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Metal/6 H-SiC(0001) interfaces free of Fermi level pinning were formed by realizing well-ordered atomic
arrangements and perfect termination of the surface atoms of SiC substrates. The surfaces and interfaces were
investigated by electrical measurements, Auger electron spectroscopy, low energy electron diffraction, x-ray
photoemission spectroscopy, scanning tunneling microscopy, and transmission electron microscopy. We used
three different regimes for the surface treatmefijghe conventional procedure of degreasing and HF dipping,

(i) thermal oxidation followed by HF dipping aftér), and (iii) immersion into boiling water aftegii). We

found that the dependence of the Schottky barrier height on the metal work function changes drastically
following these surface treatments. The Fermi level at the interface prepared using only tre@mers
almost pinned at-0.8 eV below the conduction band minimum. On the other hand, for the interfaces formed
by treatments(ii) and (iii), the position of the interface Fermi level varied strongly with the metal work
function. In particular, treatmerttii) approached the Schottky limit, with a density of interface states of 4.6

X 10 statescm 2-eV 1. The surface characterization of the SiC surfaces formed by the Schottky-limit
treatment(iii) indicated that the surface was atomically flat, the terraces of the surface was terminated by
hydrogen atoms, and their step-edges were stable due to passivation by oxygen. An abrupt commensurate
epitaxial connection at the Ti/SiC interface was found for treatrfient whereas the Ti/SiC interface obtained

by employing treatmen(i) had a disordered layer with a thickness-e2 nm, which is the origin of the large
density of interface states enough to pin the interface Fermi level.

DOI: 10.1103/PhysRevB.70.035312 PACS nuni®er73.30:+y, 73.20-r1, 81.65-b

[. INTRODUCTION in terms of atomic arrangements and chemical bonding. One
of the most typical phenomena is a large change in barrier
The Schottky barrier at metal/semiconductor interfacesheight by the change in geometrical connection between a
which is one of the most essential research subjects for eleeaetal and a semiconductor, which was found by Tung’s ex-
tronic deviced;? has been studied for around half a century.periment using the twin epitaxial NiSiSi(111) systent!
The controllability of the Schottky barrier heiglg, on a  Another type of important experiment to illustrate the inter-
semiconductor, which is of scientific interest and technologiface contribution tap,, is to terminate the interface dangling
cal importance, is expressed by a characteristic slope pararbends to reduce the density of the interface states, which is
eterSy(=d o,/ dpy) > whereg,, is the metal work function. expected to raise the value 8j. Layet al1? obtainedd,, of
Before the 1980's, experiment8), value$~®had been esti- 0.12 eV by depositing Pb on anSi(111) monohydride sur-
mated mostly for covalent semiconductors, whose valueface. This contrasts well with the conventional pinned barrier
ranged from 0.11 to 0.19 for Si and from 0.06 to 0.22 forheight of~0.7 eV, implying a possibility of a wide change in
GaAs. These are much less than unity that is referred to a$,. Fanet al®® reported thatS, increases from a conven-
the Schottky limit. In general, aB, value less than unity tionally reported value of 0.14 to a value of 0.53 by sulfur
indicates the presence of a large number of interface statermination on am-GaAs(100) surface. Brillson’s grotth
since a high density of interface states reduces the width aleposited Au and Al ontan-GaAs(100) surfaces. They
the Fermi-level shift caused by the charge that cancels thehowed that a highe$,, value is obtained by lowering the
work function difference between the semiconductor and theemperature during metal deposition. These results suggest
metal. Theoretically, there is a model that ascribes the maithat S, depends on the surface electronic states and/or the
origin of the interface states to metal-induced gap stateiterface chemical reactivities as well as bulk properties,
(MIGS). MIGS is interface states formed by modifying the while MIGS is conceptually reasonable. In other words, both
semiconductor band due to the direct connection of the mesf MIGS and the states induced by the interface factors ob-
tallic wave function to the semiconducting wave function.  served by the experiments are origins of the interface states
The degree of the modificatiothat is, the density and decay and the resultant interface potential barrier. The degrees of
length of MIGS, was calculated to be inversely related totheir importance are the scientific issue.
ionicity.® Actually, old tabulated barrier heights tell us that  In an ionic semiconductor, the MIGS effect to the inter-
S, values for a highly-ionic semiconductor are larger thanface dipole is lowered as mentioned already. This results in
the values for the covalent semiconductdbfsFrom this relatively larger effects of interface factors. In addition, since
trend between the ionicity an8,, the value ofS; in a  the ionic semiconductor has a strong binding energy origi-
semiconductor material had been believed to be inherent toating from its higher ionicity, the interface tends to be ther-
the semiconductdf’ mally stable, and an interfacial chemical reaction that might
In the 1980's advances in experimental techniques lead tbe one of the origins of the interface states hardly progresses.
findings of relations betweed,, and the interface structures As a result, the surface treatment for an ionic semiconductor
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TABLE I. Cleaning procedures including a common pre-cleaning proce@ymger columh and additional procedurdtower column
referred to as the DHF, O/E, and BW procedures.

Common pre-cleaning procedufgegrease

Dicing: Samples (3.783.75 mn?) cut from a SiC wafefsome glue is used
!
Glue removal: Clean TCE dipping with stirring10 times until glue removal confirmed by optical microscope
!
Ultrasonic cleaning: DI (5 miny»methanol (5 min}»TCE (10 min)
—methanol (5 min}>DI (5 min)
!
SPM (optiona): (96%H,S0,:30%H,0,=4:1, 120 °C, 5 mip-running wateyr
DHF O/E BW
RCA cleaning(SC-1): - (29%NH,0H: 30%H,0,:H,0 (29%NH,OH:30%H,0,:H,0
=1:1:5, 805 °C, 10 min =1:1:5, 80+5 °C, 10 min
Diluted HF rinse: 5% HK10 min) 5% HF (10 min)~DI (1 min) 5% HF (10 min)~DI (1 min)
Thermal oxidation: - 1100 °C, 150 min, dry,O 1100 °C, 150 min, dry @
Diluted HF rinse: - 5% HR10 min) 5% HF (10 min)}-DI (1 min)
Boiling water immersion: - - D98 °C, 10 min
DI rinse: DI (1 min) DI (1 min) Running water
becomes a dominant factor in generating the interface states [l. EXPERIMENT

and in determining the resultagf, compared to the situation . . .
. ' . Commercially  available nitrogen-doped n-type
in a covalent semiconductor. However, because of an insufx

- . . : 6H-SIC(0001) epitaxial wafers, 1 in. in diameter and tilted
ficient amount of investigations on surfaces and interfaces

no systematical understanding of the effect of the surface an@5° toward the[1120] axis were used in this study. The

interfaces ong,, andS,, has been obtained. wafer substrates were grown by the modified-Lely method
At the end of the 1980’s Baliga’s group analyzed thatand. the epitaxial films Wit.h a thickness of wn were de-_
optimum  semiconductors for high-power electronics ar osited on them by chemical vapor deposition with feeding

wide gap semiconductors that tend to have high ionicifles, r_utrogen as-type doplng gas. The carrier concentration es-
. . . . . . timated from the capacitance-voltagé{V) method was 5
triggering extensive studies of the wide gap semiconductor

: . . ) Lo 9 X 10 cm™3. All sample cleaning procedures are summa-
with a view to using them in the practical field of electronic P gp

devices f d hiah f 5 di S ized in Table I. Samples cut to a size of 3:73.75 mn?
evices for power and high frequency. since studies on SiGyeq degreased and then dipped in 5% HF solution. This
crystals and especially on SiC surfaces are the most a

. ! X ) leaning process is referred to as DHF treatment. Some
vanced in the wide gap se_mmonductbsrs*.he evaluation of  gamples after the degrease were cleaned using the SC-1 pro-
S, for SiC crystals is very important as the first precise and.eqyre of RCA cleaning® After dipping into 5% HF solution
practical knowledge on the metal/ionic-semiconductor interfollowed by rinsing in deionized watefDI), the samples
faces, and especially investigations into the relationship bewere thermally oxidized in a quartz tube furnace at 1100 °C
tween surface treatments agl . for 150 min using dry oxygen gas. No pile-up of nitrogen
Sy values for 6H-SiC(0001) epitaxial films, which we atoms at the oxide/SiC interface was observed by secondary
estimate using the), values reported by Waldrogt al’'®  jon mass spectroscopy. The oxidized layer, 10 nm in thick-
and Porteret al1®~?? are 0.670 and 0.140, respectively. In ness, was then etched by 5% HF solution. We will refer to
these experiments, the formation of thick oxidized layers fol-this sequence of treatment as O/E treatment hereafter. It is
lowed by the removal of the oxidized layers has been carriedeported that an as-received 6H-SiC(001) substrate with a
out to remove any contaminated surface layers. Howevesurface layer exhibiting no low-energy electron diffraction
low proportionalities were obtained betweef, and ¢,,. (LEED) spot can be improved to have a sharp<(Il) pattern
These results imply that the development of an advancely thermal oxidation followed by dipping in hydrofluoric
surface treatment is required for an accurate estimati@), of acid?* After O/E treatment, some of the samples were im-
in the metal/SiC interfaces. In this study, we introduce adimersed in boiling water at 98 °C for 10 min. This sequence
vanced surface treatments for the SiC surface in order tof treatment will be referred to as BW treatment. It is known
decrease the density of surface states. Then, we will show that the S{111) surface is terminated by monohydride when
wide variation ofS,, by utilizing these surface treatments. In it is dipped into boiling water that has a reduced concentra-
addition, we demonstrate experimentally the formation oftion of dissolved oxygeR>?® In our experiment, deionized
Schottky limit interfaces with drastically lower densities of water without any intentional control of oxygen concentra-
interface states. tion was used. A typical value of dissolved oxygen in DI was
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Ill. ELECTRIC PROPERTIES

was around 10 ppb. All samples were rinsed in the deionizedured | -V characteristic under a simple assumption that
each surface treatment, using efbeam evaporator with a
qVv 1
ex m_ .
nm in typical thickness were formed on the samples through
maximum sample temperature during the Mo deposition wag€ight¢p, whose barrier has the simple second-order poten-
formation, Mg was evaporated as the back Ohmic electrodes, L\(/): $pntAd. ©)
around 102 Q- e, which is sufficiently low for evaluat- indicates that the barrier height is obtained frorvV mea-
prior to a Schottky contact formation contaminates the sur- Ap=
crystals is formed by Ni deposition and subsequent annealin hereVy, is the built-in potentialNp is the donor density;s
28 129y,

controllable Schottky barrier height, the Ohmic contact mu3110'0330 for &5, and 6.8, for ¢ Vy is calculated from

the bottom of the conduction band and the Fermi-level of the

tive density of states in the conduction band at 308°K,
surement systems were a picoammetéP 41408 and a  becomes 0.11 V.
from the light.

kT
" =Voit Vo 5

barrier peak and the current transport over and through the
The current density for an n-type semiconductor over this space charge region and the band is#f@he barrier height

in ~3 to 4 ppm. The resistivity of the water was 18.2 A-cm 2.K 220 |n a practical interface, a modified equation
water. there is a kind of bias-dependent leakage current as well as
base pressure of4x 10! Torr. Deposited metals were Ti,
Mo masks. Each sample had over 20 electrodes. During thEhe measured barrier heigth,, is a barrier height lowered
150°C, and sample temperatures during the other metdial curve?’ This is expressed by the following equation:
without any additional thermal treatment. The average SpeHere, A is the image force lowering and the notatitn
ing the Schottky barrier heights in current-voltage ¥) and surementA¢ is expressed by the following equation:
face for the Schottky contact, leading to a deterioration of the
at>1000 °C. This high-temperature process affects the quafg the static permittivity of a semiconductor ard is the
.
be formed without contaminating the Schottky surface, and’b
semiconductorV,, is calculated using a graphical method

Schottky barrier heights at the metal/SiC interfaces were-0.081 eV forEp the nitrogen donor level of thk site in
capacitance metdHORIBA DA-1500). Electrical measure- In the C—V measurements, the Schottky barrier height

The electrical characteristic at the metal/semiconductor
barrier. In a homogeneous dopant distribution, the potentialvhereVy,; is the voltage intercept on the voltage axis in the
potential barrier is expressed in the following equation calledgy ¥ obtained from the intercept without calculatirgp is

MQ-cm, and a typical concentration of total organic carbon(1') with the ideality factom is used to describe the mea-
A metal was deposited onto the SiC epitaxial surface aftethe constant reverse currehy:?
Mo, Ni, Pt, and Al. Electrodes 15@m in diameter and 500 J=Js
depositions there was no intentional sample heating. ThBY the image force at the interface, compared with the barrier
depositions were below 100 °C. After the Schottky electrode
cific contact resistivity of the Mg-Ohmic electrodes was.
C-V measurements. Note that an Ohmic contact formation
Schottky interface. Conventionally, an Ohmic contact on S|CW
ity of the surface for the Schottky contact. In order to form adynamic permittivity. In this study, we use the values of
= ¢pn— V—V,, WhereV, is the energy difference between

without any thermal effect to the Schottky electrode.

described in Ref. 2. Using 2410 cm 2 for N the effec-
estimated from both—V andC—V measurements. The mea- the 6H-SIiC crystaf’ and 5<10'7 cm™2 for Ny, thenV,
ments were carried out at room temperature in a box shielded; " is given by
interface is expressed by the potential distribution with a
distribution has the form of the second order for a distancegraph of 1C? vs V. At the intercept, the band has a zero
the thermionic emission thedryoriginally described by called the flat-band barrier height. One can compifé and

Bethe?’ qﬁ'b\(’, as similar barrier-height parameters that have no lower-
ing by the image force.
_ ﬂ/ _ Using the above equations, measured dabg,, n, and
J=Jg ex 1], (2) e v cV
KT Vy, in this paper were converted th,5, n, and¢,; . These

converted data collected from many electrodes were aver-

aged every cleaning treatment and metal. The mean values
Qdbon (¢ht) of the Schottky barrier heights and the mean valmgs
W) (2)  of the ideality factors obtained by the-V measurements of

the electrodes are summarized in Table Il. The Schottky bar-
Here,A* is the Richardson constaritthe absolute tempera- rier heights in the parentheses in the table are mean values
ture, ¢, @ measured raw Schottky barrier height with a bias( ¢'b\{)> averaged fromgbL\é for all the measured electrodes.
voltageV, k the Boltzmann constant, arglthe elementary Errors in the barrier heights in our experiments are defined as
charge. A* of the 6H-SiC(0001) crystal used is 194.4 the standard deviationsl

where

Js=A*T? exp{ -
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TABLE Il. Mean values of Schottky barrier heightgh) and
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¢, (n=1)

ideality factors(n) of metal/6H-SiG000J) electrodes for five met- 1.4 frrrrr————————
als and for the three cleaning procedukess the standard deviation _ Ni -
of each mean valud.¢p; ") for BW samples are displayed on the 1.3 § 1
right side in the table. = 210°
_‘g) 1.2 g . 1 1
-V -V -V c-V % g"" 1
DHF O/E BW BW w11 OJE 010_, im 1
(dyxa (V) (dho)=a (V) (dyxa (V) (¢V)xa (V) g *Notage
Metal ((M*o)  ((M*o)  (n)*o) 2
Al 0.728+0.003 0.443 0% 0435000 gos ;
(2.70+0.12) Z AT
Ti  0.736:0.04 0.561-0.032 0.45%0.003 085 T4 16 18 20
(12& 018) (12]t 012) n-value
Mo 0.708-0.004 0.786:0.029 0.808:0.007 0.846-0.005 ) ) W ) )
(1.10+0.01) (121:0.10) (1.110.02) FIG. 2. Schqttky barrier _helghwbo of Ni/6H-SiC(000)) elec-
Ni  0.891+0.004 1.036-0.013 1.1860.038 1.259 0.015 trodes as functions of the ideality factar Note that these elec-
(1.09+0.01) (1.56-0.04) (1.25-0.07) trodes in each treatmept are for.med.at the same time on each .tr.eated
sample surface. Even in each identical sample cleaning conditions,
Pt 0.926:0.006 1.14%0.030 1.324-0.087 1.772-0.017 the value ofn or the leakage current have large variations, but the
(1.32£0.02) (1.5530.05) (1.60-0.17) electrodes have unique ideal valuesiatl. The ideal barrier height

[V

The(¢yp) data in Table Il are plotted in Fig. 1 as a func-
tion of the metal work functionp,,.>? ( $4) increases with

o » Which is obtained by extrapolating the plots using the least
squares method for DHF, O/E, and BW samples are 0.939 V, 1.238
V, and 1.331 V, respectively. The insets shbw\V characteristics

v with a minimumn in each treatment and magnifi \(’,— n plots of

increasinge,, in each surface treatment. The fitting lines in theé DHF-treated sample.

Fig. 1 were calculated by the least squares metigydfor
DHF, O/E, and BW samples, which are the slopes of eac
line, are 0.180, 0.549, and 0.754, respectively. Ti&®seal-
ues are much less than unity. In Table(H} values are much
larger thann=1 for the ideal thermionic emission theory in
Egs.(1) and(2). n>1 is often called a leakage current ap-
parently. However, it originates from various kinds of com-

fparrier height was initially plotted versus as far as we are
aware. Later, a close relationship betwegn—n was dem-
onstrated for Ag electrodes on th&7 reconstruction on the
Si(111) substraté? Recently, the¢,—n plot was used to
explain the inhomogeneous distribution of barrier heights of
Ti/4H-SiC rectifiers>™® According to these reported data, the

plex current transport phenomena, such as the tunneling cuf@rier height inhomogeneity tends to lower the barrier
rent, the recombination current, the edge-leakage currenfi€ight observed by the-V measurement. This suggests a

and so orf, which has been analyzed as an inhomogeneouB0SSible underestimation &; whenn> 1.

distribution of barrier height$®~3’ Also, it was reported that

Figure 2 showsgypy at Ni/6H-SiQ000) interfaces as

n has a strong relation to Schottky barrier heights measurefynctions of the surface treatments. The insets of Fig. 2 are

by 1-V.3373%1n a report on Ir/Si interface¥, the Schottky

2.5

| -V characteristics with a minimumin each treatment, and
magnifiedgp, — n plots of a DHF-treated sample. The small-
estn value of the DHF electrodes is 1.076. The plots of the

o) V]

¢,

2.0

1.5t

1.0}

0.5}

Averaged Schottky Barrier Height {

0.0L

DHF electrodes are concentrated at around 0.89 V, and have
an (n) of 1.09. This concentration of the plots will be dis-
cussed in Sec. VI. The values of the O/E and BW elec-
trodes are spreading, suggesting no dominant local interface
states at any leve(n) for the BW electrodes is smaller than
that of the O/E electrodes. In all treatments, there are strong
linear relationships betweepy, andn. Note that these elec-
trodes were formed at the same time on each treated sample
surface. Even for identical sample cleaning conditions for the
over 20 electrodes on each sampiehas large variations.

FIG. 1. Averaged values of Schottky barrier heighis,) ob-
tained froml -V measurements at metal/6H-$000]) electrodes
as a function of the metal work functiafy,, . S, for DHF, O/E, and
BW samples obtained from slop@€#hs)/d¢pm, are 0.180, 0.549,

3.5

40 45

Metal Work Function ¢, [V]

50 55 60 But owing to the linear relations withpyy, ideal barrier
heights are obtained by extrapolating lines calculated from
the least square method te=1. We define the ideal barrier
height ¢y atn=1 as ¢,y . The lines calculated from the
method are depicted by straight lines for each treatment in

Fig. 2. ¢pg for the DHF, O/E, and BW samples are 0.939

and 0.754, respectively. Detailed cleaning procedures of the DHF-0.006 V, 1.2380.013V, and 1.33%10.006 V, respec-

O/E, and BW samples are listed in Table I.

tively.
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FIG. 3. ¢py of Mo/6H-SiQ000) electrodes as functions of [
¢y for DHF, O/E, and BW samples are 0.727 V, 0.838 V, and (b)Ti:BW
0.844 V, respectively. The insets shdwV characteristics with a
minimum n in each treatment and magnifi \(’)—n plots of the
DHF-treated sample.
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#po—n plots of Mo/SiC interfaces are shown in Fig. 3.
The insets in Fig. 3 show-V characteristics with a mini-

mum n in each treatment and magnifieply,—n plots of 101 ]
DHF-treated electrodesi of the DHF electrodes concen- [

trates around 1.160.01, while those of the O/E and BW ol—. 0]
electrodes spreach) of the O/E electrodes is larger than that 0 0.1 0.2 0.3
of the BW electrodes. These features are the same as those in (b) Distance [cm]

the Ni electrodesg;y at Mo/SiC interfaces for the DHF,
O/E, and BW electrodes are 0.720.003V, 0.838

io'poz V, and 0.844 ?\}002 vV, respec’.tlvely.. tively. The inset shows—V characteristics with a minimum in
Figure 4a) shows ¢,o—n plots of Ti/SIiC interfaces for  g,ch treatmentb) Resistances between two Ti electrodes for BW
DHF and O/E treatments. The inset in the figure show8  samples as a function of the electrode distance. The specific contact
characteristics at these interfaces with minimaoé;y for  resistivity p. obtained from the extrapolated resistanck, 2is
the O/E electrodes is much lower than that of the DHF elec{5.97+0.61)x 10" Q-cn?. The inset shows a typica-V char-
trodes. ¢y of the DHF and O/E electrodes are 0.786 acteristic for the Ti Ohmic electrodes.
+0.005V and 0.58%0.008V, respectively. The barrier
height(¢i5) of the DHF electrodes is relatively comparable O. 4433035V and 0.4353362V by the same procedure as
to the reported values of 0.73 V in Ref. 18. For BW elec-that of the Ti Ohmlc electrodes. As found in Figs. 2 to 4, the
trodes, thel—V characteristics show Ohmic properties, asslopes of thefﬁ —n relationships tend to decrease with de-
shown in the inset in Fig.®). The specific contact resistiv- creasmg<¢ In other words, the dependence@f{) onn
ity p. was estimated to be (5.90.61)x 102 Q-cn? from  becomes Weaker for interfaces with a lower barrier height.
the extrapolated resistanc®2at zero distance in the figure. Since ¢;,'(\)’ is not available for the low barrier heights ob-
In the order of 103 Q-cn?, this kind of the simple elec- tained from Eq(6), we approximate;j% as ¢bl<\)/

FIG. 4. (a) ¢y of Ti/6H-SIC(000]) electrodes as functions of
¢ny for DHF and O/E samples are 0.786 V and 0.581 V, respec-

trode structure is enough to estimatg. In the thermionic Using the whole data set af;y shown in Table Il in-
emission transporiy, is expressed by stead of( 1) in Table II, we plot the relationship between
the Schottky barrier heights and the metal work funciign
_ Kk dPon (6 I Fig. 5. Strong linearity is observed betwegily and ¢,
pc gA* kT ) as shown in all the three lines. The correlation coefficients

for DHF, O/E, and BW plots are 0.928, 0.983, and 0.996,
From Egs.(3) and (6), ¢y, for the Ti/SiC interface of the respectively. It should be noted that all the plots including
BW electrodes is 0.4510.003 V. Note that in our previous the barrier heights estimated from the Ohmic resistances in
report$®3°we showed onlypy,, not ¢py for Ti/SiC barrier  the Ti and Al electrodes have such strong linearity. This sug-
heights. We have also improved the base pressure of ogests that the thermionic emission mechanism and not the
e-beam evaporator by three orders compared with the previunneling mechanism is applicable to the Ohmic interfaces.
ous studies and suppressed outgassing during evaporationTbe slope parameterS'V obtained fromS —a¢gg/a¢m
achieve=1x10"° Torr. ¢y of Al electrodes with Ohmic  are shown in Table IVS'V of the DHF, O/E and BW elec-
properties in O/E and BW treatments were estimated to b&odes are 0.215, 0.739, and 0.994, respectively. These values
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TABLE IIl. The ideal barrier heightg,y of the metal/6H- P (— :
SiC(000)) electrodes. Here superscripindicatesgpy atn=1. I
>
|-V -V I-V
DHF O/E BW 52 20F 5- &
Metal gz (V) o) dlEen) o : o BW.
-— 2 A L
Al 0.759+0.004 S 15[ ¢ > o]
Ti 0.786*0.005 0.5810.008 :?:') [ ‘ -
Mo  0.727£0.003  0.8380.002  0.844:0.002 " TS
Ni 0.939+0.006  1.238:0.013  1.33%0.006 2 1 0L DitsatesemZev ~BUFA
Pt 1.011+0.015 1.3650.024 1.632-0.007 g Tt AlTI Pt 1
are larger tharS}’ obtained fromS,'= (0} dm. o in £ 0.5f mo 2 ]
Table IV is the standard deviation &,". For the BW in- & - i
terface, o divided by S;"(=0/S}") is the smallest in the @ nL -, ]
three treatments, indicating a stronger relation betwggh 0.0yt
and ¢, than those in the DHF and O/E electrodes. 3.5 J4-0 4.5 5.0 5.5 6.0
The inset in Fig. 5 shows the distribution of the density of Homoos Metal Work Function ¢m [V]

interface state®;; as a function of the energy from the con-

duction minimume, . Since the measured range ofo of FIG. 5. The relationship between the ideal barrier heigfyf
the DHF electrodes is 0.26 eV in width from 0.74 eV to 1.00 where the superscriptindicatess.¥, atn=1), and the metal work

eV, D is evaluated only over this limited energy range as &unction ¢,, for the three different surface treatments DHF, O/E,
direct estimation. For the O/E electrodes there is strong linand BW. Strong linearity is observed betwegfy and ¢, in the
earity in the ¢ — by, relationship over a wider measured three lines.S}"(=dgily/dd,) for DHF, O/E, and BW treatments
range of 0.90 eV, indicating thdd;; is constant over this are 0.215, 0.739, and 0.994, respectively. The inset shows the dis-
range. In such a system with a constBnf that is indepen-  tribution of D;; calculated using the measurS;jV as a function of
dent of the metal, one can estimé&g for each surface treat- €lectron energy from the conduction minimug . D;; for DHF,

ment using the following equation proposed by Cowley andO/E, and BW treatments are 28207, 2.71x10" and 4.63
Sze#0 X 10 statescm2-eV ™, respectively. The three lines cross to-

gether at a specific point with a barrier height of 0.797 V and a
) & work function value of 4.65 eV, which corresponds to a charge
S¢:m7 (7) neutrality level(CNL, ¢). At the CNL, the barrier height is con-
: it stant, thus being insensitive to the surface cleaning procedures.
wheree; is the permittivity of the interfacial layer andlis
the width of the interface layer. As in the original paper of nitely ineffective in terms of the interfacEg pinning, at
Ref. 40, a permittivity value of 8.85410 *F.-cm ! in a  least in our experimental range, which is 1.2 eV in width
vacuum was used as. 6 was assumed to be one bilayer- from Al to Pt. Practically, in terms of the barrier height con-
spacing of 0.25 nm on the 6H-SI@0Y) substraté! Using  trol, the BW interface is in the Schottky limit condition.
S, in Eq. (7), Dj; for the DHF, O/E, and BW electrodes are Figure 6 shows the Schottky barrier heights for the BW
2.80x 103, 2.71x 10'2 and 4.6% 10" statescm 2-eV~1,  electrodes obtained from theC-V (¢5") and the
respectively. Even if we use the lower limB,—o of -V (¢>;)'(\)’) measurements as a function &f,. The inset
0.941 (=0.994- o) for BW, the calculated value is 4.81 shows typical plots of 2 as a function of the bias voltage,
X 10! statescm™2-eV 1. The upper limit, 1.047€0.994 V from Pt, Ni, and Mo electrodes. The straight lines, without
+0) is out of range in Eq(7), corresponding to a zero detectable bending in any of the lines, indicate that donor
density of interface states. The very low density of interfaceatoms distribute uniformly in the SiC epitaxial films. The
states obtained, 4.6310'" statescm 2-eV ™!, indicates calculated donor density,N,, in the fims is 5
that all kinds of possible states, including MIGS, are defi-x 10'” cm™3. The width of the depletion layer in the films is

TABLE IV. S, for each cleaning procedure.is the standard deviation &, . S, indicatesS, obtained using the ideal barrier height
¢>b'(\)’ The superscripts a and b indicate Ref. 17, 18, and 19-22, respectively.

DHF O/E BW Waldropet al? Porteret al®
S,, obtained fromeyy 0.215 0.739 0.994
(o/S}) (0.233 (0.107 (0.053
S, obtained fromy ¢p 0.180 0.549 0.754 0.670 0.144
(0/S,) (0.211) (0.129 (0.108 (0.240 (0.623
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2 .5 et r r r (a) Flatband condition (b) Zero barrier height condition
[ 4(40-3). ¢b0 =h ¢b0 =0
> [ & _vacuum level 394V 3:83eV _
<2052 Lol T
- F o ¢"’ 3946V ¢6H0001 X sro0001 ¢m 3.83eV Astooo1 3.83eV
- P Q forl | %
= <9 o 0,11V m—t- g _ | e Ec
.% 15 =2 1 0 1 2 +Er 7’/ l— Ey
T : Voltage [V] L, 0.797ev 4y 0,797V
& [ (87):8" =101157
5 1.0 ] 5
s 1.0 Mo/ 7. 7
> [ ya ] metal 6H-SiC(0001) metal 6H-SiC(0001)
£ | ATl - ) | |
5 05} .‘l (v S¢<,W =0.994 . FIG. 7. Specific band diagrams of metal/6H-8001) inter-
S [ 4 b0 ] faces in the Schottky limit condition without interface statées.
w 5 The flat band is formed whe#,,=V,,. (b) When a barrier height
0 0', Y A T for n-type is zero, the band in the semiconductor should bend down-
: ward so as to realize the zero barrier height at the interface. In
35 40 45 50 55 6.0 ;

conditions(a) and (b), the metal work functiong,,, should have
values satisfying relations aby,= xs+ Va= ¢5 0001 aNd dm= xs,
respectively. HeregtE 01 iS @ hypothetical work function whose
FIG. 6. Schottky barrier heights of BW electrodes measured byconcept extends to the interface. Singgoosis 3.83 eV from Fig.
C-V (#5Y) and 1-V (&) methods as a function oby,. S, 5, ém for (@) and(b) conditions are estimated at 3.94 eV and 3.83
values obtained fromi¢5 ") and ¢y are 1.011 and 0.994, respec- €V, respectively.
tively. The inset shows ©2 for each metal as a function of the bias
voltage V. The calculated donor density in the SiC crystal is 5 has the effect of desorbing surface terminators such as hy-
X101 em™3. drogen atoms. We heated up our samples only to 200 °C such
that we suppressed desorption of the surface terminators.
27 nm. In this doping range, thermionic emission should bea|so, the K,CO, process in Waldrop’s experiments seems to
the dominant process In interface transport. An |mp0rtanbring about a decrease mActua”y, the effect of the KCO3
result that can be obtained from this figure is thiff” is  process to improve has already been report&in Porter’s
almost equal tapyy , and thusSg" with the value of 1.011  experiments, it is inferred that the strong pinning suppresses
obtained fromy ¢g") is almost the same &&;" with 0.994.  the increase im, which is the same behavior as observed in
This indicates that({¢g")=dps >(dhe) and S;'=s,’  our DHF electrodes. Further, there is statistical uncertainty in
>S|d>/' In other words, the increase imis the main cause of their n values because the number of their measured elec-
the barrier—height difference betwe@+-V and |-V mea- trodes and mean values ofvere not shown in their reports.
surements in a Schottky barrier with a depletion layer thickAlthough the cleaning procedures of Waldrop’s and Porter’s
enough to assume thermionic emission and a uniforn@Xperiments are almost the same as ours for the main pro-
impurity-level profile without any deep level present. cesses, consisting of thermal oxidation, HF etching, rinse
Waldropet al. and Porteret al. have studiedpy, of 6H- with water, and metal depositions at room temperature under
SiC(0001) epitaxial films for several kinds of meta&:22 ~ UHV, the o/S, value obta,lne_zd by Waldrop is about 2 times
Our estimations 08, using their barrier heights are listed in larger, and that of Porter’s is about 5 times larger than the
Table IV. Waldrop's weak pinning wittS,, of 0.670 is be- value we saw for the O/E electrodes. Their large values of

tween theS, values of the O/E and BW electrodes, while alS, may originate from an interfacial chemical reaction. It

Metal Work Function ¢ [V]

Porter’s relatively strong pinning of 0.140 is closer to the'S likely that the inte_rfacial reaction can occur easily on a
value of 0.180 of the DHF electrodes. The sample preparasurface without terminators, even at room temperatl[_fjarga
tion methods in their studies are similar to each other except !N Our preliminary experiments using Ti, Mo, and i,

for an additional cleaning process by®0O; and HCl solu- W€ ha\Flg estimated values fgg and the flat-ba.rll\fj work func-
tion as the last process in the former surface treatment. WHON ¢, roughly approximating thaiy, at ¢," =0 is the
propose that the difference B, originates from the differ- fIat_-band work function. A more accurate analysis is de-
ence in the last process, because thE®; solution has the scribed as follows. When a semiconductor has a flat-band at
effect of etching the SiC surfad®The n values for the Ti  the interface as shown in Fig.(&, the Schottky barrier
electrodes in Waldrop's and Porter’s works were 1.05 af'€ight is equal td/,. As calculated earllef\\{n is 0.11 V.
$=0.73V and 1.06 at¢,,=0.92V, respectively®° From Fig. 5, the work function of a metal &{,; =V, is 3.94
Thesen values are smaller than the values of our Ti elec-V, Which is equal to the flat-band '}’\\;Wk functigﬁgﬁoom of
trodes. The reason can be attributed as follows. They heatdle 6H-SiG000]) surface. Whengy, of the pinning—free
up their surfaces at 600—-700°C under UHV before metalnterface is zero, the work function directly indicates the
deposition to remove hydrocarbon contaminants. In generaglectron affinity of the 6H-Si@001) surfacexgpogor- ThUs,
this kind ofin-situ cleaning improves. At the same time, it the work function intercept of 3.83 V on theaxis in Fig. 5
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IS XsHooo1- As far as we know, an estimation of the electron
affinity from the extrapolation of the experimental Schottky- LEED (1 x1 ) BW
limit line to the zero barrier height seems to be novel. The *
band diagram at the zero barrier-height condition is shown in .
Fig. 7(b). According to an experiment to estimate the con-
duction band offset at the 6H-SiC(0001)/Siterface us-
ing the internal photoemission of electrdfighe band offset
is 2.95 eV 0.1 eV. AddingEc=0.9 eV for SiQ*® to 2.95
eV, an xgnooo1 Value of 3.85 V is obtained. The value esti-
mated from the interface band offset shows good consistency
with our value obtained from the interfaces with several met-
als. It should be noted that this estimation af 0001 from
the experiment of the SiC/Siinterface relies on the as-
sumption that the interface dipole at that interface is negli-
gible. These values are also comparable to a simple classical
predicton of 3.7 V, estimated using Pauling’s
electronegativity

The three lines in Fig. 5 intersect at a point with a barrier
height of 0.797 V and with a work function of 4.65 V. This
point is the charge neutrality levéCNL) ¢,*® experimen- 26.0+0.1°C and the typical relative humidity was about
tally obtained from this graph. The three Mo plots with 40%. Noin-situ cleaning was applied to the samples in the
dmo=4.60 V.3 which are very close to the CNL, have no AES/XPS system, except the characterization of a surface
significant change in barrier height, independent of the surannealed at 970 °C in UHV.
face cleaning procedures. This is because the Fermi levels of Scanning tunneling microscopySTM) measurements
Mo and the 6H-Si@00J) surfaces are almost equal, leading were carried out at room temperature in an UHV system
to no charge redistribution. There is¢g value of 1.45 \®  (UNISOKU USM-501), with a base pressure of 2
that is obtained from the previously reported barrier heights< 10! Torr. In the STM analysis, a sample just after BW
by Waldrog” and from the Miedema'’s bulk electronegativity immersion was introduced into a glove box with a nitrogen
excluding surface effect§. This is, however, largely differ- atmosphere, which we used to protect the sample surface
ent from our observed value, indicating tha from the  from contamination and oxidation. The oxygen density in the
bulk parameter does not necessarily predict a practical CNglove box was less than 2 ppm, and the number of particles
value. The details of the CNL discussion have been deef size =0.1 um per cubic foot was zero. The sample was

FIG. 8. A(1X1) LEED pattern observed on a BW-treated 6H-
SiC(000) surface. The primary electron energy is 222 eV.

scribed in a separate paffer. loaded into the STM system under the clean atmosphere us-
ing a stainless-steel transfer box that transferred the sample
IV. SURFACE STRUCTURE TREATED BY BW from the glove box to the STM system, which was remote
PROCEDURE from the glove box. In order to desorb water molecules from

the sample surface, the sample was annealed at 400 °C for 3

Low-energy electron diffractiolLEED), Auger electron  hours at a maximum pressure ok40 ° Torr. In the litera-
spectroscopyAES), and x-ray photoemission spectroscopy ture describing hydrogen termination and desorption on 3C-
(XPS) experiments were performed in an UHV system with SiC(001) surfaces, a temperature over 700 °C is needed for
a base pressure 08110~ ! Torr. The analysis chamber was hydrogen desorptioff. Therefore, the temperature of 400 °C
equipped with a four-grid reverse LEED optics systéh®  that we used here is much lower than the critical tempera-
RVL-900). In AES analyses the electron gun was set at arture.
angle of 60° from the normal of the sample surface. The As experimental results, we first mention the wetting
acceleration energy of the electron beam was 5 keV. Theharacteristics of the sample surfaces. In our visual inspec-
x-ray source used for the XPS analyses was a Mg target wittion, as-received epitaxial samples and DHF samples were
a photon energy of 1253.6 eV. The incident angle of thehydrophobic while O/E and BW samples show hydrophilic.
x-ray beam was at 65° from the surface normal. Spectra ofhese behaviors are in high contrast to that of Si surfaces in
the Auger electrons and the photoelectrons were obtained ke HF rinsing process. Since the O/E and BW treatments
a hemispherical analyzé/G CLAM2) set normal to the include the HF rinsing process but their samples are hydro-
sample surface. They were numerically differentiated to obphilic, it is intuitively inferred that the O/E and BW surfaces
tain dN(E)/dE spectra. The work function of the spectrom- tend to be covered with some oxidized species whose struc-
eter was determined to be 4.38 eV, by subtracting a reportedire is different from amorphous SjOFrom AES and XPS
Au 4f,, level of 84.00 eV from the measured Ad#4 level  analyses, no carburized species that often shows hydrophilic
of a clean Au foil. The samples were typically loaded into thenature was found. These results are the same as experimental
UHV system within 15 min after finishing the final chemical results of wet chemical processing using nonepitaxial SiC
procedure. For comparison, one sample was loaded into theafers in a recent literatur&.In this paper, we mainly focus
chamber after leaving it in the atmosphere of the experimeneur description on surface characterizations into those of the
tal room for a few days. The room temperature was set aBW surface that generates the pinning—free interface after
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dN/dE intensity [arb. units]

Kinetic Energy [eV]

FIG. 9. Survey spectra afN(E)/dE for BW samplega) with-
out in-situ anneal andb) with an UHV anneal at 970 °C. The pri-

mary electron energi, is 5 keV.

the metal depositions. Some results from DHF and O/E sur-

faces are mentioned as a comparison.

In LEED observations, no spots were observed on a DHFLL
sample, indicating a disordered structure of the surface. An.\CJ
O/E sample showed an orderedX1) pattern, which is the
same result as previous repot$’?*51This indicates that
the O/E process removed the disordered surface layer. Figur
8 shows the (X 1) LEED pattern observed on a BW-treated
surface. No detectable difference was found between the
O/E-treated surface and the BW one from the LEED obser-

vations.

Figure 9a) shows a survey spectrum dN(E)/dE for a
BW sample. Dominant SiLVV and CKLL peaks were ob-
served as well as the detection of arkKQOL peak. The rela-
tive oxygen concentration of the BW surface calculated us-
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B (@) non-anneal: (1x1) ]
A\ e
- Sitwy CriL Okvww 1
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FIG. 11. SiLVVAES line shapes ofA) the Si(111)-7<7 sur-
face, (B) the 6H-SiC(0001)-¥X3 surface, (C) the
6H-SiC(0001)¥3xv3 surface, (D) the oxygen-adsorbed
6H-SiC(0001)+¥3xv3-O surface, (E) the 6H-SiC(0001)-k1
BW surface. Spectrur(F) is a BW sample exposed in air for a few
days. Noin-situ anneals were applied fdE) and (F). The super-
scripts a, b, and c indicate Ref. 55, Ref. 56, and Ref. 57, respec-
tively.

ing relative sensitivity factors is less than 5%. Oxygen is
known to remain on the 6H-Si{0001) surface even after
dipping it in HF solutiont’-2%:245153This suggests that oxy-

FIG. 10. XPS spectrum of a BW-treated surface loaded into th&€n atoms adsorb in a different form to Si@at can be
chamber immediately after the treatment, within 5 min and meafemoved completely by HF solution, as was mentioned by
sured within 2 hours. No significant peaks related to oxygen ard=lsbergenet al> Oxygen concentrations reported by Wal-
observed. Note that the spectrum was taken from the as-loadedrop et al,” King et al,®® Elsbergenet al.®® and Porter

sample withouin-situ cleaning.

et al?° are 75%, 75%, 60%, and 9.3%, respectively. A de-
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tectable but faint KVV peak was observed in the report by
Starkeet al?* An increase in oxygen concentration on 6H-
SiC surfaces under an oxygen environment was also
reportec®* We loaded the SiC sample whose AES spectra are
shown in Figs. €a) and 9b) into the vacuum chamber soon
after the chemical treatment, but the AES spectra were mea-
sured one day after sample loading. A sample loaded into the
chamber immediately just after the treatmentsjthin 5
min), and an XPS measurement within 2 hours had no re-
markable oxygen, as shown in Fig. 10. For a BW sample left
in an air environment for a few days, a large surface oxygen
content of 75% was detected. These results indicate that the
oxygen adsorption on the 6H-Si@O01) surface depends
strongly on the surface cleaning procedures and the exposure
condition to the environment. Typically, our BW samples
had residual surface oxygen levels of less than 5%.
Spectrum(E) in Fig. 11 shows a SLVV peak of the (1
X 1) BW-treated sample indicated in Figi@® Spectrum(F)
is the BW sample exposed in air for a few days. Those of the
Si(111)-(7x7) surface (A),>® the 6H-SiC(000})-(3%3)
surface (B),*® the 6H-SiC(0001)-¢3xv3) surface (C),*®
and the oxygen-adsorbed 6H-SIiC(0001B-Xv3) surface
(D)* are also depicted in Fig. 11 as references. SurfBge
was formed by exposing surfad€) to an oxygen atmo-
sphere. Prominent negative peaks in spe@a-(C) are lo-
cated at the same positidhl of 92 eV. For spectréD)—(F)
peakP1 largely shifts to pealP2 at 85-86 eV. Significant
features common to the surfaces of gradp—(C) are the
presence of dangling bonds and lack of oxygen, since they
are formed hyin-situ UHV cleaning and a high temperature
anneal. A surface state in the band gap has been found for the FIG. 12. (&) A topographic STM image of a BW surface an-
(V3xv3) surface in experiments of valence band ngaledin situat 970 °C. The .image area is 80 nm. The sample
photoemissio?? and scanning tunneling spectroscopy bias vo!tage and the tu_n_nellr_19 current ar@.41 V_ an_d 0.35 nA,
(STS.5° Surface states for the ¢83) surface are also sup- res_pectlvely.(_b) A mag_nlfle_d image of the area |nd|(_:ated by the
ported by a theoretical calculati§hAccording to structural  White frame in(a). White lines trace edges of atomic steps. The
terraces have &3 Xv3 reconstruction as shown in the insét) A
models for the (X 3) surface and thev Xv3) surface, the o fline ALAn (b). Th d st
(3% 3) surface has a majority of Si atoms on the Si—-C top-crc.)ss sectional topography of line (.)' © meastirec siep
. 1 height of 0.25 nm corresponds to the bilayer step height on the
most bilaye?! and the ¢3xv3) surface has one monolayer 6H-SIC000) surface
of Si adatoms at the ;Tsite on the topmost Si—C bilay®4. '
This indicates that another feature of theX(3) and the bond. Thus, the origin oP4 can be assigned to the Si-Si
(V3 Xv3) surfaces is the presence of Si—Si bonds. bond. From the above interpretation, it was found that the
In our STS experiments for a BW surface formed under(1x 1) BW surface is characterized by having no surface
the same cleaning condition as surfa&, no perceptible states, no Si—Si bond, and a small amount of residual
signal was observed in the whole range of the 6H-SiC bandxygen.
gap. This indicates that the BW surface has few surface For a CKLL spectrum, it is known that the shape and
states, with a density of at least less than the detection limiposition are insensitive to surface reconstructiti:®*As
of roughly 13° cm™2 in our STS system. Thus, one of the we also expected, in our observation, th&LL spectrum of
important features of grouf®)—(F) is the absence of surface surface(E) exhibited little difference from that of the (1
states or surface passivation. Since the oxygen concentrationl) surface reported previously.
on surface(E) is <5%, the presence of oxygen has a minor  After annealing the BW-treated surfad® at 970 °C for 2
effect in the AES spectra shapes for the passivated group. min in UHV, we obtained a/3 X v3 pattern in LEED analy-
Two distinct positive peaksP3 and P4, in the energy sis. On the surface, we still observed half the oxygen con-
range of 80—90 eV, are observed in spec#a—(C). The centration that we had observed before the anneal, as shown
height of P3 increases as we increase the surface Si conceiin Fig. 9b). On the contrary, in typical cleaning procedures
tration from(C) to (A). P4 is observed also in spectrui) similar to the DHF and O/E treatments, it is well known that
as a shoulder, but is not detected in spe@&gand (F). We  residual oxygen desorbs completely from a typical HF-
formed the passivated §1) surfaceqE) and(F) by a wet  prepared surface during an UHV heat treatment-8600 °C
chemical procedure that did not supply Si atoms onto then the 6H-SiQ0001) surface>>%4 This is owing to the etch-
surfaces, which should then form a surface without the Si—Sing effect of oxygen, where oxygen is in equilibrium in the

A
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desorption mode during a high temperature UHV anfal. fluctuation, which is consistent with fluctuated terrace widths

Thus, the residual oxygen after the anneal at 970 °C in thisbserved in Fig. 1@).

experiment suggests stronger chemical bonding of the oxy- One of the most important features seen in the STM im-

gen atoms with the BW surface. ages is that the adsorbates at the step edges appeared as
Our STM observation for a BW sample gave us an un-white large protrusions. It should be noted that this image

clear atomic image. This might be due to water adsorptiorwas observed after heat treatment at 970 °C. Since this sur-

onto the measurement tip from the sample surface. Insteatace has Si and C atoms as its main constituent atoms, and

we observed clearvf Xv3) atomic images from annealed only a small concentration of oxygen atoms, it is reasonable

BW samples at 970 °C. These images help us to analyze the ascribe the protrusions to the observed residual oxygen.

atomic step structure. Also, the analysis of th@Xv3) sur-  The coverage of the white protrusions in Fig(l)ds ~15%,

face provides us useful information on electronic and strucwhich is larger than the oxygen concentration<d% esti-

tural information for deeper understanding of the<(1) BW  mated from the AES peak ratio. This discrepancy may come

surface. As for STS experiment without tip scanning, nonanfrom a low spatial resolution at a step edge in the STM

nealed BW surfaces were measured at room temperature. measurements. Generally, the resolution becomes lower at a
Figure 12a) is a topographic STM image of the annealedstep edge and at an adsorbate, where the height changes

surface with an area of 5050 nm. The sample bias voltage Steeply. The resolution of such a steep slope depends on the

and the tunneling current are2.41 V and 0.35 nA, respec- radius of the tip apex, not on the true sample slope. In the

tively. Figure 12b) shows a magnified image of the area case of a step edge yvith gdsorbates, the size of the protrusion

indicated by the white square in Fig. (B2 A periodic atomic ~ tends to be emphasized in an STM scan.

arrangement was found on terraces. A further magnified im- Here, we estimate the number of atoms at the step edges.

age with atomic resolution is shown in the inset of Fig.From the off-angle of 3.5° in thel1120] direction, the aver-

12(b). The white rhombus in the inset corresponds to the unibge terrace width in thgl120] direction is 4.12 nm. This is

cell of the 6H-SIC(0001)43Xv3) reconstruction, with a converted to a width of 4.12cos30%=3.57 nm in the

side of 0.5336 nm. This reconstruction is consistent with thq01To] or [10To] direction. The number of step-edge lines

(V3Xv3) LEED pattern. Since we supplied no Si atoms ontoper ynit length in the[0110] or [1010] direction is

the (1xX 1) BW surface and the resultant{xv3) surface, it 1/(3.57 nm)=2.80< 10 m~1. From the lattice parameter

is probable that thev3 Xv3) surface has no extra Si on the of 0.30806 nm for the 6H-SiD00Y) crystal, the density of

Si-terminated surface. For &3Xv3) surface formed by a surface atoms along the step edges isa=13.2461

common cleaning procedure with a Si molecular flux inx10° m~!. Thus, the total number of step edge atoms is

UHYV, the T,-site model with Si adatoms is propos&drhis  (2.80x 10° m™1) x (3.246x 10° m~1)=9.09x 10" cm™2.

implies that the surface structure of the3(<v3) formed On a 6H-SiG0001) surface tilted in th¢ 11207 direction,

from the terminated (X 1) surface by carrying out the UHV  the number of dangling bonds and terminated bonds per one

al_wneal should be different from the reconstruction y\nt'h thestep-edge atom in th@110] and[ 1010] direction changes

.S' adatoms. _A_ctually, the observed fllled-_state atomic 'mag‘?alternately between one bond and two bonds every three bi-

in STM exhibits a rhombus mesh that is totally different o5 This is because the hexagonal statkipse configu-

from the filled-state image of the adatom surface consstmgation) appears once in three bilayers in the 6H-SiC crystal,

Of round protru5|0|_’1§. A possm.le structure is that of a Si which has a layer stacking sequence of ABCACB... in the
trimer structure, without any Si adatoms on the topmost 8[0001] direction. Along a zigzag line, the bond number is
layer. For this surface with lower Si coverage, extensive '

studies are needed to determine the true atomic structur@"® In the span of p0110] step, while it is wo in the span
Figure 1Zc) shows the cross-sectional topography of lineof the other[1010] step. These numbers are exclusive to
A-A’ in Fig. 12b). The measured step height of 0.25 nm €ach of the two step directions in a connecting step edge line.
corresponds to the bilayer step height of 0.252 [am(the ~ Thus, the average bond number is 1.5. The calculated density
vertical lattice constant)/6] on the 6H-SiC00) surface. ©Of sStep edge bonds is (9.890" cm %)X 1.5=1.36

The step-edge lines tend to have zigzag features composed 810" cm™2. This value is sufficient to pin the surface

lines along the{l?lO] and[?llO] directions. This geomet- Fermi leve?® even under conditions of perfect termination of
ric shape is the same as that seen on the UHV-annealed cled]] terraces, when all the bonds at the step edges are dan-

. _ — gling bonds. In the actual BW interface, the Fermi level is
6H-SiC000D) surfaces tilted toward the samBl120]  goo from pinning, indicating that almost all atoms on the

direCtion§6’67 The average width of terraces in t[]élZO] Step edges at the interfaces are terminated.

direction is measured to be5 nm, which agrees with the  \we focus our discussion on the terrace termination of the
width of 4.12 nm estimated from the macroscopic off-angle(lx 1) BW-treated 6H-Si(001) surface. From the inter-

of 3.5° in this direction. ThE indicates no vertical undula- pretation above, the surface is characterized by oxygen ter-
tions of the terraces in tHel120] direction. Further, no step mination at the step edges, with no dangling bonds on the
bunching was observed as far as our interpretation of obf1Xx 1) reconstruction, and the detection of dominant Si and

served topographic images could establish. From the LEELT concentrations with only a small concentration of oxygen.

observation, no long range ordering was observed as showrhese features indicate that the most probable terminator of
in Fig. 8. This indicates that the terrace widths have somehe top-most Si atoms on the terraces is hydrogen. It is well
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Fig 15 (37.7nm x 44.7nm)
Fig 16 (22.7nm x 24.3nm)

L Wy T

FIG. 13. A schematic diagram of cross sections of Ti/6H-SiC
samples used for TEM/TED measurements. The observed areas a|
depicted.

known that the boiling water dip treatment terminates the
Si(111) surface by the monohydrid&?® This behavior of
boiling water is consistent with hydrogen termination on the
6H-SiC(0001) surface. On a 6H-Si00]) surface annealed

in a H, atmosphere at 1000 °C, a sharp absorption peak
originating from the vertical Si—H vibration was observed by
infrared attenuated total reflection spectroscdyR),%°
which evidenced that the hydrogen termination is real on the
SiC(000)) surface. The terminators of the 6H-$00D01) sur-
face dipped in buffered NHF solution were characterized by
Stark et al. using high-resolution electron energy loss spec-
troscopy (HREELS.?* The O—H stretching mode of hy-
droxyl species with a small concentration of oxygen was
detected. This suggests that another possible structure is O
group termination as a minor contribution on the terraces anc
at the step edges. The degree of surface band bending befo
metal deposition was evaluated from our XPS spectrum. The
energy difference between the carbancbre levelEqq5 and

the valence band maximura, for the 6H-SiG0001) sur-
face, which is independent of the surface band bending, ha
been reported to be 281.26 &Using this value, the surface
potential barrier heigh#;,, for n-type is expressed 45

Adpn=[(Ecis— Ev) +Ec]—Ecis. (8)

Substituting the value of 2.86 eV fdEg of the 6H-SIC
crystal/® Eq. (8) is rewritten asq¢y,=284.12-Ec;s. We
obtained the value of 283.93 eV fd.;, from the BW- FIG. 14. TED patterns ofa) BW-treated andb) DHF-treated

treated surface, leading 6, of 0.19+0.10 eV. The value TV/6H-SiC interfaces. Diffraction spots indicating the 6H-SiC crys-
0.19 eV corresponds to a band bending of 0.08 eV, sifce tal were observed from both interfaces. Additional spots corre-

is 0.11 V. The density of the surface states required to genS_ponding to the hcp-Ti structure were observed only from the BW-

erate this small surface barrier height of 0.19 eV is 1_1treated interface.
X 10'2 statescm™2- eV~ 1.%° This coincides with no surface
states being detected in the STS measurement. Although thiginted out that the density of the surface states needed to
potential barrier is much smaller than the band gap, the bangin the Fermi level is one order less than that required at the
of the BW-treated surface is not perfectly flat. Such an im-interface, indicating an easier pinning trend of the surfice.
perfect flattening of the surface band is improved at the in-Thus, even if we assume that the surface states of 1.1
terface formed with the metals, as we observed for thex 10* statescm 2-eV ! is preserved after the interface
Schottky limit with D;, of 1.12x 10" statescm 2-eV~1.  formation, the density would have a much less effect to bend
There are two important features found in these results on thine interface band, forming an almost unpinned interface.
state densities and the band bendings. Bardeen has alreaflye actual interface, however, has <IP0' statescm 2
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FIG. 15. TEM images ofa) BW-treated andb) DHF-treated )\)
@ \ \\m

Ti/6H-SiC interfaces. The Ti layers on both BW- and DHF-treated

SiC surfaces have a face-centered cubic crystal structure. The fac { A ) \
angle between the 11 and the Si@00Y) faces is 1.7°. The face ff W i \3‘; \\\\\\“\\\\\\\\ ‘\\\\\\V
angle between the Ti(1)1and the SiC(102) faces is also 1.7°. \ \\\ \\\\\\\\\\\\\\\\\\ W

Al \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\ W

-eV~1, which is one order lower density than that of the FIG. 16. Magnified TEM images af) the BW-treated andb)

surface. This indicates that the almost residual surface stat@gyr-ireated Ti/6H-SiC interfaces. In the Ti/BW-treated SiC inter-
were passivated by the metal depositions. From the strongce shown in(@) no dislocations were observed right at the inter-
linearity of the BW plots in Fig. 5, it is found that this state face, while half planes were inserted inside the Ti film few ML
passivation ratio oD;; /Dy is constant independent of the apart from the interface as depicted by white arrowsain In the
deposited metals. Ti/DHF-treated SiC interfaces shown ib) there is a disordered
layer~2 nm in thickness, where disorder exceeds its degree enough
to identify individual atomic layers but the degree is much less than
amorphous structure.

\\\\ w2

V. INTERFACE STRUCTURE

Atomic structures of Ti/SiC interfaces formed by the
pinning—free BW- and the pinned DHF-treatments Weresputtered sequentially. An amorphous carbon layer was de-

characterized by high-resolution transmission electron mlposned fo prevent the sample from incorporaling surface
croscopy (HRTEM). The surface cleaning procedures usedcontammants during TEM observations. The observation di-
were exactly the same as those used for the samples that J&Ftion was along thEL120)ey, sic crystal axis. In the epitax-
prepared for electrical measurements. Titanium films, 12¢2! 6H-SIC000]) films used for the electric andosurface char-
nm in thickness, were deposited on the samples at room ten@Cterizations with an off-cut angle of 3.5° toward the
perature after outgassing of the samples at 200°C undéd120]gy sic axis, the atomic steps toward the120]ey sic
UHV. The deposition rate was 2 nm/min. axis resulted in cross-sectional interface images which were
Two Ti/SiC samples were glued together by epoxy resirdull, and apparently insufficient to obtain the lattice resolu-
with the titanium surfaces facing each other. This face-totion. Further, the resolution of cross-sectional image obser-
face sample was cut, polished, dimpled, and Asn-beam  vation toward thg 1100]¢.sic axis is worth than that toward
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the[1120/g4.sic axis. Thus, nonepitaxial 6H-S{000) sub-  layer on 6H-SiQ000)) substrates, which is discussed in Ref.
strates with on-axis surfaces, which were grown by the20. is not observed in the BW and DHF interfaces in Fig. 16.
modified-Lely method, were mainly used for the TEM char- The lattice image in Fig. 16 is also inconsistent with the
acterizations. TEM images and diffraction patterns shown ifknown body-centered cubitbcg) structure of Ti. From a
this report were taken from the on-axis samples. Since wéetailed analysis of the BW interface using cross-sectional
focus our TEM analyses into atomic-scale interface strucJ EM images and TED patterns, we have identified that the
tures, on-axis samples are sufficiently useful for an investiTi structure in Fig. 16 is a face-centered cufizx) structure,
gation of the interface systems. The TEM system was &Vith a lattice constana,.y of 0.438 nm’* The crystallo-
JEOL JEM-400EX, with an acceleration voltage of 300 kv. graphic relationships between the fcc-Ti layer and the 6H-
Figure 13 shows schematics of the TEM observation areaSiC crystal at this interface are (11&)r//(0001)y.sic and
for the BW-treated and DHF-treated samples. The wider obF110]s.7i//[1120]gn.sic.  Misfit  parameters between
servation area of 1275 n625 nm contains the whole tita- (111),..; and (1102)g,.sic planes and between (002,

nium film in its deposition direction. From a cross—secnonaland (_3104)6H.5ic planes calculated using.r are 0.52%

image of this area, the thickness of the Ti film was found O30 0.48%, respectively. In this calculation, the lattice con-

be uniform, and evaluated as beind.20 nm. Figures 14) stants 0.30806 nm foa and 1.51173 nm foc for the 6H-
and 14b) show transmission electron diffracti¢MED) pat- SiC(000)) crystal were usedt

terns of the BW-treated and DHF-treated interfaces in the It has been reported that ultra-thin fcc-Ti layers were

gfosse;_vsag'c(:; r?;??rﬁ;esepse(\jyi;/r? Zﬁ%%iﬁf}i%ﬂdalrgg) ;hgv 7n formed on A[011) and Al001) surfaces, where the thickness
g ' the fcc-Ti films were less than 1 nfA’3 In our study,

X44.7 nm, as in Fig. 13. The magnified images shown inr e . :
: . - cc-Ti films with a thickness of over 20 nm were formed as
Figs. 13a) and 1%b) are Figs. 163 and 16b) with an ob- shown in Figs. 1) and 1%b). This is the first demonstra-

servation area of 22.7 nm24.3_n_m. . tion of a thick fcc-Ti film. The lattice mismatch of0.5%
. Th_e BW _mterface has_ _suff|C|e_nt interface ab_ruptness t(?nentioned above between the fcc-Ti and 6H-SIC crystals is
identify the interface position, which was determined as be'much smaller than the value of 2.34% between the fcc-Ti and

ing the position where the periodical 6H-SIC lattice ends'AI crystals. This seems to be the cause of the formation of
This position is indicated by the white line A‘An Fig. i layer

16(a). The abrupt interface indicates that there is no forma- Diffraction spots corresponding to the 6H-SIC crystal

tion of silicide and carbide phases. The SiC and the Ti Iayer§vere observed from the BW and DHF samples, as indicated
have a commensurate interface arrangement, and no dislocé% ’
'

. . . -4y the long white arrows in Figs. 1@ and 14b). Additional
tions are qbserveq at the interface. Some edge dislocatio ots were found as indicated by the short white arrows in
occur within the Ti film, 2 to 3 monolayers away from the

) o . Fig. 14@). The latti ined f he width of
interface, as indicated by the white arrows. ig. 14a) € lattice constant obtained from the width o

. periodical spots is 2.95 A, which is consistent with the
All steps opserveq at the interface of the BW—’tr_eatedth_Ti structure. From the TED pattern, it is found that tita-
sample were single bilayers, as shown along the line’ApA

; L ) nium has the fcc structure near the interface region and
Fig. 16a). The direction of the steps is towards changes into the hcp structure toward the surface region. The
[1100]6n-sic- The steps observed at the interface along thestryctural change depends strongly on the conditions used for
[1100]¢4.sic direction were formed in the process of wafer the titanium deposition. When we deposited Ti at a deposi-
cutting, dicing, or during the sample preparation. tion rate of 1 nm/min, i.e., two times slower than the rate for
On the other hand, the DHF-treated sample had a disothe samples of Fig. 16, the crystal structure of the titanium
dered region, as shown in Fig. 1. The thickness of the film was fcc throughout the 80 nm of Ti film that we
disordered region is-2 nm. The Ti film has a periodical deposited?
structure above the disordered region. Dislocations were ob- Porteret al. reported that a Ti crystal deposited on a 6H-
served in the periodical layer. Even in the disordered layeSiC(0001) surface has the hcp structiffeAlthough there is
the lattice is resolved, suggesting the degree of disorder iso significant difference in sample preparation procedures
relatively small. As mentioned in the previous section, nobetween their experiments and ours, a noticeable difference
LEED spot was observed from the DHF sample, suggestingccurs in the surface termination conditions. They deposited
that a part of the disordered region belongs to the SiC sultitanium at room temperature after annealing their SiC sur-
strate, and the Ti/SiC interface is present in the disorderethce at 700 °C under UHV. At such an elevated temperature,
region. As clearly observed, the abrupt interface forms on théydrogen atoms on the SiC surface desorb, resulting in a
flat and well-ordered BW surface while the interface has thesurface without any terminators. Since the anneal tempera-
disordered layer on the DHF surface with the disordered deture in UHV was 200 °C in our sample preparation regime,
gree of no periodical surface lattice. hydrogen atoms terminate until the metal deposition. The
The nearest plane spacing parallel to the interface in theommensurate arrangement of the Ti layer and the SiC layer
Ti film in Fig. 16(a) is 0.219 nm. This is clearly different at the BW interface against the lattice mismatch~3.5%
from the tabulated value of 0.234 nm for tf@902 planes in  suggests that the hydrogen terminator desorbs during the ini-
the most stable Ti hexagonal close packbdp structure. tial stages of Ti deposition. The differences in hydrogen de-
Also, the (011) plane that was observed as being a typicalsorption before and during the Ti depositions generate the
plane in the cross-sectional TEM investigation of the hcp-Tidifference in the heat of interface formation. On the nonter-
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minated surface the chemical bonding between Ti atoms anskrved in Fig. 5 directly indicates thBt; is constant in each

the SiC substrate generates heat of formation, thereby heagurface preparation procedure. This is also depicted as con-
ing itself. On the terminated surface, the terminator can betantDj; in the inset in the figure. This broad distribution of
replaced by the Ti atoms, resulting in the reduction of heat oDj; in the band gap suggests that there are various kinds of
interface formation. Also, the terminated surface seems téocal atomic structures. Since the valuesf are much
enhance the surface migration of the Ti atoms. Actually, thdower than the areal density of atoms and we have observed

thickness fluctuation of the Ti film for the BW procedure is lattice images at the interfaces by TEM, the various kinds of
considerably smaller, with a value of around.5%. local atomic structures are distributed sparsely in the SiC

The commensurate Ti arrangement, without any dislocal@ttice which has a periodical atomic arrangement. Note that

0 —2 —1
tions near the interface against the.5% lattice mismatch (€ Dit value of 4.6 10'° statescm™2-eV"* for the BW
generates strain inside the Ti layer. This strain causes ed gterface corresponds to the inter-states distancesfi nm,

dislocations inside the Ti layer. The nearest edge dislocation hich is much larger than the distance of severa_1| nanometers
necessary to form a band only by the states. This is a kind of

tlo theTiEterfa:jqel aret.indic;ated b}(’ thhe |¥Vh|ite arrzvt;/s int:‘: ig'disorderwhose degree is much smaller than that of topologi-
dilosations, Lrther disocationmot indicated ocour 1o . CAl GISorder ke amorphous. Aftvough tis is one of weak

| th ’ idual strain. Th i ¢ 2 tew half ol class of disorder in the lattice, the density of interface states
ease the resiaual strain. 1he generation of a few hall planeg,  gea by this disorder is sufficient to pin the Fermi level,
results in the tilting of the Ti layer. In both the BW and DHF ggpecially for DHF treatment. It should be noted that a spe-
interfaces, thg 111]yc.y; direction was tilted by 1.7° in the jfic defect structure to form a local defect center in the band
(1120)gH.sic plane with respect to tHd001]¢.sic direction,  gap is excluded because of the energetically broad feature.
as shown in Figs. 18) and 15b). The face angle between Third, no LEED pattern was found on the DHF surface, in-
the Ti(111) and the SiC (102) faces for the BW and DHF dicating that the surface is disordered in atomic scale. The
specimen interfaces was also 1.7°. When titanium was deabservations of ordered (1) patterns in O/E and BW sur-
posited on the BW-treated SiC surface at the low depositiohces correspond to the improvement of the perfectivities in
rate of 1 nm/min, the tilt angle was raised to 3.5°. This indi-Surface atomic arrangements. Last, a disordered layer with
cates that the tilt angle does not depend on the SiC surfadge thickness of~2 nm in the DHF interface was clearly
conditions, but depends on the metal deposition rate. Thebserved in the cross-sectional TEM measurement, while the
number of half planes determines the tilt angle of the crystaBW interface with the quite lovD;; was abrupt without dis-
axis of the titanium film with respect to the SiC crystal. A order. The order oD;;, DHF>O/E>BW, predicts the de-
detailed analysis on the Ti/6H-Si@D0Y) interface is re- grees of disorder with DHF O/E>BW, which is consistent
ported in Ref. 71. Also, in the 6H-S{G001) epitaxial With the results on the surface and interface observations.
samples with an off-cut angle of 3.5° toward the Since the densities of interface states obtained from the inset
of Fig. 5 are total densities including MIGS, a possible den-

1120]n.sic axis, we infer that the fcc-Ti layer tilts toward ©! . : , .
[1120]611sic y Sity of MIGS in the metal/6H-Si(@002) interfaces is ex-

the same direction. This is because these two tilt angles ttremel lower than the total BW density of 463
- o . : y low ity .
ward the[1100]g.sic direction for the Ti rotation and the %101 statescm™2-eV~! whose main component is as-

[1120]61.sic axis for this off-cut angle are perpendicular or ¢riped to that of the disorder induced gap states.
geometrically independent. _ The model for the disorder induced gap states was pro-
In this section, TEM measurements were carried out onlyygsed by Hasegawa and OhficTheir model assumes the
for the Ti/SiC interfaces. As observed in the cross-sectionghterface disorder is amorphous, thus resulting in the model

images, an abrupt interface formed, even for the titaniumyin 4 U-shaped energy distribution f@;,. They called
atoms with their highly reactive nature. Considering both thenejr model DIGS, to which the disorder induced gap state
low Dj; and the goodp, linearity of the BW interfaces, as as abbreviated. As discussed already, disorder observed in
shown in Fig. 5 and the lower reactivity of the other metalsihe metal/6H-SiQD00Y) interfaces has the constant energy
used, abrupt interfaces, similar to the Ti/SiC interface, shoul@jistributions inD;, in the measured energy ranges. Since we

be formed for the other metals. measured nd;, at the upper and lower edges of the band
gap in our experiment due to the limitation of the metal work
V1. DISCUSSION function range we used, it may have two tails increasing

towards the two edges. The constant featureDgfE) is

What should be discussed first is the origin of the inter-valid without any assumption in our observed energy ranges.
face states observed in the metal/6H-®@Y) interfaces. Regardless of inconsistency in the shapes of the energy dis-
We found several critical features that the interface states afgibutions, the disorder-induced feature by itself is common
related to interface disorder. First of all, the CNE ¢0)™*  in both the DIGS model and the experimentally found DIGS.
we observed was 0.797 eV, which is totally different from The shapes are subsidiary. Thus, these DIGS can be classi-
1.45 eV predicted ag, inherent in MIGS® Thus, the large  fied in the same category, which might be called a general
difference of¢, indicates that the origins of the MIGS and DIGS model. For DIGS in our observations, the three inter-
the observed states are different. Also, the obsedgd faces of DHF, O/E, and BW treatments have the same type of
strongly depends on the surface preparation proceduredisorder in terms of having a uniqug,.
which is inconsistent with the nature of MIGS. Second, the Further, the relation between the interface structure and
strong linearity in the relations betweef,, and ¢,y ob-  the observed DIGS is discussed. In the DHF-treated surface
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and interface, a disordered layer was observed in the Si@o one can conclude that these DHF electrodes are homoge-
lattice. In the O/E treatment, however, the disordered layeneous in terms of microscopic interface structures. In the
was etched by the O/E etching process, resulting in the af@HF interfaces, the variations afand ¢, are condensed but
pearance of the periodical K1) surface. Since the thick- clearly present in narrow ranges shown in the insets of Figs.
ness of the disordered layer and the oxidized layer after oxi2 and 3. The second type of inter-electrodes variation is that
dation were 2 nm and 10 nm, respectively, the initialwith a large variation im and ¢, but with a good linearity
disordered layer was removed completely by the O/E treathetweenn and ¢, . This is seen in unpinned BW interfaces
ment. Even after the removal of the disordered laerwas i our experiment. In this kind of unpinned interface, any
still a value of 2.7 10'? statescm eV *. Since the SIC  process-dependent inhomogeneous factor to induce interface
layer is an epitaxial crystal, it is reasonable that the residualiates and resultant interface charges is much enhanced due
D;; must be attrib_uteq tq the surface disorder that generatgg the |ow total density oD, and thus the barrier height
the broadD;,(E) distribution and has the observeg). The o omes more sensitive to imperfective homogeneity in the

residualD;, was further reduced by BW treatment, implying fabrication process to form the interface. If an advanced fab-
that surface disorder on the O/E treated surface was removq,a:ation process to form a more perfect homogeneous inter-

or passivated. Only from the cross-sectional TEM anaIyS|sface with a low density oD, enough to unpin is developed,

no evidence to distinguish removal and passivation wa S ; .
found. In the surface analyses, it is found that an oxygen?he distribution ofn— ¢y, plots will shift and concentrate

related species makes an important role to form a complet@ward the ideal value O‘ﬁbl(\J/ _
reduction ofD;, in BW treatment. What we observed was the  The linear¢,—n relations observed in the DHF, O/E, and
large protrusions along atomic steps. The protrusions can ng interfaces gnd_ the existence of thel_r unique ideal barrier
assigned to the oxygen related species passivating the stepgights anm=1 indicate that the populations ¢f,—n plots
as discussed in Sec. IV. To clarify the behavior of theinvolve a regularity common to each set of electrodes. Since
oxygen-related species, further analyses are needed. the barrier height is extrapolated ingtjy , it is reasonable
Another important point of view that should be discussedthat the barrier height in most area of an electrode§ .
here is homogeneity in electrodes with Schottky barriers. IfThere might be a possibility that barrier heights at the edges
an electrode in the electrodes has 1, then it has the sim- of the electrodes being different fromg(\)’. To clarify the
plest current transport of thermionic emission over the atoprigin of linear ¢,—n relations, an advanced study with
of the barrier height, which is expressed by Ed3.and(2).  edge-passivation technique will be needed.
In a case with a constanp, value withn=1 for all the The charge distribution model at the metal/SiC interface
electrodes, they obey the simplest current transport. This isi@ also another significant issue. A simple model on charge
set of electrodes with complete homogeneous current tranghistribution proposed by Cowley and $2%éas been widely
port with the simplest mechanism of Eq4) and (2). For  used in calculatind;; to know a chemical trend in Schottky
electrodes witm>1 but with barrier heights concentrating barriers®>®3* The advantage of this model is that interface
to a value, the current transport for each electrode approxicharges are simply categorized into three kinds of charges:
mately obeys Eq(1’) with the almost constant values of  the space charg®,. from ionized impurities in the bulk
We observed this kind of electrodes in the DHF-treated onesemiconductor, the charg®;; from the interface states on
as shown in Ni electrodes in Fig. 2 and Mo electrodes in Figthe semiconductor, and the char@g, on the metal. This
3. Also for Ti electrodes in Fig.(4), a weak but similar trend model is based on the following two assumptiofi: with
is found in the DHF plots. The same phenomenon was obintimate contact between the metal and the semiconductor
served in Pt electrodd€.There are two possibilities to sat- and with an interfacial layer of atomic dimensionig) the
isfy this condition. One is the set of electrodes with a lowinterface states per unit area per electron volt at the interface
density ofD;; and with a small variation in interfacial elec- are a property of the semiconductor surface and are indepen-
tronic and/or atomic structure between the electrodes. Imalent of the metal. Although the model is simple, intimate,
other words, there are some internal variations due>d.  and useful for theD;; calculation, almost all practical inter-
in each electrode. Internal inhomogeneity in one electrodéace systems formed previously satisfied only either of the
has already been discussed as inhomogeneity in barriegwo assumptions at best. Most abrupt interface systems had
height, which is sometimes called parallel diod&s’ quite high dependences of the Schottky barrier heights on
The other is the set of electrodes with inter-electrodegpreparation conditions of the semiconductor surfaces before
variation in n. The inter-electrodes variation itself can be metal deposition while there were no interface reaction and
categorized into two types in terms of the amountDyf. diffusion. The barrier heights were unstable and scattered,
The first type is that of electrodes with a large densitYpgf  which results in inadequate qualities to analyze chemical
and with barrier heights that tend to be pinned to a valuetrends at the interfaces. Also in the silicide/Si interface sys-
Since the DHF interfaces were found to have large densitiegems that have exceptionally-abrupt interfaces formed by in-
of D;; from Fig. 5, they are in this type. Even though thereterface reaction of metal/Si interfaces, the densities of inter-
are any possible causes to induce inter-electrodes variatiofiace states strongly depend on interface chemical bonding
in n and ¢, , which might be due to various kinds of inho- whose main bonding states are within the band ‘Gapdi-
mogeneity in sample preparation, these causes are latent acating that the interfaces are incompatible with the model.
actually ineffective upon varying and ¢, because of the In the metal/6H-SiI00)) interface systems formed in
large density oD, . Thus, from only the concentrated plots our study, the two assumptions are satisfied as described in
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the following discussion. As shown in Fig. &, the BW-  the model is essentially a general model independent of the
treated interface is abrupt in atomic scale and the depositeatigin of D;; . It is also important that the model is inappli-
Ti is grown epitaxially on the SiC crystal. As discussed incable to an interface system in which the metal and the semi-
Sec. V, both of the SiC crystal and the fcc-Ti crystal haveconductor form inherent dangling bonds whose density and
perfect crystallinity at the interface and they have a commenenergetic distribution depend on the interface structure. Fur-
surate relation with each other. Thus, the interface spacinther, in an interface system with many residual interface
between the SiC and Ti crystals should be in the order of thatates that originate from the surface states of the semicon-
chemical bonding length between interface atoms. Since théuctor, the barrier heights are uncontrollable and lack of re-
topmost atoms of the SiC surface is Si as found in Sec. IV oproducibility, thus leading to the inapplicability of the model.
the surface characterization, Si and Ti atoms should form

interface chemical bo_nds. As discussed in Sec. V, hydrogen VII. CONCLUSION

atoms that had terminated the terraces of the BW surface

desorbed during the Ti deposition. Also, in contrast with a In this work, metal/6H-Si(00) interfaces exhibiting
common pinned interface with many dangling bonds andhe Schottky limit condition were formed and a wide control
with a resultantD;; of ~10'° statescm 2-eV ™1, the BW  of the Schottky barrier height were demonstrated. The barrier
interface  has a small D;;, with the order of heights were controlled by changing the deposited metals
10 statescm™2-eV 1. This low D;, corresponds to a low and by changing surface cleaning procedures. By following a
density of dangling states, indicating that most bondingprocedure including thermal oxidation followed by HF etch-
states are out of the band gap to form strong chemical bond#g (O/E treatmentand subsequent immersion into boiling
This abrupt and chemically-bonded interface with atomic-pure water before the interface formation took plaBav
scale interface spacing satisfies the assumptigonAs the  treatmen the SiC surface was electronically passivated per-
features of the metal/6H-S{G001) interfaces we study, it is fectly. For the interfaces formed using this perfectly passi-
stressed that the interface chemical bonding has no influens@ted SiC surface, the density of interface stddgswas at

on D;,(E) and D;(E) is determined by the degree of the the very low value of 4.68 10" statescm 2eV 1. This

surface disorder of the SiC crystal. value is almost three orders lower than that for interfaces
Next, from Eq.(7) andS,= d ¢/ I, Dy, is expressed prepared by a conventional simple diluted HF-dIPHF)
as the function 0B ¢/ I as follows: cleaning treatment. It is concluded thHat, and the experi-
mental parameteB, from which D, is derived strongly de-
g [ ddm pend on the surface preparation procedure, especially on the
it:@( P %0_ ) 9 perfe_ctivjties of the surface atomic arrangement and surface
passivation.

Thus, the strong linearity between the metal work function The BW-treated SiC surface was hydrogen terminated,
¢m and the Schottky barrier height,, in Fig. 5 directly  with only a small amount of residual oxyge#,5%, which
corresponds to the constancy®f; , indicating no influence passivated the atomic step edges strongly. For nonboiling
of the metal orD;; . In our experiments, changesln, were  water processes of DHF and O/E with the high densities of
observed only when we changed the surface treatment#)terface states, a disordered structure was found at the inter-
Also, since the origin oD;, is the residual disorder in the face. The interface disorder originated from residual disorder
SiC crystal,Dj; is independent of the metal. Therefore, the of the SiC surface in the nonboiling water processes.
metal/6H-SiQ0001) interfaces formed by BW, O/E, and  Further, the validity of thep,—n relationship is demon-
DHF treatments satisfies assumpti@. Here, it should be strated in the metal/6H-SiC interfaces. One can accurately
noticed that the linear relation betweeh, and ¢,, is a  estimate the idealpy value with an ideal homogeneous
sufficient condition to satisfy assumpti¢®). The necessary thermionic current by means of extrapolating the relationship
condition for(2) is the absence of dependencelof on the  to n=1. This ideal ¢y coincides with the barrier height
metal. The significant point of view at the interfaces is thatmeasured by th€ -V method.¢gg’ tells us the real depen-
the metals have the role of charge supplier into the interfacejence of ¢, on the metal work function, and thereby an
not the role of varyind;;. Thus a system with a predomi- accurate density of interface states is evaluated. From the
nant MIGS density inherently induced by the metal is incom-precise control and estimation bf, , a practical charge neu-
patible with the model. trality level (CNL) of 6H-SiC crystal was found to lie at an
Further, as shown in the inset of Fig. 6, we have a strongnergy level of 0.797 V below the conduction band mini-
linear relation without detectable bending between t@?1/ mum.
and the applied voltag€. This indicates tha®;, is constant
for varying V. In other words, the interfacér underV ap-
plied, which is called the quasi-Fermi levels fixed. The
constaniQ;, for V supports the applicability of the model for ~ The authors would like to acknowledge Dr. H. Okushi and
the systems even under a nonequilibrium condition. Dr. K. Kajimura for their financial support and J. Kitamura
From the discussion above, it is found that the metal/6H-and Y. Sugawara for their technical support in STM and
SiC(000Y) interface system formed by BW, O/E, and DHF TEM measurements, respectively. Also, we would like to
treatments is one of the quite simple systems to which thacknowledge Dr. N. Shibata and Professor Y. Ikuhara for
model of Cowley and Sze is applicable. We emphasize thdtuitful discussions.
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