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The effect of post-oxidation annealing in Ar atmosph@ePOA) on 4H-SiC—-oxide interfaces has

been studied by capacitance to gate-bias voltéGeV) measurements and photoemission
spectroscopyPES. It was found from theC-V measurements that the shift of tke-V curve
disappears when the Ar POA temperature is higher than 600 °C. On the other hand, angle-resolved
x-ray photoelectron spectroscopy measurements revealed that the thickness of the intermediate
layers containing $i oxidation states observed at the interfaces decreases abruptly when the Ar
POA temperature exceeds 500 °C. In ultraviolet photoelectron spectpap€ks were changed by

Ar POA at temperatures higher than 600 °C, which is the temperature where the shift@f\the

curve disappears i@-V measurements. This shows that the change ip Rhding by Ar POA is

the origin of the shift observed i€-V characteristics. A model of structural changes in the
interfaces by Ar POA has been proposed based on the results of PES measurements and those of
C-V measurements® 2005 American Vacuum Socief{pOl: 10.1116/1.1865153

[. INTRODUCTION the gate-bias voltage. It was also found that this shift disap-
pears by Ar POA at temperatures higher than 600 °C.

. The physical proper'ties of silicon carbi(@'iC)., such as a A number of photoemission spectroscopRES studies
wide bandgap and a high-breakdown electric field, are attraGyaye peen carried out to make clear the structure of oxide—

tive for high-power and high-frequency electronic devicesgjc jnterfaced 6 Although these reports provide some in-
whose specifications are difficult to obtain using Si or GaAS 5 mation about the structure of the interface, this informa-
In addition, SiC can be thermally oxidized to form insulatingﬁOn does not extend to the mechanism of the electrical

Si0;, layers, which are known to have superior dielectriciynroyement due to the post-oxidation processes, even the
properties for metal-oxide-semiconduct@OS) applica- thermal annealing.

tlons,_ similar to Sf. However, SIC MOS field-effect- In this report, we have studied the changes in charges
transistors(FETS have some problems to be solved beforey, ned near the interface and in the structure of SiC—oxide
practical use, such as their higher on-resistances than thoge. t1.es due to Ar POA at various temperatures by using
predicted from bulk properties of SiC. This poor electrical = \; measurements and angle-resolved x-ray and ultraviolet
characteristic is considered to be due to the low channel MGhotoelectron spectroscopyAR-XPS and UP§ respec-

bility in inversion layers of SIC MOSFETSand the low tively. We also discuss the structural changes of SiC—oxide

channel mobility results from the high interface trap denSityinterfaces by Ar POA and the reason for the improvement of
and large oxide trap%. It has been reported that some post- electrical characteristics.

oxidation processes, such as NO annedlingnd
re-oxidation®"”’ improve electrical characteristics of SiC
MOS capacitors and/or MOSFETSs. A post-oxidation annealll. EXPERIMENTS

ing in Ar atmospherdAr POA) is well-known as a thermal Epitaxial wafers of 4H-SiC with 8° off-oriente¢0001)
annealing b{/‘ an inert gas and is effective in reducing flatgj_ ;e n-type, Ny—N,=6x 105 cm® were used. After a
band voltagé.In our recent worK, capacitance to gate-bias gianqard RCA cleaning, eight SiC epitaxial films were oxi-
voltage (C-V) measurements for the sample before Ar an-ji,aq up to 50 nm in oxide thickness in high-purity dry O
nealing showed that th€-V curve shifts toward the higher g, at 1200 °C. The dew point of the ,.low used was

gate-bias voltage side when increasing the sweep range gfjo,, —100 °C. After the oxidation, two films were cooled

to room temperature quite quicklgdenoted “quenched@)].
dE|ectronic mail: yasuto@opt.ees.saitama-u.ac.jp The other samples were followed by annealing in Ar atmo-
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sphere fo 3 h at various temperaturestb) 500 °C, (c) 150
600 °C, and(d) 950 °C. We deposited Au 0.5 mm in diam-
eter as gate electrodes and Al as ohmic electrodes on the
surfaces and the backside surfaces of the samples, respec-
tively, for C-V measurements. High-frequen&~V mea-
surements were performed with a driving frequency of 1
MHz under dark condition at room temperature. The samples
for PES measurements were etched off by buffered HF solu- 0 i
tion down to the thickness in the order of the photoelectron ‘ - ‘ ; \
escape deptlh.~ 2.3 nm for XPS and~1.5 nm for UP$, S5 0 5 10 15 20 25
to observe the bonding states at the interfaces. From the Gate voltage (V)
spectroscopic ellipsometry measurements, the oxide thic
ness(d,y) of samplega)—(d) were found to be around 2 nm.
After all the PES measurements were done, samleand
(d) were further etched down to 1 nm.

In the present work, the samples used @#/ and PES interface states disappear in eV characteristics obtained.
measurements were fabricated at the same time because fh@r this reason, we swept from a positive to a negative gate-
electrical characteristics of the oxide—SiC structure are veryoltage in ourC-V measurements. We determined 2 V as the
sensitive to the oxidation conditiofislso in a previous pa- beginning gate-voltage of the first sweep because this volt-
per, we showed that the structures of the interface layers ¢tge is high enough to cancel the shift@+V curve due to
thick oxide films are different from those of ultra-thin oxide other than the interface trap charge. Also it is low enough to
films t? Accordingly, we did not use ultra-thin oxide films, avoid the influence of a transient state in the capacitance
but rather, etched back ones for PES measurements to cofutput by filling the interface state density near the
pare with the results of electrical measurements of MOSonduction-band edge, which is known to be extremely high
structures using thick oxide films. for the oxide—SiC systents

AR-XPS measurements were done with the nonmono- Figure 1 shows the results of thgcle G-V measurements
chromatized Mg-k line (1253.6 eV as a light source and a for the quenched sampl@). The number in the figure indi-
semispherical analyzer as an electron spectrometer. Aftéates the trial number of the sweep of gate-voltage. We could
AR-XPS measurements were carried out, Au thin films were0t measure the capacitance o#e22 V in gate-voltage be-
deposited on a part of the samp|e surfaces for the enerqgﬁluse an insulation breakdown of the oxide film occurred.
references. UPS measurements were performed with the Hdowever, the capacitance &22 V is almost the same as the
Il line (40.8 eV} as a light source. insulator capacitance estimated from the oxide thickness of

the sample, denoted &%, in the figure. Therefore, th€-V

curve obtained contains the information because the accumu-
[ll. RESULTS AND DISCUSSION lation layer have already formed at this gate-voltage. The
notations(Cgq and Csp,) in the figure show the maximum
capacitance obtained for the first sweep of gate-voltage and

Because SiC is a wide-bandgap semiconductor, carrighe capacitance corresponding to the flat-band condition, re-
trap states are likely to appear at deep levels. In this case, tlepectively. It is found from the figure that the capacitance
carrier charging and releasing time of such states is vergoes not exceed th€gy until the eighth sweep. This indi-
long. Therefore, the “trueC-V characteristics cannot be ob- cates that many acceptorlike interface states exist around the
tained unless we make the sweep gate-voltage extremebnergy level corresponding @ As we mentioned before,
slow. In addition, an insulation breakdown or leakage currenthe measured capacitance in the 11th sweep is almost the
may occur due to the over-voltage applied in the case thatame as th€, level. This means that no more positive shift
such deep-level states are not filled with carrfér§he ex- in C-V curve may occur after the 11th sweep. The broken
tension of the range of gate voltage from the narrow range iine in the figure shows the 1116-V curve plotting on the
useful for avoiding this situation. Accordingly, we first swept position of the first sweep. We can see that a part of this
the gate-voltage from-2to —2 V, i.e.,[+2V, —2 V]. Next,  broken line agrees with the first trial curve. This also indi-
the sweep range was extended #64 V, —2 V], and then, cates that the amount of negative charges arising from the
[+6 V, =2 V]-{+22 V, —2 V] (whose detail have been interface states is proportional to the maximum gate-voltage
described ascycle G-V measurements” in Ref)8The shift  corresponding taCgyy Therefore, this displacement of the
in C-V curve due to the interface trap charge, as we willgate-voltage is a useful parameter to estimate the electrical
show later, was not observed unless we sweep the gateroperty of the samples. Here, the range of gate voltage be-
voltage from a positive to a negative side, i.e., from the actween the first applied voltage and the maximum voltage
cumulation side to the inversion side. We consider that onceorresponding toCyyq is defined as thecycle \j shift
the carrier are kept away from the interface states by a neg&AVCyc'e) The values ofAV®®® and flat-band voItagéVfb)
tive gate-voltage, they cannot follow the sweeping speed ofor sample(a) were+10.8 and 16.5 V, respectively. After the
the gate-voltage. Hence, a part of the information about thd1th sweep was finished, we carried out the measurement
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Capacitance (pF)

lEG. 1. Cycle G-V characteristics of 4H-SiC MOS structures for sanfjle

A. Capacitance to voltage measurements
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Temperature (°C) Fic. 4. Intensity ratios of the components as a functiomgdior sample(a):

. . cle . Solid lines denoted as fitting curves calculated by the procedure in Ref. 14.
Fic. 2. Normalizedcycle \j shift Avgy , net numbers of interface-trapped

charges per unit ards, thickness of the intermediate laygy, normalized

O2p peak intensityl(O,) and1(Oy), energy gaps of interface layg and B. Angle-resolved XPS measurements
valence-band offsets between tha&,, as a function of POA temperature.

The circles in Fig. 3 show XPS spectrum of the [5i2
region from the quenched sam&® when an intake angle of

from the beginning of the sweep range again. Thele \, photoelectron(6,), which is regarded as an angle from the

shift was not observed at all at that time. However,dgele ~ Sample surface, equals 45°. The measured spectrum was de-

V, shift reappeared after leaving the sample under OpencomposeletO the component peaks with Gaussian including

circuit for 24 h. We also performed treycle G-V measure-  Lorentzian.” The component peaks and the sum are shown

ments forp-type 4H-SiC MOS capacitors. Thycle  shift by solid I|+nes_|n the f|gure._OnIy an extra peak corresponding

in the negative voltage direction was observed. Further, th& the St oxidation state+ is clearly seen, whereas, no other

reappearance of the shift after 24 hours under open-circuR€aks such as Siand St* are seen.

was seen similarly in the case ottype. Therefore, the origin ~~ 1h€ spectrum of the Glregion shows no peak corre-

of the cycle \ shift in p-type may possibly be the same as SPonding to a C-0 bonﬂ in all the samples. Thlslrgslléltlﬁsup—

that in n-type; in this case, it is bipolar defects. ports previous fePOflg-' Although some pape?'sl_* S
Figure 2 showsAVY®® and net numbers of interface- have reported that Si oxycarbide exists at the oxide—SiC in-

trapped charges per unit aréh,) as a function of POA terfaceg, the extra pgak appears to be a ghost peak due to the

temperature. The values df,s were obtained by the photo Lorentzian contribution. e e s s on

C-V measurements, whose experimental details are de- The intensity ratios, $i-si*, Si*-sP*, and St'-SP '

scribed in Ref. 8. We can see thaV/?/°® decreases abruptly 8S & function off for the quenched sample) are shown in

at 600 °C; in addition, the value at 500 °C scarcely changeg'g- 4. The structure of oxide film on SiC can be estimated

from that of quenched samples. Conversaly, increases roughly from angle-resolved data by use of the two layers

gradually with increasing POA temperature, i.e., the value oftttenuation modef’ In this model, an oxide film is assumed

N, at 500 °C differs from that of quenched samples. It ist© be composed of two layers, an intermediate oxidation

noted that the temperature dependence\qﬁycle is different  layer containing Si" state and a SiPlayer, as shown in the
from that of N, especially at 500 °C. inset of Fig. 4, whered; andd, are the thickness of these

layers, respectively. The photoelectron escape depth for the
intermediate layer is assumed to be the same as that fgr SiO
(2.3 nm.*® The values ofd, and d, for sample(a) were

;‘E calculated as 0.30 and 1.75 nm, respectively. The same
5 analyses were done for sampl@&—(d), as well. The results
o for d; are also shown in Fig. 2. We found thay decreases
5’, slightly with increasing POA temperature. Also the tempera-
2 ture dependence af;, agrees with that oy, rather than that
'% of Avgyc'e, becauseal; changes at 500 °C.
= 106 104 102 100 98 C. UPS measurements
Binding energy (eV) _
Figure 5 shows UPS spectra of samples—(d) at 6,
Fic. 3. XPS spectrum of Si2region from sampléa) at 6,=45°. =90°. The horizontal axis in the figure indicates the relative
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™ Uncertified interface states
Interface states for AVgcy cle

Intensity (arb. units)

10 5 0 -5
Relative energy (eV; ref. SiC VBM)

Fic. 5. UPS spectra of ultra-thin oxide films on 4H-SiC at various POA
temperatures afl,=90°.

(Si**) Intermediate oxide layer (Sil*)

energy from the SiC valence-band maxim@uBM). Here, Fic. 7. A schematic energy-band diagram.

the peaks around 5.5 eV and that around 9.8 eV in Fig. 5 are

denoted as Qand G, respectively. It has been reported in

the case of an ultra-thin oxide film on Si that the twin peakassigned to Si-O-Si bridge bonds. Figure 5 shows that the
observed at the energy region greater than 4.4 eV is assignéfiape of the O@twin peak changes remarkably by Ar POA.
to O2p theoretically® and experimentall§t In these reports, Also the temperature at which the shape ofpQhanges,

the peak observed at 7.0 eV and that at 10.5 eV below the $i€., 600 °C, agrees well with the temperature at which the
VBM can be attributed to Q2 nonbonding orr bonding at ~ cycle j shift disappears, as mentioned before. Figure 6
the top-most Si layer and to Si—~O-Si bridge bonds betweefhows the UPS spectra of sampleg and (d) of 2 nm in
top-most and second-top-most Si layers, respectively. Thexide thickness at various values @f and that of 1 nm in
former and the latter peaks are denoted asad Q, respec-  Oxide thickness at,=90°. The difference in the Q2twin
tively. The relative energies of Oand Q correspond to 5.6 Peak between these samples becomes larger with increasing
and 9.1 eV, respectively, below the SiC VBM if we assumefe By comparing(iii) with (iv), the change by Ar POA for 1
the energy differences between vacuum level and the Sim in oxide thickness is much larger than that for 2 nm.
VBM and between that and SiC VBM are-5.4 and These results suggest that the change op ©@nding struc-
~6.8 eV, respectivel§* Taking into account that the energy ture by Ar POA occurs around the interface.

position of the Q peak is very close to that of Qand in The changes of Q2twin peak by Ar POA are seen as the
addition, the surface reconstruction containindgponding is  Peak energy shift and the changes in peak intensity. The peak
unlikely to occur at the oxide—SiC interface, the, Peak  energy shift of OP twin peaks by Ar POA observed in UPS
probably originates from Q2nonbonding. Because the en- measurements can be explained by the chemical shift arising
ergy of the Q peak is close to that of Qand the Q peak is from a stress at the interface lajfeor the charge up around

the first peak immediately following the (peak, Q; can be the interface. However, it has not been known which of these
explanations are the reason for the shift. On the other hand,

the change in the intensity of the @2win peak by Ar POA
(i) 8, =457 suggests that the amounts of both gDonbondings and
Si—O-Si bridge bonds were reduced at the interface. The
peak intensities of @ and OQ; normalized by those for
sample(a), denoted a$(Op) andl(O,), for samplega)—(d)
are also shown in Fig. 2. It is found that both of these tem-

— quench
----950°C

% (i) 6,= 60 °

g perature dependences agree well with that of dhele
S shift.

.

gl (iii) 8, = 90 ° D. Analysis of oxide—SiC band lineup

[=JN LS

SRS

s -

The energy gap of the whole oxide layers and the valence-
- band offset between SiC and oxide layers, denotef,asd
(iv) 6,=90° AE,, can be obtained from the analysis of thesGhergy-
doy~ 1 N} loss spectrum and that of the UPS spectra near the valence-
) band maximum, respectiveﬁ.Figure 7 shows a schematic
10 5 0 -5 energy-band diagram. Figure 8 shows the schemiatic view of
Relative energy (eV; ref. SiC VBM) the procedure for obtaining, and AE,, in the case of the
Fic. 6. UPS spectra of oxide films of 2 nm in thickness on 4H-SiC Withoutql'.lenChed samplé), for gxample. The value ﬁg Is ob-
POA and with 950 °C POA at various photoelectron in-take anglesi)  tained from the energy difference between thes@éak en-
6,=45°, (ii) 6,=60°, (iii) 6,=90°, (iv) 6,=90° in case thati,,=1 nm. ergy and the kink point given by two solid lines, extracted
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tural change of the interfaces by Ar POA. We found from the
AR-XPS measurements that only'Sbxidation states exist
at the interfaces and that their number decreases by Ar POA.
From the results of UPS measurements,pQnbonding
L i and Si—O-Si bridge bonding exist at the interface and their
15 10 5 0 numbers also decrease by Ar POA. A*Soxidation state is
Loss energy (eV) considered to be attributable to C=SD bonds, where the
asterisk denotes the atoms in a Si topmost layer of SiC bulk
. layer, because no photoemission peak corresponding to a
\\/} C-O bond is seen from the GXegion. On the other hand,
| A the O2 photoemission peak originating from stoichiometric
0 SiO,, denoted as Qin Refs. 20 and 21, arises at 12.5 eV
_ (the result is not shown hexeTherefore, the binding ener-
EAV ‘\ U gies of Q, and Q; are thought to be the smallest and second
—= smallest, respectively, of those of the three. Together with the
10 5 0 -5 . k :
Relative energy (eV; ref. SiC VBM) information from the core-level study, @2Zonbonding and
Si—O-Si bridge bonding is thought to be attributed to an
Fic. 8. Spectrum analysis for energy gap of whole _oxide ldi)eand ba_md- oxygen Connecting with two & and Si—-O-Si* bonds, re-
gg;eet Igig’rv(eig:nIr:hfag’glg;‘g;:;g)_max'm”m of SIC and that of interfacgyq ively, where two asterisks denote the atoms in the oxide
layer. Also, because these bonds and the thickness of the Si
from the background and the straight onset in the energy losgxidation-state layer decrease by Ar POA, we may consider
edge(shown in the upper figure in Fig)8The valence-band that this interfacial incomplete oxidation state such as
edge of the oxide layer is obtained by the subtraction of thési —O—Si and Si-O-Si” can be annealed out, and then the
spectrum for bare SiC from the measured spectrum normaformation of Si'—O-Si" bonding occurs. However, the tem-
ized by the intensity around the SiC valence-band edg@erature dependence of tlgcle \j shift does not corre-
(~0-3 e\). As seen in Fig. 8i), it is obvious that the O2  spond to that of the thickness of'Soxidation state. Rather,
region contributes to the valence-band edge of the oxide layjthe temperature dependence of the thickness bf Girre-
ers. Consequently, the value AE, corresponds to the en- sponds to that oN;, especially at 500 °C in the POA tem-
ergy difference between the valence-band edge of SiC angerature. We consider that the origin 8f can be restricted
the lower-side edge of the @2eak. All the values obtained not to one defect, but complexly to other various ones, al-
are shown in Fig. 2. Although the values of band edges obthough the origin of theycle  shift is attributable to only
tained include the error of0.1 eV, the figure suggests that the incomplete oxidation states.
both of E; andAE, increase at the POA temperatures higher
than 600 °C. The temperature dependence of these valugs sypmMARY

agrees well with that of theycle \j shift. _ _ .
As shown in Fig. 7, the fact that the value B of the We have studied the effects of Ar POA on SiC-oxide

quenched sample is estimated apparently to be smaller thapferfaces bycycle G-V and AR-XPS/UPS measurements.
that of a stoichiometric SiQand that of the Ar annealed Ve found from thecycle G-V and ultraviolet photoelectron
sample is interpreted as the density of states due to the inte?peCtrOSCOpYUP? measurements that tiegcle \4 shift dis-

face states near the band edge connects with the band. TheARPears at 600 °C, and the Pdonding of the interface
fore, the apparent increase Bf by Ar POA means the re- changes drastically above this temperature. From the results
duction of interface states. We think that the reason for th@f AR-XPS, only St* oxidation states exist, whereas C-O
increase ofAE, is the same as that fd, because there is a bonds do not exist at the interfaces. In additior!;" States
good correlation between the temperature dependengg of decrease with increasing POA temperature, and the tempera-
and that ofAE,, as shown in Fig. 2. The largsE, should ture dependence corresponds to thaNgf The temperature
result in the high interface state density near the conductiorfiéPendence of, and AE, correspond to that ofycle \f,
band edge because the density at this energy region usua ift. Based on these results, the atomic structure of oxide—
increases with elevating the energy level. The high interfac&IC interfaces and the effect of annealing on them were dis-
state density was observed actually as the laygte \ shift cussed. The incomplete oxidation bondings such ggﬁd

by the C-V measurements for the quenched sample. TherO; States are suggested to be relevant to the negative charge

fore, this interpretation can explain the results from both the?"inging about theeycle \4 shift. Annealing of these bonds
C—V and PES measurements. gives rise to a replacement to the stoichiometric Si@sult-

ing in a restraint of the negative charges.

Intensity (arb. units)

SiCloxide —y,
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