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Abstract

Silicon carbide is known for its potential in high power, high radiation and high temperature
applications. It is also one of the first materials observed with phenomenon of
electroluminescence. Depending on the mechanism of recombination, carriers inside
silicon carbide recombine and release photons at different wavelengths. As one of the third-
generation semiconductors, many studies focus on the effects of defects on silicon carbide
device stability and performance. Especially for defects like stacking faults, which can be
generated either during fabrication or induced by current under forward bias, can cause
severe device degradation and limits the wuse of silicon carbide. By testing
electroluminescence of silicon carbide, one can analyses the recombination event and
identify the defects that trapped carriers, as each recombination mechanism would be
shown as a unique emission peak on the sample EL spectra. In addition to the as-grown and
recombination-induced defects, the changes of spectrum due to stress and chemical etching
indicate the influence of external factors to the defects that are either existed prior to the
external forces or that were induced during the testing. Such analysis could be helpful to
understand the defect generation mechanism, reduce the density of the defects and to create
innovative ideas for future applications. A general introduction to silicon carbide will be

given in Chapter 1 with some detailed description of silicon carbide defect generation and



characterization mechanisms in Chapter 2. In Chapters 3 and 4, the focus is to analyse the
external effects to the spectrum of 4H silicon carbide, like chemical etching and mechanical
stress. Before giving the conclusion in Chapter 6, Chapter 5 will be focusing on analysing
the effect of external forces on the silicon carbide with stacking faults existed prior to the

testing.
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Chapter 1

Introduction to Silicon Carbide

1.1 A General Introduction to Silicon Carbide

Silicon carbide is a compound semiconductor. Given its nature of strong mostly covalent
bonding between silicon and carbon atom, it has good stability under high radiation and
chemical environments [1-2].

Silicon carbide is also one of the third-generation semiconductors, along with gallium
nitride, zinc oxide and some other wide bandgap semiconductors, are promising materials

that can be used for current and future power conversion and energy network [3].
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This feature of wide band gap in SiC polytypes makes it suitable for high temperature
application and allows a control of a wide service temperature due to low intrinsic carrier
concentration [4]. Compared to silicon, the band gap and electric break down field is many
times higher in silicon carbide [5]. Applications of silicon carbide in devices such as metal
oxide semiconductor field effect transistors (MOSFET) and bipolar junction transistors
(BJT) have proven its value in power electrons [6-9].

In addition to the benefit of high switching frequency and break down voltage [4], the wide
band gap of silicon carbide also allows it to emit photon at a variety of visible wavelengths
that corresponds to the band gap energy of the silicon carbide polytypes [10-12]. Despite
the early discovery of the electroluminescence of silicon carbide in 1907, other group Il1-
V compound semiconductors soon replaced SiC for the purpose of electroluminescence
due to the combined factor from the matured fabrication process of epitaxial growth and
the nature of direct band gap [13].

Another limitation of SiC applications in the LED industry and power electronics is the
device instability caused by crystallographic defects such as deep level colour centers,
partial or perfect dislocations, stacking faults and many others [14-17]. The generation
mechanism of defects and their effects on the device stability will be discussed in the next

chapter.

1.2 Silicon Carbide Polytypes
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As a compound semiconductor, silicon carbide has more than 250 polytypes in nature, such
property is called polytypism [18]. The stacking sequence of silicon carbide bilayers and
the form of the crystal structure varies between each polytype. Among all the polytypes,
3C-SiC, 6H-SiC and 4H-SiC are the most commercially available [2, 8]. Based on
Ramsdell notation, 3C-SiC has a simple cubic (SC) crystal structure as shown in Figure 1.1
on the left with a repeating sequence of ABC, whereas 4H-SiC and 6H-SiC has hexagonal
close-packed (HCP) crystal structure as shown in Figure 1.1 on the right where the stacking

sequence each varies from ABCB to ABCACB.

Figure 1.1: A typical cubic structure and hexagonal structure
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Different from the cubic structure, a hexagonal structure representation is usually in the
four index system, where four axes: a1, az, as and c are used to identify the plane system

and direction.

as

Plane

"%J

Direction

ai

Figure 1.2: Four index system of a hexagonal structure
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The miller indices of a direction inside the four index system can be converted from the
[UVW] in three index system into [uvtw]. Similarly, for a plane (hkl), its miller indices in
four axis system can be converted into (hkil). For instance, for a direction in the three index

system with miller indices [110], as the darkened line in Figure 1.2:

u=§@U—V)=§@—4)=§ (1.1)
v=-QV-U) =2 2-D=3 (1.2)
t=—U+V)=—-1+1) =2 (1.3)
w = nW=0 (1.4)

where n is used to reduce u,v and t into the smallest integer number. By following the
calculation, the direction [110] in the four index system will be [11-20].

For a plane with miller indices (1-10):

h=h=1 (1.5)
k=k=-1 (1.6)
i=—(h+k)=—-(1-1)=0 (1.7)
I=1=0 (1.8)

Therefore, the plane (1-10) is now transformed into (1-100) in the four index system. If the
direction [UVW] lies on plane (hkl), the miller indices of the direction and plane also follow
the relationship of: Uh + Vk + Wl = uh + vk + ti + wl = 0.

The planes a, m and basal plane are colour coded in light grey, dark grey and grey in Figure
1.3 with miller indices of (2-1-10), (0-110) and (0001). Both a and m planes belong to the
prism slip system, whereas the basal plane is the closed-pack plane in the hexagonal system.

5
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Because the silicon carbide epitaxial layer is typically fabricated on or off axis of the (0001)
substrate plane [19], defects on basal plane can severely influence the device stability if it
locates close to the junction. A more detailed discussion about basal plane dislocation will

be introduced in Chapter 2.

C axis

A plane
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Figure 1.3: Planes of hexagonal silicon carbide polytypes

1.3 Material Properties of Silicon Carbide

SiC has a tetrahedral bonding between carbon and silicon atoms, even with the same
chemical composition of half carbon and half silicon, each polytype has its own unique
material properties.

Table 1.1 shows the material property of the most common three polytypes: 3C, 4H, and

6H [2, 18].
Property 3C-SiC 4H-SIiC 6H-SiC
Bandgap Eq
(eV), 300K 2.36 3.26 3.02
Lattice constant (A) 4.36 ca::1360098 0{1:135'0192
Thermal conductivity
(W Cm_lK_l) 3'5 3'5 3'5
Relative permittivity 9.7 10 10
Hole mobility
(cm2V-1s-1) 40 120 90
Electron mobility /[c-axis: 1200 /lc-axis: 100
(cm?vV~1s™1) 1000 : :
1c-axis: 1000 1c-axis: 450
Electron saturation
velocity 107 (cm s™1) 2:5 2 2

Table 1.1: Material properties of SiC polytypes
7
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For 3C-SiC, only one lattice constant exists due to its simple cubic structure. For 4H- and
6H- SiC, however, as a result from the larger distance between each atom along the c axis,
the material property is anisotropic [18]. In this paper, 4H-SiC is studied because it is
commonly applied to the power electronic industry [20-21] due to its outstanding properties
in carrier mobility and relatively low anisotropy compared to 6H-SiC [17] and good
stability at high temperature compared to 3C-SiC as 3C-SiC may transform into 6H-SiC
when temperature is above 2150 °C [22].

The wide band gap gives two major benefits to SiC application, one is that SiC polytypes
have lower intrinsic carrier concentration at room temperature, which is on the order of
10-° cm3 compared to other common semiconductors [16].

Another benefit is that it gives SiC polytypes a trait of photon emission at a range of visible
wavelengths. For 3C-, 4H- and 6H-SiC, the band gaps of 2.36, 3.26 and 3.02 eV have a
corresponding wavelengths of photon emission at approximately 525, 380 and 410 nm,
respectively. Owing to the small energy difference between each polytype, a variation of
stacking sequence is frequently observed from silicon carbide bulk material [23]. This
distinction of emitted photon wavelength can help identify polytype inclusions inside the
matrix.

Figure 1.4 shows a semiconductor with a direct band gap. When electrons from the
conduction band recombine with the holes in the valence band, the photon emitted during
the process has the same or very close to the amount of energy of the band gap of the

material. In the case of 4H-SiC, with the band gap energy of 3.26 eV, if 4H-SiC were direct
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band gap material, the wavelength of photon emitted due to band to band recombination

should be close or equal to 380nm as previously discussed.

Energy Direct
A

Conduction band

Eg Photon emission

Valence band

» Momentum

Figure 1.4: A simplified demonstration of direct band structure



M.A.Sc. Thesis —T. Zhang  McMaster University — Materials Science and Engineering

The most common scenario of 4H-SiC spectra analysis, however, gives a strong peak at

390 nm, this is due to its nature of indirect band gap inside 4H-SiC. As shown in Figure

1.5, due to the misalignment between the top of valence band and the bottom of conduction

band in k space, it requires phonon assistance for radiative recombination to occur. A

relatively small amount of phonon energy will be used for crystal vibration to allow carriers

to overcome the momentum difference and to radiatively recombine to emit photons.

Energy
A

Conduction band

Eg

Indirect

Phonon assistance

Photon emission

Valence band

» Momentum

Figure 1.5: A simplified demonstration of indirect band structure

10
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Due to the involvement of phonon energy, emitted photons will have lower energy
compared to the band gap of the material and it will appear at a higher wavelength in the
spectrum. As mentioned before, the 10 nm offset of spectrum peak in 4H-SiC from 380 nm
to 390 nm is the result of phonon assistance[24]. In this work, this peak at 390 nm has been

well observed for most of the samples and it will be discussed in later Chapters.

1.4 Silicon Carbide PN Junction and Bipolar Junction Transistor

A PN junction is a basic structure in a semiconductor component to supply carriers such as
electrons and holes. The P region consists of a p type dopant (acceptor) that can be ionized
to leave an unoccupied space (holes) where the N region release electrons from a n type
dopant (donor). Due to the gradient of electron and hole concentration, carriers start to
diffuse into the opposite region. Meanwhile, since the dopant from both sides are ionized
near the junction interface, a built in potential is induced and creates a space charged region
that motivates carriers to start to drift. At the condition where no external forces are present
(‘'such as radiation and electrical field ), the carrier drift will counter the diffusion to reach
an equilibrium with a formation of a depletion layer.

For any typical LED, a forward bias is applied to the junction for carriers to constantly

radiatively recombine.

11
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In this paper, to study the effects of defects on the material, several 4H-SiC BJT sample
from GeneSiC are tested with EL spectra and IV characteristics under forward bias. The
minority carrier lifetime in 4H-SIC is controllable by using several types of treatments [25-
26] as Table 1.2 indicates. Electron and hole diffusivity are calculated based on Einstein

relation [27]:

D= ’“‘ZT m (1.9)

where D is the diffusivity of carriers calculated based on ks (Boltzmann’s constant) T
(Temperature), q (electric charge) and p (carrier mobility). The value of p is taken from

Table 1.1. Diffusion length is calculated by:

L = VDt (1.10)

Where L is the diffusion length of carriers, 7 is the carrier lifetime.

12
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Sample type Directions 4H 4H
Carbon-implantation/
Thermal [25]
Treatment Annealing [26]
without with without with
Carrier lifetime
0.69 9.5 3.5 18.5
(1s)
2 —_
(em?®s™) Lc-axis: 26 26 26 26
Diffusion |ength //C'aX|S 464 172 104 240
Ln (um) Lc-axis: 42.4 157 95.4 219
Hole Diffusivity Dp*
3.12 3.12 3.12 3.12
(cm?s™1)
Diffusion length Lp (um) 14.7 54.4 33 76
*At T= 300K

Table 1.2: Lifetime and diffusion length of minority carriers in 4H-SiC under different
treatment

13
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One feature of the as received SiC BJT sample, is the interdigitated structure as shown in

Figure 1.6:

Base (P)

Base contact Emitter contact

|
RN EY EE

mn

Figure 1.6: A demonstration of interdigitation in BJT

A typical BJT consists of three junctions: base, emitter, and collector. In this interdigitated

structure, the base (p-type) and emitter (n-type) intersect with each other periodically.

14
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The electrodes connection is on the top of both base and emitter junctions. A n-type
collector is located underneath such interdigitations. Such structure allows more efficient
and uniform carrier flow as the area of the interface between the PN junction are greatly
increased.

In Chapter 4, such a structure can be observed in the optical image due to the radiative

recombination at the active junction area during the device operation.

15
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Chapter 2

Defect Mechanism and Characterization

in Silicon Carbide

2.1 Major Extended Defects in Silicon Carbide

SiC has been well developed since the advent of epitaxial growth technique for compound
semiconductor production [28-30]. The existence of defects is still quite inevitable as the
presence of defects at the substrate is commonly observed [31], but a high quality wafer
with low dislocation density can be obtained by using a homoepitaxial growth technique
[32].

16
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The extension and conversion of defects from the substrate to the epilayers can occur during
fabrication [33, 34], thus, the reduction of the defect density on substrate is crucial for many
silicon carbide applications.

Major extended defects that negatively affect device performance are shown in Table 2.1

[16, 18]:
Type of defects Direction
Micropipe [0001]
Threading screw dislocation (TSD) [0001]
Threading edge dislocation (TED) [0001]
Stacking faults (SFs) On (0001) plane
Basal plane dislocation (BPD) Likely [11-20]

Table 2.1: Major extended defects inside silicon carbide

The density of micropipes has been greatly reduced with current epitaxial growth
technology since it causes severe device degradation more than other extended defects with
the size in the level of micrometer [35].

As mentioned in Chapter 1, the Miller indices of defects growth direction and location are
vital for one to analyse their effects to the material property and device performance. As in
the case of micropipes, threading screw dislocation (TSD) and threading edge dislocation
(TED), are all grow along the c-axis [0001]. They can penetrate the bulk material from to

the substrate easily due to the alignment with the growth direction [36, 37].

17
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As the name indicates, a basal plane dislocation (BPD), lies on the basal plane (0001). It
can be located between active junctions and can degrade the diode and increases the leakage
current [38-39]. BPD has a similar structure compared to TED, and due to the similarity,
the conversion between those two dislocations is commonly observed [34]. The different
growth direction, however, makes it harder for a basal plane dislocation located in the
substrate to propagate into the epitaxial material [36].

Plastic deformation causes nucleation of BPD with a preferred slip direction along [11-20].

This could result in an extra or missing half plane which originates stacking faults [16].

2.2 Stacking Faults

Stacking faults may originate from defects like TSD and BPD during epitaxial crystal
growth or be induced by carrier recombination during device operation [40-42]. The low
formation energy of stacking faults in silicon carbide makes it more likely to be observed
in silicon carbide polytypes compared to other semiconductor [41], however, the cause of
this is yet unknown. In general, stacking faults can be regards as inclusions of other
polytypes or a planer defect that have a distinctive stacking sequence compared to the bulk
material.

The structure of the band gap varies depending on the crystal orientation where the band
gap energy at the stacking faults is lower compared to the matrix [43-45]. Stacking faults
can therefore behave like a radiative recombination center as the carriers preferably

recombine at lower energy [46]. This not only increases the resistance of the device and the

18
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leakage current but also reduces carrier lifetime and strongly confines the carriers at one
dimension [18].

The generation mechanism of stacking faults is well studied by many : Stacking fault can
be generated during CVD when a perfect basal plane dislocation dissociates into two partial
dislocations and in-between which, stacking faults is formed [47]. Frank type stacking
faults can be generated due to a low ratio conversion from TSD during fabrication [48]. An
intrinsic and extrinsic dislocation loop that encloses stacking faults are as shown in Figure
2.1.

Besides being generated during epitaxial growth, recombination induced dislocation glide

could also cause stacking faults extension [40,43].

19
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0008
1]
$it

segpy
44

Figure 2.1: A simplified diagram showing an intrinsic dislocation loop (top) and an

extrinsic dislocation loop (bottom) that encloses stacking faults

2.3 Surface Defects

In addition to the bulk defects inside SiC, surface defects are also commonly observed.
Defects such as carrot defect, triangular defects and pits all belong to this category [49-50].
Some of the surface defects are composed by other defects, for instance, a triangular defect

may be constructed by a 3C inclusion inside other polytypes [51-52].

20
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Surface defects also reduce carrier lifetime, where carriers can be attracted and recombine
over the region [53]. In the case of a thin film, if the carrier diffusion length is relatively
long, surface recombination could be the main cause of carrier lifetime reduction [54].
Surface passivation can be a useful tool to reduce surface recombination by changing the
carrier concentration at the surface [25,55]. The effect of passivation on the carrier lifetime
can be seen in Chapter 1 Table 1.2. The use of guard rings to prevent surface recombination
is also observed in as received sample.

Optical excitation can also be observed from some of the surface recombination, such that
surface defects generated by electrochemical etching may cause radiative recombination
[56-57]. A white light can be obtained after passivation with aluminum oxide from a porous
silicon carbide [58], where an emission of a blue colour (460 nm) from the oxygen
vacancies and a green (530 nm) emission from carbon related surface defects were obtained
by using anodic etching with HF solution to the silicon carbide.

In this paper, the effect of surface defects that are generated by chemical etching on the

sample EL spectra are discussed in Chapter 3.

21
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2.4 Defects Characterization

The basic idea of defect characterization is either to detect the photon emission over the
faulted region or analyse the interference pattern of the diffracted beam (electron or X-ray).
Extended defects and some of the surface defects can be detected by electro and
photoluminescence owing to their optical properties. The band structure varies from the
matrix due to the presence of those defects where the local band gap energy is lower
compared to the bulk, or else a mid-band gap energy level is generated. Therefore, the
radiative recombination inside the faulted area usually emits photons at a lower energy and
at a higher wavelength such that an extra or dominate emission peak will appear distinct
from the band to band emission in the EL/PL spectra [33, 59, 60].

For instance, in the presence of TSD, a 750-900 nm infrared emission peak is expected [61].
Where in the case of stacking faults, depending on the variation of the stacking sequence,

it has different emission peak as Table 1.2 indicates [41]:

Type of stacking 1SSF
2SSF 3SSF 4SSF
faults Intrinsic Frank SFs
Emission peak (nm) 420 500 480 455-460
Photon energy (eV) 2.95 2.48 2.58 2.70

Table 2.2: Emission peak of varies stacking faults

22
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Transmission electron microscopy (TEM) is another method commonly used to detect
extended defects inside material, as the perfect crystal orientation is destroyed at the
vicinity of the defects, high resolution transmission electron microscopy (HRTEM) can
help identify and locate the defects by directly showing the crystalline structure from the
image which is created based on the interference pattern of the diffracted electron beam
[62].

An indirect method to detect stacking fault formation is by testing sample IV characteristic.
From the derivation of diode equation, ideality factor n follows the relationship :

[ o[- exp (%) (2.1)
where n can be determined by the slope of the log | vs V curve. From the study of compound
I11-V LED material, a value of n that is greater than 2 is often observed from the diode that
has a quantum well structure [63].

Since stacking faults also have a quantum confinement effect on the carriers, therefore, a
similar 1V characteristic is expected for the sample with SFs present.

Other common methods including cathodoluminescence, atomic force microscopy, X-ray
topography and etching pit are also useful for characterizing and locate extended defects
inside material [64-67].

In this work, electroluminescence spectra testing and IV characterization are used to detect

defects.

23
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Chapter 3

Effect of Surface Etching on Spectrum of

4H-SiC

3.1 Sample Preparation and Spectrum Testing

Four SiC samples before and after anodic etching were tested. The purpose of this test is to
detect the effect of etching on a SiC recombination mechanism. The EL spectrum and IV

characteristics are tested by means of the following steps:
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1. Surface exposure:

Four 4H-SiC BJT samples GA05JT12-263, purchased from GenenSiC are tested.

The bare die is embedded inside the package and on top of a copper contact. Since a clear
light output must be seen from the exposed surface to test sample EL spectra, all samples
were cut open with a diamond blade to allow light to exit from the exposed side wall. The
sample was connected to a DC power supply (MTP DC POWER SUPPLY 5003) at 0.2 A

while taking the image as Figure 3.1 illustrates:

Exposed sidewall of SiC

Figure 3.1: Exposed bare die of 4H-SiC BJT sample.
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2.Spectrum testing

After surface exposure, the bare die is ready to be tested by the acquisition of the EL spectra.

The overall set up for spectra testing is illustrated as below:

Select the wavelength
Photodiode /
4 S|+ '
DC Power _
supply

Multimeter

3
[=]
=
[=]
[¢]
=
[+]
3
B
[=]
g

A

Figure 3.2: Set up of spectrum testing

All BJT samples were connected with a DC power supply at 0.2 A during EL spectra testing.
Light exited from the exposed surface was focused by a lens to enter the monochromator
(Optometrics Digital Mini-Chrom monochromator DMC1-03). Where wavelength was
selected. Once the light beam exited the monochromator, it was collected by a photodiode
(THORLABS inc 201/579-7227) and the relative intensity was shown on the multimeter
(HEWLETT PACKARD 34401A) with respect to each wavelength. The range of
wavelengths was selected to be from 370 nm to 600 nm as the majority of the peak in 4H-

SiC spectra are around 390 nm (phonon assisted band to band).
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3.1V testing

IV behavior of Samples 3 and 4 before and after etching were collected by the multimeter.

4.SiC surface etching

13V

E3—
N e

HF

N Y

HF

\_

13V

_|

X

U

Figure 3.3: A demonstration of anodic etching process

As shown in Figure 3.3, each SiC sample underwent same anodic etching to produce a

porous region by using a solution contain 20% concentrated hydrofluoric acid, 75%

distilled water and 5% ethanol by volume. SiC samples were connected with a platinum

plate to a DC power supply at 13 V for 4 minutes.
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5.Image

SEM images shown in Figure 3.4 were taken for analyzing the length of the porous region.

3.2 Data and Observations

MCMASTER - SEI 5.0kV X2,700 WD 7.9mm 10um

Figure 3.4: SEM image showing the bare die at cross-section.

After anodic etching, a porous region from the top surface of the SiC chip appeared as the
light-colored layer in Figure 3.4. The etching depth is assumed universal to all samples as

the etching parameter is same for all samples.
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w T
b

SEI 5.0kV X3,300 WD 11.6mm Tum

Figure 3.5: SEM image showing the porous region

Figure 3.5 shows the SEM image of the porous region from the front view. Surface defects

such as dangling bonds and vacancies are highly expected.
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Spectrum results:

--- Before etching

— After etching

Electroluminescence intensity (arb. units)

370 390 410 430 450 470 490 510 530 550 570 590
Wavelength (nm)

Figure 3.6: Spectrum of sample 1 before and after etching

-+ Before etching

— After etching

Electroluminescence intensity (arb. units)

370 390 410 430 450 470 490 510 530 550 570 590
Wavelength (nm)

Figure 3.7: Spectrum of sample 2 before and after etching
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-+ Before etching

— After etching

Electroluminescence Intensity (arb. units)

370 390 410 430 450 470 490 510 530 550 570 590
Wavelength (nm)

Figure 3.8: Spectrum of sample 3 before and after etching

The spectrum of Sample 4 is not presented in Chapter 3 due to the observation of stacking
faults formation inside the sample. It will be presented in Chapter 5.
3.3 Analysis

1. Spectrum analysis

From the Figure 3.4, the depth of the etching layer from the exposed surface is
approximately 8 to 9 micrometers. Figure 3.6 shows spectra of Sample 1 before and after
etching with a strong peak near 390 nm which indicates phonon assisted band to band

recombination.
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In addition to that, Figure 3.6 also shows a peak centered at 500 nm as a broad green
emission. The cause of this emission before etching is, as of now, not determined from the
literature; one assumption is the boron related point defect, which gives photon emission at
510 nm [68] but does not really explain the intensity. Another is the carbon core partial
dislocations that gives photon emission at 530 to 540 nm [14] which does not really match
the 500 nm peak center.

One unique feature in our as-received sample, however, is the interdigitation of the junction,
which may be the cause of this emission. Considering the stacking sequence may vary at
some of the junction interface due to different dopant and doping level with small thickness.
From the literature review in Chapter 2, recombination due to carbon related surface defects
at the porous region would also cause green light emission [58]. As expected, all samples
show an increased emission around this green region after anodic etching, but the change
of intensity is not universal.

Further analysis suggests this is the result from the distinction on surface treatment as a
guard ring was used by the manufacturer to prevent surface recombination.

In the case of Sample 2, a rougher and deeply ground surface gives the porous region a
direct proximity to the active junction compared to Sample 1. This would allow a higher
chance for carriers of both types (electrons or holes) to diffuse into the porous region and

radiatively recombine over the recombination center introduced by the porous SiC.
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Carrier diffusions are driven by the concentration gradient of the carriers injected across
the p-n junction. The relative increase of green emission with respect to the overall intensity
of peaks indicates only a small portion of carriers were able to diffuse into those regions.
In addition to the spectrum testing, IV characteristics of Sample 3 were tested and presented
in Table 3.1. Sample 3 was cut 50 micrometers away from the surface which is less than
Sample 2 and this makes the porous region enter the active area. Similar to Sample 2,

Sample 3 also shows an increase of green emission after the anodic etching.

Sample Ideality Major recombination mechanisms in
Treatment
number factor** theory

_ Phonon assisted band to band
Light surface o
Sample 1 - recombination
exposure ) . )
Dislocations/stacking faults

Phonon assisted band to band

Deep surface recombination
Sample 2 - ) ) ]
exposure Dislocations/stacking faults, C-
related defects
Phonon assisted band to band
_ 1.320 o
Intermediate recombination
Sample 3 ) ) )
surface exposure 1390 Dislocations/stacking faults, C-

related defects

Table 3.1: Sample preparation and major recombination mechanisms
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2. 1V analysis

--- Before etching — After etching

0.10

Current (A)

0.01

27 271 272 273 2.74 275 2.76 2.77 2.78 2.79 2.8 2.81 2.82
Voltage (V)

Figure 3.9: IV characteristics of sample 3 before and after etching in semi-log scale

For Sample 3, the IV characteristics are represented in semi-log scale for ideality factor
analysis. As for the effect of anodic etching, Sample 3 has no significant difference on
ideality factor. Part of the reason is because Sample 3 surface exposure is not too much so
the carrier diffusion from the junction to the porous region are not too significant.
Differently stated, for Sample 3, even after the etching, the majority of the carrier

recombination still happens at the active junction area instead of the recombination center

induced at the surface.
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Chapter 4

Effect of Microindentation on Spectrum

of 4H-SiC

4.1 Sample Preparation and Spectrum Testing

Three SiC samples before and after microindentation were tested for their EL spectra. The
purpose of this experiment is to detect the effect of defects that were induced or influenced
by the mechanical damage, on SiC EL spectrum and IV characteristics. The EL spectrum

and IV were tested according to the following steps:
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1. Surface exposure:

Three 4H-SIC BJT samples (GA20JT12-263), a newer version of 4H-SiC BJT sample
(GA20JT12-263), purchased from GeneSiC are mounted into an epoxy pack for surface
grinding and polishing. To obtain a clear surface, silicon carbide sandpapers with grit more
than 600 were used. The sample is prepared either polished from the front (parallel to the
interdigitation), or side polished (perpendicular to the interdigitation) as shown in appendix
B. The structure of sample is similar as mentioned in Chapter 1. An oversimplified diagram
of the polishing direction with respect to the junctions of each sample will be illustrated in

the data and observation section.
2. Spectrum testing:

After the clear surface of the bare die was exposed, the EL spectra of each sample was
tested before and after microindentation in two stages. The overall setting for spectrum

testing is illustrated below:

Select the wavelength
/ 7 + 3 Avalan@g_/ /
~ Photodiode
DC Power _ \ ( \ .
supply / \ J Multimeter

Two-lenses system

Figure 4.1: Improved setting of spectrum testing

Jojeuwolyaouo!
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Similar to the setting used in Chapter 3, all three samples were connected with a DC power
supply (MTP DC POWER SUPPLY 5003) at 0.2 A. Light exited from the exposed surface
was further focused by a two-lens system into the monochromator where wavelength were
selected. Once the light beam exited the monochromator, it was collected by an avalanching
photodiode which was connected to a multimeter ( HEWLETT PACKARD 34401A) at 158
V. The relative intensity of all sample before and after each stage of indentation were
collected from the multimeter with respect to each wavelength. The range of wavelength

was selected to be from 370 nm to 600 nm, same as the previous test.

3. 1V testing

IV behavior of Sample 2 and 3 before and after microindentations were collected by the

multimeter.

4. Microindentation

After the EL spectra testing of the exposed sample, each sample was then subjected to a
two stage microindentation. The load applied to the exposed sample surface and the number

of microindentaions at each stage are listed in Table 4.1.
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Number of | Total Number

Sample Load
Exposed die edge 0 Stage 1 After Stage 2
Number (Gram-Force)
Indentation Indentation
lto
Sample 1 90 300 7 13

interdigitations

Relatively L to

Sample 2 100 200 11 22
interdigitations

Table 4.1: Sample preparation for microindentation

Sample 3 is not presented in Chapter 4 and will be discussed in Chapter 5 due to the

observation of stacking faults.

4.2 Data and Observations

Optical images and spectrum results

In addition to the EL spectra of each sample, image illustrates the condition of the sample
treatment is also included in this section along with optic microscopy image are also

presented.

Sample 1:
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Base-emitter interdigitated

electrodes
—_— c-axis
Direction of grind
and polish g =90°
—_—
Direction of

microindentation

—

Figure 4.2: Structure of the sample 1 showing the direction of polish and grind with

respect to the direction of microindentation.

Figure 4.2 shows the inside look of side polishing. The direction of grind and polish are
perpendicular to the c-axis and parallel to the interdigitated electrodes. For Sample 1, the
depth of grinding is not too deep as there was no observation of periodic light stripes
corresponding to the interdigitated structure that was observed from the optical image of

Sample 2 which will be shown in Figure 4.6.
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After the second stage microindentation (total of 13 indents), the sample was connected to

a power supply under an optical microscopy as Figure 4.3 illustrates:

Figure 4.3: Optical image of sample 1 after microindentation with light visible from the

microindentations.

Form the optical image of Sample 1, one can observe a clear light output from the
microindentations. This light was taken into account as part of the EL spectrum after the
indentation along with the light output from the non-faulted region exited from the top of
the structure.

Notice the blue colour seen from the optical image is not the real colour, since the image

was taken under a seperate light source from the optical microscope itself.
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- - Before indentation - Stage 1 indentation Stage 2 indentation
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Figure 4.4: Spectrum of sample 1 before and after each indentation stages

EL spectra of Sample 1 under all stages of microindentations is superimposed into one
image to analyse the change of the location, relative intensity and structure of emission
peaks due to the external stress as shown in Figure 4.4. The 390 nm phonon assisted band

to band recombination along with the 445 nm peak and a broad green emission are present

in the spectrum of Sample 1 and 2.
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Sample 2:
c-axis
7
/I
Z 6 =~ 1002
o
,

Direction of grind -~
and polish \

P4

Direction of

microindentatioA

Figure 4.5: Structure of the sample 2 showing the direction of polish and grind with

respect to the direction of microindentation

Figure 4.5 shows the inside look of another side polishing. The direction of grind and polish
are relatively perpendicular (100°) to the c-axis and relatively parallel to the interdigitated
electrodes. In contrast to Sample 1, the depth of grinding is deeper enough to reach the
interdigitation as the indication of such junction structure can be seen in the optical image

as a periodic light stripes in Figure 4.6.
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After the second stage microindentation (total of 22 indents), the sample was connected to

a power supply under an optical microscopy as Figure 4.6 illustrates:

_
5 . 5

Figure 4.6: Optical image of sample 2 after stage two microindentation with light visible
from the microindentation along with the light stripes indicating the photon emission at the

junction area.

A clear difference in the optical image of Sample 2 compared to Sample 1 are those periodic
light strips which are the result of radiative carrier recombination at the interdigitated
junction. The reason why this can be observed is Sample 2 had an extra 10 degree tilted
angle and was ground deeper during the sample preparation along with the transparance of
the SiC material itself.

The intensity difference between Sample 1 and 2 from the indent in the optical image may

be due to image contrast.
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Figure 4.7: Spectrum of sample 2 before and after each indentation stages

Samilar to Sample 1 EL spectra, a 390 nm phonon assisted band to band recombination

along with the 445 nm peak and a broadened green peak emission are shown as Figure 4.7.

4.2 Analysis

Spectrum analysis

In addition to the broad green emission, the origin of this new peak centered at 445 nm is
also not yet found from the literature review. One theory is that it could be a 4SSFs,
quadruple Shockley stacking faults that emits photons at 455 to 460 nm [41]. The emission

peak from the 4SSFs, however, does not completely match this observation of 445 nm.
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Also, radiative recombination over the area with stacking faults dominates the overall
recombination, as will be discussed in Chapter 5, this 445 nm peak is strong yet not the
strongest among all three peaks existing in the spectra. Therefore, further analysis is

required to understand the mechanism behind this peak.

One more thing to notice is the intensity and tendency of all three peaks under different
condtions are different from Sample 1 to Sample 2. Therefore, EL spectra of Sample 1 and

2 are normalized at 390 nm as shown in Figure 4.8 and 4.9.

- - Before indentation + Stage 1 indentation Stage 2 indentation
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Figure 4.8: Spectrum of sample 1 normalized at 390nm peak
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Figure 4.9: Spectrum of sample 2 normalized at 390nm peak

In general, material undergoes

plastic deformation when temperature is above the brittle to

ductile transition temperature [69]. In the case of 4H-SiC, this temperature would be 1000

to 1200 °C [70]. In this experiment, samples were tested at room temperature, thus only a

limited plastic deformation may occur under microindentation [69].

Excluding the limited plastic deformation, SiC at the surface is more likely to crack during

indentation. This is similar to

the case of anodic etching, where defects such as dangling

bonds and vacancies are expected. Based on the observation from the EL spectra, the

broadening of the green emiss

change of intensity, however, i

ion both occurred in Sample 1 and 2 after indentation. The

s rather the opposite. Since Sample 2 was ground with a 10°
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extra angle, part of the junction has a direct contact to the indented area which may allow
carriers to diffuse and recombine over the mechanically generated surface recombination
center. Where, on the other hand, for Sample 1, because the indent did not penetrate deep,
light exited from the indents adds to the band to band emission. The indentation was
probably more like a window for light to exit than a recombination center.
But the reason behind the distinction on sample spectra could also simply be the result from
the difference of EL response to the carrier injection between each sample. Especially those

BJT samples were not designed for light emitting purpose.

IV analysis

IV characterization of Sample 2 is shown in Figure 4.10 and 4.11 under stage 1 indentation.

0.11

® Before indentation
0.098 ’ *

0086 | @ Afterstage lindentations
0.073

0.061 |

Current (A)

0.049 |

0.037 |

0.024 -

0.012 ="

2.65 266 2669 2679 2.688 2.698 2.707 2717 2726 2736 2.745

Voltage (V)

Figure 4.10: 1V of sample 2 before and after first stage indentation
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Notice that temperature starts to affect the IV characteristic at high current due to phonon

assistance, shown as a steeper slope in Figure 4.10.

0.1
® Before indentation _,’v
® After stage 1 indentations
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0.01 . :
2.65 2.674 2.698 2,721 2.745

Voltage (V)

Figure 4.11: 1V of sample 2 before and after first stage indentation in semi-log scale

The IV characterization of Sample 2 before and after indentation is shown in both scales to
indicate a change of power consumption due to the indentation. Higher power consumption
is expected due to the defects that are newly generated. However, the ideality factor n

seems not much affected by the process as the shape of the slope did not vary significantly.

48



M.A.Sc. Thesis —T. Zhang  McMaster University — Materials Science and Engineering

Chapter 5

Effect of Stacking Faults on Spectrum of

4H-SiC

5.1 Effects of Etching on Spectrum of 4H-SiC with Stacking Faults

Sample a:
EL spectra of Sample 4 from the Chapter 3 were observed with the characteristic of stacking

faults formation. The data of Sample a (4 from the Chapter 3) is shown in Table 5.1.
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y (arb. units)

Electroluminescence Intensit

Sample Major recombination
Treatment Ideality factor
number in theory
Intermediate 4.373 (before)
Sample a Stacking faults

surface exposure 4.711(after)

Table 5.1: Sample preparation and major recombination mechanisms of sample a

--- Before etching

— After etching

390

410 430 450 470 490

Wavelength (nm)

510 530 550

Figure 5.1: Spectrum of sample a before and after etching

Depending on the structure of the stacking fault, carriers recombine at a set of specific

energies as discussed in Chapter 2, which gives photon emission at different wavelength as

shown in Table 2.2.
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Different from all other samples in Chapter 3, the Sample a EL spectra shows a dominant
peak at 420 nm which is believed to support the evidence of formation of single Shockley
stacking faults or intrinsic Frank stacking faults. Due to the strong confinement of the
stacking faults, carriers confined in the structure cannot escape but to recombine at lower
energy compared to the band gap of 4H-SiC. The reduced intensity of 390 nm shoulder
suggests the band-to-band recombination is no longer observable compared to the 420 nm

emission after anodic etching.

IV analysis

The slope of Sample a has a distinction before and after etching with an overall higher
ideality factor compared to other samples in Chapter 3. The increased power consumption
based on the observation from Figure 5.2 indicates the instability and device degradation
induced by the stacking faults along with anodic etching. Also as mentioned in Chapter 2,
a higher ideality factor was discovered from this sample with the value of n more than 4,
which has a similar 1V characteristic to those compound semiconductors that uses quantum

wells for photon emission at selective wavelength [63].
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Figure 5.2: IV of sample a before and after etching in semi-log scale

5.2 Effects of Microindentation on Spectrum of 4H-SiC with Stacking
Faults

Sample b:

Sample b is same as Sample 3 in Chapter 4 which shows a strong emission at 420nm that

corelate to SFs formation.

The treatment of Sample b (3 in Chapter 4) is shown in Table 5.2.
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Load Number of

Sample Exposed die 0 (Gram- Stage 1 Total Number After
Number edge ge - Stage 2 Indentation
Force) |Indentation
I to
Sample b 90 200 11 22

interdigitations

Table 5.2: Sample preparation for microindentation for sample b

c-axis

Direction of grind # =90°
/ and polish /
V4 7/
Direction of

/ microindentatioy
/ /7

Figure 5.3: Structure of the sample b showing the direction of polish and grind with

respect to the direction of microindentation.

Figure 5.3 above shows the inside look of front polishing. The direction of grind and polish
are perpendicular to the c-axis and the interdigitated electrodes. Compared to Sample 2 in

Chapter 4, the structure of the interdigitation cannot be observed due to this viewing angle.
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Notice the change of polishing and grinding direction does not change the material property;
thus, it is not the cause of the 420 nm peak shown later in Figure 5.5.

After the second stage microindentation (total of 22 indents), the sample was connected to

a power supply under an optical microscopy as Figure 5.4 illustrates:

| 200 pm |

Figure 5.4: Optical image of sample b after stage two microindentation

As distinct from Sample 1 and 2, no clear light can be seen from the indents. In the real
image shown in the Appendix, the colour difference between each sample can be observed
clearly. Sample b has a mixed light output as part of the non-faulted region emits light that
are very close to what were observed from other as-received samples.

Also in Appendix, real image of Sample b under different current flow: 0.05 A, 0.13 A and

0.20 A are shown.
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Spectrum analysis
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Figure 5.5: Spectrum of sample b before and after each indentation stages

As opposed to all other sampeles in Chapter 4, a relatively weak 390 nm phonon assisted
band to band recombination along with a dominatnt 420 nm peak are present in the EL
spectra of Sample b as shown in Figure 5.5. The broadened green emission is hardly visible
compare to the other two peaks. This 420 nm peak also indicates a formation of single
Shockley SFs or instrinc Frank SFs inside the material as discussed in previous chapters.

To better compare the influence of microindentation to the Sample b, EL spectra are

normalized at 390 nm as shown in Figure 5.6.
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Figure 5.6: Spectrum of sample b normalized at 390nm peak

A relative increase of 420 nm emission compared to the 390 nm emission can be seen in

Figure 5.6. Nucleation of dislocations and stacking faults extension were previously

observed from a 6H-SiC [62] under nanoindentation at room temperature. This may be the

result of extension of SFs due to microindentation induced dislocation glide or a reduction

of band to band recombination as more defects are introduced into the system.

IV analysis

As the major recombination event in Sample b is different form the non-faulted samples,

the 1V characteristic are also tested to support the statement of the negative impact of

stacking fault to the device stability. Figure 5.7 and 5.8 shows the IV characteristic of

Sample b in two scales.
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Figure 5.7: IV of sample b before and after first stage indentation
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Figure 5.8: IV of sample b before and after first stage indentation in semi-log scale
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Before indentation, the ideality factor n of Sample 3 was 2.12. After indentation, however,
the voltage reading started to fluctuate, especially after Stage 2 indentation. The image
shown in Figures 5.7 and 5.8 were taken when readings were stable. This shows how much
damage stacking faults with a combined influence from the external stress could do to
device stability. Also seen from Figure 5.7, the high current seems did not influence the IV

of Sample b as was expected on those samples without SFs as seen in Figure 4.10.
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Chapter 6

Conclusion

In this work, the EL and IV results of 4H-SiC BJT samples were tested to analyse the effect
of various defects on the spectra. Despite the constantly observed phonon assisted band to
band recombination at 390 nm, other peaks centered at 500 nm and 445 nm were also
detected. Although the mechanism behind those emission peaks is not fully determined,
some speculations were made. Stacking faults observed during testing shows a negative
impact to the device stability. The defects generated by anodic etching and
microindentation broadened the green emission due to the surface defects that also favours

stacking faults as the band to band recombination is further suppressed.
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Chapter 7

Future work

Some other techniques like etch pit, TEM and X-ray analysis are also powerful to
characterize extended defects. Within particular, HRTEM that can locate and show stacking
faults at the atomic level. The future work may include the use of these techniques to

characterize defects and identify the origin of 445 and 500 nm peaks.

60



M.A.Sc. Thesis —T. Zhang  McMaster University — Materials Science and Engineering

In addition to that, point defects potentially generated during fabrication by ion
implantation and doping were not covered and the EL spectra did not include the range of
emission wavelengths associated with some of the point defects, as many of them are closer
to the infra-red region. Those point defects are also worth to study. In particular, colour
centers inside silicon carbide have a great potential on future applications such as quantum

information processes and single photon emitters.
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Appendix A

Microhardness tester

CLEMEX

Image copyright belongs to the department of Materials Science and Engineering
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Appendix B

Polishing direction:

5
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Real images:

Real image of sample 1,2,3 (b in Chapter 5)
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Image of sample 3 (b in Chapter 5) under different flow of current
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