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Abstract
Flash lamp annealing (FLA) is a method of quickly crystallizing large areas
of amorphous silicon, which is a promising alternative to existing low-throughput
laser annealing in the fabrication of low temperature polycrystalline silicon for thin
film transistors in display applications [1]. However, FLA tends to promote dewetting of silicon and randomized void formation during melt-phase crystallization [2].
Chromium underlayers have been successfully used [3] to promote silicon adhesion in
thicker films, but there are many potential interactions between Cr and Si, such as the
formation of silicides and generation of electrical trap states, that may inhibit future
transistor performance. The mechanism and effects of these interactions are not yet
understood. This work investigates the efficacy of chromium adhesion layers in silicon
crystallization by FLA. Various thicknesses and configurations of amorphous silicon,
thin chromium, and silicon dioxide barriers were deposited on glass and subjected to
FLA. The resulting material was analyzed with electron and atomic-probe microscopy
and found to contain a unique repeated pattern of voids, trenches, and SEM-bright
spots at the nanometer scale. Energy-dispersive X-ray spectroscopy confirmed the
distribution of chromium in crystallized films to be discrete Cr-rich agglomerations
50-70 nm in diameter, with little metallic contamination outside of these isolated
areas.
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the bottom of the EBSD mapping. This is likely due to the lower
grains being the edge of the mesa. ImageJ analysis software indicated
that there are approximately 60 large grains with the rest being in the
lower region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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5.11 Optical images of mesas taken from samples without a barrier oxide.
Samples had varying thickness of a-Si with a 6 nm Cr underlayer and
were crystallized with FLA. Mesas were all 120 m x 208 m. (A)
is the 20 nm thick Si no oxide sample, (B) is the 40 nm thick Si no
oxide sample, and (C) is the 60 nm thick Si no oxide sample. All
samples showed a common center ridgeline along with feathered grains
spreading outwards towards the edges of the mesas. Small voids are
present and appear randomly across the surface of the samples . . . .
5.12 10 m x 10 m AFM scans of the 20 nm, 40 nm, and 60 nm Si samples
with a 6 nm cr underlayer and without a barrier oxide layer. Both a
top-down view and an isometric view of each sample is shown. (A) is
the top-down image of the 20 nm thick Si sample and (B) is the corresponding isometric view. (C) is the top-down image of the 40 nm thick
Si sample and (D) is the corresponding isometric view. (E) is the topdown image of the 60 nm thick Si sample and (F) is the corresponding
isometric view. The top-down views clearly show the nano-scale pattern with patterned lines and interwoven dots. The isometric views
show the relatively uniform topography across all three samples with
some grain ridges present. . . . . . . . . . . . . . . . . . . . . . . . .
5.13 SEM images taken of the 20 nm, 40 nm, and 60 nm thick Si samples with a Cr underlayer and without an oxide layer. An accelerating
voltage of 10 kV was used for all SEM images. (A) is the 12.7 kx magnification image of the 20 nm Si sample, (B) is a 28.8 kx magnification
image of the 40 nm Si sample, and (C) is the 27.7 kx magnification
image of the 60 nm Si sample. The same nano texture seen in AFM is
visible in the larger SEM images. Alongside the nano-voids are bright
dots and voids with a halo. . . . . . . . . . . . . . . . . . . . . . . . .
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5.14 EDS mapping of the 20 nm, 40 nm, and 60 nm thick Si samples with
Cr underlayer and without an oxide layer. Halo voids are black, bright
dots are red, no-feature is green, and nano-voids are blue. (A) shows
the chromium Kα counts for the 20 nm Si thick no oxide sample and
(B) shows the corresponding SEM image showing the EDS regions.
(C) shows the chromium Kα counts for the 40 nm Si thick no oxide
sample with (D) illustrating the EDS regions. (E) shows the chromium
Kα counts for the 60 nm Si thick no oxide sample and (F) is an SEM
image of the 60 nm sample showing the EDS regions. EDS mapping of
the 20 nm sample was inconclusive, likely due to the thickness of the
sample. The 40 nm and 60 nm sample had comparable features with
bright dots exhibiting the highest Cr counts . . . . . . . . . . . . . .
5.15 Optical images of mesas taken with samples that had a 6 nm chromium
overlayer. Mesa dimensions are 120 m x 208 m. (A) is the sample
with 60 nm of Si with a 6 nm chromium overlayer. (B) is a 100 nm
Si sample with both a 6 nm chromium overlayer and an underlayer.
Both samples showed the same characteristic center ridgeline. Instead
of feathered pattern the grains spreading across the surface appear to
be grouped into small parallel clumps. The color of these mesas is
likely due to light refraction caused by the barrier oxide layer. . . . .
5.16 10 m x 10 m AFM scans of the a-Si samples with Cr overlayers. (A)
is the top-down image of the 60 nm Si sample with only an overlayer.
(B) is the matching isometric view of the overlayer only sample. (C) is
the top-down image of the 100 nm Si sample with both a Cr underlayer
and overlayer. (D) is the matching isometric view of the combined
over and underlayer sample. These samples are very different with no
nano-scale patterns being shown. The surface of both samples is dotted
with large protrusions. The height of these spikes is much higher in
the combined over-underlayer sample. Additionally, there were small
nano-voids present in the combined over-underlayer sample. These
nano-voids appeared to be similar to the voids from the underlayer
samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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5.17 10 m x 10 m AFM scans of the 60 nm Si chromium overlayer only
sample after being subjected to a chromium etch. (A) is the topdown view post Cr etch and (B) is the isometric view post Cr etch.
The chromium etch removed the majority of the large protrusions seen
earlier. This etch also revealed the presence of the shallower voids
that were different from the nano-voids seen earlier in the combined
over-underlayer sample or underlayer samples. . . . . . . . . . . . . .
5.18 SEM images taken of the chromium overlayer samples with an oxide
layer. A lower accelerating voltage of 2 kV was used to reduce charging
effects. (A) is the sample with a 60 nm Si layer and a 6 nm chromium
overlayer. (B) is a 100 nm Si sample with both a 6nm Cr underlayer
and a 6 nm Cr overlayer. The nano-voids are visible in the combined
over-underlayer sample and not in the overlayer only sample. This
reinforced the notion that the shallow voids appearing in the etched
AFM sample were removed Cr agglomerations. . . . . . . . . . . . . .
5.19 TEM HAADF cross sections of chromium overlayer samples. (A) is
the cross section of the chromium overlayer only sample and (B) is
the cross section of the sample with both a chromium overlayer and
underlayer. Chromium agglomerates were also found to form near the
edges of the Si layer. The combined over-underlayer sample had a large
spike of Cr connecting both the Cr underlayer and overlayer. . . . . .
5.20 EDS chromium mapping of the TEM cross section overlayer samples.
(A) shows the EDS chromium map of overlayer only sample while (B)
shows the EDS chromium map of the sample with both a chromium
overlayer and underlayer. The scale bar of for both images is 100 nm.
Chromium diffusion occurred in both samples with Cr agglomerations
forming near both the proximal and distal sides of the Si layer. The
combined over-underlayer sample had a clearly defined Cr column connecting both deposited Cr layers. . . . . . . . . . . . . . . . . . . . .
5.21 Schematic representation illustrating the nano-scale features found in
samples with a chromium underlayer. The arrows represent the EDS
beams. Green represents the Cr underlayer, purple represents the Cr
agglomerates, and the white trapezoids represent voids. Note that the
hypothetical nano-voids that are presumed to originate at the bottom
oxide interface will be discussed in chapter 6. . . . . . . . . . . . . . .
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Chapter 1
Motivation

Liquid crystal displays (LCD) have been available for over a century but were not
popular due to poor performance. The introduction of thin film transistors (TFT)
allowed LCDs to be used in the majority of consumer electronics such as TVs and
phones [35]. As displays became more mainstream, new materials were introduced
and allowed for the fabrication of TFT displays other than LCDs such as light emitting
diode LED and organic light emitting diode (OLED) displays. The increase in the
global electronics display market is shown in Fig. 1.1.

Figure 1.1: Asia Pacific Electronic Display Market Revenue by Technology, 2012 - 2022
(USD Billion) LCD is liquid crystal display, LED is light emitting diode, OLED is organic
light emitting diode. [4].
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TFTs are manufactured on large substrates with generation abbreviated as Gen.
The first generation of substrates began in 1990 with Gen 1 to Gen 5 focusing primarily on smaller notebook and desktop monitors. It was not until Gen 6 that substrates
were large enough to manufacture large TV panel sized displays [5]. Gen 6 allowed
for the fabrication of 32 inch displays while Gen 7 and Gen 8 allowed for even larger
46 inch and 52 inch TVs. The increase in substrate size is shown below in Table 1.1.
Gen 10+ substrates exist but are not as commercially adopted as Gen 10.
Table 1.1: Evolution of display glass over the years with sizes [5].

Size

Date

(L x W, cm)

Introduced

1

30 x 40

1990

2

37 x 47

1993

3

55 x 65

1995

3.5

60 x 72

-

4

68 x 88

2000

4.5

73 x 92

-

5

110 x 130

2002

5.5

130 x 150

-

6

150 x 180

2003

7

187 x 220

2004

7.5

195 x 225

2005

8

220 x 250

2006

10

288 x 313

2009

Generation

The trend of increasing substrate sizes continued over the years, resulting in larger
display sizes and cheaper devices. The scaling of glass substrates allowed for an economy of scale in manufacturing [5]. A single large substrate can be used to fabricate
2
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several smaller displays. Depending on the display size, different portions of the substrate can be separated into individual displays. For example, a Gen 10 substrate
can be used to manufacture twenty-eight 32-inch panels, fifteen 42-inch panels, or
six 65-inch panels. Fig. 1.2 is a presentative illustration of how a large Gen 10 glass
substrate can be divided into several individual displays.

Figure 1.2: A Gen 10 large glass substrate. Several different display arranged onto the
single substrate such as twenty eight 32 inch panels, fifteen 42 inch panels, and six 65 inch
panels [5].

1.1

TFT Technologies

Commercial TFT Technologies currently utilize three different types of materials;
hydrogenated amorphous silicon (a-Si), oxide semiconductors (oxide), and low temperature polycrystalline silicon (LTPS) [36, 37]. Fig. 1.3 is an illustration that shows
the advantages and disadvantages of each material [6]. At a glance oxide TFTs appear
to be best, though this is misleading.
The leading TFT technology is a-Si since this material is well established in microelectronics and is predictable. Amorphous silicon allows for cheap and easy to
manufacture displays as long as the TFTs are not too demanding. Oxide and LTPS
3
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are alternative materials for high refresh and high-resolution displays when a-Si is
insufficient [6]. LTPS and oxide TFTs are high performing though oxide technologies
more easily scale to Gen 8 while LTPS does not. Choosing between these materials
mostly depends on the size of the display being fabricated.

Figure 1.3: Backplane comparison of typical TFT technologies [6]. A-Si is hydrogenated
amorphous silicon; CMOS is a complementary metal-oxide semiconductor, and LTPS is low
temperature polycrystalline silicon.

1.2

Amorphous Silicon

Hydrogenated amorphous silicon (a-Si) has dominated the display market for years
and has allowed flat panel displays to overshadow cathode-ray tube (CRT) displays.
The ease of manufacturing a-Si TFTs has allowed a-Si devices to become the leading display technology despite the performance limitation [38]. Amorphous silicon is
commonly deposited with a plasma enhanced chemical vapor deposition (PECVD)
process that allows for excellent reproducibility. This PECVD process is highly scalable and allows for a-Si to be deposited in excess of 10 m2 in single runs which makes
it ideal for larger Gen 10 substrates [38].
Another significant advantage of a-Si is the dominance of silicon in microelectronics. Within the microelectronics industry, silicon fabrication processes are well
established and understood. Fabrication of a-Si devices can be done using as few
as three lithography masks. With a wealth of knowledge regarding this material,
4
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this allows for engineering solutions to be potentially adapted to a-Si electronics [38].
Being an amorphous structure, a-Si contains no grain boundaries or any long-range
order. This allows for high device uniformity [38] which is important for displays since
displays are comprised of TFTs. Any nonuniformity would result in a sub-optimal
display image.
The disadvantage of a-Si being an amorphous material is the presence of weak
Si-Si bonds and dangling bonds which lead to defects. This impacts the electron
mobility of a-Si which is approximately three orders of magnitude lower than that
of crystalline silicon. This limits the switching speed of a-Si TFTs [38]. Another
issue with a-Si is that the threshold voltage changes when a bias is applied to the
gate of the device. This results in a metastable shift in threshold voltage (Vth ). This
does not affect traditional switching applications such as LCDs but poses an issue in
new technologies such as active matrix organic light emitting diodes (AMOLED). In
AMOLED displays, the TFT is an analog device and needs to withstand prolonged
voltages [39, 40].
The mechanism behind this threshold voltage instability in a-Si TFTs is from
defect state creation and charge trapping [40]. The defect state is due to danglingbonds in the active a-Si layer which largely occur at lower positive bias voltages (e.g.,
<25 V) [41]. Charge trapping occurs at the gate interface through an accumulation of
electrons at voltages higher than 25 V [40,42,43]. These electrons reside in conduction
band-tail states which are weak Si-Si bonds [39]. These bonds can break to form dangling silicon bonds which form deep state defects in the mobility gap [44–46]. These
issues limit the application of a-Si in future high-performance display technologies.

1.3

Indium Galium Zinc Oxide Semiconductors

Oxide semiconductors are a promising technology for high-performance displays [47].
In late 2004 the first successful oxide TFT was fabricated using amorphous indium5
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galium-zinc-oxide (IGZO) and pulsed laser deposition (PLD). IGZO is an oxide composite made up of In2 O3 , Ga2 O3 , and ZnO. Current oxide TFTs are fabricated with
RF/AC/DC sputtering and post-deposition thermal annealing which allows for scalability with large substrates [48–54]. Fabrication of oxide TFTs is similar to that of
a-Si, involving 4-5 photolithography masks.
In contrast to a-Si, IGZO is not affected by distorted metal-oxygen-metal bonds
due to its unique band structure [55]. This allows for high mobilities of ( >10
cm2 /V·sec) in the amorphous phase. IGZO TFTs fabricated by [56,57] have reported
field effect mobilities of 17 cm2 /V·sec. Challenges facing oxide TFTs are long-term
stability under voltage stress. Examinations on device reliability have been addressed
with compensation driving methods where any variations in threshold voltage are adjusted locally. LG Display has developed compensation methods which are done
externally with a driver [58]. These improvements are critical for oxide TFTs to be
used in practical applications.
Additionally, oxide TFTs are very sensitive during deposition. An improper arrangement of sputter targets can result in nonuniformity [55]. This nonuniformity
appears as periodic changes to the film properties [58]. These nonuniformity issues
are addressed with process optimization and by directly controlling ion bombardment
direction. This allows for uniform TFTs used in many of today’s electronics.

1.4

Low Temperature Polycrystalline Silicon

Work on LTPS TFTs began in the 1980s and started production in the 1990s. At
the time, LTPS was expensive to manufacture so LTPS TFTs were only used in very
small high-end applications such as digital cameras and mobile phones [7]. As demand
for high performance displays increased and higher pixel densities of >300 pixels per
inch (ppi) became common, LTPS saw widespread adaptation [7].
The first AMOLED panels utilized LTPS backplane technology. A schematic
6
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illustration of an LTPS TFT is shown in Fig. 1.4. A SiO2 barrier is used to prevent
dopants from the glass substrate from contaminating the device. Then an a-Si film
is deposited and crystallized into polycrystalline silicon (LTPS). This crystallization
is usually done with an excimer laser anneal (ELA) shown in Fig. 1.5. Following an
anneal, the gate is formed along with the source and drain contacts. This process
will be expanded upon in later sections.

Figure 1.4: Schematic illustration of an LTPS fabrication scheme. First, a barrier layer
of SiO2 is used to prevent dopant migration from the glass. Then a-Si is deposited and
crystallized. The crystallization process of a-Si into LTPS is shown below in Fig. 1.5 [7].
After the formation of the polycrystalline silicon, the rest of the device is manufactured
with a gate and metal contacts. W/L are the specific parameters regarding the fabricated
device.

Figure 1.5: Schematic illustration of a conventional ELA process in LTPS [7]. The deposited a-Si is subjected to an XeCl laser which crystallizes the laser into polycrystalline
silicon. Following this anneal, additional fabrication of the device processes in Fig. 1.4

1.5

Motivation Summary

New materials such as a-Si, oxide, and LTPS have greatly advanced TFT technology.
These materials have commercialized TFT displays and allowed the market to expand
greatly over the years. Larger substrates have helped the industry keep up with the
increased demand for cheaper and better performing displays. Amorphous silicon has
long been the backbone for TFTs by being cheap to manufacture and highly scalable.
7
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As higher performance devices became more mainstream, a-Si has become less viable.
Oxide TFTs are a high-performance alternative to a-Si as oxide technology is highly
scalable. A potential downside for oxide TFTs are the cost and sensitive conditions
required to manufacture quality devices. LTPS is a high-performance alternative
to a-Si and is commonly crystallized with ELA. The downside of LTPS is the ELA
process as ELA is expensive and localized. Scaling ELA is very expensive which
results in LTPS being less suitable for large substrates compared to oxide TFTs.
Other methods of annealing would allow LTPS to be low cost and scalable. There
are alternative forms of annealing LTPS which will be expanded upon in following
sections.
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Crystallization of Low Temperature Polycrystalline Silicon

LTPS TFTs involve the fabrication of polycrystalline silicon on glass substrates.
These glass substrates cannot be exposed to temperatures exceeding 600◦ C during
crystallization. Manufacturing of an LTPS TFT begins with an amorphous silicon
film being deposited, usually via PECVD, onto the substrate. Crystallization of the
a-Si can then be done in several different ways: solid phase crystallization (SPC) via
furnace annealing or rapid thermal annealing (RTA), excimer laser annealing (ELA),
or flash lamp annealing (FLA). A comparison of RTA, ELA, and FLA is shown in
Fig. 2.1. SPC will be discussed separately in greater detail.

Figure 2.1: Comparison of different annealing techniques [8]. Rapid thermal annealing
uses halogen lamps that heat the entirely of the wafer. Flash lamp annealing uses a burst
of light from a xenon lamp to quickly heat one side of the wafer. Laser annealing involves
a pinpoint laser that heats a small area of the wafer at a time.

9
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2.1

Solid-Phase Crystallization

Polycrystalline silicon TFTs are fabricated on inexpensive glass substrates with an aSi film deposited onto the glass via PECVD. The film is then annealed with one of the
methods shown in Fig. 2.1 [59]. SPC is not shown in Fig. 2.1 since it is an uncommon
method for annealing a-Si. SPC is often done with a furnace anneal which may take
an extremely long time due to the thermal limit of the glass substrate. Process times
with SPC are often in excess of 75 hours [60].
To address these process times, two alternatives have been used, RTA and metal
induced crystallization (MIC) [55]. RTA is an alternative to furnace annealing which
uses halogen lamps to quickly heat the entire substrate. This process can damage
the glass substrates due to the high temperatures used [61, 62]. Shorter RTA process
times are able to reduce the substrate damage. A 5 minute RTA at 750◦ has been
shown to result in the substrate warping [63].

2.2

Metal Induced Crystallization

Metals in contact with a-Si are able to induce crystallization at lower temperatures
in a process known as MIC. A MIC process can occur at temperatures as low as
120◦ C and was first observed more than 40 years ago for amorphous germanium [64].
MIC was later found to work with a-Si [65]. As a result of numerous studies done on
MIC [66–68], several metals have been found to considerably reduce the crystallization
temperatures of a-Si. The MIC temperatures and occurrences of metal silicide phases
of a-Si are indicated in Table 2.1. The largest challenge for MIC is that the metal
catalyst responsible for reducing crystallization temperatures contaminates the silicon
material and can cause large leakage currents [55]. The metal must be removed after
MIC has occurred and this complication is why MIC has not been widely adopted by
the display industry.
10
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Table 2.1: Table showing the occurrences of the various silicide phases during MIC.
Metals that reduce the crystallization temperatures are groups 10, 11, 12, 13, 14, 15. The
metallic groups 1, 2, 3 have never been reported to induce crystallization in amorphous
semiconductors. Values were taken from [12] with individual sources therein. n.a stands
for not available values.

MIC Temperature

◦

C

In-situ

In-situ

XRD

TEM

Pure a-Si

790

710

741

Au

207

130

180

Metal

DSC

Silicides

Activation

before MIC

(eV)

-

3.4 , 4.2

Au4 Si Au3 Si;

1.7

no silicide
Al

277

150, 175

170

no silicide

1.2, 1.23, 1.4

Cu

429

485

n.a.

Cu3 Si

2.2

Ni

589

430, 484

n.a.

NiSi2

3.5

Cr

723-765

n.a.

n.a.

Si rich silicide

n.a.

phase Crx Siy

Depending on the compound phases of the metal-semiconductor, there are two
categories of MIC process, A and B. Category A is a low temperature MIC processing
involving post transition metals along with Au and Ag. Metal induced layer exchange
(MILE) often occurs with A MIC [12]. Category B is MIC process that involves
refractory metals and post transition metals that are not Ag or Au. MIC temperatures
are considerably higher in B than those in A.
A schematic showing the MIC A process is shown in Fig. 2.2 for an Al/a-Si layer
system. Category A forming MIC initiated at the amorphous/metal semiconductor
interface and at the grain boundaries of the metal [9, 69, 70]. The high angle grain
boundaries are wetted by a-Si in Fig. 2.2(A). Next, the a-Si crystallizes exclusively
at the grain boundary when temperatures exceed 140◦ C. Polycrystalline silicon nu11
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cleation at the interface of Al/a-Si is not possible at lower temperatures with only
partial wetting observed [12]. Wetting of the Al grain boundary by a-Si at temperatures below 140◦ C and at 140◦ C are shown in Fig. 2.2(B). The cross-sectional view
of the Al grain boundary with crystalline silicon (c-Si) nucleation when imaged via
an in-situ HRTEM is shown in Fig. 2.2(C).

Figure 2.2: (A) Schematic illustration of Al induced crystallization of a-Si in c-Al/aSi bilayers [9]. (B) In-situ heating valence energy filtered TEM observation of al grain
boundary wetting by a-Si during annealing of 100 nm Al/150 nm a-Si bilayer at 120◦ C.
Compete wetting of the Al grain boundary is finished at 140◦ C [10]. (C) In-situ HRTEM
cross sectional view of the nucleation of c-Si at a high angle Al at 150◦ C. (D) In-situ
valence energy-filtered TEM cross sectional observation of 150 nm a-Si/100 nm Al bilayer
2ith 240◦ C heating. Heating at 280◦ C shows that the Si and Al sublayers have exchanged
their locations; layer exchange has occurred [11].

Crystallization and growth of Si and the Al grain boundary result in compressive
stress in the Al sublayer and tensile stress in the a-Si sublayer. A diffusion potential
gradient allows for Al atoms in the Al sublayer to move towards the adjacent a-Si
sublayer, thus dissolving the original Al grains in the original Al sublayer [12]. These
dissolved Al atoms form into Al plumes in the a-Si sublayer shown in Fig. 2.2(D).
These Al plumes move upward within the a-Si layer and grow by collecting Al from
12
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the Al bottom layer [12]. After the Si and Al layers exchange places at 280◦ C, MILE
occurs.
A schematic showing the MIC B process is shown in Fig. 2.3 for a Ni/a-Si layer
system. After heating the Ni/a-Si bilayer, Ni reacts with the a-Si and forms NiSi2
in Fig. 2.3(A). Polycrystalline silicon then nucleates at the interface of NiSi2 and aSi with further crystallization of c-Si occurring with the migration of NiSi2 into the
a-Si film [12]. This leaves behind needle-like c-Si formations in its wake shown in
Fig. 2.3(B). Direct TEM observation is shown in Fig. 2.3(B). NiSi2 induced growth
of Si crystallites continues until the whole a-Si layer has crystallized, Fig. 2.3(C). As
a result of this growth mechanism, metal induced lateral growth often occurs in the
category B MIC process [12]. Fig. 2.3(D) and Fig. 2.3(E) show the lateral migration
of crystallization inducing silicide that is parallel to the film in the MIC process.

Figure 2.3: (A) Schematic illustration of the mechanism of metal induced crystallization
of a-Si in Ni/a-Si bilayers. Ni reacts with a-Si to from NiSi2 with c-Si nucleating at the
interface between NiSi2 and a-Si. [12]. (B) TEM bright field imaging of a migrating NiSi2
precipitate with c-Si in its wake [13]. (C) TEM images of metal induced crystallization a-Si
film at 400◦ C for 10 mins (left) and 30 minutes (right). Continuous crystallization of a-Si
is due to the NiSi2 induced growth of Si crystallites in the a-Si film [13]. (D) 4 nm layer
of palladium causing metal included lateral crystallization of a 150 nm thick a-Si film after
a 500◦ c anneal for 5 hours [14]. (E) 5 nm layer of nickel causing metal included lateral
crystallization of a 100 nm thick a-Si film after a 500◦ C anneal for 7 hours [15].
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2.3

Excimer Laser Annealing

The most common method for crystallizing LTPS is excimer laser annealing (ELA).
Excimer-based annealing uses gas lasers operating in the ultraviolet range from 193351 nm [16]. The preferred lasers used for ELA are XeCl with a wavelength of 308 nm
or KrF with a wavelength of 248 nm. These lasers are pulsed as the molecules decay
after emission. Typical durations are 30 ns with a repetition frequency of 600 HZ [71].
ELA crystallization is done by scanning a narrow UV laser across a glass substrate coated with an a-Si film. Because the laser only affects the surface, the entire
substrate can be kept at a low temperature during the anneal [55]. This allows for
glass substrates to be annealed without damage. The laser can pulse a region up to
20 more times during crystallization and multiple shots are crucial in improving the
uniformity of the LTPS film [55].
Excimer laser technology crystallizes the a-Si by inducing melting through the
melting regime. A schematic of this process is shown in Fig. 2.4. Initial irradiation
results in a partial melt of the amorphous layer. This partially melted film has a
stratified appearance with mid-sized 100 nm grains on top and an amorphous region
below. As the film continues to melt, solid islands appear underneath the film. These
islands later seed the growth of larger 300 nm grains as the film cools. As these grains
form throughout the entire layer, the stratification vanishes. This process yields
uniform TFTs with high mobilities of 100 cm2 /V·sec along with stable threshold
voltages. Such excellent electrical properties are why ELA LTPS was utilized for the
first commercialized backplanes for AMOLEDs [55].

14

Chapter 2. Crystallization of Low Temperature Polycrystalline Silicon

Figure 2.4: A schematic illustration of an ELA process [16]. The three melting phases
of a-Si are shown during laser irradiation, i) partial melting due to irradiation, ii) mostly
molten with small solids remaining, and iii) completely molten before crystallization into a
polycrystalline silicon grain structure.

Though recent years have allowed precise control of the laser process, only small
areas can be crystallized at a time. Adding additional excimer lasers to scale an ELA
process reduces the time but dramatically increases the cost and complexity [55].
This makes it difficult for ELA to crystallize large substrates such as Gen 10.
Alternative solutions such as a blue laser annealing (BLA) provide a promising
solution to address the scalability issues of typical gas based XeCl excimer lasers
while remaining low cost [72–77]. With a wavelength of 440 nm, the blue diode laser
has a deeper penetration depth of 22 nm compared to the penetration depth of 6 nm
for XeCl at with a wavelength of 308 nm [17]. The longer penetration depth of BLA
results in volumetric heating dominating the melting process of a-Si [17]. This allows

µ

for lateral grain sizes larger than 10 m. The time scale of BLA means that the

µ

thermal diffusion length of BLA is approximately 1 s. This can result in texturing
of the glass substrate despite thermal buffering layers. Texturing of the glass can be
suppressed by optimizing the scanning speed of the laser which results in only minor
deformation to the glass substrate.
15

Chapter 2. Crystallization of Low Temperature Polycrystalline Silicon

Work by Park, et. al. has fabricated devices using a BLA process. An a-Si film
was first deposited onto a 400 nm thick SiO2 buffer layer on a glass substrate. The
a-Si film was then dehydrogenated before being crystallized via BLA with an optical
power of 4.61 W +/- 0.2 W and a scanning speed of 75 mm s−1 . Three distinct regions
were formed and are shown below in Fig. 2.5.
Zone 1 consists of fine-grained Si which fully melts at 1147◦ C due to heat originating from zone 2. This region only had fine grains due to the heat loss to the
substrate. Zone 2 contains hundreds of nm sized crystals due to more absorption
from the laser source. This region is fully melted into liquid Si but still below the
equilibrium melting point of crystalline Si at 1412◦ C. Zone 3 is directly heated from
the laser. This superheats the region above the equilibrium melting point and forms
directional crystal growth. These crystals elongate alongside the scanning direction
of the laser [17]. These results are comparable to ELA LTPS and are promising for
the future of BLA. However, subsequent analysis of BLA is needed. Mitigation of
thermal deformation is crucial for BLA to be used in manufacturing.

Figure 2.5: An overlay showing the three different zones fabricated by the BLA process.
Zone 1 is the fine-grained regime, zone 2 contains hundreds of nanometer sized crystals, and
zone 3 is a directional crystal growth regime [17]. The total length of the zones is 200 µm.
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2.4

Flash Lamp Annealing

Flash lamp annealing (FLA) with xenon-filled lamps in the millisecond range is a key
technology for thermal processing. FLA development and research were primarily
done in the mid-seventies with the first publication on FLA by Kachurin and Nidaev
[78] from the Academy of Sciences at Novosibrisk. FLA pulse lamps were compared
against ruby lasers when activating 80 keV, 10 cm−2 phosphorus implants [8].
An FLA tool is a straightforward machine with a process chamber that contains
a susceptor for a thin substrate, an optical reflector, a preheating system, and a bank
of isolated Xe flash lamps. The flash lamps are isolated from the process chamber
in order to protect the lamps from the sample in case of evaporated material. The
preheating system consists of halogen lamps or a conventional hotplate to achieve the
required surface temperature necessary for FLA. Heating the backside of the wafer
before annealing is done to reduce the amount of additional energy needed for a-Si
to melt [8]. A basic schematic diagram of the FLA system is shown in Fig. 2.6.

Figure 2.6: Schematic representation of FLA system [8, 18]. Wafers are inserted into the
reflective chamber and heated with either a hot plate or halogen lamp as they are subjected
to the FLA process.
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The temperature profile of FLA depends on the lamp characteristics as well as
the optical and thermal properties of the material used. Due to the variety of factors
involved in FLA, determining the actual temperature of the sample is difficult. The
optical constants and material geometry determine the amount of light that is reflected, absorbed, or transmitted in the case of transparent substrates. For example,
a blank Si and Ge surface is able to reflect 45% and 59% of the light emitted by
FLA [8]. Modifying the impact of FLA reflections on a sample is possible as added
oxide layers are able to increase the absorptivity and reduce the reflectivity.
Current rapid thermal annealing and furnace annealing processes are not suited
for temperature sensitive substrates and are best reserved for bulk substrates with
high thermal conductivities [8]. Excimer laser annealing is able to precisely deliver
high amounts of surface energy without damaging the glass substrate though the
process is very slow. As the laser is a millimeter in size, scaling to larger substrate
sizes becomes very expensive. Fig. 2.7 shows a comparison of different annealing
methods in a temperature time process space [8]. Rapid thermal processing (RTP) is
analogous to rapid thermal processing (RTA).

Figure 2.7: Anneal temperature-time comparison of LA, FLA, RTP, and furnace annealing
[19]. RTP is comparable to an RTA process. FLA provides advantages over conventional
thermal process by filling the gap between laser annealing and RTA.
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Flash lamp annealing is a promising solution that bridges the void between a
conventional ELA process and a RTA process. Though primarily used for doping
ultra-shallow junctions, FLA can also be used as an alternative way to crystallize
LTPS a-Si [79]. One of the key advantages of FLA is its ability to rapidly crystallize
a large area of a-Si without affecting the rest of the substrate. Thin-film devices
crystallized with FLA are a cost-effective alternative to ELA. Devices manufactured
with an FLA process had channel mobility values as high as 140 cm2 /V·sec and 380
cm2 /V·sec for PMOS and NMOS devices [18].

2.5

Thermal Diffusivity and Thermal Response Times of Various Annealing Methods

As chips were miniaturized following Moore’s Law, millisecond thermal processing
became more important. The three main techniques for short annealing methods are
ELA, RTA, and FLA. A comparison table of these annealing methods was shown
earlier in Fig. 2.1. RTA is in the range of 1-100 seconds, FLA is in the range of
100 seconds to 100 microseconds, and laser annealing is in the nanosecond range and
lower. The specific application of the anneal along with the material determines the
specific annealing method. A useful way to determine this is with Equation (2.1),
Equation (2.2), and Equation (2.3).

τth =

S2
Dth

(2.1)

Dth =

λ
ρCp

(2.2)

tλ
Cp ρ

(2.3)

s
S=
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These variables are defined from reference [8]. τth is the thermal response time,
S is the thermal diffusion length, Dth is the thermal diffusivity, λ is the thermal
conductivity, ρ is the mass density, and Cp is the specific heat capacity. The variable
of interest is S since it commonly refers to the wafer thickness or the width of a
specific doping profile.
The thermal diffusivity of silicon wafer ranges between 0.9 cm2 s−1 at room temperature and 0.09 cm2 s−1 at 1326◦ C. This results in a thermal response time of 3

µ

and 30 ms when the wafer is 525 m thick [8]. Fig. 2.8 is a representation of the
thermal diffusivity and thermal conductivity of a silicon wafer when the thickness is

µ

700 m [20]. It is important to note that the thermal diffusivity for a wafer is very
different when compared to a thin film. The S value of a TFT is orders of magnitude
smaller.

Figure 2.8: Thermophysical properties of a silicon wafer in a temperature range from -100
to 600◦ C [20]. Measurements were taken from a LFA 457 Microflash and a DSC 204 F1
Phoenix. Standard deviation of the data points was less than 1%.

Being an isothermal process, RTA has a much shorter τth in comparison to the
anneal time [8]. The energy in RTA is usually supplied by halogen lamps that heat
both the front and the back side of the wafer at the same temperature. The annealing

20

Chapter 2. Crystallization of Low Temperature Polycrystalline Silicon

time is long enough to level out any transient temperature differences that arise. In
FLA, the anneal time is the same as the τth . This means that even if the backside
of the wafer is heated, the front of the wafer will still have a significantly higher
temperature. The energy is supplied from broad spectrum Xe lamps [21], with a
maximum in the blue-violet spectral region. The Xe emission spectrum is shown in
Fig. 2.9. The thermal and optical properties of the substrate can sometimes result in
a surface pattern effect.

Figure 2.9: Emission spectrum of Xenon flash lamp with optical absorption spectrum of
silicon [21].

Since both RTA and FLA are short processing steps, they are well suited for large
scale manufacturing. Laser annealing is different from both RTA and FLA in that it is
an adiabatic process; τth is longer than the annealing time [8]. ELA melts a thin layer
of the wafer while the rest of the wafer remains at room temperature. Interference is
significant since ELA requires the use of a monochromatic laser. Though the anneal
time is fast, the total processing time is longer as the laser beam must be scanned
over the entire surface of the wafer, making it not ideal for large substrates such as
Gen 10.
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2.6

Explosive Crystallization of Amorphous Silicon

The rapid crystallization of amorphous semiconductors can result in the generation
of latent heat. This latent heat can induce additional crystallization of an amorphous
material. This creates a positive feedback loop that propagates a self-sustaining
crystallization process [22]. This method of crystallization is known as explosive
crystallization (EC). An EC process involves a crystallization front that moves laterally through the amorphous layer with a self-sustaining temperature wave [22].
EC was first investigated in amorphous silicon by applying scanned continuous wave
lasers [80–82], Nd lasers [83–85] or ruby lasers [86]. There are four types of explosive
crystallization processes, explosive solid-phase nucleation, explosive solid-phase epitaxy, explosive liquid phase nucleation, and explosive liquid phase epitaxy. Explosive
liquid phase epitaxy is the most common type of EC. In this process, amorphous
silicon is crystallized with two connected lateral fronts [22]. One front is amorphous
liquid, and the other front is liquid-crystalline. There are two ways an explosive crystallization process is initiated. The first is a spontaneous ignition and the second is
a controlled ignition.
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In a spontaneous ignition, the crystallization process is initiated by the beam
spot of a laser [22]. The crystallization fronts then emerge laterally from the center
of this region. The propagation of several different fronts results in collisions and the
formation of grain boundaries. A spontaneous ignition event with multiple grains is
shown in Fig. 2.10.

Figure 2.10: A dark field optical micrograph showing an explosive liquid phase epitaxy
crystallization process in a Si layer using a spontaneous ignition [22].Multiple propagating
crystallization fronts have collided into angled lines.

In a controlled ignition, a combination of laser pulses on the order of milliseconds
and nanoseconds is used. The initial crystallization is initiated with a nanosecond
laser [22]. This allows for the crystallization front to spread over a much larger area.
Subsequent crystallization is continued with a microsecond laser pulse until the laser
is shut off. A controlled ignition process is shown in Fig. 2.11.

Figure 2.11: A dark field optical micrograph showing the surface of a sample after irradiation. Laser pulses in the nanosecond and microsecond range were used. Explosive
crystallization was stopped after 94 µs. The initial ignition spot is visible in the upper
left [22].
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Explosive crystallization has also been demonstrated in FLA films. Work by the
Ohdaria group encountered rapid lateral crystallization of micrometer thick a-Si films
deposited on glass substrates after an FLA process [23]. A chromium underlayer was
used to promote adhesion and crystallization occurred on the order of meters per
second and started from the edges of the Si films. This edge directed growth is likely
due to sides of the film receiving additional light from the FLA tool. A schematic
illustration is shown in Fig. 2.12. Fig. 2.12(A) shows the light from the FLA affecting
the sides of the sample with a higher intensity due to the orientation of the FLA
lamps. Fig. 2.12(B) shows the resulting edge directed crystallization beginning at the
sides of the a-Si film.

Figure 2.12: (A) schematic image showing the a-Si film being irradiated by an FLA
system. The sides of the sample stack receive more energy due to the angled edges. (B)
shows the potential heat generation across the film due to the flash lamp anneal. The
crystallization starts at the edges due to the sides of the a-Si film receiving more energy
from the lamps [23].

Following FLA, the polycrystalline silicon film contained two characteristic regions. These regions were L and F and are shown in Fig. 2.13, the TEM cross
section. Region L connected the various regions on the surface and consisted of large
grains approximately hundreds of nanometers in size. Region F was below these projections and consisted of fine grains about 10 nm in size. The grains appeared to
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stretch laterally which is evidence of the lateral crystallization front present in EC.
Two separate regions indicated that two different forms of explosive crystallization
had occurred. Region F was governed by nucleation and due to this was formed with
explosive solid phase nucleation. Region L appears to be formed through partial and
complete melting of the a-Si as evidenced by the change in morphology [23]. This
suggests EC methods of explosive solid-phase nucleation and explosive liquid phase
epitaxy.

Figure 2.13: A cross section of the LTPS filmed formed post-FLA. Region L consisted of
large grains and region F consisting of fine grains are shown in (A). The subsequent figures
(B), (C), and (D) are higher magnification areas shown in (A) [23].

2.7

Annealing Methods Summary

Crystallization of a-Si in LTPS must be below 600◦ C in order to prevent damage
to the glass substrate. SPC through furnace anneals are extremely long and are
ineffective at crystallizing bulk a-Si. This process can be sped up by utilizing RTA
but results in damage to the glass substrate. MIC can bypass this thermal limit by
introducing metal impurities which reduce the crystallization temperature. However,
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these metals contaminate the device and may impact final performance if not removed.
ELA is the most common way of crystallizing a-Si. This method is slow but results
in quality TFTs. Scaling this process is exponentially expensive and prevents larger
substrates such as Gen 10 from being used. BLA has a longer penetration depth than
ELA which results in volumetric heating. This can crystallize larger areas than ELA
but results in damage to the glass substrate. FLA is able to quickly crystallize large
areas of a-Si with fast throughput. The FLA process is scalable and low cost. A
potential issue is the formation of an irregular morphology that would pose issues for
smaller devices. Explosive crystallization allows for a self-sustaining crystallization
method than can propagate over the whole device. Depending on the type of EC,
lateral grain growth can vary greatly. There are several different types of EC that
have different forms of crystallization.

26

Chapter 3
Metrology Characterization Techniques

Various methods of metrology were used in this thesis. There are many specialized
chemical and physical characterization techniques each with separate advantages and
disadvantages. These methods include electron beams, ion beams, X-ray, and probe
characterization. The resolution capabilities in the x and y axis of these characterization methods are shown in Fig. 3.1. Electron beams are able to focused down

µ

µ

to 0.1 nm, ion beams can be focused down to 1 m, and X-rays are 100 m and
above [24]. Probes are dependent on specific material applications and have the
potential to offer precise measurements.

Figure 3.1: Diameter capabilities of electron, ion, X-ray, and probe techniques [24]. Electron beams can be focused down to 0.1 nm. Ion beams cover the 1-100 µm ranges. X-rays
have diameters of 100 µm or greater. Probes depend on tip material and scanning method.

27

Chapter 3. Metrology Characterization Techniques

3.1

Scanning Electron Microscopy

The electron microscope extends the resolution for morphology beyond the limitations dictated by the wavelength of light in optical microscopes. An electron beam
(e-beam) is able to produce a highly magnified image of a sample on the order of

µ

0.3 m to 0.1 nm [26]. This allows for much larger magnifications and a higher depth
of focus compared to optical microscopes. The three principal electron microscopes
are scanning, transmission, and emission. Both scanning and transmission microscopes utilize an e-beam impinging on a sample to produce an image. In an emission
microscope, the sample itself is the source of electrons [24]. The main components of
a scanning electron microscope (SEM) are the electron gun, electron collector, lens
system, scanning coils, and a CRT display. Electrons are emitted from the electron
gun which subsequently pass through a series of lenses before being focused onto the
sample. There are several different types of electron sources with tungsten and lanthanum hexaboride (LaB6 ) being common sources. Fig. 3.2. is a schematic showing
the components of an SEM.

Figure 3.2: Schematic showing the components of a scanning electron microscope [25].
Electrons are emitted from an electron gun and pass through a series of lenses which focuses
and scans the electrons across the sample. Due to the various types of electron emissions,
various detectors are used.
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An image in a SEM is created by scanning across the sample surface with a
focused e-beam in a television raster. Line scans are made across the x-axis and at
the end of each line, the beam is reset to the zero of x while the y coordinate is
increased in increments [26]. The total number of pixels corresponds to the number
of points scanned on the sample. Higher resolutions in SEM take longer due to the
increased number of scans. A wide range of signals is emitted when the electron
beam interacts with the sample surface. Fig. 3.3 shows the multitude of emitted
signals generated when an electron beam interacts with a sample. Common detectors
integrated into an SEM include those for secondary electrons, characteristic X-rays,
backscattered electrons, and emitted light [24, 26]. Secondary electrons are ejected
from the surface of the samples due to the inelastic interaction of the e-beam and
sample. These electrons are typically used for SEM imaging. Backscattered electrons
are elastically and inelastically scatted from the probe beam and are used for electron
backscatter diffraction (EBSD). Characteristic x-rays are generated via the excitation
of inner shell electrons and are reserved for electron microprobes. The emitted light
is referred to as cathodoluminescence which is the excitation of valence electrons.

Figure 3.3: Electron beam incident on a sample showing signals generated that are used
for characterization [26]. Secondary) electrons are formed when an e-beam causes an ejection of loose electrons from the conduction band [24]. Auger electrons are emitted in an
intermediate range and backscattered electrons leave the sample after undergoing large angle elastic collisions.
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Preparation of SEM samples is straightforward. The sample has to fit in the
vacuum chamber and must have the ability to conduct electrons away from the surface
in order to reduce chargebuildup. This can be solved in a variety of ways, either
by using a metallic sample or by adding a metallic conductor to a non-conducting
sample in the form of a sputtered film or conductive tape. A conventional SEM image
is formed from secondary electrons which are highly localized and readily detected.
Secondary electrons are affected by the diameter of the electron beam at the sample
surface [26]. SEM is capable of visually showing nano-scale features in great detail.
Fig. 3.4 shows secondary electron SEM images of a FLA 60 nm thick a-Si film with
a 6 nm thick Cr underlayer. The films were deposited onto a SiO2 barrier layer with
a lotus glass substrate. Visible in Fig. 3.4 is a unique texture of voids and trenches.
The different shades of grey indicate the angular surface of the sample. Such small
features are not visible in optical microscopy.

Figure 3.4: SEM image of a flash lamp annealed mesa showing a nano-scale texture
pattern of bright dots, black dots and scattered trenches. The sample stack had 60 nm of
a-Si deposited onto a 6 nm Cr underlayer on a SiO2 barrier oxide layer with a corning lotus
glass substrate. The various shades of grey in the image represent the angles of various
grain boundaries.

30

Chapter 3. Metrology Characterization Techniques

3.2

Electron Backscatter Diffraction

Electron Backscatter Diffraction (EBSD) is a scanning electron microscope (SEM)
based technique. A sample is placed in an SEM and inclined 70 degrees relative to
the electron beam. Accelerated electrons from the electron beam are then diffracted
by atomic layers in the crystalline material [87]. These diffracted electrons can be
detected as Kikuchi line diffraction patterns by using a charge-coupled device (CCD)
system [26]. Such patterns are projections of the lattice planes and allow for distinguishing crystallographic information at high resolutions. The electron backscattered
diffraction (EBSD) patterns can then be color coded to show selected ranges of crystal
orientation, showing the surface orientation of individual grains. Backscatter electron
image resolution is better than that of an X-ray elemental map but still lower than
that of a conventional SEM secondary electron image. Electron backscatter diffraction is a reliable way to acquire the crystalline structure and orientation of a solid
crystalline phase.
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An EBSD of polycrystalline silicon is shown in Fig. 3.5. The sample was an FLA
TFT that was de-processed down to the Si film. The Si film was 60 nm thick with a
6 nm thick Cr underlayer. EBSD mapping shows that there were 1787 total grains

µ

with the average grain size being 2.5 m2 . The sizes of the grains ranged from 0.1-143

µm

2

with the majority of the grains appearing in the top part of the image. This top

part was the edge of the mesa and likely caused the smaller grains to form.

Figure 3.5: Euler orientation map taken of a de-processed flash lamp annealed TFT. Each
color is a different crystal orientation. The sample had 60 nm of Si on a 6 nm thick Cr
underlayer. The total grain count was 1787. Average grain size was 2.5 µm2 with sizes
ranging from 0.1-143 µm2 . The wide range of grains is likely due to the smaller grains at
the top of the mesa. Grains were smaller in this region since this part of the sample was
the edge of the mesa

3.3

Energy Dispersive X-ray Spectroscopy

Of the many signals generated by SEM, x-rays are commonly used for material characterization. The x-rays emitted from a sample have characteristic energies which
allow for elemental identification. When measuring characteristic x-rays, the electron
beam should be three times the x-ray energy [24]. This is known as overvoltage and is
needed in order to generate a sufficient number of x-rays from the sample. The x-rays
are captured with an energy-dispersive spectrometer (EDS). The x-ray signal can be
displayed in many ways though a common method is an x-ray spectrum. Such spectra
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can be collected at specific points or scanned across an area. Typical collection times
are in the order of 100 seconds. These experimental spectra can then be utilized to
identify elements from an unknown sample by comparing characteristic x-rays against
known values. A known issue with this method of materials characterization is the
signal overlap of characteristic peaks of several different elementals. Fortunately, this
issue can be resolved by focusing on a few specific emission lines [26]. An example
of this is shown in Fig. 3.6. This EDS scan is of a TEM cross section provided by
Corning. The exposed Si sample had a 23 nm a-Si layer on top of 37 nm c-Si layer
with Cr. Fig. 3.6 shows the full spectra of all elements found in the sample. Between
the 0-1 keV range are a significant number of overlapping peaks. Oxygen is shown
to overlap with chromium in this spectrum so focusing on the alternative peak of
chromium at 5.411 keV would provide more accurate data.

Figure 3.6: EDS mapping of an exposed Si sample. The exposed sample had a top layer
of 23 nm a-Si with a bottom layer of crystalline Si along with Cr particles. Two chromium
peaks are shown above. The Cr peak of 0.573 keV overlaps closely with the oxygen peak
at 0.525 keV and makes the data unreadable. The Cr peak of 5.411 keV does not have an
overlap and provides more accurate data of chromium in the sample.
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3.4

Transmission Electron Microscopy

Transmission electron microscopes (TEM) are similar to optical microscopes in that
both contain a series of lenses to magnify the image. However, a TEM is capable of
extremely high resolutions approaching 0.08 nm [24]. A breakdown of a transmission
electron microscope is shown in Fig. 3.7. Similar to an SEM, electrons are emitted
from an electron gun. These electrons are then accelerated at high voltages and
focused onto a sample with a condenser lens. Samples for TEM must be less than a
few hundred nanometers thick in order to be transparent to the electrons [24]. Such
extremely thin samples do not allow the e-beam a chance to spread. The requirement
of thin samples is a weak point of TEM and limits the samples that can be scanned.

Figure 3.7: Transmission electron microscope schematic. The various components are
labeled [24]. Electrons are accelerated to high voltages of 100-400 kV before being focused
onto the sample through the condenser lens. Samples must be sufficiently thin to be transparent tom electrons.

There are many imaging modes for TEM, though high-resolution microscopy
(HREM) is commonly used. Also known as lattice imaging HREM TEM is able
to provide atomic resolution images. These high resolution images are important
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for interface analysis by visually showing cross sections of atomic sized structures.
Fig. 3.8 shows a cross section of the exposed Si sample shown earlier in Fig. 3.6. The
ordered arrangement of atoms is clearly shown in the lower crystalline region. The
upper regions are amorphous and there is no ordered structure of atoms.

Figure 3.8: TEM cross section of an exposed Si sample, this sample was shown earlier in
EDS. This sample had two layers, a top layer of 23 nm a-Si and a bottom layer of LTPS.
Chromium was present in the bottom layer. The high resolution of TEM is shown with the
region labeled crystalline clearly showing lines of aligned atoms. The amorphous region is
randomized and does not show the same order present in the crystalline region.

3.5

Atomic Force Microscopy

Scanning probe microscopy is a technique where a sharp tip is scanned across the
surface of a sample to obtain two- or three-dimensional images with a nanometer
resolution [88]. Probe characterization can provide lateral resolutions up to 0.1 nm
and vertical resolutions up to 0.01 nm. A variety of scanning probe instruments have
been developed over the years with atomic force microscopy (AFM) being a recent
addition. Unlike its predecessors, AFM is unique in that scanning a sample does not
require a vacuum [26].
Atomic force microscopy operates by measuring the force between a probe and a
sample. The basic components of an AFM are shown in Fig. 3.9. The probe consists
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of a cantilever with a sharp tip at its end. Cantilevers are usually 115 m long and

µ

25 m wide, though specifications are dependent on individual manufacturers [24,26].
To image topography, the tip is brought into continuous or intermittent contact as it is
scanned across the sample. A piezoelectric controller adjusts the oscillations of the tip
by applying opposite voltages. Resonance frequencies are typically 50-500 kHz [24].

Figure 3.9: A schematic illustration showing the components of an atomic force microscope
[24]. The cantilever has a sharp tip that is scanned across the sample. This tip is formed
by silicon or silicon nitride with dimensions around 100 µm long, 20 µm wide and 0.1 µm
thick. The tip can sometimes be doped with other elements such as antimony to adjust for
specific scanning applications.

Though are several modes for AFM, tapping mode has become the prevalent
choice. Tapping mode places the tip in contact with the surface only briefly. The tip
oscillates across the surface, only tapping the surface. The tips oscillation amplitude
is measured and the piezoelectric controller adjusts the tip-sample interaction by
maintaining a constant amplitude and force. This allows for high resolution scans
while preventing damage to the tip [89]. Tapping mode allows for high resolution
topography imaging of fragile or adhesive samples that cannot be imaged with other
AFM methods.
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A 10 m x 10 m AFM image of a FLA 60 nm thick Si film with a 6 nm thick
Cr underlayer is shown in Fig. 3.10. The sample was deposited onto a lotus glass
substrate with no SiO2 barrier layer. AFM is able to show the nano-scale texture of
ordered voids and parallel trenches. A depth scale can be seen on the right side of
the image.

Figure 3.10: Top-down view of a 10 µm AFM image taken of a 60 nm a-Si FLA sample
with a 6 nm Cr underlayer. The AFM tip is able to resolve the nano-scale pattern shown
on the surface of the sample.

There are many types of AFM tips. Fig. 3.11 shows the separate components of
an AFM probe. Fig. 3.11(A) shows the specific Bruker tip and Fig. 3.11(B) shows
the cantilever for the AFM probe. Both silicon and antimony doped silicon tips had

µ

a tip height of 2.5-8 m, front angle of 15– 2.5◦ , back angle of 25– 2.5◦ and side angle
of 17.5– 2.5◦ .

Figure 3.11: Bruker AFM Probes [27]. (A) is a closeup of the Bruker ScanAsyst tip while
(B) shows the tip mounted at the end of the cantilever. The Bruker AFM uses these tips
in proprietary method that automatically adjusts the piezo electric scanner.
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3.6

Instruments and Techniques used for Materials Characterization

SEM allows for high resolution imaging that optical microscopy is incapable of. A
drawback is the lack of color due to the electron emissions. The SEM tool used was
a Tescan Mira 3 scanning electron microscope. Samples were plasma cleaned before
being mounted onto the SEM stand with carbon tape. Carbon paint and copper
tape was applied to the edges of the sample in order to reduce charging effects.
An accelerating voltage of 10 kV was used to prevent charging effects. Limiting the
voltage was necessary to prevent a buildup of electrons which caused a charging effect.
EBSD is based on SEM emissions and can determine grain size and crystallographic information. The EBSD data presented in Fig. 3.5 and in later sections were
provided by Corning. EDS is also based on SEM emissions and allows for specific
elemental characterization of a sample. EDS analysis shown in later sections utilized
the same Tescan Mira 3 scanning electron microscope that was earlier used for SEM.
Samples were again plasma cleaned before carbon tape, carbon paint, and copper tape
was used to reduce charging effects. Scan times were 60 seconds with drift correction
enabled. Approximately 16 kV was used for all EDS scans in order to search for a
chromium peak.
TEM utilizes an e-beam on a thin sample to allow for atomic level high-resolution
imaging. Amorphous or crystalline structures can be visually identified with TEM
cross sections. The TEM images in Fig. 3.8 and in later sections were provided by
Corning. Samples were prepared with an FEI Quanta 3D FEG 600 Focused Ion Beam

® G2 80-200 kV ChemiSTEM.

(FIB) before being imaged with an FEI Titan

AFM uses a probe to generate the topography of a given sample. This allows for
texture and grains properties to be visualized in a three-dimensional plane. The specific AFM used to obtain AFM data was a Bruker Multimode 8 AFM. Two different
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types of tips were used, silicon tips and antimony doped silicon tips. The Bruker
AFM utilized a small probe featuring Bruker’s Proprietary ScanAsyst technique to
automatically make corrections to peak force [27]. The AFM tips were set to tapping
mode to reduce wear on the samples and tip. Worn out tips were unable to determine
any topography and had to be replaced.

39

Chapter 4
Investigations into Flash Lamp Annealed Polycrystalline
Silicon

LTPS TFTs are commonly formed with an amorphous silicon film that is later crystallized [90]. There are many crystallization methods including SPC with a furnace
anneal [91, 92], RTA, MIC [93], ELA [94], or FLA. There are drawbacks and advantages to these methods mentioned in earlier sections. FLA is a promising alternative to crystallize a-Si into LTPS without any thermal damage to the glass
substrate [1, 95–100].

4.1

Exploratory Study of Flash Lamp Annealed Thin Film
Transistors

Large area crystallization is possible with FLA due to the large-area light source
used [3]. The research group of Professor Jin Jang at Kyung Hee University in Seoul,
South Korea has utilized the FLA process to crystallize 50 nm thick a-Si films. A
50 nm thick a-Si film was PECVD deposited onto a 150 nm SiO2 buffer layer on
a glass substrate. The a-Si layer was then dehydrogenated to reduce the hydrogen
content below 1% before the film was crystallized with FLA. Two shots with the
same power and duration of 0.1 ms were flashed onto the samples over a period of 5
minutes [3]. The substrate temperature was held at 450◦ C during the FLA process.
Super grains and protrusions were found to have formed on the surface of the sam40
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ples following FLA. These grains appeared to have originated laterally, with subgrain
boundaries spreading outwards from the center and towards the grain boundaries.

µ

The super grains had an average size of 40 m which was calculated by dividing the
total area by the number of grains in the region [3]. Fig. 4.1 is an optical image
showing said super grains.

Figure 4.1: Optical image of the super grains appearing post-FLA of 50 nm thick a-Si.
Grain boundaries and sub grain boundaries are drawn around a single seed [3].

Post-FLA, the crystallized silicon was patterned into mesas with lithography. This
was followed with 100 nm of SiO2 as a gate insulator and 120 nm Mo as gate electrodes.
Boron was then implanted into the source and drain regions at 280◦ C with a 2
hour anneal at 450◦ C for electrical activation [3]. An interlayer dielectric and an
additional Mo and AlN layer were patterned to create the source/drain electrodes.
The TFTs were then subjected to a 2 hour 450 ◦ C anneal in nitrogen before electrical
measurements were taken.
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The transfer characteristics of p-channel FLA TFTs are shown in Fig. 4.2. VDS is
the absolute max voltage between the source and drain. VGS is the operating voltage
between the gate and source. ID is the continuous conduction current and Vth is
the threshold voltage. Various numbers of grain boundaries were present in the TFT
channel. The grain boundaries were found have to have an impact on the channel
mobility. The TFT without a grain boundary had the highest field effect mobility
of 138 cm2 /V·sec while the TFT with four grain boundaries had a much lower field
effect mobility of 74 cm2 /V·sec [3].

Figure 4.2: Transfer characteristics of p-channel FLA polycrystalline silicon TFTs. Various numbers of grain boundaries were present in the devices fabricated [3].
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TFT performance as a function of the number of grain boundaries in the TFT
channel is shown in Fig. 4.3. Estimates of field effect mobility and threshold voltage
were done with a transconductance method for the former and extractions from the
subthreshold regime for the latter [3]. Alongside this data are optical images of the
TFT channel.

Figure 4.3: Performance parameters of FLA LTPS TFTs as a function of the grain boundaries present in the channel region of the TFTs [3]. W/L corresponds to the dimensions of
the TFTs. The field effect mobility was shown to decrease in the TFTs as the number of
grain boundaries increased in the channel region.

The non uniformity of the polycrystalline Si makes applications for larger substrates difficult as the FLA samples had performance issues. As the FLA regions on
the edge of the a-Si film were never discussed, it is unclear how the FLA grains would
form near the boundaries of a transistor. If mesa patterning and etching were done
before the annealing, the resulting grain formation for each individual device might
be drastically different. The super grains were patterned from a single large area
and found to negatively impact the performance of the TFTs. This degradation and
inconsistency with the field effect mobility may vary if the gate were formed during
the annealing rather than after. The mesas were defined in large-area crystallized
regions, however variation in the number of grain boundaries within a channel would
result in significant variation in device operation.
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4.2

Fabrication of Flash Lamp Annealed Thin Film Transistors at RIT

The Hirschman research group has also utilized FLA to fabricate TFTs on glass
substrates. Exposure durations on the order of hundreds of microseconds were used to
crystallize amorphous silicon. A 60 nm thick film of amorphous silicon was deposited
onto 150 nm diameter Corning glass wafers via PECVD. A 250 nm SiO2 barrier layer
was present between the a-Si and substrate to prevent dopant diffusion. Samples were
then dehydrogenated at 450◦ C before being patterned and etched. A 100 nm SiO2
capping layer was then added to create an anti-reflective layer for FLA and setup
for the boron and phosphorus implant profiles [2]. Source/drain was then implanted
with a dose of 4 x 1015 cm−2 with 35 keV of boron and 60 keV of phosphorus. After
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the implant, samples were subjected to FLA single pulses of 6 J/cm2 for 250 s [2].
Following the FLA process, the screen oxide was removed and 100 nm of SiO2 gate
was deposited. Contact regions were then patterned and etched. Fig. 4.4 shows an
optical image of the TFT at this step.

Figure 4.4: Optical image of mesa during TFT fabrication [2]. The channel region has
several voids present. Lmask = 32 µm indicates the mask-defined channel length The dashed
lines highlight the 6 µm difference between the implanted and channel regions. This shift
is likely due to lateral diffusion. The outer regions are whiter and also exhibit voids along
with other artifacts.
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Aluminum was then sputtered with source/drain/contacts being patterned. After
a short sinter for 30 minutes at 450◦ C, the complementary metal-oxide-semiconductor
(CMOS) TFTs were fabricated. The majority of the devices had drain-source voltages
of 0.1 V and 5 V for NMOS devices and -0.1 V and -5 V for PMOS devices. Transfer

µ

characteristics of NMOS and PMOS devices with a channel length (Lmask ) of 32 m
are shown in Fig. 4.5. Devices fabricated with a shorter channel length exhibited

µ

erratic behavior. Extracted channel length offset values were 6.3 m for NMOS and

µ

13.4 m for PMOS.

Figure 4.5: Transfer characteristics of devise with Lm ask = 32 µm. X-axis scales are
different between both plots. (A) represents NMOS devices while (B) represents PMOS
devices. Each plot contains an overlay of 30 separate devices created from an FLA exposed
region
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SEM and EBSD images were taken to reveal the microstructure of the device.
Images were taken from a de-processed functional device, shown in Fig. 4.6. The
channel region remained intact though the source/drain regions were consumed by
the aluminum contacts [2]. Voids were found to be scattered throughout the channel
region, suggesting that portions of the silicon dewetted during FLA. EBSD shows an
edge directed nucleation-growth with large grains extending thought out the entire
region. The presence of voids was not significant enough to hinder TFT performance
but the randomization of these voids poses a potential issue. Void suppression is
necessary for future FLA work. This would improve future device performance, reduce
variation, and allow for scalability

Figure 4.6: SEM and EBSD image of a de-processed PMOS device. (A) is the EBSD map
and (B) is the corresponding SEM image. Specific mapping was done on the FLA TFT
channel region. The Boxed area shown in the lower SEM image represents the area that was
used for the above EBSD [2]. The variety of colors represent various crystal orientations.
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4.3

Analysis of Randomized Void Morphology

Early attempts at fabricating FLA LTPS resulted in a randomized void material.
Despite this morphology, functional TFTs were built using glass substrates. Two
methods were used to characterize the formation of these randomized voids [28].
The first was various intensities of FLA and the second was a range of deposition
temperatures. The substrates used in these experiments were 6-inch Corning Lotus
NXT glass wafers. These glass wafers were used due to their high thermal stability.
A 60 nm film of amorphous silicon was deposited with PECVD with varying
deposition temperatures from 300◦ C to 450◦ C. Then the a-Si was patterned into
mesas and coated with PECVD SiO2 as a capping and anti-reflective layer. This was
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followed by FLA using single pulses of 4.2 to 5.2 J/cm2 for 250 s. The substrate was
then heated to 400◦ C with a hotplate during FLA to ensure temperature uniformity
and reduce the heat needed to crystallize the surface.
It is important to note that characterizing the morphology did not involve the
use of a SiO2 barrier layer. The lack of a barrier layer between the deposited a-Si
and the glass substrate would allow dopants to diffuse into the a-Si layer from the
substrate. This would degenerately dope the a-Si and prevent functional devices
from being fabricated [28]. However, functional TFTs were not the purpose of this
experiment. The a-Si was intentionally deposited directly onto the glass substrate in
order to characterize the unique morphology formed post-FLA. The resulting voids
and grains structures would indicate how the interface below the a-Si layer influenced
different voids to form during the FLA process.
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When deposition temperatures were varied and FLA mesas were subjected to the
same 5.0 J/cm2 FLA intensity, significant morphological differences were apparent
[28]. All processing steps and crystallization steps were identical except for deposition
temperature which increased in increments of 50◦ C [28]. Voids became more frequent
and larger as deposition temperature increased. Fig. 4.7 shows the circularity of the
voids as deposition temperature increases.

Figure 4.7: Graph showing the relationship between circularity of the void’s vs the deposition temperature. At 300◦ C voids began to form. At 350◦ C these voids widened. At
400◦ C these voids continued to expand in size. It was only at 450◦ C that voids began to
merge into larger, singular voids.
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When deposition temperature was kept constant and FLA intensity was varied,
different morphological variations were observed in the mesas. The results of three
different FLA intensities of 4.8 J/cm2 , 5.0 J/cm2 , and 5.2 J/cm2 are shown in Fig. 4.8.
An FLA intensity of 4.8 J/cm2 was unable to induce the a-Si into a melt phase [28].
In comparison, an FLA intensity of 5.0 J/cm2 was able to crystallize the mesa with
a lattice of grains and micro-voids forming across the surface of the mesa. The FLA
intensity of 5.2 J/cm2 had too much intensity and caused consequential dewetting of
the surface.

Figure 4.8: Optical image of three separate FLA intensities, 4.8 J/cm2 , 5.0 J/cm2 and,
5.2 J/cm2 . All three mesas are from the same wafer with 300◦ C used as the deposition
temperature [28]. As FLA intensities increased, the sharpness and size of voids drastically
increased as well
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4.4

Investigation on Alumina and Molybdenum Underlayers

Material uniformity of FLA LTPS would pose an issue if the process were to be
scaled. The presence of randomized voids would be unsuitable for a manufacturing
process [29]. The low wettability of liquid silicon on the glass wafers is most likely
the cause of the formation of voids and pathways during crystallization [29]. The addition of an intermediate adhesion layer would likely improve wettability and prevent
the formation of voids. Due to the FLA crystallization utilizing a broad-spectrum
xenon pulse, energy not absorbed passes through the film. AN adhesion layer must
be optically transparent to reduce absorption during the FLA process. Additionally,
an adhesion layer must also have a limited impact on final device performance. Optically absorptive, thermally conductive materials such as molybdenum and alumina
were used as underlayers. Additionally, optically transparent, thermally insulating
materials such as silicon nitride were used as well [30]. The thinnest layers attainable with reasonable uniformity were used to ensure FLA crystallization. Fig. 4.9(A)
shows the results of 10 nm of alumina used as an adhesion layer. The top half of the
wafer was exposed to FLA with the alumina layer completely ablating. Fig. 4.9(B)
shows a patterned gate using molybdenum as a buried bottom gate [29]. The molybdenum was also found to ablate off the sample. The added molybdenum layer was
found to provide additional absorption which resulted in a significant increase in energy deposited during FLA. Fig. 4.9(C) shows the result of a silicon nitride adhesion
layer. The silicon nitride sample showed significant dewetting with a voided material
forming.
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The effects of adding an additional film to the FLA process involves managing a
trade off between films that are too thin versus films that are too thick. A film that
is too thin would have difficulties being entirely continuous whereas a film that is too
thick would prevent the FLA process from crystallizing the amorphous silicon.

Figure 4.9: The results of an alumina adhesion layer post-FLA. (A) The top part of the
wafer shows the effects of 10 nm of alumina ablating off the glass wafer. (B) Shows a
heavily dewetted silicon mesa with a molybdenum gate. Upper and lower sections of the
mesa above the gate structure did not melt post-FLA [29]. (C) shows the voided material
still present with a silicon nitride adhesion layer [30].

4.5

Foundational Study on Chromium Underlayers

The research group of professor Ohdaira from the Japan Advanced Institute of Science and Technology (JAIST) has explored FLA as a cost-effective way to fabricate
polycrystalline Si solar cells without damaging the glass substrate [1]. Thin film polycrystalline solar cells are typically manufactured by crystallizing a-Si films into c-Si
due to low material usage and high stability against light soaking [101–110].
The Ohdaira research group has prevented excessive dewetting of the Si films by
incorporating a chromium adhesion layer. This chromium underlayer was originally
inserted as a back electrode and reflector for solar cell applications. The Cr film was
found to increase the adhesion of the Si films to the substrate while reflecting lamp
irradiation [1]. There was no notable electrical degradation from the chromium film.
Experiments with Cr were done to further understand the chromium adhesion
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effect on the Si film. Chromium films of 60 nm and 200 nm were sputtered onto

µ

soda lime glass and quartz substrates. This was followed by 4.5 m thick a-Si films
deposited with catalytic chemical vapor deposition (Cat-CVD). Samples without Cr
were made as control samples to determine the adhering effect of Cr [1]. No dehydrogenation was done prior to FLA as the hydrogen content of Cat-CVD a-Si was
approximately 3%. One shot of FLA lasting 5 ms was applied to each sample with a
varying exposure intensity delivered in the several tens of J/cm2 .
An exact value was not recorded due to the lack of a precise measurement method.
Fig. 4.10 shows the samples without a Cr underlayer post-FLA. Values indicated (1.00,
1.07, 0.97) are normalized irradiance values. The sample with a lamp intensity of 1.00
showed no change in surface morphology with later raman spectroscopy confirming a
lack of crystalline silicon [1]. At higher FLA intensities of 1.07, the entirety of the Si
layer has ablated off the substrate.

Figure 4.10: Samples on soda lime glass that did not have the added Cr layer. A diagram
showing the sample stack is shown below relative irradiance [1]. No change in surface morphology is shown post-FLA. The a-Si layer did not crystallize under the relative irradiance
of 1.07 and completely peeled off when subjected to a higher irradiance of 1.07.
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Fig. 4.11 shows the surfaces of samples that had the additional Cr adhesion layer.
The Si surfaces on quartz substrates are also shown in Fig. 4.11. Unlike previous
samples, the Si films did not entirely ablate. With a lamp intensity of 0.97, the a-Si
was partially crystallized from the edges of the samples. Higher FLA intensities of
1.01 showed that the a-Si had completely crystallized though certain parts of the film
peeled off [1]. The samples with a thicker 200 nm Cr film did not exhibit the same
extreme ablation. This indicates an increased adhesion from the Cr underlayer. The
mechanism of the Cr film providing an improved adhesion is not yet understood.

Figure 4.11: Samples on both soda lime and quartz substrates that had the added 200 nm
thick Cr underlayer. Samples without a Cr underlayer exhibited large ablation in comparison to samples with Cr [1]. Additionally, the type of substrate was found to have a notable
impact on the crystallization of the a-Si layer post-FLA. Under a higher irradiance of 1.07,
the quartz substrates did not exhibit significant ablation compared to soda lime substrates.
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Complete crystallization occurred in samples with an irradiance of 1.07. FLA
crystallization of the samples on the quartz substrates required higher amounts of
energy in comparison to the soda lime samples. This can be explained by the thermal
diffusion length difference in soda lime glass and quartz [111–115] which is shown in
Fig. 4.12. Quartz has a longer thermal diffusion length than soda lime glass at FLA
temperatures. This results in the glass samples crystallizing faster under lower flash
intensities.

Figure 4.12: Thermal diffusion length of quartz and soda lime glass estimated with the
Equation (2.3). The treatment time had a duration of 5 ms [1].
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Chromium underlayers may be an effective adhesion promoter. Secondary ion
mass spectrometry (SIMS) was done to determine the Cr migration into the layer.
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Fig. 4.13 shows the SIMS profile of the Cr atoms within the 3 m Si film [1]. There
was only a few hundred nm of diffusion through the layer. This was an insignificant
amount considering the thickness of the film was several micrometers thick. However,
a few hundred nanometers of chromium migration would impact TFTs greatly considering that the film thickness is typically less than 100 nm. Using a Cr underlayer
with a thin Si film would risk Cr diffusing throughout the entire Si layer. This would
negatively impact device performance; metal contaminants act as carrier traps and
recombination centers, and would segregate at crystal defects and grain boundary
regions.

Figure 4.13: SIMS profiles of Cr atoms in a 3 µm thick Si structure pre and post FLA [1].
No significant diffusion of chromium was seen post FLA. Penetration was limited to only a
few hundred nanometers which would not seriously affect the 3 µm film
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4.6

Silicon Interactions with the Chromium Layer

Conventional TFTs are substantially thinner than the ones made by the Ohdaira
group. TFTs use a-Si layers with thickness in the nanometer range whereas the
Ohdaira group used a-Si layers several micrometers thick. SIMS analysis of the
Ohdaira TFT showed only a few hundred nanometers of Cr penetration through-
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out their device. This was an insignificant amount for the Ohdaira groups several m
thick a-Si layers but it would completely penetrate through TFTs. Chromium is
known to have several complex interactions with silicon as shown by the phase diagram in Fig. 4.14.

Figure 4.14: The assessed Cr-Si phase diagram. (L) represents the liquid phase. The
multiple phases of Cr-Si are Cr3 Si, Cr5 Si3 , CrSi, and CrSi2 . Cr5 Si3 melts at 1680◦ C, Cr3 Si
melts at 1770◦ C, CrSi melts at 1413◦ C, and CrSi2 melts at 1490◦ C [31, 32].

There are five stable phases of Crx Siy [31, 32]. The first is the liquid phase (L).
The second is the solubility of Si in Cr with a max solubility of 9.5% at 1705◦ C. The
third is the solubility of Cr in Si with a max solubility of 8 x 10−6 at 1305◦ C. The
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remaining three phases are lattice crystals of Crx Siy . These crystals are the square
lattice, the cubic lattice with its intermediates, and the hexagonal lattice. The square
lattice Cr5 Si3 melts at 1680◦ C, the cubic lattice Cr3 Si melts at 1770◦ C, the cubic
lattice intermediate phase CrSi decomposes at 1413◦ C, and the hexagonal lattice
CrSi2 melts at 1490◦ C [31, 32].

4.7

Flash Lamp Annealed Devices with Chromium Underlayers at RIT

Chromium was a successful adhesion layer used by the Ohdaira group for much thicker
films. Previous metal underlayers had problems with FLA, leading to large-area
ablation [33]. To help mitigate this issue, the chromium film was kept as thin as
possible while directly depositing it onto the glass substrate. The glass substrate
required an additional barrier layer in order to prevent dopants from the borosilicate
glass substrate from migrating upwards into the device. A SiO2 barrier oxide layer
200 nm thick was deposited at 90◦ C with PECVD onto 150 mm Corning Lotus glass
wafers. Then a chromium film 6 nm thick was deposited with e-beam evaporation at
a rate of 1-2 angstroms per second. This was followed by a 60 nm a-Si deposition via
PECVD at 400◦ C [33]. After a dehydrogenation step at 450◦ C, mesas were patterned
with SF6 RIE with a 100 nm layer of SiO2 used as a capping and anti-reflective layer.
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FLA was then applied with single pulses of 4.8-5.2J/cm2 for 250 s.
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The resulting mesas showed that the inclusion of the thin chromium layer was able
to successfully prevent excessive dewetting. Fig. 4.15(A) is a diagram showing the
components of the TFT [33] and Fig. 4.15(B) is an optical image of the polycrystalline
silicon mesa after FLA. An edge directed morphology is visible with a center ridgeline
[30]. Nucleation is shown to begin at the edges of the mesa. Crystallization fronts
then continue across the surface before colliding in the center and forming a center
ridgeline. This results in an edge directed morphology with visible crystal grain
boundaries. These ridges were perpendicular to the edges of the mesa shown in
Fig. 4.15.

Figure 4.15: (A) Diagram of wafer stack [33]. (B) Optical image of polycrystalline silicon
mesa with a chromium underlayer post FLA. An edge directed morphology is shown to
form. Nucleation began at the edges of the mesa with crystallization fronts forming a
center ridgeline [30].

Devices were fabricated with this irregular morphology. The mesas were doped
with high doses of boron via ion implantation and later activated with a 12 hour
furnace anneal at 630◦ C [33]. Devices had aluminum contacts and were sintered.
The entire mesa was utilized to form the channel path.
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An overlay showing the structure of this TFT along with transfer characteristics
is shown in Fig. 4.16. Fig. 4.16(A) is the transfer characteristics while Fig. 4.16(B)
shows an overlay of how the full mesa would be used to fabricate the TFT. The 20
devices were generally consistent with one another and had a threshold voltage of -7 V
and a drain bias of -10 V. Chromium underlayers show promise in the fabrication of
reproducible devices with an FLA process though high leakage could be potentially
caused by chromium contamination.

Figure 4.16: Devices manufactured using method iii) from Fig. 4.15. (A) The transfer
characteristics of 20 mesa transistors with dimensions L= 96 µm and W= 96 µm. (B) An
overlay representing the source, drain and channel regions when using the entire mesa as a
device [33].
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4.8

Thesis Statement

Adding a chromium underlayer may improve wettability and reduce void formations
during FLA. However, there is also the possibility of chromium diffusing through
the entire TFT. This could contaminate the silicon layer and affect devices. Understanding how the Cr interacts with the silicon layer is crucial in determining if Cr is
acting as an adhesion layer or contaminating the Si layer. The goal of this thesis is to
investigate the effect of chromium as an adhesion layer and characterize the pattern
and structure of chromium migration at the nano-scale. Materials analysis of FLA
LTPS samples will be conducted with TEM, EBSD, AFM, SEM, and EDS where
applicable. Metrology of grain structure and voids will be compared across a variety
of FLA samples to understand how chromium interacts with the silicon layer.
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Three experiments of varying samples were fabricated in order to investigate the effect
of chromium as an adhesion layer. The first was experiment A. This experiment varied the a-Si layer thickness with a SiO2 barrier layer. A barrier layer is important as it
prevents dopants from the glass substrate from creating degenerately doped devices.
Additionally, this barrier exists to replicate previous device structures. Varying the
layer thickness was done to extrapolate the extent of chromium migration through
the silicon layer. The second was experiment B. This involved varying the a-Si thickness and removing the SiO2 barrier layer. Thickness variations of a-Si were fabricated
to provide a point of reference for samples with a barrier oxide. Removing the barrier layer was done to determine the impact the SiO2 barrier layer had on chromium
migration. The third was experiment C. This involved adding an additional Cr overlayer with a SiO2 barrier layer. This overlayer would provide insight into the adhesive
properties of the chromium layer if the mesa stack were inverted. The barrier oxide
layer was present to prevent dopant migration from the glass substrate. There were
two samples that had a chromium overlayer. A table detailing all the various fabricated samples is shown below in Table 5.1. Once all three groups of samples were
fabricated, they were subjected to various metrology techniques.
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Table 5.1: Subsequent experiments with amorphous silicon thicknesses and chromium
adhesion layers.

Chromium Layer (6 nm)

Amorphous
Silicon (nm)

Experiment A

10

-

60

-

100

Experiment B

20

-

40

-

60

Experiment C

60
100

5.1

Experiment A: Chromium underlayers with a barrier oxide

Experiment A samples first had a 200 nm thick SiO2 barrier layer deposited onto
Lotus glass substrates at 390◦ C with PECVD. This was followed with 6 nm chromium
deposited with e-beam evaporation at a rate of 1-2 angstroms per second. Afterward,
10 nm, 60 nm, and 100 nm of a-Si were deposited with PECVD. Mesas were then
patterned with lithography before a 100 nm SiO2 layer capping layer was added with
PECVD. FLA intensities were again 5.0 J/cm2 .
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Fig. 5.1 shows both 60 nm oxide sample and 100 nm oxide sample did not have
dewetting from the substrate. An edge directed morphology with a center ridgeline is
shown to have formed. The center ridgeline was jagged and did not cleanly bisect the
mesa. The ridgelines in Fig. 5.1 appeared to be coalescing from several larger grains
originating from the edges of the mesa. This indicates that the crystallization fronts
had different rates of crystallization. The oxide layer also appears to have made the
60 nm Si sample a darker purplish color. This can be attributed to light refracting
through the barrier layer with SiO2 being a purplish color. The 100 nm thick Si
sample was not a dark purple due to the increased thickness. The 10 nm thick Si
sample with barrier oxide sample had significant challenges. The a-Si film was too
thin to absorb enough energy during the FLA process and as a result, the mesas were
barely visible. Due to this issue, accurate metrology was not able to be conducted on
the 10 nm thick Si sample with a Cr underlayer and an oxide barrier.

Figure 5.1: Optical images of two mesas with a chromium underlayer and a SiO2 barrier
oxide layer. Both mesas were again 120 µm x 208 µm. (A) is the 60 nm thick Si sample
with an oxide layer and (B) is the 100 nm thick Si layer with an oxide layer. Both samples
showed a jagged center ridgeline along with angular ridgelines. The different colors of the
mesas are likely due to the oxide barrier layer affecting light refraction through the sample.
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The AFM 10 m x 10 m scans of the 60 nm and 100 nm thick Si samples with
a barrier oxide are shown in Fig. 5.2. A nano-scale texture of trenches and parallel
voids was found on the surface of the mesas. The size of the nano-voids varied
greatly. Widths of the nano-voids were 5-50 nm and depths ranged from 20-70 nm.
Many variations of void sizes suggest that void formation begins at the Si layer. The
parallel trenches are clearly visible in Fig. 5.2(A) and Fig. 5.2(C). Though the microscale ridges from optical images are present, the surface of the sample is relatively
planar with sparse ridgelines near the edges of the scan.

Figure 5.2: 10 µm x10 µm AFM Scans of the 60 nm and 100 nm a-Si samples with a 6 nm
Cr underlayer and a barrier oxide layer. Top-down views and isometric views are provided.
The 100 nm sample has been cropped to remove artifacts from distorting the AFM scan. (A)
is the top-down image of the 60 nm thick Si sample and (B) is the corresponding isometric
view. (C) is the top-down image of the 100 nm thick Si sample and (D) is the corresponding
isometric view. The nano-scale texture of small voids and pattered lines is visible in the
top-down images (A) and (C). The surface topography lacks defined ridgelines. Only small
peaks are shown in the isometric view which can be referenced in the height scale shown in
the top-down view.
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SEM scans were taken in order to verify the accuracy of the AFM scans as well
as provide larger high-resolution images of the mesa on regions that were subject to
AFM. SEM images of the 60 nm and 100 nm sample with a barrier oxide are shown
in Fig. 5.3. These images show the nano-scale texture in AFM. This indicates that
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the patterns of trenches and nano-voids were not isolated to the 10 m x 10 m scans
in AFM. Alongside the nano-voids are additional bright dots. The dots appeared
parallel to the trenches and nano-voids.

Figure 5.3: SEM images taken of the 60 nm and 100 nm thick Si samples with a Cr
underlayer and an oxide layer. Both images were taken with an accelerating voltage of
10 kV. (A) is a 22.7 kx magnification image of the 60 nm Si sample. (B) is a 17.9 kx
magnification image of the 100 nm Si sample. A nano texture without angular patterned
lines is shown in both samples. Both nano-voids and bright dots are present though voids
with a halo are missing. The different shades of grey indicate different angles of grains
present across the surface that the smaller 10 µm AFM scans missed.

EDS was also conducted in order to provide additional insight on the migration of
the chromium layer regarding the nano features seen in both AFM and SEM analysis.
Three areas were scanned, nano-voids, bright dots, and an additional no-features scan.
This no-features region was taken in order to provide a control for the other nanoscale features measured. This value is intended to represent a baseline for Cr in each
respective sample when there are no notable nano features. Chromium in EDS has
two detectable values, Kα at 5.411 Kev and Lα at 0.5411 keV. The Cr peak of interest
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is the Kα at 5.5411 keV. The EDS image of an exposed Si sample shown earlier is
shown again in Fig. 5.4. Oxygen has a peak at 0.525 keV which overlaps with the
chromium 0.573 keV Lα peak and makes it difficult to determine counts. This requires
the use of the Kα peak of 5.411 keV as there is no overlap. In order to enhance the
Kα peak in EDS, a three times multiplier of keV is suggested which would mean
approximately 16 keV. Varying thicknesses of each sample feature meant that the
EDS counts varied despite keeping all the scan times the same for each point. In
order to clarify these count differences, the data had to be normalized to a common
point. Barium was deduced to be present in the EDS spectra by being present in
all EDS scans. Fig. 5.4(A) is the raw EDS data of a sample from experiment A and
Fig. 5.4(B) shows the EDS spectra of barium peaks [34].
The barium Lalpha value of 4.465 keV was used to normalize the chromium spectra.
This allowed for a greater emphasis to be placed on the chromium Lα peak in relation
to the nano-scale features. Post-processing steps such as a 5-point weighted average
were also used to clarify the EDS count data. Other elements such as silicon, oxygen,
etc., were components of the glass substrate so the data was cropped to 5.2-5.8 eV in
order to focus solely on the chromium Kα peak.

Figure 5.4: EDS spectra of various samples. (A) is the same EDS mapping of the exposed
Si sample shown earlier in Fig. 3.8. (B) is the EDS spectra of Bariums peaks [34]. The full
spectra shown in (A) was cropped to focus only on the chromium Kα peak.
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EDS spectra along with the specific regions measured are shown in Fig. 5.5.
Fig. 5.5(A) shows the 60 nm spectra with Fig. 5.5(B) showing the points measured.
Fig. 5.5(C) shows the 100 nm spectra and Fig. 5.5(D) shows the points measured.
Bright dots are red, no-feature values are green, and nano-voids are blue.

Figure 5.5: EDS mapping of the 60 nm and 100 nm Si samples with a barrier oxide
layer. (A) shows the chromium Kα counts for the 60 nm thick Si oxide sample. (B) is a
corresponding SEM image showing the specific EDS regions. (C) shows the chromium Kα
counts for the 100 nm Si oxide sample. (D) is the corresponding SEM image of the 100 nm
Si thick oxide sample showing the specific EDS regions.

The bright dots had the highest chromium peaks with counts being approximately
0.62 for the 60 nm sample and approximately 0.7 for the 100 nm sample. Nano voids
had the second highest chromium peaks with counts of approximately 0.3 for the
60 nm sample and approximately 0.4 for the 100 nm sample. Fig. 5.5(A) had the
Cr counts for nano-voids and no-feature being the same. This suggests that the
chromium signal is from the underlayer with no significant amount of chromium in
the silicon aside from the bright dots. Fig. 5.5(C) has the nano void Cr peak being
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larger than the no-feature peak. The difference in thickness between the 60 nm and
100 nm samples is impacting the chromium signal. This indicates the possibility that
the silicon layer dewetted with the chromium layer exposed.
Subsequent TEM analysis was done on two deprocessed mesas to provide insight.
Fig. 5.6 shows the two samples that were utilized for TEM analysis, a resistor sample
and a channel sample. The resistor sample was a finished resistor that was completely
doped with boron while the channel sample was the shielded channel region of a
completed transistor that had not been doped. These mesas were fabricated the
same way as the mesa shown in Fig. 4.15 though the channel sample had an additional
aluminum layer that was used to provide electrical contacts. The samples were carbon
coated and then coated with platinum e-beam and platinum I-beam deposition for
protection during focused ion beam (FIB) preparation. The red line indicates the
area that was sliced for FIB.

Figure 5.6: SEM image of the TEM area scanned. The resistor sample has been heavily
implanted whereas the channel sample has not been implanted. Both samples had a 6 nm
thick chromium underlayer with a 200 nm thick SiO2 barrier layer between the glass and the
chromium underlayer. There was also a 100 nm thick SiO2 capping layer for both samples.
The channel sample had an aluminum layer on top of 60 nm of polycrystalline silicon while
the resistor sample only had 60 nm of polycrystalline silicon.
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TEM analysis indicated some form of chromium segregation throughout the silicon
layer. Fig. 5.7 is a labeled cross section of the resistor and channel samples. The
thicknesses of each region of the sample are labeled. In both samples, the Cr had
migrated into crystalline agglomerates within the Si. These Cr rich regions were
primarily clustered near the proximal side of the Si layer though some Cr was shown to
diffuse through the entire layer. From a mass balance presepctive, this low percentage
indicates that the large chromium agglomerates visible in Fig. 5.7 are a mixture of Si
and Cr rather than a pure metal.

Figure 5.7: TEM HAADF cross sections of both resistor and channel samples. (A) is the
cross section of the heavily doped resistor sample with a scale bar of 50 nm. (B) is the cross
section of the channel sample with no implant and an additional aluminum layer. The scale
bar of (B) is 100 nm. Both samples showed migration of 6 nm thick chromium underlayer
into the silicon layer.

EDS mapping was done on the sample to further clarify the Cr migration. Fig. 5.8
is the complete EDS mapping of the TEM samples focusing on the chromium content
in the samples. Fig. 5.8(A) is the EDS map of the resistor sample and Fig. 5.8(B) is
the EDS map of the channel sample. EDS mapping clearly shows that both samples
have Cr agglomerations clustered at the proximal side of the Si layer. The different
shade of these conglomerates implies a mixture of Cr, Si, and silicides. The resistor
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sample has faint Cr agglomerates migrating towards the surface, while the channel
sample has a spike of Cr reaching through the layer entirely. The resistor sample has
an additional thin layer of Cr forming at the distal side of the Si which indicates the
Cr had completely diffused through the layer. This faint line of Cr is not present in
the channel sample. With both samples having Cr spread through the whole Si layer,
there is a strong possibility of chromium contaminants affecting the device. Understanding how the chromium interacts with the a-Si layer is important to determine
the adhesive effect of the chromium layer.

Figure 5.8: EDS chromium mapping of the TEM cross section samples. (A) is the EDS
chromium map of the implanted resistor sample while (B) shows the EDS chromium map
of the channel sample without an implant. The channel sample has been scaled to the
same ratio (250%) as the resistor sample to provide an accurate comparison. The resistor
sample had Cr agglomerations near the proximal side of the Si layer with some Cr diffusing
through the entire layer. The channel sample had less agglomerations but exhibited a sharp
spike of Cr penetrating entirely though the Si layer. This level of Cr migration indicates
the possibility of metal induced crystallization.

EBSD was also done on a mesa in order to provide insight into grain formations.
EBSD analysis confirmed that large grain formed post FLA, suggesting that the
chromium layer was successful at adhering to the Si layer during the FLA process.
The sample used was identical to the de-processed mesa used in TEM earlier.
A 60 nm film of a-Si was deposited onto a 6 nm Cr underlayer. The Cr was de70
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posited with e-beam evaporation and a-Si was deposited with PEVCD. The chromium
layer was deposited with PECVD on top of a 200 nm SiO2 barrier oxide layer. The
sample was doped with boron at the source and drain before being metalized with
aluminum. This aluminum layer was removed before EBSD analysis. Fig. 5.9 contains images describing the area of the mesa that was used for EBSD. Fig. 5.9(A) is
an optical image showing the whiter source and drain regions at the top and bottom
with the center gate being a purplish color. Due to the stripping of the aluminum
layer, the source and drain regions at the top and bottom of the device exhibited a
crater pattern. This is due to aluminum’s attraction to silicon which upon removal,
causes some silicon to be removed alongside the aluminum. Fig. 5.9(B) is a higher
magnification SEM image of Fig. 5.9(A) showing the crater patterns caused by the
aluminum etch. Barely visible in the top region of the glowing rectangle in Fig. 5.9(A)
and not visible in the Fig. 5.9(B) is a large center ridgeline. This ridgeline bisects the
entire mesa with smaller grains branching outwards. Branching outwards from the
center ridge are perpendicular large grains that stretch out until hitting both ends
of the EBSD. Near the bottom section of the image is a densely packed number of
smaller grains.

Figure 5.9: (A) is an optical image of the entire mesa with the TFT being the brighter
region. The gate is a purple color while the source and drain regions are a brighter white.
(B) is a high magnification SEM image taken of the TFT region shown in (A). The TFT
has been d-processed and cratering is visible in the source and drain.
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The EBSD mapping is shown in Fig. 5.10. The Euler orientation map reveals 2082
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grains, ranging in size from 0.1-233 m2 with the average grain size being 2.5 m2 .
The grains are smaller at the edge of the pad since this region is towards the edge
of the mesa, better seen in Fig. 5.9(A). A large number of tiny grains heavily skews
the average to be much smaller. Focusing on the larger regions just below the center
ridgeline reveals a much large grain size. Taking 14 measurements across the larger
random grains below the center ridge in the analysis software ImageJ, the average

µ

µ

grain size was found to be 82 m2 . Such deviation is more precise than 0.1 m2 and
matches the larger grains surrounding the center ridge. These large grains hint at a
uniform morphology which would allow for better device performance.

Figure 5.10: EBSD measurement of Cr underlayer FLA polycrystalline silicon. Average
grain size is 2.5 µm2 with grain sizes ranging from 0.1-233 µm2 . There are 2082 grains total
with most smaller sized grains located at the bottom of the EBSD mapping. This is likely
due to the lower grains being the edge of the mesa. ImageJ analysis software indicated that
there are approximately 60 large grains with the rest being in the lower region.

Various metrology was done to characterize experiment A. This experiment stack
consisted of oxide, silicon, chromium, oxide, and glass. Optical images showed a
jagged center ridgeline that had branching secondary grains. AFM scans then showed
a nano-scale texture with patterned trenches and voids. SEM scans showed that

µ

the nano texture covered most of the sample and was not limited to the 10 m x
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10 m scans in AFM. Additionally, SEM showed bright dots alongside the nano-voids
and trenches. EDS mapping of several features was taken to search for chromium.
EDS indicated that bright dots had the highest chromium counts with nano-voids
having the second highest counts. TEM cross-sections showed substantial chromium
migration with chromium agglomerates forming within the Si layer. EBSD verified
that the mesa was primarily formed with large grains. The chromium layer was found
to promote adhesion and wetting. However, the silicon may have dewetted from
the top oxide capping layer, thus initiating voids starting from the top. This is a
possible scenario behind the formation of the nano-voids. These voids had an ordered
arrangement and are unlikely to be formed from the chromium. Another alternative
for the formation of the nano-voids could potentially be related to the crystallization
process. The melting of a-Si may lead to a shrink phase as the liquid phase density of
silicon is approximately 9% higher than the solid phase. This decrease in volume may
initiate nano-voids in the liquid state prior to returning to solid, which then remain.

5.2

Experiment B: Chromium underlayers without a barrier
oxide

Corning Lotus NXT glass substrates were also used for experiment B. A 6 nm thick
underlayer of chromium was deposited with e-beam evaporation at a rate of 1-2
angstroms per second. This was followed with 20 nm, 40 nm, and 60 nm of a-Si
deposited with PECVD at 400◦ C. Mesas were then patterned with lithography. A
100nm thick SiO2 capping and antireflective layer was added before FLA at 5.0 J/cm2 .
The 20 nm a-Si sample did not form the same morphology as the other samples with
an FLA of 5.0 J/cm2 . The FLA intensity had to be increased to 5.2 J/cm2 to produce
the same morphology seen in the other samples.
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Optical images of experiment B showed no mesas flaking off the substrate. This
indicated a successful adhesion process. Fig. 5.11 shows the optical images of samples
of varying thicknesses without an oxide barrier. All mesas had a long vertical center
ridgeline with a secondary inner rectangle near the edges of the mesa. This center
ridgeline was not as visible in the 20 nm and 40 nm thick samples. The 60 nm thick
sample, Fig. 5.11(C), best shows these feathered grains. Branching outwards from the
center ridgeline, these feathered grains expanded outwards and only stopped when
reaching the rounded inner rectangle. This indicates an edge directed morphology
with crystallization beginning at the edges of the mesa.

Figure 5.11: Optical images of mesas taken from samples without a barrier oxide. Samples
had varying thickness of a-Si with a 6 nm Cr underlayer and were crystallized with FLA.
Mesas were all 120 µm x 208 µm. (A) is the 20 nm thick Si no oxide sample, (B) is the
40 nm thick Si no oxide sample, and (C) is the 60 nm thick Si no oxide sample. All samples
showed a common center ridgeline along with feathered grains spreading outwards towards
the edges of the mesas. Small voids are present and appear randomly across the surface of
the samples
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To further expand on the feathered edge directed grains emerging from the center
ridgeline, AFM was utilized to determine topography and provide further insight.
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AFM 10 m x 10 m scans are shown in Fig. 5.12.

Figure 5.12: 10 µm x 10 µm AFM scans of the 20 nm, 40 nm, and 60 nm Si samples
with a 6 nm cr underlayer and without a barrier oxide layer. Both a top-down view and an
isometric view of each sample is shown. (A) is the top-down image of the 20 nm thick Si
sample and (B) is the corresponding isometric view. (C) is the top-down image of the 40 nm
thick Si sample and (D) is the corresponding isometric view. (E) is the top-down image
of the 60 nm thick Si sample and (F) is the corresponding isometric view. The top-down
views clearly show the nano-scale pattern with patterned lines and interwoven dots. The
isometric views show the relatively uniform topography across all three samples with some
grain ridges present.
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A top-down view and isometric view of the 20 nm, 40 nm, and 60 nm thick Si
samples without a barrier oxide were used to expand upon grain information obtained
earlier. A depth scale is shown on the right of each image. The top-down views seen
in Fig. 5.12(A), Fig. 5.12(C), and Fig. 5.12(E) revealed a nano texture in addition
to the visibly optical ’micro-scale’ texture of the edge directed ridges. This nano
texture consisted of tiny voids within clusters of parallel lines. These nano-voids were
5-50 nm in width and had depths ranging from 15-40 nm. Patterns of these voids and
trenches were perpendicular to one another as shown in Fig. 5.12(B), Fig. 5.12(D),
and Fig. 5.12(F). These nano regions are within the micro-scale feathered grains.

In order to provide clarification on the nano-scale texture within the aforementioned micro-scale scale texture, SEM was utilized. Fig. 5.13 are SEM images of the
20 nm, 40 nm, and 60 nm thick Si samples without a barrier oxide. The same nano
texture of trenches and dots within the micro texture from Fig. 5.12 is corroborated
here. Alongside the nano-voids and trenches are new nano-scale features. There are
small bright dots and voids with a halo shown in Fig. 5.13(B). The 20 nm sample,
Fig. 5.13(A), was harder to resolve at higher resolutions due to charging effects likely
due to the thinner Si layer. Despite the low magnification, bright dots, voids with
halo, and nano-voids were present in the sample. However, the bright dots in the
20 nm samples were different than previous samples and had clusters of bright specks
rather than individual bright dots.
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The bright white regions in Fig. 5.13(C) is a gold residue that is unrelated to
the sample itself. Early attempts to reduce charging resulted in a 60 nm sample
being sputter coated with gold. After several scans, this sputter coated gold coat
was discovered to have flaked off. This resulted in the high-resolution image seen
in Fig. 5.13(C) while enough gold remained in other areas of the sample to reduce
charging.

Figure 5.13: SEM images taken of the 20 nm, 40 nm, and 60 nm thick Si samples with a
Cr underlayer and without an oxide layer. An accelerating voltage of 10 kV was used for
all SEM images. (A) is the 12.7 kx magnification image of the 20 nm Si sample, (B) is a
28.8 kx magnification image of the 40 nm Si sample, and (C) is the 27.7 kx magnification
image of the 60 nm Si sample. The same nano texture seen in AFM is visible in the larger
SEM images. Alongside the nano-voids are bright dots and voids with a halo.
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EDS analysis was done on experiment B on the nano-scale features discovered in
SEM. The EDS spectra is shown in Fig. 5.14.

Figure 5.14: EDS mapping of the 20 nm, 40 nm, and 60 nm thick Si samples with Cr
underlayer and without an oxide layer. Halo voids are black, bright dots are red, no-feature
is green, and nano-voids are blue. (A) shows the chromium Kα counts for the 20 nm Si thick
no oxide sample and (B) shows the corresponding SEM image showing the EDS regions. (C)
shows the chromium Kα counts for the 40 nm Si thick no oxide sample with (D) illustrating
the EDS regions. (E) shows the chromium Kα counts for the 60 nm Si thick no oxide sample
and (F) is an SEM image of the 60 nm sample showing the EDS regions. EDS mapping of
the 20 nm sample was inconclusive, likely due to the thickness of the sample. The 40 nm and
60 nm sample had comparable features with bright dots exhibiting the highest Cr counts
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A no-feature scan was again used as a reference point for the chromium count when
there were no notable features. Fig. 5.14(A) shows the 20 nm spectra, Fig. 5.14(B)
shows the 40 nm spectra, and Fig. 5.14(E) shows the 60 nm spectra. The specific points measure are represented with circles in Fig. 5.14(B), Fig. 5.14(D), and
Fig. 5.14(F). Halo voids are shown to be black lines, bright dots as red, no-feature
values as green, and nano-voids as blue. The bright dots had the highest chromium
peaks again with the nano-voids having the second highest peaks. The 40 nm and
60 nm samples were comparable to previous samples. The 20 nm sample did not have
any significant peaks which may be due sample containing clumps of micro bright dots
rather than singular agglomerates. This issue may be related to surface tension as
a result of the thinness of the sample. EDS counts for the bright dots were approximately 0.5 for both the 40 nm and 60 nm sample. The nano-voids again had the
second highest Cr peaks with counts of approximately 0.25 for the 40 nm sample and
counts of approximately 0.35 for the 60 nm sample Fig. 5.14(A) once again had the
Cr counts for nano-voids and no-feature being the same. These nano features have
only had the same counts in the thinner samples for experiment A and experiment B.
This suggests the chromium peak is from the underlayer and that a thicker Si layer
blocks the chromium signal. Additionally, this reinforces the earlier assumption that
the chromium signal is from the underlayer with no significant amount of chromium
in the silicon aside from the bright dots.
Metrology was done to characterize experiment B. The sample consisted of oxide,
silicon, chromium, and glass. Optical images showed a center ridgeline with feather
grains. AFM revealed a nano texture that had patterns of trenches and voids with
some regions being perpendicular to one another. SEM confirmed that the nano
texture covered the whole mesa. SEM also found bright dots alongside the nanovoids along with an additional feature, halo void. These halo-voids were similar to
the nano-voids aside from a surrounding ring. There was no order to where the halo-
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voids appeared, they seemed to originate in random regions. EDS mapping was done
on these nano features with the 20 nm thick sample encountering difficulties. EDS
of the 40 and 60 nm thick samples showed bright dots having the highest Cr counts
with nano-voids having the 2nd highest counts. EDS of the halo-voids had the lowest
counts, indicating either Cr removal or discontinuous film coverage during deposition.
The appearance of these voids resembles an undercut etch so these halo-voids may
be associated with removal. A potential cause of this may be related to the glass
surface since a barrier oxide avoided the formation of the halo-voids. Alternatively,
these halo-voids may be related to the removal of Cr during the ”shrink” phase in
what appears to be random areas.

5.3

Experiment C: Chromium overlayers and underlayers

Experiment C samples had a 200 nm thick SiO2 barrier layer that was deposited with
PECVD at 390◦ C. The first overlayer sample had only a chromium overlayer while
the second sample had a combined chromium overlayer and underlayer. Chromium
layers were deposited with e-beam evaporation at a rate of 1-2 angstroms per second.
The overlayer only sample had 60 nm of a-Si while the combined over-underlayer
sample had 100 nm of a-Si. Amorphous silicon was again deposited with PECVD at
400◦ C. A 100 nm thick SiO2 capping oxide layer was added and then both samples
were subjected to an FLA of 5.0 J/cm2 .
The addition of a chromium overlayer did not significantly change the optical
appearance of the mesas. The chromium overlayer sample was also able to adhere to
the substrate. Both the 60 nm and 100 nm overlayer samples had similar colors to
the 60 nm and 100 nm underlayer only oxide samples. This resulted in a purplish
color for the 60 nm sample and a yellowish color for the 100 nm. The Cr overlayer
samples were more greyed out due to the presence of the Cr overlayer interfering with
light refracting through the barrier layer.
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Fig. 5.15 is an optical image showing a similar edge directed morphology as earlier
samples with a center ride line along with a secondary inner rectangle. However, the
center ridgeline is not as defined. This is likely due to a more complicated edge
directed crystallization dynamic. The 60 nm Si sample with a chromium overlayer
also exhibited feathered grains branching out from edge directed grains emerging from
the center ridgeline. The 100 nm sample with both an overlayer and underlayer also
had these edge directed grains except that they were more clustered. Fig. 5.15(B)
shows that grains emerging from the inner rectangle edge were grouped into parallel
lines.

Figure 5.15: Optical images of mesas taken with samples that had a 6 nm chromium
overlayer. Mesa dimensions are 120 µm x 208 µm. (A) is the sample with 60 nm of Si
with a 6 nm chromium overlayer. (B) is a 100 nm Si sample with both a 6 nm chromium
overlayer and an underlayer. Both samples showed the same characteristic center ridgeline.
Instead of feathered pattern the grains spreading across the surface appear to be grouped
into small parallel clumps. The color of these mesas is likely due to light refraction caused
by the barrier oxide layer.
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10 m x 10 m AFM scans taken of chromium overlayer samples were unlike any
of the previous samples. Fig. 5.16 shows both overlayer only and combined overunderlayer samples.

Figure 5.16: 10 µm x 10 µm AFM scans of the a-Si samples with Cr overlayers. (A) is the
top-down image of the 60 nm Si sample with only an overlayer. (B) is the matching isometric
view of the overlayer only sample. (C) is the top-down image of the 100 nm Si sample with
both a Cr underlayer and overlayer. (D) is the matching isometric view of the combined
over and underlayer sample. These samples are very different with no nano-scale patterns
being shown. The surface of both samples is dotted with large protrusions. The height of
these spikes is much higher in the combined over-underlayer sample. Additionally, there
were small nano-voids present in the combined over-underlayer sample. These nano-voids
appeared to be similar to the voids from the underlayer samples.

The chromium overlayer greatly affected the topography with no trenches or any
characteristic patterns appearing. The only nano-scale features were small voids
speckled across the combined over-underlayer sample. These nano-voids were slightly
shallower than the voids seen in underlayer samples, being only approximately 35 nm
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deep. The overlayer only sample did not have any voids present. The depths of the
voids is questionable due to difficulties encountered when scanning across the sample.
The surface of the overlayer samples were densely covered in protrusions that greatly
varied in size; some were as large as 250 nm in width while others were sub-10 nm in
width. The isometric views in Fig. 5.16(B) and Fig. 5.16(D) revealed these features to
be sharp vertical spikes 30 nm to 40 nm in height. These spikes were not expected and
were unlikely to be artifacts as all AFM samples had undergone the same preparation
routines and cleaning with isopropyl alhocol. These sharp spikes are the most likely
reason behind the horizontal AFM artifacts remaining in the scans despite the postprocessing. Both samples featured the same spiky morphology. However, these white
regions were noticeably larger than the overlayer only sample with the largest spots
being over a micrometer in size and smaller spots being around 20 nm in width.
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The presence of large spikes and shallower voids discovered in the overlayer samples was a potential issue and an additional sample was manufactured to provide
clarification. A Cr overlayer only sample was subjected to a chromium etch in order
to reveal the underlying Si layer. Fig. 5.17 shows that the Cr etched sample was
very similar in appearance to the Cr overlayer sample aside from all the large spikes
removed. After the etch, small shallow voids were revealed. These voids were not similar to the nano-voids seen in earlier chromium underlayer samples or the ones seen in
the combined over-underlayer sample. These shallow voids were only a few nm deep.
A possible explanation for these shallower voids is due to Cr silicides forming at the
boundary between the Cr overlayer and the Si layer. The formation of the silicides
created small divots into the Si layer. After the chromium etch removed the overlayer
along with the silicides, these small divots became the shallower voids.

Figure 5.17: 10 µm x 10 µm AFM scans of the 60 nm Si chromium overlayer only sample
after being subjected to a chromium etch. (A) is the top-down view post Cr etch and (B)
is the isometric view post Cr etch. The chromium etch removed the majority of the large
protrusions seen earlier. This etch also revealed the presence of the shallower voids that
were different from the nano-voids seen earlier in the combined over-underlayer sample or
underlayer samples.
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SEM was again done on samples with a chromium overlayer. Fig. 5.18 shows SEM
images taken of the chromium over-layer and over-layer with under-layer samples.
There were extensive charging issues with these two samples which is the reason why
Fig. Fig. 5.18(B) is much brighter than Fig. 5.18(A). Despite this issue, the SEM
images confirm that the spikes in the AFM were not artifacts. Both samples were
shown to be densely covered with large protrusions. There is also the addition of
trenches though there is no noticeable interaction between the dots and voids similar
to previous patterns seen in earlier both AFM and SEM underlayer samples.

Figure 5.18: SEM images taken of the chromium overlayer samples with an oxide layer.
A lower accelerating voltage of 2 kV was used to reduce charging effects. (A) is the sample
with a 60 nm Si layer and a 6 nm chromium overlayer. (B) is a 100 nm Si sample with
both a 6nm Cr underlayer and a 6 nm Cr overlayer. The nano-voids are visible in the
combined over-underlayer sample and not in the overlayer only sample. This reinforced
the notion that the shallow voids appearing in the etched AFM sample were removed Cr
agglomerations.

SEM was also able to provide additional information on the different voids in the
overlayer and combined overlayer and underlayer samples. Due to charging effects,
the etched Cr overlayer sample could not be imaged with SEM. None of the shallower
voids were observed in the Cr overlayer sample. It is possible that these voids were
too shallow to be accurately scanned by AFM. The only voids found were ones from
the combined over-underlayer sample, shown in Fig. 5.18(B). These voids were similar
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to the earlier nano-voids feature seen in underlayer samples. The appearance of the
nano-voids in all underlayer samples and its lack of appearance in the overlayer only
sample indicates that these voids may be appearing from the top down and not the
bottom up. This also suggests that the chromium layer is acting as an adhesion layer
and the formation of voids is a dewetting issue.
EDS analysis was not able to be used effectively on the chromium overlayer samples due to charging issues. As mentioned earlier, the chromium Lα value is very close
to oxygen’s Kα value of 0.525 keV. The large presence of oxygen in the sample due
to the glass substrate and SiO2 , makes the chromium Kα value unusable. This meant
that EDS can only be used on the higher Kα values. The charging issues with the
overlayer meant that the max keV usable was 2.5 keV, far below the approximately
16 keV necessary for the chromium Kα peak.
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TEM and EDS analysis were done on both the overlayer and mixed over-underlayer

µ

µ

samples. Two identical mesas 208 m x 120 m were used and cross sections were
taken along the center of the mesa. Samples were not de-processed and were not
subject to ion implantation though they were coated with carbon to prevent noise
during EDS. Fig. 5.19 shows the TEM cross sections taken of the chromium overlayer samples. Fig. 5.19(A) is the 60 nm Si sample with a 6 nm Cr overlayer while
Fig. 5.19(B) is the 100 nm Si sample with both a 6 nm Cr underlayer and a 6 nm
Cr overlayer. Both samples exhibited large amounts of chromium migration with
large chromium agglomerations scattered throughout the Si layer. The overlayer only
sample in Fig. 5.19(A) was shown to have Cr agglomerates form on either side of the
Si layer. The combined overlayer sample had a large spike of chromium penetrating
completely through the Si layer. This extensive shift in chromium is likely due to the
sample having two layers of chromium.

Figure 5.19: TEM HAADF cross sections of chromium overlayer samples. (A) is the cross
section of the chromium overlayer only sample and (B) is the cross section of the sample
with both a chromium overlayer and underlayer. Chromium agglomerates were also found
to form near the edges of the Si layer. The combined over-underlayer sample had a large
spike of Cr connecting both the Cr underlayer and overlayer.
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Fig. 5.20 is the EDS analysis taken of the TEM cross sections. (A) is the EDS
map of the overlayer only sample while (B) is the EDS map of the combined overunderlayer sample. Both samples showed Cr agglomerations into the a-Si layer that
originated from the deposited Cr layer. The double Cr layers likely contributed to the
large Cr spike present in the combined over-underlayer sample. The different shades
of chromium further reinforce the formation of chromium silicides. ImageJ analysis
on Cr counts was done on the overlayer regions. Ratios of mass density of EDS scans
were taken of Cr to Si and Si to O2 . Ratios of Si:O2 were found to be 1:1.69. This is
slightly off from the 1:2 ratio present in SiO2 . Ratios of Cr to Si were found in these
areas to be approximately 1.6:1, Cr:Si. This suggests the possibility of the chromium
silicide Cr5 Si3 forming within this layer. These measurements are a useful indicator
of potential silicides forming within the layer.

Figure 5.20: EDS chromium mapping of the TEM cross section overlayer samples. (A)
shows the EDS chromium map of overlayer only sample while (B) shows the EDS chromium
map of the sample with both a chromium overlayer and underlayer. The scale bar of for
both images is 100 nm. Chromium diffusion occurred in both samples with Cr agglomerations forming near both the proximal and distal sides of the Si layer. The combined
over-underlayer sample had a clearly defined Cr column connecting both deposited Cr layers.

In the case of the chromium overlayer only sample, these chromium agglomerates
were potentially the shallower voids seen in earlier AFM and SEM scans. These shal88
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lower voids were only seen in the etched overlayer sample and are a separate feature
from the nano-voids seen in earlier underlayer samples. EDS analysis reinforces the
notion that these shallower voids are etched chromium and unique to etched overlayer
sample.
Various metrology was done on both overlayer only samples and combined overunderlayer sample of experiment C. Optical images of overlayer samples had a center
ridgeline that was not as defined. AFM scans revealed the surface of the samples being
covered in large spikes. An additional AFM scan was taken of a chromium etched
overlayer sample that revealed shallow voids. These shallower voids were etched Cr
silicides and not similar to earlier nano-voids. SEM imaging only showed few scattered
trenches with only the combined sample had nano-voids present. The overlayer only
sample did show any nano-voids to be present. TEM cross sections were taken and
showed extensive Cr agglomerates forming within the Si layer. Preliminary ImageJ
mass density analysis of TEM EDS indicated the possibility of Cr5 Si3 forming.
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5.4

Discussion

A similar edge directed morphology was found in experiments A, B, and C. Experiments A and B also had reoccurring nano-scale patterns of nano-voids, trenches, and
bright dots. A summation of these nano-scale features is shown in Fig. 5.19. The
arrows represent the EDS beam during the scan with the various colors illustrating
the different key features. Green is the Cr underlayer, purple is the Cr agglomerate,
and voids are shown as white trapezoids.

Figure 5.21: Schematic representation illustrating the nano-scale features found in samples
with a chromium underlayer. The arrows represent the EDS beams. Green represents the
Cr underlayer, purple represents the Cr agglomerates, and the white trapezoids represent
voids. Note that the hypothetical nano-voids that are presumed to originate at the bottom
oxide interface will be discussed in chapter 6.

A key finding in all samples with a chromium underlayer were nano-voids. These
voids were of varying thicknesses and depths, appearing parallel to the trenches and
bright dots. The presence of these voids in underlayer samples only would indicate
void formation originating from the oxide interface and not the chromium interface.
EDS mapping indicated that these nano-voids were contained dewetting of the silicon
layer where the chromium layer was still intact. This would be a potential issue of Si
adhesion to the Cr and not the Cr adhesion to the substrate.
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Another key nano feature were voids with a halo. These halo-voids only appeared
in samples without a SiO2 barrier layer. EDS mapping of the halo-voids indicated a
loss of the chromium layer. The formation of the voids may be related to the lack of
a barrier oxide as these samples had the a-Si layer directly deposited on the surface
of the substrate. The topography of the bare glass may influence the continuity of
chromium layer during deposition.
The bright dots nano feature appeared in SEM underlayer samples and were parallel to the nano-voids and trenches. EDS mapping of the bright dots showed the
highest Cr peaks in these regions. This correlates to TEM cross sections showing Cr
agglomerates at the Si-Cr interface. The lack of chromium in EDS scans of featureless regions implies that the chromium migration was isolated to these bright dots
and that the Cr did not diffuse substantially throughout the Si layer. There was no
evidence of Cr contaminants outside these agglomerate regions.
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This thesis evaluated the effect of chromium as an adhesion layer by investigating
chromium migration at the nano-scale. There was a noted inconsistency in the observations of nano-voids among the different applications of the chromium layers.
The chromium layers were verified to suppress liquid silicon dewetting and large void
formation during the FLA crystallization process. Samples with only a chromium
underlayer resulted in nano-void formation that was interpreted as originating from
the top oxide interface as a result of dewetting.
Samples with only a chromium overlayer did not exhibit nano-voids, which may
be explained by the difficulty in identifying their existence if the nano-voids did not
extend through the thickness of the silicon film. Nano-voids originating from the
bottom oxide-silicon interface would not be visible in AFM and SEM imaging, which
may be why they were lacking in those samples. This then leads to the question of
why the samples with both chromium overlayers and underlayers did exhibit nanovoids, considering that both sides of the silicon layer had an interface with chromium.
An observation of the nano-voids on these samples is that they appeared to be more
random-like, or less ordered, than those on the underlayer samples.
When only one side of the silicon layer had an interface with chromium, there
appeared to be dewetting with an ordered formation of nano-voids that originated
from the oxide interface. This was directly observed on the underlayer sample, and
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presumed to occur on the overlayer sample as suggested in Fig. 5.21. Both chromium
interfaces with the silicon layer promoted adhesion, though there is nano-void formation in a somewhat random fashion. The formation of voids seems inevitable but
predictable if there is preferential dewetting at one of the interface regions.

6.1

Future Work

These investigations have provided insight on the nature of chromium migration and
void formation. Void formation serves to relax stress, so samples which have the
most void suppression (over-underlayer) would be expected to have more residual film
stress after crystallization. A comparison of film stress measurements on the three
variations would provide additional insight on this interpretation. Additional investigations are needed to establish how the migration of Cr impacts device performance.
TFTs can be fabricated using mesa regions from samples with chromium overlayers
and underlayers, with comparison of electrical characteristics to determine the impact of chromium contaminants and agglomerates on device operation. Chromium
remaining in isolated regions may not significantly affect TFT performance, so spatial
engineering using gettering sites may be effective at trapping contaminants away from
active channel regions.
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