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1 High coherence semiconductor lasers based
on integral high-Q resonators in hybrid Si/ITI-
V platforms

Abstract

The semiconductor laser is the principal light source powering the
world-wide optical fiber network. Ever-increasing demand for data
is causing the network to migrate to phase-coherent modulation for-
mats, which place strict requirements on the temporal coherence of
the light source that can no longer be met by present semiconductor
lasers. This failure can be traced directly to the canonical laser design
in which photons are both generated and stored in the same, optically
lossy, I1I-V material. This leads to an excessive and large amount of
noisy spontaneous emission commingling with the laser mode, thereby
degrading its coherence. High losses also decrease the amount of stored
optical energy in the laser cavity, magnifying the effect of each individ-
ual spontaneous emission event on the phase of the laser field. Here, we
propose a new design paradigm for the semiconductor laser. Keys to
this paradigm are the maximal removal of stored optical energy from
the lossy ITI-V material by concentrating it in a passive, low-loss ma-
terial and the incorporation of a very high () resonator as an integral
(i.e., not externally coupled) part of the laser cavity. We demonstrate a
semiconductor laser with a spectral linewidth of 18 kHz in the telecom
band around 1.55um, achieved using a single-mode silicon resonator

with @ of 106.

1.1 Significance statement

The data rate of modern optical fiber communication channels is increasingly
constrained by the noise inherent to its principal light source — the semicon-
ductor laser (SCL). Here we examine the phase noise of SCLs due to the
spontaneous recombination of excited carriers radiating into the lasing mode
as mandated by quantum mechanics. By incorporating a very high-@) optical
resonator as an integral part of a hybrid Si/III-V laser cavity, we can remove
most of the modal energy from the optically lossy III-V active region thereby
reducing the spontaneous emission rate while simultaneously increasing the
number of phase-stabilizing stored photons. Our fabricated SCLs boast more



than 10x linewidth improvement compared to commercial SCLs with further
major coherence increase possible.

1.2 Introduction

Almost from its inception, there ensued a continuous effort to improve the
coherence of the semiconductor DFB laser. The methods employed to this
end include: long cavities [1], longitudinal mode engineering via multiple
phase-shifts |2, 3|, optimization of the active medium (e.g. strained QW) [4],
and wavelength detuning [5, 6]. Progress has been hindered by the inevitable
penalty paid for the coherence-limiting optical absorption, the result of spa-
tially co-localizing both photons and electrons in a highly absorbing active
medium.

The finite coherence of laser light is of fundamentally quantum-mechanical
origin, the result of spontaneously generated photons entering the lasing
mode from the active region of the laser medium. Under the effect of a large
number of independent spontaneous emission events, the laser field phasor
performs a random walk in the complex plane, which results in a phase ex-
cursion given by [7]

(D) = T (1 4 2y )

where Ny, is the number of excited carriers at threshold, W, is the sponta-
neous emission rate (s7!) into the lasing mode, 7 is the average number of
coherent photons in the lasing mode, « is the linewidth enhancement factor
due to coupling of amplitude and phase fluctuations, and 7 is the symbol
duration (s). The numerator and denominator of equation 1 represent con-
ceptually photon generation and photon storage, respectively. Increasing the
quality factor, @, of the laser cavity provides a double benefit to phase noise
by reducing the number of excited carriers needed to reach threshold, thus
decreasing spontaneous photon generation, while simultaneously increasing
photon storage.

The quality factor of conventional ITI-V semiconductor lasers is limited by
free carrier absorption in the heavily doped p- and n-type cladding regions,
as well as in the active region, where photons, both spontaneous and induced,
are generated. There is an inevitable compromise resulting from carrying out
both photon generation and photon storage in the same III-V material. While
ITI-V is needed for gain, its high absorption makes it unsuitable for photon



storage. Heterogeneous Si/III-V integration [8, 9, 10, 11] allows lossy III-V
material to be replaced with low-loss silicon without significantly changing
the properties of the optical mode. The total @ of a hybrid Si/III-V resonator
can then be expressed as

1_ L 1-T
Q  Quv Qsi

where T is the mode confinement factor in I1I-V, Qpiy is the absorption-
dominated loss in III-V, and Qgil is the loaded @ of a passive Si-only res-
onator (figure 1c). Absorption losses in high resistivity Si are typically three
orders of magnitude lower than in III-V, so replacing excess III-V material
with silicon creates a large potential improvement to laser coherence. This
potential can only be realized by maximizing the total @ of the resonator (i.e.
making Qs > Qurv). Hybrid Si/III-V thus opens a new regime in which
absorption losses are no longer necessarily dominant and other components
of loss, previously only relevant in high-() passive resonator design, must be
addressed to maximize the coherence of a semiconductor laser.

Additionally, manipulating the transverse geometry of the hybrid Si/III-
V waveguide alters the modal confinement between the lossy III-V and the
low-loss silicon [12]. Engineering the waveguide mode to decrease I' has two
effects on laser coherence: (1) the cavity () increases according to equation 2,
thus improving photon storage, 7, and (2) the intensity of the laser mode
in the active region decreases, decreasing the spontaneous emission rate into
this mode, Wy,. Removing light from III-V appears counterintuitive because
it reduces the modal gain available to the laser; however, in the limit that the
Qv term of equation 2 dominates the total @), the reduction in modal gain
is exactly balanced by a reduction in total modal loss and thus the threshold
carrier density remains constant.

It thus emerges that Qg; is the factor limiting how much light can be
removed from III-V and is the focus of the work presented here. The design
paradigm following from equation 2 shifts the focus of laser design from opti-
mization of the active material to optimization of a high-() passive resonator,
independent of the gain medium used.

(2)

1.3 High-Q cavity design

Designing the laser’s high-() integral resonator is constrained by its role of
determining the oscillation frequency and the longitudinal mode profile. To
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maximize the resonator (), subject to these constraints, it is instructive to
conceptually separate Qg; into its constituent optical loss mechanisms [13]:
1 1 1 1 1
(3)

QSi - Qrad * Qabs * Qsc * @'

Losses due to radiation (@), absorption (Q,,.) and scattering (Q') com-

prise the intrinsic component of losses in Si. Added to it is the resonator
loading, Q! (i.e. external coupling), which determines the fraction of stored
energy that is tapped as useful output through the laser mirrors. There is
inevitably a trade-off in laser design between large stored energies, necessary
for narrow linewidths, and useful output.

The high-Q Si resonator is fashioned from a silicon waveguide patterned
with a 1D grating (figure 1c). Coupling to radiation modes (Q.)) is mini-
mized via a bandgap-modulated defect section in the middle of an otherwise
uniform grating [14, 15, 16, 17|, as shown in figure 2a. The defect is designed
directly in the frequency domain by parabolically modulating the lower fre-
quency band edge of the grating as a function of position along the resonator
(figure 2b). This quadratic modulation acts as a potential well, localizing a
resonant mode with a Gaussian-like profile in both real and reciprocal space
(figures 2d,e), similar to the ground state electron wavefunction in a quantum
harmonic oscillator. By appropriately choosing the well depth V', defined as
an offset frequency from the uniform grating band edge, and its spatial width
Lg4, the mode can be localized tightly in k-space, thereby greatly reducing
coupling to the continuum of radiation modes (figure 2e). To fabricate a
device, the frequency band edge profile is translated to a grating structure
modulation by varying the transverse width W, of etched holes along the
length of the resonator (Fig. 2a).

To minimize scattering loss (Q!) we choose a shallow rib geometry for
the waveguide, to “bury” the mode in the Si slab and thus isolate it from
the roughness of the etched sidewalls (figure 1). Absorption losses in Si are
small compared to the other sources of loss in silicon and therefore can be
neglected.

Uniform grating reflectors of length L, on either side of the defect de-
termine the fraction of the total power generated in the active region that
is coupled as useful output, and therefore the external loading of the res-
onator (Q.). Since we seek to maximize the total loaded @ to reduce phase
noise, high-@) hybrid resonators are designed to be significantly undercou-
pled (i.e., in the limit of high @.). Conventional DFB lasers in this loading
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Figure 1: High-Q hybrid laser device schematics (not to scale). a, Two-dimensional
cross section of the hybrid platform, with superimposed optical transverse mode profile. b,
Perspective view of a high-Q hybrid laser. c, Perspective view of the high-@) Si resonator.

regime become susceptible to spatial hole burning-induced mode instability
and linewidth rebroadening due to their sharply-peaked spatial mode pro-
file [18, 19]. In the high-@Q hybrid laser, spatial hole burning is mitigated
by the broad Gaussian longitudinal mode profile, thus allowing considerable
undercoupling and, therefore, large stored energies in the cavity.

1.4 Results

To determine the ()s; metric for the resonators utilized in this work, we
fabricated and tested passive Si resonators of the same type and scale as the
hybrid, only without the III-V attached. We measured loaded quality factors
for these resonators exceeding 10° (figure 2g), which represent record high
@ for 1D photonic crystal waveguide resonators on Si-on-insulator (SOI). In
the hybrid lasers, the confinement factor in III-V is fixed at I' = 15% and
realized with a silicon device layer 500 nm thick.

We fabricated high-@) hybrid lasers using standard e-beam lithography
and plasma etching to create low-loss gratings on Si, followed by die-scale
direct bonding to the III-V material. Details of the fabrication process can
be found in the Methods section. The hybrid Si/III-V resonators are based
on photonic wells with design parameter set of (V' = 100 GHz, Lq = 200 pm),
which results in a single localized defect mode. Fourier analysis for the se-
lected design parameter set yields an estimate of Qu.q ~ 107. The length of
the distributed Bragg reflectors on either side of the defect is set to signifi-
cantly undercouple the resonator, with calculated Q. ~ 5 x 10°, based on the



Figure 2: Design features of the high-Q) hybrid resonator. a, Top view of the
geometry of the grating in Si. b, Spatial band structure of a high-Q) hybrid resonator
plotted against the simulated transmission spectrum. Example shown for design param-
eters V = 100GHz, Lq = 200pm, Wy from 200nm to 600nm. c, Dispersion diagram
of a local unit cell. Eigenfrequencies f,, f. correspond to modulated frequency distri-
bution fy(z), fo(x) of the resonator spatial band structure. d, Simulated profile of the
longitudinal field intensity of a high-@) hybrid resonator. The grey-shaded area denotes
the defect section of the resonator. e, Fourier component amplitude distribution of the
longitudinal field of a high-@ hybrid resonator. The grey-shaded area denotes the contin-
uum of radiation modes. f, Simulated emission spectrum of a high-@ hybrid laser. The
grey-shaded area denotes the resonator bandgap. g, Experimental trace and Lorentzian
fit of the transmission resonance of a high-@Q Si resonator. (Structure design parameters
used in all of the above simulations: L, = 2.0pum, Wy = 90nm, a = 235nm.)



assumption of a predominantly I1I-V absorption-limited intrinsic ) for the
resonator. Typical cavity lengths, including the reflectors, are in the range
of 1 mm.

High-@ hybrid lasers are tested unpackaged on a temperature controlled
stage. We obtain single-mode, continuous-wave laser operation with thresh-
old currents as low as 30 mA and single-side output powers as high as 9 mW
at room temperature (20°C) (figure 3b). Lasing occurs over temperatures
spanning the range of 10°C to 75°C (figure 3a). Single-mode oscillation is
observed over a wavelength span of 45nm (1530nm to 1575 nm), in lasers
with different grating periods (a from 230 nm to 240nm). Figure 3¢ shows
a representative optical spectrum of a high-@) hybrid laser. Side mode sup-
pression ratios better than 50 dB are obtained at each operating wavelength
(figure 3d). The experimental optical spectrum agrees with simulated spec-
tra for both the passive (figure 2b) and active (figure 2f) resonators. The
lasing mode appears, as predicted from simulation, near the low frequency
band edge (offset ~ 60 GHz), while the strongest side mode is just outside
the low frequency band edge.

To characterize the temporal coherence of the high-() hybrid laser, we
measure the spectral density of the frequency fluctuations [20] as described
in Methods. This avoids the ambiguity of the traditional self-heterodyne
measurement method in discriminating between low frequency (e.g. 1/f)
and high frequency noise contributions to the spectral linewidth [21]. By
displaying this noise as a function of frequency, we can separate the indi-
vidual noise mechanisms. We are especially interested in the high frequency
components of the noise spectrum, since this portion of the spectrum affects
high-data rate optical communications [22].

Figure 4 shows a typical frequency noise spectrum of a high-) hybrid
laser. Two distinct regions in the plot can be discerned. The first, up to
approximately 100 kHz, displays a 1/ f-type dependence, while a second seg-
ment with a gentler slope extends up to 100 MHz. The trend of Fig. 4 is
representative of all the high-@) hybrid lasers tested. The observed frequency
noise spectrum is largely dominated by noise of technical origin (e.g. laser
driving electronics). Since our data do not display a level white noise floor, we
can only place an upper bound on the spontaneous emission-induced phase
noise. This upper bound can be expressed in terms of a spectral linewidth
(i.e. modified Schawlow-Townes linewidth) by using the value of the spectral
density at the high-frequency end and multiplying it by 27 for the two-sided
spectra measured in this work [23, 24|. The narrowest linewidth attained is

8



Figure 3: High-@ hybrid laser characterization results. a, Light vs. pump current
(L-I) curves as a function of the operating temperature, taken from a representative laser.
b, L-T and current vs. forward voltage (I-V) curves for a high-@Q hybrid laser measured at
room temperature (20 °C), taken from the laser with the highest one-sided output power.
c, OSA-limited optical spectrum of a high-@Q hybrid laser at a pump current of 120 mA
(3.5 x Itp,) at 20°C, demonstrating sidemode suppression of 50 dB. The grey-shaded area
denotes the bandgap. d, OSA-limited optical spectra of high-Q hybrid lasers of varying
grating period taken at 120mA (3.5 x I;,) and 20°C, demonstrating continuous-wave,
single-mode lasing from 1530 nm to 1575 nm (C-band), with side mode suppression ratios
over 50dB. The inset shows the relative position of the four spectra with respect to the
spontaneous emission spectrum below threshold.



18 kHz, measured at a pump current of 4.5 x Iy, (160mA).

Figure 4: Frequency noise spectrum of the lowest-noise high-@) hybrid laser.
The measurement is taken at a pump current of 160mA (4.5 x Iy;,) at 20°C. Spikes at
100kHz and 100 MHz correspond to current source electronic noise and FM radio noise
respectively. A spectral linewidth of 18 kHz can be calculated for this laser by multiplying
the PSD value near 100 MHz by 27. The inset includes the full frequency noise spectrum,
showing the feedback-suppressed low frequency end of the spectrum as well as the onset
of the MZI roll-off (FSR = 847 MHz).

Figure 5a presents the extracted spectral linewidth of a representative
high-@) hybrid laser as a function of the normalized pump current offset from
threshold. The linewidth decreases with increasing pump current, reflecting
the increase in the total number of photons, n stored in the laser resonator.
Immediately above threshold (1.1 x Iiy,), the high-@Q hybrid laser exhibits sub-
MHz scale linewidths. These linewidths near threshold are much narrower
than those of comparable narrow-linewidth semiconductor lasers at the same
pump power [25] (see also supplementary information), demonstrating that
it is the enhanced cavity ) and not strong pumping behind the superior
coherence characteristics of the high-() hybrid lasers. With further increase
of the current, the linewidth decreases by more than an order of magnitude.
Deviation from the expected linewidth dependence on pump current is ob-
served in the form of a linewidth floor. This deviation is due to increased
side mode competition [26] observed in the optical spectra of the lasers and
probably caused by spatial hole burning. Narrow-linewidth performance is
demonstrated across the entire C-band (figure 5b), obtained from lasers with
varying grating period and spanning different chips and laser bars.

The ultimate linewidth of a semiconductor laser made using this paradigm
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Figure 5: Linewidth characterization of high-() hybrid lasers. a, Spectral linewidth
of a single high-@Q hybrid laser as a function of the offset pump current from threshold
(Ith = 35mA) 20°C, taken from a representative laser. The inset shows the same depen-
dence in log-log scale. b, Distribution of the spectral linewidth of high-@ hybrid laser
tested spanning 3 laser bars fabricated on 2 separate chips, as a function of their emission
wavelength.
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is limited by two factors: the state-of-the-art in passive resonators and the
fraction of the optical energy stored in III-V. Previously-reported linewidths
for hybrid Si/III-V DFB lasers are on the order of a few MHz (3.6 MHz[10]).
The high-() of the lasers reported here enables linewidths approximately
200x narrower than the those previously reported, though I' is comparable
in both designs. Further linewidth reduction beyond the 18 kHz reported here
would be possible if, according to equation 2, the total cavity () was increased,
by increasing Qg; and/or decreasing I'. With the Qg; = 10 achieved in this
work, further decreasing I" would give an additional factor of 10 reduction in
linewidth, without affecting threshold.

We have proposed a new paradigm for the design of high-coherence semi-
conductor lasers, demonstrated here with a spectral linewidth of 18 kHz. Our
approach circumvents historical limitations of laser design and it raises the
bar on the ultimate coherence of semiconductor lasers. The new figure of
merit for coherence introduced in this work is the quality factor of the in-
tegral passive resonator, which is subject to the methods and techniques
utilized. Yet, the paradigm itself is more generic than the specific tools em-
ployed. These merely reflect the present state-of-the-art in technology, and it
is entirely likely that as technology, materials, and design methods advance,
other methods to design high-() passive resonators will emerge, to further
push the coherence limits.

1.5 Materials

We pattern the passive resonator with e-beam lithography (Vistec EBPG
5000+, Zeon ZEP 520A resist) and transfer the pattern to silicon with a
pseudo-Bosch process (Oxford 380). To turn the passive resonator into a
high-@) hybrid laser, we smooth the waveguide sidewalls to improve Q.
by growing 15 nm of dry thermal oxide (oxidation times calculated using
the Massoud model). We strip the oxide with HF (Transene Buffer HF-
Improved), and regrow 20 nm of dry oxide. The silicon chip is prepared for
direct wafer bonding through acetone and IPA cleans followed by an organic
strip in Nanostrip (Cyantek) for 1 m. An unpatterned III-V chip with an
epi-structure given in the Supplementary Information is prepared through
acetone and IPA cleans followed by NH;OH:H5O 1:15 for 10 m. Both chip
surfaces are activated for bonding with 5 “treatments” (5 passes at 25 mm/s)
in oxygen plasma at 200 W (Suss NP12). The chips are directly bonded by
bringing them into contact and applying light pressure with tweezers. We are

12



uncertain if bonding is spontaneous or induced by the pressure. The bonded
chips are annealed at 150C for 1 h followed by 285C for 5 h. After bond-
ing, the InP handle is removed in HCl:H,O 1:3. We use ion implantation
(HT, 170 keV, 5el14 cm™2) and an AZ5214E mask to define a current path
above the silicon waveguide. We form the p-contact to pT-InGaAs above
the current path by depositing Ti/Pt/Au (20 nm/50 nm/150 nm) and lifting
off image-reversed AZ5210 resist. The III-V mesa is created by wet etching
down to the n-contact layer (piranha HySO4:H505:H20 1:1:10 7 s, HCL:H,0O
1:2 17 s, piranha 45 s). We form the n-contact to n*-InP by depositing
Ge/Au/Ni/Au (30 nm/50 nm/12 nm /225 nm). The die is thinned to 150 pm
and cleaved into bars. Individual bars are annealed at 325°C for 30 s. We
anti-reflection coat the bars on both facets with 250 nm Al,Os;.

Passive Si resonators are characterized by measuring their frequency re-
sponse in transmission mode. To speed up data acquisition and improve
resolution, necessary to measure narrow resonances, we employ a tunable
laser (Santec TSL-510, 1570 nm to 1590 nm), configured as a fast, opto-
electronically controlled frequency sweeping source [27] to interrogate the
resonators. For calibration of the frequency sweep, part of the laser source
is transmitted through a Mach-Zehnder interferometer (MZI), the output of
which is used to convert the resonator’s temporal response to the frequency
domain. Loaded quality factors are calculated by Lorentzian fitting of the
transmission resonances.

We measure frequency noise by employing a MZI as a frequency discrim-
inator, with a differential delay shorter than the expected laser coherence
time. The corresponding MZI free-spectral range (FSR) is 847 MHz. The in-
terferometer converts laser phase fluctuations to intensity fluctuations when
biased at quadrature and measured with a high-speed photodetector, the
spectrum of which is obtained on an RF spectrum analyzer. The choice for
the interferometer delay is a trade-off between frequency scan range and fre-
quency gain. For this method to yield accurate results, the interferometer
must remain at quadrature for the duration of a high-resolution measurement
of the frequency spectrum. The hybrid lasers under test, not being packaged,
are particularly sensitive to environmental temperature fluctuations, causing
the laser center frequency to drift out of quadrature. We lock the interfer-
ometer in quadrature with negative electronic feedback to the laser’s pump
current. The feedback loop bandwidth is kept below 100 Hz, sufficient to
suppress low-frequency temperature-induced fluctuations, while leaving the
higher-frequency noise spectrum unaffected.
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2 Non-linear effects limiting the coherence prop-
erties of high-Q hybrid Si/III-V lasers

Hybrid Si/III-V is a promising platform for semiconductor narrow-
linewidth lasers, since light can be efficiently stored in low loss sili-
con and amplified in ITI-V materials. The introduction of a high-Q
cavity in silicon as an integral part of the laser’s resonator leads to
major reduction of the laser linewidth. However, the large intra-
cavity field intensity resulting from the high-Q operation gives rise
to non-linear effects. We present a theoretical model based on non-
linear rate equations to study the effect of two-photon absorption
and induced free-carrier absorption in silicon on the laser’s per-
formance. The predictions from this model are compared to the
experimental results obtained from narrow-linewidth lasers fabri-
cated by us. It is shown to have an effect on the linearity of the L-I
curve, and to reduce the achievable Schawlow-Townes linewidth.

The conventional semiconductor laser (SCL) design strategy that uses
monolitically grown III-V materials for both electron and photon storage is
fundamentally inconsistent with high coherence, i.e., narrow-linewidth, op-
eration. Electrical current flows through the same volume which is occupied
by the optical mode in order to inject carriers into the the quantum wells
(QW). This imposes the use of optically-absorbing doped I1I-V layers which
limit the achievable laser’s quality factor (Q). Since the laser linewidth is
proportional to 2, conventional SCLs are historically limited to sub-MHz
linewidth.

Hybrid Si/III-V lasers have been demonstrated by several groups|28, 29,
30, 31]. The main motivation for these devices is the generation of laser
light on silicon platforms, close to high-speed silicon-based electronics or
other silicon-photonics devices. In our case we use the silicon as part of
the resonator and re-design the mode in such a way that the overwhelming
majority (>97%) of the optical energy now resides in silicon. This results
directly in orders of magnitude improvement in the resonator mode quality
factor. It was recently demonstrated that this new design paradigm|31],
shown in Fig. 6, is essential to minimizing spontaneous emission into the laser
mode thus improving, by orders of magnitude, the coherence of the laser field.
The losses in the Si rather than in the III-V now set the limit on coherence.
The reduction in modal gain is precisely balanced by the reduction in modal
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loss, and laser conditions (gain = loss) are achieved without compromising
threshold current.

(a)

Figure 6: (a) Conventional SCL design. (b) High Coherence Si/III-V design

Passive micro Si resonators with quality factors close to or bigger than a
million were reported in the literature [32, 31| . These integrated Si-based im-
plementations yield small cavity sizes, compared to commercial low-linewidth
lasers. The incorporation of such a high-Q Si resonator in the hybrid Si/III-V
platform was demonstrated to yield lasers with linewidth as low as 18 KHz
[31] . The high intra-cavity field intensities that are a consequence of the
high-Q and the small cavity size enhance the probability of non-linear multi-
photon processes. Two-photon absorption (TPA) and induced free-carrier
absorption (FCA) were shown to alter the propagation of intense pulses|33]|,
to suppress RIN[34]| and to produce all-optical-modulation[35]. In this paper
we investigate these non-linear processes in the context of high-Q semicon-
ductor lasers.

Si has a large non-linear x® coefficient compared to commonly used low-
loss materials such as SiOs or SigN4. When the field intensity builds up in the
presence of gain, non-linear processes, such as TPA and subsequent FCA, add
extra loss|36] , that would otherwise be negligible in the low-intensity passive
version of the same resonator. In our laser design, in which the high optical
energy is stored in a Si micro-resonator, the achievable cavity’s quality factor
may be limited due to non-linear loss.

We analyze the effect of these non-linear phenomena on the laser perfor-
mance by including TPA and FCA in a modified version of the rate equations.

In general, the optical mode and electron density profile vary along the
resonator’s volume. However, in order to numerically investigate non-linear
laser-dynamics, it is advantageous to simplify the model. To that end, we
neglect all spatial variations and approximate our mode as constant within a
rectangular box. The size of the box will be equivalent to the FWHM volume
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of the mode, and the amplitude will be taken as the average amplitude within
that rectangle.

The Electron density in the QWs will also be taken constant within a box.
As shown in Fig. 7, two dimensions (x and z axes) of the electron-occupied
volume will correspond to the optical cavity box, since we are only interested
in the QW electrons that have significant contribution to the modal gain.
The third dimension (y) will represent the thickness of the QW layer since
the optical mode is approximately fixed over nm scale (compare to Fig. 6).

Optical QWs
mode carriers

L f % }
XZZ. =L

\—I—} electron
interaction

Figure 7: Flat mode approximation for the optical mode and the electron density

The interaction strength between photons and electrons will be calculated
using the overlap integral for TE modes|37] :

[ ni(r)|E(r) Pd’r
Neff Jou | E(x) PdPr

Where n.¢; is the mode’s effective index, and the index 7 represents the
desired region (QW in this case). The rate of generation (absorption) of the
total number of photons NV, in the box will be calculated using the material
gain (loss) G,,, which depends on the QW electron density ne:

Fi:

(4)

dN,
d—tp = LowGm(ne) N, (5)

Optical Kerr effect in Silicon is responsible for intensity-dependant changes
of the refractive index. TPA is manifested as the imaginary part of the index
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of refraction, and is non-zero whenever the photon’s energy is larger than
half the band-gap of silicon, as in the case of telecom wavelengths. TPA
can be quantified using the coefficient S , which relates the change of the
imaginary part of the refractive index An; to the field’s intensity I using|38|:

C

Where c is the velocity of light, and w is the angular optical frequency. The
coefficient fBr is wavelength-dependent, and its value at 1.55um has been
measured by several authors|39, 40, 41].

Optical loss induced by two-photon absorption can be described by a
non-linear rate equation term for the average photon density n,:

dn,,

% = _ﬁThVUEMTPAI%Z'n?; (7)

Where hv is the photon energy, v, the group velocity and I'g; is the confine-
ment factor in Si, defined as in eq. 4 with layer i being the Si layer. The factor
M p 4 captures the difficulty of describing non-linearities using a flat average-
intensity model: Since TPA is proportional to the local density squared, it is
much stronger at the mode’s local peak than at its average over the modes
volume V,,. Myppy is defined to ascertain the flat-mode-approximation will
not yield gross under-estimation of TPA processes:

Js: |E(r)[*d®r

" (Joi |B@)Pdr)’

For each TPA absorption event in Si, an electron-hole pair is generated.
Long carrier recombination life time of conduction-band electrons in intrinsic
silicon allows these carriers to accumulate and interact with the electromag-
netic field. This interaction induces both extra loss through plasma effect
FCA and refractive index changes. The strength of these effects can be well
modeled using the Drude model|42] where the loss coefficient per unit dis-
tance apca and refractive index change npca can be directly related to the
electron and hole concentrations ng; and pg; respectively. For intrinsic silicon
we can use the parameter|38] o, to relate loss rate to electron concentration:

(8)

Mrpa =

AFCA = OgNg; 9)
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The changes in refractive index due to free carriers in Si, at A = 1550nm,
can be described using|38] :

npca = —8.8-10"*ng; — 8.5 - 107 ¥p%? (10)

To estimate the number of free electrons in the steady state operation of
the laser we need to solve the diffusion-recombination-generation equation for
our specific waveguide geometry. As the bulk recombination time of Si is in
the order of a few usec , the lifetime will be dominated by surface and inter-
face recombination. For a typical laser bar of length and width of a few mil-
limeters, we can neglect surface recombination from distant facets and edges
of the bar. The dominant source of electron annihilation would be surface
recombination along the interface of the Si slab, which is of sub-micrometers
thickness. Therefore we can approximate the 3-dimensional structure using
a two dimensional equation[43] :

dnsi _ Brivvg ,  ns + Da% P (11)
dt 2 Th dz? H

2_
P

Where 7, is the bulk recombination lifetime in Si, D, is the ambipolar diffu-
sion coefficient, S is the surface recombination velocity and H is the Si slab
thickness. Once we have numerically solved this equation for given photon
density profile we can define an effective lifetime for carriers in Si for the
given optical mode:

_ 2 J nsi(x)n,(z)dz
Telf = Brhvv2n2 [ n,(z)dx

(12)

The parameter 7.7 describes the average time in which generated electrons
interact with the optical mode before they recombine at the surface, the
bulk or diffuse away from the mode’s area. For micro scale structures the
exact value of this parameter is usually dominated by the quality and size
of surfaces and interfaces in Si. Typical values in the literature are around
T.rr = 1ns[43]. However, since high-Q resonators require high quality inter-
faces and etched surfaces we expect the effective lifetime to be higher than
the normally encountered values.

The SCL rate equation can now be modified to take into account TPA
and FCA. Since TPA is a non-linear process that scales with the intensity
of the light in the cavity, rather then the total photon energy, it is natural
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to express the rate equations in terms of the electron and photon densities.
In the total numbers description the stimulated emission process conserves
electrons/photons, i.e., radiative recombination of one QW electron generates
exactly one photon, and vice versa. Referring to Fig. 7, the rate of the total
electron and photon number can be converted to densities by dividing by the
volume of the QW and optical cavity respectively. It is useful to define a
geometrical confinement factor:

W,
Tgeom = row
Wm
The low losses due to the high-Q resonator enables the laser to operate

close to transparency. This allows us to write the material gain using the
approximate linear expression:

(13)

G = 20,G. (Ne — T4y (14)
without losing much accuracy. G, is the material differential gain and n, is
the transparency carrier density. The optical energy loss rate « in the cavity
is expressed using the loaded quality factor @):

2y
a=— (15)
Q
The reduced QW confinement factor I'gy , which is a characteristic of our
high-Q platform, minimizes spontaneous emission rate into the mode. The

rate can be expressed as:

r Gm e)lts
Rsp — QW V(n )n 14
p

(16)

Where V), is the effective mode volume and 7y, is the population inversion
factor. Eq. 16 is a consequence of a fundamental relationship between stim-
ulated and spontaneous emission|44] .

We can now express the systems of rate equations as:

dn. Ne Fow nl

= —— = Gon(ne — 17
dt Tr I-_‘G’eom (n )np * qVQW ( )
dn
d_tp = (TowGm(n.) —a)n, — ﬁThV/U;MTPAF%iTL; —vyo.nglsin, + A)
dts = §6ThVU§MTPAFSin;2) - Tejf (19)
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’ Symbol \ Description Value \ Units ‘
T, Recombination life time 50-107° sec
Gm Material gain eq. 14 sec™!
G Differential material gain 1-1071 m?
Tty QWs transparency density 2.10% m~?

n Quantum efficiency 0.3 -
I Pump current (sweep) Amper
q Electron charge 1.6-1071 Coul.

Vow Quantum well effective volume 4.2-10717 m?
Vp Effective mode volume 6-10716 m?
Q@ Linear loss rate in the cavity eq. 15 sec™!

Fow QW confinenmt factor eq. 4 -

I geom Geometrical confinement factor 0.07 -
Vg Mode’s group velocity ¢/3.53 N
Br TPA coefficient 5- 1071239, 40, 41] W

Mrpa TPA magnification factor eq. 8 -
o, FCA cross section 1.45 - 10~21[38] m?
g, Si confinement factor eq. 4 -
R, Spontaneous modal emission rate eq. 16 sec™!
Teff Si carriers effective lifetime 30ns? sec

Table 1: Parameters used for rate equations
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The parameters used for the rate equations analysis are summarized in table
1.

The non-linear rate equations 17, 18 and 19 can be solved in the steady
state by setting all % = 0. The numerical solution of the system of equations
can provide insights on the effect of TPA and FCA on laser performance.

Output coupling of lasers with different resonators’ quality-factors can in
general vary. Even in lasers with the same intrinsic ), the mirror grating
can be adjusted to change the total ), and the output coupling. In order to
compare different laser designs, we will assume that each laser has a known
intrinsic quality-factor, and that the mirror grating is designed for critical
output coupling (intrinsic Q = external Q). As the intra-cavity intensity
builds up, TPA and FCA processes become more and more dominant, and
introduce excess loss. The rate of this non-linear loss would increase with
increasing pump current and would yield a non-linear L-I curve, as can be
seen in Fig. 8.

T
_ 105
0.9F|[—Qg =10 ]
_ 108
0.8 | Qg =10 b
—0.7 i
=
So.6- .
£
S 0.5 i
o
204 .
O3l i
0.2 —
0.1 —
0 1 1 L L L
0 2 4 6 8 10 12

171

Transparency

Figure 8: Theoretical L-I curves for different resonator quality factors

The Schawlow—Townes (ST) Linewidth[45] is well understood, and known
to be inversely proportional to Q% and to the output power. For laser res-
onator with nominally high quality factor the non-linear loss effectively lim-
its the QQ by introducing excess intensity-dependant loss, thus preventing the
intra-cavity intensity from rising. As demonstrated in Fig. 9(a), this effect
broadens the linewidth compared to the ST linewidth.

The saturation of stored energy due to TPA and FCA also occurs when

I'Measured experimentally. Measurement technique is beyond the scope of this paper.
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the pump current increases, as can be seen in Fig. 8. As a consequence,
the linewidth would decrease at a smaller rate than the expected I=!. This
can be seen in Fig. 9(b). At high currents TPA causes re-broadening of
the linewidth with increased pump current. This is due to the increased
total loss by TPA and FCA - the gain has to compensate for the excess
non-linear loss by increasing the QW carrier density. This, in turn, increases
the spontaneous emission rate into the mode. This effect is accompanied by
the saturation of the stored energy in the cavity to broaden the linewidth at
higher currents.

(a) (b)

Figure 9: Effect of TPA on linewidth. (a) ST linewidth vs. Q with and without TPA at 5
times threshold. (b) ST linewidth vs. injection current with and without TPA at Q=10°

We have fabricated ultra narrow-linewidth lasers on the hybrid Si/III-V
platform. The high-Q Si resonator was implemented using a 1-D modulated
photonic grating. A distributed defect was used to support a high-QQ mode
with low radiation losses. This design and fabrication process has yielded|31]
resonators of Q as high as 106.

Unpatterend III-V epi-structure (InP substrate, InGaAsP QWs) was bonded
to the high-Q Si resonator using direct bonding at 285 °C under pressure of
205 PSI. An 8um current channel was defined using photo-lithography fol-
lowed by proton implantation. P-contact metal pads were deposited using
lift-off lithography and Ti/Pt/Au e-beam evaporation. Wet chemical Mesa
etch followed by n-metal Ge/Au/Ni/Au e-beam evaporation was performed
to define the n-contact metal pads. The total Q-factor of the hybrid Si/III-V
structure was controlled by modal engineering: Due to the high-Q) Si res-
onator, the degree of overlap of the mode with the higher loss III-V was used
to control the total Q. A schematic of the device is shown in Fig. 10, however,
the exact design and fabrication details are beyond the scope of this paper.

Lasers of two different quality factors were fabricated and measured. The
devices were pumped and output light was collected using an integrating
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Figure 10: Schematics of the fabricated lasers (not to scale)

sphere. Fig. 11 compares between LI curves of lasers of an estimated Q
of 10° and 3 - 10°. The lower-Q device was measured using a CW current
source, while the other device was measured using a pulsed current source.
The pulsed current source was used to avoid misinterpretation of thermal
roll-off as TPA, since thermal effects might cause the same non-linearity.
The short pulse width of 1us and duty cycle of 1% ensures that thermal
effects are minimal. The L-I curve for the pulsed current source (Fig. 11,
solid line) was normalized using the duty cycle, for comparison with the CW
measurement (dashed line). The higher-Q device clearly shows a non-linear
LI curve, a signature of TPA and subsequent and FCA.

The power spectral density of the frequency noise was measured using
an unbalanced Mach-Zehnder interferometer with FSR of 1.56 GHz, and a
balanced PD. A feedback loop was used to lock the piezo-driven MZI such
that it is in quadrature during the measurement. The Schawlow—Townes
linewidth of lasers with the high quality factor was lower than our spectral
measurement setup noise floor, and could not be measured. Due to the high-
Q operation, the ST white noise floor was masked by 1/re technical noise.
Therefore, an experimental equivalent of Fig. 9 could not be produced.
However, the high 1/re spectral shape that masked the ST white noise floor
can be explained by refractive index fluctuations induced by free-carriers in
Si, that are a consequence of TPA. The mathematical justification of this
statement is beyond the scope of this paper.

We have studied the effect of two-photon absorption and subsequent
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Figure 11: Experimental L-I curve for lasers of different quality factors

free-carrier absorption on the performance of ultra-narrow linewidth hybrid
Si/III-V lasers. It was found that these non-linear effects induce a power-
dependent reduction of the total cavity quality factor, thus yielding non-
linear L-I curves, and reducing the achievable linewidth. The predictions
from a non-linear rate equation model were verified experimentally using
hybrid Si/ITI-V lasers of expected quality factor of 3 - 10°.
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3 Summary

We have proposed a new design paradigm for the semiconductor laser, based
on the incorporation of a very high () resonator as an integral part of the
laser cavity, and the removal of light from lossy III-V materials. This is in
direct contradiction to a canonical semiconductor laser which has photons
both generated and stored in the same, optically lossy, III-V material. We
have demonstrated a semiconductor laser with a spectral linewidth of 18 kHz
in the telecom band around 1.55um. Further, we have shown that the large
intracavity field intensity resulting from the high-Q operation gives rise to
non-linear effects. We have developed a theoretical model based on nonlinear
rate equations to study the effect of two-photon absorption and induced free-
carrier absorption in silicon on the laser’s performance, and compared it to
experimental results.
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