A printed nanobeam laser on a SiO,/Si substrate
for low-threshold continuous-wave operation
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Abstract: A small-footprint nanobeam photonic crystal laser made of
InGaAsP material is directly integrated on a SiO,/Si substrate without using
adhesive material via transfer-printing processes (i.e., dry transfer-printing).
The transferred nanobeam structure with a physical volume of ~6.6 x 0.58
x 0.28 um® (~10.5 (A/n)’) shows single mode lasing near 1550 nm with
continuous-wave (CW) operation at room-temperature, where effective
lasing threshold power was as low as 9 uW. This CW operation was
achieved mainly due to efficient heat dissipation provided by direct contact
between the nanobeam and the substrate. This transfer-printed nanobeam
laser could be a promising candidate for the next-generation light source
with a feature of low-power consumption in ultracompact photonic
integrated circuits.

©2014 Optical Society of America

OCIS codes: (140.0140) Lasers and laser optics; (160.5298) Photonic crystals; (250.5960)
Semiconductor lasers.
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1. Introduction

Having been employed to implement a reliable light source in various optical devices over the
past few decades, III-V semiconductors are now proven to be a versatile platform for
industrial applications such as VCSEL telecommunications or optical interconnects.
Combining them with silicon (Si) photonics that inherit the maturity of complementary
metal-oxide—semiconductor (CMOS) processing technologies, one could pave the way for
realizing low-cost next-generation photonic integrated circuits (PICs) [1-4]. In addition to the
possibility of low-cost production, the future PIC should also exhibit other important
properties such as ultracompact size and low power consumption, which are essential for
making high density on-chip photonic networks with low energy cost. Therefore, a small
footprint and low threshold light source made of III-V semiconductors needs to be integrated
on a silicon chip. Moreover, in order to diversify the functionalities of the device, CW
operation of the light source is also highly desired. To accommodate all these requirements,
photonic crystal (PC) laser has been widely studied as a promising candidate because of its
remarkable properties such as compact-size and low-threshold [5-8], and its ability to operate
as a CW laser [9-11].
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Indeed, there have recently been several efforts to integrate I11I-V quantum well (QW) PC
lasers on Si-chips [12—-18]; various wafer bonding techniques such as molecular bonding
[12,14,18], adhesive bonding [15—17], and metallic dry bonding [13] have been proposed and
employed to bond the III-V QW material onto Si substrate prior to the fabrication of PC laser
structures. Among these techniques, the adhesive bonding method is most widely used due to
the fact that it does not have stringent interface requirements in contrast to the other bonding
processes. However, the presence of adhesive material that typically has poor thermal
conductivity hinders heat transfer from the PC laser to the substrate, which makes room
temperature CW operation of PC lasers more difficult to achieve.

The CW operation of III-V QWs PC laser on a Si substrate at room temperature was first
reported by Vecchi et al [13] using 2D band-edge honeycomb lattice configuration. In this
case, the InGaAs/InP material is bonded onto the Si substrate by using metallic dry bonding
method with SiO, as a cladding layer. The use of SiO, and metal as a cladding layer and the
bonding agent, respectively, give efficient thermal dissipation through the substrate, which
enables the CW operation of PC laser. While they have shown the feasibility of CW lasing in
the bonded structure, the 2D scheme of PC structure leads to relatively large device footprint
as the lateral dimension of the device is often larger than ~30 x 30 pm®. In addition, the
geometry of the honeycomb lattice restricts the integration with an external coupler.
Therefore, a careful consideration is further required to overcome these limitations for a
reliable light source in PIC.

In this work, we demonstrate an integration of a small-footprint InGaAsP nanobeam laser
on a SiO,/Si substrate without using any adhesive material via transfer-printing process (i.e.,
dry transfer-printing) [4, 19, 20], where direct contact with the SiO,/Si substrate provides
efficient heat dissipation for the laser [13]. With a help of micron-sized polydimethylsiloxane
(PDMS) stamp developed by soft-lithography (the ratio of curing agent to base was 0.1), the
nanobeam was selectively released from its parent chip and directly printed on a foreign
substrate (herein, SiO,/Si substrate). By using this method, complex fabrication processes
generally involved in the wafer bonding schemes could be significantly simplified. Besides, it
is also efficient to reduce the consumption of InGaAsP material, because only small portion
of it is patterned, retrieved, and printed on the receiver substrate. Here, we choose the
nanobeam as the PC platform because it has some unique features such as simple architecture,
small footprint, high-Q factor, and small mode volume [5, 6, 8, 21, 22]. Furthermore, the 1D
nature of the nanobeam leads to a straightforward integration with an external coupler. The
printed nanobeam has 16 air-holes and occupies physical volume of ~6.6 x 0.58 x 0.28 pm’.
With this structural design, we observed single mode lasing near 1550 nm with CW operation
at room temperature. To the best of our knowledge, this is the first demonstration of room
temperature CW operation of printed nanobeam laser working near 1550 nm.

2. Nanobeam design

The nanobeam structure is composed of an InGaAsP ridge-waveguide with thickness (f) of
280 nm and width (w) of 580 nm (Fig. 1(a)). Along the waveguide, periodic air-holes with a
lattice constant of 430 nm are introduced except for a central photonic well region. The
photonic well, where photons with a specific frequency can be confined, is constructed by
modulating the cutoff frequency of the dielectric band [21]. In order to generate resonant
modes with less scattering losses, the Gaussian-like photonic well is introduced [23]. This
kind of photonic well is very efficient in suppressing the Fourier components of the resonant
mode in the radiation zone. As a result, the scattering losses into the substrate modes and free-
space modes could be substantially reduced. In our design, the photonic well is formed by
reducing the lattice constant of three air-holes towards the center of the waveguide linearly
from 390 nm to 310 nm. The ratio of air hole radius () to lattice constant () in all regions is
fixed at » = 0.34a. As shown in Fig. 1(b), the spatial distribution of the cutoff frequency
follows the Gaussian shaped function. At the end of the nanobeam, two small breakable
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tethers with width of 100 nm and length of 430 nm were additionally introduced (see the
geometry of the nanobeam in Fig. 1(b)). By introducing these two small tethers, the
freestanding nanobeam can be released easily from its parent chip just by applying a small
impulse force on top of it.
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Fig. 1. (a) Schematic of nanobeam on a SiO,/Si substrate. (b) Formation of a photonic well. (c)
E, field profile of Oth order and 1st order modes of the nanobeam in (a). (d) O-factor of the
nanobeam as a function of total number of air holes (V).

In order to identify the resonant modes of the structure, 3D-FDTD simulation were
performed. In the simulation, the refractive indices of the PC slab, SiO,, and Si are set to 3.4,
1.45 and 3.46, respectively. The buffer SiO, layer has thickness of 2 pum, which is thick
enough to provide adequate optical isolation of the nanobeam from the Si substrate. Figure
1(c) shows the E, field profiles of the Oth order and 1st order modes of the nanobeam on a
Si0,/Si substrate. The Oth order and 1st order mode have resonant wavelengths of 1587 nm
and 1740 nm, respectively. The large free spectral range between these resonant modes is
advantageous in exciting only a single mode within the gain bandwidth of the active medium.
The Q-factor of the Oth order mode as a function of total number of air holes (V) is plotted in
Fig. 1(d), where the O-factor is found out to be saturated for N > 16. Thus, N = 16 was chosen
for the fabrication with the consideration of device footprint and performance. The Q-factor
and mode volume of the Oth order mode for N = 16 are 5.93 x 10* and 0.25(1/n)’,
respectively.

3. Fabrication process

Based on the above design, the nanobeam was fabricated on a 280-nm-thick InGaAsP slab
that contained three QWs in the middle as an active medium. It was fabricated by following a
series of standard nanofabrication processes [24]: e-beam lithography, Cl, assisted Ar-beam
etching, O, ashing, and selective wet etching by using HCI solution (HCl:water = 4:1) at
room temperature. Figure 2(a) shows SEM images of the fabricated nanobeam.
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Fig. 2. (a) SEM images of the fabricated sample i) top and ii) tilted view. (b) Schematic of the
transfer-printing processes i) micron-sized, rectangular PDMS stamp (15 pm x 15 pum x 40
um) was precisely aligned and placed on the top of the nanobeam. A small impulse force was
applied on the stamp in order to break two small tethers at the end of the nanobeam. ii) After
breaking the tethers, the nanobeam will be attached to the stamp due to non-specific, general
van der Walls force. iii) PDMS stamp inked with the nanobeam is put in contact with the
receiver substrate. iv) The stamp is retracted slowly in order to separate it from nanobeam by
kinetically controlled viscoelastic effect of PDMS.

The fabricated InGaAsP nanobeam was integrated on a SiO,/Si substrate by means of
transfer-printing processes. The processes are schematically illustrated in Fig. 2(b). First, the
PDMS stamp with transverse dimensions of 15 pm x 15 pm and height of 40 um was placed
on the top of the nanobeam. In order to break two small tethers at the end of the nanobeam, a
small impulsive load was applied on the stamp. Due to the non-specific, general van der
Waals force, the nanobeam will be attached to the stamp even after the tethers are broken.
The next process is the transfer of nanobeam onto the SiO,/Si substrate. Before the transfer,
the substrate was first cleaned in RCA-1 solution and then slightly treated by atmospheric
oxygen plasma to generate a smooth and reactive thin oxide layer on its surface [25]. This
thin oxide layer helps in enhancing the adhesion between the nanobeam and the substrate.
After putting the nanobeam in contact with the receiver substrate, the PDMS stamp is
retracted slowly (~10 pum/s) in order to separate it from the nanobeam. Especially, the
intrinsic viscoelastic nature of the PDMS enables efficient adhesion switching in dry-
adhesion merely by control of pulling speed of the stamp, so that the nanobeam with high
structural fidelity can be directly printed onto a SiO,/Si substrate without any adhesives [19].
Figure 3(a) shows SEM images of the integrated device; it is clearly seen that the nanobeam
with high structural fidelity (without any deformations) is conformably printed onto a SiO,/Si
substrate.

4. Optical measurement

Laser emission from the nanobeam is characterized while vertically pumping the sample with
a 980 nm InGaAs laser diode under CW operation at room temperature. A microscope
objective lens ( x 50) with NA of 0.85 is used to focus the pump beam to a spot ~3.2 pm
diameter and to collect the emitted light from the sample at the same time. Figure 3(b) shows
the photoluminescence (PL) spectrum acquired from the sample above the lasing threshold.
From the spectrum, a single peak at 1589 nm corresponding to the Oth order mode is observed
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without any other lasing modes over 100 nm wavelength range. In the insets of Fig. 3(b), the
lasing-mode image captured by a charge-coupled device camera and the polarization
dependence of the laser emission are shown. The emitted beam is dominantly y-polarized
(perpendicular to the length of the nanobeam) with a polarization extinction ratio of 12:1.
This polarization dependency indicates the transverse electric-like characteristic of the
resonant mode.

a)

=3
~—

0000 0000000000080

CCD image
i

Intensity (a.u)

I-.-----o--------!i

1520 1540 1560 1580 1600 1620 1640

Wavelength (nm)

(g
~

=1
~

0.55
A —9—L-L /°
~ 1 —A— Linewidth o050 = _
= o = =
& / s =
s ° F0.45 =, = .
= 9 = v =0,
,E ‘\ o L0.40 = f_, ----f=0.15
o RN E & s
A °, experimen
YWY +0.35
| =y os‘lAAAAJAMA
50 60 70 80 90 100 110 120 40 60 80 100 120 140
Input power (uW) Input power (uW)

Fig. 3. (a) SEM images of the printed nanobeam on a SiO,/Si substrate taken at top view (top
panel) and side view (bottom panel): the nanobeam was conformably printed on a SiO,/Si
substrate. (b) Photoluminescence spectrum of the nanobeam printed on a SiO,/Si substrate.
Insets show the lasing-mode image captured by a CCD camera and the polarization
dependence of the laser emission. (¢) L-L curve and spectral linewidth as a function of input
pump power of the Othmode. (d) Rate equation fitted L-L measurement on log-log scales.

The light-out versus light-in (L-L) curve of the fabricated laser and its spectral linewidth
as a function of input pump power are plotted in Fig. 3(c). The linewidth plot clearly shows
the spectral narrowing from the spontaneous emission regime to the laser emission. It changes
abruptly near the threshold and decreases to the resolution limit (~0.33 nm) of the
spectrometer above the threshold. The lasing threshold is estimated to be ~90 uW in terms of
the input pump power. By considering the overlapping area between the pumping spot and
the nanobeam (23%) and the absorption efficiency of irradiated light in the slab (43%) [26], it
can be estimated that only ~10% of the pump power is absorbed. This gives the effective
threshold of ~9 uW. This low threshold is attributed to a small active volume of the
nanobeam since the low input power is required to make a small active volume be transparent
[8]. Another factor such as large Q/V also contributes to the low threshold of the nanobeam
laser. The gradual change near the threshold in the L-L curve implies a large value of
spontaneous emission factor (f) [27]. In order to estimate the f-factor of our fabricated
sample, the experimental L-L curve is fitted using conventional laser rate equations [27-29].
In the equations, carrier density (N) and photon density (P) of the nanobeam laser are
described as follow:

d_N:n Ly _[4 v,N+BN>+CN* |-T'G(N)P (1)
dt hao V. f

P a
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dpP

P

—=TG(N)P £, BBN?
dt T

Table 1. Parameters Used in the Rate Equations

Parameters

Values

Active surface area in the pumped active region (4,)

0.26 x 107 cm?

Active region volume in the pumped active region (V)

0.28 x 107" cm®

Surface recombination velocity (v,)

1.5x10*cms™

Bimolecular recombination coefficient (B)

1.0x 10" cm’®s™!

Auger non-radiative recombination rate (C)

5.0x10% cm®s™

2

Confinement factor (I) 0.075
Gain coefficient (Gy) 1500 cm™
Transparency current density (V) 1.0 x 10" ¢cm™
QO-factor (Q) 4300
Effective refractive index (71,) 2.51
Lasing wavelength (Aou) 1589 nm
Pump laser wavelength (4,) 980 nm

The definitions of parameters and their value are listed in Table 1. Here, the logarithmic
gain was assumed to be G(N) = Gyc/n 5 In(N/N,,). The frequency of pump laser w, and photon
lifetime 7, are given by w, = 2nc/4, and by 1, = 4,,0/2nc, respectively. The spontaneous
emission factor, f, and the absorption ratio of the pump laser in the QWs, #, are set as
variables in Eqs. (1) and (2). The output power L, = ,,.PV,/t, is plotted as a function of
input power L;,. Figure 3(d) shows the logaritmic plot of L-L curve calculated from the rate
equation with different values of £. The best fitting is obtained when £ = 0.15 and # = 0.10.
This f# value is mainly limited by the O-factor, O = 4.3 x 10°, that we used in the rate
equations. In our case, the Q-factor is estimated from the full width at half maximum of the
resonant peak near the transparency and is limited by the resolution of our spectrometer. The
actual O-factor and therefore £ is expected to be larger than this value.

5. Summary

In summary, we have experimentally demonstrated the direct integration of the small
footprint InGaAsP nanobeam laser on a SiO,/Si substrate by means of dry transfer-printing
technique. From the structure, room temperature CW operation near 1550 nm with effective
threshold of ~9 uW was achieved. There are two criteria that need to be fulfilled in order to
reach room temperature CW operation in PhC laser, i.e. low lasing threshold and better heat
sink. The proposed structure of our nanobeam laser satisfies these two criteria; (i) the small
active volume and large Q/V of the nanobeam results in low threshold input power, and (ii)
the presence of a SiO,/Si as a substrate provides advanced integration strategy for the device
with a better heat dissipation. This heat dissipation could be further improved by optimizing
the thickness of SiO, layer or encapsulating the top side of the device with low index material
that has better thermal conductivity than air.
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