ABSTRACT

YANG, XIANGYU. Dielectrics and Interface Engineerifgy Silicon CarbideMetal Oxide
SemiconductorField Effect TransistorgUnder the direction of Dr. Veena Misya

Silicon carbide (SiC) is one dhe most promising substrate materials for future power
switching devices due to its wide bandgap, high thermal conductivity and high breakdown
electrical field. SiC metal oxide semiconductor field effect transistor (MOSFET) has been
researchedor decades. However, the achieved electron mobility on the silicon face-of 4H
SiC remains lowTypical SIC MOSFETSs use thermally grown oxide (§i&s the gate oxide.
High density interface statesi(Dnear the conduction band edge leads to poor SiC MOSFE
mobility and the origin of the Dis attributed to various carbon related deféatmed during

high temperature oxidatioi this work to avoid defects associated with thermal oxidation,
low temperature Si©deposited by atomic layer depositiohLO) has been investigated as

the gate dielectric for SiC MOS devices.

The impacts ohitrogen and nitrous oxide () post deposition anneal (PDA) on the ALD
SiO, properties were studiett. has been found that the ALD SiGhows negative effective
charges b ntype SiC resulting inhigh flatband voltageHigh temperature pO PDA
improves the overall dielectric properties and reduces the negative effective charge density.
With ALD SiO, after NO PDA, similar field effect mobilityhas been achieved with higher
threshold voltage as compared to the conventional SiC tramssigtbr thermal oxideafter

nitric oxide (NO) anneal

Various interface engineeringgchniqueshave been developed to achieve high threshold

voltage and high mobility SiC MOSFET on thef&ce. By independently controlling of the



interface and bulk dielectric properties, high mobility as well as higrsiimid voltage was
achieved. A novel interface engineering process uaingpanumsilicate (LaSiQy) has been
demonstrated and reported for the first tiffilbe incorporation of an ultra thihaSiQ; layer

dramatically improves the field effective mobilittMore than 130 cAiV*s peak mobility

with a Vr of 3.1 V has been achieved using th&SiO, interface engineeringlhe electron
mobility of MOSFET with optimized L3iO,/ALD SiO; dielectric stack is limited by the
phonon scattering, whereas mobility witimlyp ALD SiO; is limited by the coulomb

scattering.

The ALD SiGJ/Al,O5; electrical dipole effect was explored f&C MOSFET threshold
voltage tuningThe ALD SiQy/Al,O; dipolewas demonstrated on SiC for the first tirfibe

dipole effecincreagsMOSFETthreshold voltagand no device degradatisobserved.
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Chapter 1

Review of 4HSIC MOSFETs

In this chapter, 4F6iC material properties and its potential applications for power
electronics will be briefly reviewed. Sulegesntly, the introduction will focus on efforts to

improve 4HSIC MOSFET mobility.

1.1 Overview of SiC and devices

Tablel.1. Material properties of most common SiC polytypes [1, 2, 3].

Polytype 4H 6H 3C

Crystal structure

Wurtzite Wurtzite Zinc Blended
Bandgap [eV]
3.24 3.03 2.2
Electron affinity [eV]
3.1 3.3 3.8
Bulk Mobility [cm*V s]
720-900 370 1000
Critical field 10 [V/cm]
3 2.32.4 15

Thermal conductivity 300K [W/cm K]
4.5 4.5 3.2




In the past two @cades, Silicon Carbide (SiC) based power devices have attracted
significant research interest, due to superior electrical properties of SiC, especially for 4H
and 6H SiC polytypes {B]. As shown in Table 1, these properties include wide bandgap,

high crtical electrical field and good thermal conductivity.

The polytypes are determined by-Giatomic arrangement and stacking sequence in the
<0001> direction of the crystal. Among the common SiC polytypesSiHis considered to
be the most promising one elto its wider bandgap and higher bulk mobility compared to
the other polytypesThe materials properties of Si, 45iC and Wurtzite GaN are listed in

Table 2.

Si based poweketal Oxide Semiconductor Field Effect Transistors (MOSFEMsulated

Gate Bipdar Transistor (IGBT)and Thyristors are the dominant power switching devices in
the market today. Both SiC and GaN based devices are promising post silicon power
switching devices due to its wider bandgap and significantly higher breakdown electrical
field than Si, further materials optimization is necessary to achieve the ultra high voltage

operation.

Table 2 also compares various figures of merits of the three semiconductors: the Baliga's
Figure of Merit (BFOM) represents the on state resistive losd:FH®OM is Baliga's High
Frequency Figure of Merit representing switching loss; HTFOM is the Thermal Figure of
Merit for thermal handling capability and CFOM is Combined Figure of Merit for overall

assessment [4, 5, 6].



Tablel.2. Material properties of Si, 43iC and Wurtzite GaN [7, 8].

Material Si SiC-4H GaN
Bandgap [eV] 1.12 3.24 3.42
Relative dielectric constant 11.7 9.7 9
Electron mobility[cm?/V*s] 1360 720900 1200(Bulk)
13002000(2DEG)
Saturation velocity [1&m/s] 1.0 2.0 2.5
Critical field [MV/cm] 0.3 2.2-3 2.33.3
BFOM normalized to Si 1 220-440 200-900 (bulk)
BHFFOM normalized to Si 1 45 36-98
Thermal conductivity 300K 1.3 4.5 1.2
[Wicm*K]
HTFOM normalized to Si 1 0.6 0.1
CFOM normalized to Si 1 250-280 100210
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Both 4HSIC and GaN show superior material properties than Si for power switching
application and thus it is expected that in the fytahe two materials will compete for

certain market sectors based on the power rating as shown in Fig.1. Furthermore, for higher



power or breakdown voltage (BV) above 1200V, SiC based devices have more advantages

due to the materials limitations of GaN.

At the present time, other than diodes, limited amounts of SiC based switchingsdare
commercially available in the market, such as Double Diffusion MOSFETs (DMOSFETS)
and Junction GatEield Effect Transistor6€JFETs) from various companies. This section will

focus on process optimization of SiC lateral MOS devices.

Although MOSFEE on 4HSIC have been studied for decades, the typical channel mobility
achieved for rchannel devices is significantly lower than the bulk mobility. Hence, the
primary goal of research activities in SMIOS field continues to focus on improving the

electon mobility.
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Figurel.3. Defects in the bandgap and their approximate density of Si and SiC [9].



It is necessary to understand the source of these defects and improve fabrication process to
eliminate them. In addition to mobility enhancement, high enough threshold es¢iay)
is also critical operation for power devices and thus any mobility enhancement must also be

commensurate with high threshold voltages.

The inversion mobility of 4K5IC MOS devices remains extremely low compare to the bulk
mobility. To date, the daoinant gate dielectric material of SiIC MOS devices is thermally
grown SiQ. Although SiC has the advantage of being able to grow high quality 1O

direct thermal oxidation, removal of carbon atoms from the substrate during the oxidation
remains challengg. The primary reason for low SiC MOSFET mobility is the high interface
states ([}) near the conduction band, which are attributed to dangling silicon bands and
carbon related defects formed during high temperature oxidatiéa][Specifically, these
interface defects are combinations of near interface traps, dangling Si bonds at the SiC/oxide
interface (g centers), trivalent Si defects in the oxide (E' centers{;-6ibonds, and various
carbon interstitials [1114]. As shown in Fig. 1.3, these defeare classified into three types:

near interface traps, carbon clusters and dangling Si bonds. The near interface states capture
electrons and become coulomb scattering centers, which severely reduce the inversion
mobility. Typical near interface states 4HSiC/SiG; interface in the upper band gap are
acceptoilike traps, which are negatively charged when electrons are trapped by these traps
[9]. The structural of silicon face (0001) 4%IC /SiQ interface is believed to lead to high
density of danglingSiC bonds, which can be passivated by hydrogen anneals. In literature,

the dangling Si bonds play a minor role in mobility SIC MOSFET using thermal oxide,



compared to the overall interface states, and thus hydrogen anneals have minimal effect on
mobility. However, the dangling bonds may have stronger impact on devices using deposited

oxides.

The carbon related defects are formed during oxidation when there is not sufficient oxygen to
oxidize carbon into CO or GOand subsequently be released [12]. Rebems have
proposed that the presence of high concentration of C atoms in the substrate in the form of
carbon single interstitials (Ci) have a{.3eV migration barrier height in the 45IC lattice

[13]. Others have proposed clustered carbons explasafibh]. The most commonly
reported cluster is the carbonidterstitial, or (Ci} [14]. (Ci), can bond to the lattice by the
double GC bond and two &i bonds. This cluster has a migration barrier as highGes/5

and therefore it is stable in the ladi After examining the energy levels of (Cn SiC
bandgap, Devynclet al. claim that the cluster is negatively charged type SiC with

energy levels close to the conduction band edged(@teV or Ec0.23eV) and positively
charged in gype at 0.9 eV or 0.71eV from the valence band edge [13]. In either case, the
charged defects act as the coulomb scattering centers, especially for the ones located in the

vicinity of conduction band.

Other than the above mentioned defects associated with thexidelor SiC/oxide interface,

the crystal defects in the SiC epitaxial layer also effect the device overall performance. Point
defects created or propagated during epitaxial growth and defects formed during high
temperature annealing process, such aspbtwas dopant activation anneal at 1€50are

known to be deep levels in the bandgap [15]. These deep levels are believed to be minority



carrier lifetime killers and thus negatively impact SiC diode performance [15]. As far as
MOSFET inversion mobility igoncerned, the shallower traps have stronger influence on the
mobility than the deep levels. In addition, the major SiC defects such asfdisyrcarrots,
triangular defects, and micropipes are extremely detrimental to device operations but these

defecs can be eliminated with improved crystal growth technology [9].

Finally, the surface roughness of -&#C wafers should not be ignored due to offixis
cutting of typical commercially available 46iC wafers. To avoid cubic SiC phases
inclusions in the4H-SiC crystal during epitaxial growth, the substrate are cut as high as 8
off the caxis toward <1420> direction. The statef-the-art MOSFETSs fabricated on lower
angle offaxis Stface substrates do not show higher peak mobility than the ones on higher
angle oftaxis wafers [16]. However, with improved mobility, the surface roughness could

have a strong impact on the peak mobility and the mobility at higher electrical field.

Devices fabricated on different faces of-8C have also been studied’{19]. The carbon

face (0001) of 4H-SiC is known to create challenges to control the doping in the epitaxial
layer and contains higher interface states density after oxidation than the-fsitteofi7].
Devices built on the-gace (13220) show promisingnobility results and thinner interfacial
layer [18, 19]. The progresses orfage will be discussed in this chapter. The device
properties require further investigation for potential applications and the quality and
availability of such substrates must bmeproved. Therefore, in this work, the literature

review and experiments focus on the most commeac® of 4HSIC.



In summary, it is commonly believed various defects associated with high temperature

thermal oxidation are the culprit of low electroniiby.

1.2 Mechanisms of Mobility Degradation

From a device physics point of view, the mobility degradation mechanism can be
modeled as a combination various carrier scattering processes, including coulomb, surface
roughnessand phonon scattering quesses. These scattering mechanisms have different
dependences on temperature and electrical field, and therefore modeling can be performed to
fit the experimental data and evaluate the contribution of each component. Furthermore, the
bulk mobility also imits the device mobility when the mobility is or the measurement
temperature high enough. However, at the present, the bulk mobility is significantly higher
than the other mobility components at measurement temperature from room temperature to

highest prposed operating temperature for-&C devices.

Based on Mat hiessenos rul e, the tot al |l ow f |

of the individual mobility terms. The total low field mobility can be written as:

- — — — —8 P&

€8, G €ph@ N dy are mobility terms determined by bulk mobility, coulomb scattering,

phonon scattering and surface roughrsesdtering, respectively [ 20, 21].
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The bulk SiC mobility along the-axis is:

=|°
Cs -< =]
|

¢

pg

wh e g (500 cni/V*s) is the maximumlow i | ed bul k gmednd Neiatey [ 2 0]
parameters from simulations and experimental results [20]. At room temperature (300K), the

bulk 4H-SiC mobility is significantly higher than any other mobility component.

The mobility compnent related to acoustic phonon scattering is given by the following

equation:

nNQ” 6 .
ya‘a dQ"

[o})

where h i s t hesisRheaeal ddnsitgof 8i@, s she sound velogty in SiC,
m* is the density of states effective mass, imthe conductivity effective massaZhe

surface phonon deformation potential, agdskthe Boltzmann's constant, respectively.

The mobility resultsrom coulomb interactions from fixed oxide charge and trapped interface

states are given by:

- - QY
n “

p8

M‘| m-
¢

n
&

C:

whewesUt he per mit tsicisihe permitivity of SiC, Bis thexssundaf all U

surface charg density including fixed charge density and trapped interface states density, n
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is the surface electron density,ins a proportionality factor, a

(0.5).

The low field mobility component limited by surface roughness soagtewhich is a

complicated phenomenon for oxide on SiC, is given by:

w h e K i8 a donstant related to interface properties, and gerpendicular elé&dcal field.

The temperature dependences of the low field mobility components are listed in Table.3.
From the table, only the mobigl whichywaslimdtcedr mi n e «
by fixed charges and D increases with device operating femmature. Bulk mobility and

phonon mobility decreases with the operating temperature. Surface roughness mobility does

not have an explicit dependence on temperature. Since the lowest one dominates the total
mobility, we can determine the dominant term tmdging the temperature dependence of the

MOSFET mobility.

Tablel.3. Temperature dependence of four mobility components [20].

€ €c €ph Esr

Temperature dependenceg ~Td ~T ~T! N/A
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Due to high density of interface states, which are known coulomb scattering centers, the total
low field mobility of thermal Si@ based MOSFETSs is limited by the coulomb mobility [20].
Even stateof-the-art nitric oxide (NO) anneal reduces the interface states density and total
effective charge density at SiC/Sinterface, the mobility is still limited by coulomb
scattering [20]. When the mobility is further improved, the effect of acoustic pharmbn a

surface roughness scattering should be more pronounced.

Based on modeling, the effect of surface roughness scattering is believed to affect the
mobility at relatively higher electrical field. The roughness of SiC surface may include the
roughness cauddoy oxidation or high temperature anneals, as well as the inherent roughness
due to offaxis cut. Dharet al have performed mobility modeling with experimental Hall
mobility results of thermal Si©and deposited SiOwith NO anneal. While many electron
mobility measurements can be performed, Hall mobility directly represents the carrier
transportation process [11]. They have compared the Hall mobility of thermal grown and
deposited Si@ after NO anneal. For both thermal and deposited,,Siteasured Hall
mobility data points agree well with the coulomb mobility model at low electrical field or
gate voltage. As expected, for thermal Sithe measured values start to depart from the
coulomb mobility model at around M and a combined model of coulomb matyiland
surface roughness model gives a more accurate fitting. This result generally agrees with other
reported thermal SiOmobility degradation analysis, i.e. the coulomb scattering dominates at
the low field and the effect of surface roughness may emardegher field 11]. For

deposited Sig the measured Hall mobility does not reduce at the higher electrical field,
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indicating that the mobility is not limited by surface roughness scattering. The result suggests
the surface roughness may have a profaomghct on the mobility at relatively higher field

and its influence highly depends on the process.

Although the hall mobility is more suitable to study electron transportation mechanisms, the

field effect mobility and effective mobility, measured from BEETs are more commonly

used as the figuref-merit for a given SiC MOS technology. In this work, the mobility
resul ts di scussed wil | ¢gneavhich Iseextrdctece froth the f f e c t

transconductance &fsV y4s characteristics.

In summay, it is widely reported that mobility degradation of -&{C MOSFETs is mainly
due to coulomb scattering of high density interface states. At high electrical field, surface

roughness caused by the oxidation can be a significant mobility limiting mechanism

1.3 Mobility Enhancement: Nitridation

In this section, efforts to improve channel mobility of SIC MOSFETs using
nitridation will be reviewed. All the results are from thef&e of SiC rchannel lateral

MOSFETSs unless specified otherwise.

Since 198, nitridation of SiQ have been the statd-the-art technique to improve the
mobility of SIC MOSFETS. Nitrogen can be introduced into S8)0at the SiQ@'SIC interface

via post oxidation anneal (POA) or post deposition anneal (PDA) in NO, nitrous dki0g (
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and ammonia (NE. It is preferred to introduce nitrogen at the interface and passivates
carbon related defects, instead of incorporating nitrogen throughout the oxide. For various
reasons, after nitridation, the measured interface states densitydstb be greatly reduced.

NO treatment is the most effective nitridation method for the following reasons: NO anneal
can introduce nitrogen to the oxide and nitrogen species becomes concentrated at the
oxide/SiC interface; PD anneal incorporates less @mt of nitrogen and also tends to
oxidize the substrate more than NO at a given temperature, which create defects similar to
standard oxidation processes in dry[22]; NH3 anneal leaves a relatively large amount of
nitrogen throughout the oxide and cen¢ the dielectric to an Siy layer, with nitrogen to
oxygen ratio as high as 1:1.5 [23]. Large amount of nitrogen incorporation in the bulk of the
SiO, leads to undesirable properties of silicon nitride (SiN), such as higher gate leakage,

trapping andeliability degradation.

As an alternative way to introduce nitrogen into the SiC and at the dielgetmiconductor
interface, low dose nitrogen implantation in the channel before oxide formation can also be
used to achieve nitrogen passivation. Whk nitrogen dose of 8Elém? at 50keV, the

peak mobility was dramatically improved to &8r/Vs [24]. However, the threshold voltage
became negative with higher nitrogen implantation dose. The authors proposed that the band
bending or countedoping caised by the nitrogen implantation could turn the SiC surface n
type and thus the inversion layer would be formed in the substrate, instead of in the defect
rich layer near SiC/Si© Due to the unique band structure, this technique is also called

counterdoping or buried channel MOSFETs. Dhat al. claim that the mobility
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enhancement may also due to prevention of carbon clusters by the nitrogen atoms in the

substrate [24].

The major issue associated with the implantation technique is the negative thuedtagjd

shift and the dramatic reduction of mobility when it passes its peak. While the peak mobility
is normally reported as figuef-metric for MOSFET performance, mobility at higher gate
bias is more important for power devices since they are typis@bsed a few volts above the

threshold (gate overdrive).

There are other methods to introdugogeninto the interface or substrate, including SiN
deposition [25], nitrogen atomic source treatment [26] and nitrogen plasma irradiation [27].
Theseprocesses have not been proven to significantly improve the mobility and require
further optimization. The fundamental issue wiitrogenrelated techniques is the threshold
voltage control, because mobility improvement vidrogen incorporation is typially
associated with significantly lowered threshold voltage, due to presence of the positively

charged nitrogen species.

Other annealing techniques have been studied to improve the device performance, such as
hydrogen treatment or the forming gas antiE&A) [28]. Low temperature hydrogen anneal
is proven to be ineffective to High temperature anneal of thermal i8i®, produces a

moderate reduction in;Dbut the mobility enhancement is very limited [28].
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1.4 Mobility Enhancement: Phosphorus Treatmen

In recent years, phosphorus (P) passivation of defects at Spti&Meen studied to
improve the mobility. Okamotet al developed gohosphoryl chloride ROCE) anneal
process to introduce phosphorus to the SiC/thermal oxide interface [29]; R@Ehl
dramatically improve the electrical properties of thermal,S® 4HSIC. The interface
states density was further reduced by P@&@heal, compared to NO annealed samples [29].
The Dy value is reduced by more than one order of magnitude after 8°CORQC} anneal
[29]. In addition, the mobility is improved compared to a typical NO anneal. They reported

90 cnf/Vs peak mobility, compared to 50 %iv*s from typical NO anneal.

As a more convenient method, annealing of samples in the vicinity @narpbhosphorus
diffusion source can also be used to introduce phosphorus into the oxide [30]. This process
has been used to dope Si using traditional diffusion tube processes. After the annealing, SiO
is converted to Phosphorous Glass (PSG). This tegbngives similar results to PQCI

anneal and it can be achieved without P{Dbbler.

Nitrogen and phosphorus ardype dopants for SiC. In-channel MOSFETS, if thesetype
dopants species diffuse into thaype substrate, they may reduce the sabstdoping level

and even invert the-fype SiC into near the surface. Medium energy ion spectroscopy
(MEIS) data show that, after typical NO and phosphorus anneal, nitrogen or phosphorus

species can be detected as deepras i the substrate [31].
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Both nitrogen and phosphorus incorporation can be explained by the counter doping
hypothesis. If the counter doping level is enough to invert the substrate-ippe,nthe
MOSFETs become buried channel devices. This phenomenon resembles the effect of the
nitrogen implantation but the counter doping only occurs in an extremely thin layer near the

surface.

However, similar to nitrogen passivation, while phosphorus related process can enhance the
mobility, it degrades the threshold voltage due to the pestharge related to phosphorus

[29]. Also, while well optimized NO anneal improves MOSFET reliability, phosphorus in
SiO, leads to serious devicer\instability [32]. To alleviate the severerVhstability issue

due to trapping in bulk PSG, thinner PSGdaygovered by thick deposited oxide has been
investigated in search for the tradi# between mobility and reliability [32]. However, when

the PSG layer is thinner than 10nm, the mobility enhancement is significantly undermined

[32].

1.5 Mobility Enhancement: Groupl Metal lons Incorporation

Allerstamet al. reported enhanced oxidation rate of SiC in the presence of sintered
alumina equipments, which contain sodium ions (Na+) [33]. They claim that sodium ions
enhance the oxidation rate and reduce thecdmpared to the sodium free samples [33].
Although the sodium ions, which are mobile charges in,Sgan seriously degrade the

overall electrical characteristics, they indeed improve the measured field effect mobility [33].
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Since sodium mobility enhaament was reported, the effect of Potassium, Cesium and
Rubium has also been studied for mobility enhancement [34, 35]. SimileedDction is
observed for most Alkali metal ions. Tuti al. provided a systematic explanation of the
effect of sodium 34]. Based on their theory, sodium ions do not passivate dangling bonds,
carbon related defects or near interface traps. High concentration sodium ions may produce
large amount of shallow donor levels near SiC conduction band. These conducting donor
levelsaffect the movement of the Fermi level andaassult, the high density traps near the
conduction band are skipped. Therefore, these ions do not reduce the actual interface state
density but the amount of interface states captured by typidalb@sedmeasurement is

lowered.

Since sodium ions are wekhown mobile charges in SiJany process containing sodium or
other Group 1 metal ions can hardly be applied in practice due to severe reliability
degradation, especially Minstability. The studies oflkali ions enhancement are mainly

carried out for the understanding of mobility degradation of SiC MOS devices.

1.6 Mobility Enhancement: Deposited Dielectrics

Due to the issues associated with thermal oxide, deposited oxides on SiC have been
extensiely studied as alternatives to thermal oxide. Since, 8Q@he most probable gate
dielectrics for SIC MOS devices for power applications, ,Sifgposited by various

techniques have been studied. M. K. Das reported high mobility values from a Low Pressure
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Chemical Vapor Deposition (LPCVD) process [36]. With the same nitridation treatment,
LPCVD SiG, shows higher peak mobility than thermal £i0hey compared the results of
LPCVD thermal SiQ after NO nitridation, thermal Silafter NO anneal and as oxidized

SiO,. LPCVD oxide with NO nitridation gives the highest mobility [36].

Noborioet al studied the properties of SiN deposited by Plasma Enh&loexhical Vapor
Deposition (PECVD) [25]. They showed® annealed PECVD Sian give a mobility of

26 cnt/V's, which is lower than typical results from NO annealed thermal SiO

Kim et al. demonstrated MOSFET results using Sy Atomic Layer Deposition (ALD)

[32]. The ALD deposition was performed at 1D using Bis(diethylamino)silane and ozone

(O3) as theprecursors. They claim that, since no oxidation is performed, ALD &tains

less carbon content than typical thermal oxide because there is no carbon atom released from
the substrate. They compared the MOSFET results of NO annealed Al.ai®iQhermal

oxide. With similar peak field effect mobility, ALD SpOon SiC shows sharply lower
interface state density near the conduction band edge than thermal oxide device. Although
peak mobility enhancement is not obvious, ALD S&mples maintain higher molyliat

high electrical field than the thermal oxide device, which is potentially due to lower SiC
surface roughness without high temperature thermal oxidation [32]. The high field mobility
result largely agrees with other reports using deposited oxides,eswicating deposited

oxide may alleviate the roughness problem.
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S. Haney also studied ALD SjQusing a low temperature recipe [16]. This ALD process
utilizes self catalyzed hydrolysis 8faminopropyltriethoxysilang3-APTS) by HO and Q

at 150°C sibstrate temperature. With NO anneal, similar peak field effect mobility as
thermal oxide based devices was observed. After the same NO anneal, the amount of

nitrogen incorporated into the ALD Si@as higher compared to that of the thermal oxide.

Depasited SiQ based MOSFETs show promising mobility results but no clear advantage
over thermal oxide has been demonstrated. Although they are unlikely to be used as the main
gate dielectrics of power MOSFETS, higliielectrics have also studied on-&iC [38, 39].

Hino et al reported results of MOCVD AD; on SiC and AlO; on thin thermal Si@[38].

They demonstrated mobility results of MOCVD. 8% deposited at 198C and 230°C. The

190 °C Al,O3 showed much higher mobility than the 23D sample. On thetber set of
experiments, they studied MOCVD A); on thin thermal oxide. High field effect mobility

value @84 cni/Vs) was achieved for their device with 180 Al,Os on thin thermal oxide

stack. It is noted the results were achieved using a gate lasafain process and the high

mobility has not been shown by other groups using similar processes.

1.7 Progress of 4HSiC MOSFETS on other faces

Non-polar 4HSIC faces, such as theface (1120), are known to show considerably
different material progrties from polar faces, such asf&e and cface [L8]. Much lower

interface state density was observed from thermal oxide growsfane &iC, due to the nen
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polar nature and lower dangling bond density:200 cn?/V's peak field effect mobility has
been demonstrated using NO anneal, which is greatly higher than tfeceSior Gface
results [18]. High temperature (86G) H, anneal is proven to be very effective to improve
the mobility of thermal oxide based MOSFETs oifiaee [19]. The bandgap, critica
electrical field and thermal conductivity offace substrates are supposed to be lower than

those parameters of-&ce and not welknown.

1.8 Research goals and tasks

The goal of this research project is to design a novel gate stack-fiaeSAHSIC
MOSFETSs using ALD deposited gate dielectrics. Si@posited by ALD is selected as the
main to avoid the carbon related defects caused by thermal oxidation and suppress the gate
leakage given its large conduction band offset to SiC. Using depositeel alsiol enables

interface engineering to independently control the interface properties.

The primary goal is to achieve high MOSFET peak field effect mobility (> 1G0v&hon
Si-face using ALD dielectrics and various interface engineering techniquesel@btrical
properties of ALD SiQ (using 3APTS, HO, and Q) will be systematically studied first.
The other objective of the project is to explore theevihancement using the Si®I,03
dipole effect. Experiments will be carried out to verify the tipeffect on SiC substrate
using the SIQAI,O; stack deposited by ALD and study the possibility of stacking the

SiO,/Al,O3 layers to achieve furtherf\énhancement.
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1.9 Summary of the Introduction
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Figurel.4. Mobility vs. threshtd plot for typical reported techniques. Courtesy of S. Haney and Cree
Inc. [16, 2339].

In summary, typical reported mobility, threshold voltage apdd3ults of lateral MOSFETS
4H-SIC are listed in Table 1.4 and plotted in Fig. 1.4. Fig. 1.4 showshtbha mobility

results coincide with low threshold voltages. This observation is known as theotfade
between mobility and threshold voltage. This traffehas been proven for NO annealed
thermal SiQ systems. The blue data points in Fig. 1.4 are basddiree's thermal oxide data.

The blue data points and trend line clearly show that the mobility can be improved at the cost
of threshold voltage due to the positive charges introduced by NO anneals. For example,

when the mobility is above 2017/V's, thethreshold is almost zero. This tradf can also be
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observed for other techniques, as indicated by the red data points in Fig. 1.4. Therefore, the

major challenge in this field is to break the tradiebetween mobility and threshold voltage.
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Chapter 2

Experimental Procedures and Methodology

This chapter discusses the devices used in this work and the device fabrication
process flow. The processes for dielectrics and metals are described in details. Various

electrical and material characterizations techniques are raliewe

2.1 Device structures

In this work, metal oxide semiconductor (MOS) or metal insulator semiconductor
(MIS) capacitors and lateral MOSFETs were fabricated and characterized to investigate the
properties of ALD dielectrics on 48iC. MOS capacitors arthe most simple device
structure which contains the substrate, the oxide layer and the gate electrode. The schematic

of a typical MOS capacitor is shown Fig. 2.1.

Gate

Oxide

Substrate

Figure2.1. Schematic of a MOS captmr.
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Surfaceclean

ALD deposition

Gate metal deposition

Gate metal liftoff

Figure2.2. MOS capacitor fabrication process flow.

For SiC MOS capacitors, the fabrication process starts with a surface cleaning in acetone,
methanol, Zoropanol (IPA), followed by diluted hydrofluoric acid (HF)pd After the
surface cleaning, the samples are immediately transferred into the ALD reactor for dielectric
deposition to avoid native oxide growth. Post depositions anneal (PDA) in a rapid thermal
anneal (RTA) tool is performed to improve the film quaiityN, or N,O. In the next step, the

gate electrode is deposited using RF magnetron sputtering and lifted off. In the end, a post
metallization anneal (PMA) is performed in t repair the sputter damage in the dielectrics.
Due the conformal profile of AD deposition, dielectrics will be deposited on both sides of
the sample. The oxide on the back of the sample is etched using diluted HF solution before

the PDA or after metallization.

SiC capacitors were fabricated oh @f-axis Siface (0001) #type 4HSIC with nitrogen

doping concentration of-6 x 10'®> cm®. The nitrogen doped epitaxial layer was grown on
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highly doped rtype 4HSIC substrate. In mogixperiments, 10&m by 100um capacitors

were tested.

Field
oxide oxide

N+ 8iC

Figure2.3. Schematic of crossection of an fthannel lateral SIC MOSFET.

The crosssection of a lateral SIC MOSFETSs is shown in Fig. 2.3. Although typical power
MOSHETSs utilize the vertical device structure, the lateral devices are widely used as the test

vehicles for electron mobility and threshold voltage, due to the simpler fabrication process.

The lateral MOSFET in this work are fabricated using a-selfaligned gate first process.

First, twostepsource/drain phosphorus implantations are performed to create N+ wells in the
p-type substte. After the implantation, phosphorus dopants are activated at°Co@y

3mins with graphite capping. The device isolation is achieved by 600nm thick deposited field
oxide, followed by opening the active areas through field oxide etching. Beforatéhstgck
deposition, the samples are subject to a solvent and diluted HF surface cleaning. Gate

dielectrics are deposited immediately after the surface clean. ALRiSIBed as the main
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gate dielectric due to the high conduction band offset and goadllogielectric properties.
A PDA is performed in a RTA tool in pure,® ambient at various temperaturédter the

PDA, the gate electrode is depositeding RF sputtering and lifted off. Next, the
source/drain contact holes are etched using eteting. Finally,the source/drain ohmic
contacts arereated byforming nickel silicidevia annealingnickel sputteredon source and

drain N+ regionsat 950°C in N, and this silicide formation anneal also serves as the PMA.

Source/drain phosphourus implantatio

Activation anneal , 1659C, 30 mins

Field oxide deposition, 600 nm

Surface clean

Gate dielectric depostion

Gate metal deposition

Contant hole etching

Ni deposition on source/drain

Ni-silicide formation anneal, 95@

Figure2.4. Lateral MOSFET fabrication process flow.
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Precursor A

Precursor B

Figure2.5. A typical ALD cycle with two precursors.

2.2 Dielectric depsition

The dielectrics used in MOS capacitors and MOSFETs are deposited by ALD. At
present, ALD is a widely adopted deposition technique for -kiglelectrics, due to its
superior overall film quality, excellent uniformity, low substrate damage, lovecegso
temperature, 3D conformality and precise thickness control. Known as the-biaisrer"
deposition, ALD was developed using satiiting chemical reactions. One reactant is
introduced into the reactor at one time and purged out before the ndanteatroduction.

Al,O3, HfO,, Zr0O,, TiO,, SnQ, and various metals are routinely deposited by ALD [1, 2].

ALD deposited AJO; and SiQ are extensively used in this work. The reaction of ALD

Al ;O3 process with trimethyl aluminum (TMA) and.@ is given by:

5650 060 5 60
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On HFRlast Si, the ALD AJO; deposition rate is 1.1ngstrom per cycle at 20TC. ALD

Al,O3 can also be deposited in a similar process using TMA and O

A very low temperature ALD process has been developed by Bachehahmsing the self
catalyzed hydrolysis o8-aminopropyltriethoxysilang3-APTS) [3, 4] This selfcatalyzed
process enables significantly lower ALD process temperature as compared to otb80300
°C ALD SiO, recipes using bis(tertiarybutylamino)silanebis(diethylamino)silane or
tris(dimethylamino)silane [1]At the substrate temperaturé 20 °C to 200°C, a threestep
chemical reaction is used to deposit Si@s shown in Fig. 2.4, one ALD SyCcycle
involves consecutive pulses ofAPTS, H,O and Q, with an "exposure" during each of the
pulses. During the exposure, the pump is isol&iau the ALD chamber and the precursors
are allowed sufficient time to react at the surface of the samples. firsthstep, 3APTS
molecules attach to hydrog&rminated surface and two of the three ethyl groupsQELt)
break away from the-BPTS mdecule and the Si atom bonds to two oxygeoms on the
surface. In the next stepp® vapor is introduced to the chamber and the presence of a basic
amino group {NH,) in the alkyl tether facilitates the reaction betwee® tnd SiO bond
attached to théast ethyl group. The last reaction in one cycle is the removal of remaining
alkyl tether with-NH, group by oxygen radicals. The deposition rate on sapphire is about 0.6
A per cycle [3]. From our experiment, H50 °C substrate temperature, depositiorerah Si

is about 0.6A-0.65A per cycle based on thickness measured using ellipsonBatcjimann

et al. claim this process is surface reaction limited rather than mass transfer limited as in a

typical CVD process [3].
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3-APTS

Purge Purge

Figure2.6. A cycle of 15F°C ALD SiO, using 3APTS, HO, and Q.

The chemical reaction of this ALD Si@rocess is given by:
V0 60 Y@0O0 OO0 0 oY 60 ™0 00 0606000

In a comprehensive study of the above ALD S0Onaterial properties, Hillest al showed

that after a rapid thermal anneal (RTA) in &mbient, N and H contents in the ALD film

were reduced based on secondary ion mass spectrometry (SIMS) results [4]. From their
atomic force microscopy (AFM) measurements, no surface morphology deterioration was
observed after the RTA. ALD SiCetch ratem HF was greatly reduced with RTA. The
properties of ALD Si@ are significantly improved with RTA by densification and
elimination of OH groups. They claim the optimal ALD temperature is°C5(B, 4]. This

ALD recipe is selected to deposit $if@ primarly due to the low substrate temperature and

no plasma is required.
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All the ALD dielectrics are deposited using a Cambridge Nanotech/Ultratech SaviEdthah

ALD reactor, with the base pressure of 0.4 totOrk

2.3 Gate electrode deposition

The gae electrode of MOS capacitors and lateral MOSFETs is tantalum nitride
(TaN1.x or TaN) deposited by reactive RF magnetron sputtering at room temperature.
Sputtering is commonly used for metal and insulator depositions. Reactive gas species can be
added tahe system to achieve reactive sputtering to deposit insulators, metal oxide or nitride
conductors, such as TaN [5]. RF magnetron sputter systems provide higher sputter rate than
traditional RF sputters, due to higher gas ionization ratio near the catBodgared to
evaporation, sputtering offers better metal film adhesion to dielectrics, smaller metal grain

size, and more isotropic deposition profile.

TaN is selected as the gate electrode because of its acceptable workfunction (addwird.6
Si0y), good thermal stability, and compatibility with common dielectrics [5]. During TaN
sputtering, the partial Nlow in Ar is 5% and nitrogen atomic ratio in the resulting TaN film

is 0.4 [5]. This TaN shows good thermal stability up to 1@D@&nd the resistity remains
relatively unchanged from afeposited taafter annealingat 1000°C [5]. Polysilicon gate
electrode may also be used in this work but it requires more complicated fabrication
processes. A least 50n thick TaN layer is deposited #e gate electrode capped by 100

in situ sputtered tungsten to protect TaN from oxidation when the sample is exposed to air.
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The base and sputtering pressure of the UHV sputter system involved in this work is about

2x107 torr and 56 x103torr, respectively.

The nickel film used for creating ohmic contact on N+ SiC is also deposited by RF

magnetrorsputtering with 4&ccm Ar flow.

2.4 MOS capacitor GV characterization

The capacitanceoltage (GV) characteristics are routinely used as thendard
characterization method for MOS capacitors to extract parameters of the dielectrics and gate
electrode. The equivalent circuit of a typical MOS capacitor is show in FgltZan be
simplified into two types of equivalent circuit: a resistos@ries with a reactance component
(series mode) or a conductance component parallel with a susceptance component (parallel
mode) [6]. Therefore, &/ characteristics can be measured in series or parallel mode based
on the corresponding equivalent circuibael. Generally, capacitor-s are measured in the
parallel mode, instead of the series mode. When the series resistance is so high that the
dissipation factor of the device is significantly greater than 1, capacitance measured in
serious mode is more agate. In this work, all the @ characteristics are measured in the

parallel mode.
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Figure2.7. The equivalent circuit of a MOS capacit@Gox is the oxide capacitance; Gt is the
conductance associatedtiwtunneling; Cit is the interface states capacitance; Cd is the depletion
capacitance; Cacc is the accumulation capacitance; Rpt is the conductance related to conduction

through interface states; Rs is the series resistance [6].
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Figure2.8. Low frequency €V curve of ntype MOS capacitor on Si.
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The capacitance is defined in equatioh Ruring the GV measuement, the MOS capacitor
under test is subject to a small AC signal superimposed onto a sweeping DC bias. The AC
signal level is kept as small as possible to avoid the applied AC signal influence the state
dictated by the DC bias. The AC level used in thwk is 50 mV at various frequencies.
Traps in the oxide or at the substrate/oxide interface and the minority carriers in the
semiconductor respond to the measurement differently at different frequencies. If the AC
frequency is sufficient low to form minidy carriers, these minority carriers are able to
respond to the measurement and inversion can be obtained. If the AC frequency is too high to
allow minority carriers to form, no inversion can be observed. Therefore, differght C
behaviors can be obtahén inversion at different frequencies. It is noted that measurement
temperature and lighting conditions also affect minority carries and occurrence of inversion.
Similarly in the depletion region, interface states do not respond at high enough fregjuencie
and they respond at sufficiently low frequencies. Therefore, frequency dispersions in
depletion provide interface states information, which is widely used in interface states

density measurement.

Q0
06 ®
The parameters directly extracted from th& Characteristics are the flatband voltaged)y

8

effective oxide thickness (EOT), and substrate doping. The flatbaltabe is the voltage
applied to the gate creating a flat energy band in the semiconductor. The flatband voltage of a

MOS capacitor is given by:
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A ARy ofe c&

w h e ryeis tlie workfunction difference between the gate electrode and the semiconductor,
J}(x) is the charge density in the oxide, anc
and substrate doping parameters can be extracted from me&WMeclirves using the

NCSU CVC program [7]. Usually, high frequency (e.g. Hd) GV results are used to

determine these parameters. WithVCresults of MOS capacitors with various oxide

thicknesses, the gate workfunction and the charge density can [selyrealculated.

In this work, the €V characteristics are measured using an Agilent 4284A LCR meter with
measurement frequency from 2812 to 1M Hz. The GV measurements are performed in

parallel mode unless indicated otherwise.

2.5 MOS capacitor FV characterization

The gate leakageoltage (}V) characteristics are one of the most important figure
of-merit of the gate dielectrics for MOSFETsVIcan be measured by injecting electrons
from the semiconductor (substrate injection) or from the gatée (ggection). Ideally
(without a low quality oxide/substrate interfacial layer), the current measured from substrate
and gate injection should not be significantly different. In reality, there are always various
defects at oxide/substrate interface. Traustrate injection current generally contains more

leakage components, such as the trap assisted tunneling, than the gate injection. For this work,
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substrate injection-Y is the more relevant method to determine the leakage because it
replicates the ldage of mchannel MOSFETs. The substrate injection current includes
direction tunneling, the FowléMordheim tunneling, possible FrenkRoole emission, and

possible trap assisted tunneling [8].

To compare the gate leakage, the current should be playtedsathe effective electrical
field to take the oxide thickness and flatband voltage into consideration. The effective

electrical field is calculated by:

0 ——8 C®

In this work, the 4V characteristics are measured etype MOS capacitors using an Agilent

4155b semiconductor parameter analyzer.

2.6 MOSFET characterizations

MOSFET kLsVgs and bsVgs characteristics are the most common characterization
techniques for MOSFET DC performance [9]. To obtain t&/}s characteristics, the drain
current is measured as a function of the sweep gate voltage with a fixed voltage applied on
the drain and source and substrate grounded. FogstWgslcharacteristis, a group of drain
current vs. drain voltage curves are acquired with each of them measured with a given gate
bias. In the sV 4s characteristics, the device operation can be divided into two regions: linear

and saturation.
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Figure2.9. 14V 4s characteristics of an-channel SiC MOSFET with transconductance curve.

The sV gs Characteristics are used to extract a number of important device parameters, such
as the threshold voltage, sthreshold swing, and field effectahility [9]. The threshold

voltage can be determined by linear extrapolation of §iégkcurve.

The field dfect mobility is calculated from the transconductance) (9f the kLsVgs
characteristics measured with a low voltage applied on the drain. The drain voltage is kept
low (<0.1 V) to avoid geometry effect which leads to errors in mobility. The

transcondueince is the derivative of thg:-M4scurve and given by:
Q ——8 8

The field effect(FE) mobility is calculated using the following equation:

Q.
h

o8 & @
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where L is the gate length and W is gate width. To limit the W/L error caused by processing

in mobility calculation, "fat FETs" with equal W and L (200 or 300 ume)used.

MOSFETV reliability is a criticalparameteto evaluate a gate stack technology, especially
for power devices. In this work, the threshold voltage stability or instability will be studied
after onstate gate stressing to invgstie the threshold shift after the gate dielectric is subject
to a constant electrical field. Ther\shift may be caused by electron/hole trapping, trap

generation during stressing, and mobile charges.

In this work, the MOSFET characteristics are measusaay a Keithley 4200 semiconductor

parameter analyzer.

2.7 Interface states density measurement

The interface states density can be measured on MOS capacitors and MOSFET, using
C-V related methods, conductance method, charge pumping and etc [6gdItdthniques
were originally developed for characterizing Si/gifDbterface of Si MOS technology.
Performing these interface states density measurements on SiC devices may lead to

significant errors if the basic assumptions are not satisfied.

C-V basa techniques, including high frequency (Terman's method), low frequency method,
and highlow C-V method, are simple measurements to estimate the interface states density

[6]. The highlow C-V method, comparing  measured at high and low frequencies, is
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most widely used in SiC MOS devices characterizations because no theoretical calculation of
band bending as a function of gate voltage is required. @tatg GV measured at zero Hz

is generally selected as the low frequency component. However, thee abiothe high
frequency one varies. While 1M Hz is typically regarded as a high frequgd@y,Hz is

often used and fast traps at SiC/Sif@erface respond di0k Hz and even 1M Hz [6]. Since

it is assumed that no interface states respontghtfrequency, usingOk Hz or 1M Hz

underestimates the interface states density.

o 2% s 6 8 @
N

Equation 26 is based on the assumption that the interface state density does not change or
change very slowly with respect toet energy level in the SiC band gap [6]. Therefore, the
measurement using higobw C-V method can be potentially inaccurate if the interface states

change rapidly. Nosufficient high frequency </, gate leakage in low frequency\g and

low capacitance [fick oxide) contribute to errors in the Besult [6].

The conductance method is used to accurately calculate the interface states at Si/SiO
interface using MOS capacitors [6]. This method is based on the change in MOS capacitor
conductance when the arface states are responding. It is the preferred method to measure
the interface states from capacitors when the EOT is small, where the high leakage

undermines the accuracy of techniques involving low frequeré¢yni@asurement.
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Charge pumping measurentes widely used to extract the interface states parameters using

MOSFETSs [9]. It is especially useful when thin (a few nanometers) gate dielectrics are used
or when the gate leakage is high. It utilizes the recombination current in the substrate (body)
contact during pulsing voltage sweeps for a given frequency and the frequency response is

translated into the interface state profile in the bandgap.

For SiC MOS devices developed for power switching applications, the typical gate oxide
thickness is 50nmin this case, the gate leakage under low frequency AC or DC bias is not
high enough to creative significant errors itW®ased measurement. Therefore, High C-

V method is used in this work to evaluate the interface states. The high frequency and quasi
static GVs are measured at 1Mz using an Agilent 4284A LCR meter and a Keithley 595
guaststatic GV meter, respectively. For the quasatic GV measurement, builth leakage

correction and filtering are applied.

2.8 Analytical characterizations ofdielectrics

X-ray photoelectron spectroscopy (XPS) is used to study the chemical information of
the ALD dielectrics on SiC [10]. Photoelectrons are generated by an incidagtbéam due
to the photoelectron effect. A spectrometer collects the photamiecescaped the sample
surface and a spectrum is recorded. After proper data calibration and analysis, the
photoelectron intensity depending on the core biding energy can be generated. The binding

energy is determined electrostatic interaction betweenretéctron and the nucleus, which
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can be altered by the shielding effect of the nucleus by other electrons in the atom. The shift
in binding energy of core electrons of an element is interpreted as a change in chemical
bonding of that element. For catioms oxides, loss of valence electron charge due to
oxidation results in an increase in binding energy. The sampling depth or the depth at which
95% photoelectron cannot escape the sample surface, represents the largest depth in the
sample where the photoeteon signal can reach the detector. The sampling depth is energy
and materi al d e p e n day sdurceatheddepth ussabont@ toAl fork U X
typical dielectrics at J0takeoff angle [11]. Based on this parameter, chemical information
fromtheoxi de deeper than 10nm in the sample
radiation. By reduce the angle of detector with respect to the sample surfaeeff(thkgle),

the collected signal is mainly from shallower part of the oxide.

The electron engy loss (electroselectron interaction) spectra acquired by XPS can be used
to extract the bandgap of bulk dielectrics [12, 13]. In Oxygen 1s electron energy loss spectra,
the distance from the zefoss peak and onset of band to band transition corresgoritie
bandgap of the oxide. Conduction band offset, which has a strong impact on the tunneling
current, of the dielectric to the substrate can be calculated using the following equation, if the

bandgap and valence band offset are known:

(9] (9] ~

Yy oQ Yy 0"Q h ¥
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whercgi spt he ¢ onducgisthevalbneenbdnd offselt, §as the bardgap
of the oxide, and Eg, is the bandgap of the substrate. The med¢eband offset can also

measured using the valence band XPS spectra.

Il n this work, the XPS spectra ar-eaysag@sur ed
(hv=1486.6 eV) with a pass energy of @@. For samples with blank dielectrics, a bunlt

charge neuslization system was used to avoid surface charging problem.

Transmission electron microscopy (TEM) analysis is performed to study the SiC/dielectric
interface properties. Crosectional TEM specimens were lifted out from the channel area of
fabricated &teral MOSFET using Focused lon Beam (FIB). The prepared TEM sample
thickness is about 10@m. Zcontrast scanning TEM (STEM) images are acquired using the
aberration corrected FEI Titan 800 at NCSU Analytical Instrument Facility -contrast
images ardaken from the high angle annular dark field (HAADF) detector, which collects
signals from electrons deflected to relatively high angles when the electron beam probe raster
scans the specimen. The brightness of the dark fieldnfrast image is proportiahto the
square of the (average) atomic numbé) ¢ the material. Therefore -&ntrast images are
often used to identify the interfacial or transition layer at oxide/semiconductor interface. In
SIC/SiG, system, the device mobility is believed be tetato the transition layer thickness,
which may contain carbons or sokide [14]. Therefore, the transition layer thickness is

used as one of the benchmarks of SiC MOS technology.
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2.9 Summary

In this chapter, the fabrication process and charactenzagchniques of MOS
capacitors and lateral MOSFETs were discussed. The material characterization techniques

used in this work were also brief reviewed.
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Chapter 3

Properties of Low Temperature SiQ Deposited by ALD for SiC MOS
Devices

The objective of this research is to develop novel gate stacks for mobility
enhancement and réshold voltage control. The proposed approach is to utilize the low
temperature ALD Si@as gate dielectric and to tune the threshold voltage by interface
engineering: the electrical dipole effect. The first stage been focused on the optimization of
ALD SiO, and investigation of dipole effect for threshold voltage control. The ALD; SiO
optimization mainly involves the ALD recipe and the post annealing conditions on SiC. The
charge density, interface state density, and gate leakage current will be evdloated

density of fixed charge and interface states and low gate leakage are preferred.

The methodology to accurately extract the charge density has been described in Chapter 2.
The MOS capacitor flatband voltag¥ ) and effective oxide thickness (EPTan be
obtained by fitting the &/ curves using the NCSU CVC program [1]. To extract the fixed
charge density at the ALD Sj8emiconductor interface, a group of capacitor samples with
various oxide thicknesses should be fabricated to generategdiverse EOT curve, which is
acquired by fitting the data points in thieg vs. EOT plot. The equation of flatband voltage

of a MOS capacitor can be written as:
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whernl st the effective workfunction déiiBferenc
the relative permittivity of Sig) x is the distance from the gate (with x=0 at the gate), EOT is

the effective oxide thickness of thehnwo | e st ack and 1} ( x) i s the
locations of charges can be at gg@miconductor interface, bulk of SIGiO,/gate interface.

The presence of bulk charges will result in a nonlinéag dependence on EOT [2].
Therefore, if the/rg verses EOT fitting is linear, the bulk charge density can be ignored. The

charges at the dielectric/gate interface can be taken into consideration by using effective
workfunction from experiment. Therefore, in all the equations belbw, represets the

effective workfunction difference between the gate and substrate.

Without bulk charge, the flatband voltage equation can be simplified as:
@ nU Tiﬁw-mquf’ 11 og
where Qsioz is the effective fixed charge density at Si/gi6terface. It is noted that only
fixed charge at the interface and charges trapped near the interface are considered in this
calculation. This method is used for extracting charge density at HiiSi€face and

SiC/SiG interface.

Since the properties of this particular ALD $SiProcess using the Cambridge Nanotech
Savannah 100 ALD system have not been well characterized, the initial work was performed
on silicon substrate, due to its low cost andllwestablished baseline fabrication and

characterization process.
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3.1 Study of ALD SiG,on Si

The MOS capacitor fabrication processes on Si are similar to those on SiC. Based on
the ALD process described in Chapter 2, ALD SMas deposited on phospherdoped n
type (100) Si to study the electrical properties. Prior to ALD,$i€position, Si wafers were
subjected to 1% HF clean to remove the native oxide. After ALD deposition, the samples
were annealed at 96C in high purity N as the PDA. UHV sputted TaN capped by W was
used as the gate electrode. Some samples went through an FGA in(8884-N\) at 450°C
and the other samples received a PMA palNvarious temperatures. Fig. 3.1 shows thé C
curves of ALD SiQ MOS capacitors without FGA or PMand Fig. 3.2 compares the\G

with various PMA.

It is believed that a 908C, which is the typical Si thermal oxidation temperature or high
temperature PDA, is required to promote bonding and densification for deposited oxide. The
annealing ambient (gaslso plays an important role in dielectric properties. NO, and

N>O have been studied as the PDA ambient for deposited oxide on Si to improve oxide
quality or to create oxynitride [3, 4]. A high temperature PDA leads to densification of the
depositedxide film through bonding promotion and it also removessufficiently reacted
precursors such as hydroxyl groups. PDA in reactive gases (N@@)rp@xovide additional

benefits, including oxygen vacancy removal and nitridation.
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Figure 31. C-V characteristics of ALD Sigon n-Si after 900°C PDA without FGA or PMA.
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Figure 32. C-V characteristics of ALD Si@on n-Si after 900°C PDA with 400°C PMA.
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Figure 33. C-V characteristics of ALD Sigon n-Si after 900°C PDA with 450°C FGA.
In Fig 3.1, without a PMA or FGA, the-& curves measured &k, 10k, and 1M Hz show
large frequency dispersions, due to possible interface states causedlbygdanbonds. The
C-V resultsin Fig. 3.1suggest 406C PMA appears to remove the frequency dispersions but
there is still dipersion near 0 V. Higher temperati#®As degraddghe GV due to potential

degradation at SifTaN interface. Therefe, the PMA temperature should be kept below

500°C to prevent interface degradations.

The FGA with 6% H not only passivates the dangling Si bonds at Sy8i@rfaces or the
interfacial layer grown during the ALD or PDA but also serves as the PMAptdtesing
damage removal. As shown in Fig 3.3, th&/ Curves after FGA have sharp transition and
minimal frequency dispersion, indicating low density of interface states. PDA in inert
ambient (N or Ar) provide good bonding formation and densificationtf@ ALD SiG; film.

Based on €/ and +V results, 1000C PDA in N does not show any clear advantage over
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900 °C PDA in N.. Therefore, for ALD Si@ 900 °C PDA is sufficient to provide good

quality oxide. The effect of }O PDA will be discussed in details this chapter.

The samples were subject to SWOPDA in N, and 450°C FGA. In Fig. 3.4, a lineafitting

line was obtained for the data points fromVQresuls of capacitors with ALD Sigon Si

with 900°C N, PDA. Based on Equation 2 and the slope of the linear fitting, the fixed charge

density can be calculated. The fixed charge densit¢Ed1 cm?, which shows opposite

polarity to fixed charge of thermal e on Si [5]. The effective workfunction of TaN on

ALD SiO; is 443 eV from the intercept dhelinearfitting line.
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Figure 34. Veg vs. EOT plot of ALD SiQ capacitor after 906C N, PDA on Si.
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Figure 35. Flatband voltage of ALD SiQwith 900°C and1000°C N, PDA andthermal SiQgrown
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Figure 36. Gate leakage of 100m*100um capacitors with ALD Si@with 900°C and1000°C N,

PDA and thermla(dry O,) SiO, grownat 900°C.
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The effect of PDA temperatures was studied with @ehermally grown Si@as the control

for comparison. From flatband voltage and leakage results, the ALPcajiacitors after

900°C PDA and 1006C PDA showed similaoverall electrical characteristics. Higher PDA

temperatures seem to unnecessary foarihealed ALD Si@

X-ray Photoelectron Spectroscopy (XPS) has been used to analyze the material properties of

ALD SiO,. In the Si 2p and O 1s spectra ohi@ SiQ, S-O bonding shows a broad peak

and lower binding energy than that of typical thermal,SiWhich indicates potential sub

oxide formation. Therefore the ALD SiQoprocess and PDA condition require further

optimization.
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Figure 37. XPS Si 2p spectra (taking off angle) for ALD received 30@r 1000°C PDA in N.
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3.2 Optimization of ALD SiO; on Si using NO RTA

Further PDA experiments using RTA in® were performed to optimize the ALD
SiO,. The approach was to intifuce atomic oxygen into the ALD Silm during the PDA,
which in theory promotes film densification and defects removal and also leads to thermal
oxidation. NO was selected as the annealing gas due to the relatively low process
temperature to releaseet atomic oxygen and possible nitridation at high temperatures [6, 7].
The reaction of thermal decomposition giNat high temperature has been studied by Gupta

et al [6]. The primary reaction is:

OOO0 U
It is reported that this reaction requires activation energy of 2.5eV per molecule [6]. With the
atomic oxygen, the next reaction can be either

00 0©°¢g00

or

The composition of reaction product depends on the temperature. For example, Kt 1223
the reaction product contains 61%,N7% Q and 12% NO by weight [6]. At higher
temperature, the NO concentration in thixture is higher. Therefore, at temperature below
900°C, the dominant effect of ALD SKIPDA (on Si substrate) in 40 is thermal oxidation.

On the other hand, higher temperaturgONPDA leads to more nitridation as a result of

higher NO concentration ithhe gas mixture.
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Figure 38. (a) GV characteristics of MOS capacitorsing 7nm ALD ALD SiO, with various PDA
conditions(b) extracted ¥s of ALD SiO, capacitors after Nand NO PDA
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Figure 39. Gate leakage of 10dm*100um capacitors with ALD Si@after N and NO PDA.

A negative fatband voltage shift was observed afteONPDA, compared to the ,N°DA
samples. At the same time, the reduction in accumulation capacitance indicated oxidation

occurred during the RTA. From thé/Icurves shown in Fig. 3.9, the leakage of 800N, or
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N,O annealed samples were similar. After 1080 PDA in NO the leakage was
significantly reduced at mid to high electrical field.

In order to study the material properties of ALD Saiter NO PDA, XPS measurement was
performed. In the Si 1s and O 1s dpgcALD SiG after NO PDA in showed a much
sharper peak thanNdinnealed sample. -8l binding energy of ALD Si@after 1000°C N,O
PDA was higher than that of 96C N, PDA sample. From the XP&halysis the quality of
SiO, has been improved by @0 °C N,O anneal. In addition, SIMS results indicated carbon

concentration was reduced from 1.04% to 0.03% by the AD0QO PDA.

In summary, the results show thatONanneal improves the overall electrical and material

properties of ALD SiQ.
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Figure 310. XPS Si 2p (left) and O 1s (right) spectra afrB ALD SiO; at 97 taking off angle.
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3.3 Initial study of electrical properties of ALD SiO, on n-type SiC

The ntype SiC substrate used for this experiment’isfBSi face 4HSIC substrate
with 5 um nitrogen doped epilayer -@E15 cm?). The sirface cleaning performed was
consecutive solvent dips in acetone, methanol, and isopropanol at room temperature with
sonication. After the solvent cleaning, the samples were dipped in 1% HF to remove the
native oxide [8]. After the surface cleaning, gdamples are immediately placed in the ALD
system for dielectric deposition. In Fig. 3.11, XPS Si 2p spectrum shows that after 1% HF
dip, no oxide can be detected on the surface. The result shows that the surface cleaning is
effective in removal of the nae oxide on the SiC surface. It has been reported that, after

dipping in HF solutions, the Si face of 45iC is terminated by OH groups [9].
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Figure 311. Si 2p spectrum (9Qaking off angle) of as cleaned SiC andr8 ALD SiO, on SiC.
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Figure 312. 100k Hz G-V characteristics of 18m ALD SiO, samples after 400C PMA.
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Figure 313. 100k Hz C-V characteristics of 18m ALD SiO, samples after 600C PMA.

In this experiment, approximately hon ALD SiO, was depaosed on Si face of 4F8iC. The
samples were subjected to PDAs at 630 750°C, and 900°C in N,. After TaN/W gate

metal deposition and libff, 400°C PMA was performed in No repair the sputter damage.
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From the GV curves of the three MOS capacitoreasured at 160H z , Ashoul der s @
depletion were observed in\C curves of 60C and 75°C PDA samples, indicating the
presence of high density;D900°C PDA sample showed more abrupiVQransition and

less pronounced shoulder than the other samafter lower temperature PDA, which suggest

improved interface properties compared to the low temperature PDA samples.

After the GV measurements, the three capacitor samples received another PMA’Gti600

N,. With 600°C PMA, the overall €&/ characteistics were improved for all the samples and

nNo obvious fAshoul dero was be -Vodsgligafter60dC as st

PMA showed clear flatband voltage shift compared to the results aftéC4PRIA.
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Figure 314. 100k Hz C-V characteristics of 18m ALD SiO, capacitor samples after 780 PMA.
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Figure 315. 10k Hz C-V characteristics of 18m ALD SiO, capacitor samples after 960 PMA.

Similarly, the three capacitor samples receivedr@rd®MA at 750C. The GV curves after
750°C shows further improvement with sharper transitions compared to the results after 400
°C or 600°C PMA. The flatband voltage of the 66C and 900°C remain unchanged,
whereas the flatband voltage of the ?&0shows further reduction. The 660 PDA sample

showed the highest flatband and the 76Gand 90°C PDA samples had a similar flatband

voltage around 2.5 V.

Finally, after a 906C PMA, all three samples show similar flatband voltages and an increase
in accumulation capacitance. The P&0and 90FC PDA samples showed better overall C
V characteristics than the 660G one, whichshows a more stretched\Ccurve. However,

the accumulation capacitances of the three samples were increased after 16eP308,
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which may indicate reactions in the gate stack. The results suggest the PMA temperature

should be limited to 758C for sampes received PDA at 90T or lower

In summary, the &/ and flatband voltage results clearly show that both PDA and PMA
temperatures have profound impacts on thé €haracterizes. The flatband voltages values
with various PDA and PMA conditions are sumimed in Fig. 3. 16. For samples received
lower temperature PDA, there is potentially more sputtering damage during gate metal
deposition compared to oxide annealed at higher temperatures, due to less film densification.
The 900°C PDA sample show best aadl C-V characteristics across a wide PMA range.
The PMA temperature should be limited to 73D to avoid interface degradation at
SiO/TaN interface. The combination of high temperature PDA and relatively low

temperature PMA provide more desirable ovetal/ characteristics.
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Figure 316. Flatband voltages of ALISIO, capacitors with different PDA and PMA conditions.
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Figure 317. Measured and deonvoluted XPS Si 2p spectra {3akeoff angle) of 3im ALD SiO,
after 600 C, 750° C, and 900 C N, PDA.
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Figure 318. O 1s energy loss spectra ofrifh ALD SiO, on 4HSiC after 600°C, 900°C and 1000
°C PDA in N.. The samples with three different PDA temperature show similar bandgap.

XPS 2p spectra were acquired fromm@ blank ALD SiQ after 600°C, 750°C and 90CC.

at 30 takeoff angle. In Fig. 3.17, the-8 pe& shifts slightly to a higher binding energy

after 900°C PDA and interface layer growth is observed after the?@0PDA with a new

peak at about 102.7 eV [10]. O 1s energy loss spectra were acquired using an XPS tool to
extract the Si@bandgap using 15m ALD SiO; after 600°C, 900°C and 100GC PDA in N

The O 1s energy loss spectra are shown in Fig. 3.17. The three samples have similar bandgap

values, around 8.7eV, which is close to typical thermal oxide grown on SiC [11].

After the energy bandgap values of ALD Si®@ere obtained usinghé O 1s energy loss
spectra, the valence band offsedd) between Si@and SiC was extracted using the XPS
valence band spectra (Fig. 3.19). As shown in Table 3.1, although higher temperature PDA

only slightly increases the Sivandgap, the temperature clearly affects the valence band
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offsets. The valencealnd offsets between ALD SjQvith N, PDA and 4HSIC decreases

with the PDA temperature. With the bandgap and valence band offset values, the conduction
band offset &g) between Si@ and SIiC was calculated. From Table 3.1, the PDA
temperature affects bothe conduction and valence band offsets. The samples received high
temperature PDA in Nshow higher conduction band offsets, which lowers the electron

tunneling current under the same electrical field.

In summary, the PDA conditions have profound impamt the electrical properties of ALD
SiO, on SiC. For ALD SiQ based MOS devices, both the PDA and PMA conditions should

be optimized. Generally, high temperature PDA and relatively low temperature PMA provide

better overall device characteristics.
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Figure 319. Valence band spectra of i1 ALD SiO, on SiC after 606C, 900°C and 1000C PDA.
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Table 3.1 Extracted ALD SiQ bandgap and band alignment parameters.

SiO; B4 (eV) & (eV) SICE(eV) | &g (eV)
Thermal SiQ[11] 8.7 2.65 3.26 2.79
ALD 600°C 8.7 2.6 3.26 2.84
ALD 900°C 8.72 2.85 3.26 2.61
ALD 1000°C 8.73 2.85 3.26 2.62

3.4 N,O anneal of SiGon SiC

As shown in Section 3.3nhe NO PDA improves the overall properties of ALD SiO
by introducing atomic oxygen into the oxide during the PDMOS capacitors were
fabricated on 4F5iC to study the effect of JO PDA on ALD SiQ. In theory, the effects of
N>O PDA on ALD SiQ should no depend on the substrate. However, the substrate material
determines the interfacial growth and substrate oxidation, which affect the electrical

properties of fabricated MOS devices.

The MOS capacitor sample received a 9DM,0 PDA show a significantegative flatband
shift and slightly higher EOT compared to the one after°@6l, PDA (Fig. 3.21). The
negative shift could be caused by nitrogen incorporation or reduction.ofibce PDA
temperature is relatively, the effect of nitrogen incorporatib®00°C is negligible. The

sample after BD PDA shows a narrower hysteresis.
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Figure 3.20. €V characteristics of 36Bm ALD SiO; after 900°C N,O PDAand 400°C PMA.
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Figure 3. 21. €/ characteristics of 3@m ALD SiO, after O PDA and N PDA at 90C°C and 400
°C PMA.
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Figure 3. 22. €/ characteristics of 3@Gm ALD SiO; after 1000°C PDA in NO and400°C PMA.
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Figure 323. C-V characteristics of 38m ALD SiO, after 900°C and1000°C PDA in NO and 400
°C PMA.

The 1000°C N,O PDA clearly improved the @ results with more abrupt-& transition
and narrower hysteresis. The sample 18DIN,O PDA shows a flatband voltage of 6.0V,

compared to 6.3V from the one after JTON,O PDA, with a small reduction in EOT.
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Figure 324. C-V characteristics of 3@m ALD SiO; after 1100°C PDA in NO and400°C PMA.
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Figure 325. C-V characteristics of 38Bm ALD SiO, after 110°C PDA in NO and N and 400°C
PMA.

As shown in Fig. 3.24 and Fig. 3.25, the 1TON,O PDA dramatically improves the-¢

characteristics and reduces the flatband voltage. To confirm the effect ofQ23® PDA
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is not due to the temperature but the effect eODNat high temperatures, the-\C
characteristics of MOS capacitor with 1180 N, PDA is shown in Fig. 3.25. The-C
curves of the capacitor with 116 N,O PDA display minimal frequency dispersion and
hysteresis, whereas the one with 12G0N, PDA shows large frequency dispersion and
higher flatband voltage. Compared to other capacitors with 30 nm ALR BMder EOT is
observed from the 110 N,O PDA sample, due to nitridation of,®. The results show
that high temperature NPDA does not improve the properties of ALD Si@hd the igh

temperature pD PDA significantly improve the & characteristics.
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Figure 326. Gate leakage of ALSIO; afterPDA in N,O and N and 400°C PMA..

1E-12 §

The 1100°C N,O PDA also significantlyeduces the gate leakage current at high electrical
field compare to any other ALD SjQapacitor. The 1108C N, PDA also suppresses the

high field gate leakage compared to the capacitors with 3008, PDA, which indicates
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that high temperature PDA (up 1100°C) reduces the high field leakage. However, the high
temperature pD PDA provides better leakage suppression compared RDNK. It is noted
that the low field leakage (direct tunneling) is increased after the CLGMDAS both in N

and NO.

The interface states density was calculated using theltwghrequency €V method as
described in Chapter 2. The samples received 2a0and 110C N, PDA show similar
interface state profile and the 1180 PDA capacito shows slightly lower interface state
density at energy levels deeper in the bandgap. TReMDA, especially the 110 one,
effectively reduces the interface state density near the conduction band edge, which can be

attributed to the nitridation effeof N,O.
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Figure 327. Interface states density near conduction band basedbo €V method.
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Figure 328. Vg vs. EOT results and linear fitting of various MOS capacitors.

The effective charge densities at SiC/ALD Sidterface of MOS capacitors with various

PDA conditions were evaluated. The effective charge density at Sidrsa@face, including

fixed oxide charge and charged interface states, can be extracted babedamalysis in
Chapter 2 using the linear trend lines and the calculated values are shown in Table 3.2. Itis
noted that the effective charge density only include charged interface state and thus it does
not necessarily contain all the interface stateswn in Fig. 3.27. The JO PDA effectively
reduces the effective charge densities and with P000LO PDA, the negative effective
charge density is decreased to 3.040.2%16m?, indicated the 1108C N,O PDA provides

a low charge density interfacehd reduction in effective charge density can be attributed to
decreased interface state density, as well as lower negative fixed charge due to nitridation,

which supplies positively charged nitrogen.
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Table 32. Effective clarge density of ALD Si@on 4HSiC after various PDAs.

900°C 1000°C 1100°C
N, 5.84+1.29x10" 5.174.09x10" 2.974.22x10"*
N,O 3.1940.43x10"? 3.1440.09x10% 3.0:0.2x10*!

—=—900°C N,0O PDA’
—=—1000°C N,0 PDA
—e—1100°C N,O PDA

Intensity [a. u.]

108 106 104 102 100 98 96
Binding energy [eV]

Figure 329. XPS Si 2p spectr®@( taking off angle) of 3 nm ALD Si@after 900C, 100¢°C, and
1100°C PDA in NO.

We performed XPS measurements on th® [dnnealed ALD Si@samples. Approximately
3nm ALD SiQ, was deposited on the Si face of the three cleaned SiC samples. The samples

receved different PDAs at 908C, 1000°C and 110C0C in N,O. The Si 2p, O 1s, and N 1s
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XPS spectra were measured. As shown in Fig. 3.29, thé®@dd 1000C PDA samples

have very similar SO peaks. Weaker € signal was measured on the 110 PDA
sampe, indicating more oxidation occurring during the high temperature anmbal.
chemical shift of SO bonding from SIiC substrate is shown to be 2.6 eMich is
comparable to reportedhlue of thermallyoxidized SiO, on 4HSIC [10]. O 1s XPS spectra
show he similar results as the Si 2p and the results indicate thermal oxidation afté}C1100
PDA. N 1s XPS spectra were used to identify the presence of nitrogen. A very small nitrogen
peak around 397eV is observed from the N 1s spectrum of the sample WixiCLN)O

PDA. Therefore, slight nitridation occurs during the 12Q0N,O PDA and no evidence

suggests the presence of nitrogen on other samples.
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Figure 3.30. XPS O 1s spec{@’ taking off angle) of 3im ALD SiG; after 90¢° C, 1000’ C, and
1100° C PDA in N:O.
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Figure 3.31. XPS N 1s spect@ taking off angle) of 3im ALD SiG, after 900 C, 100C° C, and
1100° C PDA in NO.
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Figure 3.32. O 1s energy loss spectra of 3nm AiD, on SiC after 908C, 1000°C, and 1106C
PDA in N,O.

O 1s energy loss spectra using XPS were acquired to extract the bandgap 8iLD SiO,

after NO PDA. Slightly lower Si@ bandgap was observed from the 16Q0PDA sample
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and the reduction in bandgap after 12G0PDA is attributed to the lower quality ide layer
grown during the PDA and the incorporation of nitrogen. It is noted that the bandgap
measured using thin SjGfter NO PDA is lower than that of thick SyQlue to smaller

oxide thickness.

In summary, the effects of O PDA on ALD SiQ propertes were systematically studied
effectively. The GV, |-V characteristics and interface state density were measured on the
MOS capacitors. The J0 PDA reduces the gate leakage current, interface state density, and
effective charge density compared to thengke received BNPDA at the same temperature.
Higher temperature XD PDA may lead to thermal oxidation. Slight nitridation was observed

from the sample with 110 N,O PDA.

3.5 Electrical properties of ALD Al,O3z0n SiC

13nm ALD ALO3z; was deposited on-8iC using Trimethylaluminum and.B or G;
as the precursors. The effect gftHor G; as the oxidizer was also evaluated. In Fig. 3.33, O
based AIO; capacitor after 600C PDA (Ves=5.2V) shows higher flatband voltage than the
H.O Al,O3 sample (\és=3.0 V). The result suggests dramatically different@J properties
can be obtained by using different oxidizers.i®©a stronger oxidizer than,8 so it can

form a thicker interfacial layer with the same processing conditions.
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Figure 333.1M Hz C-V characteristics ofapacitoravith 13 nmAl,O; using HO and Q as the
oxidizer after 600C PDA in N, and 400°C PMA.
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Figure 334. C-V characteristics ofapacitomwith 13 nmAl,Ozusing HO as the oxidizer after 6dC
PDA in N, and 400°C PMA.

In Fig. 3.34 and 3.35, the-Us of O3 ALOs; capacitor show clearly more frequency

dispersion than the 4 Al,O3; sample, indicating poor interface properties usinga®the
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oxidizer. As shown in Fig. 3.36 to 3.38, similar results were observed for ifbg #dmples

after 750°C PDA in N
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Figure 335. C-V characteristics ofapacitomwith 13 nmAl,O; using Q as the oxidizer aftes00°C
PDA in N, and 400°C PMA.
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Figure 336. C-V characteristics of AD; capacitors using ¥ and Q as the oxidizer after 75tC
PDA in N, and 40°C PMA.
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Figure 337. C-V characteristics of AD; capacitors using ¥D as the oxidizer after 75C PDA in
N, and 400°C PMA.
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Figure 338. C-V characteristics of AD; capacitors using £as the oxidizer after5D °C PDA in N,
and 400°C PMA.

The ALD Al,Os capacitos using HO showbetter overall €/ characteristics. The -@s at

elevated temperature were evaluated to further study the dielectric properties.
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Figure 339. C-V characteristics measureddifferent measurement temperature frorGil
capacitors using as,B the oxidizer after 608C PDA in N, and 400°C PMA.
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Figure 4.40. €/ characteristics measured at different measurement temperature #Ogn Al
capagcitors using £as the oxidizer &ér 600°C PDA in N, and 400°C PMA.
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The GV of H,O Al,O5; capacitor shows larger hysteresis and lower starting flatband at 200
°C measurement temperature than the results at room temperature. On the other hand, O
Al,O3 capacitor shows a narrower hystésesnd similar flatband as the room temperature
results. The result suggests that the trapping behaviors;©f Ate affected by the oxidizer.

In the duallayer ALD SiGy/Al O3 experiment on 4K6iC, HO based AIO; will be used

In summary, as shown in Fig. 3.41;3 Resed AbO3; samples show higher flatband than the
H,0 Al,O3; samples for each annealing condition an® HKI,O3; devices show better overall
C-V characteristics. Higher temperature PMA reduces the flatbAtLO3 capacitors. The

results suggeshat the oxidizer used for ALD AD; significantly affects the film properties.
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Figure 3.41. The flatband voltage results of@lcapacitors on SiC with different PMA conditions.
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Chapter 4

Novel DualLayer Dielectrics for Threshold Voltage Tuning of SiC MOS
Devices

In this chapter, the MOS capacitor flatband voltage behaviors ofaealand mult
layer ALD dielectrics on #type Si and ftype of SiC will be discussed. The ddayer ALO3
/thermalSiO;, stack is known to increase Si capacitor flatband voltageto the dipole effect.
The feasibility of using this stack to increase the capacitor flatband voltage and MOSFET

threshold voltage on SiC substraté$ be investigated

4.1 Verification Al,O3/ ALD SiO of dipole effect on Si

The origin of the electric dipole effect islisved to be the energy band bending at
the highk/SiO, interface [1, 2]. Its formation can be attributed to the elewdgativity
difference between the cations in the two oxide layers or the oxygen areal density difference
[2, 3]. The dipoles at Si¥Dhigh permittivity dielectrics (higt) interface have been reported
for various highk dielectrics, including Hf@ Al,Os, LaG and Y,0; etc [1-3]. Up to 0.57
eV dipole moment was observed for®@4 on thermally grown Sigand it creates a positive
flatbard shift [2]. The dipole may lead to positive or negative flatband voltage or threshold

voltage shift depending material properties of the fkiglelectrics.
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The flatband voltage shifiducedby dipole effect is not related tditional fixedcharges

or Fermi level pinning, which degrades the device properties [1, 2]. Therefore, dipole
induced flatband voltage shift does not depend on either @i@he highk layer thickness.
These properties make the dipale ideal tool to tune thireshold voltage of MOSFETs
without affecting the mobility. In order to control the threshold voltage of MOSFETs on

alternative substrates, it is necessary to explore the dipole effect using deposited SiO

The dipole effect using S#AI,O; stack deposed completely by ALD has not been
demonstrated. In this work, th&L.D SIO,/AI,.Osdi pol e is first ver i fi
successful, then it will be studied on-&#C. The experiment on Si is also used to optimize

the deposition conditions and explohe dipole cancelation effect.

To fully understand the impact of the dipole effect, the flatband voltage expression with the
dipole will be developed. When the dipole is considered, the flatband voltage can be written

as:

00 Y

i 2 @ Qo Q0N a0 %

[
Considering the AD3; on SiQ stack, SiQ bulk charge density can be ignored, which is
proven in Fig. 4.1 and in Chapter 3. As mentioned abtwe,charge or dipole at the
dielectric/gate electrode interface can be taken into consideration by using the effective
workfunction from experiment. From the single layer Sé©AI,O3 results shown below, the

bulk charge in AlO; can also be ignored due & linear fitting was obtained for A3 Veg vs.
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EOT data. The negative charge density49E1#E10 cm? for ALD SiO, on Si and-
3.5E12+2E11 cm? for Al,O; on Si. From the voltage axis intercept, the effective
workfunction of TaN is 43 .01 eV on ALD SiO, and 4.55 +004 eV on AbO:s.

Therefore, Equation 4.1 can be simplified as:

G foa Ti Oyl 0 Y0, 5,00 5%, QQA&GQ 18
where Qsio2 and Qapo3 are the fixed charge densities at Si/Sifterface andSiO,/Al ;O3
interface respectively. In order to explore the flatband voltage shift mechanism, a few
parameters in Equation 4.2 should be determined: fixed chargeieeas®i/SiQ interface

Qsio2, SIO/Al O3 interface and effective work function of TaN on A); and SiQ, which

have been calculated from single layer,®k results.
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Figure 41. Flatband voltage vs. EOT results of single layer ALD,&itd ALOs; on Si with FGA.
Both samples received,?DA at 90C0°C.
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Figure 42. Flatband voltage vs. EOT plot of diayer type 2 after 608C and 900C PDA.

With Equation 4.2, fixed charge density at Si/SiQerface can be extracted by varying SiO
thickness while AJO; thickness is fixed (dudhayer type 1). In order to extract the fixed

charge density at SgAI O3 interface in the dudhyer stack, Equation 4.2 can be modified

as:

ol ....,pf Y~ 7w P A S )
@5 Yo i, Ou YT—UG@OOU"YME QOneaqx U&®

_ P =~
T— U.‘Yr
With Equation 4.3, fixed charge density at F&),0; interface can be calculated by

changingAl 03 thickness while Sigthickness is fixed (dudhayer type 2).

To understand the effect of PDA temperature on the dipolmeng MOS capacitors with
duaklayer type 2 after 608C and 90°C PDA were fabricated. All the samples received an
FGA at 450°C. In Fig. 4.2, the flatband voltages of the dlaler stack with 606C and 900

°C are higher than those of single layer AISDD,. The trend lines' flatband voltage axis
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intercept after 900C PDA is 0.82V, which is significantly higher than the 0.83shown by

single layer AJO; or 0.26 V of single layer SiO

With the results of dudhyer type 1 and type Phe fixed charge density at Si/Siinterface

after 900°C in the dualayer stack is +4.7E11£.2E11¢mPositive fixed charge is observed

at this interface, which is different from the result of single layer ALD, ®i®Si with the

same annealing conditions. Thiged charge density at SyAl.Os interface 900°C is -
5.0E11£.3E11 cnif. Based on above equations, the fixed charges cannot explain the higher
flatband voltage of the du#yer stacks. Therefore, the positive flatband voltage shift is

attributed to tk dipole at SIQAI,O; interface.
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Figure 43. Flatband voltage vs. EOT results of disler type 1 and 2 on Si after after 6@and
900°C PDA.
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Based on calculations, the dipole moment of DDA stack is ®6#. 1 eV and the value
of the 600°C PDA stack is 0.134#.1 eV. The results clearly show that the PDA temperature

can affect the dipole moment at the 8/&),0; interface.

In summary, the electrical dipole effect of the $KD,O3; stack deposited by ALD has been
verified by experimental results on Si. The dipole moment can be controlléte BDA

temperature.

4.2 Concept of the cancelation and neutralizatioeffect

Even the dipole effect is suitable for threshold voltage tuning, for a given stack, the
amount shift is fixed. It is beneficial to be able to stack the dipoles to create additional
positive shift, if higher threshold voltage is desirable. In theassuming there is no charge
anywhere, when one more Si@yer is deposited on tH&O,/Al,0O3 stack, the back to back
dipole should be canceled, which is called diyole cancelation effect. If a layer, which
does not form dipole witl\l O3 or SiO,, is inserted between th&l,O; layer and top SiQ
layer, the dipole will not be canceled and additional dipoles can be stacked. This layer is

called the neutralization layer.

The theoretical prediction of dipole cancelation and neutralization are showq. ih.4iand
4.5. It is noted that in this calculation, it is assumed that fixed charges or interface states are
not present and the presence of low density (fixed polarity) charges does not change the trend

showing in Fig. 4.4 and 4.5. In Fig. 4.4, the effef dipoles in the alternating§iO,/Al O3
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stackswill be canceled when there are 3, 5, and 7 layers in total, due ¢artbelation effect
Therefore, without charges, the alternating SD03 stack'’s flatband voltage should toggle
high and low with dditional layers. In Fig. 4.5, if a neutralization layer is used, the flatband
shift of dipoles can be stacked aadditionalflatband increase can be achieved. As shown in
Fig. 4.5, when a neutralization layer (layer 3) is inserted between layesQs)Ahd layer 4
(Si0y), the dipole formed between layerl and layer 2 will be not canceled. Therefore, another
dipole stack can be built on top of layer 3. The ideal neutralization layer should not form
dipole with ALO3zor SiO,. However, if a dielectric onlforms weak dipoles, it can be used as

a neutralization layer. For example, Hf@neets the criteria given that it forms a 0.2 eV

dipole on SiQ[2].

>,

(0]

[®)]

m - —
=

S |V dipole

b o) FB-Si02

€ [-===- ------ .----- - - - - -]
48] FARY

Qo

£

e

G=

— / "-“_‘ ."‘.“

3 VFB-sr’oz

g el -===- "----- o, ----- " -
L

o 1 2 3 4 5 6 7 8
Number of layers

Figure 44. Theoretical prediction of the flatband voltage of alterrpéilbO; and SiQ layers,
assuming no fixed charge anywhere.
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Figure 45. Theoretical prediction of the flatband voltage of alternatin®fand SiQ layers with
neutralization layers (layer 3 and 6), assuming no fixedgehanywhere.

To verify the cancelation effect in experiment, the flatband voltage of 3nm ALR3S1
Al,03/3 nm SiQ stackafter 900°C PDA and 450C FGA was extracted and compared to the
duaklayer with 3nm Si@3nm ALOs;. From the flatband voltageesults shown in Fig. 4.6,
the thredayer stack shows higher flatband than the diaxgr. The result indicates the
cancelation effect is not observed. The extracted fixed charge densities of bottdl 8
interface and AlOs/top SiQ interface are-2E12 cm?® and -3E11 cnif respectively. The
negative fixed charges in the stack, especially charges at botto#\IS(@ interface, create

the positive flatband shift for the thrsgyer stack. The charge density results may suggest
the bottom SiQAI,O; interface and AIOs/top SiQ interface are not identical and the dipole

may not be completely canceled.
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Figure 46. Flatband voltage and EOT results of single layerSBiD,/Al ,05, SIO/Al,04/SIO, and
SiO,/AlL,04/SIO,/AlLOs. All samples received 90 PDA and 450C FGA.

Fig. 4.6 also shows the folayer stack (Si@QAI,O3/SiO,/Al,Os5). In theory, the foutayer

stack should show higher flatband than the titager one. However, the additional positive
shift is not observedhen the fourth layer (Bm Al,O3) is deposited. Since the fixed charge
polarity may change, which is observed at SifSi@erface in the single layer ALD Si@nd
duallayer capacitors, the fixed charges in the stack play a vital role in the flatbaadevol
Therefore, the dipole cancelation effects may present but it is not observed due to the

flatband voltage shifts caused by high density fixed charges.

To verify the neutralization effect using HiCthe flatband voltage of MOS capacitor with
Al,O3/SIO,/HfO,/Al,04/SiO, stackwas compared to the thrégeyer and fowlayer capacitors.
Comparing the foulayer and fivelayer with 5nm HfO,, the flatband voltage behavior is

again different from the trend predicted by the modeling. The neutralization effect is not
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clearly observed using HEO The intermixirg of HfO, and SiQ or Al,O; and the fixed

charges can be the reason why the effect is not observed.

In summary, the dipole the cancelation effect is not observed using alternating ALBn8IO
Al,O; layers. At the same time, the dipole neutralization effect has not been observed using
HfO, as the neutrdayer. The results indicate that the effect fixed charges can be critical if

the charge density is high.
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Figure 47. Flatband voltage and EOT results of of @/D,04/Si0,, SiO./Al,O4/SiO/Al 05, and

SiO./Al,04/HfO,/SIO,/ Al,Os. All samples received 90T PDA and 450C FGA.

4.3 DuaHayer capacitor results on SiC

Similar experiments were carried out on-&C to study the flatband voltage behavior. With

N2 PDA, the SiQ/Al, O3 dual layer samples show good\Ccharateristics when the PDA
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temperature is below 90C. The GV results of dualayer 10nm SiQ/3 nm Al,Os are
shown in Fig. 4.8. The flatband voltage of 6@PDA duallayer is 3.6 V and that of 75C
PDA sample is 6.3 V, respectively. Compared to siteyyer SiQ results shown above, the
duaklayer sample after 758C PDA in N has higher flatband voltage than the single layer
under the same annealing condition. Th¥ @e 750°C PDA sample shows a shoulder near

depletion, indicating additional interfactates.

Higher temperature PMA improved the\MCcharacteristics and reduced the flatband voltage.
The shoulder in the ¥ of the 750°C PDA sample is less pronounced than theé Before
600 °C PMA. However, the the 758C PDA sample clearly shows mor&retched GV

transition than the 600 PDA one, indicating higher interface state density.
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Figure 48. C-V characteristics of dudayer SiQ/Al,Ozafter 600°C and 750C PDA in N, after 400
°C PMA.
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Figure 49. C-V characteristicef duatlayer SiQ/Al,O;after 600°C and 750C PDA in N, after600
(0]
C PMA.

When the N PDA was performed at 90, the duallayer sample did not show normal\C
characteristics (no accumulation). After diagnosis of the entire process flow, including the
wafer quality, the Si@and AbLO; depositions, RTA, and sample backside treatment, the
results have been repeated. c®inthe 750°C PDA sample shows signs of interface

degradation, this issue may be attributed to fermi level pinning near gate electrode after high

temperature anneal.

The NNO PDA process allows the samples with@d to be subjected to higher temperatu
RTAs compared to the NPDA experiments (up to 75C). When the samplemeannealed

N,O ambient, the20 nm ALD SiO,/AI,O3; duaklayer samples shownormal GV

characteristics after PDA at 960, as shown in Fig. 4.10.
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Figure 410. C-V characteristics ofwhtayer20 nmALD SiO./Al,Osafter 900°C PDA in NO and
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Figure 411. 1M Hz GVs of duatlayer SiGQ/Al,Osand single layer ALD Si@after 900°C PDA in
N,O and 400C PMA.

Fig. 4.11 compares the-Es of single layer 30 nm Siand 30 nm SigAl,O3 duatayer

stack and it clearly shows that the dlggler significantly increases the flatband voltage.
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With 900°C N,O PDA, the dualayer sample shows aboud3higher flatband than the SjO
samplewhichis partly caused bglipole effect after the high temperature PDA. The negative

charges in the stack lead to additional positive flatband shift.

To investigate the cause of this large flatband voltage shift shown in Fig. 4.11, MOS
capacitors with dudlayer type 1 and type 2 after 980 N,O PDA were fabricated to extract
various parameters. The thickness difference in the ALD, &@er was created by wet
etching in diluted HF. Due to the limitation of etching process, the @ilGkness can be

differert from the target value, which does not affect the accuracy of the experiment.

TheVes vs. EOT curve of the group of samples with varying.Shiickness is shown in Fig.
4.12. The result of single layer Syapacitors with thsameannealing conditions is also
included in Fig. 4.12. Th& g axis intercept of the trend lines from dl@yer and single
layer are 2434#.09V and 159#.05 V respectively. The restsl also showmincrease in the
fixed charge density at the SIC/ALD Sithterface. The extracted effective charge densities
at the SiC/ SiQ interface of single layer and ddalyer 3.194.43x13° cm? and
3.9240.19x10"% cm’?, respectively. Basel on Equation 4.2, higher negative effective fixed
charge density at the SiC/ALD Sinterface of the dudhyer stack leads td.2 V higher
flatband voltagehan theALD SiO, sample, when the ALD Sidayer is 30nm thickand
EOT of ALOs is 1.5 nm The results show that the large positive flatband voltage shift of the
duatlayer observed in Fig. 4.11 is caused by both the dipole effect and the increase in

negative effective charge density. The origin of the change in effective chaigjy danbe

attributed to the c¢appdRDA WithaapatherGet obammpled ue nc e



100

varying Al,O3 thicknessand Equation 4.2 and 4.3, the fixed charged density ap/BIgD3

interface is2.08x10'* 4. 16 cm” and the calculated dife moment is G80.18 V.
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Figure 412. Flatband voltage vs. EOT results of ALD $#&hd ALD SiQ/Al,O; capacitors on SiC
with 900°C PDA in NO and 400C PMA.
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Figure 413. Flatband voltage vs. EOT results of ALD Si@hd ALD SiQ/Al,O; capacitors on SiC
with 1000°C PDA in NO and 400C PMA.
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The dipole effect after 908C N,O PDA has been verified in experiment. However, dual
layer capacitors after 1000 N,O PDA did not cosistently show higher flatband voltage
than the ALD SiQ samples. The M axis intercept of the trend lines (ddayer varying
SiO, thickness) does not exceed Y.5The Vg axis intercept and the slope of the fitted trend
line of the dualayer capacit@ after 1000°C N,O PDA are similar as the values of the
single layer Si@ samples after 1008C N,O PDA. Thus, similar effective workfunction
values were observed from the dimfer and single layer Si@apacitors after 100 N,O
PDA, which indicateghat there is no significant dipole. The data points of the-ldyal
capacitor after 1008C PDA are summarized in Fig. 4.13. It appears that the ¥OG2DA

affect the formation of the dipole at ALD SiBI,0s interface.

In summary, the concept of the electrical dipole effect and the benefit of using the dipole to
tune the threshold voltage were described. The dipole effect was successfully verified using
SiO,/Al Oz stack completely deposited by ALD on 8#C after 900°C N,O PDA However,

the dipole cancelation or neutralization effect has not been observed in the experiment.
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Chapter 5

Electrical Properties of SiC Lateral MOSFETs Using ALD SiQ as the
Gate Dielectric

In this chapterp-channel lateral MOSFETissing ALD SiQ as the gate dielectrare
fabricated and characterize@ihe effect of annealing conditions on the MOSFET electrical

properties willbe investigated.

5.1 Lateral MOSFETSs fabrication processes

The laterd MOSFETs were fabricated on Al dopedA@6x10*° cnmi®) & off-axis Si
face (0001) 4+5iC substrates using the process flow shown in Chapter 2. First, source/drain
phosphorus implantations and activation anneal were performed. The activation anneal
temperatire was carried out at 165G with a graphite cap made from photoresist. The
device isolation was achieved by 606 thick deposited field oxide. Before the gate stack
deposition, the samples went through a solvent and diluted HF surface cleaning. ALD SiO
was deposited using above mentioned conditi8nBDA was performed in a rapid thermal
anneal tool in pure O ambient at differeantemperaturesAfter the PDA, TaN capped with
W was deposited using RF sputtering as the gate electrode.gafeemetal deposition, the
source/drain contact holes were etched using buffered oxide Tétehsource/drain ohmic

contacts werecreated byforming nickel silicide through annealing 50nm thick nickel
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sputtered on the implanted source/drain at @50The schematic of lateral MOSFET cross
section is shown in Figh.1. The MOSFET discussed in the next few chapters were built
using the samm process flow.The MOSFET DC characteristics were measured with a

Keithley 4200 semiconductor parameter analyzer.

The MOSFETSs under test have equal gatgth and length (200, 300 and 400 microns).
Large devicesvith equal lengttandwidth are generally favorable to extract the field effect
mobility. The \, is extracted using linear extrapolation of theMgys characteristics. The

field effect mobility 5 calculated based on the method described in Chapter 2.

The source/drain ohmic contact is confirmed from the transfer length method (TLM)
measurement with a liner trend line obtained [1]. The measured specific contact resistance is
0.15 mOhm*cmh. The ohmi contact resistance plays an important role in the total on
resistance of power MOSFET. In this wollrge devices (30@m*300 um) are used to
extract the key device parameters and thus the results are not sensitive to the contact

resistance.

Gox

Hi Silicide i Silicide

N+ SiC

Figure 51. Schematic of fabricated lateral MOSFETs with ALD SiO
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Figure 52. TLM results on N+ region from lateral MOSFETs samples.

5.2 MOSFETs using ALD SiQ as the gate dielectric
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Figure 53. lgs'V4s characteristics of MOSFETSs usiB@ nmALD SiO, after 900°C N,O PDA ©
2013 Trans Tech Publications Inc.
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Lateral MOSFETs using 30m ALD SiO, as the gate dielectric were fabricated to
study the impact of HDA conditions on field effect mobility and V. The ksVgs
characteristics of ALD SiOMOSFETSs after various high temperagsiRDAs are shown in
Fig. 5.35.5. The extracted mobility andr\fesults are summarized in Table 3rigeneral,
the ALD SIQ MOSFET with NO PDA shows low field effect mobility and high threshold
voltage. The peak mobility increases with thgONPDA temperature and ther\decreases
with it. As shown in the Presults in Chapter 3, the mobility enhanegrnis attributed to the
reduction in interface state density after higher temperature PDA. As shown in the capacitor
experiment, the pO PDA show effective [ suppression due to nitridation at higher

temperatures.
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Figure 54. 14V s characteristics of MOSFETSs using 86 ALD SiO, after 1000°C N,O PDA.
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Figure 55. l4s'V¢s characteristics of MOSFETSs using B ALD SiO, after 1100°C N,O PDA.

Table 51 Mobility and Vr of ALD SiO, MOSFETswith N,O PDA.

900°C PDA 1000°C PDA 1100°C PDA
Peak FE mobility
12.0 18.020 25.7
[cm?/Vs]
Vr[V] 10.9 6.9 4.7

In Fig. 5.6,the ksVgs charactestics of MOSFET (with equa length and width after 1100

°C N,O PDA show proper transistasperations



108

30—
- WiL=1 et

25" 1100°C N,0 PDA Lt
L _ " ,.-‘.

20| V,=0to 10V o e

Drain current [uA]

V, V]

Figure 56. 14V 4s characteristics of MOSFETSs using ALD Siéfter 110°C N,O PDA.
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Figure 58. MOSFET characteristics using ALD Si@fter 1000°C N, PDA.

In summary, the ALD SIiQMOSFETs with NO PDA provide promising peak field effect

mobility values and Igih threshold voltagdn Fig. 5.7, the peak mobility increases with the

N.O PDA temperature and ther\decreases with itAlthough the low temperature ALD
process doesndt create carbon related def ect
mobility, the measured mobility remains low. The structural mismatch of Si face SpC/SiO
interface results in large density of dangle bonds, which also leag [&].OTherefore, both

the dangling bonds and carbon related defects must be removed to achiguabéece

mobility values on Si face. Further mobility enhancement techniques are needed to improve

the mobility.

Lateral MOSFETs with 3@m ALD SiO, after N, PDA were also fabricated on the same Al

doped 8 off-axis Si face (0001) 4$iC substrates following the process flow shown in
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Chapter 2. Thé\, PDA MOSFETs were fabricated alongside the devices aftgd DA as

the control samples. The ALSIO, in the two groups of MOSFESTwas deposited in the
same ALD run and they were annealed in the same RTA tool. MOSFET characterizations
show that, with 906C or 1000C N, PDA, the device donot show transistor characteristics
as shown in Fig. B. The MOSFES¥ cannot be turned on by applying higher gate bias.
Further experiments using,NDPA confirmedthe results. It appears that the high density
interface state caused by interface layer growth prewesmrsion of the channel. Even
without obvious nitridation effect at 90 or 100°C, the NO PDA still creates a better
interface between SiC and ALD SiGt is likely that the presence of atomic oxygen released
during the NO PDA fixed the oxygen deficiency in the oxide or at the fata. It is also
possible the PO PDA create an extremely thin thermal oxide, which provides better

interface properties.

5.3 MOSFETs using ALD SiQ/ Al,O3 stack as the gate dielectric

From the MOS capacitor experiments, we have observed large pdiativand
voltage shift with dualayer SiQ/Al,Os stack after 900C N,O PDA. It is necessary to
verify the results on MOSFETs and study the impact on mobility when thelayealis
deposited. If it is proven to be affective, thig &hhancement technigucan be applied to any

SiC MOSFET gate stacks with similar thermal budget.
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Lateral MOSFETSs using duddyer (30 nm ALD Si@3 nm ALO3) were fabricated with the
process described in ChapterP2rsistent process issuegre encountereduring the dual

layer MOSFETdabricationwhen etching the dielectrics on the source/drain contact region.
Due to the low etch rate of AD; after high temperature A PDA, various wet and dry
etching recipes have been tested. A reactive ion etchilig (lRocess using boron trichloride

(BCls) has beemnly partially successful.

To deal with the etching issue, the fabrication process has been slightly modified for the
devices with AJOs. It is normally preferred to perform the PDA immediately after the oxide
deposition to prevent possible degradation. Because ta Rlyer is difficult to etch after

high temperature PDA, the contact etch was carried out using diluted HF before the PDA.

After the wet etching, the samples were cleaned and annealg@.in N

From Fig. 5.9, the dudhyer MOSFET after 906C PDA shows 24 V higher threshold

voltage than the single layer Si@evice, which was fabricated alongside the dawér
sampleas the controlSince onlyl.5 nm EOT increase is observeshich leads td.65 V

higherV, the increase in the EOT of the ddayer sampled o0 e s pléirt theangrease in

V1. Thus,similar to the capacitor results, thesitiveV+ shift caused byhe dipole effect has

been observed fdateral MOSFET on 4F6iC. The duall ay er MOS FHiéldieffecst p e a k
mobility value is 12.%m?/Vs, which is similar to that of the ALD SiQlevices afte®00°C

N.O PDA. Therefore, ¥ enhancement has been achieusihg dualayer SiQ/Al,O5 stack

and the mobility is not affected by the additional layers.
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Figure 59. 14’V 4s characteristics of MOSFETS using the diagler stack and single layer ALD SiO

after 900°C N,O PDA.
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Figure 5.10Subthresholaharacteristics of MOSFETSs using the dlagler stack and single layer

ALD SiO; after 900°C N,O PDA.
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Figure 511. Field effect mobility of the MOSFET with the ddalyer stack after 908 N,O PDA.
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Chapter 6

Study of Lateral MOSFET Using SiO, Related Interface Engineering for
Electron Mobility Enha ncement

In previous chapters, ALD Sigbased MOSFETs have shown promising electrical
properties. With 30 nm ALD Si§high threshold voltage and promising field effect mobility
have been achieved with,®@ PDA. The peak mobility values achieved using ABID, with
NO anneal are similar to those of devices using thermal oxide after the same NO treatment [1,
2]. As discussed in Chapter 3, even without defects created during thermal oxidation, the
structural defects at SiC/Sinterface still lead to highierface states density, which limits
the mobility enhancement [3]. Therefore, to remove the dangling bonds and other border
traps, interface treatments are requiredthis chapterinterface engineering techniques|

be exploredising rapid thermal oxide (RTO) addped SiQ.

6.1 Interface engineering using rapid thermal oxidation

High quality rapid thermal oxidean be grown on SiC inJ ambient using a lamp
heated rapid thermal anneal system [4fthd# amount of thermal oxidean be limitedto a
very thin layer high quality oxidecan be grown on the surface and excessive oxidations can
be avoided. Observed 48iC oxidation rate in pD in lamp heated RTA tools is

significantly higher than that in traditional oxidation furnaces at the same temperature [4].
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1.5 nm

0.8 nm

Figure 61. AFM image of Si face 4+$iC after 66s 100 °C N,O rapid thermal oxidation. The scan
size is 2um*2 um.

First, thin thermal oxide onvas grownSi face of 4HSiC at 1000°C in pure NO in a lamp

heated RTA tool Surface roughness (root mean square) of approgiyndtnm thick
(measure by ellipsometer) RTO layer measured by Atomic Force Microscope (AFM) is 0.1
nm, which is same as cleaned SiC sample. Therefore, the rapid thermal oxidation process

doesn't increase the SiC surface roughness.

MOS capacitors were fabricated using a thin RTO layer (grown at AD@® pure NO for

200 s). The capacitor containing 5.8 nm RTOwvehdGV characteristics with minimal
hysteresis and frequency dispersions. While the thin RTO shown reasonably good properties,
it is desirable to keep the RTO layer thin to limit the amount of carbon atoms released from

the substrate during the thernaxidation
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Figure 62. C-V characteristics of MOS capacitor using 6r8 RTOafter400°C PMA.

In MOS capcitors and MOSFET& experiment the RTOis grown at1000 °C for 60s
which givesl.5to 2 nmbased on ellipsometrand the RTO layer is covered by thick ALD
Si0,. C-Vs characteristicof MOS capacitorsvith RTO covered by 20 nm ALD Sigafter

900°C PDA N, and NO areshownin Fig. 6.3 and 6.4espective}.

In Fig. 6.3, the MOS capacitor aftep@® PDA shows higheflatband voltage and clockwise
hysteresis. The asymmetric and counter clockwise hystaresiee GV of the N» PDA
sample inlicate the presence bigh densityinterface states, due to potential interfacial layer

growth. Therefore, the XD PDA is the more suitable for this RTO/ALD Si@electric stack.
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Figure 63. C-V characteristics of MOSapacitorwith RTO covered with 20m ALD SiG, with 900
°C N, PDA and 400C PMA.
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Figure 64. C-V characteristics of MOS capacitaith RTO covered with 26m ALD SiO, with 900
°C N,O PDA and 400C PMA.
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Figure 65. 1M Hz GV characteristics of MOS capacitors with and withRTO after 900C N,O
PDA and 400C PMA. Both samples contain 20n ALD SiO,.

Fig. 6.5 compares the high frequencywCQurves of MOS capacitonsith and without the

thin RTO layer after 908C N,O PDA and 406C PMA. The sample without the RTO layer
shows wider hysteresis an4, indicatingthe gresemee afr dep
significant interface states. The\Ccharacteristics clearlghow the presence of the RTO

layer improves the &/ characteristics. In Fig. 6.6, the sample with RTO &80 °C N,O

PDA shows lower Rthan the sample ALD Si{levice after the same PDA.

When the PDA temperature was raised fréd® °C to 1000°C, thebenefits of introducing

the RTO layer is not as obvious as the 900PDA sample. It is possible that the 100

PDA leads to a thin layer of thermal oxide at the interface and creates similar interfaces for
the two samples with and without RTO. The P@Mperature used in MOSFET experiments
using RTO will be limited to 900C. Although GV improvement is not observed, the

presence of RTO greatly reduces the gate leakage from 3 MV/cm to 6 MV/cm.

















































































































































































