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ABSTRACT

Hybrid Si/III-V is a promising platform for semiconductor narrow-linewidth lasers, since light can be efficiently
stored in low loss silicon and amplified in III-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 performance. The predictions from this model are compared to
the experimental results obtained from narrow-linewidth lasers fabricated 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.

Keywords: Two-photon absorption, TPA, Free-carrier absorption, FCA, Hybrid Si/III-V, Semiconductor lasers,
Narrow linewidth lasers.

1. INTRODUCTION

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,
operation. 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'™ . 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* , shown in Fig. 1, 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 ITI-V
now set the limit on coherence. The reduction in modal gain is precisely balanced by the reduction in modal
loss, and laser conditions (gain = loss) are achieved without compromising threshold current.

Passive micro Si resonators with quality factors close to or bigger than a million were reported in the lit-
erature®? . These integrated Si-based implementations 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 demon-
strated to yield lasers with linewidth as low as 18 KHz*. The high intra-cavity field intensities that are a con-
sequence 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® , to suppress RIN” and to produce all-optical-modulation® . In this paper we investigate these
non-linear processes in the context of high-Q semiconductor lasers.
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Figure 1. (a) Conventional SCL design. (b) High Coherence Si/III-V design

2. THEORETICAL MODEL

Si has a large non-linear x®) coefficient compared to commonly used low-loss materials such as SiOs or SizNy.
When the field intensity builds up in the presence of gain, non-linear processes, such as TPA and subsequent FCA,
add extra loss® , 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 performance by including TPA and FCA
in a modified version of the rate equations.

2.1 Flat mode approximation

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 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. 2, 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. 1).
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Figure 2. Flat mode approximation for the optical mode and the electron density
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The interaction strength between photons and electrons will be calculated using the overlap integral for TE
modes!? :

_ [ini(@)|E(x)Pd°r

U e Jun [E()Pdr

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

(1)

dN,
S = TawG(no)N, @)

2.2 Two photon absorption

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 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 57 , which relates the change of the imaginary part of the refractive index An; to the field’s intensity
I using:!!

C
An; = ZBTI (3)

Where c is the velocity of light, and w is the angular optical frequency. The coefficient S is wavelength-
dependent, and its value at 1.55um has been measured by several authors'?-14 .

Optical loss induced by two-photon absorption can be described by a non-linear rate equation term for the
average photon density ny,:
dny
dt
Where hv is the photon energy, v, the group velocity and I's; is the confinement factor in Si, defined as in
eq. 1 with layer i being the Si layer. The factor Mppy 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,. Mrpa is defined to ascertain the
flat-mode-approximation of section 2.1 will not yield gross under-estimation of TPA processes:

= —,BThV’U;MTpAF%inf) (4)

Mrpa =1V, Js: |E@)I"d’x (5)
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2.3 Free carrier absorption

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 electro-
magnetic 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'® where the loss coefficient per unit
distance apca and refractive index change ngpca can be directly related to the electron and hole concentrations
ng; and pg; respectively. For intrinsic silicon we can use the parameter!! o, to relate loss rate to electron
concentration:

QFCA = OqNsi (6)

The changes in refractive index due to free carriers in Si, at A = 1550nm, can be described using!! :

npca = —8.8-107*ng; — 8.5-10718p%8 (7)

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
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in the order of a few usec , the lifetime will be dominated by surface and interface recombination. For a typical
laser bar of length and width of a few millimeters, 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!® :

. 2na:
nsi g p, ISt 95, (8)

dng;, PBr hyvg 9
= n. —
dt 2 L dx? H

Where 73, is the bulk recombination lifetime in Si, D, is the ambipolar diffusion 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 [ ngi(z)n,(z)dx

eff = 9
Tetf Briwvvink [ n,(z)de ©)

The parameter 7.5 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 7,75 = 1ns.'8 However, since high-Q resonators require high quality interfaces
and etched surfaces we expect the effective lifetime to be higher than the normally encountered values.

2.4 Modified rate equations

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
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. 2, 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:

_ Wow

Fgeom - Wm (10)

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:

Gm = 20,G,,,(ne — M4r) (11)
without losing much accuracy. G;n is the material differential gain and ny, is the transparency carrier density.
The optical energy loss rate « in the cavity is expressed using the loaded quality factor Q:

2wy
o=— (12)
Q
The reduced QW confinement factor I'gw , which is a characteristic of our high-Q platform, minimizes sponta-
neous emission rate into the mode. The rate can be expressed as:

~ TPowGm(ne)ng

Ry, = v (13)
P

Where V}, is the effective mode volume and ng), is the population inversion factor. Eq. 13 is a consequence of a
fundamental relationship between stimulated and spontaneous emission!” .
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We can now express the systems of rate equations as:

dn. Te Fow nl
o7 = —T—r — Toon Gm (ne)np + TIVQW (14)
dn,, 2 2 2
- = (CowGm(ne) — a)ny — Brhvv, Mrpals;n, — vgoansilsing + Rep (15)
dgfz — %BThV'UgMTPAFSinZQ) — Zi; (16)
The parameters used for the rate equations analysis are summarized in table 1.
| Parameter | Description Value Units
Ty Recombination life time (including non-radiative recombination) 50-107° sec
Gm Material gain eq. 11 sec™!
G, Differential material gain 1-10719 m?
N QWs transparency density 2.10% m—>
n Quantum efficiency (including current leakage) 0.3 -
I Pump current (sweep) Amper
q Electron charge 1.6-10719 Coulombs
Vow Quantum well effective volume 4210717 m?
Vi Effective mode volume 6-10"16 m?
e Linear loss rate in the cavity eq. 12 sec!
F'ow QW confinenmt factor eq. 1 -
Lgeom Geometrical confinement factor 0.07 -
Vg Mode’s group velocity ¢/3.53 =
Br TPA coefficient 5. 10~ 1212-14 o
Mrpa TPA magnification factor eq. 5 -
Oq FCA cross section 1.45 .10~ m?
T's; Si confinement factor eq. 1 -
R, Spontaneous emission rate into mode eq. 13 sec™ T
Teff Si carriers effective lifetime 30ns* sec

The non-linear rate equations 14, 15 and 16 can be solved in the steady state by setting all

Table 1. Parameters used for rate equations

3. STEADY STATE SOLUTION

a
dt

= 0. The numerical

solution of the system of equations can provide insights on the effect of TPA and FCA on laser performance.

3.1 LI curve

Output coupling of lasers with different resonators’ quality-factors can in general vary. Even in lasers with the
same intrinsic Q, the mirror grating can be adjusted to change the total Q, 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. 3.

*Measured experimentally. Measurement technique is beyond the scope of this paper.
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Figure 3. Theoretical L-I curves for different resonator quality factors
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Figure 4. 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°

3.2 Linewidth

The Schawlow—Townes (ST) Linewidth!® is well understood, and known to be inversely proportional to Q2 and
to the output power. For laser resonator with nominally high quality factor the non-linear loss effectively limits
the Q by introducing excess intensity-dependant loss, thus preventing the intra-cavity intensity from rising. As
demonstrated in Fig. 4(a), this effect broadens the linewidth compared to the ST linewidth.

The saturation of stored energy due to TPA and FCA also occurs when the pump current increases, as can be
seen in Fig. 3. As a consequence, the linewidth would decrease at a smaller rate than the expected I~!. This can
be seen in Fig. 4(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.

4. EXPERIMENTAL RESULTS

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-Q mode
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Figure 5. Schematics of the fabricated lasers (not to scale)

with low radiation losses. This design and fabrication process has yielded* 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 followed 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 resonator, the degree of overlap of the mode with the
higher loss ITI-V was used to control the total Q. A schematic of the device is shown in Fig. 5, 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 sphere. Fig. 6 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.
6, 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 inter-
ferometer 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/¢> technical noise. Therefore, an experimental
equivalent of Fig. 4 could not be produced. However, the high 1/~ 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.

5. SUMMARY

We have studied the effect of two-photon absorption and subsequent 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 - 105.
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Figure 6. Experimental L-I curve for lasers of different quality factors
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