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Abstract: A hybrid III-V/silicon laser design with a metal grating layer
inserted in between is proposed and numerically studied. The metal grating
layer is buried in a silicon ridge waveguide surrounded by silicon dioxide,
and its structural parameters such as periodicity, width and depth can be
varied for optimization purpose. The plasmonic effect originated from the
grating layer can manage optical fields between III-V and silicon layers in
hopes of dimension reduction. The substrate is planarized to minimize the
bonding failure. A numerical algorithm with various combinations of metal
grating and waveguide structural parameters was created and the optimal
design with 730 nm grating period and 600 nm of buried waveguide ridge
height was obtained by minimizing the corresponding laser threshold. With
top AllnGaAs quantum wells and optimized design of hybrid metal/silicon
waveguide, a 0.6 um™' threshold gain can be achieved.
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1. Introduction

The continuous growth of Internet-related business has boosted the demand of high speed
data transmission and low circuit power consumption. It is generally believed that a
monolithic integration of silicon-based photonics and electronics might be a promising
solution to those issues [1-12]. Yet, the indirect bandgap of silicon-based materials is always
the biggest obstacle to be overcome in this integration platform [9, 10]. In the past decade,
numerous methods have been proposed to obtain silicon-based lasers, such as Raman
amplification [4], erbium-doped microdisks [5], nano-crystalline silicon structures [6], III-
V/Si hybrid devices [7-12], and n-type strained Ge [13] etc. However, so far, the inefficiency
of silicon light emission has not been solved yet.

Since its invention in 2006, the electrically-pumped hybrid III-V/silicon evanescent laser
has become popular [8—12]. In this design, a III-V gain chip is directly bonded onto a passive
silicon waveguide (WG) to form the resonant cavity of the device. Such laser can operate in
continuous-wave output with a threshold current 65 mA, a maximum output power 1.8 mW
with a differential quantum efficiency of 12.7% and a maximum operating temperature of 40
°C [8]. Besides, several device improvements in hybrid laser cavity designs [9], passive
waveguide structure [10], expitaxial materials [11], and bonding process [12] have been
demonstrated to achieve better performance than the prototype. Despite the impressive device
performance of those demonstrations, the dimensions of the silicon waveguide in above
devices are still much larger than the size that the photonic roadmap hopes to achieve in the
future [14]. When there is request to reduce the dimensions of the underneath silicon
waveguide to hundreds of nano-meters, this hybrid platform is prone to fail because the
physical size of the waveguide can no longer support an optical mode. This effect can be
easily demonstrated by finite element method (FEM) which will be the backbone of our
simulation study. In the directly bonded I1I-V/silicon hybrid devices, when the cross-sectional
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area of underneath silicon waveguide shrinks from 2.5 um by 0.76 um to 0.3 pm by 0.76 pm,
the optical field in the silicon section is greatly diminished, as shown in Fig. 1, and thus no
optical power generated in III-V chip can be coupled into silicon when the silicon ridge goes
sub-micron. Therefore, we propose a plasmonic hybrid III-V/Si evanescent laser, which
combines the merits of optical gain of III-V chip and the small dimension of plasmonic
waveguide, to achieve a feasible Si-based laser design in a nano-scale platform. From our
simulation, the introduction of the periodic metal gratings can effectively modify the optical
energy distribution in the structure and provide better confinement of the modes within the
nano-meter scaled waveguide. The periodicity and the width of these gratings can be changed
in normal semiconductor processes, and thus the coupling of the optical field can be
engineered, which can be very important for the integration of nano-scaled III-V/silicon
devices. In the following sections, a numerical study of such design will be performed, and
general device dimensions and performance will be evaluated through simulations.

(a)

InP Substrate InP Substrate

2.5 um 1.0pm

Fig. 1. The normalized energy density distributions for the directly bonded III-V/silicon device
with (a) 2.5 pm-, (b) 1.0 pm- and (c) 0.3 pm-wide silicon waveguide. All cases are calculated
without metal grids in between III-V and silicon chips.

2. Proposed process flow

The basic schematic diagram of a proposed device is shown in Fig. 2(a). In order to
accomplish this design, the process steps, as shown in Fig. 2(b), are suggested. First, we grow
SiO, onto Si substrate and dry etch to form the groove. A thin aluminum (Al) layer was
deposited in the groove to prevent optical energy from penetrating into the bulk substrate.
Then, a plasma-enhanced chemical vapor deposition (PECVD) of silicon is performed to fill
silicon material in the groove, forming silicon waveguide. After a suitable planarization
process, such as chemical mechanical polishing (CMP), we utilize electron-beam (E-Beam)
lithography to define the Al metal grating layer, dry etch again to form the periodic stripe
pattern. Finally, a wafer bonding process is applied to combine III-V material with passive
waveguide [8]. In the previous design, owing to different material thermal expansion
coefficients [15], the trenches at the sides of silicon ridge waveguide [8] may develop stress
during the wafer bonding process, presenting a higher risk to fail. Hence, we turn to the
embedded ridge waveguide design to strengthen the finished structure. The nanoscale Al
grating can be adjusted by E-beam process and the variations in period, width and depth will
be important parameters for our device to success.
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Fig. 2. The schematics of plasmonic hybrid III-V/Si evanescent lasers. (a) The final device (b)
The proposed process flow.

3. Simulation methodology

To evaluate different design parameters such as grating period and waveguide height, we
proceed a three-dimensional (3-D) eigenmode calculation at wavelength 1.55 um by the
finite-element method in COMSOL" differential equation solver. Both the cross-section and
side views of the hybrid device are shown in Fig. 3. The coordinate system is also defined in
the figure. The solver neglects the reflection from the boundaries in x and z directions, which
are sometimes called scattering boundary condition [16]. In y direction, we choose the unit
cell, as indicated by red dot lines in the Fig. 3(b), to be the calculation domain, and assume
the periodic boundary condition in y-direction. Besides, the stability of the numerical results
can be guaranteed by the convergence tests and be independent from mesh sizes and
boundaries. The III-V structure, as shown in Fig. 3, consists of 1-pm InP substrate, 0.25-um
Aly131Ing5p8Gag34As  separated  confinement  hetero-structure  (SCH),  0.125-pum
Al ps5Ing ¢53Gag200As quantum well (QW) and 0.12-pum InP contact layer. The height of the
embedded silicon waveguide, H, can be treated as one of the variables, and the width of the
waveguide is fixed at 300 nm; the thickness of Al layer located at bottom of the silicon ridge
waveguide is 0.05 um. The dimensions of metal gratings are h in depth, w in width and 0.1
um in length and the periodicity is p (h, w, and p will be used as design variables in the
following contents.). The refractive indices of materials used in the simulations are described
in the Table 1. Other than the refractive index of Al, we only consider the real part of
refractive index to observe the fundamental optical behaviors of the proposed device.

The optimization criterion is governed by the laser threshold gain of the device which is
evaluated by [17]:

(M

g, = 1 x[nef;»(r)jx 47rn€ﬂ.(,‘)+ln(%€2)

r n A 2/

ow ow

where gy, is threshold gain, n.gs(r) and n.g(i) is real part and imaginary part of effective index,

respectively, A is the target wavelength of 1.55 um, R is the reflectivity, I'qw is the power
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confinement factor in quantum wells and nqw is the refractive index equal to 3.6594. The
cavity length in the y-direction, 1, is deliberately set to be 30 pm in total. This reduced length,
compared to 300 um in most designs, is due to the everlasting request of scaling-down in the
silicon IC industries, and also can be served as a testament for the potential of this hybrid
platform. Note that we also assume the mirror loss is resulted from dielectric-air Fresnel
reflection instead of from mirrors or any other reflectors, so R is [(neg1)/(negr + 1)]2. The
nature of this design brings us a large number of variables to deal with, including metal
grating depth, width, and periods, silicon waveguide height etc. If all parameters are varying
at the same time, the sheer quantity of calculation becomes impractical. So we assume that a
global optimal gg, exists and no other significant saddle points for this solution. Under this
assumption, we can focus on two or three variables at one time and optimize our design step
by step with the gy, value winding down as the optimization procedure proceeds. We firstly
determine the waveguide height (H) to have a well confined optical mode; then, the metal
grating depth (h), width (w) and period (p) can be optimized subsequently. Low threshold
gain (gy) is usually preferred in a generic laser operation, however, we believe the transverse
and longitudinal energy distribution patterns are also important for a good laser operation,
and, thus, need to be considered.

(a)=|_ (b)

InP

SCH (0.25 pm) Alp 13110 526630,34AS M

! ——» Alyos5InNg e53Gag200AS = W " m)

CL(0.12 um) InP .
Al '1| i
H |0lpm P!
si i !
Al - ;
si0, ——

Fig. 3. The schematic of simulation models viewed from (a) the cross-section and (b) the side
of the device.

Table 1. The refractive index of materials in simulation models

Material Refractive Index
InP 3.1649 [18]
Alp 131100 528Ga0 34A8 3.4907[19]
AlgossInges3Gapa02As 3.6594 [19]
Si 3.477 (18]
Si0, 15277 [20]
Al 1.5785 + 15.6581 [21]

4. Structural optimization of plasmonic III-V/silicon hybrid lasers
4.1 Mode behaviors with ridge height (H) and grating depth (h)

First the embedded ridge height (H) and Al grating depth (h) are set as variables to test their
influences on the transverse energy distribution, and grating width (w) and period (p) are
fixed at 0.1 and 0.3 um. The Fig. 4(a) and 4(b) show the real part and imaginary part of
effective index with different ridge heights of 50 nm-, 100 nm- and 200 nm-deep Al gratings,
respectively. From the simulation, the high real part is accompanied with the high imaginary
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part of the effective refractive index. Besides, with increasing ridge height, the real part and
imaginary part of effective indices reach stable values; the deeper the grating is, the lower
asymptotical effective indices the devices get. Similar behaviors can be explained by the
metal-insulator-metal model discussed previously [22-24]. Short distance between Al
gratings and Al bottom layer results in stronger mutual coupling and high refractive index.
However, as the distance between metal gratings and layer is gradually increased beyond a
critical distance, the model shifts from metal-insulator-metal relation to the metal-insulator
condition. In the meantime, the effective refractive index becomes constant and no longer
correlates to the distance between top and bottom Al layer. Because this critical distance is a
constant in our simulation, it is natural that the elbows of the refractive indices shifts like the
red arrows in the Fig. 4 when Al grating depth is considered.

@) 46 (®)x 018
3 —@—50 nm g —0—50nm
2 44f —=—100nm { o —0—100nm
= —%—200nm £ 0.15} —#—200nm
>
€ 42 1 8
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5 40P-%-0-9-0-0-0-0-a—0—0-0-0—0- t
t Q- 0.09} _N-0—-O0-0-0-0-0-0-0-0-4
< 3.8 —m_ J _y—-0—0
% l\:—l—l—l—l—l—.—l—l—l g Yy gyt R
L 36 N L Kk — g — K ——k— K- 0.06 . : . N N N
e 03 04 05 06 07 08 09 1.0 g 03 04 05 06 07 08 09 1.0

Ridge Height (um) Ridge Height (um)

Fig. 4. (a) The real part and (b) imaginary part of effective refractive index of the device with
different ridge height and Al grating depth. The inset shown in the (a) describes the definition
of simulation parameters.

Figure 5(a) and 5(b) show the energy confinement factors of embedded ridge waveguide
(I'wg) and quantum well structures (I'gw) with various ridge heights and grating depths,
calculated by the equation:

Towme = [[[ |EI" dvdydz / [[[1E" dxdydz )

oW /IwG Total

where E is electric field in the structure. In Fig. 5(a) and 5(b), the I'wg and I'gw oscillate
periodically with the increasing ridge height. As shown in the inset of Fig. 5(b), the I'yg and
I'ow are complementary to each other under the same Al grating depth. When Al grating
depth increases, the waveguide confinement (I'wg) tends to increase while the I'gw goes down
as shown in Fig. 5(a) and 5(b). This tendency indicates that as the top Al layer grows thicker,
the optical energy resides more easily in the waveguide part, not the upper quantum well
region. Besides, the calculated threshold gain is shown in the Fig. 5(c). Even though most
points of threshold gains are located around 20 um™, not every condition is suitable for our
device. In fact, with increasing ridge height, more propagating modes can exist along the
waveguide. However, multi-modes are unfavorable to the laser device most of time. Hence,
we can’t determine the parameters only through the threshold data, but also take the energy
distribution into consideration. Figure 5(d) is the cross-section view of our structure, and from
Fig. 5(e) to 5(g), the normalized energy density distributions of different ridge heights (Fig.
5(e): 0.3 um, Fig. 5(f): 0.6 pm, Fig. 5(g): 0.9 um) are shown. The energy density is calculated
by (1/2) x Re[E x H*] and normalized to its maximum value in each case. Figure 5(e)-5(g)
describe how the energy density distribution evolves when the ridge height changes. As the
height of buried silicon waveguide is increased from 0.3 to 0.9 um, transformation in energy
distribution is expected. With small waveguide height, only the surface plasmonic polariton
(SPP) mode on the bottom Al layer is possible (like in 0.3 pm case of Fig. 5(e)). However, if
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the ridge is too high, as in Fig. 5(g), multiple transverse hybrid SPP modes can be seen in the
waveguide. We believe if the design falls in the middle of these two situations, it will be the
best for the lasers device (as in Fig. 5(f)).
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Fig. 5. (a) The silicon waveguide (WG) and (b) the quantum well (QW) power confinement
with various ridge heights and Al grating depths. (c) the calculated threshold gain of the
device. (d) the corresponding structure schematic to the simulated normalized energy density
distribution results with (e) 0.3 pm-, (f) 0.6 um- and (g) 0.9 um-high ridge.

4.2 Mode behaviors with grating depth (h) and grating width (w)

Using the information from previous section, the ridge height is fixed at 0.6 pm to ensure
there is only one guided mode supported in the waveguide. Figure 6(a) shows the real part
and imaginary part of refractive indices with different Al metal grating depth (h), and width
(w). Similar to Fig. 4, the behavior of real effective index is positively correlated with the
imaginary one. In shallow grating depth region, the metal-metal coupling is weak. For deeper
grating, the effective indices would go down. After the critical depth of the grating is reached,
like the critical ridge height discussed in previous section, the indices soar dramatically before
the grating is attached to bottom Al layer, because of stronger metal-metal coupling [23, 24].
However, once two metals are connected together at grating depth 0.55 um, the effective
indices suddenly drop to the low value, indicating the system has been changed to a simple
case of III-V based waveguide and the optical energy is tightly confined in the InP-based
region as shown in Fig. 6(g). Connected metals also cause the rebound of the power
confinement I'gw with a higher loss due to larger metal portion in the cross-section, as shown
in the Fig. 6(b). Nevertheless, even though increasing the grating width slightly lowers the
effective indices, it doesn’t change the trend of effective indices with grating depth.

The threshold gain is also calculated to determine suitable parameters of metal grating
depth (h) and width (w) in our design, as shown in the Fig. 6(c). Between 0.3 um- and 0.5
um-deep metal gratings, because of very few confined energy in the QW, the calculated
threshold soars high; conversely, the extremely low threshold occurs at the grating width 0.3
um and depth in the range from 0.05 um to 0.25 um.

#188501 - $15.00 USD Received 9 Apr 2013; revised 11 Jul 2013; accepted 25 Jul 2013; published 21 Aug 2013
(C) 2013 OSA 26 August 2013 | Vol. 21, No. 17 | DOI:10.1364/0E.21.020210 | OPTICS EXPRESS 20216



)y 4.5 ~21.0 [»]
( )§ F S
£ 40! 5 08} g
2 H 2
= =
S 3.9 < 08 g
= - ®
E 3.6 £ 0.4 3
5 3. = 2 3
€ o = I
S 2 % o2 g
o 3.3f g g0 8
F ' ; $ o.o=S x : S
@ 3ol Se—e—e— | . J0.002 : : ‘ ' *
01 02 03 04 05 e 01 02 03 04 05

Metal Grating Depth
Metal Grating Depth (um) al Grating Depth (um)
1.0

(©
P 0.8
€
2
k] 0.6
[
=
3 —8—0.1 pm
E —=—0.2 ym 04
= —%—0.3 ym
0.1 L L . s e 0.2
0.1 0.2 0.3 0.4 0.5
Metal Grating Depth (um) B

Fig. 6. (a) The real part and imaginary part of effective refractive index with various Al grating
depths and widths. Different widths of Al gratings (0.1, 0.2 or 0.3 um) do not change the shape
of the curve, only the relative magnitude of refractive indices. (b) The silicon waveguide (in
black color) and the quantum well (in blue color) power confinement. (c) the calculated
threshold gain of the device. (d)-(g): the normalized energy density distributions of the device
with different grating depths: (d) 0.1 um-, (¢) 0.2 um-, (f) 0.3 pm-, and (g) 0.55 pm. The
corresponding gy, is marked in Fig. 6(c).

Figure 6(d) to 6(g) show the energy density distribution of devices with 0.3 um metal
grating width and various grating depths. When the grating depth (or the metal depth) is thin,
the optical energy distribution can be divided into two groups: one in the III-V section and the
other coupled to metal layer in the silicon waveguide. Once the metal thickness increases, the
optical energy could be confined either in the QW region or in the silicon waveguide region
as shown in Fig. 6(e) or in Fig. 6(f). Finally, when metal grating is too thick, touching the
bottom Al layer, any modes in the bottom silicon waveguide are virtually extinguished; i.e.,
only modes in the III-V section can propagate as shown in Fig. 6(g). Besides, grating width
doesn’t alternate the trends of the effective indices of the structure (in Fig. 6(a)); however, it
does move the dip of the confinement factor around like in Fig. 6(b). This behavior is almost
like the sub-wavelength gratings [25] which can forms a resonant cavity effect. Despite low
threshold gains occur at these parameters, as labeled in the Fig. 6(c), we believe only the
device with 0.1 um grating depth is suitable for our device design because of equally energy
distribution in QW and waveguide structures so that the light can transmit in the waveguide
and replenish the energy from the QW gain medium, simultaneously.

4.3 Mode behaviors with gGrating period (p)

After the cross-section geometry of the hybrid device is considered, there is still one
dimension left undetermined: periodicity of the gratings in the y-direction. The effective
indices are insensitive to the changes of periodicity, and only fluctuating around the effective
index value at 3.387-0.0085i. However, for the I'wg and I'gw, depicted in the Fig. 7(a), the
power distribution is periodically oscillating with metal grating period. Similar to the
previous discussion in Fig. 5 and Fig. 6, I'wg and I'qw are complementary to each other when
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the period of grating varies. With closer inspection, the characteristic curve repeats its pattern
every 550 nm, like I'wg shown in the Fig. 7(a). In addition, every cycle in the Fig. 7(a) is
composed of three parts: 1. Strong spike, 2. shoulder, and 3. small pike. For long period of
gratings, more energy is transferred from waveguide to quantum well structure; consequently,
the strong spike becomes weaker and broader, leading to smoother profiles. The energy shift
with increasing period can also be observed in the normalized energy density distribution in
Fig. 7(c)-7(h). We label three maximum points of characteristic waves in the first two cycles,
as indicated in the Fig. 7(b), to compare the energy density distribution between cycle 1 and
cycle 2. The energy density distribution for the structure in the cycle 1 (Fig. 7(c)-7(e)) is
similar to that in the cycle 2 (Fig. 7(f)-7(h)), but with more energy in the QW than in the WG
region. Therefore, the device with longer period of gratings can be with lower threshold gain
owing to more energy located in the gain medium, as shown in the Fig. 7(b). The behavior of
threshold gain period is quite similar to that of confinement factor in the Fig. 7(a) from the
Eq. (1). With the considerations of lower gain threshold, optical modes in the waveguide and
the tolerance in fabrication error, we believe the better period range should be designated
from 2 um to 3 pum, where the curve is comparatively flat. But if the overall dimension is
limited, sub-micron design (like in case Fig. 7(e)) is also possible. Most importantly, the gain
threshold is about 0.6 pm™.
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Fig. 7. (a) The silicon waveguide (WG) and the quantum well (QW) power confinement factor
of the device with period from 0.1 pm to 3um. (b) the calculated threshold gain of the device.
The corresponding normalized energy density distribution with the grating period at (c)
0.29um, (d) 0.5 um, (e) 0.73 um, (f) 0.87 um, (g) 0.93 um and (h) 1.21 pum, which are labeled
in the (b) via red circles.

In the past, a nano-scale laser can usually yield ultra-low threshold gain (from tens to
several hundreds of cm™ [26-28]) during operation. Our design, on the other hand, is the
traditional quantum well with micron-scale length of the active region. While the theoretical
calculation and the past data [17] predict the proposed structure is possible for a electrically
pumped laser, it has to be pointed out that this design sacrifices the performance due to a
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smaller active region and extra loss from metal gratings in order to achieve the higher yield in
metal bonding process [29, 30] and better optical mode coupling into silicon waveguide. The
final optimized structure parameters are listed in Table 2.

Table 2. Optimized structural parameters of a nano-scale plasmonic hybrid laser

Ridge Ridge Metal Metal Metal Period (P)
Height (H) Width Depth (h) Width (w) Length
600 300 100 300 100 730

All units are in nm, the QW power confinement factor is 16.3%, and threshold gain is
0.616 um™.

5. Conclusion

In conclusion, we propose an alternative method to fabricate a small-sized hybrid III-
V/Silicon laser device, whose device length is dramatically reduced from 300 um to 30 pm
with integrated metal grating layers. The simulation software also assists us to determine the
favorable fabrication parameters including ridge height for 0.6 pm, Al grating width and
depth at 0.3 pm and 0.1 pm, respectively. The grating period can be as small as 730 nm
although 2 to 3 um would be better in terms of process tolerance. Most of all, the calculated
gain threshold, around 0.6 um™', shows great potential to realize this design in practice.

Acknowledgments

The authors would like to thank the technical supports of COMSOL from Prof. Tien-Chang
Lu and Prof. Peichen Yu of National Chiao Tung University. This work is sponsored by
National Science Council of Taiwan through the contract numbers of NSC 99-2221-E-009-
052-MY3, NSC 102-2120-M-110-005 and NSC 102-3113-E-005-001.

#188501 - $15.00 USD Received 9 Apr 2013; revised 11 Jul 2013; accepted 25 Jul 2013; published 21 Aug 2013
(C) 2013 OSA 26 August 2013 | Vol. 21, No. 17 | DOI:10.1364/0OE.21.020210 | OPTICS EXPRESS 20219





