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General Introduction



Motivation and background to this research

Semiconductors, as exemplified by ultra large scale integration (ULSI) devices, currently
feature high-density integration as a result of the miniaturization of their design. They have
conformed to Moore's Law in that the number of transistors in a dense integrated circuit has
doubled approximately every two years.” The size of the gate electrodes of semiconductors
was originally on the micrometer level, but has gradually become smaller and now is
typically less than 100 nm. Manufacturing based on a design rule of the several nm level has
been the subject of considerable study such that it is gradually being commercialized. To
miniaturize semiconductor devices, different materials, each offering their own unique
advantages, have been adopted. For example, wiring was originally fabricated using
aluminum, while copper is commonly used now. Meanwhile, the interlayer insulator material
between the wiring layers has changed from silicon dioxide (SiO,) to a low dielectric value
material (Low-k material) that incorporates organic components. Gate insulator films, which
were originally silicon dioxide (Si0;), are now formed using high-k films such as hafhium
oxide or hafnium silicate.” >
As manufacturing design rules approach the nm level, the miniaturization of transistors is
approaching its limit. In recent years, some aggressive research addressing the improvement
of devices has considered 3-dimensional integration or has introduced new materials.
Multi-functionality has been achieved by adding sensors, detectors, and so on. ¥ On the other
hand, in the area of semiconductor substrates, the use of Si has been proposed, but Ge
substrates and next-generation materials of the III-V groups are also being studied. Silicon
carbide (SiC) substrates are already being used in power devices instead of a Si substrate. The
use of a gallium nitride (GaN) substrate has also been the subject of various studies.*®
Semiconductor devices, such as those used in smartphones, are indispensable to our daily
lives. In addition, automotive applications of semiconductors, such as for sensors, have
expanded, with quality and reliability demands becoming more severe. Given that
semiconductor devices have multilayer structures incorporating different materials, the
manufacturing process has become extremely complicated, and the processing technology
has become clearly divided into very wide segments. In addition, as materials become thinner,
the surface and interface properties of thin films are important in that they have a critical
effect on the device performance. For this reason, it is extremely important to have a method

in place for evaluating ultra-thin films or very small regions, and to identify the physical
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parameters that affect the electrical characteristics while developing the manufacturing
process. Therefore, analytical techniques are indispensable to semiconductor process
development in that they provide a means of searching for and evaluating such physical
parameters.

Analytical techniques for semiconductors are summarized in Table 1-1. The main techniques
for analyzing semiconductors are transmission electron microscope (TEM) observations to
confirm the actual nm-level device structure, secondary ion mass spectrometer (SIMS)
analysis to confirm the depth profile of impurities that affect the electrical property, and
inductively coupled plasma mass spectrometer (ICP-MS) analysis to quantify the trace
impurities. These techniques are widely used and are well-established analytical techniques.
Meanwhile, in spectroscopic analysis methods such as Fourier transform infrared (FT-IR) and
Raman spectroscopy, characteristic information such as the chemical bonding state
information is obtained by spectroscopic methods, providing information which cannot be
obtained by other means. However, there are several problems related to the analysis of the
ultra-thin films found in semiconductor devices. One is that the analysis is very difficult
because spectral data are obtained by the measurements and spectral analysis requires
considerable experience and knowledge. Fig. 1-1 shows the spatial resolution and the amount
of chemical structure information produced by the analytical techniques applied to
semiconductors. The unit size of semiconductor devices is nowadays approaching the nm
scale due to the miniaturization described above, consequently requiring the ability to
conduct analyses of a very small area. As can be seen from the figure, spectroscopic methods
such as FT-IR and Raman spectroscopy provide rich information about the chemical structure,
but the spatial resolution is in the order of microns, making it difficult to directly apply these
to the analysis of semiconductor devices. Fig. 1-2 compares the depth resolution for each
analysis method. FT-IR has a depth resolution of the submicron to micron order, whereas
other surface analysis methods have a resolution on the order of nanometers, making them
unsuitable for application to the analysis of ultra-thin films with a smaller thickness. However,
FT-IR has been used as an effective means of analyzing SiO, films for a long time, and is
well covered by the literature.”*? It is expected that it will be possible to obtain useful
information by adapting FT-IR to the evaluation of semiconductor devices.

Therefore, this study sets out to establish a tool for evaluating the process development of a
semiconductor device by using FT-IR analysis. The author considered analytical methods for

evaluating the depth direction and interfaces of thin films, based on FT-IR. The author
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overcame the problems of low spatial resolution and low depth resolution that characterize
FT-IR analysis by improving the pretreatment and measurement methods while attempting to
establish a method for evaluating semiconductor materials, especially the manufacturing
process development of SiO, materials for which FT-IR has already successfully produced
results. In particular, the author examined the methods used to evaluate the depth direction
and interfaces of SiO, materials (especially low-k films and SiO, films formed on a SiC
substrate) and compared the physical parameters obtained by these methods with the

electrical properties. Finally, the author evaluated the effectiveness of each of the methods.

Previous research and adaptation of FT-IR analysis to semiconductor materials

FT-IR analysis of semiconductor materials

FT-IR is also widely utilized for inorganic materials such as semiconductors.”” For example,
it is generally used for quantitative analyses of oxygen, carbon, and nitrogen in silicon and
for determining the amounts of dopants (boron, phosphate, gallium, aluminum, etc.) at low
temperatures (around 10 K). The technique is covered by international standards such as the
SEMI International Standards and the ASTM standards.”” FT-IR is used to detecting the
constituent gases in emissions and the gas concentrations in manufacturing chambers.”
FT-IR is often applied to the quantitative analysis of functional groups (the N-H and Si-H
groups in silicon nitride film and the Si-H groups in amorphous silicon) in the areas of
semiconductors and solar cells.?**” 1t is useful for characterizing the photo reaction of resists
and the degradation of organic materials such as resins or films.

Compared to other analytical techniques, FT-IR has some unique features in that it can be
used to detect hydrogen-related bonds such as Si-H and C-H groups and moisture-related OH

and metal-OH bonds. It provides a comparatively simple means of investigating the chemical

bonding structure of a material.

Depth analysis of thin film by FT-IR method

The conventional methods of analyzing the depth direction of organic thin films are shown in
Fig. 1-3. Evaluation-based methods include those in which cross-sectional processing is
carried out and in which measurement is performed from the sectional direction shown in Fig.
1-3(a), while the FT-IR measurement is repeated while slowly removing material by means

of mechanical polishing or ion milling, as shown in Fig. 1-3(b), (¢). An example of depth
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analysis is shown in Fig. 1-4. The chemical bonding state in the depth direction was
evaluated in the depth direction, with a sub-micron resolution, by repeating the attenuated
total reflection (ATR) method and the mechanical polishing for the adhesive layer at the
polyimide film/copper thin film interface. The depth profile spectra were obtained at each
measuring point. It is assumed that the amounts of carboxylate salt and OH groups increased.
Therefore, the hydroxylation of the ester groups occurred. A depth analysis can be carried by
repeating the mechanical polishing and ATR measurements for a thin film. However, it is
difficult to carry out a depth direction analysis for submicron organic thin films when using
mechanical polishing. In addition, in the case of ion milling, the organic film is damaged.
While it is possible to discuss the depth distribution of the elemental information, it is
difficult to argue the original chemical bonding state due to the deterioration of the organic
film. Therefore, there is a need for a method of evaluating the chemical bonding state in
submicron organic thin films. The author developed a new means of evaluating the state of

chemical bonding in submicron organic thin films by introducing a new pretreatment method.

Use of FT-IR to evaluate damage in low-k films in device structure

A cross-sectional TEM photograph and a schematic view of the multilayer interconnection
structure of a commercial LSI device are shown in Fig. 1-5. The semiconductor device has a
structure in which different materials are stacked three-dimensionally. Low-k materials can
be applied as dielectric interlayers to replace the SiO, dielectric layer.” Low-k materials
basically consist of Si-O frameworks and Si-CHj, Si-H terminal groups. Therefore, they
incorporate many pores into the film to reduce the dielectric constant. However, low-k films
have organic components and therefore tend to exhibit changes in their structure owing to
plasma processes such as etching, ashing, and metal deposition. The structural changes in
low-k films increase the dielectric constant and degrade the hygroscopic property. Therefore,
it 1s necessary to investigate the process-induced damage to low-k films. Regarding there
being no patterning of low-k films, there have been many studies using FT-IR.**** However,
as the thickness of a low-k film is of the submicron level, there have been no reports of
evaluations of the chemical bond state of low-k films in the depth direction.

The TEM image shows how a low-k film is used as an interlayer insulating film, filling the
spaces between the Cu wiring layers. In fact, it is important to evaluate the damage to the side
walls and bottom of low-k films during trench formation processes. Although damage

evaluations have been conducted by means of electron energy-loss spectroscopy
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(TEM-EELS) or TEM observations after HF treatment, there have been very few reports of

FT-IR evaluations of samples with such a trench structure.

Characterization of silicon dioxide by FT-IR analysis

Si0; films are remarkable and useful materials in the semiconductor industry. They exhibit
good insulation properties and a uniform thickness. SiO, can dissolve in a HF acid solution,
whereas Si substrates do not dissolve. A thin oxide film can thus be easily prepared by the
oxidation of the Si substrate. Therefore, these properties enable the fabrication of metal oxide
semiconductor field-effect transistors (MOSFET), which are a type of transistor used for
amplifying or switching electronic signals. However, defects and impurities arise in a SiO,
film, and it is difficult to control the properties of these films, as shown in Fig. 1-6. Many
reports have focused on the characterization and improvement of SiO, films. "** As the
thickness and width of the film are made smaller, it is important to control the interfacial
structures at the interface between the oxide and the substrate. Many researchers have
investigated and improved these properties. In our group, a special wet pretreatment process
was developed to form an incline on an ultra-thin SiO, film. It was found, using FT-IR, that
the amount of Si-O peak shift at the SiO,/Si interface is closely correlated to the leakage
current, as shown in Fig.1-7.” In recent years, SiC substrates have been used for power
devices.” However, there are several longstanding problems related to the high trap densities
and the high fixed-charge density at the SiO,/SiC interface; these high values can degrade the
channel mobility of SiC MOSFETs. These problems are believed to be caused by poor
interfacial properties. Therefore, the interfacial chemical bonding structure should be
investigated by FT-IR analysis. However, although a few studies have used FT-IR analysis to
investigate the application of SiO, films to SiC substrates, none have discussed the

relationship between the chemical bonding structure and the electrical properties.

Novelty and originality of this study

In this study, the author developed a method for evaluating the ultra-thin films used in
semiconductor devices.

The completely new depth direction analysis method can evaluate the chemical bonding state
at depth intervals of several tens of nm. This can be applied not only to a low-k film but also

to an ultra-thin film of sub-micron thickness, including the organic components that easily
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degrade. In addition, the method enables depth direction analysis by applying not only FT-IR
analysis but also other surface analysis methods to the inclined surface created by the newly
introduced pretreatment method.

The author also developed a method for evaluating a trench structure sample with a
Cu/low-k line and space structure. Previously, FT-IR had not been applied to non-patterned
films, and therefore had not been used to evaluate a trench structure like that of a real device.
By improving the sample structure and measurement method, the author was able to perform
an evaluation of a trench structure by using FT-IR. This is a useful method that can be
applied to the development of other semiconductor devices having a trench structure, such as
dynamic random access memory (DRAM) and NAND flash memory.

The author characterized the chemical bonding structure at the SiO,/SiC substrate interface
by combining wet etching and the ATR method. Thus, a physical parameter that is related to

the electrical properties was identified for the first time.

Outline of this study

This thesis is composed of four chapters and a preface. Each chapter is outlined below:

In the current chapter, the author describes the purpose of the research, previous research, the
adaptation of FT-IR to semiconductor materials, and the novelty and originality of this
research.

In Chapter 1, the author reports on the development of a useful pretreatment method (referred
to as gradient shaving preparation (GSP)) to investigate the chemical bonding structure of
sub-micron thickness thin films in the depth direction by using FT-IR measurements. The
author investigates the chemical structure changes in the depth direction of low-k dielectric
films, 250-nm thick, after several ashing processes, by using the microscopic FT-IR method,
and characterizes the type and extent of the ashing damage in the low-k films. The author
confirms that this pretreatment method is useful for characterizing the chemical bonding of
thin organic film in the depth direction.

In Chapter 2, the author sets out to evaluate the process-induced damage for a Cu/low-k
interconnect structure using polarized IR light for different widths of low-k spaces and Cu
lines, and for different heights of Cu lines, on Si substrates. Although the width of both the
Cu line and the low-k space is 70 nm, considerably smaller than the wavelength of IR light,

FT-IR spectra of the low-k film were obtained for the Cu/low-k interconnect structure. A
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suitable method was established for measuring the process-induced damage on the sidewalls
of the low-k films that was not detected by TEM-EELS using microscopic IR polarized light.
In Chapter 3, the author presents the measured FT-IR and cathodoluminescence (CL) spectra
of SiO, films grown on 4H-SiC substrates, confirming that the phonon observes the upper
branch of the surface phonon polaritons (SPPs) in the SiO, films and that its frequency is
sensitive to the oxide thickness. The relative intensity of the upper branch of SPPs
normalized by that of the transverse optical phonon (TO) tended to increase as the channel
mobility (CM) decreased. A comparison between the FT-IR and CL measurements shows
that the relative intensity is correlated to the inhomogeneity in the SiO,/SiC interface, and the
CM of SiC devices.

In Chapter 4, the author presents the measured FT-IR spectra of thermal oxides with different
electrical properties grown on 4H-SiC substrates and discusses the interfacial bonding
structure and stresses in the depth direction as determined with repeated ATR measurements
and wet etching. For the thinner thermal oxides (SiO; thicknesses of less than 3 nm), the peak
frequency of the TO mode of the oxides on the 4H-SiC substrate is red-shifted as the oxide
layer thickness decreases. The channel mobilities are correlated with the degree of the shift of
the TO mode in samples with an oxide thickness of less than 3 nm. It appears that the
compressive stress at the SiO,/SiC interface generates silicon suboxide components and
weakens the Si-O bonds. Therefore, the TO mode was red-shifted and the oxygen deficiency

increased to relax the compressive stress in the oxide with <3 nm thickness.
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Table. 1-1 Analysis methods for semiconductor devices.

Information

Analytical methods

Composition

SIMS, EPMA, TEM-EDX, EELS, AES, RBS, XRF, XPS

Chemical structure

FT-IR, XPS, NMR, Raman, TEM-EELS, AES

Morphology

TEM, SEM, AFM

Defect/crystallinity

TEM, CL, PL, Raman, XRD, ESR, FT-IR

Carrier concentration

SCM, SSRM, SR

Stress/strain Raman, XRD, TEM
Roughness AFM, STM, TEM, SEM, XRR
Voids TEM, SEM, PALS
Thickness/density Ellipsometry, XRR, RBS
Impurity profile SIMS

Contamination ICP-MS, TOF-SIMS
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Chapter 1

Characterization of Ashing Damage in Depth in Low-k Dielectric Films

by Microscopic IR Method
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ABSTRACT

The author developed special pretreatment for the depth analysis and investigated the
ashing damages of low-k films in the depth direction by the gradient shaving preparation
(GSP) using the microscopic IR method. Ashing processes were performed on the MSQ films
on Si substrates under conditions in which a fixed amount of resist was removed using O,
NH;, and He/H; gases. The Si-CH; bond decreased from only the surface area to a depth of
approximately 100 nm in the NH; ashing, whereas, in the O, ashing, there is an extremely
low level of concentration over the entire depth. Further, a change in the structure of the Si-O
network occurred. On the other hand, in the He/H, ashing, no change in the film structure
was observed. Microscopic FT-IR with GSP is useful technique to characterize chemical

structure in depth direction for thin low-k film.
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INTRODUCTION

Advanced ultra-large-scale integration (ULSI) requires the replacement of a SiO, (k = 4.1)
dielectric interlayer material with one that has a lower dielectric constant, in order to prevent
signal delay. Low-k films have recently been used as interlayer dielectric materials for
advanced Cu/low-k interconnects'™. MSQ (methyl silsequioxane) is one possible low-k
material for use as a replacement. However, MSQ is more susceptible to changes in its
structure by treatments such as dry etching or ashing processes compared to more
conventional SiO, materials. Treatment via one of these processes induces an increase in the
dielectric constant and/or degradation with regard to the hygroscopic properties. Therefore, it
is important to gain knowledge about the quality and origin of the process-induced damage
and the depth of the damage to improve these manufacturing processes. Fourier transform
infrared (FT-IR) analysis easily reveals the chemical bonding structure of porous low-k films
in a quantitative manner, and it does not affect the film properties during spectral
measurements; > as such, FT-IR has been used in previous studies on low-k films.” "
Furthermore, FT-IR is an effective tool for characterizing a blanket low-k film processed via
various plasma treatments. However, it is difficult to evaluate the depth of a chemical
bonding structure in sub-micron thickness low-k thin films, and structural changes in the
depth direction have not yet been reported. Here, we have developed a new pretreatment
method for evaluating chemical bonding in the depth direction for such thin films, and
evaluated the chemical structural changes in this direction in low-k dielectric films after

several ashing processes using a GSP method with microscopic IR techniques.
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EXPERIMENTAL DETAIL

250-nm thick porous MSQ films (k = 2.3) were prepared on Si (100) substrates, and
subsequently, the ashing processes were performed on the MSQ films under conditions in
which a fixed amount of resist was removed using O,, NH3, and He/H, gases. A Si substrate
with more than 1 Qcm resistivity was used in this study. IR light passes through this substrate,
and therefore, transmittance measurements can be carried out. The ashing damage to the
MSQ films was characterized by Fourier transform infrared spectroscopy (FT-IR), X-ray
photoelectron spectroscopy (XPS), Rutherford back scattering/Hydrogen forward scattering
spectrometry (RBS/HFS), and Raman spectroscopy techniques. Obtained information for
each analysis was shown in Table 2-1. The FT-IR measurement in depth was performed by
line-scanned transmittance measurements for the slope processed by the gradient shaving
preparation (GSP) using the microscopic IR method, as shown in figure 2-1 '°.

GSP is a mechanical pretreatment method that does not use water and/or solution, or argon
ions etc. Therefore, the low-k film does not suffer the damages under this pretreatment
process. The slope obtained by GSP is more than 1000 times that of the thickness of low-k
films. Information on the depth direction of the film can be obtained by some line-scanned
surface analytical techniques. The information regarding a certain depth is acquired when the
IR beam is used as an analytical probe from the obtained difference in adjacent measurement

positions. Therefore, depth profile spectra were obtained by the subtraction of each raw

spectrum from the next one.
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RESULTS AND DISCUSSION

Changes in the dielectric constant by ashing

The dielectric constants of low-k films were measured by the mercury probe. Obtained
dielectric constant of MSQ films were shown in table 2-2. No change in the dielectric
constant by the He/H; ashing was observed. On the other hand, by the O, and NHj3 ashing, an
increase was observed in the dielectric constant by approximately 42.6% and 13.9%,
respectively . In the view of electrical property, O, and NH; ashing cause process induced

damage for low-k film and He/H, ashing cause no damage for low-k film.

Change of chemical structure in depth by ashing

Figure 2-2 shows the IR transmission spectra of the MSQ films. The Si-CH3 band appeared
at 1260 cm™ and decreased in the NH; and O, ashing.3 The degree of change is relatively
minor in NHj3 ashing as compared to O, ashing. Furthermore, the Si-OH band appeared
around 950 cm™', which indicated that the MSQ film might tend to absorb moisture in the
NHj and O; ashing. The Si-H band appeared at 900 cm’! and increased in the NH; and He/H,
ashing. It is presumed that the terminal functional groups of the Si-O network changed by
ashing. In case of He/N, ashing, there is no damage in electrical property. However, Si-H
groups increased by the ashing. Si-H groups might not have any effect for electrical property.

Figure 2-3 shows the depth profile spectra obtained by the microscopic IR measurements.
The upper spectra in each figure are those of the surface, and the lower spectra are those of
the interface in the MSQ film. Each spectrum contained information pertaining to the MSQ
films for a depth of 25 nm. In the reference sample (c), no change in the spectrum was
observed in the depth direction. However, in the case of O, (a) and NHj3 (b) ashing, changes

in the spectrum in the depth direction were observed. The spectrum at the interface after the
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NH; ashing showed a shape similar to that of the reference. On the other hand, it was found
that a peak position for the Si-O stretching mode appeared around 1049 cm™ near at the
interface and was shifted to a small extent to 1064 cm™ at the surface area. This implies that
the structure of a Si-O network, which is the primary network in the MSQ film, changes near
the surface by the NHj3 ashing.

In the O, ashing, the peak position for the Si-O stretching around 1073 cm™ at the interface
was shifted to a small extent to 1080 cm™ near the surface area. The Si-O peak positions were
blue-shifted compared with NH;3 ashing and reference. The Si-O peak position of low-k films
tends to blue-shift due to Si-O network cross linkage progressing. It is presumed that the
MSQ film transformed into a SiO; like structure in entire film in O, ashing and on the surface
of low-k film in NHj3 ashing.

Figure 2-4 shows the depth profile of the ratios of the peak intensity of the 1260 cm™ Si-CHj
band to the peak intensity of the Si-O band. It indicated that the Si-CH; bond decreased from
only the surface region to a depth of approximately 100 nm in the NH; ashing, whereas, in
the O, ashing, there is an extremely low level of concentration over the entire depth. On the
other hand, no change in the amount of Si-CHj3 in the depth direction was observed in the

He/H; ashing.

Changes in the composition of MSQ films by ashing

Tables 2-3 and 2-4 show the composition of MSQ films characterized by the RBS/HFS and
XPS. RBS/HFS gave the composition of MSQ films as a bulk property, whereas XPS gave
the composition at the surface of MSQ films. The decrease in the amount of carbon and
hydrogen and the increase in the amount of oxygen in the MSQ film in the O, and NH;
ashing can be observed. Nitrogen existed in the surface of the MSQ film in the NH; ashing.

From these results, it can be deduced that the methyl group disappeared in the ashing process.
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Changes in the Si-O network of MSQ films by ashing

Figure 2-5 shows the Raman spectra of the MSQ films. The Peaks were assigned a 4-fold
ring structure of the Si-O and/or random network of the SiO, at 500 cm™ and a 3-fold ring
structure of Si-O at 610 cm™. As the ashing damage increased, the 600 cm™ band intensity
decreased and the peak shape of 500 cm™ band changed. Therefore, it is presumed that the

Si-O network changes by O, and NHj3 ashing. 18

The mechanism of degradation of low-k film by O, and NH3 ashing

According to FT-IR results, the Si-CH; bond decreased from only the surface region to a
depth of approximately 100 nm in the NHj ashing and there is an extremely low level of
concentration over the entire depth in the O, ashing. XPS and RBS/HFS results show the
methyl group disappeared in the ashing process. Therefore, it is concluded that ashing
damage in the low-k film is caused by breaking of Si-CHj; groups. Disappearing of Si-CHj
group causes dangling bonds in the low-k film. The dangling bonds are unstable and Si-OH
groups generate with reacting moisture in the atmosphere. The generated Si-OH groups also
draw the moisture. The dielectric constant of water is approximately 80, larger than that of
low-k film. Therefore, decreasing of Si-CHj3 groups in the low-k film generates degradation
of dielectric constant. It is presumed that the amount of Si-CHj3 changes correlated with

dielectric constant of the low-k film.
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CONCLUSION

We investigated the ashing damages of low-k films in the depth direction by the gradient
shaving preparation (GSP) using the microscopic IR method and the ashing damages to the
MSQ films were characterized in the depth direction.

The Si-CHj3 bond decreased from only the surface area to a depth of approximately 100 nm
in the NHj ashing, whereas, in the O, ashing, there is an extremely low level of concentration
over the entire depth. It was shown that in the NH; and O, ashing, the methyl group
disappeared from the surface area and a change occurred in the structure of the Si-O network.
On the other hand, after the He/H, ashing, no change in the film structure was observed. It is
concluded that ashing damage in the low-k film is caused by breaking of Si-CHj3 groups.
Decreasing of Si-CHj3 groups in the low-k film generates degradation of dielectric constant. It
is presumed that the amount of Si-CHj3 change correlated with dielectric constant of the low-k
film.

The result from our study showed that the change in the film structure and the extent of
ashing damage in the depth direction depends on the ashing conditions.

Microscopic FT-IR with GSP is useful technique to characterize chemical structure in

depth direction for thin low-k film.
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Table. 2-1. Characterized targets of each analytical techniques for low-k films.

Analytical technique Characterized target

Chemical bonding structure
IR (transmission)
(entire film)

XPS (X-ray photoelectron spectroscopy) | Composition (surface)

RBS/HFS
(Rutherford back scattering Composition (entire film)

Hydrogen forward scattering)

Microscopic IR with GSP Depth profile of chemical bonding structure

Table. 2-2. The dielectric constant after ashing with various types of gases.

Ashing gas  Dielectric constant

0O, 3.6
NH; 2.9
He/H, 23
Ref 23

-29.




Table. 2-3. Composition of the Low-k films by RBS/HFS.

C/Si O/Si H/Si

O, ashing 0.19 2.05 0.31

NHj; ashing 0.59 1.91 1.45
He/H, ashing 0.77 1.89 1.60
Ref 0.77 1.89 1.60

Table. 2-4. Composition of the surface of MSQ films by XPS (atomic %)

C (0) N Si F C/Si O/Si

O, ashing 33 67.5 - 28.6 0.6 0.12 2.36

NH; ashing 4.7 65.6 22 27.5 - 0.17 2.39
He/H, ashing 15.9 55.8 - 28.3 - 0.56 1.97
Ref 17.1 55.2 - 27.7 - 0.62 1.99
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. . Depth profile «<— pifference spectra
Microscopic IR spectra

Fig. 2-1. Principle of the depth profile analysis by microscopic IR.
MSQ film is mechanically shaved with a slope and line-scanned IR measurements were
performed to obtain the depth direction after ashing with various types of gases. Line scan was

performed using microscopic IR to obtain the slope.
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Fig. 2-2. IR absorption spectra of MSQ films in different ashing conditions.
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Fig. 2-3. Depth profile spectrum of MSQ films.

(a) O, ashing; (b) NH; ashing; (c) Reference.
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Chapter 2

Characterization of process-induced damage in Cu/low-k interconnect structure by

microscopic infrared spectroscopy with polarized infrared light
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ABSTRACT

Microscopic Fourier-transform infrared (FT-IR) spectra are measured for a Cu/low-k
interconnect structure using polarized IR light for different widths of low-k spaces and Cu
lines, and for different heights of Cu lines, on Si substrates. Although the widths of the Cu
line and the low-k space are 70 nm each, considerably smaller than the wavelength of the IR
light, the FT-IR spectra of the low-k film were obtained for the Cu/low-k interconnect
structure. A suitable method was established for measuring the process-induced damage in a
low-k film that was not detected by the TEM-EELS (Electron Energy-Loss Spectroscopy)
using microscopic IR polarized light. Based on the IR results, it was presumed that the FT-IR
spectra mainly reflect structural changes in the sidewalls of the low-k films for Cu/low-k
interconnect structures, and the mechanism of generating process-induced damage involves
the generation of Si-OH groups in the low-k film when Si-CHj3; bonds break during the
fabrication processes. The Si-OH groups attract moisture and the OH peak intensity increases.
It was concluded that the increase in the OH groups in the low-k film is a sensitive indicator
of low-k damage. We achieved the characterization of the process-induced damage that was
not detected by the TEM-EELS and speculated that the proposed method is applicable to
interconnects with line and space widths of 70 nm/70 nm and on shorter scales of leading
edge devices. The location of process-induced damage and its mechanism for the Cu/low-k

interconnect structure were revealed via the measurement method.
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INTRODUCTION

As mentioned previously in Chapter 1, low-k films are more susceptible to structural and
chemical changes during manufacturing processes such as dry etching, ashing, and barrier
metal deposition.'” These processes can cause deterioration that leads to increased dielectric
constants and/or degradation of the films’ hygroscopic properties. Such damage can have an
adverse effect on the performance and reliability of Cu/low-k interconnects.

To evaluate process-induced damage, electron energy loss spectroscopy (EELS) equipped
to a low-voltage transmission electron microscope (TEM) has been used for the precise
characterization of process-induced damage in low-k interconnect dielectrics; in addition,
decreased amounts of carbon in the trench walls due to dry etching has also been previously
reported.* However, the obtained results featured less information about the detailed chemical
bonding structure, and it is difficult to characterize low-k materials without incurring electron
beam damage that is inherent to TEM.

In Chapter 1, line analysis was used with a microscopic IR method against the inclined
surface formed by special pretreatment, and the chemical bonding structure in the depth
direction was obtained.’ Information regarding chemical bonding structure changes and the
depth at which they occur is useful for improving manufacturing processes related to low-k
films. However, the actual low-k film is processed into a trench structure, and damage may
primarily occur in the low-k film trench side walls. The process-induced damage on the
blanket film and on the side wall in the Cu/low-k interconnect structure may differ even
under the same plasma conditions. In addition, any IR radiation is shielded when forming a
Cu wiring on the low-k film, preventing the use of IR characterization in evaluating this issue.
To characterize sheer process damage, it is important to evaluate Cu/low-k interconnect

structures. Thus, the possibility of characterizing damage in narrow low-k spaces between Cu
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lines less than 100 nm was investigated using a microscopic FT-IR method.®’

In the present study, the process-induced damage is negligible and is difficult to
characterize using TEM-EELS. Therefore, a microscopic FT-IR method was explored as a
suitable measurement method for characterizing process-induced damage in Cu/low-k
interconnect structures. Damage layer analysis was carried out using this FT-IR method for
samples with different line and space widths and different line heights. Furthermore, the
locations where damage is detected by this method and the processed-induced damage
mechanisms were discussed. Finally, the locations where process-induced damage occurs and

its mechanisms in a Cu/low-k interconnect structure were revealed.
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EXPERIMENTAL DETAIL

A porous SiOC low-k film with k = 2.5 was used for the experiment. A SiOC film consists
of a Si-O network and Si-CHj3, Si-H groups. The sample structure used in the microscopic
FT-IR measurements is shown in Fig. 3-1. The sample structure is appropriate for FT-IR
measurements and it is easy to determine the location of the process-induced damage. A Si
substrate with more than 1 Qcm resistivity was used in this study. IR light passes through this
substrate, and therefore, transmittance measurements can be carried out. A 30-nm-thick SiC
film was deposited on the silicon substrate and a 200-nm-thick porous SiOC film was
deposited on the SiC film. Cu narrow line structures were made by plasma trench etching
using fluorocarbon gas, Cu electroplating, and Cu chemical mechanical polishing (Cu-CMP).
Finally, Cu narrow line structures were formed in an area of 100 pm? for every same line and
space structures.

The FT-IR spectra were measured using the transmittance mode in a Fourier transform
spectrometer (Perkin Elmer Spotlight 300) with an IR polarizer to generate p- or s- polarized
IR light. The measurements were performed in an area of 100 um? by focusing IR light with
an aperture, as shown in Fig. 3-2. To decide a suitable FT-IR method for the assessment of
process-induced damage, the effect of the direction of the electric field under IR light on the
direction of the Cu line is discussed.

To investigate the area where process-induced damage was detected in the Cu/low-k
structures, structural samples with different widths of the low-k spaces (S) and the height of
the Cu lines (T) were investigated. We formed samples with different widths for the low-k
spaces and Cu lines (L). Figure 3-3 shows the top view of the schematic Cu/low-k line and
space structure with different space widths. The Cu line widths were 70 nm. In this study,

line occupancy is defined as the ratio of the occupied area of a Cu line to the total area of Cu
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lines and low-k spaces. The line occupancies were 10%, 15%, 30%, and 50%. In a different
case, L and S were fixed at 70 nm, and T was varied to three different lengths: standard (100

nm), tall (125 nm), and short (75 nm).
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RESULTS AND DISCUSSION

Figure 3-4 shows the IR transmittance to a Si substrate for L/S = 70/70 nm measured using
different polarized IR light whose electric field component is (a) parallel and (b)
perpendicular to the Cu lines. When the electric field component of the IR light was parallel
to the Cu lines, the transmittance of IR light was less than 10%. In contrast, when the electric
field component of the IR light was perpendicular to the Cu lines, the transmittance was
almost 100%. This indicates that the Cu narrow lines work as an IR polarizer and only the
electric field component of the IR light perpendicular to the Cu lines can pass through the
Cu/low-k interconnect structure. The transmittance is observed to slightly exceed 100%. This
phenomenon is considered to be caused by the refractive effect of IR through a silicon wafer
with/without deposited films. Therefore, we determined a suitable measuring method that
uses IR light whose electric field component is perpendicular to the Cu lines.

Figure 3-5 shows the IR spectra of a blanket film (non-patterning) and patterning samples
(L/S = 70: 70 nm). The IR measurements were carried out using polarized IR light. The
spectral shapes are similar to each other. It is very likely that the effect of Cu lines is
non-existent, and thus, we can measure the Cu/low-k interconnect structure. The assignments
of the main peaks of the low-k film are summarized in Table 3-I %'

Figures 3-6(1) and (ii) display microscopic FT-IR spectra in the (i) 4000—700 cm” and (i1)
3800-2600 cm™' regions for Cu/low-k samples with different spaces and line widths,
respectively (Fig. 3-3). Each obtained spectrum reflects a different volume of low-k film
components. Thus, we use the relative intensity of a band to the intensity of a band at 1050
cm™ owing to the Si-O stretching mode, which is the main framework in the low-k film. The
relative intensities of the bands due to the Si-CHj3, Si-H, and OH stretching modes (Si-CH:

1270 cm™, Si-H: (2240 and 2180) cm™, OH: 3400 cm™)  to that of the 1050 cm™ band are
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-19-12 and

shown in Fig. 3-7(1), (i1). The Si-OH peaks also appeared at approximately 900 cm
are easily distinguishable from those owing to the OH groups derived from water. However,
in the case of the low-k film, the peak of the Si-H bands is located around the same
wavenumber as shown in Table 3-1. Thus, the peak intensity of the OH groups was estimated
as the sum of the OH and the Si-OH peak area. The Si-H/Si-O intensity ratio is almost the
same for all samples; however, the Si-CH3/Si-O intensity ratio decreases gradually as the
space width decreases. In addition, the OH/Si-O ratio significantly increases as the space
width decreases. According to our previous report, the amount of Si-CHj3 groups decreased
and its structure changed to a SiO, network structure owing to the plasma processes™. It
appears that the generation of OH groups is related to process-induced damage; the volume
fraction of the sidewall in the low-k film increases for narrower low-k space width.

Figure 3-8 shows the Si-O peak intensity obtained from Fig. 3-6. The absorption intensity
of Si-O increases as the width of the low-k space reduces. This phenomenon appears to be
due to an increase in the Si-O cross-linkage, as a result of process-induced damage. However,
it is also likely that a localized electric field is generated between the Cu lines by the IR light.
It may be caused by the surface-enhanced infrared absorption (SEIRA) phenomenon that has

1316 The IR absorption of adsorbed species on gold, silver, and copper

been reported so far
island films is enhanced; the degree of enhancement depends on the size of the islands and
the gaps between islands. Thus, the Si-O peak intensity might be enhanced by SEIRA, and it
might enable the sensitive detection of process-induced damage.

Figures 3-9(i) and (ii) depict microscopic FT-IR spectra in the (i) 1400-700 cm” and (i1)
3900-2600 cm™' regions of the samples with different T (line and space widths of 70 nm)
values. The T value is changed to three different heights—standard (100 nm), tall (125 nm),

and short (75 nm)—to confirm the location of the damage in the low-k film. The relative

peak intensities of Si-CHj, Si-H, and OH bands to that of the Si-O band at 1050 cm’ are
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shown in Fig. 3-10(i) and (ii). As T increases, the relative peak intensity of the OH groups
increases. The number of OH groups was shown to correlate with the length of the side walls.
We concluded that FT-IR spectra reflect mainly the structural changes such as
process-induced damage in the sidewall of a low-k film.

It is presumed that the OH groups are generated in the low-k film when Si-CHj3 bonds
break during the fabrication processes, and they are derived from atmospheric moisture, as
shown in Fig. 3-11. As mentioned previously, process-induced damage was occurred in the
side wall of low-k films, and the amount of Si-CHj; groups decreased. However, the
difference in the amount of the total Si-CHj3 groups before and after the damage is small
because there are many Si-CHj3 groups in the low-k films. The Si-OH groups are negligible in
the initial low-k film. Si-OH groups that were generated by the process-induced damage also
draw moisture. Therefore, the total amount of OH groups is apparently amplified by the
adsorption of water.

We attempted to evaluate the amount of carbon by EELS equipped with a low-voltage
TEM. The measurement method is shown in Ref. 8. The carbon concentration mapping using
EELS at the C-K edges is shown in Figure 3-12. If the depletion of carbon occurred in the
sidewall of the low-k film, the color of the area would be denser than the other areas of the
low-k film. However, the depletion of carbon was not clearly observed. The carbon detection
limit of the TEM-EELS is approximately 0.5%. The composition errors were estimated to be
+2% and the space resolution was approximately 1 nm for the TEM-EELS. However, we
detected Si-OH peaks by the FT-IR measurement for the same sample. The FT-IR can
measure several sidewalls of the low-k films simultaneously and the Si-OH peak intensity is
apparently amplified by the adsorption of water; it enabled a highly sensitive measurement of
the process-induced damage for the sidewall of the low-k film and contributed to the

revelation that the number of OH groups is a more sensitive indicator for a low-k damage
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evaluation. This may affect the reliability of the Cu/low-k interconnects.
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CONCLUSION

In the present study, the microscopic FT-IR spectra were measured for a Cu/low-k
interconnect structure that had different widths of low-k spaces (S), widths of Cu lines (L),
and heights of Cu lines (T) on Si substrates with polarized infrared light.

Based on the IR results, the effect of the direction of the electric field under IR light on the
direction of the Cu line was investigated. We developed a suitable damage measuring
microscopic FT-IR method using IR light whose electric field component is perpendicular to
the Cu lines.

The microscopic FT-IR spectra for Cu/low-k samples with different space and line widths
and samples with different T (line and space widths of 70 nm) were investigated. The results
show that the process-induced damage that was detected by the FT-IR method is mainly
reflected in the structural changes in the sidewall of a low-k film and the number of OH
groups correlated with the length of the side walls. It is concluded that FT-IR spectra mainly
reflect the process-induced damage in the sidewall of a low-k film.

Based on the discussion about process-induced spectral changes of low-k films, it is
considered that the mechanism of generating process-induced damage involves the generation
of the OH groups in the low-k film when Si-CH3; bonds break during the fabrication
processes and are derived from atmospheric moisture.

There are many Si-CHj3 groups in the low-k films. However, OH groups are not excited in
the low-k film without damage. It was revealed that the number of OH groups was a more
sensitive indicator for the low-k damage evaluation of the microscopic FT-IR method. We
achieved the characterization of the process-induced damage that was not detected by the
TEM-EELS. This may influence the reliability of the Cu/low-k interconnects. The method is

applicable to narrow interconnects, e.g., those with line and space widths of 70 nm/70 nm or
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less for advanced semiconductor processes.
Thus, the FT-IR study has provided us with novel and unique information regarding

process-induced damage in Cu/Low-k interconnect structures.
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Table. 3-1.

Peak assignments of an IR spectra of a porous SiOC film.

Peak

Assignments Comment

position(cm™)

3650 v Si-OH Due to damage
3300 v OH adsorbed water
2970 v C-CH3 Si-(CH3)x
2240 v Si-H H-Si03
2180 v Si-H H-Si0,Si
1640 0 OH adsorbed water
1410 ds C-CH; Si-(CH3)x
1360 0 C-CH; Si-CH»-Si
1270 3, C-CHj; Si-(CH3)x
1140 Va Si-O-Si Cage
1050 v, S1-0O-S1 Network
950-900 0 Si-OH Due to damage
890 0 Si-H H-Si0;
840 pa CH; Si-(CHs)s
800 pa CHs Si-(CH3),
780 pa CH3 Si-(CHs),

v: stretching mode, 6: bending, p: rocking,

-50-
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Low-k film
(200 nm)

SiC film (30 nm

Fig. 3-1 Schematic view of the sample structure. Cu line width (L), low-k space width (S)
were changed while keeping Cu line (T) constant, and the height of the Cu lines (T) was

changed keeping Cu line width (L) and low-k space width (S) constant.

-51-



Direction of electric field in IR light

r—

(@) Ey

< — (b) E,

LS =70/70nm

; ~I\4| easurement field
Low-k /" |- (100 pm?)
film

Fig. 3-2 Schematic view of the polarized IR absorption measurement. The electric field

component of IR light is (a) parallel and (b) perpendicular to the Cu lines.
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Fig. 3-3 Schematic view of the sample structure with different line occupancies (top view).

Line width was fixed at 70 nm and line occupancies were varied: 10%, 15%, 30%, and 50%.

-53-



140 —— 77—

120
100 +
80 1

60 - s
40 - s

() E ]
20—( ) / i

—~—— ]

Transmittance(%)

0 T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber(cm ™)

Fig. 3-4 IR transmittance to the Si substrate for L/S = 70/70 nm using different polarized

IR light whose electric field component is (a) parallel and (b) perpendicular to the Cu lines.
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Fig. 3-5 IR spectra of (a) a blanket film and (b) Cu/low-k structure (L/S = 70 nm:70 nm).

IR measurements were carried out using polarized IR light.
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Fig. 3-6 FTIR spectra of Cu/low-k samples with different line widths and space structures:
(i) FTIR spectra in the region of 4000—700 cm™. (ii) FT-IR spectra in the 38002600 cm™

region.
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39002600 cm™ region.
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Fig. 3-11 Schematic view of the structural change in the sidewalls of the low-k film.
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Fig. 3-12 Carbon composition mapping in low-k film by TEM-EELS.
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Chapter 3

Characterization of Inhomogeneity in SiO, Films on 4H-SiC Epitaxial Substrate by a

Combination of Fourier Transform Infrared and Cathodoluminescence Spectroscopy
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ABSTRACT

We measured the Fourier transform infrared (FT-IR) and cathodoluminescence (CL)
spectra of Si0; films grown on 4H-SiC substrates and confirmed that the phonon observed at
around 1150-1250 cm™ originates from the upper branch of the surface phonon polaritons
(SPPs) in the Si0O, films and that its frequency is sensitive to the oxide thickness. The relative
intensity of the upper branch of SPPs normalized by that of the transverse optical phonon
(TO) tended to increase with decreasing channel mobility (CM). A comparison between the
FT-IR and CL measurements shows that the relative intensity is correlated with an
inhomogeneity in the SiO,/SiC interface, and the CM of SiC devices. A combination of
FT-IR and CL spectroscopy provides us with a large amount of data on the inhomogeneity,

defect, and oxide thickness of SiO, films on 4H-SiC substrates.

- 64 -



INTRODUCTION

Silicon carbide (SiC) is a well-known wide-bandgap semiconductor for high-power,
high-frequency metal-oxide—semiconductor (MOS) device applications. The high interface
trap densities (Dj;) at the SiO,/SiC interface and the high effective fixed charge densities
(Qefr), which are one to two orders of magnitude higher than those typically found at the
Si0,/Si interface (of the order of 10'' ecm™),' degrade the channel mobility (CM).>” The
presence of interface traps in SiC MOS field-effect transistors (FETs) is attributed to (i)
excess carbon,*® (ii) interface defects due to the presence of threefold coordinated O and C
interstitial atoms,*® and (iii) point defects such as Si and O vacancies that extend into the SiC
layer underneath the SiO,/SiC interface.”® H,,*> NO,”'* or N;O>''™" post-oxidation annealing
(POA) effectively increases.

Fourier transform infrared (FT-IR) spectroscopy is an effective tool for investigating
chemical bonding structures in thin oxide films. However, we cannot measure the transparent
FT-IR spectra of SiO; films prepared on commercially available 4H-SiC substrates because
of the strong absorptions due to the free carriers in the substrates. As a result, the attenuated
total reflection (ATR) configuration is used as a highly sensitive method for investigating the
SiO, films." Transverse optical (TO) and longitudinal optical (LO) phonons in thermally
grown SiO, films on a Si wafer have been observed at around 1072 and 1257 em’™,
respectively.® These phonons are associated with the asymmetrical stretching of O in the
intertetrahedral Si-O-Si bridge.” Although many studies have reported FT-IR spectroscopy of
thermally grown SiO, films on Si wafers, none have focused on the microstructures in the
interface between SiO, films and SiC wafers.!*!!

Figure 4-1 shows the normal and grazing incidence and ATR spectra of a thick (100 nm)

Si0O, film on a bulk epitaxial 4H-SiC substrate'>. We reported abnormal behavior of LO
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phonon in a SiO; film on a 4H-SiC bulk epitaxial substrate. The peak frequency of the LO
like phonon with an asymmetric line shape in the ATR spectrum was observed at around
1165 cm™ and redshifted by approximately 92 cm™ relative to that at the grazing incidence
(40°) We assigned that the asymmetric modes located between 1110 and 1250 cm™ were due

15" Furthermore, we divided the

to the upper and lower branches of surface polaritons (SPPs).
asymmetric modes located between 1110 and 1250 cm™ into the two peaks with Lorentzian
line shapes, and suggested that the two peaks divided were assigned to the upper and lower
branches of SPPs at the air-Si0O,, and Si0,-4H-SiC interfaces, respectively.15
In cathodoluminescence (CL) spectroscopy, luminescence of a sample subjected to
electron beam irradiation is observed.'®'® CL spectroscopy provides considerable information
on defects in thin SiO; films. We prepared SiO; films (41-47 nm thick) grown on 4H-SiC
(0001) Si, (1-100) M, and (11-20) A faces by POA in NO ambient at 1250 °C and found that
the SiO, film grown on the 4H-SiC (11-20) A face had very large CM of 112 em?/Vs'®. To
clarify the origin of this high CM, we studied the changes in the CL spectra of SiO; films
grown on 4H-SiC (0001) Si, (1-100) M, and (11-20) A faces subject to POA in NO ambient.
For an acceleration voltage of 5 kV, the CL peak assigned to oxygen vacancy centers (OVCs)
weakens by POA, whereas the CL peak related to Si-N bonding structures intensifies with
increasing CM. This suggests that OVCs in the Si0,/SiC interface are terminated by N. We
have showed that NO ambient POA increases the CM more effectively than that by N,O
ambient.
We measured the FT-IR and CL spectra of SiO, films grown on 4H-SiC substrates.
We found that the peak frequency of the upper branch of the SPPs in the SiO; films is
sensitive to the oxide thickness and that the relative intensity of the upper branch of SPPs
normalized by that of TO phonon increases with decreasing CM. Furthermore, for

acceleration voltages of 3 and 5 kV, the CL peak around 600 nm, related to Si-N bonding
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structures, becomes intense by POA in NO ambient at 1250°C. These results suggest that the
interface trap densities (Dj;) decrease and the CM in n-type MOS capacitors increases by the
termination of dangling bonds by the N atom in the SiO,/SiC interface. In this work, we
reports that the relative intensity of the upper branch of SPPs normalized by that of the TO
phonon is correlated with an inhomogeneity in the SiO,/SiC interface in SiO; films and the
CM in n-type MOS capacitors. A combination of FT-IR and CL spectroscopy provides us
with a large amount of data on the inhomogeneity, defect, and oxide thickness of SiO, films

on 4H-SiC substrates.
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EXPERIMENTAL DETAIL

We prepared two sets of SiO, films, which were thermally grown on commercial epitaxial
4H-SiC and on bulk epitaxial 4H-SiC substrates in order to measure the transparent FT-IR
spectra of SiO; films on 4H-SiC substrates. First, commercially available epitaxial layers
(approximately 100 pum thick) on a 4° off-axis 4H-SiC (0001) Si face substrate were
thermally oxidized in dry O, at 1150°C and then annealed in Ar ambient at 1300°C (we call
those samples No.1-No.5, respectively). We measured a transparent FT-IR spectrum of No.5
in order to assign the optical phonons observed'”. The oxide thickness was measured using
ellipsometry. The oxide thickness was approximately 100 nm. Free-standing SiO, films (100
nm thick) on the bulk epitaxial substrate (approximately 100 um thick) were obtained by
removing them from the 4° off-axis 4H-SiC (0001).

Secondly, epitaxial layers (approximately 5 um thick) were grown by chemical vapor
deposition (CVD) on 4H-SiC 4° off-axis (0001) Si, (1-100) M, and (11-20) A faces (we call
those samples Si, M, and A , respectively).18 After these layers were RCA cleaned, they were
thermally oxidized in dry O, at 1250 °C and then underwent POA in NO ambient at 1250 °C,
followed by annealing in Ar ambient at 1250 °C. For the CL measurement, samples Si, M,
and A (41-47 nm thick) were thinned using a dilute HF (0.05% HF) solution to a final
thickness of 5 nm on the epitaxial 4H-SiC substrate (approximately 5 pm thick). The Dj
values were estimated from high- (I MHz) and low-frequency (quasi-static)
capacitance—voltage (C-V) curves of n-type MOS capacitors, and the Q. values were
determined from the flatband voltage in the C—V curves.’ The voltage sweep rate was 0.1 V/s.
The thicknesses, oxidation conditions, Dj, Qc, and CM values of the samples are listed in
Table 4-1. The Dy, Qetr, and CM values are within an error of £5%.

FT-IR spectra were measured by a single-reflection ATR attachment in a Fourier transform
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spectrometer (Varian FTS-55a). The incident light is p-polarized. The FT-IR measurements

of each film were repeated 2 or 3 times and reproducible spectra were obtained. The accuracy

of the peak frequency was within +1 cm™."> We used a scanning electron microscope (SEM)

with a Schottky-emission-type gun (HITACHI S-4300SE) as the excitation source for the CL

16-18

measurements. We repeated the CL measurements of each film three times and obtained

reproducible CL spectra.
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RESULTS AND DISCUSSION

Figures 4-2(a) and (b) shows the FT-IR spectra measured by the ATR configuration
of a thick (100 nm) and thin (41-47 nm) SiO; films on 4H-SiC substrates, respectively. The
TO and LO-like phonons were observed at around 1072 and 1200 cm™, respectively. The TO
mode is associated with the asymmetrical stretching of O in the intertetrahedral Si-O-Si
bridge. Surprisingly, the peak frequency of SPPs in the SiO, films was at the maximum
redshifted by approximately of 30 to 90 cm™ relative to that (1257 cm™) in thermally grown
Si0O, films on a Si substrate. As seen in Figs. 4-2(a) and (b), because the peak frequency of
the TO phonon in the ATR spectrum agreed well with that at that in typical SiO, films on a Si
wafer, the largest redshift 30 to 90 cm™ relative to that (1257 cm™) in thermally grown SiO;
films on a Si substrate cannot be explained by any of the factors such as the electromagnetic
phase shift, inhomogeneity, densification, porosity, and SiO; film thickness. We indicated
that the asymmetric modes located between 1110 and 1250 cm™ are assigned to the upper and
lower branches of SPPs'®, based on the model presented by Mills and Maradudin. *°

For a comparison, We measured the ATR spectra of a standard SiO; film (approximately
50 nm thick) on a Si wafer thinned using dilute HF (0.05% HF) solution to a final thickness
of 5 nm. Figure 4-3 shows the ATR spectra of a standard SiO, film on a Si wafer thinned
using dilute HF (0.05% HF) solution to a final thickness of 5 nm. The peak frequency of the
LO-like phonon shifts to a higher frequency, from 1150 cm™ to 1250 cm™, with decreasing
oxide thickness. Because the peak frequency of the TO phonon is independent of the oxide
thickness, the large blueshift of the LO-like phonon observed for the standard SiO; film on
the Si wafer also cannot be explained by any of the five factors as previously mentioned. The
ATR spectra in Fig. 4-3 agree well with those in Fig. 4-2. In this work, we found that SPPs

were also observed in the ATR spectra of a standard SiO; film on a Si wafer. Actually, Chen
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et al. have observed an air-Si SPP at about 1142 cm™ (8.76 pm) in a 1 pm thick SiO, film on
a Si wafer and yielded a propagation length of about 11 pum for the silicon dioxide SPP
resonance at about 1142 cm™. Their work® supports our observation'> of SPPs in the SiO,
films on 4H-SiC substrates.

We measured the ATR spectra of the SiO, film (No.5) on a bulk epitaxical 4H-SiC
substrate thinned using dilute HF (0.05% HF) solution to a final thickness of 10 nm and
found the peak frequency of the LO-like phonon shifts to a higher frequency, from 1165 cm™
to 1250 cm™, with decreasing oxide thickness. > Figure 4-4 show the peak frequency
dependence of the upper branch of SPPs on the oxide thickness for sample No.5. The peak
frequencies for samples No.1-No.5 before the dilute HF treatment are also plotted in Fig. 4-4.
As seen in Fig. 4-4, the peak frequency of the upper branch of SPPs shows an approximately
linear shift with the oxide thickness. This suggests that the frequency of the upper branch of
SPPs is sensitive to the oxide thickness. These two surface polaritons are considered to
couple each other as the film thickness decreases. As a result, the upper branch shifts to a
low-frequency side and the lower branch shifts to a high-frequency side. However, the
surface polaritons seem to shift to a higher frequency, from 1165 cm™ to 1250 cm™, with a
decrease in the oxide thickness, although the peak frequency of the TO phonon is
independent of the oxide thickness. The large blue shift observed in Fig. 4-3 with decreasing
oxide thickness cannot be explained by a coupling between the two SPPs because the strong
coupling between the two SPPs is considered to give rise to the red shift in the SPPs in Fig.
4-4. In the case of a very thin oxide thickness (10 nm), we speculate that ATR occurs
between the Ge prism and the 4H-SiC substrate, and that the LO phonon by the
electromagnetic wave evanescent from the Ge prism is mainly observed in a very thin SiO,
film.

Figures 4-5(a) and (b) shows the relationship between the relative intensity of the upper
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branch of SPPs normalized by that of TO phonon and the CM for samples No.1-No.5, Si, M,
and A, respectively. As seen in Fig. 4-5, the relative intensity intends to increase with
decreasing the CM. We could not observe SPPs in s-polarized configuration. Furthermore,
SPPs are considered to become more intense with increasing an inhomogeneity of the films
because of a breakdown in the conservation of momentum between the incident photon and
phonon.?' From this SPP characteristics, it is suggested that the inhomogeneity of SiO, films
decreases in sample Nos.2 and 3 in Fig. 4-5 (a), and in the order of sample Si > M > A in Fig.
4-4 (b).

We previously measured CL spectra of the SiO, films (No.1-No.5) on epitaxial layers
(approximately 5 pum thick), which were oxidized on the same deposition condition, at
acceleration voltages of 3 and 5 kV. '” We found that for an acceleration voltage of 5kV, CL
peaks at 460 and 490 nm, assigned to oxygen vacancy centers (OVCs), become weak by
POA in N,O ambient at 1300°C whereas the CL peak around 580 nm, related to Si-N
bonding structures, becomes intense. Furthermore, the peak assigned to N-Si3 configurations
in X-ray photoelectron spectroscopy spectra was observed in the SiO,/SiC interface in only
samples annealed in N,O ambient. These results suggested that the D;; decrease and the CM
in n-type MOS capacitors increases by the termination of dangling bonds by the N atom in
the Si0,/SiC interface. Based on this result and SPP characteristic, it is suggested that an
increase of the CM in Fig.4-5(a) is caused by a decrease in the inhomogeneity in the SiO,
films.

Figures 4-6 shows the CL spectra of SiO; films (samples Si, M, and A) thinned using a
dilute HF (0.05% HF) solution to a final thickness of 5 nm on the epitaxial 4H-SiC substrates
(approximately 5 um thick) and measured at acceleration voltages of 3 kV (Fig. 4-6(a)) and 5
kV (Fig.4-6(b)). The CL peak at 390 nm originates from a bound exciton. The CL peak at

540 nm is assigned to donor-acceptor pairs'’ or defect-related emission bands. 2 CL peaks
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were observed at 460, 490, 600, and around 640-670 nm for the SiO, films on the 4H-SiC
substrates. The CL peaks at 460 and 490 nm were attributed to OVCs, whereas the CL peaks
at 600 nm and around 640-670 nm were attributed to Si-N bonding structures and
non-bridging oxidation hole centers (NBOHCs), respectively.'®'® The weak CL peak at
around 280 nm is considered to originate from OVCs.'® The broad CL spectra of the SiO,
films were for convenience of quantitative analysis decomposed into six CL peaks with
Gaussian line shapes and the obtained results did not depend on whether the line shape was
Lorentzian or Gaussian. '® As shown in Figs. 4-6, the CL peak around 600 nm tends to
increase in strength in the order sample Si <M < A when measured at acceleration voltages
of both 3 and 5 kV.

Figures 4-7 shows the relationship between the CM of the SiIC-MOSFET and the relative
CL intensity at 600 nm, normalized by that around 670 nm, measured at acceleration voltages
of 3kV (Fig. 6(a)) and 5 kV(Fig. 6(b)). As shown in Fig. 4-7, the relative intensity increases
in strength in the order of sample Si <M < A at 3 and 5 kV. This result shows that the POA
decreased the number of NBOHCs by N termination in the SiO,/SiC interface in the order of
samples Si > M > A, and that the inhomogeneity of SiO, films decreases in the order of
samples Si> M > A, resulting in an increase of the CM.

In Fig.4-5(b), We found that the relative intensity of the upper branch of the SPPs
normalized by that of the TO phonon increases with decreasing CM. Based upon a
comparison between Figs. 4-5(b) and 4-7, we concluded that the SPP intensity is correlated
with an inhomogeneity of the SiO, films, and that it can be useful for a monitor of the
inhomogeneity in the SiO,/SiC interface and the CM. A combination of FT-IR and CL
spectroscopy provides us with a large amount of data on the inhomogeneity, defect and oxide
thickness of Si0; films on 4H-SiC substrates.

As we can see in Figs. 4-2 and 4-5, the absolute relative intensity of the upper branch
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of the SPPs normalized by that of the TO phonon depends on whether the SiO, films are
undergone by POA in N;O or NO ambient. As seen in Table 4-1, samples No.1-No.5 are
thermally oxidized at 1150°C whereas samples Si, M, and A are oxidized at 1250°C. This
difference of the absolute relative intensity among the samples cannot be explained by the
difference of the oxide thickness'®. We believe that the difference of the absolute intensity

between Figs.4-2(a) and (b) is caused by the difference of the thermal oxidation temperature.
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CONCLUSION

We measured the FT-IR and CL spectra of SiO; films grown on 4H-SiC substrates
and confirmed that the phonon observed at around 1150-1250 cm™ originates from the upper
branch of the surface phonon polaritons (SPPs) in the SiO; films and that its frequency is
sensitive to the oxide thickness. The relative intensity of the upper branch of SPPs
normalized by that of the transverse optical (TO) phonon tended to increase with decreasing
channel mobility (CM). Furthermore, for acceleration voltages of both acceleration voltages
3 and 5 kV, the CL peak around 600 nm, related to Si-N bonding structures, becomes intense
by post-oxidation annealing (POA) in NO ambient at 1250°C. These results suggest that the
interface trap densities (Dj;) decrease and the CM in n-type MOS capacitors increases by the
termination of dangling bonds by the N atom in the Si0,/SiC interface. From a comparison of
the FT-IR and CL measurements, the SPP intensity is considered to be correlated with the
inhomogeneity of the SiO, films, and with the CM in n-type MOS capacitors. A combination
of FT-IR and CL spectroscopy provides us with a large amount of data on the inhomogeneity,

defect and oxide thickness of Si0, films on 4H-SiC substrates.
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Table. 4-1. Thickness, oxidation condition, Dj;, Qcr, and CM of thermally grown SiO, films
on the 4H-SiC substrates.

Thermal Post-oxidation

Thickness o ) Dy (cmzeV)'1 Oetr Mobility
Face . oxidation annealing b 2 )
(nm) . . (Ec — 0.2eV) (cm™) (cm?/Vs)
condition condition
Si 1150 °C N>O anneal : - 1 1
100 5.0x10 -1.5x 10 4+1
No.1 12h Ar anneal : -
N>O anneal
Si 1150 °C 1300 °C, 2h 1 1
100 5.0x10 2.3 x 10 2441
No.2 12h Ar anneal
1300 °C, 0.5h
N>O anneal
Si 1150 °C 1300 °C, 2h 1 1
100 4.0x10 -2.8x 10 34+1
No.3 12h Ar anneal
1300 °C, 5h
) N>O anneal : -
Si 1150 °C 12 1
No.d 100 12h Ar anneal 1.0x10 2.6 x10 5+1
0.
1300 °C, 0.5h
. N,O anneal : -
Si 1150 °C 12 1
No.5 100 12k Ar anneal 1.0x10 3.9x10 7+1
' 1300 °C, 5h
NO anneal
) 1250 °C 1250 °C, 60 min 1 1
Si 41(5) ) 5.0x10 1.5 x 10 35+1
60 min Ar anneal

1250 °C, 60 min

NO anneal
1250 °C 1250 °C, 60 min 1 1
A 47(5) ] 34 x10 1.8 x 10 112+1
10 min Ar anneal

1250 °C, 60 min

NO anneal
1250 °C 1250 °C, 60 min 1 1
M 45(5) ] 3.6x10 1.7 x 10 105+1
10 min Ar anneal

1250 °C, 60 min

*Values in parentheses are the thickness after thinning with HF solution.

® Ec, critical excitation energy
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Fig. 4-1. Normal and grazing incidence and ATR spectra of thick (100 nm)

Si0; film on bulk epitaxial 4H-SiC substrate. The incident angle in the ATR

spectrum was fixed at 60°, and a Ge crystal was used as an internal reflection

element (ATR prism).
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Fig. 4-2. FT-IR spectra measured using the ATR configuration of films before the dilute
HF etching (a) thick (100 nm) SiO, films (sample No.1-No.5) on a bulk epitaxial 4H-SiC
substrate, and (b) thin (41-47 nm) SiO, films (sample Si, M, A) on an epitaxial 4H-SiC

substrate (approximately 5 pm thick).
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nm, (c) Thickness of 10 nm, and (d) Thickness of 5 nm. The incident angle in the ATR
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Fig. 4-6. CL spectra for samples Si, M, and A, SiO, films: (a) Measured at an
acceleration voltage of 3 kV and (b) Measured at an acceleration voltage of 5 kV. The
samples were thinned using a dilute HF (0.05% HF) solution to a final thickness of 5 nm on

the epitaxial 4H-SiC substrate (approximately 5 pm thick).
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Chapter 4

Characterization of Thermal Oxides on 4H-SiC Epitaxial Substrates Using

Fourier-Transform Infrared Spectroscopy
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ABSTRACT

Fourier transform infrared (FT-IR) spectra were measured for thermal oxides with different
electrical properties grown on 4H-SiC substrates. The peak frequency of the transverse
optical (TO) phonon mode was blue-shifted by 5 cm™" as the oxide-layer thickness decreased
to 3 nm. The blue shift of the TO mode indicates interfacial compressive stress in the oxide.
Comparison of data for the oxide on a SiC substrate with that for similar oxides on a Si
substrate implies that the peak shift of the TO mode at the SiO,/SiC interface is larger than
that of Si0,/Si, which suggests that the interfacial stress for the oxide on the SiC substrate is
larger than that on the Si substrate. For the SiO,/SiC interfacial region (<3 nm oxide
thickness), despite the fact that the blue shift of the TO modes becomes larger while
approaching the oxide/SiC interface, the peak frequency of the TO modes red-shifts at the
oxide/SiC interface. The peak-frequency shift of the TO mode for the sample without
post-oxidation annealing was larger than that for the samples post-annealed in a nitric oxide
atmosphere. The channel mobilities are correlated with the degree of shift of the TO mode
when the oxide thickness is <3 nm. It appears that the compressive stress at the SiO,/SiC
interface generates silicon suboxide components and weakens the Si-O bonds. As the result,
the TO mode was red-shifted and the oxygen deficiency increased to relax the compressive
stress in the oxide with <3 nm thickness. FT-IR measurements provide unique and useful

information about stress and inhomogeneity at the oxide /SiC interface.
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INTRODUCTION

As discussed previously in Chapter 3, there are several longstanding problems in SiC
technology concerning high values of trap densities (Dj;) and high fixed-charge density (Qesr)
at the SiO,/SiC interface, as such high values can degrade the channel mobility of SiC
MOSFETs. Various studies have been carried out to improve these characteristics, with one
promising method involving post-annealing treatment in different atmospheres such as Hy,'
NO,”” N,0,%” and POCL;."

FT-IR spectroscopy is a powerful analytical method for investigating chemical bonding
structures in thin oxide films.”'> Many reports have already been published regarding FT-IR
studies on the chemical bonding structure, properties, interfacial structures, and functions of
thin films.'®?” There are also a few prior reports on the use of FT-IR to characterize the

2831 Queeney et al'' studied the

chemical bonding structure of SiO, on SiC substrates.
microscopic structure of SiO,/Si interfaces using an IR transmittance technique for oxides
with different thicknesses of less than 3 nm using a wet etching technique. Nagai ez al.' also
studied such interfacial structures using IR microspectroscopy and original etching
pretreatment. These studies concluded that the amount of TO frequency shift at an oxide/Si
interface is correlated with its electrical properties, such as leakage current and dielectric
breakdown. Thus, these FT-IR studies provided valuable information about the present
chemical bonding structures that was useful for improving the relevant manufacturing
processes. The relationship between the state of a SiO,/SiC interface and its electrical
properties has been previously reported.*>> However, the use of FT-IR for this purpose has
not yet been reported. In Chapter 4, we have investigated the chemical bonding structures at

oxide/SiC interfaces by FT-IR measurements, and determined the relationship between the

chemical bonding state of an oxide/SiC interface and its electrical properties. FT-IR-ATR
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spectra were collected from thermal oxides in oxide/SiC interfaces that were subjected to
post-oxidation annealing (POA) in a nitric oxide (NO) atmosphere. The samples that were
selected for ATR measurements featured different electrical properties, such as interface state
density. We have also discussed the chemical bonding structure at the oxide/SiC interface
which affects these electrical properties, and the differences between oxides on SiC and Si
substrates. The obtained results are useful to develop higher-quality oxides on SiC substrates

and to accelerate SiC device development.
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EXPERIMENTAL DETAIL

Epitaxial layers of N-doped (5%10"° ¢cm™) 4H-SiC (~8 pm thick) were grown by chemical
vapor deposition (CVD) on a 4° off-axis 4H-SiC (0001) Si face. After these layers were
cleaned by the well-known RCA (Radio Corporation of America) process, they were
thermally oxidized for 60 min in dry O, at 1300 °C. The oxide layer thickness was
determined to be about 75 nm. Three types of samples were prepared in the present study, as
listed in Table 5-1. The samples designated as “OX” did not receive any post-oxidation
treatment; the samples designated as “NO” were subjected to POA in a nitric oxide
atmosphere at 1250 °C for 30 min; and the samples designated as “NL” were subjected to the
same POA for a longer time (180 min).

FT-IR spectra were measured using a single-reflection ATR attachment in a Fourier
transform spectrometer (Bio-Rad FTS-55a) with an infrared polarizer to generate p- or
s-polarized infrared light. Bands due to the vibrational modes that are perpendicular to the
surface of the SiC substrate can be observed by using p-polarized light (p-pol), and those due
to the vibrational modes that are parallel to the surface can be independently obtained by
employing s-polarized light (s-pol). The incident angle was fixed at 60°, and a Ge crystal was
used as an internal-reflection element. The air gaps between the Ge prism and the samples
were not controlled. We used diluted hydrofluoric acid (HF) solution (1%) to etch the oxide.
The ATR measurements were performed for non-etched samples and for various SiO, film
thicknesses (all of which were less than 8 nm in thickness) by repeating the ATR
measurements and wet etching. The thicknesses of the oxides were measured with a
spectroscopic ellipsometer (J. A. Woollam Co. M-2000) and were calculated by using the
fixed optical constant that was obtained for the non-treated samples. We also carried out

transmittance IR measurements for thermal oxides on Si with different thicknesses of less
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than 9 nm to compare the chemical bonding structures of oxides on the SiC and Si substrates.

Secondary ion mass spectrometry (SIMS) was used to estimate the amount of carbon and
nitrogen impurities as a function of depth. The SIMS measurement was performed with a
Magnetic-Sector type instrument (Cameca IMS-6f) to detect nitrogen at the interface between
the oxide and the SiC substrates; a quadrupole type instrument (PHI ADEPT-1010) was used
to measure the amount of carbon in the oxide.

Cathodoluminescence (CL) spectroscopy provides extensive information about defects in
SiO, films.*® *” The CL spectra were recorded using a Jobin Yvon HR-320 single
monochromator equipped with a 1024-channel charge-coupled-device (CCD) detector. The
CL spectra were recorded at acceleration voltages of 3 kV and 5 kV at room temperature,
with a beam current of less than 5 nA. The electron beam was focused with an incident beam
diameter of less than 10 nm. To minimize the degradation caused by the electron beam

irradiation, most CL spectra were measured for a period of 60 s.
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RESULTS AND DISCUSSION

Figures 5-1(a) and (b) show FT-IR spectra of the non-etched samples measured using the
ATR configuration with p-polarized [Fig. 5-1(a)] and s-polarized [Fig. 5-1(b)] light sources,
respectively. The SiC substrate absorbs IR radiation in the same wavenumber region as the
Si0,,%® but the spectra shown in the figure are difference spectra in which the IR absorption
of the SiC substrate was already subtracted. The peaks due to the TO and LO modes were
previously observed at around 1072 and 1190 cm™, respectively, for thermally grown thermal

. . 10-12,25,26
oxides on a Si wafer. >

In Fig. 5-1(a), the broad phonon modes appear strongly in the
11801250 cm™ region of the p-polarized spectrum, whereas they are barely visible under
s-polarized illumination. However, the TO mode at ~1080 cm™ is strongly observed in Fig.
5-1(a) and (b). Figure 5-2 shows the peak position of the LO and TO modes for the
non-etched oxides. The peak frequency of the TO mode and LO mode for sample OX shifts
to a higher wavenumber than that of samples ON and OL. Regarding the LO mode shift, we
previously reported the appearance of broad bands in the region of 1250-1150 cm™ in
p-polarized light spectrum and their disappearance in s-polarized light spectrum; in that paper,
we confirmed that the band originated from surface phonon polaritons (SPPs).*° This mode is
sensitive to interfacial structure. Thus, the difference of the frequency of the LO modes may
reflect the difference in interfacial structures of these samples.

On the other hand, regarding the TO mode shift, we reported TO peak positions of samples

with different oxide thicknesses on a SiC substrate.’®

The TO peak positions were
blue-shifted by 10 cm™ as the oxide thickness decreased from 130 nm to 8 nm. We concluded
that this blue shift was caused by compressive stress at the interface between the thermal

oxide and the SiC substrate due to different thermal expansions and elastic moduli between

the thermal oxide and the SiC substrate.”® Chokawa er al.*’ investigated the influence of
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oxidation on the defect formation by first-principles calculations. They found that Si-C bonds
around inserted O atoms are shortened by about 5%, indicating that the insertion of O atoms
causes large compressive strain. It appears that the TO and LO blue shifts for Sample OX
were caused by compressive stress at the oxide/SiC interface. Furthermore, we investigated
the details of the interfacial structure by repeating the ATR measurements and wet etching.

Figures 5-3(a) and (b) show FT-IR-ATR spectra of SiO, grown on a 4H-SiC substrate
(sample OX) with different thicknesses (all of which were less than 8 nm) measured by the
ATR technique using p-polarized and s-polarized light, respectively, after etching the Si0O,
layers in 1% HF to reduce their thickness from the original value of 75 nm down to < 8§ nm
As seen in Fig. 5-3(a) and (b), the peak intensity of the LO and TO modes decreases
gradually as the thickness decreases, and finally disappears; the rate of decrease is similar for
the spectra measured by either type of polarized light, and we are able to obtain information
about the oxide/SiC interfacial structure.

Figure 5-4(a) and (b) plot the LO and TO mode peak frequencies obtained from Fig. 5-2 as
a function of the oxide layer thickness. It can be seen from Fig. 5-3(a) that for thick oxide
with a thickness of 3—8 nm, the peak frequency of the LO mode is red-shifted as the thickness
of the oxide layer decreases. Figure 5-4(b) reveals that the peak frequency of the TO mode is
blue-shifted as the thickness of the oxide layer decreases down to 3 nm and then red-shifted
as the oxide thickness decreases for SiO, thinner than 3 nm. The blue shift of sample OX is
larger than that of samples NO and NL for thick oxide with a thickness of 3—8 nm. This
indicates that the interfacial compressive stress for sample OX is larger than that for samples
NO and NL. Hirai and Kita® measured the FT-IR spectra of thermally grown oxides on the
Si and C faces of 4H-SiC and reported that the peak frequency of the TO modes was almost
constant for the thicker oxides with a thickness of 5-30 nm; their result is different from our

results. The difference of the TO mode frequency behavior might be caused by the different
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oxidation temperatures or the quality of the SiC substrate.

The peak frequency of the TO modes is red-shifted as the oxide thickness decreases for
SiO; thinner than 3 nm in Fig. 5-4(b). Despite the fact that the blue shift of the TO modes
becomes larger while approaching the oxide/SiC interface, the peak frequency of the TO
modes red-shifts at the oxide/SiC interface for all samples. The TO mode peak-frequency
shift for sample OX is larger than that for samples NO and NL with a SiO, film thickness of
less than 3 nm. These results indicate that the chemical bonding structures of sample OX
change drastically at the oxide/Si interface region within 3 nm from the SiC surface,
compared with samples NO and NL. These changes may be caused primarily by the
compositional inhomogeneity, defects such as non-bridging oxidation hole centers, or the
effects of forming the Si—N bond. Sample OX, which has the smallest channel mobility,
exhibits the largest shift of TO peak frequency for the SiO,/SiC structure in the
oxide-thickness range smaller than 3 nm. The amount of TO shift at the oxide/SiC interface is
defined as the difference between TO frequencies with oxide thickness from 3 nm to 0.5 nm
in this study. Figure 5-5 shows the amount of shift in the TO mode with an oxide thickness of
less than 3 nm vs. channel mobility. The channel mobilities are correlated with the amount of
shift in the TO mode, and the amount of TO mode shift is larger when the channel mobility is
lower. We have demonstrated for the first time that the TO frequency shift at the oxide/SiC
interface is related to its electrical properties.

Figure 5-6(a) displays transmittance spectra of the thermal oxides with different
thicknesses (all less than 9 nm) prepared by using the wet etching pretreatments reported in
Ref.12. The transmittance measurements can be carried out for the oxides on Si substrates.
We are able to compare the degree of the shift of the TO modes for SiO, on SiC substrates
with those on Si substrates while the thickness of SiO; is varied. Figure 5-6(b) plots the peak

frequency of the TO mode obtained from Fig. 5-6(a) versus the thickness of the oxide layer.
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For the thick oxide with a thickness of 2-9 nm, the peak frequency of the TO modes is almost
constant; however, for the oxide with thicknesses less than 2 nm, the peak frequency of the
TO mode is red-shifted. Comparing these data, we have found that the peak frequency of the
TO mode for the oxide on the SiC substrate is blue-shifted as the oxide thickness decreases;
however, that for the Si substrate remains at almost the same wavenumber. It is very likely
that the difference in the shift of the TO mode between the oxide on the SiC substrate and
that on the Si substrate is caused by differences in the compressive stress at the interface due
to different thermal expansion and elastic moduli between the SiC and Si substrates. By
comparing the data for the oxide on the SiC substrate with that for similar oxide on the Si
substrate, it appears that the interfacial stress for the oxide on the SiC substrate is larger than
that on the Si substrate.

On the other hand, for both the SiC and Si substrates, the peak frequency of the TO mode
of the oxide is red-shifted toward the interface of the oxide and substrate. There are several
possible explanations for the band shift: The dependence of the peak frequency of the TO
mode on the strain or substoichiometry in the oxide; roughness at the interface between the
oxide and the substrate; and optical phenomena including image charge effects and

electromagnetic phase shifts.'* Several previous papers'®!!

reported that the peak frequency
of the TO mode is usually red-shifted as the oxide thickness decreases; this is consistent with
our Si data shown in Fig. 5-4(b). However, the degree of the shift of the TO mode for the
oxide on the SiC substrate is smaller than that for the oxide on the Si substrate toward the
interface of the oxide and substrate. In case of the oxide on the SiC substrate, the net TO
peak-shift is the result of competition between the red shift at the oxide/SiC interface and the
blue shift by compressive stress. Thus, it is difficult to compare the degree of the red shift on

the Si and SiC substrates.

Figures 5-7(a) and (b) show the depth profiles of carbon and nitrogen, respectively,
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measured by SIMS. The amount of carbon impurity in the oxide for sample OX is larger than
that for samples NO and NL, which are under the detection limit. We assume that the POA
treatment in a NO atmosphere has the effect of removing the carbon impurities from the
oxide, which is consistent with the result reported for N,O oxidation.” The nitrogen impurity
levels rise sharply at the oxide/SiC interface for samples NO and NL. The amount of nitrogen
in sample NL that received POA for a longer time is slightly larger than that in sample NO at
the oxide/SiC interface. When the amount of nitrogen becomes too large at the oxide/SiC
interface, the density of fast interface states increases significantly and the channel mobility
starts to drop.*® The aggregated nitrogen at the interface might play a crucial role in achieving
high channel mobility.

To clarify the origin of the red shift of the TO mode at the oxide/SiC interface, we
measured CL spectra of the non-etched thermal oxides, at acceleration voltages of 3 kV and 5
kV as shown in Fig. 5-8(a) and (b). We used different acceleration voltages to distinguish
between defects in the oxide (3 kV) and defects near the interface (5 kV). CL peaks are
observed at 450, 485, 660, and 900 nm for the oxides on the 4H-SiC substrates. The peak and
dip in Fig. 8 at ~900 nm may be caused by unknown defects, or they may be caused by a
combination of the overtone of the CL peak at ~500 nm with absorption in the optical fiber.
The CL peaks at 460 and 490 nm are attributed to oxygen vacancy centers (OVCs), whereas
the CL peak at 660 nm is attributed to non-bridging oxidation hole centers (NBOHCs).'' ™"
As shown in Fig. 5-8(b), broad luminescence near 560 nm appears for samples NO and NL,
which were given a post-annealing treatment in a NO ambient. This peak originates from
defects related to Si—N bonds as previously reported*! and overlaps with the peaks caused by
the OVCs. Thus, The CL intensity from OVCs for samples NO and NL decreases compared
with that of sample OX. It is very likely that the number of defects for sample OX is larger

than those for samples NO and NL. Thus, the compressive stress at the oxide/SiC interface
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generates Si suboxides and weakens the Si-O bonds. As the result, the oxygen deficiency

increases in order to relax the compressive stress in the oxide with a thickness less than 3 nm.
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CONCLUSION

We measured the FT-IR spectra of thermal oxides with different electrical properties and
various thicknesses grown on 4H-SiC substrates. The peak frequency of the TO mode is
blue-shifted as the thickness of the oxide layer decreases down to 3 nm. The blue shift of the
TO mode indicates the existence of interfacial compressive stress in the oxide. The blue shift
of sample OX is larger than that of samples NO and NL for thick oxide with a thickness of
3-8 nm. The compressive stress for sample OX is larger than that of sample NO and NL.

Comparing the data for the oxide on a SiC substrate with that for similar oxide on a Si
substrate, we have concluded that the interfacial stress for the oxide on the SiC substrate is
larger than for that on the Si substrate. The difference of peak shifts between Si and SiC
substrates is caused by different thermal expansions and elastic moduli between the SiC and
Si substrates.

For the thinner thermal oxides (SiO; thickness less than 3 nm), the peak frequency of the
TO mode of the oxides on the 4H-SiC substrate is red-shifted as the oxide layer thickness
decreases. The TO mode peak-frequency shift for the sample that did not have post-oxidation
annealing (sample OX) is larger than that for the samples that had been subjected to a
post-oxidation annealing in nitric oxide (samples NO and NL). The channel mobilities are
correlated with the degree of the shift of the TO mode in samples with an oxide thickness of
less than 3 nm. These results indicate that the chemical structure of sample OX changes
drastically near the oxide/Si interface region within 3 nm from the SiC surface compared with
that of samples NO and NL.

The SIMS results show that the nitrogen impurity levels rise sharply at the oxide/SiC
interface for samples NO and NL. The aggregated nitrogen at the interface might play a

crucial role in achieving high channel mobility.
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The amount of OVCs for sample OX is larger than that of sample NO and NL, as
determined by CL measurements. The compressive stress at the oxide/SiC interface generates
silicon suboxide components and weakens the Si-O bonds. As the result, the oxygen
deficiency increases in order to relax the compressive stress in the oxide less than 3 nm
thickness.

In this way, the FT-IR study has provided us with novel and unique information about the

stress and inhomogeneity at the oxide /SiC interface.
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Table 5-1. Original thickness, oxidation conditions, and channel mobility of the 4H-SiC

(0001) MOS structures investigated in this study.

Sample Original Thermal
Post-oxidation Mobility (cm?/Vs)

No. thickness(nm) oxidation
1300°C

(0):¢ 75 — 5~8
60 min
1300°C NO anneal 1250°C

NO 76 35~38
60 min 30 min
1300°C NO anneal 1250°C

NL 76 30~34
60 min 180 min

*) The channel mobility was obtained for 4H-SiC(0001) MOSFETs fabricated on p-type

epilayers with an acceptor concentration of about 1x10'® cm™.
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Fig. 5-1. ATR spectra of the non-etched oxides measured using (a) p- and (b) s-polarized

IR light.
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Fig. 5-2. Peak positions of the LO and TO modes for non-etched oxides. The oxide

thicknesses are shown in Table 1.
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Fig.5-3. ATR spectra of sample OX measured using (a) p-polarized and (b) s-polarized IR
light for various SiO; thicknesses ranging from 8 to 0 nm in steps of about 0.8 nm prepared

by wet etching in 1% hydrofluoric acid solution.
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Fig. 5-4. Thickness dependence of the LO and TO mode peak frequencies measured by
polarized infrared light. (a) LO frequency measured by p-polarized light as a function of
oxide thickness (b) TO frequency measured by s-polarized light as a function of oxide

thickness.
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Fig. 5-8. Cathode luminescence (CL) spectra of the samples measured at acceleration
voltages of (a) 3 kV and (b) 5 kV. The spectra shown here were obtained by subtracting the

CL spectrum of the 4H-SiC substrate.
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