Improvement of 4H-SIC MIS Capacitor
Interface State Density by Low Thermal Budget

Processes

Ne = —
)

e Ol R
hEFE T LA K

P EAR- O- &3



—4
P
=
i
4y
~my
Jo
e
‘?.\‘;3
p
e
pol
e
‘M\
= H
WY
_f}.
=
& »
[apdly
[
R

Improvement of 4H-SiC MIS Capacitor Interface

State Density by Low Thermal Budget Processes

Prd iEye Student : Marvin-Ueng

¥
PR IR S Advisor : Bing-Yue Tsui

A thesis
Submitted to Department of Electronics Enginee#inigstitute of Electronics
College of Electrical Engineering.and Computer Soge
National Chiao Tung University
in Partial Fulfilment of the Requirement
for the Degree of Master
in
Electronic Engineering
2012

Hsinchu, Taiwan, Republic of China

PEARE- O- &=



—4

.
=
Al

4y
vy
Jo
e
ﬁ»

p
L2
port
e
‘m\
= H
¥
_f}.
=
& »
[apdly
=
R

SRRy R A

Mzl A FTFamh R3] L

RIPFAGEFERE 2 FRGEGG § p P ARYTEFHF Ao

,dm

B g F L o RS A(MOSFETE L 17 5 A+ e 3 o hoil i 45
BEF R A BAERARL RO AL T A G LA
(<102 cm?) &g & M T BhFha 7> 2 %Y mmﬁﬁﬁﬁﬁﬁﬁ*i
13002 kg g ¥ 1k 2 i BV REX O ES MR A A

BT LE A6 ERE VR BEATE AL a Tk 2

Bl AR AT A BFLH L F DR TN RO R RS R
B oenfd % o
A 4 B 4% MR (1050 CYRE 3 tif 2y (TRaéh~y o BRE DR

>

T EBAEPFCERARE oA B AR o TR IESY 30548 5 oA &
HARFE G REIUEAZ AE R ES F 1 R(COF F 2 HicalF A 26
BR300 C)- §F - §F 387 CrEwE ABHe Ah R BRANES D
% jEd ¥ ¥ (conduction band) 0.4 eVd /i o it b B & 0 MOERF + & £5x10%
cm’eV': @ B - F it § 54.67x10°cm%eV’ . § #iT L B oL e o o
S F 2§ (NO)R [P A A T (NHe) M2 (1100 C) # 12 % 7 11 & fiot

GO R A S BT - A AR R IR EY 0.4

eViuilic i 5 2.92 x10 cm%eVte & M T G o - § b F I LT U4

o

o



FRFEDFIREOTHLAG VT AL-F L2 FINT UL R
LE S SRS S LR MRS 3 T T SRR Y
e RMBRCEFIAFOF LA UP RS ”&i,ﬁﬂdi}?‘v T L a&i;ﬁ?iﬁ—/n\
FoAPIEFIRF e F bR Rt et B EH & AR .

AF TR AT g in B HA R L AT RAISLEN § 22051

il T R vE B 3T100% o oAe A FE gk g A 4 g0 ik s @ 1008 # 5 7
AE T EEALD LT 2R 7 ol508 L A sk e 01 Y B F Aa i f
WA TAT KBGO 25 hSPRFE L o n L RAEFHERRF
R AT E R G- BTN o BB T AT R dhip R FIEY - K hF i
R g A 45 o AP Pgla IRt o B (s 0 AP B IE R RE PR A By
BRE BFRLEN R RAERL Ao Fl S 9L hiiTdd 0208

eVE B > 31 eV ™ i o i jE & B e L sk o

= M REGEAH A B8 (1300 C)= 5 1 § 3R feniE v
hoF PRI /;.], 4§ ﬁm@ EHRE o HPF s F P R

P AR AR RS TP R R ok URERT R 0 F R

Pl § R A ik G oA i e L ooeg A o



Improvement of 4H-SiC MIS Capacitor Interface

State Density by Low Thermal Budget Processes

Student: Marvin-Ueng Advisor: Biivgie Tsui
Department of Electronics Engineering
Institute of Electronics

National Chiao Tung University

Abstract

Silicon carbide (SIC) is suitable for fabricatingglm power semiconductor
devices because of its wide band-gap and high #leconductivity. Unfortunately,
low channel mobility occurs on the 4H-SIC MOSFETse do the high SigSiC
interface state density. How to reduce interfaagestlensity is an important issue. In
this thesis, several low thermal budget processesduce interface state density are
evaluated. Electrical parameters including intexfatate density and breakdown field
distribution are analyzed. The effect of processdd@mns on interface state density is
also discussed.

The low temperature (105Q@) wet oxidation sample set provides the higher
bound reference of the interface state density (iDthis thesis. It is expected that the
shorter oxidation time would result in lower intré state density. However, it is
observed that lots of carbon clusters saturatdhner0i5 hr wet oxidation sample. It is
suspected that the oxidation temperature is ndt brgough for the diffusion of CO.

The interface state density of the wet oxidatiomsle set is around 5xYocmiZev?



at E-E = 0.4 eV. High temperature (1300) N-O oxidation sample sets the lower
bound reference of DThe DO value of this sample is 4.67xf@&m?V?* and is 10
times lower than that of the wet oxidation samples.

Low temperature (1100C) post-oxidation annealing, with the® annealing or
NH3; annealing, can improve the interface quality sajgdy. The NO annealing and
NH; annealing have superimposed effect the dan be improved to 2.92 xT0
cm?eV?! at E-E = 0.4 eV. NO annealing can.improve breakdown field but the
breakdown field variation is still large. Theseuits indicate that BO annealing can
improved oxide quality but the early breakdown tlu¢he rough SiC surface cannot
be changed. Samples-withslSi capping have tight breakdown field distribution
because weak spots in the wet oxide do not coingittethe weak spot in the nitride
layer so that early breakdown could be suppreseeduse current path is hard to
form.

NH; plasma treatment can improve Effectively but a 0.5~1 V positive shift of
flat-band voltage compared to wet oxidation sanplebserved on all of the plasma
treated samples. The trends of interface improvérgmplasma treatment at 150 W
and 200 W are similar. The interface state derdgstyreases as the plasma treatment
time increases from 2 minutes to 5 minutes. and ugihy saturates as the plasma
treatment time increases to 10 minutes. At the splaema treatment time, 200 W
results in slightly higher interface state densign 150 W. It is suspected that higher
plasma energy produces additional interface defhotsto the stronger radiation. The
100 W 15 min sample has highef than 150 W 10 min. It is thus concluded that 150
W 10 minutes is the optimized condition. Lower gyecannot passivate interface
states effectively even if 15 min treatment.

Dielectric stacks sample has the lowest thermalgbudHowever, it has the

highest interface state density among all sampRsst-deposition annealing is
iv



required. Dielectric stacks sample exhibits wideabkdown field variation. It is
suspected that the quality of the bottom PECVD ex&dtoo poor. Finally, to extract
deep level interface statehjgh temperature measurement would be requirer. It
observed that the ;Dimprovement occurs only in the range gfEE= 0.2-0.8 eV. As
Ec-E > 1 eV, there is no;Dmprovement on all the samples.

Secondary ion mass spectroscopic analysis showsgeit pile-up at the
SiO,/SIC interface on the sample HT. This phenomenarotsobserved on the other
samples. It is suspected that the diffusion ofogin radicals in SiQis slow. If
nitrogen incorporation is processed after Sytbwth, there are not sufficient nitrogen
radicals can reach the interface at low thermabbugrocesses.

Although suitable NK plasma treatment achieves the lowest interface sta
density among these low thermal budget samplgs; D37x10"' cm?eV?, this value
is still. 3 times higher than the lowest bound refee. Furthermore, the thermal
budget of the plasma treatment.is too low. Onlyrbgdn can passivate the interface
states. It Is suspected that hydrogen can only@desshallow level interface states
and does not affect the interface states deeper @fa eV. To achieve very low
interface state density, novel low thermal budgeicesses must be developed.

Otherwise high thermal budget process is still andable.
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Chapter 1

Introduction

1-1 History of Semiconductor Power Devices

Power semiconductor devices have been developedséweral decades.
Although the fabrication of power device is on gamum substrate in the beginning,
most of the commaon devices uses silicon as the sw#istrate currently. The power
thyristor, also named silicon controlled rectif(&CR), introduced in 1950s has high
blocking voltage and good-ability to handle highreat, but the operation speed is
low [1]. The other issue for thyristor.is hard tort off. Gate turn-off thyristor (GTO)
can turn off device easily by the gate signal hilitlsas low operation frequency and
needs complex driving circulit.

Bipolar junction transistor (BJT) which appearedl860s provides a solution to
the relative low switching speed in thyristor. Hoe there are several problems in
BJT. First, it needs substantial base current itcedso the power dissipation increases
in device. Second, when the base-collector junchenomes reverse-biased, BJT
requires time to recombine minority carrier in tiese and collector which limits the
switching speed [2-3]. Third, the avalanche effiecBJT may destroy the device
during turn-off operation. In the 1970s, power M@3Fwhich provides much faster
switching speed with low application voltage wawveleped for power integrated
circuits. In order to operate at high voltage, westrreduce the doping concentration
to increase the length of the drift region. In th&se, the on-resistance drastically
increases and causes high power dissipation imrnkstate [4.5]. In the 1980s, high
performance insulated gate bipolar transistor (IG®&&s proposed. This device has

high operation speed in MOSFET and high power iif.Blhis advantage makes
1



IGBT a mainstream of power device since 1999g.1-1 shows the application
region of power devices. IGBT and MOSFET are mausgd in automotive for high
frequency application. SCR and GTO are mainly usddgh power applications [6].
Fig.1-2 shows the history of semiconductor powefiaks [7].

The power semiconductor devices have broadenedcapph in power supply
automotive, aerospace electronics, TFT-LCD, andrstor several decades. The most
common power devices are made of silicon, becau®ersis low cost and has
mature fabrication technology. But it is forecadiieak silicon power devices would be
replaced by the devices using wide band-gap substed very high power. There are
several reasons for limiting-the application oiceih power devices.

1. Low breakdown voltage

The impact ionization energy is proportional to tad-gap width, so avalanche
breakdown occurs easily with low band-gap width.
2. The high on—resistance

For high voltage applications, we must reduce tbpirdy concentration of the
drift region to lower the electric field. As the mlog concentration decreases and the
drift region length increases, thus the seriestasce also increases.
3. High reverse leakage current

P-N junction leakage current is proportional to thieinsic carrier concentration
(m). As shown in eq. (1-1), the band-gap increasdgl@n ndecreases. The off-state

current can effectively reduce as shown in eq.)([BR

n; = /N.Ny, ezkr ed-1)
where nis the intrinsic carrier concentration (¢n N is conduction band effective
density (cn?) and N is valence band effective density (&nEg is the band-gap, k is

the Boltzmann constant, and T is the temperatukaelin.
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where nis the intrinsic carrier concentration (émW is the width of the depletion
region (cm),te is the lifetime of electrons in the depletion myi(s), N is the
concentration of donor atoms (&)n Dy, is the diffusion constant of holes in the n-type
region (cni/s), and is the lifetime of holes.
4. Low operation temperature

The band-gap of Si is 1.12 eV. This low value iatks that Si has much higher
intrinsic carrier concentration at high temperativ@n wide band-gap materials. The
operation temperature of Si power devices is lichite 150 °C, because the large
leakage current induced by the thermal-generatioglextron-hole pairs. Si devices

are not suitable for harsh environment.

1-2 Overview of Wide Band-gap Materials

As mention above, Si power. devices reach theirrtdtmal limits at high voltage
and high temperature application. The wide bandrgaterials, such as SiC and GaN,
have attracted more and more attention in high p@hextronics. Fig.1-3 shows the
theoretical limits of Si, SiC and GaN. Some impottenaterial parameters of wide
band-gap semiconductors are listed in Table 1[8f Band-gap of SiC and GaN is
3.26 eV and 3.39 eV, respectively. Such a wide kgap allows operation at
temperatures higher than 300. Since SiC has higher breakdown field than Si, SiC
can achieve higher breakdown voltage with the sdopng concentration. On the
other hand, to sustain the same breakdown voltage,devices allow thinner and
higher doping drift region. Consequently, higher-sbtate current density can be
conducted and the device area can be reduced. WithGaN has higher carrier

mobility than SiC so that higher on current densitd lower on resistance can be

3



achieved in GaN device, SiC has higher thermal gotindty than GaN so that SiC is
more suitable at high power and high temperatusgr@mment. In addition, GaN
usually grows by heteroepitaxy. The substrate sisc8i and sapphire are usually used.
The cost and quality of GaN crystal growth are essuGaN is used for blue laser
diode and high power microwave device [10-11]. Femtnore, the high defect density
in GaN substrate is a big problem. The threadis¢pdation induces leakage current
and limits the ability to produce high power deypslevices. As discussed above, the
excellent electrical-and material properties of @llow it to be fabricated as power

devices.

1-3 ‘Silicon carbide (SiC) Crystals

SIC is composed of silicon and carbon. SIC possessere than 170 stack
sequences known as polytypes. Each sheet of théiS&yer is composed of one Si
atom and one carbon atom [12]. Each C atom is lwbndth 4 Si atoms. As shown in
Fig.1-4[13], The first carbon sheet defines a lgexal plane which is labeled as A
and The next bi-layer can be placed on the fireettvalleys’ and is denoted as B or
C. The packing sequence for HCP is ABAB and thatHG@C is ABCABC. Figs.1-5
and 1-6 show the most common polytype stackingesopiin SiC [13]. The name of
polytypes consists of number and letter. The numéeresents the periodicity of the
stacking number. The letter represents the streictir polytypes (C=cubic, H=
hexagonal, Rthombohedral). For example, 3C-SiC represents stggeriodicity of
ABC and cubic structure. There are four Miller iteB (a & a c) in the wurtzite
structure (HCP) such as 4H-SiC (0 0 0 1) .The pecis shown in Fig.1-7. If we
describe two symmetry atoms (A and B in Fig.1-8hvd@ Miller indices (a& c), the

(2 -1 0) and (1 1 0) do not represent lattice syinyné is needed to add &"Miller

4



index which can label the two atoms as (1 -1 Orf@) @ O -1 0) for lattice symmetry.
The common used polytypes are 6H-, 4H-, and 3C-Bifferent SiC polytypes have
the same chemical and mechanical properties, eubdhd-gap and mobility are quite
different. The band-gap values of SiC polytypesathelon percentage of hexagonality.
The band-gap width of the 3C-SiC (0% hexagona.39 eV which differs from the
3.33 eV of the 2H-SIiC (100% hexagonal) [14]. We saa the Si-terminated face (0 0
0 1) and the C-terminated face (0 O O -1) in Fig.TFhe two faces are different in
oxidation rate and thus different: MOS device prtiper The 4H-SiC are more often
used than the others because of its high breakdmlhand high carrier mobility.
The 3C-SiC has a smaller-band-gap and lower breakdld but higher mobility
than the 6H-SIC. High quality 3C-SiC epi-layer dagrown on Si so that the wafer
cost can be reduced.

Although SiC has good electrical properties suchhih electron velocity,
chemical inert, high breakdown field, and high marmobility, some MOSFET
fabrication issues exist. First, dopant diffusionSiC is very slow even at very high
temperature so that ion_ implantation ‘method “must dmeployed. After ion
implantation, very high temperature annealing (€170) is required to activate
dopants. Second, the oxidation rate of SiC is \@ny Moreover, the poor SKBIC
interface quality needs to be improved. The oxiel@bility at high field and high

temperature also needs more investigations.

1-4 Oxidation Issues of SiC

As mentioned above, SiC has superior electricgbgmees and can produce low
on resistance and high blocking voltage power aeviSiC is the only one compound

semiconductor that can be thermally oxidized diyeathich is similar to the Si
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technology.The power MOSFET is an important device for twosoees. First, it has
higher switch speed and low power loss than BJhilse MOSFET has no minority
carrier storage effect. Second, it also has large ®peration area (SOA) for
automotive application. The early SiC power MOSREAds reported in 1995 with
UMOSFET structure [15]. The trench corner is eadiy breakdown, so the
breakdown voltage is only 260 V. In order to eliati the corner breakdown, the
DMOSFET structure was reported in 1997 .[16]. Theakdown voltage was
improved to 760 V. The LDMOSFET with a long latedalft region can achieve a
breakdown voltage of 2.6 kV [17]. Moreover, a RESUfechnology combined with
LDMOSFEET structure to-reduce-surface field has begorted in literature [18]. In
the present, there are several commercialized 8Mices such as Schottky Barrier
Diode (SBD), Junction Barrier Schottky Diode (JBSRhd MOSFET. A 1200 V
power MOSFET has been commercialized recently [18jfortunately, the low
channel mability in the range of 5—-40.cm/V-s ocaoinsthe 4H-SIC MOSFET due to
the higher SiQSiC interface states density [20]. The large amo@pped charges at
the SiQ/SIC interface results in Coulomb scattering andrades channel mobility.
The usually measured SiSiC interface states density exceed¥ 10cnf/eV, which
is 100 times higher than the SICBi interface.

The SiC oxidation mechanism obeys the followingneioal reaction [21].
SiC+15Q — Si0,+CO
There are several steps for SiC oxidation. Firgilecular oxygen transports to the
SiO, surface and then diffuses toward S®IC interface. Second, molecular oxygen
reacts with SiC forming SiQand the product (CO) diffuses out of the Si0he
unreacted carbon and undiffused CO residue atitDgSC interface that cause the
high interface state density (D How to reduce Pis a critical issue for SiC MOS

device. The most commonly used method is emplogingpst-oxidation annealing
6



(POA) in NO or NO ambient at high temperature for a long time. Byithe POA
process, N atoms incorporate to the S8IC interface and form the Si-N and C-N
bonds to passivate the interface states. NO amgeaan be more effective in
improving D than NO annealing. Because NO is a toxic gas, it is iclpal to use
NO [22-23]. Some researchers used high dielectitsiant (highx ) dielectrics to
replace SiQ [24]. The electric field in highk dielectrics is lower than that in the
low- x SIO, at the same effective thickness. However, the eotmah band offset
between highx and SIC is lower than that between Si@hd SiC because of the
higher dielectric constant the lower energy bangl-géhe carrier tunneling barrier
reduces and leakage current-increases [25].

POCE[26], NH3[27] and H[28] annealing have also been reported in liteeatur
Although POC4 annealing can achieve lower Bhan NO annealing, the increase of
positive _charges in oxide after annealing causegarapt flat-band voltage shift.,H
annealing exhibits little improvement on; Bnd the best result occurs at 8QD
Above 800 C, H, annealing does not further reducg BH; and NO annealing do
not reduce B to acceptable level [29]. In addition to these POWwthods, the
oxidation in sodium (Na) environment can redugealdd achieved channel mobility
to above 150 cAlVs. Unfortunately, there are many Na mobile iansxide [30].

High doping concentration (>>30cm?®) n-type SiC substrate has been used to
enhance oxidation rate [21]. This enhancement & tduthe doping-induced lattice
mismatch. However, the oxide quality degrades au¢his mismatch. To enhance
oxidation rate, preamorphization by ion implantatioas been proposed [31]. The
oxidation rate of amorphous SiC is comparable tat tof Si so that the low
temperature oxidation can be achieved. Howeverwiige carbon transition region
occurs between the crystal SiC and 5i@s the temperature is not high enough to

diffuse CO out and consume the amorphous regiatiytot
7



1-5 Motivation

The post-oxidation treatment methods in recentgrdtures are discussed in the
previous section. Most of the methods need higlp&ature and very long annealing
process. In this thesis we try to compare differgmtes of low thermal budget
processes (<110QC) and the best process for the lowest interfacte stansity is
identified. The sample set of low temperature weitdation is the high bound
reference of interface state density in this thesise lots of carbon clusters during
long time oxidation do not have enough time toudi# out [32]The current transport
mechanisms_of the wet oxide samples are also igeésti The 1300C N,O
oxidation sample provides the lowest bound refezesicinterface states density in
this thesis.

Three sets of samples are used to compare withrerefe samples. First,
post-oxidation annealing (N) is performed. We wenunderstand if Ngland NO
annealing have superposition effect or not. Secdhd, post-oxidation. ammonia
plasma treatment method has the lowest thermaldilmg a few literatures used this
method on SIC MIS capacitor [33]. We want to inigege the interface passivation
effect with various times and powers of plasma.alé® want to know the limitation
of plasma treatment with high power and long treatihtime. The optimum treatment
condition would be found. Third, in order to avdidiransition layer at the SY®iC
interface during thermal oxidation, we try to depptasma enhanced chemical vapor
deposition (PECVD) oxide and High- material on SiC. We obtain large effective
oxide thickness (EOT) with dielectric stacks.

High temperature measurement is performed becaeswamt to extract deep
level interface state density. We describe theildetaasons for high temperature

measurement in the next chapter. Mobile ion measeme is also performed in this



thesis.

1-6 Thesis Organization

The first chapter is the introduction including flamental properties of power
devices, wide band-gap materials, and SiC crysfidien, the oxidation issues and
known post-oxidation treatment methods are disclisBee second chapter shows the
experimental procedure, electrical measurementitond, and material analyses.

The third chapter is the experimental results amtudsion. Various gate
dielectrics are divided into 5 categories. Theyvaegoxidation (W), high temperature
N2O oxidation (HT), post-oxidation annealing (N, N&hhd NOH), dielectric stack
(ONO), and post-oxidation.ammonia plasma treatni@htElectrical properties such
as interface state density and oxide breakdowrd fele discussed. The high
temperature electrical characteristic and matemnallysis results are also discussed.
Finally, the interface states density characterisfi the representable samples are

summarized. The last chapter is the conclusiond@nde works of this thesis.



Table 1-1 Electrical properties parameters of vidded-gap semiconductors [9].

Si 3C-SiC |6H-SiC | 4H-SiC | GaN
Eq (eV) 112 |23 2.9 3.2 3.39
E. (MV/cm) 0.3 2 2.5 3 5
Vsat (10 cm/s) 1 25 2 2 2
Hn (cm?/V-sec) 1450 | 1000 415 950 1000
Er 11.7 |9.6 9.7 10 8.9
A (WicmK) 1.3 5 5 5 1.3

8
10 Power c(;)ntrol | . ‘
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Fig.1-1 Application region apply in power devicéSBT and MOSFET are mainly
used in automotive for high frequency applicatiS@R and GTO are mainly used in

high power applications [6].
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Fig.1-4 Close-packed sphere model shows threendistayers (A, B, C) .The first

carbon sheet defines a hexagonal plane which &dddlas A. The next bi-layer can be

placed on the first sheet ‘valleys’ and is dena@sd or C. [13].

a) 3C-SiC b) 2H-SiC

ABC ABC ABC ABC AB B N - o C

o o o o o N
PP e e as e
¢ o _o & 9 a8 _ 8 8 o
¢ o o o o 68 0 8 o
e e _e o L e .8 _a e o

_e_e ® ® sSi“C e o o o o
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[111] [0001]

™ >

()

[110] [-1110]
[-110] [11-20]

Fig.1-5 3C-SiC is the very only 100% cubic polytymxhibiting a strict
zinc-blende-type structure while 2H-SIC represetite only 100% hexagonal

polytype of silicon carbide structure (wurtzite-gygtructure) [13]
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Fig.1-6 Crystal structures of the two most impairt&rC polytypes 4H- and 6H-SiC.

We can see the Si-terminated face (0 0 0 1) an@{tegminated face (00 O -1) [13].

Fig.1-7 There are four Miller Indicesi(a asc) in hexagonal structure [13].
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Chapter 2

Experiments

2.1 MIS Capacitor Fabrication

Simple metal-insulator-semiconductor (MIS) struetuwas fabricated. The
substrate is an n-type (0.0 0 1)-oriented 4H-SiEweger. The lightly-doped n-type
epi-layer is 114m-thick and is doped by N to a concentration gf=N\3-6 x16°cm?,
First, a standard RCA clean was performed. Vargate dielectrics were formed by
various processes as listed in Tables 2-1, 2-2,&%8 2-4. Aluminum was deposited
by thermal evaporation process and patterned bigdlfithography process to be
gate electrode. The gate area ranges from ixh®’ to 1x10* cm®. The dielectrics
on the backside of the samples were wiped by watgzses followed by aluminum
deposition to form contact. All samples were ane@¢at 400C for 30 -min in N
ambient. The MIS structure is shown in Fig.2-1. tetailed processes of the various
gate dielectrics are explained as follows. Gatdedigcs can be divided into 5
categories. They are wet oxidation (sample W), higimperature pD oxidation
(sample HT), post-oxidation nitridation annealingariples N, NH and NOH),
dielectric stack (ONO), and post-oxidation ammasiasma treatment (sample P).

1. Wet Oxidation

The gate dielectrics of sample W0.5, W1, W2, W3] &5 were grown by wet
oxidation process at 105Q for 0.5, 1, 2, 3, and 5 hr, respectively. The akiuh
recipe is shown in Table 2-1. These samples ard ts@xtract the parabolic rate
constant (B) and the linear rate constant (B/A)hefmal oxidation of SiC according

to the Deal-Grove model [21]. This sample set gisovides the higher bound
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reference of the interface state density;)(because low temperature thermal
oxidation would result in a large amount of carlotusters at the SKIBIC interface
[34].
2. High Temperature PO Oxidation

The gate dielectric was grown at 13Q@0 in N,O ambient. This sample provides
the lower bound reference of; [ this work and is labeled as sample HT. The @ssc
condition is listed in Table 2-1.
3. NHz and NO post-oxidation annealing

The gate dielectric of sample N was grown by watlatkon at 1050°C for 1 hr
followed by an MO annealing.at 1100C for 1 hr. Sample NH has the same wet
oxide as sample N but the post-oxidation annealiag performed in Nglambient at
1100 C for 1.5 hr in a low-pressure chemical vapor depmsi(LPCVD) system.
After annealing, temperature went down to 800 and a 50-nm-thick g\, layer
was deposited for 5 minutes at 180 mTorr using:SiiHand NH as precursors in the
same LPCVD system. The expected nitride thickn@&®inm. Sample NOH also has
a wet oxide grown at 105 for both NO and NH"annealing were performed in
sequence after oxidation. After annealingsNgiwas deposited with the same
condition for sample NH. This. sample is mainly usedvestigate whether the NH
and NO annealing has superimposed effect. The processitmms are listed in Table
2-2.
4. NHj plasma post-oxidation treatment

The NH; plasma treatment method is common used in Silacess but only
few literatures have been reported on SiC appbodi83]. The gate dielectric of this
sample set was grown by wet oxidation at 1060for 5 hr. After oxidation, samples
were exposed to Nfplasma at different powers and periods at 300The gas flow

rate is 200 standard cubic centimeter per mi(gtem) and the chamber pressure was
16



250 Pa. The sample ID has the form of PA.B wherepkesents power in Watt and B
represents period in minute. The process condimadisted in Table 2-3.
5. Dielectric stack

We tried to deposit dielectric on SiC by CVD methivd order to avoid C
transition layer at SigSiC interface due to oxidation. The gate dielectri sample
ONO has an oxide/nitride/oxide structure. The sacked nitride layer has higher
dielectric constant than oxide and thus can alltweker physical thickness but
remains the same effective oxide thickness. Tls¢ dixide layer was deposited at 350
‘C using TEOS as precursor to a thickness of 10 nemmptasma-enhanced chemical
vapor deposition (PECVD)-system. Then, a post-déposannealing in pure ©
ambient at 800C was performed for 30 min to densify the PECVD exidhe
SisN4 layer was deposited in-a LPCVD system to 57-nmokthi’he top oxide layer
was deposited with the same deposition conditiothefbottom oxide layer. The top
layer‘acts as a barrier layer to block carrierangn from the metal gate due to the
higher -band-gap offset between metal/S[35]. The expected effective oxide

thickness is 50 nm. The process condition is ligtetable 2-4.

2.2 Electrical Characterization

Both capacitance-voltage (C-V) and current-voltélg€) characteristics of the
MIS capacitors were measured. The high frequency CRaracteristics were
measured by a precision impedance meter of modiéémgi284A at 10 kHz with
voltage swept from +5 to -4 V. The quasi-static GNd |-V characteristics were
measured by a semiconductor parameters analyzemnodel Agilent 4156C. The
voltage ramping rate for the quasi-static C-V measient is 50 mV/sec.

The effective oxide thickness can be calculatedmfréhe accumulation
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capacitance (§). The Hi-Lo C-V method is common used to extrdut interface
state density. This method was proposed in 197Q) [B& concept of the method is
calculating the capacitance difference between frgguency (>1 kHz) C-V and low
frequency C-V at each bias. The low frequency Cavludes the interface states
capacitance (g because the interface states are able to follmvidw frequency
signal. The interface states almost can'’t follow tigh frequency C-V signal so that
the G is not included in the measure capacitance. FRigshows the typical Hi-Lo
C-V curves on MQOS capacitor. Since SiC is a widedegap material, it is hard to
measure deep level traps due to their long resporedat room temperatur€he time
constant for hole emission-from an interface statesalence band in a p-type

semiconductor can be written as

E—Eyp

exp kT, eq. (-1

T(E) =

apVrNy
where g, is the capture cross section for holes, is the electron thermal velocity,
N, isthe effective density of states in the valebaed, k is Boltzmann's constant, T
is the absolute temperature, and Hsethe energy of the interface state relativento t
valence band edge. Time constant for hole emisgeaus E-E plot is shown in
Fig.2-3 at different temperatures and differentLdifrequency conditions [37]. The
horizontal line in Fig.2-3 shows the cut-off freqag of D; measurement. Those lines
are used to define energy range af ldeasurement. Thealue can be actually
measure at room temperature using the Hi-Lo C-Vhoeeis about 0.2-0.6 eV away
from the conduction band or valence band. If wetwarmeasure deep level traps,
rising temperature, bias at inversion, and illurtioxawhere interface response times
are shorter are common methods used in literatoréhis thesis, the measurement
temperature is raised to 523 K. We can extract ¢teeg D; at 1.6 eV away from the

conduction band or valence band. The relation betveeirface potential and the trap
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energy is
Ec - B = —ys + E/2+ KT In(No/ni)/q, eq. (2-2)
where Eis conduction band energy; ik trap energy,¢ s is the band-bending under
gate bias, Fis the energy gap of 4H-SIiC,pNs the doping concentration; is the
intrinsic carrier concentration of 4H-SiC, k is tBeltzmann constant and T is the
absolute temperature.

The dielectric breakdown field is extracted. frone 1RV characteristics. The |-V

curve is converted to current density-electricdiél-E) plot firstly using following

equations:
J=1/Ag, eq. (2-3)
E = (Ve-Veg)/EOT, eq. (2-4)

where As, Ves,J; E; and EOT are gate area, flat-band voltageest density, electric
field in oxide, and effective oxide thickness widspect to Sig) respectively. The
breakdown field is defined as the electric fieldamiich the current density equals to
102 Alem?.

The J-E plot is also used to identify the curremnsport mechanism. The
Fowler-Nordheim (EN) tunneling, Schottky emissi®E], and Frenkel-Poole (FP)
emission are been considered [38].

1. Fowler-Nordheim (FN) tunneling

The J-E equation is shown in eq. (2-5).

J=E? ex{—4\/ 2m (Q%)SIT ’ eq. (2-5)

39rE

where J is F-N tunneling current, E is electriddfizn oxide, m* is effective electron
mass in oxide,p g N IS barrier height between semiconductor and oxahel 7 is

Planck’s constant. The F-N tunneling barrier heighg rn) can be extracted from the
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In (J/E%) versus 1/E plot. The slope gives barrier height £&v). The current path is
shown in Fig. 2-4(1).
2. Schottky emission (SE)

The J-E equation of Schottky emission is expreased

J=AT? ex;{_ q(% _ kV?EM”E' )} eq. (2-6)

and
«_ ATqm*k?
A= s eq. (2-7)

whereA* is termed as the effective Richardson constastedrrent density governed
by Schottky emission, m* is effective electron masoxide, E is electric field in
oxide, ¢, & , k and h-are-Schottky barrier height, dielectoastant, Boltzmann’s
constant, and Planck’s _constant, respectively. $S&ebarrier height ¢gsg can be
extracted from the In(J/AJ versus E? plot. The intercept gives the barrier height (
B,se). The current path'is shown in Fig. 2-4(2). Thelelitric constant can be extracted
from the plot. This value can be used to confirsH is the actual current transport
mechanism.

3. Frenkel- Poole (FP)

The J-E equation of the FP emission is shown in{28§).

J= Eexp{_q(q)B _k“TqE/m' )} ; eq. (2-8)

where J is the current density governed by FreRlkelle emission, E is electric field
in oxide, ¢gpr &, and k are barrier height, dielectric constant] &oltzmann’s
constant, respectively. The barrier heights(p) and dielectric constanig() can be
extracted from the In(J/E) versus'®plot. The intercept gives barrier height and the

slope is related to dielectric constant. The curpath is shown in Fig. 2-4(3).
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Mobile ions in gate dielectric were measured irs tthesis. First, the bias
temperature stress (BTS) method was utilized. \Weadéd temperature to 473 K and
applied around -1 MV/cm constant field for 30 miitnen, sample was cooling down
to room temperature and high frequency C-V was oredsto extract Ws(-). Second,
sample was applied a +1 MV/cm electric field at 473or 30 min. After cooling
down to room temperature, C-V was measured to @xwag(+). The calculation
formula for mobile ion density Qis shown in eq. (2-9).

Qn = Coee XV (+) = Vs (5) eq. (2-9)

Another - measurement method is triangular voltagesep (TVS). High
frequency and quasistatic-C-V.characteristics weeasured at 523 K. We integrated

the area between high frequency and quasistatid@€eWtain mobile ion value.

2-3 - Material Analysis

Several material analysis techniques were used niderstand the sample
structure .and dielectric composition. High resati transmission electron
microscope (TEM) was used to determine the accud@ectric thickness and the
interface roughness. The Energy-dispersive X-ragcpscopy (EDS) was used to
determine the atomic composition of each dieledayer. Nitrogen may pile up at the
SiO,/SIC interface after various nitridation processepassivate defects and reduce
Di;. Carbon cluster at the SiSIiC play important role on the interface qualithe
depth profiles of N and C were measured by secgridarmass spectrometry (SIMS)
using C$ as primary ion. The surface roughnesses on Si@carand on gate

dielectric surface were measured by atomic foragescopy (AFM)
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Table 2-1 Main processes conditions of wet oxidaamples andhigh temperature

N,O.
Sample WO0.5 w1 W2 W3 W5 HT
Main Wet O Wet O, Wet O Wet O Wet O, 1300 C
1050 C 1050 C 1050 C 1050 C 1050 C N2O grown
Process
0.5 hr 1hr 2 hr 3hr 5hr

Table 2-2 Main processes conditions WHz and NO post-oxidation annealing

samples.
Sample N NH NOH
Wet G, 1050C 1 hr
i N,O 1100 ‘C|NH31100 C
Main ? 4 N;O 1100°C 1hr+ NH;1100°C 1.5hr
Process 1 hr 1.5 hr
SisNz 33 nm SizN4 33 nm

Table 2-3 Main processes conditions ofd\{ithsma treatment samples.

Sample P100.10 P100.15 P150:? P150.p
Wet G, 1050 C 5 hr
Main Process ' . . .
100 W 10 miit00. W 15 mifit50 W.-2 min150 W 5 min
Sample P150.10 P200.2 P200.% P200.10
_ Wet O, 1050 °C 5 hr
Main Process - ; ) .
150 W 10 mih200 W 2 minf200 W 5 mni|200 W 10 mif

—4
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Table 2-4 Main process condition of dielectric kgc

Sample ONO

Main Procesg TEOS PECVD 350C 10 nm
800 C O, 30 min annealing
LPCVD SgN4 57 nm
TEOS PECVD 300C 10nm

Fig.2-1 Schem \
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Chapter 3

Experimental Results and Discussion
3-1 1050 CWet Oxidation

The low temperature direct thermal oxidation isasiigated in this thesis firstly.
Samples W0.5, W1, W2, W3, W5 were wet oxidize &A@ for 0.5 hr, 1 hr, 2 hr, 3
hr, and 5 hr, respectively. The thicknesses ofitleesamples are 9.5 nm, 14.6 nm, 20
nm, 26 nm and 32 nm in sequence. These thickndsssvare calculated from the
accumulation capacitance & Thickness as a function of oxidation time iswhan
Fig.3-1. The oxide thickness-saturates when thdabiin time becomes larger than
five hours. Deal-Grove model is used to calculate garabolic rate constant (B) and

linear rate constant (B/A). The formula is showté&iow.

t+t = XT;-F% , q.68-1)
where X Is the oxide thickness, is the time that consider native oxide, t is the
oxidation time. In the initial oxide growth perioithe X is very small. The linear term
(B/A) dominates. The linear rate constant is reldtethe reaction between SiC and
oxidants. If exidants diffuse through grown oxide axidize the underlying SiC
substrate and the product of CO molecules diffuseod the sample for long term
oxidation, the parabolic rate constant (B) domisdtee oxidation rate. This constant
is determined by the gas diffusivity at grown oxidde calculation procedures are
described in the next paragraph [21].

First, the thickness-oxidation time (t) plot igdd by a second order polynomial.
The t value can be extracted by the second order poliaidiitting as shown in

Fig.3-2. The extracted value is 0.43 hr. With the knownvalue, we can plot the

thickness (x) as a linear function of {J#&. The slope is parabolic rate constant (B)
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and intercept is A as shown in Fig.3-3. The paialrake constant is around 0.000287
¢ m?h. The linear rate constant is around 0.018/h. These two values are much
lower than those of silicon oxidation, and the ation rate of SiC is quite slow.

The C-V characteristics of sample W5 is shown op3-4. It is observed that the
C-V curves shift toward negative voltage axis wiitle decreasing of measurement
frequency, and the shape of the C-V curves chaslggstly at all frequencies. This
phenomenon is related to the response of the aaerstates near conduction band.
The deep level interface states can response tharddCAC signal at low frequency
since the deep level states have longer trappinigdatrapping time constant [39].
Significant separation-of-the-high-low C-V curveslicates that high interface state
density exists near conduction band edge.

It is expect that the shorter oxidation time samipées lower interface state
density due to fewer carbon cluster formation. ifterface state density extracted by
the hi-lo C-V method is shown in Fig.3-5. Therenis significant difference in
interface state density between Sample WO0.5, W1, W2 WS5. This result indicates
that a large amount of carbon clusters have beegnefd in 0.5 hr at 1050C. The
interface state density is around 5X10ri’eV™' at E-E = 0.4 eV. It has been reported
that the interface state density depends on welativn thickness in literature but the
oxidation temperature is 111Q which is higher than our experiment [40]. It is
seems that lots of carbon clusters saturate on lsaWp.5 because the oxidation
temperature is possibly not high enough for thiugiébn of CO.

The breakdowrcharacteristic of 13-15 devices was measured oh sample.
The breakdown voltage is defined at which the eurdensityd = 10 A/lcm?. Fig.3-6
shows the current density versus electric fiel@&)&haracteristics of the sample W1.
The samples with thinner oxide, W0.5, W1, and W#hilat wide distribution of

breakdown field while the samples W3 and W5 haghtér breakdown field
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distribution as shown in Fig.3-7. The breakdowidfief 8-9 MV/cm is achieved. The
reasons for large variation of breakdown field lwhher oxide sample (< 20 nm) are
possibly due to surface roughness. If the surfanghness of SiC is large, the electric
field is partially enhanced at certain positionBeTenhancement is more significant
on samples with thinner oxide. The oxides of sarple5 and W5 were removed for
AFM measurement. The AFM results are shown in F&(@) and Fig.3-8 (b). The
root mean squire (RMS) roughness on SiC surfadbeofwo samples are almost the
same and the roughness does not depend on oxideéks. The RMS value of
sample W0.5is 0.65 nm and that of sample W5 ig®@rbn. Therefore, it is suspected
that the surface roughness-is-the main reasoiméoedrly breakdown observed on the
thin oxide samples. In summary, although wet oxumhatesults in high interface state
density, the breakdown characteristic is relialsi¢h@ oxide is thicker than 26 nm.

The current transport mechanism is investigate€ttiyg the I-V characteristics
with various transport models. The Fowler-Nordhebarrier height (g rn) IS
extracted by eq. 2-5. First, the In(3)/&ersus 1/E plot in the field of 6~10 MV/cm
region is shown in Fig.3-9 (a). The slope giveshibgier height®g gn. This value is
related to the conduction band offset between, &i@l SiC. The theoretical value of
Opg is 2.7 eV. The extractedD g ry values are shown in Fig.3-10. Th&gen
decreases as the oxide thickness decreases. Thsélposeason is the surface
roughness of the SiC substrate. The enhancedielield causes the effective barrier
height lowing. Sample W3 and W5 have barrier helgiger than 2.7 eV. The reason
is still unclear.

The Schottky-emission (SE) mechanism is examinedrdmg to eq. 2-6. The
In(J/AT?) versus B? plot is shown in Fig.3-9 (b). The intercept ofdar fitting of plot

is related to the Schottky emission barrier height sg and the slope of plot is
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dielectric constant. The extracteflg s value is shown in Fig.3-10. These values are
slightly smaller than the theoretical value of V. Dielectric constant extracted by
eqg. 2-6 is shown in Fig.3-11. Those values areecextty lower than the theoretical
dielectric constant of 3.9. Furthermore, the Frefikbole (FP) emission barrier height
(dgrp) and dielectric constants are extracted by eq. Phe In (J/E) versus’€ plot
is shown in Fig.3-9 (c). The slope of the In (JiEysus E? plot is related to the
dielectric constant and intercept of the plot isriea height. The extractedD g rp
value is shown in Fig.3-10. These values are ahd@iteV. The extracted dielectric
constant is shown in Fig.3-11. The values of samg®5 and W1 are close to the
theoretical dielectric. constant of 3.9 but the otsamples have extremely lower
dielectric constant.

In summary, FP emission is the main transport mashafor samples WO0.5 and
W1 but the mechanisms for samples W2 W3 and Wstrainclear. The electrical

properties of all of the wet oxidation samplessarmmarized in Table 3-1.

3-2 High Temperature pO Oxidation

The ‘gate dielectric of sample HT is grown by theeclly oxidation at 1300C

in N,O ambient and is provided by the Industrial Techggl Research Institute

(ITRI). The effective oxide thickness is 104 nm.elligh frequency and quasi-static
C-V characteristics are shown in Fig.3-12. These @V curves are very close which
implies that the interface state density is very it conduction band edge. Fig.3-13
compares the extracted interface state densitgropke HT with the sample W5. It is

clear that the interface state density of sampleidHfiuch lower than that of the wet
oxidation sample. The interface state density aE E 0.4 eV is about 4.67x1b

cm’eV! on sample HT.
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The breakdown field distributions of sample HT aaple W5 are shown in
Fig.3-14. The breakdown field of sample HT is lowwkan the sample W5. It is
suspect that the lower breakdown field is due te thick oxide. As the oxide
thickness increases, the process induced defecysinneease. These defects may
percolate to a leakage path so that the breakdsweduced. The extracted electrical

properties of sample HT are summarized in Table 3-2

3-3 N,O and'NRH Post-Oxidation Annealing

The gate dielectric of sample N was grown by wedtlaton at 1050°C for one
hour followed by NO annealing for 1 hr at 110@. This sample is designed to
investigate the low temperature;® annealing effect. The wet oxide thickness is
around 14.6 nm and the final gate dielectric thegsincreases slightly to 15 nm after
N.O annealing. The gate dielectric of sample NH wasvg by wet oxidation at 1050
‘C for.one hour followed by a 1.5 hr Nligost-oxidation annealing. After that, a
50-nm-thick nitride was deposited. The nitride dgpon is used to increase the EOT
to around 50 nm without high temperature oxidati®ample NOH experienced
sequential DO and NH post-oxidation annealing. After that, nitride laye®as
deposited. The cross-sectional TEM micrograph ofida NOH is shown in Fig.3-15.
The actual silicon dioxide layer is around 12.8-fimek. A 2~3-nm-thick interfacial
layer is formed between the;Nj layer and the SiPlayer. This interfacial layer is
identified as SION by EDS analysis. The thicknesthe SgN4 layer is around 33 nm.
The high frequency C-V characteristics of sample, W1 NH, NOH and HT are
compared in Fig.3-16. Samples W1 and N exhibit almdentical C-V curves and
flat-band voltage. The flat-band voltage does nbift ssignificantly after NO

annealing. This phenomenon indicates that no mibeetere charges occur after,®
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post-oxidation annealing. The C-V curves of samp\#$ and NOH are slightly
“stretched-out” compared to that of sample W1. idason will be discussed later.

The interface state density extracted by hi-lo @sthod is shown in Fig.3-17.
Either NO annealing or Nglannealing can improve the interface quality sepra
Among them, sample NOH has the lowest interface stansity except the sample
HT. This result indicates that the® and NHtreatment has superposition property.
The values of the interface state density of sasihleNH, and NOH are 3.87 x10
3.67 x10%, and 2.92 x18 cni’eV/’; respectively, at EE = 0:4 eV. The mechanism of
interface state passivation is related to nitrggé&nup at SIQISIC. Possible chemical
reaction of NO annealing-has been proposed in ref [4L0OMecompose to Nand
O, at high temperatureQeacts with MO to form NO. The NO diffusion in SO
causes the nitrogen piling up.

The I-V characteristics of samples N, NH, and NQBE shown in Fig.3-18 (a),
(b), and (c), respectively, and the breakdown faktribution is shown in Fig.3-19.
Although sample N' has higher Median breakdown figddn sample W1, the
breakdown field variation of sample N is similartteat of sample W1. The higher
Median breakdown field implies that the oxide qtyain bulk is improved by BD
annealing. The large variation implies thaitCNannealing does not smooth the SiC
surface roughness. The Median breakdown fieldosrad 10 MV/cm on sample NH
and sample NOH and the distribution is quite tight.

Early breakdown phenomenon occurs on samples W15 W2, and N. These
samples have thin wet oxide as gate dielectric.ebidy breakdown is observed on
sample NH and NOH. The main difference betweenethe® groups is the nitride
deposition. The early breakdown is attributed tmesaveak spots in the dielectric. If
the weak spots in the wet oxide do not coincidé wie weak spot in the nitride layer,

early breakdown could be suppressed because cpatints hard to form. Using gate
31



dielectric stack to improve dielectric yield hasbestudied in 1990s [42] and can be
used on SiC MOS devices. The extracted electricgigrties of samples W1, N, NH,

and NOH are summarized in Table 3-3.

3-4 NH; Plasma Treatment

In this catalog, SiC substrate was wet oxidized(80 C for 5 hour followed
by NH; plasma treatment. The plasma treatment was pegtbahonly 300C. This
is the lowest thermal budget in this thesis.

The C-V characteristics of sample P150.10 is shimwkig.3-20. We can see the
quasi-static C-V and high frequency C-V curves\agy close, which indicates that
the interface state density is reduced bygkasma treatment. It is supposed that the
nitrogen provided by NEl could passivate the C-cluster-like defects. Howewe
0.5~1 V positive shift of flat-band voltage is obssl on all of the plasma treated
samples as shown in Fig.3-21. The shift and vamabif flat-band voltage depends on
neither the plasma power nor the treatment perradthermore, the variation of
flat-band voltage after plasma treatment is lathan that before plasma treatment.
The origin of the negative charges is not cledahigtmoment.

The interface state densities atEE= 0.4 eV of the plasma treated sample&E
= 0.4 eV are compared in Fig.3-22. All of the sagspéxperienced plasma treatment
has apparently lower interface state density tharréference sample W5. The trends
of interface improvement by plasma treatment at \W6@nd 200 W are similar. The
interface state density decreases as the plasmtm@rt time increases from 2
minutes to 5 minutes and gradually saturates aplt#tsena treatment time increases to
10 minutes. At the same plasma treatment time, \B0@esults in slightly higher

interface state density than 150 W. It is suspettitatihigher plasma energy produces
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additional interface defects due to the strongeliateon. As the plasma energy
decreases to 100 W, the interface state densityages at around 2x¥ocm?ev?
even if the treatment time extends to 15 minutes thus concluded that 150 W 10
minutes is the optimized condition. Lower energyreat passivate interface states
effectively. Higher energy would generate additlod@fects. The improvement
saturate after 10 minutes. Longer treatment tirmoisiecessary.

The breakdown field distributions of the plasmatneent sample are shown in
Fig.3-23. Except few early breakdown devices, tis&ridution of each sample is very
tight and the breakdown field is within 8-9 MV/cithis value is almost equal to the 5
hours wet oxidation sample- W5, which means thenpaseatment process does not
damage the bulk quality of the thermal oxide. Th&aeted electrical properties of

the plasma treatment samples are summarized ie Badl

3-5 Dielectric Stacks

In"previous sub-sections, a wet oxidation at 1060was performed and it is
observed that the C-cluster-like defects has beduraged at this process. In this
section, we -evaluate the interface quality by dirdepositing a plasma vapor
chemical vapor deposition (PECVD) oxide on SiC s@de. No oxidation of the SiC
substrate is performed so that the C clusters memiduring wet oxidation process is
avoided.

Sample ONO has an oxide/nitride/oxide sandwiched deelectric. The top and
bottom oxide layers are PECVD oxide. The middlestayg a LPCVD nitride. The
C-V characteristic is shown in Fig.3-24. We can gggarent C-V distortion and large
separation between quasi-static C-V and high frequeéC-V curves. This indicates

that very high interface state density exists nba& conduction band edge. The
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flat-band voltage of sample ONO is 5.64 V whichicades a large effective oxide
charge of -1.65x18/cn?. These negative charges may exist at the oxidielnit
interfaces or the traps in the nitride layer.

The interface state density extracted by hi-lo @®sthod is shown in Fig.3-25.
The interface state density of sample ONO is mughdr than that of the wet oxide
sample W5. This result indicates that suitable abah or post deposition
oxidation/annealing must be performed. The breakdéeld distribution of sample
ONO is shown in Fig.3-26. A wide distribution issaloved. In sub-section 3-3, it is
observed that the nitride/oxide stack can reduce kheakdown field variation
effectively, however, sample-ONO still exhibits wibreakdown field variation. It is
suspected that the quality of the bottom PECVD exsltoo poor. It should be noted
that as the bottom oxide is leaky, electron camélimto the nitride layer easily. This
may explain the large amount negative charges leaéz from the high. flat-band
voltage. The extracted electrical properties of @@n©ONO is summarized in Table

3-5.

3-6 High Temperature Measurement

As has been mentioned in chapter-2, the interfeatesscan be measured is in the
range of E-E = 0.2~0.6 eV at room temperature. To extracpdeeel interface states,
high temperature measurement would be required déke level interface states can
respond measurement signal at high temperaturep el interface states up to
Ec-E = 1.6 eV can be detected at 523 K as showngr2H. In this sub-section, deep
level interface states of samples NOH, HT, and PlXb@re measured because these
samples have the lowest interface state densegch category.

The high frequency C-V characteristics of sampleH\N& various temperatures
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are shown in Fig.3-27. The flat-band voltage dessdrom 0.5 V to 0.24 V as the
temperature increases from 298 K to 523 K. Thelf&atd shift is almost equal to the
change of work function difference between Al anld-3iC when temperature
increases. When sample is cooled down to room teatyre, the C-V curves return to
its original position. The quasi-static C-V chamgtics of sample NOH at 298 K and
523 K are shown in Fig.3-28. No significant C-Vfsig observed when temperature
goes high but a visible distortion at high tempamatis observed. This distortion
implies that more deep level interface states agasured at 523 K.

Interface state density measured at various terpesof samples NOH, HT,
and P150.10 are shown-in-Fig.3-29, Fig.3-30, argl3F31, respectively. The full
range interface state densities of these three Isanape compared in Fig.3-32. The
highest value of the interface state density measat different temperatures is
selected to plot this figure. Sample HT has theelsiwnterface state density in the
range of BE = 0.2-0.8 eV. As EE > 1 eV, the three samples have the same interfac
state densities. These results indicate that allthef interface state passivation
techniques can reduces the shallow level inter&ates only. Sample P150.10 has
higher interface states in the range of 0.6-0.8cexhpared to other samples. The
plasma treatment does not passivate the interatessin this range and additional
interface states were produced. The states neaucbon band are usually regarded
as accepter-like traps. Those traps usually captleetrons. The trapped electrons
cause the C-V positive flat-band shift.

To understand if the interface state passivatioattisbuted to nitrogen or not,
depth profiles of N, H, O, C, and Si were analyZgg secondary ion mass
spectroscope (SIMS). Fig.3-33(a) shows the SIMSfilpso of the HT sample.
Nitrogen pile-up at the SKISIC interface is observed. However, the nitrogee-yp

phenomenon is not observed on the samples NOH dfd.F0 as shown in
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Figs.3-33(b) and (c), respectively. A peak of hypho signal at the SHBIC interface
is observed on each samples. It is not clear & pleiak is due to hydrogen pile-up or
due to the matrix effect of the SIMS analysis.

We speculate that nitrogen radicals diffuse throogide slowly. The oxide layer
on SiC is thicker than 13 nm. If the process temaee is not high enough, the
amount of nitrogen radicals reaching the $8IC interface is not large enough.
Sample HT is directly oxidized at high temperatin®&,O ambience so that nitrogen
obviously piles up.at the interface. These wouldl@x the reason why the interface
state density is not effectively improved by lowmfeerature processes. Plasma
treatment has the lowest-thermal budget. Only hyeinocan reach the SiSiC
interface. It is suspect the hydrogen can passsfadiow traps but not deep traps so
that the interface state in the region of 0.5-O8i® not improved on the plasma
treated sample P150.10.

Fig.3-34 shows the quasi-static C-V of sample PIGOANn abnormal peak
occurs.as the measurement temperature is highed#faK. The large peak occurs at
around \&= 1V, under which the SiC surface changes fromkwmeaersion to
depletion state. The I-V characteristic of sampl®&@®10 at various temperatures is
shown in Fig.3-35. We can see a current peak ainards= 1 V as the temperature is
higher than 473 K. The peak position is the sanmhasof the quasi-static C-V peak.
Those abnormal phenomena are explained as follow.

The quasi-static C-V is obtained by measuring cureand then convert current
to capacitance by C = I/(dV/dt). As the gate vadtagmped down from positive
voltage toward negative voltage, mobile ions inegdielectric will be drifted from
SiC substrate toward gate electrode. The mobileimoluced current adds on the
capacitance displacement current, therefore, actapae peak is recorded. This

phenomenon is identical to that observed on thesorement of mobile ion by the
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triangular voltage sweep (TVS) method. Fig.3-36¢apws the quasi-static C-V
characteristic and the high frequency C-V measatéi23 K. The mobile ion density
is estimated to be 3.97x%0cnmi®. Mobile ion density is also extracted by the bias
temperature stress (BTS) method. The temperatud@3sK and the bias i£1.33
MV/cm. The stress time is 30 minutes. The high desgcy C-V characteristics are
measured at room temperature after negative anitiveobias stress as shown in
Fig.3-36(b). The Mobile ion.is calculated from tfiat-band voltage shift and the
result is 1.65x18 ecm?. This value is consistent with that extracted hg TVS
method. Thus, we conclude that the peak of theieptiatic C-V curve is attributes to
mobile ions and the peak-does-not occur in the highuency C-V curve because
mobile ions can't respond the stepping of the b&is even at 523 K.

The quasi-static C-V curve of sample NOH has noatheormal peak. Fig.3-37
shows the high frequency C-V curves after negdiias stress and positive bias stress
at 523K for 30 minutes. The electric field is 1 M¥WI. The mobile ions of this sample
are lower than the detection limit of this BTS cwioeh. This result implies that the
mobile ions observed in sample P150.10 is closelgted to the wet oxidation
process because abnormal quasi-static C-V peak aadsors at sample W5The

quasi-static C-V curve of sampleW5 is shown.in $88.

3-7 Summary of Interface State Density Characteristic

Interface state densities of representative sanipleéss thesis are shown in Fig.
3-39. Sample ONO has the lowest thermal budget. évew it has the highest
interface state density among all samples. It$s suspected that the PECVD oxide
on SIiC exhibits poor quality. Further analysis Bquired. Various nitridation

processes such as@® oxidation, NO post-oxidation annealing, NHbost-oxidation
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annealing, and NHplasma post-oxidation treatment can reduce therfade state
density. The NO post-oxidation annealing and hllgost-oxidation annealing have
superimposed effect (sample NOH). However, suitaNld; plasma treatment
achieves the lowest interface state density ambegetlow thermal budget samples.
The interface state density a+E = 0.4 eV of sample P150.10 is 1.37X10n%eV™.

It should be noted that the interface state densftythe high temperature ;0
oxidation (sample HT) is 3 times lower than thasample P150.10. To achieve very
low interface state, novel low thermal budget psses must be developed. Otherwise

high thermal budget process is still unavoidable.
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Table 3-1 The electrical properties of all of thestwoxidation samples are

summarized.

Sample WO0.5 w1 W2 w3 W5
Effective Thickness (nm) [9.5 14.6 20 26 32
Average Vig (V) 0.29 0.25 0.252 0.28 0.563
3‘;(:{? eV at Bk = 5.91x13* |5.75 x16" [5.02x134.8x10" |5.47x16"
Median value of

Breakdown Field 7.54 6.7 8.93 8.83 9
(MV/cm)

Standard Deviation 1.24 2.1 1.54 0.2 0.75

Table 3-2 The electrical properties of high tempaeaNO sample is summarized.

Sample HT
Effective Thickness (nm) |104
Average Vg (V) 0.12
3‘;((3 R ST
Median value of

Breakdown Field 6.11
(MV/cm)

Standard Deviation 1.41
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Table 3-3 The electrical properties of all gfONand NH post-oxidation annealing are

summarized.

Sample w1 N NOH
Effective Thickness (nm) [14.6 15 37.9 39.36
Average Vig (V) 0.25 0.31 0.56 0.52
3‘;(:\7] eVHAEE= | a6 87adlse7xadt [2.o2xadt
Median value of

Breakdown Field 6.7 9.88 10.5 9.69
(MV/cm)

Standard Deviation 2.1 3.21 0.76 0.82

Table 3-4 The electrical properties of all of Npbst oxidation plasma treatment are

summarized.

Sample W5 P100.10 P100.15 P150.2 P150.5
Average Vrg (V) 0.563 1.04 0.936 1.048 0.955
5_‘;20\?1 SN B 5.47 x1042.23x16*  |2.23x14"  [3.15x10' |1.44x18*
Median value of

Breakdown Field 9 8.07 9 9.02 9.05
(MV/cm)

Standard Deviation 0.75 0.23 1.85 0.88 1.05
Sample P150.10] P200.2 P200.5 P200.10

Average Vig (V) 1.04 1.11 1.19 1.07

Di cm?eV?Y) of E-E =  [1.37x16*|2.79x1d*  [1.99x16*  [1.84x1d"

0.4eV

Median value of 8.94 8.51 9.07 9.23

Breakdown Field

(MV/cm)

Standard Deviation 1.87 0.64 0.36 0.19
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Table 3-5 The electrical properties of dielecttamcks sample is summarized.

Sample ONO
Effective Thickness (nm) 67.8
Average Vig (V) 5.64

D (cm?eV™) of E-E = 0.4eV 1.67x1¥

Median value of Breakdown Field (MV/cm)}8.56
Standard Deviation 2.97
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theoretical barrier height is 2.7eV for FN and SE.
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Fig.3-11 Dielectric constants extract from FrenReble (FP) and Schottky emission

(SE) as the function of wet oxidation time. Thedtietical dielectric constant is 3.9.
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Chapter 4

Conclusions and Future works

4-1 Conclusions

In this thesis, the effect of low thermal budgetqasses on the improvement of
the interface state density for the S®IC interface is studied. In the beginning the
wet oxide characteristics were evaluated. The \lewy oxidation rate of SiC is
modeled by Deal-Grove model. It is observed thataxedation samples have higher
Di; at the SIQISIC interface and the C-V shift at different measoent frequency is
due to difference response time of interface st@gferent wet oxidation times result
in almost the same D Thevalue isaround5x10" cmi’eV* at E-E = 0.4 eVThis
result indicates that C clusters saturate after exedation for 30 min because the
temperature is not high enough for CO out-diffusidine wide distribution of
breakdown field occurs at thinner oxide sample @nrd) because of surface
roughness

Sample HT has the lowest;In this study. The value is 4.67X2@m?V?* at
E.-E = 0.4 eV. The relatively low breakdown fielddse to large amount of defects in
the thicker oxide. These defects may percolatedarieent path easily.

Both N,O and NH post-oxidation annealing can slightly improve Because
nitrogen may pile up at interface. It is also okedrthat the PO post-oxidation
annealing and Nkl post-oxidation annealing have superimposed effEee D; of
sample NOH can be lowered to 2.92 ¥1€ém?eV? at E-E = 0.4 eV. Sample N has
lager breakdown field than sample W1. This resugigests that )0 annealing can

improve breakdown field but the variation is didfge. Samples NH and NOH, with
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nitride capping, have high and uniform breakdoveidfibecause the defects in oxide
and nitride would not coincide to form leakage path

The NH; plasma treatment method has the lowest thermajdiud this study.
Significant large Flat-band voltage shift is duentgative charge generation during
plasma treatment. The degree of ilprovement does not depend on plasma power
but depend on plasma treatment time. The reastheidiffusion of radicals through
oxide into interface is related to treatment tifilee improvement saturates at 10 min.
The D; of sample. P150.10 is as low as 1.37X1@m%eV > at E-E = 0.4 eV. The
plasma treatment is a better process than theguade- nitridation because of lower
thermal budget and lowerDBreakdown field of plasma treatment. sample isesam
sample W5. The ONO stack formed by CVD processasand C transition layer at
interface but the Pvalue is even larger than that of the wet oxidagamples and is
not practical.

High temperature measurement was performed toatxitra deep level D It is
found that all of the Pimprovement methods have the almost identical deegl
traps. It'is thus concluded that all of the improvement methods evaluated in this
thesis can passivate shallow level interface stamelsis not effective for deep level
interface states.

Secondary ion mass spectroscopic analysis showsegeit pile-up at the
SiO,/SIC interface on the sample HT. This phenomenarotsobserved on the other
samples. It is suspected that the diffusion ofoggn radicals in SiQis slow. If
nitrogen incorporation is processed after Sywth, there are not sufficient nitrogen
radicals can reach the interface at low thermabbtigrocesses.

The lowest interface state density achieved in thesis is sample P150.10.
However, the interface state density of this sanmplstill higher than the interface

state density of the sample with high temperatw® Nxidation (sample HT) by 3
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times. Furthermore, the thermal budget of the ptagreatment is too low. Only
hydrogen can passivate the interface states. suspected that hydrogen can only
passivate shallow level interface states and doestffect the interface states deeper
than 0.5 eV. Although the current result is acdelptdor MISFET application, to
achieve very low interface state, novel low therimadiget process must be developed

otherwise high thermal budget process is still widable.

4-2 Future works

In this study, some important results have beennsanized in previous section.

However, many works are worthy for further inveatign. They are listed here.

1. The source of the negative charges after plasnantent is not clear at this
moment. Further material analysis will be perfornrethe future. Those negative
charges may degrade the channel mobility du€dalomb scattering. How to
reduce negative charges is an important issue.

2. The sample HT has low breakdown field due to tloglde. We try to repeat the
process of 1300C N,O-grown oxide and reduce oxide thickness to improve
breakdown characteristic in the future.

3. Except the samples WO0.5 and W1, the current trabspechanisms for other
samples are still unclear. The further investigat various temperatures would
help on clarifing the transport mechanism.

4. The thinner (10 nm) PECVD oxide deposition on SH3 lharge leakage current
and poor interface quality. The reason is not cleathis stage. We doubt the
stoichiometric ratio of PECVD oxide is not theocati at initial deposition stage.
The stoichiometric ratio of PECVD oxide will be deted by SIMS and XPS

analysis.
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. In order to operate at high voltage and high tewupee for a long time, the
reliability of the gate dielectric must be investigd. Poor SiC MOS lifetimes
below 1000 s at 6 MV/cm and 350C has been reported in literature [43].
Bias-stress-induced threshold-voltage instabilitye do electron tunneling from
the oxide traps is observed [44]. Therefore, rdltgbof the MIS structure
fabricated by the low thermal budget processesqseq in this thesis should be
evaluated carefully. Time rdependent dielectric kdesavn (TDDB) and bias
temperature instability (BTI) will'lbe ' measured e tfuture.

. The hydrogen and nitrogen can passivate C-clugter-defects during NK
plasma. treatment -but-the thermal stability is asuesfor high temperature
MISFET processes application. Hydrogen may escape interface during high
temperature processes. If Bliplasma treatment will want to be embedded in
MISEET processes, the thermal stability of \Ntlasma treatment—MIS-capacitor
will'be further investigated.

. Thedeep level (EE > 1 eV) L} is not passivated for all samples as mentioned in
previous cheaper. How to reduce deep leyeisDvorthy to investigate.

. In addition_to nitrogen passivation, it has beegporeed that fluorine passivation
can reduce interface state density at the,/SiOnterface [45]. It is worthy to
evaluate the effect of fluorine passivation on Substrate. Several processes can
be considered. They are LClplasma treatment, NFannealing, fluorine ion
implantation, and so on.

. If we want obtain lowest P the high temperature,N is needed in recently stage.
We will try to fabricate planar SiC MISFET in neyg¢ar. NH—plasma-treatment
and 130QC N,O will be embedded in SiC MISFET. The source arainddopant

activation issues need further investigation.
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