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Abstract

This study utilizes InP epitaxial wafer, which is previously procured from
LandMark Optoelectronics Corporation, to fabricate Distributed Feedback (DFB) laser
devices with various combinations of lengths and widths. The experimental process
includes the design of photomasks, process planning, device fabrication with
troubleshooting, and the analysis of the electrical and optical characteristics (optical

power and spectral distribution) of the devices.

The DFB laser devices were designed with resonant cavity lengths of 300, 500,
750, 1250 um, paired with widths of 2,4, and 6 pm, resulting in a total of 12 device

sizes respectively.

Due to the minimum width of the devices was set at 2 um, a dry etching process
was implemented for the shape of waveguide instead of wet etching to preserve the
shape of the ridge waveguide and avoid damage from lateral etching or poor

conformality of the deposited film layer.

Furthermore, after depositing a passivation layer of silicon nitride (SizN,) via
Plasma-Enhanced Chemical Vapor Deposition (PECVD), self-aligned[1] techniques
were adopted for the mask opening. This approach mitigated potential issues related to
the diffraction limit of the mask aligner and manual alignment errors by human since

the minimum width of the devices mentioned above.

Index Terms: Long Cavity Length, Ridge Waveguide, Distributed Feedback
Laser, Self-Aligned, Indium Aluminum Gallium Arsenide (InAlGaAs), Indium

Phosphide (InP)
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Chapter 1 Introduction

1.1 Introduction of Light Amplification by Stimulated Emission of

Radiation (LASER)

Speaking of laser, it always comes with stimulated emission, which was proposed
by Albert Einstein in 1916[2]. Few years after, Charles H. Townes and Arthur
Schawlow worked out the concept of optical maser, the word known as Microwave
Amplification by Stimulated Emission of Radiation [3], published by Physical Review
in 1958. Gordon Gould was the person who coined the term LASER, which stands for
Light Amplification by the Stimulated Emission of Radiation within his notes then filed
a patent application in 1959, yet it was not until 1987 that the officials finally granted
the patent to him. The first ever functioning laser was made by Theodore Maiman, using
ruby crystal, on the day of May 16, 1960. In the following years, gas and semiconductor
lasers were carried out, and the former has usually been used in the fields such as
welding metals and medical surgeries for its high-power characteristics, while the
semiconductor lasers back then weren’t as useful as nowadays comparing to for it

requiring pulsed operation and low temperature.
1
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As for the DFB laser we especially concern in this topic, H. Kogelnik and C. V.
Shank in 1970, the first team to discover the behavior of stimulated emission oscillating
inside periodic structures, saying its resonator composed of spatial periodic variation of
refractive index rather than mirrors, resulting in the feedback from backward Bragg

scattering[4].

Later in the 1980s, thanks to the huge progress in semiconductor fabricating
process, semiconductor lasers finally overcame its disadvantages so that it could lower
the threshold current, operate with continuous wave, work under room temperature,
broaden its emitting wavelength, and functioning as single-mode, which is crucial in

optical communications.

The applications of laser have become widespread and has played a big role in our
daily lives nowadays. For instance, optical communications with fiber[5] or satellite[6]
communications, light detection and ranging as LiDAR[7], high accuracy sculpting,
medical uses such as skin rejuvenation and eye surgery[8], military[9], and still among

others.

doi:10.6342/NTU202404706



STIMULATED DEVELOPMENT OF EXFERIMEMNTAL QUANTUNM

EMISSION THE MASER NOMLINEAR OPTICS OPTICS

) HELIUM-MNEOMN
FREDICTION OF RUBY LASER

MNOMLINEAR OPTICS

OFTICAL COMTINUCUS-WAVE BROADBAND SOLID

SOLTIONS SEMICONDUCTOR LASERS STATE LASERS

LASER COOLING

LASER TRAMNSMISSION . . _—
OFTICAL TRAPPING CHIRPED FULSE
OF ATOMS
IN OPTICAL FIBER AND

AMPLIFICATION

OPTICAL COMMUNICATIONS

ERBIUM DOFED QUANTUM CASCADE LASERS-BASER OPTICAL

FIBER AMPLIFIER LASER FREQUENCY COMB

PRACTICAL BLUE SEMICONDUCTOR

SUPER-RESCLUTION

FEMTOSECOMD LASERS LASERS AMND LEDS MICROSCORY

ATTOSECOND LASERS DETECT

LASER PULSES GRAVITATION WAVES

Figure 1 The development of laser [10].
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1.2 Motivation

Although traditional lasers can achieve high power and single-mode output, it is

difficult to attain both at once. For example, vertical-cavity surface-emitting lasers

(VCSELs), can function in single longitudinal mode but struggle to attain high power

output for the small gain medium volume in their short-length resonant cavities[11]. On

the contrary, traditional edge-emitting lasers (EELs), such as Fabry-Perot (FP) lasers,

can achieve high power (from milliwatts to watts) from their larger resonant cavity

length and gain medium volume, however, conventional FP lasers only provide

multimode output [12], which is not preferred in long-range communications. As for

distributed feedback (DFB) lasers, with its Bragg gratings designed along the

waveguide near the active layer, allowing them to select specific wavelengths for

feedback, which enables single-mode output, ensuring that signals remain undistorted

over long-distance transmission while maintaining a relatively high output power[13].

The practical application projects involving DFB lasers as a light source such as

LiDAR, silicon-based photonic devices, and ground-satellite communications, require

the unique characteristics of narrow bandwidth, single-mode output, and high power.

Ideally, the power should enhance as the cavity length is increased. Therefore, in this
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study, we aim to achieve high power output by fabricating long-length resonant cavities
then observe the effects on power and spectral distribution under various lengths and

widths of the resonant cavities.

1.3 Operational principles of a DFB Laser

1.3.1 Basic structures of a laser

Current
injection

Cleave&

Laser beam Coating

Laser beam
Cleave Active layer

Coating — (Gam medium)

Figure 2 The basic structures of an edge emitting semiconductor laser

The basic structures of a semiconductor laser are mainly composed of gain
medium, pump source, resonant cavity. The active layer is viewed as the gain medium,
whereas to achieve the condition of population inversion and is grown between p and

n-type cladding layers in an edge emitting laser, as shown in Figure 2 The basic
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structures of an edge emitting semiconductor laser. When apply a forward-biased

voltage on this p-n junction, electrons and holes, as the pump source, recombine for

both non-radiative and radiative emission in which latter generates photons from

spontaneous and stimulated emission. However, its is spontaneous emission that occurs

when start injecting minority electrons and holes. To acquire the population inversion

for stimulated emission’s dominance, it is crucial to introduce in the resonant cavity as

the mechanism of mirror in order to reflect and keep photons inside cavity, together

with the increase of injections, the optical gain can thus finally overcome the scattering,

free carrier absorption[14], inertial loss, and the mirror loss in the cavity. Equation 1

shows that it is not only but reaching the threshold gain so the device lases at steady

state[15]. Even if carriers continue to be injected into the active layer, the gain

coefficient will no longer increase. When the gain exceeds the loss, the light within the

resonant cavity will be amplified continuously, leading to instability. As a result, the

excess carriers will be converted into coherent photons, producing laser output.

— 1 1 .
Yen = @ + o7 In R Equation 1
Yen: Threshold gain; a;: Internal loss

L: Cavity length
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R, &R;: Reflectivities of two sides of cavity

1
7L In (R1Rz) : Mirror loss

The critical point between spontaneous and stimulated emission is referred to as
the threshold current when plot the light-current (L-I) curve like Figure 3. Ideally when
driving a laser from low to high current gradually, it emits photons randomly as a light
emitting diode (LED) by spontaneous emission before turning into a laser with the
mechanism of stimulated emission, providing characteristics of coherence,

monochromaticity, and directionality.

L wi ghE Output Power)
h

Stimulated
Emission

Spontaneous
Emission

»
Lt

I (Current)

Figure 3 The light-current curve of a laser diode
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1.3.2  Basic concepts of a Distributed Feedback (DFB) laser

A DFB (Distributed Feedback) laser achieves mode selection by fabricating a
grating-like periodic structure along the resonant cavity near the active layer. This
provides different feedback mechanisms for various longitudinal modes. For two
counter-propagating waves to be coherently coupled within the cavity, the Bragg
condition below as Equation 2 should be satisfied[16]. This ensures that the feedback

is maximized on both sides of the Bragg wavelength.

Ao
Zneff

A=m ,ym = 1,2,3 ... Equation 2

A: Grating period; n.ss: Refractive index of the cavity

m: Number of dif fraction order; Aq: Laser's wavelength in freespace

However, the grating structure alone cannot achieve single-mode operation[17],
it is more like double mode as shown in Figure 4(a). One of many methods is that by
coating both ends of the resonant cavity with anti-reflection (AR) and high-reflection
(HR) mirrors[18], which reflectivity is related to wavelength, the original two-mode
symmetry could be disrupted, and enabling such single-mode operation in Figure

4(b).
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(a)Spectrum of a simple DFB laser (b)Spectrum of a DFB laser with AR/HR coating

Figure 4 (a)Spectrum of a simple DFB laser (b)Spectrum of a DFB laser with

AR/HR coating
1.4 Review of previous papers

As many laboratories have dug into the related topics of DFB laser, recently it is
the Silicon Photonics that rises the further development in the high-power
semiconductor lasers[19]. Broadcom [20] illustrated that high-power laser play a
crucial role in silicon photonics for maintenance of signal integrity, high-speed
communication, and functionalities despite loss from the Silicon-based waveguide

coupling.

In 2019, Hao Wang and Ruikang Zhang fabricated a 1.5um DFB laser with a
highest power of 160mW under room temperature (25°C) and with the side mode

suppression ratio (SMSR) of 55dB [21], shown in Figure 5.
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Figure S (a)The L-I-V characteristics under room temperature (25°C) with a

highest power of 160mW (b) The spectra under various input currents (at 25°C), and

the SMSR is up to 55 dB [21].

The next year, O.0. Bagaeva and R.R. Galiev published a paper of an

experimental study on 1.5-1.6pum high-power single-frequency semiconductor DFB

lasers, with a highest power of 200mW and SMSR around 55dB [22], shown in

Figure 6.

10
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Figure 6 (a) I-V and L-I characteristics of DFB lasers for temperatures of 20, 30,
40, and 50 °C, with a highest power of 200mW (b) Spectra of the DFB laser at a

pump current of 500 mA, with the SMSR about 55dB [22].

Later in 2021, Huawei Technologies published a paper for record-high power
1550nm DFB laser[23], having output power over 700mW with a cavity length of 2mm.
The next year[24], pretty much the same team made a DFB laser that can achieve
800mW at room temperature and yet still reach 600mW at 55°C with a cavity length of
2.5 mm instead of the previous one for higher output power to be saturated.

Performances of the lasers in two researches mentioned above are illustrated in Figure

11
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Figure 7 L-I curves comparison between 2mm and 2.5mm cavity length DFB

lasers[24]

Through the literature review above, we understand the role of high-power lasers
and its current progress in this field. The article written by Osamu Mikami 1981 Jpn. J.
Appl. Phys. 20 L488 [25], serves as a reference for our fabrication methods. This paper
employs wet etching to create the wanted structure, subsequently using SizN, as a
mask to open and deposit metal contacts. The P-metal is composed of nickel-zinc alloy,
while the N-metal is made of nickel-germanium alloy. Last but not least, a cleaving
process is carried out on the front facet and cutting the rear one by wire saw to avoid

Fabry-Perot-alike modes.

12
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p-GalnAsP (cap)
p-InP(clad)
GalnAsP(active)

n- GalnAs P(waveguide)
n- InP(substrate)

Au-Zn-Ni

«A

SigN,

Au-Ge-Ni

Figure 8 Illustration of a InGaAsP/ InP DFB laser[25]

However, different from the wet etching applied to the former paper, we adopted

the method which is introduced in 2003 [26],0f inductively coupled plasma etching

(ICP) to fabricate our ridge-shaped waveguide such as Figure 9, for the small-sized

ridge structure to be intact and unharmed.

Figure 9 SEM image for cross-section of the ridge waveguide[26]

13
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Chapter2 Instruments and Principles for Process

2.1 Photolithography Process

Photolithography is indispensable when it comes to the semiconductor component
fabrication for it determines the shape and structure of further processes. It involves
designing mask for the pattern, defining the geometric shapes of photoresists by
applying exposure and development, allowing the designed pattern to be transferred

onto the wafer.

Photoresist is a photosensitive material and is generally categorized into positive
and negative resist. Positive photoresist becomes soluble in a developer solution after
experiencing the UV light exposure through a mask and leaves the pattern of the
unexposed regions after development. In contrast, negative photoresist hardens upon
exposure and remains after development, defining the patterned areas. With the
exposure, areas not exposed to UV light dissolve during development, leaving a pattern
of the regions exposed. Positive photoresist offers higher resolution, making it ideal for
applications requiring smaller feature sizes and finer details. In contrast, negative
photoresist is commonly used before coating metals for it creates undercut profiles after

development, making the removal of excess material easier in the subsequent lift-off

14
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processes. Figure 10 shows the difference in both photoresists. To sum up, both

photoresists play essential roles in modern photolithography, with positive one

commonly used in advanced semiconductor manufacturing and the negative one

preferred for certain metallization and patterning techniques.

Furthermore, the thickness and uniformity of the photoresist depends on the

parameters of spinning speed and time during the spin coating process. Moreover,

different photoresists have varying stickiness and characteristics, allowing them to be

used in different situations.

Positive photoresist Negative photoresist

Mask | — m— [—
A/ A( \
Photoresist
Wafer . / £
AN / S
Exposed photoresist Exposed photoresist
After develop step

Photoresist

Wafer | | |

Figure 10 Profiles of positive and negative photoresist[27]

The general steps for the photolithography process during our experiment are

listed below as:
15
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Wafer and photomask preparation: Rinse with acetone, isopropyl alcohol, and

deionized water for the removing of possible contaminants or particles on

them that could lead to defects after processes.

Spin coating: First we apply hexamethyldisilazane (HMDS) to the wafer for

a better adhesion between photoresist, which would be coated on later.

Soft bake: Performed on a hot plate 90 second at 105°C, ensuring the solvents

that may remain on the surface to evaporate, increasing the adhesion of the

photoresist to substrate, and yielding for a stable pattern after exposure and

development.

Exposure: Align the wafer with the photomask then expose it with UV light,

defining the shape of the pattern. Parameters of exposure time and light power

along with the developing time are crucial for the quality of pattern.

Development: Dipping the substrate into developer solution to dissolve places

where the photoresists were exposed before if positive photoresist was used.

Rinse the substrate with deionized water right after the expected patterns

emerge to prevent overdevelopment. On the contrary, the use of negative
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photoresist would have the unexposed places to be dissolved. The controlling

of developing time is vital for the quality of the pattern.

2.2 Plasma Enhanced Chemical Vapor Deposition (PECVD) for Film

Protection

Plasma Enhanced Chemical Vapor Deposition (PECVD) is a technique used to
deposit thin films by utilizing plasma to drive chemical reactions at lower temperatures
compared to conventional CVD methods. In this process, gases containing reactive
precursors, such as silane (SiH,) or ammonia (NHj3), are introduced into a vacuum
chamber, where an RF or microwave power source generates plasma from the gas
mixture. The plasma enhances the reactivity of the gas molecules, enabling film
formation on the substrate surface at temperatures typically between 100°C and 400°C
[28]. Therefore, such technique is ideal for applications involving temperature-sensitive

materials.

PECVD is commonly implemented to form silicon-based films such as silicon
nitride (SizN,) and silicon dioxide (SiO,), which are widely used in microelectronics,

MEMS, and optoelectric devices, their chemical reaction equations are shown below as

17
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Equation 3 and Equation 4, respectively. The deposition technique provides benefits

of uniform film coverage, precise control over thickness, and low intrinsic stress, which

are essential for passivation layers and insulating coatings. Key parameters such as gas

flow rate, RF power, pressure, and temperature can be fine-tuned to modify the film’s

properties, including density, mechanical stress, and refractive index, to suit specific

requirements.
3 SiH,(g)+2 NH;3(g)—SizN4(s)+6 H,(g) Equation 3
SiH4(g)+2 0,(g)—Si0,(s)+2 Hy(g) Equation 4
Process
gases __ RF power
e
Process |
chamber p—
Plasma
| Wafer |
Heated plate
By-products
to the pump
Figure 11 Schematic illustration of a conventional PECVD reactor[29]
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2.3 Etching Process

Etching is a crucial process in microelectronics and semiconductor fabrication for
the use of selectively remove materials to create patterns or structures as designed. It is
generally divided into dry and wet etching. Dry etching utilizes gases or plasma in a
vacuum chamber, providing high precision through anisotropic etching, where material
is removed primarily in one direction to achieve well-defined vertical sidewalls.
Common gases include fluorine- and chlorine-based compounds, depending on the
material being processed. Techniques such as Reactive lon Etching (RIE) and
Inductively Coupled Plasma (ICP) are widely used for example. On the other hand, wet
etching involves immersing the material in a chemical solution that reacts with the
surface to dissolve unwanted areas. Wet etching tends to be isotropic, meaning it etches
uniformly in all directions, which could be unexpected of small patterns but is effective
for processes that require large etching area and high etching rates. Both methods play
crucial roles in modern semiconductor manufacturing, with dry etching favored for

precision and wet etching for high-throughput needs.

19

doi:10.6342/NTU202404706



Line width
-

PR

(a) Before etch. (b) After isotropic (c) After anisotropic
wet etching. plasma etching.

Figure 12 Schematic presentation of the dry and wet etching.[30]

2.4 Self-Aligned Technique

In microfabrication of semiconductor, self-aligned processes can be applied to
open contacts without needs of precise manual alignment, thus minimizes misalignment
that may be caused by human or the linewidth limit due to diffractions. Figure 13 shows

the general steps of the self-aligned technique applied to a ridge waveguide for the

further metal contact[31].
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¥ ~= Active region
(a)

hv

N R
%+Pho}or&siﬂ

(b)

- Ohmic
metallization

(c)
Figure 13 Schematic illustration of the self-aligned technique: (a)Spin
coating the photoresist onto the wafer (b) Developing after exposure (¢)Open-

contacted with ohmic metallization[31]

2.5 Ohmic Contact

Ohmic contact allows current to flow in both directions between the metal and

semiconductor, following a linear relationship with voltage as described by Ohm’s law

(I = V/R), ensuring no rectifying behavior from Schottky contact occurs. A key

advantage of this type of contact is its low resistance, which helps minimize energy loss

and supports the efficient operation of high-performance devices such as lasers, which

we especially concern. Achieving optimal Ohmic contact depends on precise material
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selection and manufacturing processes. Metals need to be chosen to match the
semiconductor’s properties to reduce resistance. For instance, nickel (Ni) or gold (Au)
are often used with p-type semiconductors, while n-type semiconductors may utilize a
nickel-germanium-gold (Ni-Ge-Au) alloy. Additionally, masking layers like SizN, or
Si0, are employed during fabrication to confine metal deposition to specific areas,
avoiding short circuits. Proper implementation of these steps ensures reliable low-

resistance contact, and is crucial for devices requiring high efficiency.

n
@ £\ Ec

ErM S Ry - mntmt e memmetmmm e e Ers

Ev
Metal

Semiconductor

(b)

Ec
Epy ——— == =

Ev
Metal

Semiconductor

Figure 14 (a) Ohmic and (b) Schottky contact
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2.6 Electron Beam (Gun) Evaporation for Metal Deposition

E-gun, also referred to as E-beam deposition, involves directing a focused electron
beam onto a target material to heat until it evaporates, forming a thin film on wafer.
This process takes place in a vacuum chamber to prevent oxidation and contamination,
ensuring high-purity layers. Metals like gold and nickel are often used, with gold
providing excellent conductivity and corrosion resistance, and nickel enhancing
adhesion or serving as an ohmic contact layer. E-beam deposition has its advantages in
offering precise control over film thickness and uniformity, making a high quality in

metal contact for semiconductor components.

Vacuum chamber

Heater ~ | é__ﬂ)

- Substrate lens

e
/ Substrate dome

Evaporation flow

Crystal type fim
thickness meter Vacuum

pump
Elearonm <) Shutter,
Electron Cr:;:)a\\%____ Evaporation
source | material

Figure 15 An electron beam evaporation device from JEOL[32].
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Chapter3  Device and Process Flow Design

3.1 A Simple View of the Device Structure

In this study, we have two slightly different versions of the device structures. The
first was fabricated in-house in the school’s cleanroom, while the second was fully
outsourced to Union Optronics Corporation for manufacturing with our process
designs. Figure 16 shows the one fabricated by ourself is designed with (a)circle and
(b)square p-metal pads connected to the short cavities such as 300 and 500um while
the long cavities of 750 and 1250um attached to (c)rectangle pads with the hope that
the current could spread uniformly through the longer ridges. The passivation layer was

chosen for SizN,, expecting for a stronger protection than SiO,.
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Figure 16 Schematic illustration of (a) Circle (b) Square (c¢) Rectangle p-metal

pads of the device structure fabricated in-house

As for the version outsourced, the instruments were believed to be more stable and
promising, so the layer passivated on wafer as SiO, should be protecting well enough.
Moreover, the chemical plating was implemented right after the p-metal process so the
connection between metal pad and ridge are fine for current spreading, so the metal
pads of long cavities are circles and squares rather than the rectangle ones we mentioned

above.
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Figure 17 The metal pads for devices of the outsourced version are circles and

squares all over different cavity lengths
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3.2 Process Flow of Fabrication

 Hard mask: PECVD for SiO. (300nm)
* Photolithography
» Key: RIE for SiO2 and ICP for InGaAs & InP (500nm)

+ Hard mask: PECVD for SiO. (300nm)

- « Photolithography
Rldge * Ridge: RIE for SiO: and ICP for InGaAs & InP
(2000nm). [Wet etch if needed: HsPO. + HCL (3:1)]

 Hard mask: PECVD for SizN, (100nm)
Open « Photolithography: Positive and negative photoresist
%0)glrzlei0 ¢ Open contact: RIE for photoresist & SigN,

* Dielectric layer : PECVD for SizN, (100nm)
Cl_eave « Photolithography
{155« Cleave lines: RIE for Si,N,

+ Photolithography
oS I - P-metal : E-gun for p-metal (Ti/Au~50/450nm)

« Polishing and Lapping
_ » N-metal : E-gun for n-metal
NENMEIEUR (i Ti/Py Au=50/100/100/200nm)

(@ [=:\V/z3 - Cleave
& + Coating: AR<1%, HR>95%

Coating

Figure 18 The procedure of the fabrication on DFB laser wafer
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3.2.1  Alignment key

In the very first step, SiO, is deposited as a hard mask of 300nm using Plasma
Enhanced Chemical Vapor Deposition (PECVD). Next, a positive photoresist, AZ5214,
is applied using a spin coater, then the alignment key pattern is defined through
exposure and development along the direction of the grating structure. Subsequently,
Reactive Ion Etching (RIE) and Inductively Coupled Plasma (ICP) are used to etch
downwards of the surrounding areas of the key for the thickness of 300nm and 500nm
in Si0, and InGaAs/ InP, respectively. Finally, acetone and Buffered Oxide Etch (BOE)
are used for the removal of photoresist and SiO,, resulting in the structure of the key,

which is for the further alignment of the following processes.

Figure 19 The alignment key observed under optical microscope
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3.2.2 Ridge Etching

For the ridge structure, the process step is pretty similar to the former key etching.
As shown in Figure 20(a), we deposited SiO, for the hard mask in advance,
implemented photoresist AZ5214 for the photolithography, (b)etched down the hard
mask with RIE and clean up the photoresist with acetone, (¢)then perform a further etch

of InGaAs& InP with ICP. Lastly, (d)remove the residual SiO, with BOE.

InAlGaAs MQW InAlGaAs MQW

(a) (b)

B [ B $#[[©Y

(©) (d)

Figure 20 (a) Deposited SiO, and performed photolithography for AZ5214 (b)

Hard mask etching with RIE (¢) A further etch of InGaAs& InP with ICP (d) Remove

the residual SiO, with BOE
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3.2.3  Open contact and Cleave lines

In the open contact and cleave lines process shown as Figure 21, (a) we chose
SizN, as the hard mask and passivation layer for further protection, it is deposited with
PECVD. For the photolithography parts, (b) we first apply a layer of photoresist
AZ5214 through a flood exposure along with reverse bake [33] thus the resist is
converted to be as negative photoresist. Subsequently, an additional layer of AZ5214
photoresist is applied, forming a dual-layer resist system for self-alignment purposes.
(¢) Upon exposing and developing, the remaining resist on the ridge would be the
negative one only. Next, we apply RIE to (d) remove the resist on ridge until it was
completely etched away, while leaving photoresist in other areas only partially removed.
Still with RIE, (e) the layer of Si;N, above ridge would be etched completely for the
open contact. Last but not least, (f) the residual photoresist is removed with acetone,
leaving the surfaces out of the top of the ridge to be remained with protection of Si;N,

layer.
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SizN,

InGaAs InGaAs

P-InP

P-InP
InAlGaAs MQW

InAlGaAs MQW

N-InP N-InP

InP substrate InP substrate

(b)

InGaAs InGaAs
P-InP P-InP
InAlGaAs MQW InAlGaAs MQW
N-InP N-InP

InP substrate InP substrate

InGaAs InGaAs
P-InP P-InP

InAlGaAs MQW InAlGaAs MQW

N-InP N-InP

InP substrate InP substrate

Figure 21 Process for open contact and cleaving lines: (a) Deposit SizN, as the

hard mask and passivation layer (b) Dual-layer resist system for self-alignment

purposes (¢) During photolithography, the remaining resist on the ridge would be the

negative one only(d) Removing the resist on ridge with RIE (e) The layer of SizN,

above ridge be etched completely (f) The residual photoresist is removed with acetone

The reason for utilizing the self-aligned technique is that the linewidth of the

photomask could not be sized to 2pm, which is the minimum width of the ridge. Also,
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it is more promising for not requiring precise alignment that could be mistaken during

the manual operation by human.

3.24 P-metal & N-metal

After opening the passivation layer above the ridge, we apply the negative

photoresist to define the pattern for the p-metal for its undercut profile benefits the lift-

off process. The sputtered metals via E-gun are titanium (Ti) and gold (Au), with

thicknesses of 50 nm and 450 nm, respectively, in a total of approximately 500 nm, as

Figure 22 shows. The titanium serves as an adhesion layer, while gold provides

excellent conductivity.

Similarly, the backside was coated with n-metal after lapping and polishing to a

total thickness about 120um, which is for the cleaving process later on, an alloy of

Ni/Ti/Pt/Au with 50/100/100/200 nm, respectively, where Ni provides adhesion to the

semiconductor, Ti enhances adhesion and acts as a diffusion barrier, Pt prevents gold

diffusion and maintains electrical properties, and Au ensures excellent conductivity and

corrosion resistance, ensuring stable electrical contact and long-term reliability.
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Ohmic

Pad P-metal / contact
SisN,

InAlGaAs MQW

InP substrate

Figure 22 P, N-metal for Ohmic contact along with lapping& polishing

3.25 Cleaving and Coating

Both cleaving and coating were outsourced to LandMark Optoelectronics
Corporation since the there is no relevant equipment available in-house. The cleaving
process help to divide each laser row on the wafer fabricated into laser bars as shown
in Figure 23 (a), (b). Moreover, this process is essential for shaping device facets as

mirrors, to achieve optimal optical performance.
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(b)

AR coating

HR coating

(c)

Figure 23 (a) The red dashed-line stands for the cleaving line (b) Several laser

bars would be separated from the wafer (¢) Anti and high-reflective coating on both

cleaved ends
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Finally, shown in Figure 23 (c), the last step is thin film deposition on both sides
of the cleaved edges, with the conditions being that the AR (Anti-Reflective) coating
on the output surface should be less than 1%, and the HR (High-Reflective) coating
should be greater than 95%. Thin film coatings on laser components play essential roles
in enhancing performance. AR coatings reduce the amount of light that is reflected
away from the output surface, which improves the transmission of laser light and boosts
overall efficiency. HR coatings, used on mirrors inside the laser cavity, reflect more
than 95% of the light, which increases both intensity and output power. Moreover, these
coatings can be specifically designed for certain wavelengths, leading to optimized
laser output. They also protect the components from environmental influences such as

oxidations, contributing to their durability and longevity.

Chapter4  Electrical and Optical Analysis
4.1 Electrical Properties of DFB Lasers

Here we compare the I-V characteristic in log scale of the in-house (clean-room

#R331) and UOC fabricated laser devices under same size, shown below in Figure 24.
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0

-4 -4
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-14 —331 4 —331
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L750 W6 (um) 11250 W2 (um)
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Figure 24 I-V characteristic comparison in log scale of in-house and UOC
fabricated laser devices under same size. To distinguish between different geometries

of the lasers, L750 means 750-micron cavity, and W2 means 2-micron ridge width.
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4.1.1  Shunt Resistance Rp

As shown above, most of the UOC devices present a 3-section between 0~1V
while R331 devices don’t. For a brief explanation, we could take into account the
equivalent circuit model of a diode with shunt (Rp) and series (Rs) resistance, shown
as Figure 25 [34]. According to the previous log I-V comparison, it is Rp that dominates
the log I-V curve in the section of OV to 0.7V. Also based on Figure 25(d), Figure 26
illustrates the R331 components do not exhibit a turning point because the shunt
resistance (Rp) is relatively high (resulting in a lower slope), leading to a smaller current.
As a result, the entire curve shifts downward, aligning closely with the original red

dashed line of the diode, resembling a straight line.

() I

ImAT

v
"1 nA

Figure 25 Equivalent circuit model of a diode with shunt and series resistance.

The green solid line represents the actual measured I-V data of the laser diode while

red and orange dashed-line stand for Rs and Rp, respectively[34].
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/ UOC

Figure 26 The R331 component (the graph on the right) does not exhibit a

turning point because Rp is relatively high resulting in a lower slope and a smaller
current. As a result, the entire curve shifts downward, aligning closely with the

original red dashed line of the diode

4.1.2  ldeality Factor n

Typically, the ideality factor n of a semiconductor device falls within the range of
1 to 2. However, as shown in Figure 27, one device has reached a maximum of 4.7
(4.678), while some are above 2. For several factors, such as defects on the surface, and
the metal contact fracture from the poor depositing quality, could lead to non-radiative
combination and heat. Moreover, the shunt resistance we mentioned above also played

an important role in resulting in a higher ideality factor than 2.
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Figure 27 The ideality factor n of the R331& UOC devices in each size

The ideality factor data is acquired from the In|I|-V plot we measured. Combining

with Equation 6, which is derived from diode’s current equation, Equation 5, we have

Alnl . 1 qv . . e
the slope m= A—';/ and Ideality factor n= — Z—T of the linear section as shown in Figure

28. Note that the ideality factor’s acquisition of R331 devices might not be accurate

because the presence of the shunt resistance is strong and no turning point is observed

as in the UOC devices.

I =1, (exp (%) — 1)

Inl=Inl + %V Equation 6
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L?SOONVZ um

Voltage (V)

Figure 28 Linear section of In|I|-V plot for the ideality factor n acquisition.

4.1.3 Series Resistance Rs

Series resistance refers to the resistance that is in series with the laser diode of the

circuit. The resistance leads to a voltage drop that could affect the overall efficiency

and performance of the device.

25

I R331
[Juog

20

15

Rs (Q)

104

2 |4 6 2 |4]| 6 2 |4 6 2 4] 6
300 500 750 1250

Size(um)

Figure 29 The series resistance Rs of devices in each size for both R331 and

UOC devices
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It is seen that in Figure 29, R331 devices’ resistance are commonly larger than

that of UOC’s. The difference might be caused by the defects on the metal contact

surface, or the addition of metal plating after metal contacting in UOC’s process.

4.2 Optical Properties of DFB lasers

421

L-1 Characteristic of the DFB lasers

Here we presented several L-I (Light Power-Current) characteristic charts of the

devices in comparison with different width and length.
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Figure 30 L-I characteristics comparison of R331 devices of various cavity

lengths with (a) ridge width= 2um; (b)ridge width= 4um; (c)ridge width= 6pm.
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Figure 31 L-I characteristics comparison of R331 devices of various ridge width
with (a) cavity length=300um; (b) cavity length= 500um; (c) cavity length =750um;

(d) cavity length= 1250pm.
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Figure 32 L-I characteristics comparison of UOC devices of various cavity

lengths with (a) ridge width= 2um; (b)ridge width= 4um; (c)ridge width= 6pm.
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(c) (d)
Figure 33 L-I characteristics comparison of UOC devices of various ridge width
with (a) cavity length=300um; (b) cavity length= 500um; (c¢) cavity length =750um;

(d) cavity length= 1250pm.

In Figure 30 and Figure 31, the R331 devices showed us that the L-I curve of the
long cavities (750, 1250pm) are prone to be twisted when applied larger current, while

short ones (300, 500pm) are performing smoother. Also, the threshold current is higher
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as the cavity is longer. Furthermore, the performance of the L500/W6 um device

reaches a maximum power of 2mW and maintained a non-twisted curve during

operation.

As for the UOC devices showed in Figure 32 and Figure 33, the maximum output

power could reach larger in comparison to that of R331 ones generally. The highest

output light power is performed by the L1250/W6 device, reaching about 8.4 (8.43)

mW. Here we could easily see the point of input current resulting in roll-over is larger

as cavity gets longer, and the threshold current Ith is higher as well. [Note that in Figure

32 and Figure 33, for a more similar trend to that of other plots, some devices under

same size (for instance, L300/W2) may not be the same. As long as the geometry of the

component—such as ridge width and cavity length—is the same, we can consider them

as the same type of component. ]

4.2.2 Threshold Current of the DFB Lasers

From the L-I curves we mentioned previously, we could then acquire the threshold

current Ith of each component. The comparison of different sizes is shown in Figure

34. For both version devices, the Ith is larger as the cavity length gets longer, meaning

it requires higher input current to start lasing.
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Figure 34 Threshold current Ith of each size of (a)R331 (b)UOC components.

423 Internal Loss «;

Internal loss in a laser refers to the loss of optical power within the laser cavity,
mainly caused by light scattering and material absorption. The losses reduce the laser's
efficiency and output power. Thus, optimizing the cavity's materials and design is
essential to minimize losses and improve performance. To acquire «;, we utilized
Equation 7 [35] below, then plot i as Y-axis and L as X-axis. Finally, combining

i

. 2 .
the intercept 7; and slope % , we’re able to extract the internal loss «; .
R R,

Figure 35 The internal loss a; of (a) R331 (b) UOC devices under different width.

The 2um wide R331 device has an enormous loss, which might be caused by the fact

the ridge width is too slim and could be easier to be harmed, also a poor mirror coating

quality during the fabricating process, leading to a scattering of light and reduces the

output light power.
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Figure 35 The internal loss «; of (a) R331 (b) UOC devices under different

Internal Loss ai (1/m)
Internal Loss ai (1/m)

width.
1 1 Za.
© —=—[1+—=I] Equation 7 [35]
Nd ni ln(Rle)
AP/AI . ‘ ‘
nd= o (External Differential Quantum Efficiency)

-L: Cavity length

-R4, R,: Reflectivity of front& rear mirrors (=0.00025& 0.909, provided by
UuoC)

-n; :Internal Quantum Efficiency, change in output light power over the

o AP
change in input current (Z )
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4,24  Spectrum of the DFB Lasers

Here, we focus on the spectra of certain components, which are sufficient to
explain the spectral performance of the vast majority of components. In Figure 36, (a)

L300/W2, (b) L500/W6, (d) L750/W6, and (e) L1250/W2 showed single-mode
operation, yet in (a) and (d) the mode-hopping occurred under the input current of 70

and 60 mA, respectively. On the other hand, both (¢) L750/W4 and (f) L1250/W6

showed the multimode phenomenon that happened to the majority of long-cavity

devices (750& 1250um) we fabricated.

|

(a)| L300/W2 (b)| L500/W6
(um) (pm)
T ety w WY S
N v Y WYY /0 St T S
P w mg‘ :
é 50 N W ',/ LA A A" A4 é 0T vl T
-100 : : : . . : -100 +— T r T T T
1554 1556 1558 1560 1562 1564 1562 1564 1566 1568 1570 1572
Wavelength(nm) Wavelength(nm)
(c)| L7sorw4 ; (d) L750/W6
(um) (um)
7 |
\.-w‘-\,‘,-. VWA 0 |
0 ‘ b g 0 e~y \W' A
w.,‘\ww‘ WAAAAAAA "_g N
é -50 : é -50 b
-100 +— : : T T
1552 1554 1556 1558 1560

30

f
1560
Wavelength(nm)

T T
1556 1558

-100 -+ T
1554

T
1552
Wavelength(nm)
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(e) L1250/W2 (f) L1250/W6
(um) (pm)
p Y ""\Mv h/
“K!M"( o
0 0
é 50 é -50
o s 15'54 15‘55 15‘58 15‘60

=100 1 T T T
1552 1554 1556 1558 1560

Wavelength(nm)

Wavelength(nm)

Figure 36 The spectrum diagram of the R331 components under various input

current (a) L300/W2 (b) L500/W6 (c) L750/W4 (d) L750/W6 (e) L1250/W2 (f)

L1250/W6 um. To distinguish between different geometries of the lasers, L300 means

300-micron cavity, and W2 means 2-micron ridge width.

In Figure 37, four spectrum diagrams of (a) L300/W4 (b) L500/W4 (¢)

L750/W4 (d) L1250/W4 pm could represent most of the situations we observed.

Aside from (a) L300/W4, the three others were operated in multimode. Unfortunately,

the long-cavity (750& 1250pum) UOC devices could hardly work as single-mode.

(a)| L300/W4 , . (b) | L500/w4
s ~u‘v.," AAA | 'P’WVV“‘ \w A
0 - 0
/ & 1‘
,:EJ © —LS pe— NN é 5 A'(WV“ "M-"f; e
-100 4 T T T r T =100 +—— T T T f
1554 1556 1558 1560 1562 1550 1552 1554 1556 1558
Wavelength(nm) Wavelength(nm)
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(c) | L750/W4
(pm)

-50

dBm

=100 -+

d) | L1250/ W4
(d) (nm)

T
1562

T T
1554 1556

Wavelength(nm)

=100 -+

T T
1558 1550

T T T T
1552 1554 1556 1558

Wavelength(nm)

Figure 37 The spectrum diagram of the UOC components under various input

current (a) L300/W4 (b) L500/W4 (c) L750/W4 (d) L1250/W4 pm. To distinguish

between different geometries of the lasers, L750 means 750-micron cavity, and W4

Chapter5

means 4-micron ridge width.

Discussion and Conclusion

Firstly, regarding the L-I characteristics of the R331 and UOC components, the

generally lower optical power of R331 compared to UOC can be attributed to several

factors. Although the same process steps are followed, differences in cleanroom

processing equipment may play a role. During dry etching, equipment instability can

sometimes lead to over-etching, potentially harming the active layer where radiative

recombination occurs. Furthermore in Figure 38, the passivation layer (SizN,) on the

(a) R331 components exhibits poor adhesion and a rough surface compared to (b)

UOC ones, raising concerns about its ability to adequately protect the components.
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Additionally, the quality of gold plating during contact formation and subsequent

chemical gold plating may also contribute to the difference.

(b)

Figure 38 The photos taken from optical microscope of (a) R331 (b) UOC

devices

5.1 Heat Influences

5.1.1 Heat Impedance Zth

Here we calculate the heat impedance Zth of both R331 and UOC long-cavity
(750& 1250um) devices via Equation 8 [36, 37]. The equation on the left is essentially
size-dependent and serves as the ideal reference value. The equation on the right is
calculated using the actual measured power and temperature. This compares the

theoretical and actual thermal impedance of the component.
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In (4h/w) AT

Zth = =
Tkl IV—Popt

Equation 8

h is the thickness of the ridge and substrate;

w and / represent as the ridge width and length;

k is the thermal conductivity of InP, refer to the chart in [38];

AT is the temperature between device and the ambient;

Popt is the measured output light power.

( a) [ELeft eq. ( b) [ Left eq.
[_IRight eq [___IRight eq.

s04 R331 . 604 UOC

50 — 50 4

40 40
= £
N 30 1 N 30

20 20 +

10 10

0 0
2 4 6 2 4 6 2 4 6 2 4 6
750 1250 750 1250
Size(um) Size(um)

Figure 39 The heat impedance Zth calculated from Equation 8

Figure 39 shows the heat impedance Zth of both R331 and UOC devices, the left

equation’s results show that as the size gets smaller, the heat impedance should as well
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decrease. The UOC results from right equation do follow the trend while R331 ones
don’t. This can help explain why the R331 components generally have lower optical
power compared to the UOC components, as well as why they experience the roll-over
phenomenon earlier, which is due to thermal limitations. The presence of defects in
larger components, uneven current distribution, and heat concentration at specific
locations can contribute to inefficient heat dissipation, leading to a quicker thermal
build-up. This thermal effect can cause the device to reach its thermal rollover point

sooner, resulting in a drop in performance.

5.1.2 Temperature/Current Dependence on Wavelength

Later we calculated the temperature dependence on wavelength (AApeak/ AT) and
current dependence on wavelength (Akpeak/ Al) of the R331 device with L750/ W6 and
L1250/W2 devices under single-mode operation. For the L750/W6 device,
Arpeak/AT=0.272 (nm/ °C) and Aipeak/ Al= 0.0408 (nm/ mA), while AApeak/AT=
0.525 (nm/ °C) and Aipeak/ AI= 0.0105 (nm/ mA) for the L1250/W2 one. As
references, Figure 40 showed the wavelength shift with temperature in the 3™
benchmark [39] of (0.1 nm/ °C) is smaller than both of ours (0.272 & 0.525 nm/ °C).
As for the current impedance on wavelength in 1 [40]and 2™ [41]benchmark, the

L750/W6 device (0.0408 nm/ mA) is higher than both of them (0.015 - 0.031 nm/ mA)
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, while the L1250/W2 one is a bit lower (0.0105 nm/ mA). These summed up that the

R331 fabricated lasers’ wavelength shift due to the temperature and current increase is

higher than expected.
Benchmark |Wavelength Range  [QW Material|AA/AI or AA/AT Paper Information
Renjia Guo,1 Jun Lu,1 Shengping Liu,1 Yuechun Shi,1
Yating Zhou,2 Yutao Chen,]1 Jia Luan,] and Xiangfei
| 1550nm not mentioned [0.024 - 0.031 nm/ mA Chen,1 Senior Member, IEEE, "Multisection DFB Tunable

Laser Based on

REC Technique and Tuning by

Injection Current”, Vol. 8, No. 4, page #5 , August 2016
Hartmut Hillmer, S. Hansmann, Herbert Burkhard, Herbert
Walter, Alois Krost, and Dieter Bimberg, Member, IEEE,
"Study of Wavelength Shift in InGaAs/ InAlGaAs

2 1550nm InAlGaAs 0.015 nm/ mA QW DFB Lasers Based on Laser Parameters

From a Comparison of Experiment and Theory", IEEE
JOURNAL OF QUANTUM ELECTRONICS, VOL. 30.
NO. 10, page #5, OCTOBER 1994

Shigeyuki Akiba,"Temperature Dependence of Lasing
Characteristics of InGaAsP/InP Distributed Feedback
Lasers in 1.5 um Range" et al 1982Jpn. J. Appl. Phys.21
1736, page #5, 1982

3 1550nm InGaAsP/InP [1A/ K (0.1 nm/ °C)

Figure 40 The benchmark as the reference values of Akpeak/ AT and Aipeak/ Al

5.2 Mode-hopping and Multimode

Several factors may contribute to the unexpected multimode: the AR coating might
have a higher reflectivity than expected, the grating or cleaved facet could be damaged
as in (e.g., due to poor adhesion of the passivation layer); the initial gain might not be
aligned and optimized for the correct wavelength, causing mode hopping as the current

is increased; and there might be misalignment between the ridge and grating during
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process, this has a more severe impact on long cavity components because, under the
same angular deviation, the ends (cleaved facet) of longer components deviate more
compared to the shorter ones.

N T R —

_

Figure 41 The photo taken from optical microscope of (a) Intact AR (b)

Damaged AR (c) Intact HR (d) Damaged HR facets

For the potential coating issues, we calculated the F ratio, which is determined as
ratio of light power emitted from front facet over total in Equation 9[36], to see if the

actual value of reflectivity is varied from the parameter provided by UOC.

Pfront 1-R?
F= f = ! Equation 9[36]

R
Ptotal (1_R}%)+R_£(1_R§)

- Rs ), is the reflectivity of front/rear (AR/HR) facet.
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Thus, we took the reflectivity parameters provided by UOC (Rf= 0.03%; Rb=90%)
into the right equation as the ideal F (= 99.9% in any size), while the power we
measured into the left side. In Figure 42, the F ratio values ranged from 0.75 to 0.96,
which is discrepancy between the expected and actual reflectivity. It might cause to the
misalign of gain spectrum, especially from the AR side, due to the inability to precisely
control the phase at the cleavage point, an AR coating is needed to be applied to ignore

the uncertain grating phase at the cleavage area.

Ridge Width (um
P
14
s

0.95

09094 ™

F ratio

0.85 4

0.80 H
o7 2 lale6]2]4]6]2]a4]6]2]4]cs
300 500 750 1250

Size (um)
Figure 42 F ratio calculated from the power we measured. [Note that here we only
conduct the verification on the UOC devices since R331 ones are quite unstable even

driving with same currents.
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5.3 Conclusion and Future Work

This article primarily explores the feasibility of fabricating long resonator ridge

waveguide DFB lasers using the processing capabilities available in the on-campus

cleanroom. It also investigates potential errors that may arise during the process by

examining the performance of the finished components, including power, spectral

modes, thermal influences, and other factors.

Some areas for future improvement include: when etching the ridge structure, it is

essential to ensure that the grating and ridge directions are aligned and to verify the

etching depth each time to prevent over-etching, which could damage the active layer

and grating, resulting in suboptimal power and spectral performance. Additionally, the

quality of the passivation layer must be ensured during coating to prevent oxidation of

the component's surface. Finally, attention should be paid to the cleaving process to

avoid rough or uneven surfaces that could affect the quality of subsequent coating.
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Appendices

A. Ith
Ith
BH 300 500 750 1250
2| 2391]  21.84]  59.82|  79.15
4 17.16]  35.19]  30.41|  52.45
R331: 6| 1837  3537]  50.13|  74.22
Ith
Circle 300 500 750] 1250
2 9.5 14.6 217 36.1
4 12.3 25.9 30.4 52.8
6 15.8 21.7 38.7 58.0
Ith
Square 300 500 750 1250
2 13.0 15.7 19.2 4.7
4 12.4 18.5 32.6 54.8
UOoC: 6 15.4 22.9 37.7 58.4
B. Ideality factor n
Size R331 luoc
L(um) W(m) n
2 2.5 2.6
4 1.5 2.6
300 6 1.6 4.2
2 1.6 2.3
4 1.6 4.7
500 6 1.5 2.4
2 1.6 2.5
4 1.5 1.8
750 6 1.5 2.1
2 2.1 2.8
4 3.5 2.5
1250 6 1.5 3.0
C. R331 Spectrum
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300 2 (Single mode+ Mode shift)

1= 40mA I= 50mA [= 60mA [= T0mA 1= 80mA
Stopband 2.114] Stopband 2.102)Stopband 2.164)Stopband 2.16|Stopband 2.228
SMSR 39.891[SMSR 39.774[SMSR 35.74[SMSR 17.953]SMSR 6.714
Peak 1557.234| Peak 1558.132{Peak 1559.162{Peaik 1558.304{ Peak 1566.814
500 6 (Single mode) 750 4 (Multi-mode)
1= 50mA I= 60mA 1= 70mA [= 80mA = 90mA 1= 80mA 1= 90mA 1= 100mA
Stopband 2.948] Stopband 2.946)Stopband 1.962] Stopband 1.966| Stopband 1.9739 Stopband 1.42| Stopband 1.418|Stopband 1.426
SMSR MSR 53.776|SMSR 51.954[SMSR 44.851[SMSR 42,305 SMSR 30.478[SMSR 2,593|SMSR 0.764
Peak 5.736] Peak 1566.078] Pezk 1566.51|Peak 1566.814| Peak 1567.218 Peak 1555.524] Peak 1555.892] Peak 1554.584]
750 6 (Single mode+ Mode shift) 1250 2 (Single mode)
1= 30mA I= 40mA 1= 50mA 1= 60mA I= 70mA [= 80mA I= 90mA 1= 100mA
Stopband | 1.612[Stopband | 1.612[Stopband | 1.598]Stopband | 1.544|Stopband | 1458 Stopband 1.678|Stopband 1.66|Stopband 1.62
SMSR 38.459]SMSR 41.265|SMSR 7.225 S 40.206f SMSR 22.144 SMSR 46.327|SMSR 44.51|SMSR 39.023
Peak 1556.682|Peak 1556.958| Peak 1557.256] Pes 1556.074] Peak 1556.484 Peak 1556.264|Peak 1556.478|Peak 1556.688
1250 6 (Multi-mode)
1= 60mA [= 70mA [=80mA 1= 90mA
Stopband 1.316]Stopband 1.31]Stopband 1.31]Stopband 1.368
SMSR 41.049]SMSR 43.862|SMSR 25.167|SMSR 6.752
Peak 1556.912|Peak 1557.068] Peak 1557.172|Peak 1557.458
D. UOC Spectrum
300 4 square (Single mode) 500 4 square (Multi-mode)
= 100mA 1= 110mA 1= 120mA 1= 80mA 1= 100mA 1= 120mA
Stopband 2.172]Stopband 2.204]Stopband 2.216{|Stopband 1.502|Stopband 1.492|Stopband 1.48
SMSR 55.247|SMSR 55.198| SMSR 55.931|[SM SR 4,894]SM SR 4.12|SMSR 5.007
Peak 1557.122|Peak 1558.3|Peak 1559.59|{Peak 1553.548|Peak 1554.088]Peak 1554.546
750 4 square (Multi-mode) 1250 4 square (Multi-mode)
= 80mA 1= 100mA 1= 120mA = 80mA = 100mA [= 120mA
Stopband 1.2701|Stopband 1.27|Stopband 1.312|[Stopband 1.238]Stopband 1.24]Stopband 1.24
SMSR (0.775]SMSR 2.27]SMSR 4,499 SM SR 0.362]SMSR 2.883|SMSR 4.87
Peak 1544.812{Peak 1555.144{Peak 1555.586f Peak 1554.716]Peak 1554.912fPeak 1555.12
E. Heat Impedance Zth
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750 1250
I W T K Zth I W T K Zth
60 2 8.5 75.2 30.93 60 2 25 74.74 18.67
80 2 26.7 74.1 31.39 80 2 28.7 73.44 19.00]
100 2 an 7247 3210 100 2 3 71.91 19.41
60 4 21.1 76.13 26.69 60 4 24 75.1 16.23
80 4 24 75.11 27.05 80 4 21.5 73.8 16.52
100 4 27 74 27.46 100 4 31.5 72.4 16.84
60 [ 20.5 76.4 24.34 60 [ 23 75.5 14.78
80 [ 8.5 75.2 24.73 80 [ 27 74 15.08
100 [§] 26 74.4 25.00) 100 6 31 72.6 15.37
Zth = —2— (Right)
IV—Popt
750 1250
W L AT A Zth I W L AT ! Zth
[sd] 2 16 6.5 27 3.9 al) 2 5 ] 2.6 50.62
) 2 301 97 3.0 40.04 80 2 10 1.7 3.1 47.69
100 2 497 13 3.3 39.44 100 2 95 16 3.4 46.50
4] 4 366 4.1 1.5 38.45 a0 4 91.2 7 2.4 48.64
a0 4 616 7 1Y) 46.17 80 4 290 10.5 2.6 49.87
100 4 786 10 2.0) 49.21 100 4 360 14.5 2.9 5(.39
&0 [§] 179 35 1.3] 43.56) 60 ] 17.16 i) 1.4 54.44
H (] 317 6.5 1.4] 56.23) 80 5] 9 10 2.0) 62.13
100 [§] 316 9 1.6 57.81 100 5] 179.5 14 2.2 03.60
UuoC
7th = ") oy
ikl
750 1250
1 W T K Zth I W T K Zth
100 2 22 75.8 30.69 150 2 29.6 73 19.12
150 2 28 73.63] 31.59 300 2 37.7 70.34 19.84
200 2 33 72 32.31 400 2 47.5 67.2 20.77
100 4 22 75.8 26.81 150 4 25.5 74.5 16.36)
150 4 24.2 75.1 27.06 300 4 339 71.6] 17.03
200 4 20.3 73.2 27.76 A00 4 421 68.9 17.69)
100 6 20.1 76.5 24.31 150 6 22.7 75.5 14.78
150 6 23.5 75.2 24.73 300 6 30.3 72.7 15.35
200 6 26.8 74 25.13 A00 6 36 70.9 15.74
Zth = —2L_(Right)
IV—Popt
750 1250
W L AT v Zth I W L AT v Zth
100 2 1321 5 1.36 37.12) 150 2 1154.5 12.6 1.52 55.54
150 2 2125 11 1.63 45.38) 300 2 5502 20.7 2.24 31.13
200 2 2900 16 1.92 41.92) 400 2 6380 30.5 271 28.34
100 4 866 5 1.20 41.97 150 4 868 8.5 .38 41.23
50 4 1465 7.2 1.38 35.03) 300 4 4064 16.9 1.91 29.72
200 4 1900 12.3 1.55 39.92} 400 4 5450 25.1 2.26 27.90
0 6 856 3.1 1.14 27.40) 150 6 384 5.7 1.43 26.62
50 6 1673 0.5 1.31 33.36) 300 6 2862 13.3 1.90 23.51
200 ¢ 2322 9.8 1.46 33,83 400 6 5380 19 2.21 21.60
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