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Abstract

In the present day, the reduction of power loss in semiconductor power devices is impor-
tant to solve the energy problems in the world. The performance of conventional silicon
(Si)-based power devices is approaching the theoretical limit determined by its physical
properties. In order to overcome it, silicon carbide (SiC) is currently regarded as a new
material for power device applications owing to its wide band gap and high critical electric
field. Consequently, the conduction loss of SiC devices can be reduced to 1/500 compared

to Si ones.

The donor and acceptor concentrations (Np ) of SiC are widely controllable in the
range 10" cm™ < Np, < 10%° cm™? both by epitaxial growth and by ion implantation.
In addition, the SiC/silicon dioxide (SiOj) interfaces have both high conduction and va-
lence band offsets. For these reasons, SiC metal-oxide-semiconductor field-effect transistors
(MOSFETSs) have been researched and developed for several decades. However, in the case
of 600-1200 V class devices (most marketable devices), the channel resistance accounts for
most of the specific on-resistance. As a result, the drain current of SiC power MOSFETs
is unpredictable even though the basic device parameters (e.g., p-body doping concentra-
tion and gate oxide thickness) are given. This abnormally high channel resistance originates
from a high density of SiC/SiO, interface states. The lack of information on the relationship
between channel resistance and interface state density (i.e., influences of electron trapping
and scattering) makes it difficult to predict the drain current of MOSFETS, which is a major

challenge at the present stage.

The most important parameter for the drain current, effective channel mobility, can be
obtained from the electrical characteristics of MOSFETSs. The effective channel mobility
can be expressed as a product of (i) the ratio of free electrons to total electrons and (ii)
the free electron mobility. Because the interface states capture the electrons in the inver-
sion layers and the trapped electrons act as Coulomb scattering centers, (i) and (ii) change
simultaneously as the gate voltage changes. In order to understand these phenomena, ac-
curate separation of free and trapped electrons and elucidation of the electron scattering
mechanism are required. From the above background, the present study aims to extract
the energy distribution of interface state density near the conduction band edge based on
the gate characteristics of MOSFETSs and to clarify the electron scattering mechanism in

SiC/SiO, inversion layers by using MOS-Hall effect measurements and numerical calcula-
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tions.

In Chapter 1, the reason why SiC is superior for power device applications is explained.
On the other hand, the challenges of SiC MOSFETs and the current status of previous
studies are detailed. After that, two objectives of the present study and the methods to
accomplish them are proposed.

In Chapter 2, gate characteristics of MOSFETSs are focused to extract the energy distri-
bution of interface state density near the conduction band edge. The interface state density
plotted with respect to the bottom edge of the two-dimensional density of states shows that
the interface state density is uniquely determined by the interface treatments regardless of
p-body doping concentration. This result indicates that the defect states are generated not
at SiC/SiOs but in SiC. Furthermore, the author finds that the ratio of free electrons to
total electrons is independent of the p-body doping concentration.

In Chapter 3, to discuss the behavior of free electron mobility, the effective channel
mobility of SiC MOSFETSs annealed in phosphoryl chloride (POCl3) is quantified. MOS-
Hall effect measurements reveal that the electron trapping effect is extremely small in the
case of POClz-annealed MOSFETSs. In the low effective normal field region, the effective
channel mobility of POCl;-annealed MOSFETs is higher than the phonon-limited mobility
reported in the previous study on Hall effect measurement for MOSFETSs annealed in nitric
oxide (NO). On the other hand, in the high effective normal field region, the effective channel
mobility decreases sharply due to strong surface roughness scattering.

In Chapter 4, MOS-Hall effect measurements are conducted to clarify the electron scat-
tering mechanism in SiC (0001)/SiO4 inversion layers. As a result, the Hall mobility of
POCIz-annealed MOSFETSs is about 1.9-2.9 times higher than that of NO-annealed MOS-
FETSs in the high effective normal field region. The theoretically calculated free electron
mobility is increased by reducing trapped electron density, especially in the high effective
normal field region. In addition, Hall mobility at 77 K is much lower than that at room
temperature (RT), regardless of interface treatment.

In Chapter 5, the electron scattering mechanism in SiC (1120) and (1100)/SiOs inversion
layers, which is essential for trench-type vertical MOSFETSs, is discussed. The trapped
electron density of NO-annealed (1120) and (1100) MOSFETS is 1.8 times higher than that
of POCls-annealed (0001) MOSFETSs, whereas it is 3.9 times lower than that of NO-annealed
(0001) MOSFETs. Then, the Hall mobility of NO-annealed (1120) and (1100) MOSFETs
is 1.5 times higher than that of NO-annealed (0001) MOSFETSs and is 1.4 times lower than
that of POCl;-annealed (0001) MOSFETs. Moreover, the ratio of Hall mobility at 77 K
to that at RT is smaller for MOSFETs with higher trapped electron density. Therefore,
Coulomb scattering due to trapped electrons is possibly dominant in SiC MOSFETs. In
theoretical calculations, the Hall mobility of (1120) and (1100) MOSFETSs can be reproduced
by considering strong Coulomb scattering due to fixed charges.

In Chapter 6, the author summarizes the important findings on the electron trapping

and scattering in SiC MOSFETSs obtained from the present study and suggests future work.
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Chapter 1

Introduction

1.1 Background

The dawn of the semiconductor industry has realized a society where people can live af-
fluently. The first transistor was invented by William Shockley, John Bardeen, and Walter
Brattain at Bell Laboratories in Murray Hill, New Jersey, in 1947-1948. Nowadays, semi-
conductors play an important role in numerous electronic devices, such as integrated circuits
(ICs), optical devices, microwave devices, sensors, and power devices.

In the present day, environmental conservation and dealing with the depletion of natural
resources are necessary to create a sustainable society in the future. For example, electric
vehicles will gradually replace gas-powered vehicles due to the exhaustion of crude oil. As
a result, the demand for electric power will increase, and saving electricity must be urgent.
In order to use electricity efficiently, reducing electric power loss is one of the most critical
issues from the perspective of semiconductor devices.

The electricity used in our society comes from power plants. Its voltage is as high as
several hundreds of thousand volts. Therefore, electric power substations and transformers
have to regulate and convert the electricity into the proper form [i.e., suitable alternating
current (AC)/direct current (DC), voltage, and frequency] by using power devices to be
available in our homes and workplaces. However, approximately 10% of the electricity is
lost as Joule heat at every electric conversion [1-4]. Thus, further improvement of the power
devices is strongly required to reduce the electric power loss.

These days, power devices are almost exclusively fabricated on silicon (Si) owing to its
low cost, deep understanding of device physics, and long history of technology. Si-based
power devices, such as metal-oxide-semiconductor field-effect transistors (MOSFETS), bipo-
lar junction transistors (BJTs), gate turn-off thyristors (GTOs), and insulated-gate bipolar
transistors (IGBTs) are practically used as switching devices for power device applications.
The extensive studies on Si device physics and processing lead to the highly efficient control
of electric power in the present era. However, Si technology is mature, and the performance

of Si devices is close to the limit, which is determined by the physical properties of Si.
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For further performance enhancement, other materials with superior physical properties for
power device applications should be focused.

The specific on-resistance (R, sp) and the breakdown voltage (Vg) are important pa-
rameters in a trade-off relationship to understand the performance of power devices. The
Ron_sp of unipolar devices, such as Schottky barrier diodes (SBDs), MOSFETS, and junction
field-effect transistors (JFETSs) with non-punch-through structures is given by [5]

4V

Ron,sp = E3
EsMbulkk ey

(1.1)
where ¢4 is the permittivity of the semiconductor, g, is the bulk mobility, and E., is the
critical electric field. Here, wide-bandgap (E,) semiconductors, such as silicon carbide (SiC),
gallium nitride (GaN), gallium oxide (Gay0O3), and diamond are expected as the materials
for next-generation power devices. The physical properties of these semiconductors are
shown in Table 1.1 [1, 6-10]. Wide-E, semiconductors tend to have a high E.,, and thus,
they have a lower R, s, compared to that of Si devices. In particular, SiC and its devices

are deeply explained in the following Sec. 1.2.

1.2 Silicon Carbide (SiC) Power Devices

SiC is a IV-IV compound semiconductor containing 88% covalent bond and 12% ionic bond.
It has superior physical properties for highly efficient power device applications such as a
3 times wider E, and 10 times higher E., compared to Si [1, 2, 11-18]. SiC devices can
be operated at high temperatures owing to its wide F,, and thus extremely low intrinsic
carrier concentration at room temperature (RT). Hence, R, s, of SiC unipolar devices can
be reduced to 1/500 compared to Si ones owing to its high E.. Recently, the unipolar
limit of SiC was updated based on the latest electron mobility [19] and impact ionization
coefficient [20] along the c-axis data. The updated unipolar limit is shown in Fig. 1.1 [21].
Note that the unipolar limit in Fig. 1.1 is calculated by considering the punch-through
structures. The updated unipolar limit of SiC based on the experimental data overcomes
that of Si.

SiC has a lot of polytypes, such as 3C-, 4H-, and 6H-SiC. 4H-SiC, which owns a higher
electron mobility (1020 cm? V= s7t for L ¢ and 1200 cm? V~! s7! for || ¢) compared to
6H-SiC (450 cm? V™1 57! for L ¢ and 100 cm? V™! s7! for || ¢) and higher E., (2.5-2.8
MV cm™1) compared to 3C-SiC (1.4 MV cm™!), is particularly suitable for power device
applications [1, 13, 15, 16, 22-33]. Therefore, the physical properties of 4H-SiC are written
as representative parameters of SiC in Table 1.1.

SiC technology such as crystal growth, defect engineering, and device processing has
advanced in the last 2-3 decades and is mature compared to the other wide-E, semicon-
ductors. For example, the high-quality wafers with high-purity epitaxial layers of 150 mm
diameter can be fabricated [1, 34, 35|, both n- and p-type doping concentrations (Np and
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Table 1.1: Physical properties of Si, 4H-SiC, GaN, 8-Gay0O3, and diamond at room tem-
perature [1, 6-10].

Property Si 4H-SiC GaN [-GayO3  Diamond

Bandgap / eV 1.12 3.26 3.42 4.9 9.5

1020 (L ¢) 1400 (Bulk)

Electron Mobilit Zy-tgt 1350 300 4000
ectron Mobility / em™ V=" s 1200 (|| ¢) 2000 (2DEG)
Hole Mobility / cm? V~1! 71 450 120 30 - 3800
Critical Electric Field / MV cm™! 0.3 2.5-2.8 2.5-2.8 87 107
9.76 (L ¢) 9.5 (L ¢
Relative Permittivity 11.9 10 5.7

1032 (|| ¢) 104 (|| ¢)

Thermal Conductivity / W em™! K=t 1.5 4.9 2.0 0.2 20
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Figure 1.1: Recently updated unipolar limit of SiC based on the latest electron mobility
[19] and impact ionization coefficient [20] along the c-axis data [21]. Here, Ronsp and Vg

are the specific on-resistance and the breakdown voltage of the device, respectively.
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N, respectively) are controllable in a wide range (10" < Np < 10 ¢cm™®) by either
epitaxial growth or impurity ion implantation [1, 36, 37]. In addition, SiC is an indirect
semiconductor, and thus has a long minority carrier lifetime, which is needed for bipolar
devices, such as pin diodes, BJTs, and IGBTs [1]. Furthermore, regarding SiC MOS de-
vices, silicon dioxide (SiOs), the possible candidate as a gate dielectric for its large E,, can
be formed by either thermal oxidation or deposition. SiC/SiOy interfaces have both high
conduction and valence band offsets despite the wide-E, of SiC. For this advantage, the
Fowler-Nordheim tunneling current, which directly reflects the reliability of the insulator,
can be suppressed in SiC MOSFETsSs.

Based on the above background, SiC MOSFETSs are promising power switching devices
for low-loss, high-speed, and high-temperature operations and can replace conventional Si
IGBTs. In the present era, SiC MOSFETs are commercially used for many applications,

such as traction, vehicles, and home appliances.

1.3 Key Issues of SiC Metal-Oxide-Semiconductor
Field-Effect Transistors (MOSFETS)

SiC MOSFETSs are expected as high-efficiency switching devices. However, critical issues
remain in SiC MOSFETs. That is, a high density of interface states limits the drain current
of the MOSFETSs. As a result, the channel resistance increases and accounts for most of the
specific on-resistance. Figure 1.2 shows the specific on-resistance and its components of 600,
1200, and 3300 V class SiC power MOSFETSs. Regarding the 3300 V class SiC MOSFETsS,
the drift resistance is dominant. As for the 600-1200 V class SiC MOSFETSs, however,
the channel resistance is dominant. The relationship between the channel resistance and
interface state density (Dj) is unclear. Therefore, predicting SiC MOSFET characteristics
is difficult even if the MOSFET structure (e.g., p-body doping concentration and gate oxide

thickness) is given. Modeling the drain current has yet to progress for the following reasons.
e Information on energy distribution of Dy, at SiC/SiO, interfaces is lacking.
e Carrier scattering mechanism in SiC MOSFETSs is not well understood.

The Dy, at SiC/SiO, interfaces is abnormally high (Dy, ~ 10'3 cm™2 eV ™) compared to
Si/SiO, interfaces (Djy; ~ 10 cm™2 eV_l) and a lot of electrons are trapped at the interface
states (i.e., electron trapping effect). Then, the effective channel mobility (pq), which can
be obtained by assuming that all of the electrons induced by applying gate bias are mobile,
deviates from the free electron mobility (fifee), which is the true mobility contributed only

by mobile electrons. Here, the relationship between fiog and pigee is expressed by [1]

Nfree
Heff = ———— Hfree, (12)
Nfree + Ntrap



6 Chapter 1. Introduction
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Figure 1.2: Specific on-resistance and its components of 600, 1200, and 3300 V class
SiC power MOSFETSs. Here, Rehannel 1S the channel resistance, Rg.ir is the drift resistance,

Rjpgr is the JFET resistance, and Ry, is the substrate resistance. The Rpanne is dominant
for 6001200 V class SiC MOSFETsSs.
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where nge. is the free electron density and 7y, is the trapped electron density. Fig. 1.3
shows the schematic illustration of an energy band diagram of a SiC/SiO, interface. The
free electrons can contribute to conduction, and the trapped electrons are immobile. Note
that Dj; has an energy dependence, and the Dj; in the vicinities of both conduction and
valence band edges (E¢ and Ey, respectively) is particularly high. Thus, the Dy near F¢
is very important for the on-state of MOSFETSs. The pucg is given by [1, 3§]

LIy
WCox(Vas — V) Vs’

Heft = (1'3)

where L is the channel length, I is the drain current, W is the channel width, C, is the
oxide capacitance, Vg is the gate-source voltage, Vr is the threshold voltage, and Vpg is
the drain-source voltage. When p..g is extracted from the gate characteristics of MOSFETSs,
the density of total electrons (n.a1) induced by applying Vg is calculated by [1, 38]

C(OX

e

(Vas — Vi), (1.4)

Ntotal = Nfree T Ntrap =~

where e is the elementary charge. Therefore, pog is extracted by assuming that all of the
electrons contribute to conduction even if a lot of electrons are trapped and immobile. As
a result, as shown in Eq. 1.2, if the ny,, increases, peg cannot be assumed to be figee.
Thus, pes contains two physical parameters: the ratio of free electrons to total electrons
(Nfree/Ntotal) and pigree. This complexity makes the modeling of MOSFET characteristics
difficult. The modeling of these two parameters is described in detail in the following Sec.
1.3.1 and Sec. 1.3.2.

1.3.1 Interface State Density at SiC/Silicon Dioxide (SiO2)

Interfaces

To understand the ngee/Niotal in @ wide range of Vs, the energy distribution of Dy, especially
near Fq, must be considered. Figure 1.4 shows the schematic illustration of Dy distribution.
The surface Fermi level (FF) is near E¢ in the on-state of MOSFETs. Therefore, D;; near
E¢ is the crucial parameter for the calculation of n,,. However, Dj, which is extracted
by the conventional technique [i.e., capacitance (C)-voltage (V') characteristics of MOS
capacitors at RT] such as a high-low method [38-40], is obtained only in a deeper energy
range (0.2 eV < Ec— Er < 0.5 eV) due to the limitation of the measurements at RT [1, 41].
In addition, Djy; increases exponentially toward F¢ [42-47]. Thus, other extraction methods
of D;; near E¢ should be focused.

In previous studies, conductance [48] and constant-capacitance deep level transient spec-
troscopy (CC-DLTS) [49, 50] methods were used to extract Dj; near E¢ by using MOS
capacitors. On the other hand, by using MOSFETSs, D;; near E¢ was extracted by MOS-
Hall effect measurements [51-53] and by low-temperature subthreshold slopes [46, 54]. In

a MOS-Hall effect measurement, 7, is directly obtained by combining split gate-channel
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Metal/SiO,/p-SiC

+ Trapped electrons

~-------------------_—

Figure 1.3: Conceptual band diagram of a SiC/SiOs interface. Here, E¢ is the conduction
band edge, EF is the Fermi level, and Ey is the valence band edge. Most of the electrons
induced by applying gate bias are trapped at the interface states and do not contribute to

conduction.
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br === D, increases
: 1 exponentially
%l toward E
| ? L3 / ©
o High-low method |

| L— E.- E;
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Figure 1.4: Schematic drawing of interface state density (Dj;) distribution. Dj; in the
limited energy range (0.2 eV < E¢ — Ep < 0.5 eV) is accessible by a high-low method of
MOS capacitors at room temperature. Here, E¢ is the conduction band edge. However,
D;; increases exponentially toward Eq, and the surface Fermi level (Er) is located near E¢
at on-state of MOSFETSs. Therefore, Dy near E¢ is important to determine the trapped

electron density.
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(Cae)-Vas measurement, and Dy, is given as the differential of ng,,, with respect to Ep [47].

As for the subthreshold slopes, they are directly converted to Dj;.

Refs. 46, 54, 55 reported that the channel mobility is inversely proportional to the
interface state density (D). Besides, Ref. 47 reported that Hall mobility (zpan), which can
be assumed to be e, does not strongly depend on the gate oxide formation condition.
Therefore, a lot of interface states at SiC/SiO2 behave as electron capture centers rather
than Coulomb scattering centers. However, the influence of Dj; at higher energy on mobility
is poorly understood (e.g., doping concentration dependence).

Note that the difference in gate oxide formation condition reflects the difference in Dy;.
Figure 1.5 shows the summary of gate oxide formation conditions for Si and SiC MOS
structures. As for Si MOS, the gate oxide is formed by dry oxidation followed by forming
gas annealing. The Dy at Si/SiO, interfaces is ~ 1 x 10'° cm™2 eV~ [39]. In contrast,
abnormally high Dy (~ 10" cm™2 eV ') is generated at SiC/SiO, interfaces after dry
oxidation. To reduce the Dy, post-oxidation-annealing (POA) such as annealing in nitric
oxide (NO) [56-59] or nitrous oxide (N2O) [56, 60, 61] is carried out in many institutions.
In the industries, annealing in NO is the current standard process for the production of
SiC power MOSFETSs. Annealing in NO can reduce Dy (< 10'2 cm™2 eV™!) and improve
the peg to some extent (~ 30-40 cm? V=1 57! for Ny ~ 10" ecm™3). Moreover, although
phosphoryl chloride (POCI3) annealing [i.e., annealing in a gas mixture of POCIj, oxygen
(Os), and nitrogen (Nj)] can substantially reduce the Dj; (< 10! em~2 eV™!) and improve
the peg (~ 90-100 cm? V=1 571 for Ny ~ 10% em™?) [62, 63], the POCl3 annealing has
some problems [64-66], especially for the oxide reliability.

1.3.2 Carrier Scattering Mechanism in SiC/SiO» Inversion

Layers

In order to predict the MOSFET characteristics, in addition to the ngee/ntotal @s mentioned
in Sec. 1.3.1, the N of p-body, gate oxide formation process, surface orientation, and
temperature dependences of g, and thus carrier scattering mechanism in SiC MOSFET's
must be clarified. The carrier scattering mechanism is mainly discussed by considering the
effective normal field (Eeg) dependence of figee. In St MOSFETS, the pigec—Eeos relationship
can be directly obtained from gate characteristics because the g is very close to figee OWINg
to extremely low N, in Eq. 1.2, As a result, it was found that the s in Si MOSFETS is
limited by Coulomb scattering due to substrate impurities, phonon scattering, and surface
roughness scattering [67, 68| as shown in Fig. 1.6. The ugee (and thus, ueg) can be expressed

using Matthiessen’s rule as

1 1 1 1
. r (15)
Heree %% Hph Hsr

where pic, ppn, and g are mobilities limited by Coulomb, phonon, and surface roughness

scattering, respectively.
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Figure 1.6: Schematic illustration of carrier scattering mechanism in Si MOSFETSs. Here,
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However, extraction of puge from gate characteristics is not easy in SiC MOSFETSs
because the ny,, is not negligible. In addition, the impact of Coulomb scattering due
to trapped electrons becomes strong nonlinearly in the high-E.g region because the n,p
is increased by applying gate bias in SiC MOSFETSs. In contrast, the interface charge
density does not change in Si MOSFETs. In order to address this problem, MOS-Hall
effect measurements were performed in many institutions [47, 51, 52, 69-102]. Hall effect
measurements can detect the free electrons affected by Lorentz force, and ppg.; can be
obtained. The pgay is equal to pugee if the Hall scattering factor is assumed to be unity.
Theoretical studies on carrier scattering mechanism in SiC MOSFETSs were also investigated
in detail [103-111]. However, the carrier scattering mechanism in SiC MOSFETs is not well
understood due to the abnormally low figee-

Although some essential information on the scattering mechanism was obtained, the
scattering mechanism itself is unclear. In particular, MOSFETSs annealed in NO, which has
a high density of trapped electrons [47], were mainly focused in the previous studies. The
electrons trapped at the interface states probably become Coulomb scattering centers and
degrade figee, especially in the high- Eg region because the free electrons are localized very
near the interfaces. Therefore, py.; of MOSFETSs with extremely low D;; may be higher
than that of MOSFETSs with high Dy.

Furthermore, the surface orientation dependence of e [93, 98, 100] is essential for
power device applications. Figure 1.7 shows the schematic device structures of planar- and
trench-types vertical MOSFETSs [1-4]. Trench-type vertical MOSFETSs have some advan-
tages over planar-type vertical MOSFETS, such as no JFET resistance, smaller cell pitch
size owing to the vertical channel and no JFET region, and higher pes. Figure 1.8(a)
shows the schematic drawing of a SiC wafer. SiC (0001) (Si-face) is almost exclusively
used for studies on mobility-limiting factors in SiC MOSFETs. Figure 1.8(b) shows the
schematic illustration of a primitive cell for 4H-SiC. SiC (1120) (a-face) and (1100) (m-
face) are representative orientations for non-polar faces. Figure 1.8(c) shows the schematic
device structure of a trench-type vertical MOSFET from the bird’s eye view. The chan-
nel of a trench-type vertical MOSFET is formed on the trench sidewalls [i.e., (1120) or
(1100)]. The peg of NO-annealed lightly-doped SiC (1120) and (1100) MOSFETs is three
times higher than that of MOSFETSs on (0001) [55]. However, the scattering mechanism in
SiC (1120) and (1100) MOSFETS is hardly investigated. Investigation of similarities and
differences in .y of MOSFETSs fabricated on various crystal faces is a key to obtaining

insight into the scattering mechanism.

1.4 Purpose and Outline of This Study

In this study, the author investigates the energy distribution of Dj in the vicinity of F¢

to understand the effect of carrier trapping at SiC/SiO, interfaces. Moreover, the author
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Figure 1.7: Schematic device structures of (a) planar- and (b) trench-types vertical MOS-
FETs.
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Figure 1.8: (a) Schematic drawing of a SiC wafer. Si-face is almost exclusively used
surface orientation for the investigation and production of SiC MOSFETSs. (b) Schematic
illustration of a primitive cell for 4H-SiC. (0001), (1120), and (1100) are known as Si-, a-
and m-faces, respectively. (c¢) Schematic device structure of a trench-type vertical MOSFET
from the bird’s eye view. Trench sidewalls correspond to non-polar faces, such as (1120)
and (1100).
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conducts MOS-Hall effect measurements and discusses the carrier scattering mechanism in
SiC/SiO, inversion layers.

In Chapter 2, D;; near E¢ is extracted from gate characteristics of SiC (0001) MOSFET's
without POA or annealed in NO with various N of p-body. The possible origin of Dy is
discussed by considering inversion layer quantization. Furthermore, the abnormal pe.g drop
for heavily-doped MOSFETs is also investigated.

Next, the author focuses on MOSFETSs annealed in POCl3 to obtain extremely low Dj
and to discuss Coulomb scattering due to trapped electrons.

In Chapter 3, the author extracts peg of SiC (0001) MOSFETSs annealed in POCl3 with
various [N of p-body and briefly discusses the scattering mechanism. Then, POClz-annealed
MOSFETS with high-purity semi-insulating (HPSI) substrate are also prepared. The author
compares the g of MOSFETSs annealed in POCIl3 to the phonon-limited mobility reported
in the previous study on py.; for MOSFETSs annealed in NO. In addition, a body bias
technique is adopted, and the author investigates the peg of POCl3-annealed MOSFETS in
the high- F.g region.

In Chapter 4, ppay of SiC (0001) MOSFETs without POA, annealed in NO, and annealed
in POCl3 with various p-body doping concentrations is investigated. The ny. is extracted
by split Cqc—Vas measurements, and Dy, near E¢ is obtained for various Na. The difference
in pg.n of MOSFETSs annealed in between NO and POCI; is also discussed. In addition,
the ppan at 77 K is investigated to understand the impact of Coulomb scattering due to the
trapped electrons. Furthermore, theoretical pge. is calculated to reproduce the Hall effect
results.

In Chapter 5, gy of SiC (1120) and (1100) MOSFETSs annealed in NO with various
p-body doping concentrations at RT and 77 K is quantified. In analyses, the n.p and figan
of NO-annealed (1120) and (1100) MOSFETSs are compared to that of NO- and POCI;-
annealed (0001) MOSFETs. The author tries to explain the ppay of NO-annealed (1120)
and (1100) MOSFETSs by using numerical calculation.

In Chapter 6, the summary and future prospects of this study are shown.
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Chapter 2

Energy Distribution of Interface
State Density near The Conduction
Band Edge

2.1 Introduction

The Dy in the vicinity of E¢ is particularly important to predict the gate characteristics
because the surface Ef is located near E¢ in the on-state of MOSFETSs. In addition, the Dj;
increases exponentially toward Eq. Ref. 1 focused on the nature of interface states (i.e., the
drain current is dominantly limited by carrier trapping rather than carrier scattering) and
proposed a unique technique to extract Dy near E¢. In the calculation, the authors assumed
the constant pige. because pigee is not changed significantly by applying Vg and determined
the Dy function by using some fitting parameters to reproduce the gate characteristics of
MOSFETSs. They confirmed that the D;; was not significantly different from the results
obtained from MOS-Hall effect measurements.

However, N, dependence of D;; near Eg is unclear. Actual power MOSFETSs have a
heavily-doped p-body (~ 10'7 cm™3) to avoid short-channel effects. In general, the channel
mobility of MOSFETs decreases when N, of p-body increases. For example, in the case
of Si MOSFETSs, Coulomb scattering by substrate impurities, phonon scattering, and sur-
face roughness scattering are strong in heavily-doped MOSFETSs, and the channel mobility
gradually decreases [2, 3]. On the other hand, in the case of SiC MOSFETS, the channel
mobility sharply drops when N, increases [4]. For this phenomenon, Ref. 5 suggested that
the bottom edge of the two-dimensional density of states (2D-DOS) [6] is located at higher
energy due to the inversion layer quantization, and Dj; at higher energy dominantly limits
ter in MOSFETSs with heavily-doped p-body. Ref. 7 investigated Dy, for various N by
using Hall effect measurements. Nevertheless, the Dy, was calculated by ignoring the quan-
tum confinement effect. Ref. 8 also reported the results of Hall effect measurements for
MOSFETSs with various Na of p-body. However, D;; of only lightly-doped MOSFETSs was
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obtained. If Dj; at higher energy is needed for modeling of heavily-doped MOSFETSs, Dj
extracted from lightly-doped MOSFETSs does not have a wide enough energy range. Thus,

to establish the modeling of ngee/ntotal, Dity in @ wide energy range is strongly required.

In this study, to obtain the Dj distributions near E¢, Dy distribution of SiC (0001)
MOS structures is determined by reproducing the experimental gate characteristics of as-
oxidized and NO-annealed SiC MOSFETs with various N of p-body on the basis of the
numerical calculations considering inversion layer quantization. Thus, potential distribu-
tions and energy sub-bands in the inversion layer are calculated by solving Poisson’s and
Schrodinger equations, respectively [9-11]. This self-consistent calculation is described in
detail in Appendix A. The mobility-limiting factors of SiC MOSFETSs are discussed based

on the obtained results.

In addition to the above, this experiment is a unique attempt to reveal where most
of the interface states are located (i.e., in SiOq, at SiC/SiO, interfaces, or in SiC) by
analyzing the electrical characteristics of MOSFETs. Figure 2.1 shows the schematic band
diagrams of lightly- and heavily-doped MOS interfaces. The quantization effect is weak
in the lightly-doped MOSFETSs because the density of charges in the depletion layer is
small. In the heavily-doped MOSFETSs, however, the quantization effect is strong, and the
bottom edge of 2D-DOS [E¢(2D-DOS)] is located at higher energy due to the high surface
electric field. Next, the locations of interface states are focused. The energy of D at the
SiC/SiO, interfaces is not varied by inversion layer quantization. In contrast, comparing to
Dy at SiC/SiOy interfaces, Dy in SiOy shifts to lower energy due to the higher oxide field.
In other words, the Dy distribution is expected to shift to lower energy by increasing N, if
the most of the interface states are formed in SiO,. On the other hand, Dy in SiC shifts to
higher energy due to the quantum confinement effect in SiC. Then, the D distribution is

expected to shift to higher energy by increasing Na.

The locations of interface defects were investigated in the previous studies. In general,
interface defects created by residual carbon (C) atoms are regarded as the possible origin
of interface states [12]. In fact, a high density of C atoms was detected by performing
high-temperature annealing in a high-purity argon (Ar) atmosphere [13]. The interface
states in SiOq are called near-interface traps (NITs) [14]. NITs are possibly generated by C
defects [14] such as Co=Cq [15] and Sip—C—O [16] and intrinsic oxide defects. The interface
defects at the SiC/SiO, interfaces are caused by C defects such as C clusters [14, 15] and
C—C [17] and dangling bonds [18]. More recent studies also considered the interface states in
SiC. One of the possible origins is the fluctuation of the conduction band edge of SiC [19-21].
Recently, Ref. 22 reported that (Cs)g; in SiC, which creates the interface states near F,
is one of the possible candidates of mobility-limiting factors. However, the origin of Dy is

unclear at the present stage.
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Figure 2.1: Schematic band diagrams of (a) lightly- and (b) heavily-doped SiC MOS
interfaces. Three types of Dy (i.e., in SiOs, at SiC/SiOy interfaces, and in SiC) are also
shown. In these diagrams, the energy is fixed at the SiC/SiO, interfaces.
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2.2 Device Fabrication

In this study, MOSFETs without POA (As-Ox.) and annealed in NO (Ox.+NO) were
prepared. In addition, N of p-body was varied from 3 x 10 cm™ to 1 x 10'® cm™3.
Figure 2.2(a) shows the process flow of the fabricated MOSFETSs. First of all, aluminum
(Al) ions (AlT) were implanted into 8° off-axis p-type 4H-SiC (0001) epitaxial layers (N =
3 x 10 cm™3) to obtain several p-body doping concentrations (Nx = 3 x 106, 1 x 10'7,
3x 10!, and 1 x 10'® cm~3). Phosphorus (P) ion (P*) implantation was performed to form
source/drain regions (Np = 1 x 10%*® cm™2). After ion implantation, activation annealing
was carried out at 1650°C for 20 min in Ar atmosphere. After sacrificial oxidation, the
gate oxides were formed by dry oxidation at 1300°C for 30 min or by dry oxidation with
subsequent annealing in NO (10% diluted in Ny) at 1250°C for 70 min. The gate oxide
thickness measured by using spectroscopic ellipsometry was about 42 nm. The channel
length and width of the MOSFETSs were 50 or 100 um and 200 pm, respectively. All of the

measurements were conducted at RT.

2.3 Extraction of Interface State Density from Gate

Characteristics

In order to extract the Dy distribution, the gate characteristics of MOSFETs should be
calculated [1]. For this reason, how to calculate Ip and Vg is described in Sec. 2.3.1 and
the obtained Dy distribution is discussed in Sec. 2.3.2.

2.3.1 Modeling of Gate Characteristics Considering Carrier
Trapping Effect

In general, I and Vgg are expressed by [23]

W
]D - _enfree,ufreeVDSa (21)

L
— X N - N € ree ra
oxX

where Vgp is the flatband voltage, 1 is the surface potential, Qg is the fixed charge density,

(2.2)

Zgepl 15 the depletion layer width. In this study, Np is negligibly small.

The key to calculating the above equations is how to determine ngee and ngy,,. Figure 2.3
shows the conceptual band diagram of a MOS interface for calculating ngee and ngpap. In
the calculation, it is assumed that all of the electrons in the inversion layer contribute to
conduction with constant pge. and that all of the electrons trapped at the interface states
are immobile.

The ngee is calculated by self-consistently solving Poisson’s and Schrodinger equations

[9-11]. The calculation procedure is explained in Appendix A. Then, Er and the energy of
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Metal deposition
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Gate electrode formation

Figure 2.2: (a) Process flow of the fabricated SiC (0001) MOSFETSs in this study. (b)
Schematic device structure of the fabricated MOSFETSs from the cross-sectional view.
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the lowest sub-band (Fj) for the lowest conduction band valley (E(*) at a given nge. are
essential parameters to extract D;.

Based on the previously reported Hall mobility of NO-annealed MOSFETS [24], pifee of
MOSFETSs with p-body doping concentrations of 3 x 10*?, 3 x 106, 1 x 10'7, 3 x 107, and
1 x 10*® cm™2 are assumed to be 100, 35, 25, 15, and 5 cm? V! 571, respectively, regardless
of oxide formation process. Refs. 25, 26 indicated that the Hall mobilities of as-oxidized
and NO-annealed MOSFETSs are almost the same, making such an assumption reasonable.

Finally, ng.p is calculated by [27]

[e%e) Di
o / - dE, (2.3)

+ exp T

where Fj is the intrinsic level of SiC, E is the energy, kg is the Boltzmann constant, and

T is the absolute temperature. The interface states below FE; and above E; are donor- and
acceptor-like states, respectively, as shown in Fig. 2.3. The Dj distribution is assumed to
be expressed by [28, 29]

E — E(3D-DOS)
Fy

E — E¢(3D-DOS)
E, ’

Dit = Do + D1 exXp

+ Dy exp [ (2.4)
where E¢(3D-DOS) is the bottom edge of the three-dimensional density of states (3D-DOS),
Dy, Dy, Do, Ey, Ey, and Qg in Eq. 2.2 are fitting parameters to reproduce the experimental
gate characteristics of MOSFETs.

Figure 2.4 shows the experimental and calculated gate characteristics for as-oxidized and
NO-annealed MOSFETs with lightly-doped (Na = 3x10'® cm™3) and heavily-doped (Na =
1 x 10*® em™2) p-bodies. The calculated Ip—Vgg curves can reproduce the experimental ones
in the range of 0 V < Vgg < 15 V, which corresponds to the energy range of E¢(3D-DOS) —
0.38 eV < Ep < E¢(3D-DOS) + 0.18 eV.

2.3.2 Energy Distribution of Interface State Density

Figure 2.5(a) shows the energy distribution of Dj; plotted with respect to FEc(3D-DOS) ob-
tained from the gate characteristics in Fig. 2.4. The Dy in Fig. 2.5(a) strongly depends
on Ny. In addition, the Dy decreases when the N, increases. For example, the Dj of the
lightly-doped MOSFET is five times higher than that of the heavily-doped MOSFET. In
Sec. 2.1, the dependence of Dy distribution on the location of interface states is discussed.
In this case, it can be seen that the Dj; distribution shifts to higher energy by increasing
Ny. Here, the Dj; plotted with respect to Ec(2D-DOS) [= Eq(3D-DOS) + E}] is shown in
Fig. 2.5(b). The 2D-DOS (Dyp) was calculated by [6] Dop = n,makgT/mh?, where n, is
the number of the equivalent valley, mgq is the density-of-states effective mass, and A is the

Dirac constant. In contrast to the Dy in Fig. 2.5(a), the Dy in Fig. 2.5(b) is uniquely
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Figure 2.4: Experimental and calculated gate characteristics for (a) as-oxidized and (b)
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Figure 2.5: Interface state density (Dj;) distributions plotted with respect to the bottom
edge of (a) three-dimensional density of states (3D-DOS) and (b) two-dimensional density
of states (2D-DOS) obtained from the gate characteristics of as-oxidized and NO-annealed
SiC (0001) MOSFETs with various p-body acceptor concentrations.
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determined by the gate oxide formation condition and independent of Nu. In other words,
the D; follows the energy shift of F¢(2D-DOS), and therefore Djy; originates from the SiC
side.

Here, the validity of Dy for the assumption of constant pge. should be discussed. In
Ref. 24, ppan of the lightly-doped (Ny = 2 x 10'® cm™3) MOSFETs is varied in the range
of 80-120 cm? V~! s71) and that of the heavily-doped MOSFETs (Na = 4 x 10'7 cm™)
is varied in the range of 10-20 cm? V~! s7!. Then, the Dj is also extracted by assuming
different constant pge in Fig. 2.6. Figure 2.6(a) shows the Dj plotted with respect to
Ec(2D-DOS) by assuming three different constant pigee (80, 100, 120 cm? V! s71) for the
lightly-doped (Na = 3 x 10" ecm™3) MOSFETS, and Fig. 2.6(b) shows the Dj; plotted with
respect to Eg(2D-DOS) by assuming three different constant pige. (10, 15, 20 cm? V=1 s71)
for the heavily-doped (Na = 3 x 1017 ecm™3) MOSFETs. The Dy is slightly affected by
the assumption of Hall mobility for the following reason. If the pige. is varied in +20%,
the npee is varied in —17%+25% to reproduce the same Ip. However, the ng,, of SiC
MOSFETSs is abnormally high even after NO annealing. Thus, to reproduce the same Vg
(i.e., Nfree +Ntrap), the Ny (1., Dit) is not strongly affected by changing ngee (i-€., fifree). In
addition, pee is not changed significantly by applying the gate bias [24]. Therefore, using

the constant pigee is a reasonable assumption.

2.4 Discussion

Figure 2.7 shows the ngee/Motal as a function of ngee for as-oxidized and NO-annealed
MOSFETs with various N of p-body. The difference in ngee/Mtota1 between as-oxidized and
NO-annealed MOSFETS reflects the difference in Dj;. On the other hand, the p-body doping
dependence of Dy is quite small. Therefore, the same ngee/Notar in lightly-doped MOSFETS
can be used for modeling of the electron trapping effect in heavily-doped MOSFETSs. In this
case, it can be explained that the sharp mobility drop, which is observed in the heavily-doped
MOSFETSs [4], is attributed to the influence of electron scattering [24] rather than that of
electron trapping. Hence, further investigation of Hall effect measurements is required to
understand why the sharp pige. drop occurs.

Recently, Refs. 20, 21 suggested that the interface states originate from the tail of 2D-
DOS by characterizing wet-oxidized MOSFETSs at cryogenic temperatures and concluded
that variable-range hopping (VRH) [30, 31] is the main conduction mechanism in the tail
states. However, the VRH is only dominant at extremely low temperatures (< 50 K) [20].
In addition, the Dj; obtained in this study is extracted by assuming that all of the electrons
trapped at the interfaces are immobile and do not contribute to conduction. Therefore, the
nature of Dj in the present study is different from that in the previous studies [20, 21].

Ref. 19 suggested that 4H-SiC (0001) (k-site)/SiO4 and 4H-SiC (0001) (h-site)/SiO9 have
different conduction band edges revealed by a density-functional theory (DFT) [32, 33]
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Figure 2.6: Interface state density (Dj;) distributions plotted with respect to the bottom
edge of the two-dimensional density of states (2D-DOS) extracted by assuming different
constant free electron mobilities for (a) lightly- (Na = 3 x 10" ecm™2) and (b) heavily-
doped (Na = 3 x 1017 em™3) SiC (0001) MOSFETs.
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Figure 2.7: Ratio of free electrons to total electrons (nree/Miotal) as a function of the free
electron density (nee) for as-oxidized and NO-annealed SiC (0001) MOSFETSs with various
p-body acceptor concentrations (3 x 10 em™ < Ny <1 x 10" cm™3).
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calculation. Therefore, the conduction band edge of SiC is not determined as a certain
energy, which implies that the fluctuation of the conduction band edge may occur. By
contrast, as for the non-polar orientation, such as a- and m-faces, this phenomenon does not
occur [19]. Thus, Dy at SiC (1120) and (1100) with various p-body doping/SiO, interfaces
should be investigated in the future.

The Dy of SiC MOS structures formed by oxidation-minimizing processes, which sup-
press the oxidation of SiC [34-37], is significantly small. From these results, it can be
concluded that at least the Dj; in SiC is the dominant mobility-limiting factors of MOS-
FETs.

2.5 Summary

In summary, the Dy, distribution near the conduction band edge in 4H-SiC (0001)/SiO4 sys-
tems is extracted by reproducing the experimental Ip—Vg characteristics of MOSFETSs with
a numerical calculation. In the calculation, energy sub-bands in the inversion layer are cal-
culated by self-consistently solving Poisson’s and Schrodinger equations. The obtained Dy
distribution is uniquely determined by the oxide formation process (As-Ox. or Ox.+NO)
and independent of the acceptor concentration (3 x 101® ecm™ < Ny <1 x 10*® cm™3). In
addition, the ratio of the free electrons to the total electrons increases by annealing in NO,
which can be seen that the drain current increases in the NO-annealed MOSFETSs owing
to the increase in the free electron density. In contrast, the ngee/Miotal i almost identical
among MOSFETs with various Na. This result implies that the drain current decrease
observed in heavily-doped MOSFETS is mainly ascribed to the decrease in the free electron

mobility rather than the decrease in the free electron density.
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Chapter 3

Effective Channel Mobility in SiC
MOSFETs Annealed in Phosphoryl
Chloride with Adopting Body Bias

Technique

3.1 Introduction

In Chapter 2, the author revealed that e of as-oxidized and NO-annealed MOSFETSs with
high Na of p-body is abnormally low due to the decrease in pge.. Therefore, the reason
why the abnormal decrease in fige. occurs in heavily-doped MOSFETSs should be clarified.

Recently, Refs. 1, 2 reported that Hall mobility does not strongly depend on the ox-
ide formation process comparing two types of MOSFETSs (i.e., MOSFETs formed by dry
oxidation only and by dry oxidation followed by NO annealing). This result implies that
the influence of interface states on pigee is small. In addition, Refs. 3, 4 reported that pigan
sharply drops in the high- F.g region, which is a similar tendency of peg in heavily-doped
MOSFETSs. In particular, Ref. 4 determined the phonon-limited mobility, the highest mo-
bility limit in SiC MOSFETs. However, the phonon-limited mobility (e.g., 163 cm? V=1 571
at E.g = 0.1 MV em™!) is much lower than that in Si MOSFETS, comparing the ratio of
fou- The ratio of bulk mobility for SiC [ (SiC) ~ 1000 cm? V~! s7! [5]] to that for
Si [ppurk(Si) ~ 1500 cm? V=1 s71 [6]] is ~0.67. Although it should be close to the ratio of
phonon-limited mobility [z, (SiC)] for SiC to that for Si [, (Si)] in the low-Eeg region, the
ppn (SiC)/1pn(Si) obtained by Ref. 4 is 0.25 at E.g = 0.05 MV cm™'. In contrast, Ref. 7
reported that SiC MOSFETSs with an extremely low doping concentration obtained by
counter doping show very high Hall mobility of 800 cm? V~! s~! compared to the reported
phonon-limited mobility [4]. The theoretical study [8] also found that the experimentally
determined phonon-limited mobility [4] cannot be reproduced by considering only phonon

scattering. One of the most important findings is that the N, of p-body does not strongly
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influence pie0, which is revealed by adopting a body bias technique [9-11]. In other words,
the impact of Coulomb scattering by ionized acceptors on figee is small in SiC MOSFETs.

In the previous studies, the fige. in SIC MOSFETSs has been investigated using MOSFETSs
annealed in NO and without POA [1, 3, 4]. However, Ref. 1 reported that the ngee/niota1 Was
quite low even after NO annealing. Therefore, Coulomb scattering by electrons trapped at
the interface states is probably strong in NO-annealed MOSFETs. The trapped electrons are
localized at the SiC/SiO, interfaces. Then, free electrons in the heavily-doped MOSFETSs
approach the MOS interfaces in the high- F¢ region and can be strongly affected by Coulomb
scattering due to the trapped electrons. Thus, the pg.; of NO-annealed MOSFETS reported
in the previous study [4] may not be dominantly limited by the phonon scattering.

In this chapter, the author focuses on annealing in POCI3 [12, 13], which can sub-
stantially reduce ngy.p. As already mentioned in Chapter 1, POCIl3 annealing can achieve
extremely low Dy (< 10" em™2 eV™'). Therefore, Coulomb scattering due to trapped
electrons is possibly small in POClz-annealed MOSFETs. In addition, POClz-annealed
lightly-doped MOSFETSs show a high peg (~ 90 cm? V=1 s71) [13], which is close to the
reported gy (~ 100 cm? V™1 s71) of NO-annealed MOSFETSs [1, 4]. This result suggests
that the ng..p of POCls-annealed MOSFETS is negligibly small, indicating that ji.s can be
assumed to be e in POCl3-annealed MOSFETSs as shown in Eq. 1.2. Therefore, to briefly
discuss the scattering mechanism in SiC MOSFETS, peg of POCI3-annealed MOSFETS is
investigated in this study.

First, MOS-Hall effect measurements are performed to investigate the carrier trapping
effect in POCIl3-annealed MOSFETs. MOSFETs annealed in NO or POCIl3 are prepared
to compare the carrier trapping effect. Next, field-effect mobility and subthreshold slope
for MOSFETSs with various N, obtained from gate characteristics are discussed. The pieg
of POCl3-annealed MOSFETSs in the low-FE.g region is obtained using high-purity semi-
insulating (HPSI) substrates. MOS structures fabricated on HPSI substrates can realize
minimal band bending because the Fermi level is located near the midgap of SiC. As a
result, POClz-annealed MOSFETs on HPSI substrates are expected to show very high
mobility. Therefore, MOSFETs on HPSI substrates are useful for investigating the validity
of the reported phonon-limited mobility [4]. On the other hand, the peg in the high-FE.g
region is extracted by applying negative body-source voltage (Vgs) [9-11]. The body bias

technique, which can vary the depletion charge density (Ngep ), is explained in Sec. 3.3.

3.2 Device Fabrication

Figure 3.1(a) shows the process flow of the fabricated MOSFETSs. In this study, p-type
4H-SiC (0001) epitaxial layers (3 x 10" em™ < N <1 x 10 cm™3) and HPSI substrates
were used. To vary the p-body doping concentrations (Ny = 3 x 101%, 1 x 10'7, 3 x 1017,

1 x 10" and 3 x 10" cm™2), Al* ion implantation was performed. The source/drain
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Figure 3.1: (a) Process flow of the fabricated SiC (0001) MOSFETSs in this study. (b)

Schematic device structures of the fabricated MOSFETSs from the cross-sectional view.
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regions (Np = 1.0 x 10%* cm™3) and body regions (Ny = 1.6 x 10?° cm™3) were formed by
Pt and Al" ions implantation, respectively. After ion implantation, activation annealing
was carried out at 1750°C for 20 min in an Ar atmosphere. The gate oxides were formed by
dry oxidation at 1300°C for 30 min with subsequent annealing in NO (10% diluted in Ny)
at 1250°C for 70 min or by dry oxidation with subsequent annealing in POCI; (annealing
in a gas mixture of POCl3, O9, and Ny) at 1000°C for 10 min. After the POCIl3 annealing,
N, annealing was also performed at 1000°C for 30 min. The gate oxide thicknesses were
about 42 nm and 58 nm for NO- and POCls-annealed MOS structures. The channel length
and width of the MOSFETSs were 500 pm and 100 pm, respectively. The schematic resultant
device structures are described in Fig. 3.1(b). All of the measurements were conducted at
RT.

3.3 Body Bias Technique

In this section, how to control the Eez by changing Vg is explained in detail. Figure 3.2(a)
shows the schematic measurement system when the body bias technique is adopted. When

Vgs is applied, the Ngep is given by [9, 11]

, (3.1)

e

\/QESiC(NA - ND)(ws - VBS)
Ndepl =

where eg;¢ is the permittivity of SiC. In this study, 15 is assumed to be 215, where g is the
bulk potential. The above equation shows that the Ngep is increased by applying negative
Vgs. Here, the Feq is expressed by [14]

e(Ndepl + NMfree
Eef‘f: ( depl nf >7 (32)
€siCc

where 7 is a parameter that indicates how much the electrons contribute to the E.g. In
general, 7 is assumed to be 1/3 when most of the electrons are localized at the lowest
sub-band [15]. As a result, as shown in Eq. 3.2 and Fig. 3.2(b), the Eus is controllable by

3.4 Basic Characteristics of Fabricated SiC
MOSFETs

3.4.1 Hall Electron Density

First, the influence of carrier trapping is investigated by Hall effect measurements. Fig-
ure 3.3 shows the gate voltage dependences of Hall electron density for lightly-doped
(Na = 3 x 10" em™3) SiC MOSFETs annealed in NO and POCl;. In this study, the
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Figure 3.2: (a) Schematic measurement system when a body bias technique is adopted.

(b) Schematic band diagram of a SiO5/SiC interface when a negative body bias is applied.
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Figure 3.3: Gate voltage dependences of the free electron density for lightly-doped (N =
3 x 10" em™3) SiC (0001) MOSFETs annealed in (a) NO and (b) POCI;3 obtained by Hall
effect measurements. The ideal slope of dividing the oxide capacitance by the elementary

charge (Cox/€) is also shown.
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Hall scattering factor is assumed to be unity; the Hall electron density is equal to ngee.
In the case of the NO-annealed MOSFETS, the slope of the nge.—Vas plot is substantially
smaller than the ideal slope of dividing the oxide capacitance by the elementary charge
(Cox/e). As shown in Eq. 1.4, the slope of na—Vas is Cox/e for Vs > V. However, in
the case of the POClz-annealed MOSFETSs, the slope is nearly identical (~98%) to the ideal
one. On the basis of these results, it is assumed that the carrier trapping effect is negligible
in POClz-annealed MOSFETS (nfee ~ Nfree + Mtrap a0d fifree ~ fegr). In the following Sec.
3.4.2 and Sec. 3.4.3, the carrier trapping effect is discussed from the perspective of Ip—Vgs

characteristics.

3.4.2 Field-Effect Mobility

Figure 3.4 shows the gate voltage dependences of field-effect mobility (upg) for NO-
and POClz-annealed MOSFETSs fabricated on HPSI substrates and various N of p-body
(3 x 10 em™3 < Ny <3 x 108 cm?). The field-effect mobilities for the POCI3-annealed
MOSFETSs are much higher than those for the NO-annealed ones irrespective of the acceptor
concentration. In the MOSFETSs annealed in NO, the peak value of the field-effect mobility
(UFE peak) 1S approximately 18 cm? V! s7! for heavily-doped (Na = 3 x 10'7 ecm™3) MOS-
FETs. In the case of phosphorus treatment, however, pg peak is as high as ~ 66 cm? V=1 s™!
for heavily-doped (Nay = 3 x 10" em™2) MOSFETs. In addition, the peak values of upg
for the POCI3-annealed MOSFETs on a HPSI substrate and on a lightly-doped p-body
(Na = 3 x 10" em™3) are approximately 147 cm? V™ s7! and 112 em? V7! s7! respec-
tively.
The ppg is given by [5]

dlp L
— dVgsWCo Vs’

HFE (3.3)
Note that ppg has been mainly reported by many institutions because the peg in Eq. 1.3
needs the Vir, which is arbitrarily determined. The influence of D;; can be discussed by prg
to some extent. However, upg is strictly different from pu.g because pupg can be obtained
on the assumption that g does not depend on Vig. Therefore, to discuss the scattering
mechanism, peg should be evaluated. In Sec. 3.4.4, peg is extracted by split Coc—Vas

measurements, which can directly quantify the engoa >~ Cox(Vas — Vir).

3.4.3 Subthreshold Slope

Figure 3.5 shows the subthreshold slopes (SS) of NO- and POCl3-annealed SiC MOSFETSs
fabricated on HPSI substrates and various Na of p-body (3 x 10 cm™ < N, < 3 x

10" ¢cm™3) as a function of the drain current normalized by channel length and width
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Figure 3.4: Gate voltage dependences of the field-effect mobility for (a) NO- and (b)
POCl;-annealed SiC (0001) MOSFETs fabricated on HPSI substrates and various N of
p-body (3 x 10 cm™3 < Ny <3 x 108 cm™3).
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Figure 3.5: Subthreshold slopes of (a) NO- and (b) POCls-annealed SiC (0001) MOSFETSs
fabricated on HPSI substrates and various N of p-body (3 x 10 em™ < Ny < 3 x
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(Ip x L/W). The SS is represented by [6]

ksT\ [ Cox + Cuaopr + €2 D;
SS = (mm)( ° ) ( Zf’l t), (3.4)

e

where Cgep is the depletion-layer capacitance. Note that pigee strongly depends on Ny;
therefore, the surface Fermi level is varied even at a given drain current for different No. The
5SS in Fig. 3.5(a) is much higher than that in Fig. 3.5(b). For example, in the case of the NO-
annealed MOSFETS, the SS (at 1 x1071° A, Ny = 3x 10'® em™2) is 1.4 V dec™'. However,
the SS (at 1 x 10710 A, Ny = 3 x 10'® cm™2) is 0.65 V dec™' in the case of the POClI;-
annealed MOSFETs. Thus, the S5 value for a POCl3z-annealed heavily-doped MOSFET is
approximately 2.2 times lower than that of a NO-annealed heavily-doped MOSFET, which

is a consequence of the difference in Dj; resulting from the NO and POCI;3 annealing.

3.4.4 Effective Channel Mobility

The peg as already shown in Eq. 1.3 is strictly given by [16]

LIy
=D 3.5
flett WentotalVDS ( )
Here, niota can be obtained by the following equation [16].
1 rVas
Niotal = E/ Cac dVgs. (3.6)

The Cge is determined by split Coc—Vas measurements. In this study, a quasi-static C-V
measurement system is used.

Figure 3.6 shows the effective channel mobility of POCls-annealed MOSFETSs fabricated
on HPSI substrates and various Nu of p-body (3 X 10 em™3 < Ny < 3 x 108 cm™?) as a
function of the effective normal filed. In the present study, ng., is assumed to be 0 cm ™2
on the basis of the results in Fig. 3.3. The N, is set as 0 cm ™ for the HPSI MOSFETS,
and 7 is assumed to be 1/3 [15]. Here, the E. range extracted for the MOSFET on a HPSI
substrate is not affected by the assumed N, value as far as N, is lower than 10'% ecm™3,
which is naturally expected for a SiC HPSI substrate.

Next, the author focuses on the reported phonon-limited mobility [4] to discuss the
scattering mechanism in SiC MOSFETSs. In this study, it is assumed that the phonon-limited
mobility is independent of the gate oxide formation process according to its definition. In
the previous study [4], the phonon-limited mobility obtained by Hall effect measurements of
NO-annealed MOSFETs with extremely low N of 3 x 10* cm ™ was found to be given by
p/em? V7171 = 66.5 X (Eeg/MV em™) 7939 at room temperature. In the present study,
however, g of POCl3-annealed MOSFETSs on a HPSI substrate is higher than the reported

phonon-limited mobility [4]. At E.s = 0.57 MV ¢cm™!, the phonon-limited mobility reported



48 Chapter 3. Effective Channel Mobility in SiC MOSFETs Annealed in POCI;

1
S

=1/3

S

—

o
w

[4] (3%x10™ cm™)

O e,

I
P -
A

RN
o
N

IIIIIIII

—
<,

1x1018 cm™3
i 3x1018 cm3

0.1 1
Effective Field / MV cm™’
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contribute to the E.s. The black broken line is the phonon-limited mobility line reported

in the previous study [4].
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in Ref. 4 is 83 cm? V=1 s71. On the other hand, peg of POClz-annealed MOSFETSs on a
HPSI substrate is 126 cm? V=1 s71. Thus, pteg of POCl3-annealed MOSFETS, which should
be smaller than pg.y of the devices, is higher than py.y of NO-annealed MOSFETS, which
suggests that the true phonon-limited mobility is probably higher compared to the reported
one. This result implies that the influence of Coulomb scattering due to the interface charges
may remain in NO-annealed MOSFETs.

In addition, in the high- E.g region, peg of 46 cm? V~1 s7! is obtained for the heavily-
doped (Nx = 1 x 10'® ecm™3) MOSFETSs, which is much higher than the reported Hall
mobility of < 20 cm? V! s7! for heavily-doped (N = 4 x 107 ecm™3) MOSFETSs annealed

in NO. In general, free electrons are localized very close to the SiC/SiO, interface in the

1

high- Feg region. Thus, this mobility enhancement can be interpreted by the lower density
of trapped electrons.

To extensively discuss the peg in the high-FEes region, In—Vas with applying negative
body bias is needed. In the following section, the g in the high- Fog region is focused.

3.5 Characteristics of Fabricated SiC MOSFETs with
Applying Negative Body Bias

In previous reports on SiC MOS-Hall effect measurements, the Hall mobility of NO-annealed
MOSFETS is substantially degraded under a high Eeg [3, 4]. This phenomenon cannot be
interpreted simply on the basis of Coulomb scattering from acceptors in a p-type body
[10, 17]. Furthermore, the influence of scattering by trapped electrons is inevitable [8] since
numerous trapped electrons remain even after NO annealing. Therefore, Coulomb scattering
due to the trapped electrons and surface-roughness scattering, which are dominant in the
high- Fg region, are indistinguishable. According to Ref. 4, surface roughness scattering was
reported not dominantly to affect the Hall mobility of NO-annealed (0001) MOSFETSs even
in the high- F.g region. Note that the Hall mobility in Ref. 4 was measured in the relatively
low E.g range (< 1.0 MV c¢cm™!), and Coulomb scattering due to the trapped electrons
is possibly dominant (the maximum trapped electron density: ~ 5.7 x 10'? em™2 [1]).
According to Ref. 11, it is suggested that the Hall mobility of NO-annealed (0338) MOSFETs
is limited by strong surface roughness scattering. The ng.,, of MOSFETs on (0338) (the
maximum trapped electron density: ~ 1.5 x 102 em™2 [18]) is much lower than that of
MOSFETs on (0001). However, the measured data was in the relatively low E. range
(< 1.5 MV ecm™!). As a result, the Hall mobility was proportional to E" (in theory,
Ee_ff). Thus, surface roughness scattering in the high- Feg region (1.0 MV cm™ < Egq <
2.0 MV cm™!) should be more extensively investigated. In the present study, a negative
body bias (0 V > Vg > —40 V) is applied to control Feq for a given N by using MOSFETSs
on (0001) with a Dj; as low as that on (0338).

Figure 3.7 shows the atomic force microscope (AFM) images (2 x 2 pm? scan), and
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Figure 3.7: Atomic force microscope (AFM) images (2 x 2 ym? scan), and the root mean
square (RMS) roughness of SiC (0001) substrates after removing the gate oxides annealed
n (a) NO and (b) POCI; by dilute hydrofluoric acid.
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the root mean square (RMS) roughness of SiC substrates after removing the gate oxides
annealed in NO and POCI; by dilute hydrofluoric acid. In Fig. 3.7, the RMS roughness
is 0.19 nm and 0.18 nm for NO- and POCI3-annealed SiC substrates, respectively. This
result implies that the influence of surface roughness scattering can be regarded as almost
the same.

Next, Fig. 3.8 shows the typical Ip—Vgg characteristics, the gate voltage dependence of
electron density obtained by split Cqc—Vgs measurements, and the gate voltage dependence
of effective channel mobility. When a negative body bias is applied, the threshold voltage
shifts toward the positive direction.

Figure 3.9 shows the effective normal field dependences of the effective channel mobility
for lightly- (Nx = 3 x 10 ecm™3) and heavily-doped (Ny = 3 x 10'" cm™3) MOSFETs
after POCI3 annealing. The body bias is applied in the range from 0 V to —40 V. The pg
for lightly-doped MOSFETs is high, approximately 103 cm? V~! s7! in the case of Vgg =
0 V. When a negative body bias is applied, F.g increases, and g decreases irrespective
of Nj for the MOSFETs. The decrease in p.g is especially sharp for the heavily-doped
MOSFETs (Na = 3 x 1017 ecm™3). For example, pg decreases from 58 cm? V=1 s71 (Eog =
1.0 MV em™!) to 85 ecm? V7! s7! (Eg = 2.3 MV em™!) for heavily-doped (Ny = 3 X
10" em™3) MOSFETSs with increasing Vg to —40 V. In addition, when a gate voltage

increases, [ increases sharply for each p-body doping.

3.6 Discussion

In this section, pieg in the high- Fog region is discussed in detail. To compare to the previous
results of ppay for NO-annealed MOSFETSs [10], ues as a function of the average distance
of electrons from the MOS interface (2ayg) is considered. Figure 3.10 shows the effective
channel mobility as a function of z,e at ngeta of 1.5 x 1012 em™2. The reported fipay of
NO-annealed MOSFETSs at nge. of 1.5 x 10" ¢cm~2 [10] is also shown by a dashed line.
Here, how to calculate z,y, is described in Appendix A. In Fig. 3.10, p.gr sharply decreases
as Zayg decreases (especially, zu, < 2.0 nm), irrespective of the acceptor concentration of
the p-type body. Therefore, this mobility degradation in the high- F.¢ region may not be
caused by Coulomb scattering from ionized acceptors. This speculation is consistent with
the study in Chapter 2 that the carrier trapping effect does not depend on N by comparing
Dy, of MOSFETSs with various p-body doping concentrations because the acceptors do not
dominantly limit yie¢. Compared to the z,,, dependence of pigan for NO-annealed MOSFETS,
the behavior of mobility degradation in the high- Feg region (zay, < 2.0 nm corresponding
to Eeg > 0.5 MV cm™!) is very close. In addition, it is revealed that p.g of POClz-annealed
MOSFETSs strongly decreases in the very high- Eeg region (24, < 1.6 nm corresponding to
Eeg > 1.0 MV ecm™!). The sharp mobility drop is observed in the range Zave < 2.0 nm.

The RMS roughness of SiC substrates after chemical mechanical polishing is 0.037 nm
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Figure 3.8: Typical (a) drain current, (b) electron density, and (c) effective channel mo-
bility as a function of the gate voltage for POCl;-annealed SiC (0001) MOSFETSs when the
negative body bias is applied in the range from 0 V to —40 V. In the calculation of the elec-
tron density, the gate-channel capacitance is obtained by quasi-static capacitance-voltage

measurements.
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Figure 3.10: Effective channel mobility as a function of the average distance of electrons
from the MOS interface for POCls-annealed SiC (0001) MOSFETSs when the total electron
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data for various p-body doping concentrations are shown in the figure. The closed symbols
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reported Hall mobility of MOSFETSs annealed in NO [10] is also shown.



3.7. Summary 5}

(20 x 20 pum? scan) [19]. After epitaxial growth or high-temperature annealing, however,
the RMS roughness increases to a few nanometers. In particular, SiC (0001) substrates
originally have an off-angle of several degrees to ensure polytype replication [20]. For this
reason, the (0001) substrates have a high density of steps. On the other hand, the above phe-
nomena are not observed in the case of Si/SiO, interfaces. Therefore, the height of surface
roughness (A) at SiC/SiO, interfaces is possibly higher than that at Si/SiO, interfaces.
As a result, the surface roughness-limited mobility () of SIC MOSFETSs substantially

decreases because the p, is proportional to AZ? [15].

The sharp decrease in fleg in 2Zaye < 2.0 nm is observed even if Dj; is reduced by POCl; an-
nealing, which is unusual because it is not caused in Si MOSFETSs. One of the possible
origins of the abnormal mobility drop is the strong surface roughness scattering at the
SiC/SiO, interfaces, as already mentioned above. A power function of F.g for the obtained
e 18 considered to discuss the surface roughness scattering. Figure 3.11 shows the ueg as
a function of Feg (Feg > 1.0 MV cm™!) for several nia of 1.0 x 1012-3.0 x 1012 cm=2.
In Fig. 3.11(b), peg follows a slope of —2.3——2.2 regardless of ngu.. However, the slope
for the lowest Moa condition (nga = 1.0 x 10 cm™2) is —1.8, which may be influenced
by another scattering such as Coulomb scattering due to acceptors, fixed charges, and
trapped electrons. In addition, the data of the lowest niya condition is at most at E.g of
1.6 MV cm™!. Thus, the obtained result is consistent with the previous report [11]. These
strong F.¢ dependences are attributable to lower D;; and higher E.g¢ compared to the pre-
vious studies [4, 11]. According to the previous study on Si MOSFETS, e is proportional
to E;HQ in the range E.z > 0.5 MV cm™! at 77 K, and this is ascribed to surface roughness
scattering [14]. In general, the surface roughness scattering rate is known to be propor-
tional to E% [21], and thus the surface roughness-limited mobility should be proportional
to Ee_ﬂ?. Note that an experimentally obtained absolute value of peg—Feg slope is sometimes
larger than 2 (maximum: 2.8) according to the previous studies [9, 15]. In addition, the
increase in peg by increasing niota., which is not observed in conventional Si MOSFETSs,
can be explained by screening p, by surface carriers [8, 22]. Based on the obtained results,
the substantial decrease in mobility of MOSFETSs with low Dy in the very high- Feg region
(1.0 MV em™! < Eegg < 2.0 MV cm™!) obtained in this study may be mainly caused by

surface roughness scattering.

3.7 Summary

In summary, the pes of POCls-annealed 4H-SiC (0001) MOSFETs with various dopant
concentrations (3 x 10 em™ < Ny < 3 x 10'® ¢cm™3) in the p-type body is investigated
in detail. The peg of POCIl3-annealed MOSFETSs on HPSI substrates is higher than the
phonon-limited mobility reported in the previous study on py.y for NO-annealed MOSFETS,
which have a high density of trapped electrons. Thus, the reported phonon-limited mobility
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Figure 3.11: (a) Effective normal field (Ees) dependence of the effective channel mobility
(ttet) When the total electron density (niotar) is 1.5 x 1012 cm=2 for POCls-annealed SiC
(0001) MOSFETSs with and without applying negative body bias (Vgs). Here, n (= 1/3)
is a parameter that indicates how much the electrons contribute to the E.s. The slope of
—2.3 is indicated by a dashed line. The data for various p-body doping concentrations are
shown in the figure. The closed symbols and open symbols represent the data of Vgg =0V
and Vgs < 0 V, respectively. (b) The u.s as a function of Eeg in the high Eg-region
(Eeg > 1.0 MV cm™) of MOSFETSs at nya = 1.0 x 102, 1.5 x 102, 2.0 x 10", and
3.0 x 10*2 cm™2.
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is probably affected by the influence of trapped electrons. Next, a negative body bias
technique is used to investigate peg of POCl3-annealed MOSFETS in the high- Eog region.
As a result, the considerable mobility degradation in the high- Eog region (1.2 nm < 2y, <
1.5 nm corresponding to 1.2 MV ecm™! < Fg < 2MV cm™!) is observed in the range
1.5 x 102 em™2 < gt < 3.0 x 10'2 ecm~2 even though MOSFETSs with low Dj are
used. It may be caused by surface roughness scattering because the peg follows a E;HQ'?’WQ'2
dependence in the range 1.0 MV cm™! < E g < 2.0 MV ecm™!.
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Chapter 4

Electron Scattering Mechanism in
SiC (0001) MOSFETs

4.1 Introduction

In Chapter 3, the peg of POCl3-annealed MOSFETSs was compared to the pg.y of NO-
annealed MOSFETS reported in the previous study [1]. To accurately discuss the Coulomb
scattering by trapped electrons, however, the comparison of pp.y for between NO- and
POCl;-annealed MOSFETSs fabricated on the same substrates is needed. In this chapter,
Hall effect measurements for SiC (0001) MOSFETSs are performed, and the electron scat-
tering mechanism is discussed with numerical calculations.

In the present study, the author focuses on the N of p-body dependence of jigay.
Although some previous studies reported the Nj dependence of ppay [1-4], the electron
scattering mechanism itself is not clarified. The py.; of SiIC MOSFETSs especially in the
high- g region is approximately ten times lower than that of Si MOSFETSs. Due to this,
separation of the scattering processes is very difficult at the present stage.

To address this problem, the author also focuses on the interface treatment and tem-
perature dependences of ppay. The pygan of as-oxidized and NO-annealed MOSFETSs has
been discussed in the previous studies [4-8]. However, NO-annealed MOSFETSs are prob-
ably influenced by a high density of trapped electrons as already explained in Chapter 3.
Therefore, ppay of POCl3-annealed MOSFETS is obtained in this study. In addition, only a
few studies on the temperature dependence of iy, were reported [1, 4, 8-10]. Temperature
is one of the most important parameters for understanding and formulating the scatter-
ing mechanism. In particular, phonon scattering is suppressed at low temperatures, and
Coulomb scattering is dominant. Thus, the impact of Coulomb scattering due to trapped
electrons on e can be discussed at low temperatures.

To begin with, the ny,, of MOSFETSs without POA, annealed in NO, or annealed in
POCIj; is quantified by combining MOS-Hall effect and split Cgc—Vas measurements. In the
analyses, the energy distribution of Dy plotted with respect to E¢(2D-DOS) is also extracted
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considering inversion layer quantization. Next, the author compares the measured gy, of
POCIlz-annealed MOSFETSs to that of NO-annealed ones at room and low temperatures.
After that, the dominant scattering processes for electrons in the SiC (0001)/SiO5 inversion

layers are explained using computed .

4.2 Experimental Detalils

Figure 4.1(a) shows the process flow of the fabricated MOSFETSs in this chapter. In this
study, p-type 4H-SiC (0001) body layers (3 x 104 ecm™ < N,y < 3 x 10'® cm™3) were
prepared. The p-body doping concentration was varied by Al* ion implantation. The
source/drain regions (Np = 1.0 x 10*® cm™?) and body regions (Ny = 1.6 x 10%*° cm ™)
were formed by Pt and Al* ion implantation, respectively. After that, Ar annealing was
carried out at 1750°C for 20 min to activate implanted ions. The gate oxides were formed by
three different conditions: (1) dry oxidation at 1300°C for 30 min without POA (As-Ox.),
(2) dry oxidation with subsequent annealing in NO (10% diluted in Ny) at 1250°C for 70
min (NO), (3) dry oxidation with subsequent annealing in POCIl; (a gas mixture of POCl;,
O, and Ny) at 1000°C for 10 min (POCI;3). Regarding POCIl3 annealing, N, annealing
at 1000°C for 30 min was also performed after the gate oxide formation. The resultant
oxide thicknesses were 42 nm for as-oxidized and NO-annealed MOSFETs and 58 nm for
POCl;-annealed MOSFETSs. The channel length and width of the eight-terminal MOS-Hall
bar devices were 500 pm and 100 pm, respectively. The schematic device structures are
described in Fig. 4.1(b). The measurements were conducted at RT (296 K) and 77 K.
Figure 4.2(a) shows the schematic device structure and circuit of split Cqc—Vgs mea-
surements from the cross-sectional view. The measurement was performed using the quasi-
static C—V measurement system. The nq, was quantified by Eq. 3.6. Moreover, Fig. 4.2(b)
shows the schematic illustration of a MOS-Hall bar from the top view. In this study, the Hall
scattering factor is assumed to be unity. Therefore, the measured Hall electron density and
pyan are assumed to be the nge. and pigee. MOS-Hall effect measurements were conducted
under an AC (100 Hz) magnetic field (0.219-0.376 T). To extract the pup.n accurately, the
resistivity and the Hall voltage of the inversion channel were measured continuously when

the same Vg was applied.

4.3 Energy Distribution of Interface State Density
Extracted from MOS-Hall Effect Measurements

4.3.1 Densities of Free and Trapped Electrons

Figure 4.3 shows the gate voltage dependences of the ngee, Ntrap, and ntar for as-oxidized,
NO-annealed, and POCI3-annealed lightly-doped (Ny = 3 x 10'* ¢cm™3) and heavily-doped
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Al* & P* implantation

Activation annealing

Oxidation (As-Ox. & Ox.+NO & Ox.+POClI,)
Metal deposition

Gate electrode formation

Body

(b)

Figure 4.1: (a) Process flow of the fabricated SiC (0001) MOSFETs for MOS-Hall effect
measurements. (b) Schematic device structures of the fabricated MOSFETS from the cross-

sectional view.
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Source| Gate Drain

-

Source [l Gate ol Drain
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Figure 4.2: (a) Schematic device structure and circuit of split gate-channel (Cgc)-gate-

source voltage (Vgs) measurements from the cross-sectional view and (b) schematic illus-
tration of a MOS-Hall bar from the top view. For this structure, the resistivity and the
Hall voltage of the inversion channel can be measured continuously when the same Vg is

applied.
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Figure 4.3: Gate voltage dependences of the densities of free electrons (nge.), trapped
electrons (nap), and total electrons (nora) for (a) as-oxidized, (b) NO-annealed, and (c)
POCI3-annealed lightly-doped (Ny = 3 x 10 ¢cm™3) SiC (0001) MOSFETSs and for (d)
as-oxidized, (e) NO-annealed, and (f) POClz-annealed heavily-doped (Na = 3 x 10'7 cm™3)
ones at 296 K.
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(Na =3 x 107 em™3) (0001) MOSFETS at 296 K. In as-oxidized and NO-annealed lightly-
doped MOSFETS, nyp is higher than nge. even at high Vg, which is consistent with
previous results [5]. In the case of POClz-annealed MOSFETS, the nge is close to the
Ntotal. FOr example, Ngee = 9.2 X 102 cm™2 and ngora = 1.0 X 101 ecm™2 at Vgg = 25 V for
lightly-doped MOSFETSs. Similarly, ngee = 8.1 x 102cm™2 and nyora = 8.6 x 102 cm™2 at
Vas = 25V for heavily-doped MOSFETSs. From the perspective of ngee/Notal, the Nree /Miotal
at Nyorar Of 5x 1012 cm~2 is about 3% and 23% for as-oxidized and NO-annealed lightly-doped
MOSFETS, respectively. In contrast, the ratio is about 80% for POCIls-annealed ones. As
for the heavily-doped MOSFETS, the ngee/Ntotal at Niotal of 5 X 1012 em™2 is 1%, 31%, and
91% for as-oxidized, NO-annealed, and POCIl3-annealed MOSFETS, respectively. Thus, the
Nirap 18 considerably smaller compared to the other MOSFETS, especially at high Vg for
both lightly- and heavily-doped MOSFETSs. Note that the influence of the Hall scattering

factor is neglected in the above discussion.

4.3.2 Energy Distribution of Interface State Density

In this chapter, the energy distribution of Dj; was extracted by [5]

dntrap

Dy ~ —
’ dEF (nfree>

(4.1)

Here, the Er was calculated by self-consistently solving the Schrodinger and Poisson’s equa-
tions [11-13].

Figure 4.4 shows the energy distributions of Dy plotted with respect to Ec(2D-DOS)
for as-oxidized, NO-annealed, and POCl;-annealed (0001) MOSFETs with various N of
p-body. In the case of as-oxidized and NO-annealed MOSFETSs, the D; increases expo-
nentially toward E¢(2D-DOS). For example, D; > 10" cm=2 eV ™! for as-oxidized MOS-
FETs and Dy > 10 ¢cm=2 eV™! for NO-annealed MOSFETs when Er is higher than
Ec(2D-DOS) — 0.1 €V. In contrast, the D; obtained from POCI;3-annealed MOSFETs in
Fig. 4.4(c) does not increase exponentially toward E¢(2D-DOS). Furthermore, Dy, of POCl3-
annealed MOSFETSs is much lower compared to the other MOSFETSs (As-Ox. and NO) and
close to the detection limit because the n,,, does not strongly depend on Vg, and thus Ep.
In Chapter 2, the D;; was obtained by assuming that the pg.y is constant. On the other
hand, in this chapter, D;; distributions in Fig. 4.4 are extracted taking account of the gate
voltage dependence of Hall mobility. Thus, the results in Fig. 4.4 are more accurate than
those in Chapter 2. In this study, Dj very near Ec(2D-DOS) can be extracted especially
for POCls-annealed MOSFETSs because the nge and n,, in the wide energy range can be

obtained.
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Figure 4.4: Energy distributions of interface state density plotted with respect to the
bottom edge of the two-dimensional density of states [Ec(2D-DOS)| for (a) as-oxidized, (b)
NO-annealed, and (c¢) POCls-annealed (0001) MOSFETSs with various acceptor concentra-
tions (3 x 101 ecm™ < N < 3 x 108 em™?) of p-body at 296 K.
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4.4 Hall Mobility

4.4.1 Experimental Results

Figure 4.5 shows the effective normal field dependences of pipa for as-oxidized, NO-annealed,
and POCls-annealed (0001) MOSFETSs with various Ny of p-body at 296 K. In this study,
the 7 is set as 1/3 [1, 14]. Here, the phonon-limited mobility (s,n) reported in the previous
study on ppan for NO-annealed MOSFETS [1] is also shown. The ppan of as-oxidized MOS-
FETs is similar to that of NO-annealed ones, being consistent with the results of previous
reports [5, 6]. In contrast, the ppay of POCI3-annealed MOSFETS is higher than that of
NO-annealed ones in the wide Eq¢ range. Moreover, the up.; degradation in the high- Eog
region, which is observed in NO-annealed MOSFETs [1, 3], is suppressed in the case of
POCIl;-annealed MOSFETSs. For comparison of py.; between NO- and POCIl;-annealed
MOSFETsS, the results are also plotted in the same figure (Fig. 4.6). For example, the Hall
mobilities of NO- and POCls-annealed MOSFETSs are 14 cm? V™! s7! and 41 cm? V! s7!
(Eeg = 1.1 MV cm™ 1), respectively. In addition, the u,y, reported in the previous study on
taan of NO-annealed MOSFETs [1] shown by a dotted black line in Fig. 4.5 follows both
results of as-oxidized and NO-annealed lightly-doped (N = 3 x 10 cm™3) MOSFETs.
On the other hand, the pp.n of POCIs-annealed MOSFETS exceeds the pi,, reported in
the previous study [1]. The ppay enhancement observed in POClz-annealed MOSFETSs can
be explained by suppressing the influence of Coulomb scattering due to trapped electrons.
If the Coulomb scattering is dominant in SiC MOSFETSs at RT, pug.y at low temperatures
should be severely affected by the Coulomb scattering and be lower than that at RT. There-
fore, MOS-Hall effect measurements are also conducted at 77 K to demonstrate the strong

influence of Coulomb scattering.

Figure 4.7 shows the effective normal field dependences of pp.y for NO- and POCI3-
annealed (0001) MOSFETs with various Ny of p-body. The open and closed symbols
represent the results at 296 K and 77 K, respectively. The Hall mobilities of both NO-
and POClz-annealed MOSFETs at 77 K are lower than those at 296 K. In the case of Si
MOSFETS, fioff (2 fifree) is dominantly limited by phonon scattering at RT. As a result,
tiree at 77 K is higher than that at RT in the wide E.¢ range because phonon scattering
is suppressed at low temperatures. Therefore, it can be concluded that the py.; degrada-
tion observed in SiC MOSFETSs even after POCIl; annealing is caused by strong Coulomb
scattering. Furthermore, the py.y of NO-annealed MOSFETS is substantially decreased by
lowering the temperature, whereas the pp.y of POCls-annealed MOSFETS is not signifi-
cantly decreased. For instance, ppan(77K)/pman(296K) is about 40% for POCIls-annealed
MOSFETSs at ngee of 2.5 x 10" ecm™2, whereas figan(77K)/paan(296K) is about 19% for
NO-annealed MOSFETs. This result implies that the trapped electrons tend to be strong

Coulomb scattering centers especially at low temperatures.
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Figure 4.5: Effective normal field (E.s) dependences of Hall mobility (pupan) for (a) as-
oxidized, (b) NO-annealed, and (¢) POCls-annealed SiC (0001) MOSFETs with various
acceptor concentrations (3 x 10 ecm™ < Ny < 3 x 10'® ecm™2) of p-body at 296 K. Here,
n (= 1/3) is a parameter that indicates how much the electrons contribute to the Eeg.
The phonon-limited mobility (ppn) reported in the previous study on iy for NO-annealed

MOSFETS [1] is also shown.
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Figure 4.6: Effective normal field (E.z) dependence of Hall mobility (gpgan) for NO-
and POCIls-annealed SiC (0001) MOSFETs with various acceptor concentrations (3 X
10 em™ < N <3 x 10" ecm™?) of p-body at 296 K. Here, (= 1/3) is a parameter that
indicates how much the electrons contribute to the E.g. The phonon-limited mobility (fpn)

reported in the previous study on gy for NO-annealed MOSFETSs [1] is also shown.
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Figure 4.7: Effective normal field (Feg) dependences of Hall mobility (uman) for (a) NO-
and (b) POCl;-annealed SiC (0001) MOSFETs with various acceptor concentrations (3 x
10" em™3 < Nj <1 x 10'® ecm™3) of p-body. The open and closed symbols represent the
results at 296 K and 77 K, respectively. Here, n (= 1/3) is a parameter that indicates how
much the electrons contribute to the E.g.
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4.4.2 Theoretical Analyses

In this section, to model the electron scattering in SiC/SiOs inversion layers, fige in SiC
MOSFETsS is calculated based on the theoretical studies [15, 16]. First, phonon scattering
and Coulomb scattering due to substrate impurities are focused. The phonon scattering can
be calculated because the previous study on bulk mobility [17] determined the deformation
potential and energy of phonons. The impact of substrate impurities on free electrons can
also be calculated by using a parameter of Nx. The momentum relaxation time and free
electron density in the sub-bands are computed to calculate the mobilities. How to calcu-
late momentum relaxation times of acoustic phonon scattering, non-polar optical phonon
scattering, and Coulomb scattering due to substrate impurities is described in Appendix A.
Note that the ngee and ng., of lightly-doped (Na = 3 x 10 em™3) MOSFETS are used to
calculate figee for all of the MOSFETsS.

The pgee of POCls-annealed MOSFETSs is firstly calculated because the influence of
Coulomb scattering due to trapped electrons is probably small. Figure 4.8 shows the effec-
tive normal field dependence of experimental py.; and calculated pige. for POCl3-annealed
(0001) MOSFETSs with various Ny of p-body at 296 K. The symbols represent the results of
MOS-Hall effect measurements. Calculated acoustic phonon-limited (ac), non-polar optical
phonon-limited (nop), substrate impurities-limited (imp), and total (ac+nop+imp) mobili-
ties are shown by dashed, dotted, dashed-dotted, and solid lines, respectively. In Fig. 4.8,
the total mobility (act+nop+imp) is about 4 times higher than the experimental pig.; of
POCIl3-annealed MOSFETs. Thus, the other scattering processes should be considered to

reproduce the experimental results.

Next, mobilities limited by Coulomb scattering due to fixed charges and trapped elec-
trons and surface roughness scattering are calculated. The impact of Coulomb scattering
due to fixed charges depends on the fixed charge density ( Ngy). However, the Ng, is unknown
because the fixed charge density obtained by threshold voltage shift is estimated as the net
fixed charge density. Therefore, Ng, is determined as a fitting parameter in the present
study. Besides, the influence of Coulomb scattering due to trapped electrons depends on
Nirap- 1N this study, the ni.., experimentally obtained from MOS-Hall and split Cqoc—Vas
measurements is used to calculate the mobility. The n.,, is increased by applying Vis;
thus, the influence of Coulomb scattering due to trapped electrons is gradually stronger.
The surface roughness scattering at SiC/SiO, interfaces is possibly stronger than that at
Si/SiOy interfaces. From the perspective of the AFM, the typical RMS roughness of the Si
surface is < 0.1 nm before the fabrication of the MOSFETSs. On the other hand, the RMS
roughness of the SiC surface is increased to a few nanometers by performing epitaxial growth
or high-temperature annealing [18]. In particular, a SiC (0001) surface has a large surface
roughness due to an off-angle of several degrees. In general, SiC (0001)/SiO interfaces
observed by transmission electron microscope (TEM) have steps, whereas SiC (1120) and

(1100)/SiO4 interfaces are atomically flat. Based on the above discussion, these mobilities
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Figure 4.8: Effective normal field (Ex) dependence of experimental Hall mobility (upgan)
and calculated free electron mobility (fgee) for POCl3-annealed SiC (0001) MOSFETs with
various acceptor concentrations (3 x 10 ecm™ < N < 3 x 10'® cm™?) of p-body at 296
K. Experimental results are represented by symbols. Calculated acoustic phonon-limited
(ac), non-polar optical phonon-limited (nop), substrate impurities-limited (imp), and total
(ac+nop+imp) mobilities are shown by dashed, dotted, dashed-dotted, and solid lines, re-
spectively. Here, (= 1/3) is a parameter that indicates how much the electrons contribute
to the Fg.
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are calculated using the theory explained in Appendix A.

Figure 4.9 shows the effective normal field dependence of experimental py.; and cal-
culated pifee for POCI3-annealed (0001) MOSFETs with various N of p-body at 296
K. The various colored symbols represent experimental data, and calculated phonon and
substrate impurities-limited (ac+nop+imp), fixed charges-limited (fix), trapped electrons-
limited (trap), surface roughness-limited (sr), and total (total) mobilities are shown by
dotted, dashed-dotted, dashed double-dotted, dashed, and solid lines, respectively. The
Niy is set as 7.5 x 102 cm™2 in the calculation. As can be seen, Coulomb scattering due
to the fixed charges is dominant in a wide E.g range. In addition, the A and correlation
length of surface roughness (Lg) are set as 1.0 nm and 5.0 nm, respectively. The surface
roughness scattering is also dominant in the high-F.s region. These parameters can be
determined independently because the influence of fixed charges is only dominant in the
low-Eg region (Ny = 3 x 10 ecm™2). In the case of Si MOSFETSs, the A, and L, are
typically in the range 0.2 nm < Ay < 0.4 nm and 1.0 nm < Lg < 3.0 nm, respectively [19].
Ref. 20 reported that the pg.y of MOSFETSs on (0338) with applying negative body bias
is also limited by fixed charges and surface roughness scattering. At least, Ng, reported in
Ref. 20 is 4 x 10'3 cm™2, which is much higher than that in MOSFETSs on (0001) obtained
in this study. On the other hand, the A reported in Ref. 20 is 1.2 nm, which is close to
the value determined in the present study. As for the L, the impact of Ly on g is more
negligible than the other parameters. Therefore, the Ly value cannot be deeply discussed
at the present stage.

Here, the effective normal field dependence of experimental pp.; and calculated pigee for
NO-annealed MOSFETSs is shown in Fig. 4.10. In NO-annealed MOSFETSs, the trapped
electrons-limited mobility decreases at high Vg because the ny.p is increased by applying
gate bias. As a result, the puy,; degradation for NO-annealed MOSFETSs can be demon-
strated by considering strong Coulomb scattering due to trapped electrons. In Chapter 2,
however, it was revealed that the trapped electrons are localized not at SiC/SiO5 but in SiC.
Therefore, the actual influence of Coulomb scattering due to trapped electrons differs from
the above model. In order to discuss the impact of the location of trapped electrons, the
author also calculates the Coulomb-limited mobility when trapped electrons are distributed
in the SiC side.

Figures 4.11 and 4.12 show the experimental pmg.; and pge calculated by considering
depth profiles of trapped electrons as a function of E.g for POCl;- and NO-annealed (0001)
MOSFETs with various Ny of p-body at 296 K. The symbols and lines are the same
meaning as those in Fig. 4.10. In Figs. 4.11 and 4.12, the trapped electrons are distributed
in the range 0 nm < z < 1 nm and 0 nm < z < 2 nm, respectively. In the present
study, the trapped electrons are distributed from the interface to the SiC side as a box
profile. Note that the potential distribution affected by the trapped electrons in SiC is also
considered in the calculation of Poisson’s equation. As can be seen, the calculated pigee

is not significantly decreased by changing the distribution of trapped electrons in the case



4.4. Hall Mobility

04

o
w

—

o
N

—

—
Q

Hall Mobility / cm? V™1 s™

109

107

296 K, POCL,, (0001), 1 = 1/3

AN - -
~ -
L] 7 -
\\ .~
o /
\\ ’
\\ 7 !
\\ ——
______ —"<\""__—-— - ’
_____ X S
- - = -
e e -—-X.
SsTererm Il U NS
P oG-t s .
i o SRl AT
/_/ ANEN W = -
Sx
N -
gy /
\\\ }

ac+nop+imp

/0 /SS L,
/. /, N Q ¢ ' / ', ’/
; ' S )

[ ‘"

3x10'4 cm™3 7 = i i

1x1015 Cm_3 f‘\ " . il
3x1016 cm3
_____ fix 1x1017 cm™3
------ trap 1x1018 Cm‘3
-sr 3x108 cm™3

...... ac+nop+imp Hall effect

total

10" 10°
Effective Field / MV cm™’

73

Figure 4.9: Effective normal field (E.x) dependence of experimental Hall mobility (ipan)
and calculated free electron mobility (fgee) for POCls-annealed SiC (0001) MOSFETs with
various acceptor concentrations (3 x 10 em™ < Ny < 3 x 10*® em™3) of p-body at 296
K. Experimental results are represented by symbols. Calculated phonon and substrate
impurities-limited (ac+nop+imp), fixed charges-limited (fix), trapped electrons-limited
(trap), surface roughness-limited (sr), and total (total) mobilities are shown by dotted,
dashed-dotted, dashed double-dotted, dashed, and solid lines, respectively. Here, n (= 1/3)
is a parameter that indicates how much the electrons contribute to the E.¢. The fixed charge
density (Ngy), surface roughness height (A, ), and surface roughness correlation length (Lg;)

are 7.5 x 102 cm~2, 1.0 nm, and 5.0 nm, respectively.
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Figure 4.10: Effective normal field (Feq) dependence of experimental Hall mobility (pan)
and calculated free electron mobility (figee) for NO-annealed SiC (0001) MOSFETs with var-
ious acceptor concentrations (3 x 10 cm™ < N < 3 x 10'® cm™3) of p-body at 296 K. Ex-
perimental results are represented by symbols. Calculated phonon and substrate impurities-
limited (ac+nop-+imp), fixed charges-limited (fix), trapped electrons-limited (trap), surface
roughness-limited (sr), and total (total) mobilities are also shown by dotted, dashed-dotted,
dashed double-dotted, dashed, and solid lines, respectively. Here, n (= 1/3) is a parameter
that indicates how much the electrons contribute to the E.g. The fixed charge density
(Nix), surface roughness height (4g), and surface roughness correlation length (Lg,) are

7.5 x 102 cm™2, 1.0 nm, and 5.0 nm, respectively.
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Figure 4.11: Effective normal field (E.¢) dependences of experimental Hall mobility (ugan)
and calculated free electron mobility (ugee) for (a) POCl;- and (b) NO-annealed SiC (0001)
MOSFETSs with various acceptor concentrations (3 x 10 em™ < Nj < 3 x 10" em™3) of
p-body at 296 K. Experimental results are represented by symbols. Calculated phonon and
substrate impurities-limited (ac+nop+imp), fixed charges-limited (fix), trapped electrons-
limited (trap), surface roughness-limited (sr), and total (total) mobilities are shown by
dotted, dashed-dotted, dashed double-dotted, dashed, and solid lines, respectively. In the
calculation, the trapped electron density distribution is considered to be a box profile in
the range 0 nm < z < 1 nm. Here, n (= 1/3) is a parameter that indicates how much the
electrons contribute to the Eoz. The fixed charge density (Ngy), surface roughness height
(Ag), and surface roughness correlation length (L) are 7.5 x 10'? cm™2, 1.0 nm, and 5.0

nm, respectively.
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Figure 4.12: Effective normal field (E.¢) dependences of experimental Hall mobility (gan)
and calculated free electron mobility (ugee) for (a) POCl;- and (b) NO-annealed SiC (0001)
MOSFETs with various acceptor concentrations (3 x 10 em™ < Nj <3 x 10'® em™3) of

p-body at 296 K. Experimental results are represented by symbols. Calculated phonon and
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substrate impurities-limited (ac+nop+imp), fixed charges-limited (fix), trapped electrons-
limited (trap), surface roughness-limited (sr), and total (total) mobilities are shown by
dotted, dashed-dotted, dashed double-dotted, dashed, and solid lines, respectively. In the
calculation, the trapped electron density distribution is considered to be a box profile in
the range 0 nm < z < 2 nm. Here, n (= 1/3) is a parameter that indicates how much the
electrons contribute to the Feg. The fixed charge density (Ngy), surface roughness height
(Ag), and surface roughness correlation length (L) are 7.5 x 10'? cm™2, 1.0 nm, and 5.0

nm, respectively.
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of POCls-annealed MOSFETs [Fig. 4.11(a) and Fig. 4.12(a)]. In contrast, in the case of
NO-annealed MOSFETS, the Coulomb scattering due to the trapped electrons is severely
affected by the depth profiles of trapped electrons [Fig. 4.11(b) and Fig. 4.12(b)]. If the
trapped electrons are localized in the range 0 nm < z < 2 nm, the calculated pig.ee is much
lower than the experimental pp.y. Thus, the trapped electrons are probably localized near
the MOS interfaces (0 nm < z < 1 nm). However, the depth profile of trapped electrons
is unknown at the present stage. The trapped electrons-limited mobility strongly depends
on the position and density of trapped electrons. Therefore, to calculate the accurate figee
determined by trapped electrons, the distribution of trapped electron density should be
clarified in the future.

Next, calculated pigee at 77 K is discussed by comparing to the pp.y in Fig. 4.7. Note that
the ngee and nyap at 296 K are used in the calculation. Figure 4.13 shows the experimental
paan and pigee calculated by considering depth profiles of trapped electrons as a function
of Eeg for POCl3- and NO-annealed (0001) MOSFETSs with various Na of p-body at 77
K. The symbols and lines are the same meaning as those in Fig. 4.10. In Fig. 4.13, the
trapped electrons are distributed in the range 0 nm < z < 1 nm. As for the POCI;-
annealed MOSFETSs, the calculated pig.e is still higher than the experimental ji.y, especially
for lightly-doped (Nay = 3 x 10 ¢cm™) MOSFETSs, whereas the calculated mobility is
very close to the experimental one for heavily-doped (Ny = 1-3 x 10" cm™3) MOSFETs.
Regarding the NO-annealed MOSFETS, the calculated pgee is still higher than the .y
for all of the MOSFETs. The impact of Coulomb scattering due to trapped electrons is
probably underestimated because the depth profile (i.e., position and volume density) of
trapped electrons is not yet understood. However, the phonon-limited mobility is high,
and surface roughness-limited mobility does not enormously change at low temperatures
from the calculation results. Therefore, although the influence of trapped electrons is not
accurately modeled, strong Coulomb scattering is the most promising candidate to explain

the abnormal py.; degradation at low temperatures.

4.5 Discussion

First, the ngee/Motal, also discussed in Chapter 2, is summarized in Fig. 4.14. In Chapter
2, the pgee was assumed to be a constant value. Therefore, the assumption influenced the
Nfree/Niotal Calculated in Chapter 2. In this chapter, however, the ngee/notal i €xperimen-
tally determined by MOS-Hall and split Cqc—Vgs measurements. In Fig. 4.14, although the
Nfree / Motal €Specially for NO-annealed MOSFETS slightly depends on the process and mea-
surement conditions, the ngee/Niotal is NOt decreased by increasing Na. Thus, the ngee/Ntotal
does not correlate with N. This result is consistent with one of the conclusions in Chapter
2 that the abnormal g drop observed in NO-annealed heavily-doped MOSFETs reported

in the previous study [21] is caused not by the decrease in ngee/Niotal but rather by the
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Figure 4.13: Effective normal field (E.¢) dependences of experimental Hall mobility (gan)
and calculated free electron mobility (ugee) for (a) POCl;- and (b) NO-annealed SiC (0001)
MOSFETs with various acceptor concentrations (3 x 10 em™ < Nj <1 x 10" em™3) of
p-body at 77 K. Experimental results are represented by symbols. Calculated phonon and
substrate impurities-limited (ac+nop+imp), fixed charges-limited (fix), trapped electrons-
limited (trap), surface roughness-limited (sr), and total (total) mobilities are shown by
dotted, dashed-dotted, dashed double-dotted, dashed, and solid lines, respectively. In the
calculation, the trapped electron density distribution is considered to be a box profile in
the range 0 nm < z < 1 nm. Here, (= 1/3) is a parameter that indicates how much the
electrons contribute to the Feg. The fixed charge density (Ngy), surface roughness height

Ay ), and surface roughness correlation length (L) are 7.5 x 102 cm™2, 1.0 nm, and 5.0
( g g

nm, respectively.
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decrease in fee-

The reason why the pp. of POCls-annealed MOSFETS is higher compared to the other
MOSFETSs can be explained by the difference in trapped electron density. Figure 4.15
shows the schematic band diagrams of as-oxidized and NO-annealed MOS interfaces and
POCls-annealed ones. As for the as-oxidized and NO-annealed MOS interfaces, the 1ngap is
high (ngap ~ 2.5-11 x 102 em™2 at Vgg of 25 V). On the other hand, the ny,, at POCl;-
annealed MOS interfaces is low (N, ~ 4.9 x 10" ecm™2 at Vgg of 25 V). As a result,
the density of Coulomb scattering centers at POCls-annealed MOS interfaces is reduced
to 1/10 compared to that at as-oxidized and NO-annealed ones. In addition, a previous
study on ppan of MOSFETSs fabricated on various crystal faces implies that the MOSFETSs
with low ny., tend to record high ppay [22]. These high .y data on the (1120) and
(0338) faces can be interpreted by the much lower Ntrap, as in the case of POClz-annealed
MOSFETs. Furthermore, to consider the mobility improvement under the high- Fes region,
the distance from Coulomb scattering centers is essential. When the FE.g increases, the
free electrons approach the SiC/SiO; interfaces and must be more strongly affected by the
Coulomb scattering centers originating from the trapped electrons. Thus, the degradation
of ppan is considerably small for POCls-annealed MOSFETS in the high- E.g region owing
to much smaller 7yap.

However, the pp.y of NO-annealed MOSFETS is very close to as-oxidized ones in the
wide N range (3 x 10 cm™3 < Ny <3 x 107 cm™3) in Fig. 4.5. In addition to that, the
pran of POCIz-annealed lightly-doped (Na = 3x 10 cm ™) MOSFETsS is lower than that of
NO-annealed ones in Fig. 4.6. For example, figay is 172 em? V=1 s7% and 207 cm? V=1 57!
at E.g = 0.053 MV cm~! for POCl3- and NO-annealed MOSFETS, respectively. Thus,
this result contradicts the above mobility enhancement model in Fig. 4.15. In actual,
the calculated pigee of NO-annealed lightly-doped (Ny = 3 x 10 ecm™3) MOSFETsS is
underestimated in Fig. 4.11. Ref. 16 reported that the difference in py.; of between as-
oxidized and NO-annealed MOSFETSs can be explained if Coulomb and surface roughness
scattering is considered to be screened by both free and trapped electrons. In the case
of POCIl3-annealed MOSFETSs, the influence of screening by trapped electrons is smaller
compared to the as-oxidized and NO-annealed MOSFETSs. As a result, the ppay of POCI;-
annealed lightly-doped (Nx = 3 x 10 c¢cm™3) MOSFETSs is smaller than that of NO-
annealed ones. As another possibility, the density and correlation effect of fixed charges at
NO-annealed SiC/SiO, interfaces may be different from those at POCl;-annealed ones. In

particular, the correlation effect of fixed charges is discussed in Appendix A.

4.6 Summary

In summary, pyay of POCl3-annealed MOSFETSs with various p-body doping concentrations
(3 x 10" em™3 < Ny < 3 x 108 cm*S) at RT and 77 K is investigated. At RT, in the
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lightly-doped (Ny = 3 x 10 ecm™3) POCl3-annealed MOSFETS, nge. (9.2 x 1012 cm™2)
is close t0 notar (1.0 x 103 cm™2) at Vgg = 25 V. The Dy near the band edge extracted
from the MOS-Hall effect measurements on the POClz-annealed MOSFETSs is significantly
lower than that of as-oxidized and NO-annealed MOSFETs (Dy > 10 cm™2 eV™! at
Ec(2D-DOS) — 0.075 V). The pyay of POClz-annealed MOSFETS is much higher than that
of as-oxidized and NO-annealed MOSFETs for almost all p-body doping concentrations. In
the high-FEg region (Feg = 1.1 MV cm™!), the gy is 14 cm? V=1 571 for NO-annealed
MOSFETsS, whereas the jigy is 41 cm? V=1 s7! for POClz-annealed ones. At 77 K, the figan
is degraded by lowering the temperature for both NO- and POCls-annealed MOSFETSs. In
particular, the pg. of NO-annealed MOSFETSs significantly decreases compared to that
at RT. The above-obtained results can be considered that the py.; enhancement and the
suppression of . degradation in POCls-annealed MOSFETSs are caused by lower nyqp.
The influence of Coulomb scattering due to trapped electrons is also investigated based on
the theoretical mobility calculation. As a result, the pyg.y; of POCl3-annealed MOSFETSs
can be mainly explained by Coulomb scattering due to fixed charges and surface roughness
scattering. In addition to the scattering processes, the up.y of NO-annealed MOSFETS is

limited by Coulomb scattering due to trapped electrons.
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Chapter 5

Electron Scattering Mechanism in
SiC (1120) and (1100) MOSFETSs

5.1 Introduction

In Chapter 4, the electron scattering mechanism in SiC (0001)/SiO, inversion layers was
discussed. In actual trench-type vertical power MOSFETSs, however, an inversion channel is
typically formed at SiC (1120) and (1100)/SiO, interfaces. Therefore, the electron scattering
mechanism in SiC (1120) and (1100)/SiO, inversion layers is also needed to clarify. In
addition, the N dependence of py,y is critical to prevent short-channel effects, which was
not sufficiently investigated in the previous studies on py.; for MOSFETSs on non-polar
faces [1-3]. Moreover, the temperature dependence of py.; for MOSFETSs on non-polar

faces [2] was rarely reported.

Ref. 1 reported that the Dy of MOSFETSs on (0338) and (1120) is lower than that of
MOSFETSs on (0001) and (0001). The results also show that MOSFETSs with lower nap
tend to have higher pyay [1]. Recently, Ref. 3 reported that the pp. of MOSFETS on polar
faces is lower than that of MOSFETSs on (0338) and non-polar faces. However, the electron
scattering mechanism in SiC (1120) and (1100)/SiO, inversion layers, especially Coulomb
scattering due to trapped electrons, is not extensively discussed at the present stage. In
this chapter, MOS-Hall effect measurements are performed for MOSFETSs with various Ny
of p-body on the (1120) and (1100) substrates at RT and 77 K.

First, the densities of free and trapped electrons for SiC (1120) and (1100) MOSFETs are
measured by MOS-Hall effect and split Cgc—Vgs measurements. Then, the D;; distribution
of NO-annealed (1120) and (1100) MOSFETSs is also extracted and compared to that of
the (0001) ones. After that, the electron scattering mechanism in NO-annealed (1120) and
(1100) MOSFETS is discussed comparing the experimental ppay to calculated pigree.
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5.2 Experimental Details

Figure 5.1(a) shows the process flow of the MOSFETSs fabricated on non-polar faces. The
p-type 4H-SiC (1120) and (1100) epitaxial layers (4 x 10® ecm™3 < Ny < 1 x 107 ecm™3
and 1 x 101 em™ < Ny < 3 x 107 cm™3, respectively) were used in this chapter. The
source/drain (Np = 1.0 x 10*° cm™3) and body regions (Na = 1.6 x 10** cm™2) were formed
by P and Al" ion implantation, respectively. After ion implantation, activation annealing
was performed at 1750°C for 20 min. The gate oxides were formed by dry oxidation at
1300°C for 5 min with subsequent annealing in NO (10% diluted in Ny) at 1250°C for 70
min. The resultant oxide thickness was 55 nm for both NO-annealed (1120) and (1100)
MOSFETs. The channel length and width of the eight-terminal MOS-Hall bar devices
were 500 pum and 100 pm, respectively. The schematic device structures are described in
Fig. 5.1(b). The measurements were conducted at RT (296 K) and 77 K.

5.3 Energy Distribution of Interface State Density
Extracted from MOS-Hall Effect Measurements

5.3.1 Densities of Free and Trapped Electrons

Figure 5.2 shows the gate voltage dependences of ngee, Ntrap, and Niorar for NO-annealed
lightly- (Na =4 x 10 ¢cm™?) and heavily-doped (Na =1 x 10'7 cm™3) (1120) MOSFETS
and for lightly- (Na = 1 x 10'® cm™3) and heavily-doped (Na = 3 x 10" cm™2) (1100) ones
at 296 K. As for the lightly-doped MOSFETS, the ny,, of NO-annealed (1120) and (1100)
MOSFETs is 1.8 times higher than that of POCIls-annealed (0001) ones and is 3.9 times
lower than that of NO-annealed (0001) ones at ngee = 2.0 x 10'? cm™2. Thus, the 1., of
MOSFETS on non-polar faces is relatively small, which is consistent with the previous results
of MOS-Hall effect measurements for NO-annealed lightly-doped (1120) MOSFETs [1]. The
Niree/ Mtotal ab Ntotal Of 5 X 1012 ecm™2 is about 64% and 66% for the lightly-doped (1120) and
(1100) MOSFETS, respectively. On the other hand, the ratio is about 60% and 45% for
the heavily-doped (1120) and (1100) ones, respectively. Although the ngee/mniotar slightly
depends on the process and measurement conditions, the nge of NO-annealed MOSFET's
on non-polar faces is higher than that of the MOSFETSs on (0001).

5.3.2 Energy Distribution of Interface State Density

Figure 5.3 shows the energy distributions of Dj; plotted with respect to E¢(2D-DOS) for NO-
annealed (1120) and (1100) MOSFETs with various N of p-body. The energy distribution
of Dy, was extracted by Eq. 4.1. In Fig. 5.3, the D;; of MOSFETSs on non-polar faces
does not strongly depend on Ny, and the Dy is not significantly changed by increasing the
energy. In contrast, the Dj; of NO-annealed MOSFETSs on (0001) increases exponentially
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Figure 5.1: (a) Process flow of the fabricated SiC (1120) and (1100) MOSFETSs for MOS-
Hall effect measurements. (b) Schematic device structure of the fabricated MOSFETSs from
the cross-sectional view.
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Figure 5.2: Gate voltage dependences of the densities of free electrons (ngee), trapped elec-
trons (nap), and total electrons (ngorar) for NO-annealed (a) lightly- (Na = 4 x 10 cm ™)
and (b) heavily-doped (Ny = 1 x 10'” em™3) SiC (1120) MOSFETSs and for NO-annealed
(c) lightly- (Na = 1 x 10'% cm™2) and (d) heavily-doped (N = 3 x 10" cm™2) (1100) ones
at 296 K.
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5.3. Interface State Density Obtained from Hall Effect Measurements
296 K, NO
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Figure 5.3: Energy distributions of interface state density plotted with respect to the
bottom edge of the two-dimensional density of states [E¢(2D-DOS)| for NO-annealed SiC (a)
(1120) and (b) (1100) MOSFETs with various acceptor concentrations (4 x 10! em™3 <
Ny <1x 107 em™ and 1 x 10 cm™3 < Ny < 3 x 10Y7 em ™3, respectively) of p-body at

296 K.
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toward E¢(2D-DOS) [Fig. 4.2(b)]. For example, Dj; is approximately 10'® ecm=2 eV~ for NO-
annealed MOSFETSs on non-polar faces in the range 0.0 eV < E¢(2D-DOS) — Ep < 0.2 eV.
In this study, D very near E¢(2D-DOS) can be obtained owing to lower n,p, and thus

higher ngee.

5.4 Hall Mobility

5.4.1 Experimental Results

Figure 5.4 shows the effective normal field dependences of py.y for NO-annealed (0001),
(1120), and (1100) MOSFETSs with various Na of p-body at 296 K. The uyp, reported in
the previous study on .y for NO-annealed (0001) MOSFETS [4] is also shown in Fig. 5.4.
The pgan for MOSFETS on between (0001) and non-polar faces are plotted in Fig. 5.5 for
comparison. The i of NO-annealed MOSFETSs on non-polar faces is 1.5 times higher than
that of MOSFETSs on (0001). On the other hand, the n.,, of NO-annealed MOSFETSs on
non-polar faces is 3.9 times lower than that of MOSFETS on (0001) at ngee of 2.0x 10 cm 2.
This result suggests that the pp.; enhancement observed in NO-annealed MOSFETSs on non-
polar faces can be explained by lower ng,, compared to NO-annealed (0001) MOSFETSs.
The results of .y for NO-annealed (0001), (1120), and (1100) MOSFETSs with various
Ny of p-body at 296 K and 77 K are shown in Fig. 5.6. The open and closed symbols
represent the results at 296 K and 77 K, respectively. As can be seen, the up., for all of
the MOSFETs is decreased by lowering the temperature. The cause of p,; degradation at
low temperatures is probably strong Coulomb scattering. As already mentioned in Chapter
4, the pgee in Si/SiOs inversion layers increases at low temperatures because the impact of
phonon scattering is suppressed [5]. Thus, the py.; degradation due to low temperature
is peculiar to SiC MOSFETs on both polar and non-polar faces. In particular, pg.n of
MOSFETSs on (0001) markedly decreases compared to the results of MOSFETSs on non-
polar faces. The ppay of NO-annealed MOSFETSs on non-polar faces is 3.0 times higher
than that of MOSFETs on (0001) at 77 K. This result implies that the trapped electrons

act as strong Coulomb scattering centers at 77 K.

5.4.2 Theoretical Analyses

In this section, the electron scattering in SiC (1120) and (1100)/SiO inversion layers is
explained based on theoretical calculation. The pg.ee is calculated using the same procedure
as for the SiC (0001) MOSFETs in Chapter 4 [6, 7]. First, phonon scattering and Coulomb
scattering due to substrate impurities are focused. How to calculate momentum relaxation
times of acoustic phonon scattering, non-polar optical phonon scattering, and Coulomb
scattering due to the substrate impurities is described in Appendix A. In the calculation,
the experimentally obtained ngee and nyp at 296 K of lightly-doped [Na =4 x 10" cm™3
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Figure 5.4: Effective normal field (E.z) dependences of Hall mobility (ugan) for NO-
annealed SiC (a) (0001), (b) (1120), and (c¢) (1100) MOSFETSs with various acceptor con-
centrations (3 x 101 cm™ < Ny <3x 10" ecm™3, 4 x 10" em™3 < Ny < 1x 107 ecm™3, and
1x 101 em™3 < Ny < 3% 1017 em™3, respectively) of p-body at 296 K. Here, n (= 1/3) is a
parameter that indicates how much the electrons contribute to the E.g. The phonon-limited
mobility (y,n) reported in the previous study on pian for NO-annealed (0001) MOSFETS [4]

is also shown.
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Figure 5.5: Effective normal field (E.z) dependence of Hall mobility (ugan) for NO-
annealed SiC (0001), (1120), and (1100) MOSFETs with various acceptor concentrations
(3 x 101" em™ < Ny < 3 x 10'® em™3) of p-body at 296 K. Here, n (= 1/3) is a parameter
that indicates how much the electrons contribute to the F.g. The phonon-limited mobility
(fpn) reported in the previous study on gy for NO-annealed (0001) MOSFETSs [4] is also

shown.
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Figure 5.6: Effective normal field (E.s) dependences of Hall mobility (pupan) for NO-
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for (1120) and Ny = 1 x 10 ecm™3 for (1100)] MOSFETSs are used to calculate pigee for all
of the MOSFETs.

Figure 5.7 shows the effective normal field dependences of experimental p,.; and calcu-
lated fifree for NO-annealed SiC (1120) and (1100) MOSFETSs with various Na of p-body at
296 K. Here, the various symbols represent the experimental data. The calculated acoustic
phonon-limited (ac), non-polar optical phonon-limited (nop), substrate impurities-limited
(imp), and total (ac+nop-+imp) mobilities are shown by dashed, dotted, dashed-dotted, and
solid lines, respectively. The calculated pigee is at least 4 times higher than the experimental
pman regardless of surface orientation. Therefore, the other scattering processes should be
considered to reproduce the experimental results for MOSFETSs on non-polar faces.

Figure 5.8 shows the effective normal field dependences of experimental p,; and cal-
culated figee for NO-annealed (1120) and (1100) MOSFETSs with various Na of p-body at
296 K. Here, the symbols represent the experimental data. The calculated phonon and
substrate impurities-limited (ac+nop+imp), fixed charges-limited (fix), trapped electrons-
limited (trap), surface roughness-limited (sr), and total (total) mobilities are shown by
dotted, dashed-dotted, dashed double-dotted, dashed, and solid lines, respectively. As for
the fitting parameters, Ngy, Ag, and L are 1.5 x 10 em™2, 0.5 nm, 5.0 nm, respectively.
In this chapter, the Ng, of MOSFETSs on non-polar faces is set as 2 times higher than
that of MOSFETs on (0001) in Chapter 4. In general, a nitrogen (N) concentration at
NO-annealed SiC (1120) and (1100)/SiO5 interfaces is higher than that at NO-annealed
SiC (0001)/SiO, ones [8]. Therefore, Ng, of MOSFETS on (1120) and (1100) should be set
as higher than 7.5 x 10" cm™2. Consequently, the g,y of MOSFETs on both (1120) and
(1100) can be explained by strong Coulomb scattering due to fixed charges. In addition,
the impact of surface roughness at SiC (1120) and (1100)/SiO interfaces must be smaller
than that at SiC (0001)/SiOy ones because SiC (1120) and (1100) surfaces do not have
an off angle of several degrees. Therefore, in the present study, the Ay of MOSFETSs on
non-polar faces is set as 0.5 nm, 2 times lower than that of MOSFETSs on (0001) in Chapter
4. However, the surface roughness-limited mobility is not strongly changed by increasing
L. Hence, the Ly of MOSFETSs on non-polar faces is assumed to be the same as (0001) in
Chapter 4. As a result, the influences of Coulomb scattering due to trapped electrons and
surface roughness scattering are very small (~ 1000 cm? V=1 s71) in this E.s range.

In the above calculation, the trapped electrons are considered to be located at
SiC/SiO, interfaces. Next, pgee is calculated by considering a depth profile of trapped
electrons in SiC. Figure 5.9 shows the experimental pp.; and pge. calculated by considering
a depth profile of trapped electrons in the range 0 nm < z < 1 nm as a function of E.g
for NO-annealed (1120) and (1100) MOSFETSs with various N of p-body at 296 K. The
symbols and lines are the same meaning as those in Fig. 5.8. The pge at 296 K is not
significantly varied by changing the distribution of trapped electron density because the
Leree 18 strongly limited by Coulomb scattering due to fixed charges rather than trapped

electrons.
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Figure 5.7: Effective normal field (Feqt) dependences of experimental Hall mobility (pan)
and calculated free electron mobility (fifee) for NO-annealed SiC (a) (1120) and (b) (1100)
MOSFETs with various acceptor concentrations (4 x 10 cm™ < Ny < 1 x 10" ¢cm™3
and 1 x 10 cm™3 < Ny < 3 x 10Y7 em 3, respectively) of p-body at 296 K. Experimental
results are represented by symbols. Calculated acoustic phonon-limited (ac), non-polar
optical phonon-limited (nop), substrate impurities-limited (imp), and total (ac+nop+imp)
mobilities are shown by dashed, dotted, dashed-dotted, and solid lines, respectively. Here,

n (= 1/3) is a parameter that indicates how much the electrons contribute to the Eg.
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Figure 5.8: Effective normal field (Feqt) dependences of experimental Hall mobility (pan)
and calculated free electron mobility (jf.ee) for NO-annealed SiC (a) (1120) and (b) (1100)
MOSFETs with various acceptor concentrations (4 x 10 cm™ < Ny < 1 x 10Y” ¢cm™3
and 1 x 10 ecm™3 < Ny < 3 x 10! cm™3, respectively) of p-body at 296 K. Experi-
mental results are represented by symbols. Calculated phonon and substrate impurities-
limited (ac+nop-+imp), fixed charges-limited (fix), trapped electrons-limited (trap), surface
roughness-limited (sr), and total (total) mobilities are shown by dotted, dashed-dotted,
dashed double-dotted, dashed, and solid lines, respectively. Here, n (= 1/3) is a parameter
that indicates how much the electrons contribute to the F.g. The fixed charge density
(Ngy), surface roughness height (Ag), and surface roughness correlation length (Lg,) are

1.5 x 10" em~2, 0.5 nm, and 5.0 nm, respectively.
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Figure 5.9: Effective normal field (Feqt) dependences of experimental Hall mobility (pan)
and calculated free electron mobility (fgee) for NO-annealed SiC (a) (1120) and (b) (1100)
MOSFETSs with various acceptor concentrations (4 x 10 ¢cm™ < Ny < 1 x 10'7 ¢cm™3
and 1 x 100 em™ < N < 3 x 107 ¢cm™3, respectively) of p-body at 296 K. Experi-
mental results are represented by symbols. Calculated phonon and substrate impurities-
limited (ac+nop-+imp), fixed charges-limited (fix), trapped electrons-limited (trap), surface
roughness-limited (sr), and total (total) mobilities are shown by dotted, dashed-dotted,
dashed double-dotted, dashed, and solid lines, respectively. In the calculation, the trapped
electron density distribution is considered to be a box profile in the range 0 nm < z < 1 nm.
Here, n (= 1/3) is a parameter that indicates how much the electrons contribute to the Eog.
The fixed charge density (Vg ), surface roughness height (As;), and surface roughness cor-

relation length (Lg) are 1.5 x 10'3 cm™2, 0.5 nm, and 5.0 nm, respectively.
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Besides, pgee at 77 K calculated by considering a depth profile of trapped electrons
(0 nm < z < 1 nm) and experimental pp.y at 77 K in Fig. 5.6 are shown in Fig. 5.10. In
the calculation, ngee and ., at 296 K are used, which is a large assumption. The symbols
and lines are the same meaning as those in Fig. 5.8. In Fig. 5.10, the calculated pfee is
overestimated compared to the experimental pm.; because the expected depth profile and
density of trapped electrons are probably different from the true ones, as already mentioned
in Chapter 4.

5.5 Discussion

The relationship between n.p and puran is summarized in the following discussion. Fig-
ure 5.11 shows the ny,,, as a function of ngee for lightly-doped MOSFETSs annealed in NO
or POCI3 on various crystal faces. The blue, orange, green, and red symbols represent
the results of NO-annealed (Ny = 3 x 10" ecm™3) (0001), (Ny = 4 x 10'® cm™3) (1120),
(Na =1 x 10 em™®) (1100), and POClz-annealed (Ny = 3 x 10* em™2) (0001) MOS-
FETSs, respectively. The ng..p, of NO-annealed MOSFETSs on non-polar faces is 1.8 times
higher than that of POClz-annealed (0001) MOSFETs and is 3.9 times lower than that
of NO-annealed ones. Note that the ng., quantified at 296 K is used in the following
discussion.

Next, the effective normal field dependences of py.y for MOSFETSs annealed in NO
or POCI3 on various crystal faces at 296 K and 77 K are shown in Fig. 5.12. In these
figures, the ppay is extracted from MOSFETSs with various Ny of p-body when the ng.ee is
2.5 x 1012 em™2. In Fig. 5.12(a), the ppay of NO-annealed MOSFETSs on non-polar faces
is 1.5 times higher than that of NO-annealed (0001) MOSFETs and 1.4 times lower than
that of POClz-annealed ones. This result implies that the effective mass dependence of
ian is smaller than the ny,,, dependence of pan. In contrast, the difference in jip,n among
the MOSFETS is apparent at 77 K as shown in Fig. 5.12(b). In Fig. 5.12(b), the ppan of
NO-annealed MOSFETSs on non-polar faces is 3.0 times higher than that of NO-annealed
(0001) MOSFETSs and is 1.6 times lower than that of POCls-annealed ones. To discuss the
mobility degradation due to lowering the temperature, the ratio of ppay at 77 K [pgan (77
K)] to that at RT [ppan(296 K)] is extracted in Fig. 5.13.

Figure 5.13 shows the pupan(77 K)/pupan(296 K) for MOSFETs annealed in NO or
POCI;3 on various crystal faces. The symbols represent the data averaged among the MOS-
FETs with various N of p-body, and the error bars show the fluctuation of the data. The
paan (77 K) /pman (296 K) of POCls-annealed (0001) MOSFETS is around 40%. Thus, the
paan is decreased by lowering the temperature even though MOSFETSs annealed in POCl3,
which can substantially reduce nyp. Besides, the ppan (77 K)/pnan(296 K) of NO-annealed
MOSFETSs on non-polar faces is around 32%. Moreover, the ratio of NO-annealed (0001)
MOSFETS is around 19%. Therefore, MOSFETSs with higher nt.,, tend to show lower jigan
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Figure 5.10: Effective normal field (E.s) dependences of experimental Hall mobility (gan)
and calculated free electron mobility (fgee) for NO-annealed SiC (a) (1120) and (b) (1100)
MOSFETSs with various acceptor concentrations (4 x 10 ¢cm™ < Ny < 1 x 10'7 ¢cm™3
and 1 x 101 cm™3 < Np < 3 x 1017 ecm™3, respectively) of p-body at 77 K. Experi-
mental results are represented by symbols. Calculated phonon and substrate impurities-
limited (ac+nop-+imp), fixed charges-limited (fix), trapped electrons-limited (trap), surface
roughness-limited (sr), and total (total) mobilities are shown by dotted, dashed-dotted,
dashed double-dotted, dashed, and solid lines, respectively. In the calculation, the trapped
electron density distribution is considered to be a box profile in the range 0 nm < z < 1 nm.
Here, n (= 1/3) is a parameter that indicates how much the electrons contribute to the Eog.
The fixed charge density (Vg ), surface roughness height (As;), and surface roughness cor-

relation length (Lg) are 1.5 x 10'3 cm™2, 0.5 nm, and 5.0 nm, respectively.
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Figure 5.11: Trapped electron density as a function of the free electron density for lightly-
doped SiC MOSFETSs annealed in NO or POCI;3 on various crystal faces. The blue, orange,
green, and red symbols represent the results of NO-annealed (N = 3 x 10* ¢cm™2) (0001),
(Na = 4 x 10" em™3) (1120), (Na = 1 x 10'® ecm™3) (1100), and POCIz-annealed (Ny =
3 x 10 ecm=3) (0001) MOSFETS, respectively.
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Figure 5.12: Effective normal field (F.t) dependences of Hall mobility (upan) for SiC

MOSFETSs annealed in NO or POCI3 on various crystal faces with various acceptor con-
centrations (Na) of p-body at (a) 296 K and (b) 77 K when the free electron density
(Nfree) is 2.5 x 10" cm™2. The blue, orange, green, and red symbols represent the results
of NO-annealed (3 x 10 em™ < Ny < 1 x 10" em™2) (0001), (4 x 10" em™ < Ny <
1 x 107 em™3) (1120), (1 x 10" em™ < Np < 3 x 10'” em™3) (1100), and POCl3-annealed
(3 x 10 em™ < Ny <3 x 10" ecm™3) (0001) MOSFETS, respectively. Here, (= 1/3) is

a parameter that indicates how much the electrons contribute to the F.g.
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Figure 5.13: The ratio of Hall mobility (upan) at 77 K to that at 296 K for SiC MOSFETSs
annealed in NO or POCI; on various crystal faces with various acceptor concentrations (N )
of p-body when the free electron density (ngee) is 2.5 x 102 em™2. The blue, orange, green,
and red symbols represent the results of NO-annealed (3 x 10! cm™ < Ny < 1x10' cm™3)
(0001), (4x 10" ecm™3 < Ny < 1x10'7 em™2) (1120), (1 x 10 em™ < Ny < 3x10'7 cm™3)
(1100), and POClz-annealed (3 x 10 em™ < Ny < 3 x 10" em™2) (0001) MOSFETS,
respectively. The symbols and error bars are determined by the average and variation of

the data among the MOSFETSs with various p-bodies, respectively.
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at 77 K compared to that at RT.

I and

To discuss the nya., dependence of pipan, the ppan at Eeg of 0.3 MV cm™
0.4 MV cm™! is extracted by adopting linear interpolation. Figure 5.14 shows the trapped
electron density dependences of piy. when the E.g is 0.3 MV ecm™! and 0.4 MV em ™ at 296
K and 77 K. The blue, orange, green, and red symbols represent the results of NO-annealed
(0001), (1120), (1100), and POCls-annealed (0001) MOSFETS, respectively. The open and
closed symbols represent the results at the Eqg of 0.3 MV cm™! and 0.4 MV cm™!, respec-
tively. As can be seen, the i has a negative correlation with ny,, at both RT and 77 K.
In Fig. 5.14(a), the ppa—Fex slope is in the range —0.35-—0.28. On the other hand, the
taan—Feg slope is in the range —0.74-—0.72 at 77 K as shown in Fig. 5.14(b). This result

indicates that the pman at low temperatures is significantly affected by n4ap.

5.6 Summary

In summary, pg.; of NO-annealed MOSFETSs on non-polar faces with various acceptor
concentrations (4 x 10" ecm™ < Nj < 3 x 10'7 em™) of p-body at RT and 77 K is
investigated in this chapter. The ng,, of NO-annealed (1120) and (1100) MOSFETs is 1.8
times higher than that of POCls-annealed (0001) ones and is 3.9 times lower than that of
NO-annealed (0001) ones at nge. of 2.0 x 10'? ecm™2. The Dy near Eq(2D-DOS) extracted
from the MOS-Hall effect measurements on the NO-annealed (1120) and (1100) MOSFETs
is much lower than that of (0001) ones (Dy ~ 10" em™ eV ™' in the wide energy range
0.0 eV < Ec(2D-DOS) — Er < 0.2 €V). As a result, the p.y of NO-annealed MOSFETSs
on non-polar faces is 1.5 times higher than that of NO-annealed (0001) ones and 1.4 times
lower than that of POCls-annealed ones. At 77 K, the ppg.y of NO-annealed MOSFET'Ss
on (0001) substantially decreases compared to MOSFETSs on non-polar faces. The piay of
NO-annealed MOSFETSs on non-polar faces is 3.0 times higher than that of MOSFETSs on
(0001) at 77 K. Based on the theoretical calculation, the pp.y of NO-annealed MOSFETSs
on non-polar faces is limited by Coulomb scattering due to fixed charges. The influence of
Coulomb scattering due to fixed charges is more significant than those of Coulomb scattering

due to trapped electrons and surface roughness scattering.
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Figure 5.14: Trapped electron density (nap) dependences of Hall mobility (pman) at (a)
296 K and (b) 77 K when the free electron density (nge) is 2.5 x 102 ecm™2. The blue,
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and POCI3-annealed (0001) MOSFETS, respectively. The open and closed symbols are the
results at the effective normal field (E.g) of 0.3 MV ecm™ and 0.4 MV em™, respectively.
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Chapter 6

Conclusions

6.1 Conclusions

In the present study, to predict SiIC MOSFET characteristics, the author investigated the
impact of the p-body doping concentration of MOSFETS on the electron trapping effect, dis-
cussed the effective channel mobility of phosphoryl chloride (POCl3)-annealed MOSFETS,
and analyzed Hall mobility in SiC MOSFETSs with various surface orientation by combining
numerical calculations. The major conclusions obtained in this study are summarized as
follows.

In Chapter 2, the author extracted interface state density (Dj;) near the conduction band
edge (E¢) from gate characteristics of as-oxidized and nitric oxide (NO)-annealed SiC (0001)
MOSFETSs with various acceptor concentration (N, ) of p-body at room temperature (RT).
The Dj; plotted with respect to the conventional Eq (i.e., the bottom edge of the three-
dimensional density of states) showed strange results that Dy, at a given energy decreased
when N, increased. On the other hand, Dj; plotted with respect to the bottom edge of
the two-dimensional density of states was uniquely determined by the gate oxide formation
process and independent of Ny of p-body. In addition, the author found that the interface
states may be generated in the SiC side because the energy of interface states followed the
conduction band edge of SiC. This result implies that the effective channel mobility (pies)
of heavily-doped MOSFETs is not affected by Dj; at higher energy and that the ratio of
free electrons to total electrons (ngee/Niota1) does not decrease in heavily-doped MOSFETSs.
Based on the above results, the pes degradation in heavily-doped MOSFETS is caused by
electron scattering rather than electron trapping.

In Chapter 3, to clarify the scattering mechanism in SiC (0001) MOSFETS, the author
focused on POCIl3-annealed MOSFETS to obtain extremely low D;;. In this chapter, peg of
POCl;-annealed SiC (0001) MOSFETSs with various Na of p-body was extracted, and the
scattering mechanism was briefly discussed. POCl3-annealed MOSFETs with high-purity
semi-insulating (HPSI) substrates were also prepared. From MOS-Hall effect measurement

results, the electron trapping effect in POCl3-annealed MOSFETS is extremely small in the
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on-state of MOSFETSs because the free electron density (nge.)-gate-source voltage (Vas)
slope was nearly equal to the ideal one. In addition, the author compared the field-effect
mobility (urg) of POCls-annealed MOSFETS to that of NO-annealed ones. As a result, ppg
of POCI;-annealed MOSFETSs was 3.7 times higher than that of NO-annealed MOSFET's
in the case of heavily-doped (Nx = 3 x 10" cm™3) MOSFETs. In addition, the author
also focused on the difference in the subthreshold slope (SS) of MOSFETSs annealed in
between NO and POCIl3. The SS of POCls-annealed MOSFETSs was lower in the wide Ny
range 3 x 10 cm™ < N,y < 3 x 10'® cm™3. Based on the obtained results, the p.g was
assumed to be free electron mobility (pigee). The peg of POClz-annealed MOSFETS can be
discussed for electron scattering mechanism. As a result, the p.g extracted from MOSFET's
annealed in POCI3 fabricated on HPSI substrates was higher than the phonon-limited mo-
bility reported in the previous study on Hall mobility (puyan) of NO-annealed MOSFETS,
which can be interpreted that the influence of Coulomb scattering due to trapped electrons
remains in the NO-annealed MOSFETs. In addition, a body bias technique was adopted to
clarify the mobility degradation under a high effective normal field ( Eog). Then, the author
demonstrated that the abnormal mobility drop occurs even after POCl3 annealing. From
the results of pes—Feq slope, the author suggested that strong surface roughness scattering
is dominant in the high- E.g region (1.0 MV cm™! < E g < 2.0 MV cm™).

In Chapter 4, gy of SiC (0001) MOSFETSs without POA, annealed in NO, and annealed
in POCI3 with various p-body doping concentrations (3 x 101 cm™ < Ny < 3 x 108 cm™3)
was extensively investigated. The ngee and the total electron density (7ota1) Were obtained
from MOS-Hall effect and split gate-channel capacitance (Cgc)-Vgs measurements, and
Dy near E¢ was obtained from MOSFETSs with various Ns. The trapped electron density
(Nrap) of POCl3-annealed MOSFETSs was much lower compared to the other MOSFETSs (at
least, < 102 ecm™2). The Dj; near Eq does not depend on N, even if Dy is extracted by Hall
effect measurements, being consistent with the results in Chapter 2. The ppay of MOSFETS
annealed in POCI; was higher than that of MOSFETSs annealed in NO and exceeded the
phonon-limited mobility reported in the previous study. In addition, the pug.y at 77 K was
much lower than that at RT, regardless of interface treatment. Moreover, the pyg.y of NO-
annealed MOSFETs was significantly decreased by lowering the temperature. Furthermore,
theoretical e was calculated to understand the electron scattering mechanism in SiC
(0001) MOSFETSs. The author demonstrated that the difference in puy,y of MOSFETSs
annealed in between NO and POCI; is explained by the influence of Coulomb scattering
by trapped electrons. Consequently, the author suggested that the pug.y of SiC MOSFETSs
annealed in NO is limited by Coulomb scattering due to interface fixed charges and trapped
electrons and surface roughness scattering. The obtained interface fixed charge density
(Ngy), surface roughness height (A, ), and surface roughness correlation length (Lg,) were
7.5 x 102 cm™2, 1.0 nm, and 5.0 nm, respectively.

In Chapter 5, ppay of SiC (1120) and (1100) MOSFETSs annealed in NO with various
Ny of p-body was investigated. The author focused on the ng,, of MOSFETSs with various
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surface orientations and interface treatments. The ng.,, of NO-annealed (1120) and (1100)
MOSFETSs was 3.9 times lower than that of NO-annealed (0001) MOSFETs and was 1.8
times higher than that of POCIz-annealed (0001) MOSFETs. On the other hand, the
pan of NO-annealed (1120) and (1100) MOSFETSs was 1.5 times higher than that of NO-
annealed (0001) MOSFETs and was 1.4 times lower than that of POCIl;-annealed (0001)
MOSFETs. In particular, the ppan(77K)/pran(296K) of NO-annealed (0001) MOSFETSs
(the highest n.p) was the lowest (~ 19%). This result implies that the electrons trapped
at the interface states severely affect pige.. Furthermore, the pp.n of NO-annealed (1120)
and (1100) MOSFETS could be explained by strong Coulomb scattering due to fixed charges
(Nix = 1.5 x 10" cm™2).

6.2 Future Outlook

The author investigated the electron transport mechanism in SiC MOSFETSs from various

aspects in this thesis. However, several issues remain to be solved as follows.

e MOS-Hall effect measurements at high temperatures

In the present study, the author focused on pup.; at RT and 77 K. Thus, the infor-
mation on g,y at high temperatures is unknown at the present stage. The pygan
at high temperatures is also important for separating the scattering processes. It
can be inferred that the influence of strong Coulomb scattering is suppressed at high
temperatures. In contrast, phonon scattering is dominant at high temperatures. In
fact, Ref. 1 reported that the up.y of POCIz-annealed MOSFETSs is close to that of
NO-annealed MOSFETSs at 473 K.

e Elucidation of the origin of the interface fixed charges
As described in Chapters 4 and 5, Coulomb scattering due to interface fixed charge is
probably dominant. The N, is as high as 0.75-1.5 x 10'3 cm™2, which is even higher
compared to the surface electron density (~ 10'2-10'3 cm™2). As a result, gy is
decreased by lowering the temperature due to the strong Coulomb scattering. After
increasing Nee /Niotal by finding a new technique of reducing Dj¢, the abnormally high
density of interface charges should be reduced to improve pgee itself. Recently, for
instance, oxidation-minimizing processes [2-5] have been investigated. The ppyay of
these interface-treated MOSFET's should be extensively discussed to understand the

behavior of interface fixed charges.

e Understanding of hole scattering mechanism in SiC/SiO, inversion layers
For SiC power MOSFET applications, the electron scattering mechanism in n-channel
MOSFETSs has been mainly focused. SiC MOSFETSs can also be used for complemen-
tary MOS (CMOS) at high temperatures owing to its wide bandgap (i.e., low intrinsic

carrier concentration). For SiC CMOS applications, modeling of both n- and p-channel
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MOSFETSs is important. However, few studies reported p-channel MOSFET charac-
teristics. Recently, Ref. 6 reported that the mobility degradation in the high- Feg
region for NO-annealed p-channel MOSFETSs is smaller than that for NO-annealed
n-channel MOSFETSs. Thus, from the perspective of the present study, either trapped
electron density or interface fixed charge density in NO-annealed p-channel MOSFET's
is likely smaller than that of NO-annealed n-channel MOSFETsS.

Modeling of free electron mobility in a wide temperature range

The pgee calculated by the present model could not reproduce the py.y at low tem-
peratures. The calculated jipee of MOSFETSs with higher ny,, at 77 K tends to be
overestimated compared to ppga.y. Therefore, the present model of Coulomb scattering
by trapped electrons is probably underestimated. In order to predict the electron scat-
tering in a wide temperature range, the impact of trapped electrons on py,y; should be
clarified. Ref. 7 reported that the up.; degradation can be explained by considering
neutral defect scattering. Recently, Ref. 8 reported that dipole scattering is a possible
candidate for the dominant mobility-limiting factors. The other scattering reported in
the previous studies, which is considered to be peculiar to SiC MOS systems, should

also be discussed in detail.
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Appendix A

Theory of Electronic States and

Mobility in Inversion Layers

A.1 Wave Functions and Energies of Electrons in
Sub-Bands

Information on electronic states in a MOS inversion layer is essential to discuss the possible
origin of mobility-limiting factors in MOSFETSs [1, 2|. For example, the Fermi level (Er)
at the MOS interface is determined by the free electron density (nge). In calculating
theoretical mobility, the wave functions (&,,) and energies of electrons in sub-bands (E,,)
are also needed. Here, m is the number of sub-bands (m =0,1,2,---).

In the present study, energy (FE)-wave vector (k) dispersion is calculated by assuming
effective mass approximation and considering the lowest and second lowest conduction band
valleys in 4H-SiC. The conduction band edge of the second lowest valley is higher than that
of the lowest valley by 0.12 eV. The E is given by [1]

B Pk Rk B R (k2 + k)

m —

E

= E,., (A.1)
2mg,  2m,

2Mayg
where A is the Dirac constant, which is obtained from dividing Plank constant (h =
6.62607015 x 1073* Js) by 27 (i.e., h = h/2w). Here, k, and k, satisfy the following
equation [2]: h*k7/2m, = B°k}/2m, = [E — Ec(2D-DOS)]/2. The x and y directions are
parallel to the MOS interface, and the z direction is perpendicular to the MOS interface.
The M,y is defined as mayg = 2/(1/m, + 1/m,,). For simplicity, the &, and &, are defined
as ki, = k, \/W and kj, = k, x \/m, respectively. In Table A.1, the effective
masses for various surface orientations are summarized [3, 4]. In the calculation, the surface
orientation dependence of conduction band valleys should also be considered [5-7].

In general, &, and E,, can be obtained by solving Schrédinger equation as [4, 5, 8]

B2 d2
[ Sz ¢ (2)] Em(2) = Em&m(2), (A.2)

" 2m,dz2
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where z is the distance from the MOS interface to SiC, e is the elementary charge (e =
1.602176634 x 10712 C), and ¢(z) is the potential distribution of SiC. The ¢(z) can be

obtained by solving Poisson’s equation as [4, 5, §]

d2¢(z) pdepl(z) —€ io nm|€m('z)|2
dz2 - KRsic€o ' (AS)

where paep(2) is the depletion charge density, n,, is the electron density of mth sub-band,
Ksic is the relative permittivity of SiC [c-axis (¢): 10.32, perpendicular to c-axis (c1):
9.76] [9], and & is the permittivity of vacuum (go = 8.8541878128--- x 1072 F m~!). The
Paepi () is given by [4, 5, §]
pun(2) = { e ) (0522 B (A4)
0 (Zdept < 2),

where Ny and Np are the acceptor and donor concentrations, respectively, and zqep is the
depletion layer width of SiC. The z4ep and the depletion charge density (Ngepl) are given
by [4, 5, 8]

2kgiceo(Vs — Vas)
= A.
Naept = (Na — Nb) Zdepl, (A.6)

where 1)g is the surface potential and Vpg is the body-source voltage. The g is obtained
by [4, 5, 8]
(Ec — Ep)ouik + Er €NfrecZave
wS = - ) (A7)
€ Rsic€o
where 2z, is the average distance of electrons from the MOS interface. Here, z,y, is calcu-

lated by [4, 5, §]

1

NmZm, (A.8)

Ravg —
Nfree m

Jo #1&m(2)]? dz

Zm = 0 5
Jo l&m(2)? d=
where z,, is the average distance of electrons in the mth sub-band from the MOS interface.

(A.9)

The n,, satisfies the following equations [4, 5, 8]:

nvmdkBT EF - Em
Ny = Tln 1 —+ exp ]{]B—T s (AlO)
Nfree = Z N,y (All)
m=0

where n, is the number of equivalent valley, mq is the density-of-states effective mass, which
is expressed as mq = /MMy, kp is the Boltzmann constant (kg = 1.380649 x 10723 J K1),
and 7' is the absolute temperature. In the calculation procedure, Schrodinger and Poisson’s

equations are solved self-consistently [4, 8].
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Table A.1: Effective masses for various surface orientations [3, 4]. Note that the degeneracy
factor of the conduction band valleys of non-polar faces is different from that of polar faces.
me is the electron mass (m, = 9.1093837015 - - - x 1073 kg).

Surface {0001} {11?0} {1100}
Valleys All Lower Higher Lower Higher
1st Conduction Band 3 2 1 1 2

Longitudinal Mass m, / me 0.28 0.31 0.31 0.31 0.31
Longitudinal Mass m,, / me 0.57 0.35 0.57 0.28 0.50
Normal Mass m, / m. 0.31 0.45 0.28 0.57 0.32
Conductivity Mass mayg / Me 0.38 0.33 0.40 0.29 0.38
Density-of-States Mass mq / me  0.40 0.33 0.42 0.29 0.39
2nd Conduction Band 3 2 1 1 2
Longitudinal Mass m, / me 0.16 0.71 0.71 0.71 0.71
Longitudinal Mass m,, / me 0.78 0.32 0.78 0.16 0.63
Normal Mass m, / m. 0.71 0.40 0.16 0.78 0.20
Conductivity Mass mayg / Me 0.27 0.44 0.74 0.26 0.67
Density-of-States Mass mq / me  0.39 0.48 0.74 0.34 0.67
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A.2 Momentum Relaxation Rate

In order to calculate the MOS inversion layer mobility, the momentum relaxation rate (1/7),
which is limited by scattering, such as phonon, Coulomb, and surface roughness scattering,
is needed. In this section, how to determine 1/7 is introduced based on theoretical studies.

The calculation of theoretical inversion layer mobility is explained in the next section.

A.2.1 Phonon Scattering

The phonon scattering rate is determined by summating the probability in two situations
(i.e., absorption and emission of a lattice phonon).
The acoustic phonon scattering rate of mth sub-band [1/72°(FE)] can be calculated by

following equation [1, 2J:

1 B b mdDgck:BT o0 9 9
—5~ > e [ ez xu(B =B, (a2

3 pusic

n=0

where D, is the deformation potential of acoustic phonons (D, is assumed to be 11.6 eV X
12/9 = 15.5 eV [2, 10, 11]), p is the density of SiC (p = 3211 kg m™3 [12]), vs;c is the sound
velocity of SiC (vgic = 13730 m s™! [12]), u(x) is the step function [u(z) =1 for x > 0 and
u(z) =0 for z < 0].

The intra- and inter-valley non-polar optical phonon scattering rate of mth sub-band
(1/7hoP) is expressed by [1, 2]

1 ° ZnopD2 pmd 1 1 0o
_— $ N hwno o A n 2 m 2d
7= 2 g | N0 + 575 [ 16 len ()0
1-— FFD(Em + hwnop)
X u(E — B, £ hw,,) X , (A.13
where Z,,, [= 3 (intra-valley: 1, inter-valley: 2)] is the number of valleys to which elec-

trons transition as a result of intra- and inter-valley non-polar optical phonon scatter-
ing, Dy, is the deformation potential of non-polar optical phonons (Dy,, = 2.3 x 107 x
\/m eV em™!), Twy,, is the energy of non-polar optical phonons (fiwn,, = 85 meV),
N(E) is the Bose-Einstein distribution function [N(E) = [exp (E/kgT)—1]""], and
Fyp(E) = [1 +exp (E — Ey/kgT)]”" is the Fermi-Dirac distribution function. Regarding
the Dyop, the Dyp reported in bulk 4H-SiC [D,p (bulk)] is 2.3 x 10° eV ecm ™! obtained by
considering four conduction band valleys [11]. Therefore, D, is assumed by multiplying
Dop(bulk) with \/m because three conduction band valleys are considered in the present
study.
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A.2.2 Coulomb Scattering

First of all, the two-dimensional Fourier transform of the Coulomb potential [¢,c(2, 20, ¢)] is
considered. Here, z is the position of a point charge (irrespective of positive/negative) which
produces Coulomb potential, and ¢ is the wave vector variation defined as the difference in
the wave vector between the initial and end states. In the initial state, the electrons are in
the mth sub-band, and the wave vector is k' = \/ka In the end state, the electrons
are in the nth sub-band, and the wave vector is k&’ 4+ ¢ with a scattering angle (6). The ¢ is

given by [1]
q(0) = \/k’2 + D — 2k'VDcos¥, (A.14)
where the D is given by [1]
2 2ma"g
D =K"= — = (En, — En). (A.15)

The ¢,c(q(0), 2, 29) is obtained by solving Poisson’s equation and is expressed by [2, 6]

¢pc(q<9),2,20) ¢N< ( ) Z7ZO)7 (A16)

2q5 SiC

Rsic — KSiO,

On(q(0), 2, 20) = exp [—q(0)[z — zo[] + exp[=q(0)(z + [20])],  (A17)

Ksic + KsiO,
where kg0, is the relative permittivity of SiOs (= 3.9).
Here, the Coulomb scattering rate derived from substrate impurities of mth sub-band
(1/7imp) is calculated by [1, 2]

8mh3Kksiceo [q(Q) + P(q)HOO(q(Q))P d@-u(D), (A‘18)

Tm

L& mqe? 27 [  Ton (q(0), 20) [ gimp(20) d20(1 — cos 6)
—imp Z

where I,,,(q(0), z0) is given by [1, 2]

Toun((0), 20) / €2(2)em(2)n(a(6), 2 20) d (A.19)

Gimp(2) s the volume density of substrate impurities, assuming that gimp(z) = Na for
2 < Zdepl a0d Gimp(2) = 0 for zgep < 2, P(q) is one of the screening parameters, which is

given by [2, 6]

d0 dE,  (A.20)

e2n,mq / /2” Fep(Ei(k +q)) — Fro(Ei(k))

4/€SICg07T h? El k+ q) E (k)

=

where Ej is the energy of electrons in [th sub-band. In the P(q) calculation, the )  means
1=0
summation for all of the sub-bands of six conduction band valleys. In this study, the P(q)
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is calculated by assuming parabolic circular bands. In addition, Hy is the other screening

parameter, which is given by [1, 2]
Hypn, = /Oo /OO & (21)6m(21)8, (22)6m(22)On(q(0), 21, 22) dz1dzs, (A.21)
o Jo
~ HOO = /0 /(; ‘50(21)‘2|£0(22)‘2¢N<Q(9), 21, Zg) ledZQ. (A22)

The assumption of m = 0 and n = 0 is reasonable because most of the electrons are located
at the lowest sub-band.

Next, the Coulomb scattering rate derived from interface fixed charges of mth sub-band
(1/78x) is considered. The equation of 1/78 is very similar to that of 1/72P. The difference
is only the integration of the substrate impurity density with respect to z5. Accordingly, the
fixed charge density (Ngy) is assumed to be distributed only at z = 2z = 0 [i.e., N (2 — 2it)
instead of gimp(2), where 0(z) = oo for x = 0, d(z) = 0 for  # 0, and [*_6(x) dz = 1].
Then, 1/78 is expressed by [2]

% = i ( o ) / 7 Hnla0), ) [ N1~ con0) u(D), (A.23)

STh3Ksiceo [q(8) + P(q)Hoo(q(9)))?

where I,,,(q(0), zi) is given by [2]

on(@(8),20) = [ €G)6n(2)0(0(0).2,50) (A.24)
QIQSIC
/ Er(2)m(z /‘ﬂsc—i-/iso —————exp[—q(0)z] d=. (A.25)

If the position of the fixed charges is correlated, the influence of Coulomb scattering will

be small. The 1/7* considering the correlation of fixed charges is expressed by [6]

2CJy(qR.)
- | Lnn (9(6), 2i¢) |* Niix TuR (1 —cos¥b)

1 b mqe* 2
Y (W"fsm) J 4(®) + P(0) Honla(6))] A0 -ulp)
(A.26)

where Cjgy 1s the correlation factor and Ji is the Bessel function of the first order. The Ciy

is defined as Cq, = mR?Ngy, where R, is the critical radius, and thus 7R? is the critical
area. Figure A.1 shows the experimental Hall mobility and free electron mobility calculated
by considering the correlation of the position of fixed charges as a function of the effective
normal field for SiC (0001) MOSFETSs annealed in NO with various N of p-body at room
temperature. The symbols represent the experimental results. The calculated phonon and
substrate impurities-limited (ac+nop+imp), fixed charges-limited (fix), trapped electrons-
limited (trap), surface roughness-limited (sr), and total (total) mobilities are shown by
dotted, dashed-dotted, dashed double-dotted, dashed, and solid lines, respectively. Here,

n (= 1/3) is a parameter that indicates how much the electrons contribute to the effective
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Figure A.1: Experimental Hall mobility and free electron mobility calculated by consider-

ing the correlation of the position of fixed charges as a function of the effective normal field
for SiC (0001) MOSFETs annealed in NO with various acceptor concentrations of p-body

(3x 101 ecm™3 < Ny <3 x 10 em™3) at room temperature. Experimental results are rep-

resented by symbols. Calculated phonon and substrate impurities-limited (ac+nop+imp),

fixed charges-limited (fix), trapped electrons-limited (trap), surface roughness-limited (sr),
and total (total) mobilities are shown by dotted, dashed-dotted, dashed double-dotted,
dashed, and solid lines, respectively. The correlation factor (Chy) is set as (a) 0.3, (b) 0.6,

and (c) 0.9 in the calculation. Here, n (= 1/3) is a parameter that indicates how much the

electrons contribute to the effective normal field. The fixed charge density (Ngy), surface

roughness height (Ay), and surface roughness correlation length (L) are 7.5 x 10'% cm™

1.0 nm, and 5.0 nm, respectively.
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normal field. The Ngy, the height of surface roughness (4, ), and the correlation length of
surface roughness (Lg) are 7.5 x 102 cm™2, 1.0 nm, and 5.0 nm, respectively. The Cf, is
set as 0.3, 0.6, and 0.9 in the calculation. The fixed charges are uniformly distributed when
Chy is close to 1. In the case of lightly-doped (N = 3 x 10* cm™3) MOSFETS, the fixed
charges-limited mobility is more than 2000 cm? V= s7! in the wide effective normal field
range when Chy is 0.9 [Fig. A.1(c)]. As a result, the calculated free electron mobility is close
to the experimental Hall mobility. Therefore, to explain the high Hall mobility observed in
NO-annealed lightly-doped (Na = 3x 10 cm=3) MOSFETS, the correlation of the position
of fixed charges should be considered.

Similarly, the Coulomb scattering rate derived from interface trapped charges of mth
sub-band (1/7%#P) can be expressed by [2]

1 _ S mae* 27 | L (q(0), 23t ) [*itrap (1 — cos ) '
P — (87Th3ff81c€0> /0 [q(60) + P(q)Hoo(q(0))]? 49 u(D), (A-27)

where ny.p is the trapped electron density, which can be calculated by Eq. 2.3.
If the trapped electrons are localized not at SiC/SiO5 but in SiC, the 1/7#P is calculated
by

d6-u(D), (A.28)

1 _ o mae’ o fooo [ Tmn(q(0), Z0)|29trap<zo) dzo(1 — cos )
trap - STh3Kksiceo 0 [q(0) + P(q)Hoo(q(0))]?

n=0

where giap 1s the volume density of trapped electrons and satisfies the following equation:
Ntrap = / gtrap(z) dz. <A29)
0

A.2.3 Surface Roughness Scattering

The surface roughness scattering rate is expressed by [2]

—3/2
0)2L?
1+q( )2 Sr) (1 — cosf)

P(q) Hoo(q(0))]"
q(9)

d0 - u(D), (A.30)

T 2h3

1 > md(eEeff,mn)Q(AsrLsr>2 o (
> |/

n=0

1+

where e B my, 18 expressed by [2, 6]

h? dg;(2) dém(2)

2m, dz dz (A-31)

eEeff,mn =

In the present study, the correlation function is assumed to be exponential [6, 13] because
the experimental mobility can be reproduced by using the exponential function in the case
of Si MOSFETSs [1, 13, 14].
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The surface roughness scattering rate by assuming that the correlation function is Gaus-

( q(6)*L2
exp | —

sian is given by [6, 13]

4

) (1 — cosf)
s df - u(D). (A.32)
P(q)Hoo(q(0))
q(0)

1 i md(eEeff,mn)Q(AsrLsr)Zl /2’7
0

TSE 2h3
m n=0

1+

Figure A.2 shows the experimental Hall mobility and free electron mobility calculated
by assuming that the correlation function is exponential or Gaussian as a function of the
effective normal field for SiC (0001) MOSFETs annealed in POCl; with various N of
p-body at room temperature. The symbols and lines are the same meaning as those in
Fig. A.1. In the calculation, Ngy, Ag, and Lg are 7.5 x 102 cm™2, 1.0 nm, and 5.0 nm,
respectively. In Fig. A.2(a), the correlation function is assumed to be exponential. Then,
the surface roughness-limited mobility strongly decreases at a high gate bias. On the other
hand, the correlation function is assumed to be Gaussian in Fig. A.2(b). In this case, the
influence of surface roughness scattering significantly changes, especially at a high gate bias.
Therefore, the impact of the correlation function at SiC/SiOs interfaces on mobility should

be extensively investigated from both experimental and theoretical studies.

A.3 Inversion Layer Mobility

The momentum relaxation time for the total scattering of mth sub-band (1/7,,) is calculated
by 1/7m = 1/72¢ +1/72P + 1 /7mP 4 ... Then, the average momentum relaxation time of
mth sub-band ({7,,)) is needed to obtain the inversion layer mobility. (7,,) can be expressed

by using 7, as [1]

Jo Tm(E — En)Fep(E)[1 — Fep(E))

{Tm) = [ (E = Ep)Fep(E)[1 — Fep(E)]

dE. (A.33)

As a result, the mobility (u) is obtained by [1]

. Ny e(Tn)

p=>_ (A.34)

m—0 Nfree Mavg
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