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Institute of Lighting and Energy Photonics
National Chiao Tung University

Abstract

In the thesis, the InGaAsP use wafer bonding on double polish sapphire. The
sapphire has high thermal conductivity, low index and high transmission in NIR. We
can use input power and accept sign for sapphire after coating metal. In order to solve
the metal has high absorption that the sign is different accept if pumping from metal.
And simulation used to compete with the measurement result. Next part, thermal
resistance was estimated by measuring lasing wavelength shifting with temperature
and pumping power variation individually. The major parts heat flux is contact by

metal layer when coating metal.
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Chapter 1 Introduction

1-1 Semiconductor laser

The first M-V semiconductor laser had been invented by Robert N. Hall. Since
then, scientists had developed the semiconductor laser in the whole world, and more

diversified in the application, such as optics storage [1], medicine [2], industry [3] and

communication [4].
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Figure 1-1 1 Some of the laser applications (a) Optics storage [1]. (b) Medicine [2].
(c) Industry [3]. (d) Communication [4].
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In recent year, the semiconductor laser diameter more and more small with the

technical advance, such as VCSEL [5] microdisk [6], photonic crystal [7,8]. But limit

of physics with the shrinking dimension. The smallest dimensions to which the optical

mode of such cavities can be confined is related to the diffraction limit , and is of the

order of one half of the wavelength of light in the dielectric material [9]. The metal

cans as a strong mirrors, that optical mode is allowed smaller than the diffraction limit.

The light is confined at the interface between metal and dielectric that is called

surface plasmon polaritons (SPPs). The laser cavity size is shrunk than the

wavelength of light, which is reduced below the diffraction limit to the optical mode

dimension. When laser size is shrunk, which the other factor is more important that is

thermal conductivity. The laser size is shrunk, and the area of heat fluxes is decrease,

too.

Scattering WG Mode

Light Output

Electrode ﬁ
Transverse Mode field
N <l

Total internal reflection (TIR)
Distributed Bragg reflection (DBR)

Current
Confinement

Defect region /2 waveguide (n = 3.4)
Active region (4 QWs) Etched Air Holes (n = 1)
InP Substrate (n = 3.2) Undercut Region (n = 1)

(a) (b)

Figure 1-1 2 Micro- and nano-laser (a) VCSEL [5]. (b) Microdisk [6]. (c) Photonic
crystal [8].



1-2 Plasmonic

The plasmons lasers have use two types surface plasmon polariton and localized
surface plasmons [10]. Surface plasmons (SPs), a near-field phenomenon of surface
electron oscillations, originate from the interactions between incident electromagnetic
(EM) field and free electron in metal [11,12].SPs have lower energy which quantize
the longitudinal electron oscillations about positive ion cores within the bulk of an
electron gas. The other is localized surface plasmons, is non-propagating excitations
of the conduction electrons of metallic nanoparticles coupled to the electromagnetic
field. Figure 1-2 1 shows surface plasomn polarition and localized surface plasmon

diagram.



Dielectric

VARIAY .

A N’ AN
Metal

(@)

Electric field

Metal sphere . _ .

Electron cloud

(b)
Figure 1-2 1 (a) A surface plasmon polaritions propagate at the interface and (b) A
localized surface plasmon of spherical metal particles oscillating with the
electromagnetic field [13].



1-3 Plasmonic Laser

Recently, the plasmonic laser has been important direction in the world, which
except the metal has high absorption and high loss in subwavelength. The advantages
of coating metal can further shrink lasing cavity diameter, high reflection in
subwavelength, and high thermal conductivity. Many of researches have been

proposed in the past few years.

The first of demonstrated metal laser is M.T. Hill et al [14]. They coated Ag and
dielectric layer on the nanorod that use electrically pumped at 77K in 2007. The
nanorod size is 200~300 nm, the lasing wavelength is 1435 nm. After then they
designed different metal laser cavities such as the metal-insulator-metal (MIM)
waveguide structure in 2009 [15]. The lasing wavelength is 1510 nm at room
temperature. And the plasmonic distributed feedback (DFB) laser use electrically
pumped at room temperature in 2011 [16] that has been proved which confine light to
below the diffraction limit. Then M. W. Kim et al demonstrated a metal-clad
semiconductor nanoring laser [17-19]. Even the metal structure has been applied to
nanobeam cavity example A. M. Lakhani et al [20] and X. Yang et al [21]. Above,
they applied communication and infrared wavelengths. Y. G. Wang et al applied

ultraviolet region that aluminum coating GaN nanocavity at room temperature [22.23].



Table 1-3 1 shows some research results of plasmonic laser around the world in recent

years.
M. T. Hill et al.
[15] [16]
Slecreaisonat [14]
M.W. Kim et al. =
InP [18]

A. M. Lakhani et al. e
] |} R | | ...

diameter (@) l:f'l:: [ 2 0]

Evanescent coupling
through hybrid crystals
Free space radiation

X.Yang et al.
~ Absorption of metal [2 1]

o

nm’ 'SIOZ
Y.G.Wangetal. | ~ 4
, u-GaN \\
3 \

. [23]

Table 1-3 1 The some research results of plasmonic laser around the world in recent years.




1-4 Thermal Conductivity

Other limiting factor of nano-lasers is heating. The laser will bring heat when
injecting energy. The heat is confined to shrinking dimensions of the laser cavity,
because of the dielectric or semiconductor material has poor thermal conductivity [24],
which is easy to cause of shut down. Someone want to use metal advantage of greater
thermal conductivity. Such as the gold thermal conductivity is 332 (W/m-K) [25], but
InGaAsP thermal conductivity only 4.2 (W/m-K) [26] and the air is 0.026 (W/m-K)
[26]. So the laser size has shrunk that the heat will not easy conduct by InGaAsP or

air.

Thermal conduction is one of thermal transfer types. The thermal transfer is
mean a material to other material have temperature difference that cans use
conduction, convection, or thermal radiation. Thermal convection is the heat from one
place to another by the movement of fluids. The thermal radiation is electromagnetic
radiation generated by the thermal motion of charged particles in matter. The final is
thermal conduction, the between neighbor objects if have different temperature. The

thermal conduction nature occurs, which no matter is solid, liquid or gas [27].



The nano-laser cavity that the major of heat transfer types is conduction. The

contact will affect heat transfer rate. The substrate is one of main selects. Such as

sapphire that thermal conductivity is 50(W/m-K) [28]. The sapphire as substrate has

been researched [28-31]. The InGaAsP is bonded on sapphire, which the cavity is

made at InGaAsP. It uses measurement and simulation to evidence that the main parts

of heat flux are through sapphire layer, the cavity temperature is lower than

conduction by air. Figure 1-4 1 shows the heat fluxes distribution that (a) and (b) are

suspend membrane D3 cavity. Then (c) and (d) are D3 cavity on sapphire [18].

(b)

(c) (d)

ok T T

300K

Figure 1-4 1 The heat fluxes distribution that (a) and (b) are suspend membrane D3
cavity. Then (c) and (d) are D3 cavity on sapphire [28].



At the same color bar, the sapphire of substrate that temperature is lower than

with air. The major part of heat fluxes conducts through sapphire layer, but the heat

fluxes are difficult through air right now. The thermal resistance is lower that cavity

on sapphire than suspend membrane. It refers to use continuous wave pumping is

working that the laser cavity on sapphire. In the future, it can tend to electric pumped

develop that will have many application.



1-5 Motivation

Recently, the plasmonic laser is a popular research in the world. There are some
advantages of using metal. The first one is reduced the size of semiconductor laser in
subwavelength and high reflection. Then, the metal has good thermal conductivity
then dielectric material. But the metal has high absorption that no easy accepts sign

pumped from metal.

In the thesis, we use simple cavity make on the double polish sapphire and
coating gold on cavity. The sapphire has high thermal conductivity, low thermal
resistance and high transmission in NIR. And using measurement and simulation
result compare the different. Further, we discuss the thermal resistance use different

temperature and different input power to change lasing wavelength that is obtained.

In the chapter 2, we introduce the fabrication process of the metal coating cavity
bonded on sapphire. Then the measurement result compares with simulation result at
80K in the chapter 3. In the chapter 4, the heat resistance will use experimental

method to obtain. Finally, we give a conclusion for the thesis.
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Chapter 2 Fabrication Process

2-1 Introduction

In the chapter, | will introduce the fabrication process in my laser devices. It is
introduced including the direct wafer bonding, E-beam lithography, ICP-RIE etching

and thermal coater the fabrication of the plasmonic laser.

2-2 Fabrication steps for plasmonic laser on sapphire

First, the step of the fabrication process is direct wafer bonding. The epitaxial
structure of InGaAsP/InP MQW:s used for the wafer bonding process is shown in figure
2-2 1. The wafer consist of four 10 nm 0.5%~0.7% compressively-strained InGaAsP
quantum walls which are separated by five 15 nm -0.2%~0.3% tensile InGaAsP barrier
layers. The thickness of the active layer is 240 nm. The emission wavelength is

designed for 1550nm at room temperature.

-11-
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Figure 2-2 1 The epitaxial structure of InGaAsP MQWs.

The complete process of the sapphire plasmonic laser devices are shown in the
figure 2-2 2. And then the introduction of bonding process, E-beam lithography,

ICP-RIE and thermal coater will be discussed next.

InP

InGaAsP

Wafer Bonding
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Au deposition
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Figure 2-2 2 The fabrication process of the plasmonic laser on the
sapphire substrate.
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Figure 2-2 3 The SEM image is plasmonic laser device on sapphire form top view.
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2-2-1 Direct Wafer Bonding Process

The first of the steps is a clean process, which are cleaned the sapphire and
InGaAsP (QWs) wafer surfaces. Let particulate and organic leave for wafer surfaces.

It is an important step in the fabrication process.

The sapphire wafer and InGaAsP wafer are cleaned followed by acetone,
methanol, and ammonia wafer solution with ultrasonic vibration. Finally, they put in
the DI wafer. After a few minutes in the DI wafer, which are bonded them face to face
inside the DI wafer beaker. Move them into a graphite stage fixture and a silicon
wafer put on top. Then tight the three screws on the perimeter. The steel balls are put
in the screw hole at the center of the graphite stage and tight the screw in the center. It
can display the torque to evaluate the pressure that is needed on the wafers and using
the steel ball in the hole that provide the uniform pressure on the wafers. Then put it

in the annealing chamber that is full of hydrogen.

It will have the chemical reaction to form the hydrogen bonds between sapphire
and InGaAsP interface at high temperature and pressure. And use the graphite as the
fixture. Its thermal expansion coefficient is low to prevent increased extra pressure

and not reacting with the wafers.

-17 -



The stage sets in the anneal chamber, that is heated from room temperature to

100°C in 15 minutes and held at the temperature for 5 minutes. Let graphite stage

reaches thermal equilibrium. Then heat to 480°C in 25 minutes and held at the

temperature for 60 minutes with full of hydrogen in the chamber to prevent the other

gases into the chamber to form the native oxide. The nitrogen is injected into the

chamber to replace the hydrogen when bonding process is finished. The figure of

temperature with time in the bonding process is shown in figure 2-2 4.
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Figure 2-2 4 The curve of anneal temperature with anneal time.

When the wafer bonding is finished, with the ratio of HCI to DI water is 3:1
removing the InP substrate at room temperature. The picture is InGaAsP after wet
etching which are bonded on sapphire shown in the figure 2-2 5. And figure 2-2 6 is

annealing system.
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(b)
Figure 2-2 5 (a) and (b) are InGaAsP bonded on sapphire sample after etching.

Viewing of (a) is form InGaAsP and (b) is form sapphire.

Figure 2-2 6 The annealing system is used in the bonding process.
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2-2-2 E-Beam Lithography

The next step of the process is E-beam lithography, a beam of electrons to
expose the photo resist on the surface, then the patterns will be transferred to the next
layer and the photo resist removed. The E-beam lithography is easy to define patterns

in nano-scale. The E-beam system is showed in the figure 2-2 7.

First, we deposit the SiNx on InGaAsP by the Plasma-enhanced chemical vapor
deposition (PECVD), the photo resist Poly methyl methacrylate (PMMA) spin on the
wafer by spin coater. After the patterns are defined by the E-beam system, and then
developed 70 seconds by MIBK solution which the ratio of MIBK to IPA is 1:3.

Putting it in IPA and in DI water remove residual IPA.

Figure 2-2 7 The nano-scale patterns obtained through the SEM/E-beam system.
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2-2-3 Inductively Coupled Plasma Reactive lon Etching

The patterns are in the nano-scale, the wet etching is no suitable. The patterns of
the sidewall will be out of the besieged and line width is not easy arrive nano-scale if
it uses the isotropic etching. In recent year, it replaces dry etching with dry etching in
sub-micron scale in the semiconductor process. The dry etching is an anisotropic
etching, which uses plasma to etch the semiconductor material. Besides, the ICP has

high etching rate and cavity s sidewall more smooth.

The ICP-RIE sysem is showed in the figure 2-2 8. The pattern is tranferred into
SiNyk by the RIE with CHF3/O, at 20°C. Using acetone (ACE) solution the residual
PMMA layer. Then the pattern is transferred to InGaAsP quantum wall layer by the
ICP with CH,/CI gas at 160°C. Then the SiNx layer is removed by buffer-oxide-etch
(BOE). The cavity on the sapphire after the ICP etching is showed in the figure 2-2 9.

The picture form the SEM, the sidewall of cavity is smooth by the ICP-RIE system.
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Figure 2-2 8 The ICP-RIE system is used for dry etching.

HV mag O | tit [ WD |spot|—————
M| 5.00 kV [203 833 %170 °|9.6 mm| 2.0 | 2

Figure 2-2 9 Angle view of SEM image after InP etching.
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2-2-4 Thermal Coater

Thermal coater is one kind of physical vapor deposition (PVD). It uses resist to

heat up a metal target at high vacuum, the vapor of metal will be coated on the sample

surface. Before sample is coated Au, deposited SiN layer on the cavity surface for 30

nm. Finally, we deposit a 200nm thick gold layer with thermal coater. Figure 2-2 10

shows all of the fabrication process is finished.

ZEa], O I N e —— e —
(@) (b)

Figure 2-2 10 SEM image is InGaAsP cavity coating Au. (a) Top view and (b) angle

view of the plasmonic laser cavity.

-23-



2-3 Conclusion

In the chapter, the plasmonic laser has been fabricated on a sapphire substrate by

wafer bonding. We also introduce the fabrication process step by step. Form wafer

bonding, E-beam lithography, ICP-RIE dry etching to thermal coater. Next it will

analyze the measurement with the simulation result.
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Chapter 3 Nano-Ring Laser Cavity on Sapphire

In this chapter, the measurement results of the fabricated devices will be shown.
The first of measurement result is compared nano-ring that pumped from InGaAsP
with pumped from sapphire. Then we will compare the nano-ring coated Gold with

non-coating.

3-1 The Micro-PL Measurement System

In order to measure the optical properties of the nano-ring cavities, the micro-PL
measurement system with sub-micrometer scale resolution in space and
sub-nanometer scale resolution in spectrum is necessary. Figure 3-1 1 shows the

micro-PL measurement system.

-25-
Figure 3-1 1 The picture of micro-PL measurement system.



In the measurement system, the 850 nm diode laser is used as the pump source.

The pump power is modulated by the amplitude modulator, and the laser light goes

through the 50/50 beam splitter, 50% of pump power is reflected into the

photo-detector to know how much pump power that is used and the other 50% pump

power is focused to a spot with 1.5 um to 2 um in diameter by the 100x NIR objective

lens.

The sample is mounted on a high resolution motor control 3-axis stage with 30

nm move resolution. The output power was collected from the top of the sample into

the optical spectrum analyzer (OSA) by the objective lens, collective lens and

multi-mode fiber. Because the nano-ring devices are only few sub-um scale, here we

use the visible light system to observe the position of the pump spot and devices. The

visible light system includes the visible light sources, CCD camera and monitor.
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3-2 Nano-Ring Laser on Sapphire

We fabricated nano-ring on the double polishing sapphire substrate that has high
transmission is can pump from sapphire. One of the fabricated nano-ring cavity is

shown in figure 3-2 1. Its diameter is 4 um, and width is 420 nm.

71232012 HV [mag O[tit| WD [spot] =————2pm— 7/23/2012 HV ‘ mag O | tilt wD 1 pm —
9:46:00 PM | 5.00 kV [46 249 x|-0°|9.8 mm | 2.0 201207MSP01 9:52:11 PM| 5.00 kV |55 536 x| 70 ° | 9.6 mm | 2. 201207MSPO1

5525 oM 500 ky | 203 835 70°
(©)
Figure 3-2 1 SEM image of the nano-ring cavity. Its diameter is 4 um, and width is
420 nm. (a) Top view and (b) (c) angle view of the nano-ring cavity.
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Figure 3-2 2 shows PL pumped from air side and pumped from sapphire side.
The photo-luminance spectrum (PL) of the QWs that the full-width half-maximum
(FWHM) is about 200 nm. The PL is centered at 1530 nm pumped from InGaAsP and

1535nm pumped from sapphire at room temperature.

P mping From Air Side
s P ymping From Sapphire Side

Intensity (a.u.)

O '] L L
1200 1300 1400 1500 1600 1700
Wavelength (nm)

Figure 3-2 2 The PL pumped from air side is black line and pumped from
sapphire side is red line.

The PL pumped from sapphire is higher about 10 pW than pumped from
InGaAsP. Because the sapphire index is 1.7 that is higher than air. If InGaAsP layer at
air layers center, the optics leaks some to both sides of the air. But the below of air
layer changes the sapphire layer, the light more leak than the air layer, so the optical
intensity is high pumped from sapphire. Figure 3-2 3 shows the light leak distribution

diagram. And the sapphire has high transmission in NIR is shown in Figure 3-2 4.
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Figure 3-2 3 (a) Air-InGaAsP-Air and (b) Air-InGaAsP-Sapphire optical leak

distributions.
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Figure 3-2 4 The sapphire the transmission spectrum in NIR
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The leasing spectrum from the nano-ring cavity at room temperature is showed

in the figure 3-2 5. The black line is pumped from air side, that lasing wavelength is

about 1508.2 nm. And the red line is pumped from sapphire side, that lasing

wavelength is about 1507.5 nm. The light in-light out curve (L-L curve) from the laser

is shown in figure 3-2 6. The threshold power are 13 mW and 12.5 mW each of

pumped from air and sapphire side. We confirm that lasing is worked with pumped

from sapphire side.

e P m ping From Air Side
s Py mping From Sapphire Side

}.L:15D7.7 nm

?LL:1508.2 nm

Intensity (a.u.)
Thtensiy (a.u.]

1495 1500 1505 1510 1515 15
Wavelength (nm)

0
1400 1500 1600

Wavelength (nm)

Figure 3-2 5 The black line is pumped from air side, that lasing wavelength is
about 1508.2 nm. The red line is pumped from sapphire side, that lasing
wavelength is about 1507.5 nm.
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th
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Pumping Power (mW)
Figure 3-2 6 The threshold power are 13 mW and 12.5 mW each of pumped from
air side and sapphire side.
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3-3 Metal Nano-Ring Laser on Sapphire at 80K

Next, we coat the gold on nano-ring cavity is shown in figure 3-3 1, and the
sample is putted in cryostate. It cans drop the temperature and control the temperature

with liquid nitrogen in cryostate. The Figure 3-3 2 shows the sample putted in the

cryostate.

7/25/2012 HV |mag O |tilt| WD |spot A —
7:53:05 PM|5.00 kV |44 759 x|0°[9.6 mm | 2.0 201207MSP01 V| 5.0 9 2

g O fit | V
6.42.50 PM|5.00 kv | 215 071 x| 51 * |9.9 mm | 3.0 201207MSP01

71252012

Figure 3-3. 1 SEM image of the coated gold nano-ring cavity. The thickness of gold is
about 200 nm. (a) Top view and (b) (c) angle view of the nano-ring cavity.
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(a) (b)
Figure 3-3 3 The sample is after coating gold. Viewing of (a) is from gold and (b) is

from sapphire.
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The PL are pumped non coating from sapphire, pumped from gold, and pumped
gold-coating from sapphire with the same input power at 80K that is shown in figure
3-3 4. The peak 1 PL at 1450nm is the InGaAsP quantum walls, and the peak 2 at
1250nm is the InGaAsP bulk. The PL of gold-coating is higher than non-coating
because the gold is a very well reflection mirror in NIR, which can addition intensity
from sapphire. Figure 3-3 5 shows reflection of Gold in NIR [32]. And the PL is
pumped effect not well from gold side, but the PL intensity is outstanding in output
efficiency from sapphire side. Because of the gold has low transmission in NIR that
figure 3-3 6 shows gold transmission. Then we confirm the advantage of using the

double polishing sapphire.

=\ on-coating Form Sapphire Side
= Gold-coating From Gold Side
== (50ld-coating From Sapphire Side

Intensity {(a.u.)

O a2 A . -
1100 1200 1300 1400 1500 1600
Wavelength (nm)

Figure 3-3 4 The PL pumped without gold from sapphire is black line, pumped
from gold is red line, and pumped from sapphire is blue line.
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Figure 3-3 5 Reflection of gold in NIR
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Figure 3-3 6 Transmission of gold in NIR

The pumped condition of each other is 6% duty cycle and 500 ns period at 80K.
Because the sapphire-bonded device has better thermal conductivity, it can use high
intensive intensity to pump, even use continuous wave. The figure 3-3 7 shows the
lasing spectrums and L-L curve for the ring gold-coating and non-coating. The lasing
wavelength is 1475.2 nm and threshold power is 1.3 mW for non-coating ring. The

other is 1311 nm and threshold power is 8 mW.
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Figure 3-3 7 (a) The lasing wavelength are 1475.2 nm for non-coating ring, and 1311
nm for ring gold-coating ring. (b) The threshold power are 1.3 mW for non-coating,
and 8 mW for ring gold-coating.
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3-4 Simulation

We simulate the ring gold-coating and non-coating to confine the lasing mode is
like mode profile use the finite element method (FEM). We simulate the mode profile
with 3-D. Figure 3-4 1 (a) is illustrations of the non-coating ring on sapphire substrate,
the diameter and width are 4 um and 420 nm. Thickness of InGaAsP layer is 240nm
and sapphire substrate thickness is 1um. We use a quadrant of ring to instead of full
ring, which can save memory and time. On the other hand, figure 3-4 1 (b) is
illustrations of the non-coating ring on sapphire substrate, the diameter and width are
4 um and 420 nm. Thickness of InGaAsP layer is 240nm, sapphire substrate thickness

is 1 um, and the gold thickness is 200 nm.

Sapphire

(a) (b)
Figure 3-4. 1 The simulation diagram. (a) is non-coating ring on sapphire and (b) is
gold-coating ring on sapphire.
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The simulation result of the non-coating ring is shown in figure 3-4 2, which is

Whispering-Gallery ( WG ) mode. The lasing wavelength of measurement compare to

the wavelength of simulation is shown in figure 3-4 3, the small difference between

the experimental and simulation results. Because of it is not perfect in the fabrication,

it has some roughness in the fabrication process, but it is smooth when simulation.

And the simulation is not think about thermal. In fact, when we pumped the ring, and

provide thermal at the same time.

Max: 1.033e6
x10°

1

0.9

0.8

0.3

02

0.1

Min: 0.545

(b)

Figure 3-4 2 The normalize H field of the non-coating ring. (a) top view (b) side view.
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Figure 3-4 3 The measurement compares with simulation result. The lasing
wavelength is 1478.9 nm and quality factor about 12300 for measurement. The
wavelength is 1470 nm and quality factor about 1000 for simulation.
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On the other hand, figure 3-4 4 shows the simulation result of the gold-coating
ring. The mode profile shows normalize H field, which is WG mode at the same. The
measurement result compares with the simulation is shown in figure 3-4 5, which are

have error the same.
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Figure 3-4 4 The normalize of H field. (a) top view (b) side view.
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Figure 3-4 5 The measurement compares with simulation result. The lasing
wavelength is 1311 nm and quality factor about 3700 for measurement. The
wavelength is 1300 nm and quality factor about 400 for simulation.
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The gold-coating ring compare with non-coating ring from side view with
simulation. The figure 3-4 6 and the figure 3-4 7 show the direction of Z versus the
intensity from side view. The intensity is strongest in center of MQWs/InGaAsP for
the non-coating ring. but the gold-coating ring is not. The intensity is strongest at
InGaAsP and gold interface, so we think that is hybird plasmon mode, it is not only at
interface but aslo at InGaAsP. And simulation shows the intensity not leak to gold
layer. Because of the gold absorption is high in NIR. The energy is not easy

transmission.

600
400 Air n=1
ool <. % Thm T
e InGaAsP n=3.4
C
— Ol cgeett™ on o on o o
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(a) (b)
Figure 3-4 6 (a) The mode profile of total energy. (b) The distribution of energy.
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- D
. 200F T & & = -
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Figure 3-4 7 (a) The mode profile of total energy. (b) The distribution of energy.
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3-5 Conclusion

In the chapter, we make a metal ring laser on sapphire at 80K. The sapphire has
low index and high transmission in NIR. And it has higher pumped effect from
sapphire side then from gold side. The lasing wavelength is 1311 nm and threshold
power is 8 mW. We use FEM which can easy show approximately the mode profile
for the gold-coating ring. The intensity is not only at InGaAsP but also at InGaAsP
and gold interface, which shows side view of total energy. Next the chapter will

discuss that the metal ring laser of thermal properties.
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Chapter 4 Thermal Properties of Gold-Coating
Ring on Sapphire

In the chapter, we will discuss the thermal property for gold-coating ring and only
ring on sapphire. The lasing wavelength is shifted with temperature and pumping
power variation individually. Then we use the AT/AP (K/mW) to estimate the

thermal resistance. And we compare the measurement with the simulation result.

4-1 Temperature-Dependent Lasing Wavelength

Last the chapter we make a metal ring on sapphire at 80K. Next, we will change
temperature that lasing wavelength shifting with temperature variation. At first,
figure 4-1 1 shows the PL with temperature. The wavelength is red shift with
temperature. The AA/ATof peak 1 is 0.46 nm/K for non-coating of PL, and 0.48
nm/K for gold-coating of PL is shown in the figure 4-1 2 (a).And The AA/ATof peak
2 is 0.57 nm/K for non-coating of PL, and 0.53 nm/K for gold-coating of PL is

shown in the figure 4-1 2 (b)
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Figure 4-1 1 The PL wavelength shifts with temperature variation of the ring (a)

non-coating and (b) gold-coating.
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Figure 4-1 2 The PL wavelength shifts with temperature variation of the
non-coating is black point and gold-coating is red point. (a) is peak 1 that the
AA/AT are 0.46 nm/K non-coating and 0.48 nm/K gold-coating. (b) is peak 2 that
the AA/AT are 0.57 nm/K non-coating and 0.53 nm/K gold-coating.
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The wavelength shifts with temperature variation for the non-coating ring on
sapphire, which is shown in figure 4-1 3. The AA/AT is 0.063 (nm/K). The
non-coating ring is lasing at room temperature, which does not have metal loss, and
the quantum walls of InGaAsP have supply gain. So the non-coating ring on sapphire

can work from 80K to room temperature.
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Figure 4-1 3 The lasing wavelength shifts with the temperature variation for
non-coating ring. The temperature changes from 80K to 300K. The lasing
wavelength is from 1492 nm to 1507 nm.
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Figure 4-1 4 The lasing wavelength shifts with temperature variation. The
temperature changes from 80K to 300K, and AA/AT is 0.063 nm/K.

And figure 4-1 5 shows the wavelength with temperature is 0.026 (nm/K) for
the gold-coating ring on sapphire. But the metal ring laser is not working at
temperature above 140K that we have pumping power now. The lasing wavelength is
from 1311 nm to 1313 nm. The metal loss is high in NIR and quantum walls of

InGaAsP lass are too high to work. So it doesn't work at high temperature.
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Figure 4-1 5 The lasing wavelength shifts with temperature variation. The temperature
changes from 80K to 150K. The lasing wavelength is from 1311 nm to 1313 nm.
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Figure 4-1 6 The lasing wavelength shifts with temperature variation. The
temperature changes from 80K to 140K, and AA/AT is 0.026 nm/K.

The slope is slowed than the non-coating ring. It has two parameters that one is
absorption with temperature. The other one is material thermal property. In order to
the trend is true. We simulate the wavelength with temperature use FEM. In the
simulation, we consider the material absorption with temperature, which InGaAsP
absorption coefficient is n=3.202+7 X 107°T + 2 x 1077T? [33], and gold

absorption coefficient is

n = ./((Aureal)? — (Au imag)?) — 2RTi(Au real)(Au imag)/2.271 [14]. The
wavelength with temperature is shown in figure 4-1 7. Figure 4-1 7 (a) is
measurement compares with simulation of the non-coating ring, and (b) is the
gold-coating ring. The simulation trend is the same compared with our measurement.
The measurement and simulation result have some error that only thinks about

absorption with temperature, not consider thermal property in simulation.
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Figure 4-1 7 The lasing wavelength shifts with temperature variation. The
measurement compares with simulation of the ring (a) non-coating and (b)
gold-coating.
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4-2 Pumping Power-Dependent Lasing Wavelength

The next, we will change pumping power to observe laser wavelength shifting

at the some temperature. The pumped condition is duty 6% and 500ns period at 80K.

At the first, figure 4-2 1 (a) shows the lasing wavelength shifts with pumping power

variation of the non-coating ring that AA/AP is 0.151 (nm/mW).
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Figure 4-2 1 The lasing wavelength shifts with pumping power variation. (a)
The AA/AP is 0.151 (nm/mW) of the non-coating ring. (b) The AA/AP is -0.052
(nm/mW) of gold-coating ring.
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And figure 4-2 1 (b) shows the lasing wavelength shifts with pumping power

variation of the gold-coating ring that AA/AP is -0.052 (nm/mW). The non-coating

ring has a red shift as the pumping power increase, but the gold-coating ring has a

blue shift as the pumping power increase that is not explain now. But the slope

of AA/AP is flatter for gold-coating ring than the non-coating ring is true. It has

higher thermal conductivity than the non-coating ring on sapphire.

The gold layer has high thermal conductivity than sapphire, so the heat cans

easy conduct quickly by gold layer at high pumping power. But the ring without Au

that heat only conducts by sapphire layer. We use simulation to confirm our opinion.

The parameters show in table 4-2 1. Figure 4-2 2 shows illustrations of the

non-coating ring on sapphire, and figure 4-2 3 shows gold-coating.

Thermal Conduct1v1ty Den51ty Heat Capacity

00262 1.1758 1015.415
InGaAsP 4.2 5088.4 334.8
Sapphire 50 3965 730
SiN, 30 3100 710.6
Gold 332 19300 129

Table 4-2 1 The simulation parameters.
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Figure 4-2 3 The gold-coating ring on sapphire (a) 3-D view (b) top
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The simulation result is shown figure4-2 4 (a) (b) the non-coating ring. The

arrows represent heat fluxes, which the major part of heat fluxes through sapphire

layer. The highest temperature is 380K. If compare with the gold-coating ring that

the highest temperature is 333K, which is lower than non-coating ring. The heat

fluxes of gold-coating ring main through gold layer, secondary through sapphire

layer is shown in figure 4-2 4 (c) (d). At the same color bar, the non-coating ring is

hotter than gold-coating ring.

Min: 300K
(©

Figure 4-2 4 The heat fluxes distribution for non-coating ring on sapphire (a) top
view and (b) side view. The highest temperature is 380K. The major of heat heats
are through sapphire layer. And the heat fluxes distribution for gold-coating ring
on sapphire (c) top view and (d) side view. The highest temperature is 330K. The
major of heat heats are through gold layer, secondary through sapphire layer.
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4-3 Thermal resistance of Gold-Coating Ring

With  above conclusion, definition of thermal resistance s
R = AT /AP (K/mW), means temperature change with per unit power. So we can
redefinition of thermal resistance is i—ITJ = i—i X % [34], where A is lasing
wavelength. Then, we can use to control temperature to observe lasing wavelength
shifting, which obtains AA/AT (nm/K). And we can control pumping power at the

same temperature to observe lasing wavelength shifting, which obtains AA/AP (nm/

mW). The two terms are easy use measurement to obtain.

The chapter 4-1, lasing wavelength shifts with temperature variation, and the
chapter 4-2, which lasing wavelength shifts with pumping power variation. We use
the results to estimate thermal resistance for the ring non-coating and gold-coating.
Figure 4-3 1 shows the lasing wavelength shifts with temperature variation, which
the AA/AT is about 0.063 (hm/K). On the other hand, lasing wavelength shifts with
pumping power variation, which the AA/AP is about 0.151 (nm/mW). The thermal
resistance is 2.4 (K/mW) for the non-coating ring on sapphire. Figure 4-3 2 shows
the lasing wavelength shifts with temperature variation, which the AA/AT is about
0.028 (nm/K). On the other hand, lasing wavelength shifts with pumping power
variation, which the AA/AP is about -0.052 (nm/mW). The thermal resistance is 1.8

(K/mW) for the ring with Au on sapphire.
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Figure 4-3 1 The non-coating ring on sapphire. The AA/AT is about 0.063 (hm/K),
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Figure 4-3 2 The gold-coating ring on sapphire. The slope AA/AT is about 0.028
(nm/K), and the slope AA/AP is about -0.052 (nm/mW).
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The thermal resistance is lower for gold-coating ring than the non-coating
ring. Although, the sapphire is a pretty good of thermal conductivity material, but the
gold is better than the sapphire. So the main part of heat fluxes is through gold layer.
Then we use the simulation that temperature by changing the pumping power to
estimate AT /AP . Figure 4-3 3 shows AT /AP that black points are 80 K/mW for
non-coating ring , and red points are 33 K/mW for gold-coating ring. The simulation

proves that has lower thermal resistance when addition Au layer at the same.

1200
B Non-Coating
® Gold-Coating
< |
% 900}
0 AT/AP~ 80 K/mw _ M
3 A
C A
O 600}
Q.
£ 896  /
Qv
2 .: .'O’.AT/AP“ 33 K/mW
300
0 > 3. 4 5 6 7. 8 o

Pumping Power (mW)

Figure 4-3 3 With simulation to estimate AT /AP that black points are 80 K/mW for
non-coating ring, and red points 33 K/mW for gold-coating ring.

Without Au With Au
Thermal resistance
Measurement (Pulse) 2.4 (K/mW) 1.8 (K/mW)
Simulation (CW) 80 (K/mW) 33 (K/mW)

Table 4-3 1 The thermal resistance compares measurement with simulation.
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4-4 Conclusion

In the chapter, we discuss thermal resistance use AT /AP to obtain. Then will
AT /AP be divided AT/AA and AA/AP. The two terms are easy obtaining that use
measurement. The first, the lasing wavelength shifts with temperature variation in
crystate. The AA/AT are 0.063 (nm/K) for non-coating ring on sapphire and 0.028
(nm/K) for gold-coating ring on sapphire. Then, the lasing wavelength shifts with
pumping power variation at the same temperature. The AA/AP are 0.151 (nm/mW)
for non-coating ring on sapphire and -0.052 (nm/K) for gold-coating ring on sapphire.
Final, it obtains thermal resistance( AT /AP) that non-coating ring on sapphire is 2.4
(K/mW) and gold-coating ring on sapphire is 1.8 (K/mW). But we cannot explain
why the AA/AP is blue shift now. We use simulation to observe the heat fluxes. The
main part of heat fluxes is conduct by sapphire layer for non-coating ring, and

gold-coating ring is main conduct by gold layer.
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Chapter 5 Conclusion and Outlook

In this thesis, we has demonstrated a structure that gold-coating ring laser
bonding on double polish sapphire, which has low index and high transmission in
NIR. Comparing with reported metal lasers, this laser is outstanding in output
efficiency from sapphire side. It through a series of the fabrication process including
the wafer bonding, E-beam lithography, ICP-RIE dry etching, and thermal deposition.
And the lasing characteristic is obtained by pumping from sapphire at 80K and

discussed. With simulate to observe lasing mode profile.

In this metal laser, amount of heat flux dissipate through metal layer was
predicted by 3D FEM simulation, but non-coating ring is by sapphire layer because
air has a low thermal conductivity. And observed by comparing experimental results

between lasers with and without coating laser.

According experimental results, thermal resistance was estimated by measuring
lasing wavelength shifting with temperature and pumping power variation

individually, the thermal resistance of the gold coating ring laser is 1.8K/mW.
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In the future, let the intensity shift to gain medium in center that try to lasing
turn on at room temperature and shrink the ring diameter. The AA/A P is blue shift
phenomenon when change pumping power for gold-coating ring on sapphire that is
the other of parts have to solve. Next, the metal-coating device has high thermal
conductivity and low thermal resistance, which can try to make the electrically
pumping device. The simulation should concern not only optical effect and also

thermal effect at the same time. Let result can match the measurement result.
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Appendix

Using Continuous Wave Pumping Condition

Besides, we use continuous wave pumping condition to obtain thermal
resistance. The lasing wavelength shifts with temperature variation is 0.048 nm / K
for non-coating ring and 0.021 nm / K for gold-coating ring. The lasing wavelength
shifts with pumping power variation is 0.142 nm / mW for non-coating ring and
-0.029 nm / mW for gold-coating ring. Figure A-1 is lasing wavelength shifting with
temperature and pumping power variation individually for non-coating ring, and
figure A-2 is lasing wavelength shifting with temperature and pumping power
variation individually for gold-coating ring. The thermal resistance is 3 K / mW for
non-coating ring and 1.4 K/ mW for gold-coating ring by continuous wave pumping.
The thermal resistance compares measurement result with simulation result is shown
in table A-1. The thermal property is obvious for gold-coating ring at CW pumping
condition. It has low thermal resistance and high thermal conductivity when coating

metal such as gold.
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Figure A-1 The non-coating ring on sapphire. The AA/AT is 0.048 (nm/K), and the
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Structure

Non-coating | Gold-coating

Thermal resistance

Measurement (CW) 3 (K/mWw) 1.4 (K/mW) 2.1
Simulation (CW) 80 (K/mW) 33 (K/mW) 2.4

Table A 1 The thermal resistance compares measurement with simulation at CW
pumping condition.
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