'® Various laser devices based on colloidal QDs have
been demonstrated already. However, most of these used either
an accidental ad hoc resonator'” or less versatile surface-
emitting vertical cavities,'® and some of the designs involve
coated surface gratings'””’ and silica microspheres.”’ They
usually do not have a dielectric encapsulation that acts as a
barrier against oxygen and moisture. In addition, these devices
lack compactness, are not compatible with waveguide
integration, and remain rather far from any practical
implementation. Hence, an efficient integration method
would considerably facilitate the use of QDs as light emitters
and amplifiers in complex PICs.

As it turns out, the broad transparency window of SiN
complements the wide tunability of colloidal QDs. We have
therefore developed a hybrid integration platform whereby a
spin-coated layer of, most often, CdSe/CdS core/shell QDs is
embedded in between SiN layers” The integration process
does not quench the QD photoluminescence and results in
low-loss SiN waveguides.”” Under femtosecond pulsed laser
pumping, the embedded QDs have shown amplified sponta-
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neous emission (ASE), which has been efficiently coupled to
the waveguide.”” Recently, we have demonstrated multimode
disk lasers coupled to underlying bus waveguides exploiting this
hybrid QD SiN integration platform,”* to our best knowledge
the first demonstration of a fully integrated QD laser. However,
the fabrication process used to achieve proper light extraction is
rather complex in the case of a disk laser. Moreover, such lasers
are inherently multimodal, and lasing was only demonstrated
upon pumping with relatively short picosecond pulses, a
configuration that is not very practical in the long term.

In this paper, we demonstrate that the same SiN/QD/SiN
platform can be used to form distributed feedback (DFB)
lasers, in which gain is provided by an embedded QD film. This
approach ensures that the QDs are fully encapsulated, and it
allows to separately optimize the modal gain and the
waveguiding properties of the devices. Importantly, such
waveguide-coupled DFB lasers require fewer processing steps
than comparable integrated disk lasers, and they are truly single
mode. In addition, by incorporating CdSe/CdS QDs with
suppressed Auger recombination, lasing in such integrated DFB
lasers can be attained under optical pumping with a lasing
threshold as low as 270 yJ//cm? for a 7 ns pump pulse. This
result underscores the design versatility that comes with using
colloidal QDs as a solution-processable gain material, and it
shows a way forward toward on-chip continuous wave (CW)
QD lasers.

H COLLOIDAL QUANTUM DOT PROPERTIES IN
SOLUTION

To date, CdSe/CdS QDs are the most promising QDs for
lasing applications, as they have shown high optical gain
coefficients, long gain lifetimes, and exceptional stability'* even
after embedding into,for example, SiN. Here, we used so-called
flash CdSe/CdS QDs, which are synthesized using a seeded
growth approach that yields thick-shell CdSe/CdS QDs in a
fast and simple process.””*° Such QDs feature an alloyed
CdSe/CdS interface, which helps to reduce strain and slow
down nonradiative Auger recombination of multiexcitons. The
latter is important since faster Auger recombination is expected
to yield higher lasing thresholds under CW operation.”” The
QDs used in this work were formed using wurtzite CdSe seed
QDs with a diameter of 4 nm. The average total diameter of
11.5 nm hence corresponds to an average shell thickness of
3.75 nm. Figure la shows the spectrum of the intrinsic
absorption coefficient for the QDs dispersed in toluene. This
spectrum was determined by normalizing the QD absorbance
spectrum at 350 nm to the intrinsic absorption coeflicient
calculated for a concentric core/shell system using the bulk
optical constants of CdSe and CdS.”® In addition, Figure la
presents the photoluminescence spectrum of the QDs, which is
centered at around 635 nm, has a line width of 29 nm, and
comes with a photoluminescence quantum yield of 80%. The
photoluminescence decay after nonresonant excitation is
somewhat multiexponential, so we extracted an average lifetime,
which amounts to 26.8 & 0.09 ns (see inset, Figure 1a).

We assessed the potential of these QDs for optical gain by
measuring the temporal nonlinear optical properties of a QD
dispersion using ultrafast transient absorption (TA) spectros-
copy. TA is a pump—probe technique where a sample is
pumped with ultrashort laser pulses (in this case, 110 fs at a 1
kHz repetition rate) after which the change in absorbance AA
is measured by a time-delayed probe pulse (also 110 fs) as a
function of wavelength (or energy). Combining AA with the
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Figure 1. Overview of “flash” CdSe/CdS QDs: (a) Absorption
(expressed as intrinsic absorption coefficient ;) and emission (red)
spectrum after excitation at 400 nm. The QDs have a luminescence
quantum yield of 80%. Inset: Photoluminescence (PL) decay showing
an average decay time of 26.8 + 0.09 ns. (b) Time-dependent
dynamics of A at a fixed probe wavelength of 630 nm after 520 nm
excitation. We can see the optical gain builds up very fast (<2 ps) and
can last up to 270 ps. Importantly, from the TA traces, we estimate
that the process that causes the decay of the nonlinear absorbance at
the lowest fluences used has a rate constant of ~2 ns™'. (c) Material
gain at 2.5 ps for pumping at 520 nm. The total bandwidth can be as
large as 130 nm, reaching ca. 1200 cm™! at 615 nm.

linear absorption spectrum, we can obtain the absorbance A of
the sample at a certain time delay and probe wavelength. If A
turns negative, the dispersion exhibits optical gain, and both the
gain threshold and the spectral gain window can be determined.
In addition, TA spectroscopy provides the time evolution of the
nonlinear absorbance, such that the rate of the processes that
quench the optical gain and hence the gain or inversion lifetime
can be assessed. Figure 1b represents the transient absorbance
at 630 nm of the flash QDs dispersed in toluene, after pumping
with 520 nm. The pump intensity is expressed in terms of the
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average number of excitations or exciton density (N) we
calculate per QD using the photon fluence and the QD

absorption cross section, which is equal to 2.75 X 107'* cm”.

This absorption cross section is found by multiglying the
intrinsic absorption coefficient with the QD volume.”® Overall,
we observe the gain features a rapid buildup, taking less than 1
ps, even when pumping is just above threshold. The gain
features can last up to 270 ps for the highest pump fluence
used. Importantly, from the TA traces, we estimate that the
process that causes the decay of the nonlinear absorbance at the
lowest fluences used has a rate constant of ~2 ns™'. Such a
figure is reasonable for a gain process dominated by Auger
recombination of biexcitons in these CdSe/CdS core/shell
QDs.”’

Importantly, since the (nonlinear) absorbance is a quantity
that depends on the QD concentration, we prefer to express the
TA data for further analysis in terms of the material gain, which
is obtained by normalizing the nonlinear absorbance using the
intrinsic absorption coeflicient at a reference wavelength A
(taken here as 350 nm):

ﬂi,o(lref)
AO(/Iref) (1)

Figure 1c plots the thus calculated material gain spectrum at a
2.5 ps time delay for different pump fluences. It can be seen
from the results that gain is first attained at the long-wavelength
side (>640 nm) of the band-edge absorption feature, when
increasing the exciton density beyond 1.2 exciton per QD
((N,,) = 12), in line with theoretical predictions.” Increasing
the pump fluence broadens the gain spectrum and enhances the
material gain. Eventually, the gain window extends from 550 to
680 nm, and the material gain levels off at maximum values of
around 1200 cm™ at 615 nm.

gm(/ly t) = —A(,{, t)

H COLLOIDAL QUANTUM DOT EMBEDDED IN A
WAVEGUIDE

Figure 2 shows the proposed hybrid SiN-QD DEFB laser and the
associated fabrication flow. The flash QDs described in the
previous section are embedded between two layers of SiN to
enhance the coupling between the QD emission and the optical
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Figure 2. Fabrication overview. (a) First, a SiN layer is deposited on a
silicon substrate with a 3 ym thermal silicon oxide grown on top. Next,
the QD layer is spin coated on top, and another SiN layer is deposited
on the QD layer to encapsulate the QDs and form the hybrid SiN/
QD/SiN stack. (b) Electron beam lithography to pattern the grating.
(c) RIE etching to transfer the grating patterning to the top SiN layer.
(d) Contact lithography and RIE etching to pattern the waveguide.

mode of the waveguide. Starting from a silicon wafer with a 3
pm thermal oxide grown on top, a first SiN layer is deposited.
The deposition is performed using an optimized plasma-
enhanced chemical vapor deposition (PECVD) process at a
temperature of 270 °C. Next, flash QDs are spin coated on top
of this SiN layer to form a densely packed layer with a thickness
of approximately 50 nm, as measured with a Dektak surface
profiler. Another SiN layer is then deposited, again at a
temperature of 270 °C. This encapsulates the QD layer and
completes the SIN/QD/SIN sandwich stack. Next, electron-
beam (e-beam) lithography is used to define the DFB grating,
as shown by Figure 2b. Through CF,/H, reactive ion etching
(RIE), the grating pattern is transferred to the top SiN layer
(Figure 2c), after which the residual resist is stripped using an
oxygen plasma. Finally, the waveguide ridge is defined using
standard contact lithography and a second RIE process (Figure
2d).

In a first experiment, we used a waveguide-based variable
stripe length method to determine the modal gain of
waveguides defined in the SiN/QD/SiN stack.”® Instead of
using a slit with variable width to control the extent of the
pumping spot, we use an array of waveguides with gradually
increasing length. The waveguides are formed in a 100 nm/S0
nm/100 nm SiN/QD/SiN stack using the process described in
Figure 2, but leaving out the e-beam step. Figure 3a shows the
scanning electron microscope (SEM) picture of the cross
section of the fabricated waveguide with details of the layer
stack inserted. The waveguides vary in length, from 40 to 600
p#m with a fixed step of 10 ym. The chip was cleaved after the
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Figure 3. QD properties in the waveguide. (a) Scanning electron
microscope (SEM) picture of the fabricated waveguide cross section.
The details are inset. (b) Emission spectrum of a 600 um long
waveguide with a pumping fluence 54 pJ/cm® @ 400 nm. Inset:
Waveguide gain measurement results: ASE intensity (in log scale)
versus the waveguide length (black dotted) with fit of the exponential
intensity increase (red solid line).
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lithography step but before the RIE process to ensure a uniform
facet. The etching process was optimized to ensure a smooth
sidewall.”> As demonstrated in previous work, such waveguides
with embedded QDs feature a propagation loss of only a few
dB/cm.”

The waveguide modal gain was then characterized using a
femtosecond laser system (see Supporting Information S1).
The 110 fs pulses at a 1 kHz repetition rate and a wavelength of
800 nm are frequency doubled in a beta barium borate (BBO)
crystal. The resulting 400 nm pulses are used to pump the
waveguide array using a cylindrical lens, which focuses the laser
beam into a strip measuring ~8 by 0.04 mm. The focused beam
is adjusted to overlap with the waveguides, and the light
emitted from the waveguide facet is collected by a multimode
fiber (NA = 0.2). Neutral density (ND) filters are used to tune
the pump power. Figure 3b shows the collected spectrum from
a 600 um long waveguide pumped at a fluence of 54 yJ/cm® @
400 nm. The spectrum is approximately centered at 632 nm
and exhibits a full width at half-maximum (fwhm) of 6.5 nm.
This is clearly narrowed down compared to the low fluence
spontaneous emission (SE) spectrum, indicative of amplified
spontaneous emission. The ASE peak develops at the high-
energy side of the spontaneous PL peak. The inset picture of
Figure 3b shows the measured output power versus the
waveguide length, at a constant pump fluence of 56 uJ/cm>
The figure shows a pronounced superlinear rise in emission
intensity for waveguides longer than ~280 um, and the
emission saturates for waveguides with lengths exceeding ~400
pum. We estimate the net modal gain g by fitting the length-
dependent intensity within the region of exponential intensity
increase to the function

gL _
I= Ao[e Ly Raag e‘gL)]
g g

)

whereby R is the reflection of the back facet of the waveguides
(see Supporting Information S2). For R varying from 0 to 5%,
the fit yields a net modal gain of around 350—212 cm™".

B DFB GRATING DESIGN AND FABRICATION

The DFB lasers were fabricated starting from a 75 nm/50 nm/
90 nm SiN/QD/SiN sandwich layer. First-order gratings were
defined with a /4 phase shift section inserted in the middle to
form the laser cavity. To optimize the grating parameters (etch
depth, period), 3D finite-difference time-domain (FDTD)
simulations were carried out, from which we determined the
grating Bragg wavelength and stopband. The indexes of the SiN
layer and the QD layer were measured using ellipsometry and
found to be ngy = 2.0 and nqp = 1.9. The grating etching depth
was fixed to 35 nm, and a 50% duty cycle was assumed. The
waveguide width was set at 2 pum. Figure 4a shows the
calculated grating band gap versus period. The gray and red
regions denote the upper and lower stopband areas,
respectively. The simulated photonic band gap is around 14
nm. Clearly, we should carefully choose the grating period to
ensure that the photonic band gap overlaps with the measured
QD ASE spectrum. To take into account uncertainties in the
fabrication process, we therefore fabricated DFB lasers with a
grating period varying from 180 to 195 nm on the same chip.
Figure 4b shows a cross section taken in the phase shifter area.
In this case, the grating period is 188 nm and the etch depth is
around 35 nm, the value targeted for during the design. At the
back-side the lasers are connected to a waveguide without
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Figure 4. Design of the DFB grating and fabricated samples. (a) The
waveguide stack, from bottom to top, consists of 3 gm SiO,, 75 nm
SiN, S0 nm QDs layer, 90 nm SiN (with a 35 nm grating etching
depth) and a filling factor of 0.5. The simulated stopband of the
grating has been shown in the picture as the region between the gray
and red areas. (b) Cross section of the fabricated DFB laser in the 1/4
phase shifter region. The etching depth is 35 nm as designed.

grating, which ensures low residual reflections. The laser cavity
length is approximately 100 pm.

B LASER CHARACTERIZATION

We first characterize the DFB lasers’ properties using the
femtosecond laser setup described above. The emission from
the waveguide facet was collected by a multimode fiber for
analysis. The light(in)—light(out) curve (see Supporting
Information S3) shows a clear threshold around 12 uJ/cm?
(@ 400 nm), a first indication that the device is lasing. Figure
Sa shows the emission spectra of three devices with varying
grating period (pumping fluence = 15 uJ/cm* @ 400 nm). The
ASE spectrum taken from a waveguide without grating is
overlaid on top for comparison. The measured spectra show the
lasers are operating in a single longitudinal mode, with a high
side mode suppression ratio. The three lasers exhibit a 1 nm
difference in grating period, which results in a 2.6 nm shift in
the measured spectra, in line with simulations (d4/dA = 2.64).
The lasing peaks have a 0.2 nm fwhm and fall within the ASE
envelope.

To further investigate the laser performance, we used a Q-
switched frequency-doubled Nd:YAG laser (532 nm) with a 7
ns pulse width and a 938 Hz repetition rate for pumping. Again,
the laser light was focused with a cylindrical lens to a
rectangular pattern to pump the DFB, this time measuring
~3.15 by 0.07 mm? (see Supporting Information S4). Figure Sb
and c show the power emitted from the cleaved facet measured
as a function of pump fluence, respectively, on a double-linear
(Figure Sb) and a double-logarithmic (Figure Sc) scale. The
linearly scaled graph shows a clear lasing threshold at 270 pJ/
cm’. Taking into account the pulse length (7 ns), the equivalent
CW pump fluence (power per pulse divided by the pulse time
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Figure S. Laser characterization. (a) Spectra measured from an
unpatterned waveguide (black) and DFB lasers with different grating
periods (colored). (b) The light(in)—light(out) curve on a double
linear scale, with indication of the lasing threshold around 270 xJ/cm?,
which has an equivalent CW power density of 39 kW/cm® (c)
Light(in)—light(out) curve on a double log-scale with rate equation fit
(black solid). A spontaneous emission factor () of 0.009 is extracted.

width) is then 39 kW/cm® The experimental data of Figure Sc
was fitted to a static rate equation model (see Supporting
Information SS), from which a spontaneous emission factor (/)
of 0.009 was extracted.

The DFB laser’s kL, where « is the coupling coefficient and L
is the length of the DFB cavity, is a measure of the strength of
the grating and was calculated to be 16.7 using the equation®

2

ol = AdmngL | )

2
)'Bragg ( 3)

In this equation, AA is the stopband width, which can be
deduced from the spontaneous emission spectrum with and
without grating (see Supporting Information S6). Ap,, is the

grating Bragg wavelength, and n. is the effective index of the
waveguide. The large kL indicates our DFB grating provides
strong feedback, contributing to the laser’s low threshold
ﬂu}eglce.31 It also means that the cavity photon lifetime is given
by

1 _
— =&, + 4k o KL)]vg

o @)
where v, is the group velocity. The above equation indicates the
cavity photon lifetime is dominated by the internal losses a.
These could include waveguide scattering losses but also losses
due to photon induced intraband transitions. We can estimate
d;y¢ to be on the order of 2.5-20 cm™, equivalent to a photon
lifetime of 30—3 ps. Compared to the 2 ns™' decay rate, our 7
ns pump actually can be considered as quasi-CW. This
observation allows using the model developed by Park et al.”’
to analyze and predict the CW pumping threshold of our
device. This model links the average QD occupancy (N*) to
the pump fluence J as
Jot, + 2(Jo )1z

XXX

1+ Jor, + (Jo)z,z,, (s)

(N*) =

where 7, and 7, are the single exciton and biexciton lifetimes
and o is the absorption cross section. For the QDs used, the
single exciton lifetime is 26.8 ns, as was derived from Figure 1b.
From the gain decay rate we estimate the biexciton lifetime to
be ~500 ps. The absorption cross section is 2.75 X 107'% cm?,
as mentioned in the previous section. By using this data, and
assuming a 30 ps cavity photon lifetime, we can estimate a
minimum lasing threshold intensity around 10.9 kW/cm? If the
cavity photon lifetime reduces to 3 ps, the theoretical lasing
threshold intensity increases to 46.2 kW/cm? If we take into
account that a fraction of the incident pump gets reflected by
the layer interfaces, our observed equivalent CW pump
intensity of 39 kW/cm? falls right within this range.

B DISCUSSION AND CONCLUSION

Previous reports showed colloidal QD lasers operating under
nanosecond,””>* microsecond excitations.”> Recently, CW-
pumped lasing has been demonstrated with colloidal QDs
coating photonic crystal DFBs.'® Our work extends these
results by demonstrating a truly integrated QD laser operating
under nanosecond pulsed excitation. This is altogether a
remarkable feat, as the 2 ns™" decay rate for the gain makes 7 ns
pumping almost equivalent to quasi-CW operation. Theoretical
modeling built from previous work® agrees well with our
experimental results. There are several aspects that allow our
DEB lasers to exhibit a low lasing threshold and to operate in a
quasi-CW pumping regime. Most importantly, the flash
quantum dots we are using have a suppressed nonradiative
Auger recombination rate, which is now well understood to be
essential for lasing applications.'”*” Moreover, our optimized
embedding process not only preserves the emission properties
of the QDs but also enhances the coupling between the QD
emission and the optical mode of the cavity. In this way, by
combining the QDs with a SiN PIC platform, on-chip optical
microcavities with compact size and low optical loss are
achieved.

Using QDs with further increased biexciton lifetime could
still substantially reduce the lasing threshold. Also some other
techniques might further improve the QD laser performance.
Using inorganic-halide-capped QDs etc.”” could increase the
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packing density in the active layer, resulting in a higher modal
gain and better thermal conductivity. Alternatively a ZnS shell
could be used to cap the current QDs and better preserve their
optical properties after encapsulation into the SiN layer stack. It
may also be relevant to provide on-chip heat sinking structures
to avoid local heating that quenches the QD emission.

Even without these possible improvements, the laser
equivalent CW threshold that we currently observe is at the
same level as that of III-V semiconductor lasers epitaxially
grown on silicon.*® This opens strong prospects in terms of
CW operation and, consequently, an extended application
potential. One could now realistically envision CW-pumped on-
chip integrated lasers using colloidal quantum dots as the gain
medium. The intrinsic combination with the mature SiN
waveguide platform then immediately opens the path toward
more complex devices such as tunable lasers and arrays of
single-mode lasers or integration with passive structures such as
on-chip spectrometers. This in turn will enable applications
such as on-chip biosensing, absorption spectroscopy, and
Raman spectroscopy, which now require off-chip sources and
complex optical coupling approaches.’”**

In conclusion, we have reported the design and fabrication of
on-chip single-mode DFB lasers based on a hybrid QD-SiN
platform. We reported for the first time single-mode lasing
under nanosecond pulsed excitation at 532 nm for colloidal QD
based integrated lasers. The lasing threshold of the DFB device
is as low as 270 uJ/cm? using 7 ns long pulses, opening up the
road toward realizing CW-pumped on-chip integrated devices.
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