[ APt )]

SiO2/SiC structures annealed in D2 180: Compositional and electrical effects
E. Pitthan, S. A. Corréa, G. V. Soares, H. |. Boudinov, and F. C. Stedile

Citation: Applied Physics Letters 104, 111904 (2014); doi: 10.1063/1.4869124

View online: http://dx.doi.org/10.1063/1.4869124

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/104/11?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Synthesis of SiO2/-SiC/graphite hybrid composite by low temperature hot filament chemical vapor deposition
Appl. Phys. Lett. 103, 212105 (2013); 10.1063/1.4833255

Optical and structural properties of SiO x films grown by molecular beam deposition: Effect of the Si
concentration and annealing temperature
J. Appl. Phys. 112, 094316 (2012); 10.1063/1.4764893

Generation of very fast states by nitridation of the SiO2/SiC interface
J. Appl. Phys. 112, 024520 (2012); 10.1063/1.4740068

Ultrasensitive anomalous Hall effect in SiO2/Fe-Pt/SiO2 sandwich structure films
Appl. Phys. Lett. 100, 022404 (2012); 10.1063/1.3672046

Comparison of nitrogen incorporation in SiO 2 /SiC and SiO 2 /Si structures
Appl. Phys. Lett. 76, 568 (2000); 10.1063/1.125819

AP - Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today!



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1920415291/x01/AIP-PT/APL_ArticleDL_032614/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=E.+Pitthan&option1=author
http://scitation.aip.org/search?value1=S.+A.+Corr�a&option1=author
http://scitation.aip.org/search?value1=G.+V.+Soares&option1=author
http://scitation.aip.org/search?value1=H.+I.+Boudinov&option1=author
http://scitation.aip.org/search?value1=F.+C.+Stedile&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.4869124
http://scitation.aip.org/content/aip/journal/apl/104/11?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/21/10.1063/1.4833255?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/112/9/10.1063/1.4764893?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/112/9/10.1063/1.4764893?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/112/2/10.1063/1.4740068?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/100/2/10.1063/1.3672046?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/76/5/10.1063/1.125819?ver=pdfcov

APPLIED PHYSICS LETTERS 104, 111904 (2014)

@CrossMark

Si0./SiC structures annealed in D,'30: Compositional and electrical effects
E. Pitthan,”® S. A. Corréa, G. V. Soares, "2 H. |. Boudinov,"? and F. C. Stedile’-®

1PGMICRO, UFRGS, 91509-900, Porto Alegre, RS, Brazil

2Instituto de Fisica, UFRGS, 91509-900, Porto Alegre, RS, Brazil
3Instituto de Quimica, UFRGS, 91509-900, Porto Alegre, RS, Brazil

(Received 20 January 2014; accepted 8 March 2014; published online 18 March 2014)

Effects of water vapor annealing on SiO,/4H-SiC structures formed following different routes were
investigated using water isotopically enriched in '*0 and *H (D). Isotopic exchange between oxygen
from the water vapor and oxygen from SiO, films deposited on 4H-SiC was observed in the whole
depth of the films, differently from the behavior of SiO, films thermally grown on 4H-SiC. The
highest amount of D was obtained in the sample with the highest negative fixed charge concentration,
suggesting that the D incorporation occurs in defects in the structure that exist prior to the annealing.
As a consequence of the water annealing, a significant reduction in the negative effective charge
in metal-oxide-semiconductor capacitors and the removal of the SiO,/SiC interfacial region
was observed, attributed to the reduction of the amount of SiO,C, compounds in the interfacial
region. © 20714 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4869124]

The properties of silicon carbide (SiC) make it a suitable
semiconductor to replace Si in devices that require high power,
high frequency, and/or high temperature applications. A
dielectric film of silicon dioxide (SiO,) can be thermally
grown on it, in a similar way as on Si.'” However, the
SiO,/SiC interface formed by thermal oxidation of SiC
presents a higher interface state density (D;,) than the SiO,/Si
one.” Negative fixed charge is also observed to be an intrinsic
defect related to the SiC thermal oxidation,*® which is present
mainly in the SiO,/SiC interfacial region.”® Such defects lead
to poor channel mobilities in SiC-based metal-oxide-semicon-
ductor field effect transistors (MOSFETS).Q’IO The origin of
these defects can be related to the formation, during thermal
oxidation, of a non-abrupt SiO,/SiC interfacial region,
observed by Nuclear Reaction Profiling (NRP), Transmission
Electron Microscopy (TEM), and X-ray Reflectivity
(XRR),>'"12 where silicon oxycarbide (SiC,Oy) compounds
are found."*'* In order to improve the quality of the SiO,/SiC
interface, different post-oxidation treatments have been
employed,”'>® as well as alternative routes to form SiO,
films on SiC, aiming at minimizing the electrical degradation
from thermal oxidation.'”™"® Concerning thermal oxidation
conditions, it was observed that oxidations and/or reoxidations
involving water vapor can lead to a higher dielectric strength,”
lower values of Dy,”>* and higher channel mobility** as com-
pared to dry oxidations. For the Si-case, wet oxidation leads to
a lower oxide breakdown voltage as compared to the dry
one.”” Besides, device instabilities were attributed to the pres-
ence of water-related species in SiO,/Si structures.”® These
effects highlight the importance of understanding the interac-
tion of water vapor with SiO,/SiC and SiO,/Si. In fact, we
have reported””?® that the substrate plays an important role in
water vapor interaction with SiO, films thermally grown on
SiC and on Si: in the SiO,/SiC case, hydrogen was observed to
be incorporated in the surface, bulk, and interfacial region of
the SiO, film, while in the SiO,/Si case hydrogen was mainly
incorporated in the near-surface region of the SiO, film.
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Besides, larger isotopic exchange between oxygen from the
water vapor and oxygen from the thermally grown SiO, film
was observed for oxides grown on SiC compared with those
grown on Si. To deeply explore the nature of these interactions
and to understand its consequences, the effects of water vapor
annealing in SiO,/SiC structures was investigated in this work.
SiO, films were formed either by thermal oxidation, sputtering
deposition, or by a short oxidation time prior to the oxide dep-
osition. Since it was observed that these different routes lead
to different electrical properties,'® a relation between the elec-
trical properties and water vapor interaction can be unrevealed.
Oxygen profile and areal density of hydrogen, incorporated
from water vapor during annealing, were obtained by nuclear
reaction techniques. Electrical characteristics were obtained
from capacitance voltage (C-V) curves, while film thickness
and density were determined by XRR measurements.
Silicon-faced n-type 4H-SiC (0001) wafers on-axis
doped with nitrogen (3.1 x 10" cm ™) were cleaned with
standard Piranha and RCA (Radio Corporation of America)
routines,?’ etched in a 5% HF solution, and rinsed in deion-
ized water. For thermal oxidation, samples were then imme-
diately loaded in a static pressure, resistively heated quartz
tube furnace, which was pumped down to 2 x 10~ millibars
before being pressurized with oxygen. SiO, films were ther-
mally grown at 1100°C under 100 millibars of dry natural
O, on SiC for different oxidation times. SiO, films
(21-24 nm thick) were deposited by RF sputtering using a
SiO, target. This system was pumped down to 10~® millibars
and then Ar was introduced in the chamber at a constant
flux, keeping the pressure at 2.7 x 10> millibars during
sputtering with power at 90 W from a target with a 2 in. di-
ameter. Under these conditions, the deposition rate is
~0.1 Afs. Concerning annealings, samples were annealed
under 2 x 10~/ millibars at 700°C for 30min prior to sub-
mission to the water vapor annealing (without exposure to
the atmospheric air) that was performed at temperatures
ranging from 200 to 800 °C, for 1h, under 10 millibars of
water vapor, simultaneously, enriched in the 180 and 2H (D),
hereafter, called D,'®0 annealing. The use of the isotopes

© 2014 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4869124
http://dx.doi.org/10.1063/1.4869124
http://dx.doi.org/10.1063/1.4869124
http://dx.doi.org/10.1063/1.4869124
http://dx.doi.org/10.1063/1.4869124
mailto:eduardo.pitthan@ufrgs.br
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4869124&domain=pdf&date_stamp=2014-03-18

111904-2 Pitthan et al.
0 and D (natural abundances of 0.2 and 0.015%, respec-
tively) allows one to distinguish them from O and H incorpo-
rated during air exposure and/or from O of SiO, films
deposited and/or thermally grown. D quantification was
accomplished by nuclear reaction analysis (NRA), using the
D(3He,p)4He nuclear reaction®® at 700 keV (sensitivity and
accuracy can reach 4 x 10'? at/cm?® and 10%, respectively).
80 profiles were determined using the narrow resonance
(I'~100eV) in the cross section curve of the 18O(p,rx)lsN
nuclear reaction at 151keV.*" Al was thermally evaporated
to obtain MOS structures using a mechanical mask aiming at
forming circular capacitors with a diameter of 200 um. An
InGa eutectic was used as back contact. The C-V curves
were taken from inversion to accumulation at 100 kHz with a
0.25 V/s rate using a HP4284A Precision LCR Meter. XRR
analyses were performed in a PANalytical X’Pert PRO
equipment using Cu Ko radiation (1= 1.5406 A) and scan-
ning in 0.003° steps. Data simulation were performed using
the Parratt formalism for Reﬁectivity.32

Incorporations of D, from water annealings performed at
different temperatures, in SiO,/SiC structures formed by dif-
ferent routes are presented in Fig. 1. At the lowest annealing
temperature, D was incorporated in similar amounts in all
samples. However, for higher temperatures, amounts of D
incorporated in samples where the SiO, film was deposited
directly on the SiC surface were larger than in the other sam-
ples. Such result corroborates the hypothesis that the D
incorporation is related to the presence of electrically active
defects, since previous works™'®!? reported a higher concen-
tration of D;, and/or effective charge (Q.f) in oxides depos-
ited directly on SiC as compared to other routes. Besides,
Fig. 1 also indicates the influence in the D incorporation of
two different routes using thermal oxidation employed to
form SiO, films on SiC: a SiO, film thermally grown (final
thickness ~ 14 nm) and a thin film thermally grown (~3 nm)
followed by the deposition by sputtering of a ~23 nm SiO,
film. At 600 °C and 800 °C, the SiO; film formed only by
thermal oxidation presented slightly larger amounts of D
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FIG. 1. Deuterium areal densities in SiO,/SiC samples after annealing in
D,'"80 performed at different temperatures. SiO,/SiC samples prior the
water annealing were synthesized according to three different routes:
Oxidized in 100 millibars of O, at 1100 °C for 10h (thermally grown SiO,
films yielding ~14 nm thickness); only with a SiO, film deposited by sput-
tering (deposited SiO, film yielding ~23nm thickness); or oxidized for
5min followed by SiO, film deposition by sputtering (5 min in 30, + SiO,
deposition yielding ~26 nm thickness). Bars correspond to experimental ac-
curacy of 10%.
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incorporated due to annealing temperatures in water vapor,
even though been thinner. These results are also in good
agreement with the electrical properties observed for struc-
tures with dielectric films obtained by similar routes:'® ther-
mal oxidation in O, of SiC for a longer oxidation time
induces higher negative effective charge in the SiO,/SiC
interfacial region compared with the thermal growth of a
thin SiO, film followed by the deposition by sputtering of
additional SiO, film.

Concerning the incorporation of oxygen due to exposure
to D,'®0, '®0 profiles were determined for samples which
SiO, films ~23nm thick were deposited by sputtering on
SiC and that incorporated D in larger amounts: exposures at
600 and 800°C. Besides, a profile from a SiO, film 20 nm
thick thermally grown on SiC and exposed to the D,'*0 at
600 °C is presented for comparison. It can be observed in
Fig. 2 that in the case of the sample with the deposited film
annealed in water vapor at 600 °C, around 35% of isotopic
exchange between 80 from the D,'®0 and '°O from depos-
ited SiO, film was observed along all depths of the oxide
film, indicating the high mobility of O atoms. This is a dif-
ferent behavior from the one observed in the SiO, film ther-
mally grown on SiC and submitted to the D,'®O annealing
under the same condition, where the 'O profile is observed
not only through whole oxide film bulk in smaller amounts
(around 15% of isotopic exchange), but also in an comple-
mentary error-function (erfc)-like 'O profile in the
near-surface region of the oxide. Such difference in this '*0
profile can be explained by the presence of peroxide defects
in the near surface region of oxide film thermally grown,
that are not present in the case of the deposited SiO, film. On
the other hand, for the annealing at 800 °C, a total isotopic
exchange between '*0 from the D,'%0 and '°O from the de-
posited SiO, film occurred, in a similar way to what occurs
for SiO, films thermally grown annealed at higher tempera-
tures.”® A slightly thicker Si'®0, film can be observed for
the sample annealed at 800 °C, which could indicate an extra
SiC oxidation due to the annealing at a higher temperature.
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FIG. 2. Experimental (symbols) excitation curves of the 18O(p,ct)lSN nuclear
reaction around the resonance at 151 keV and the corresponding simulations
(lines) for a SiO, film 20nm thick thermally grown on SiC submitted to
D,'%0 annealing at 600°C and for SiO, films ~23nm thick deposited by
sputtering and submitted to D,'%0 annealing at 600 or at 800 °C. Inset: '*0
profiles obtained in the simulations using the same line types. 4 x 102
"¥0/em? corresponds to the oxygen concentration in stoichiometric SiO,.
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However, the worse depth resolution for a ~20 nm thick film
prevents the certitude about this interpretation.

To understand how the D incorporation affects the elec-
trical properties, C-V curves of MOS capacitors were
obtained before and after D,'®0 annealings and are pre-
sented in Fig. 3 for SiO, films formed by the three different
routes. A positive shift from the ideal curve can be observed
for all samples, indicating the presence of negative effective
charge. The sample with the smaller shift from the ideal
curve is the one with a thin SiO, film thermally grown prior
to the oxide film deposition, fact related to a reduced electri-
cal degradation.'” After the water vapor annealing, a signifi-
cant reduction on the shift from the ideal curve can be
observed for all samples, indicating reduction of the negative
effective charge. One possible explanation for the origin of
negative fixed charge in SiO,/SiC interfacial region is the
presence of the O-lone pair state.” The reduction of the nega-
tive effective charge observed due to the water vapor anneal-
ing can be related with the D incorporation presented in Fig.
1, in the sense that this incorporated D could be bonded to
oxygen, making the defect electrically inactive.

Finally, in order to obtain information about the water
vapor annealing structural and compositional effects on
Si0,/SiC samples, XRR measurements were performed for
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FIG. 3. C-V curves of Al/SiO,/4H-SiC structures before (full symbols and
solid lines) and after (open symbols and dashed lines) the annealing under
10 millibars of D,'%0 at 800 °C for 1 h. SiO, films formed by sputtering dep-
osition (squares), by thermal oxidation for 4 h (triangles), and by thermal ox-
idation for 5 min followed by sputtering deposition (circles) are presented.
Ideal C-V curves (solid black lines) are presented for comparison.
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FIG. 4. XRR data (symbols) and simulation (lines) from SiO,/4H-SiC struc-
tures formed by thermal oxidation for 5 min followed by sputtering deposi-
tion prior and after the annealing under 10 millibars of D,"*0 at 800°C for
1 h. The dashed line corresponds to a simulation of the sample prior water
vapor annealing assuming that there is no interfacial layer. Parameters
extracted from simulations using solid lines are presented in Table 1.

samples with the best electrical properties prior to the water
vapor annealing, namely, thermal oxidation for 5min fol-
lowed by sputtering deposition. XRR data and simulations
are presented in Fig. 4 for these samples prior and after the
D,'®0 annealing. Parameters used in the solid line simula-
tions are shown in Table L. Prior to D, 'O annealing, a satis-
factory simulation can only be obtained when an interfacial
layer between the SiO, film and the 4H-SiC substrate is
included. As commented before, the presence of such inter-
layer was already observed and related with the electrical
degradation due to thermal oxidation.!'! In our simulation,
the interlayer presents a density value between those of the
SiO, film and the SiC substrate. After the D2]80 annealing,
no major modification can be observed in the SiO, film den-
sity and thickness. However, for the simulation, there was no
need to consider an interlayer between the SiO, film and the
4H-SiC substrate. Such modification can be related to
improvements in the electrical properties from the water
vapor annealing. Similar effects using SiO,/SiC
post-oxidation annealing (POA) in NO ambient, an anneal-
ing that reduces D;, in the SiO,/SiC interface region, were al-
ready observed:'""'? a reduction in the SiO,/SiC interfacial
region thickness was observed after NO annealing, highlight-
ing the importance of the reduction of this interfacial region
thickness to the electrical properties improvement of
SiC-based devices.

TABLE 1. Parameters extracted from XRR solid line simulations presented
in Fig. 4. The density of SiC was assumed to be 3.21g/cm’ in all
simulations.

Film thickness (nm) Film density (g/cm3)

Sample SiO; film Interfacial layer SiO, film Interfacial layer

Si0,/SiC 26 2 2.3 2.8
Si0,/SiC +D,'*0 25 .. 24
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In conclusion, incorporation of H and O due to water
vapor annealings in SiO, films formed by different routes on
4H-SiC and its effects in electrical and compositional prop-
erties were investigated. It was observed that the electrical
quality of the structure prior to the water vapor annealing
plays a major role in D incorporation: the highest amount of
D was incorporated in SiO, films deposited on SiC (films
that presented the highest negative effective charge concen-
tration) as compared to SiC samples submitted to thermal
oxidations. '®O profiles were seen to depend on SiO, film
formation route and on annealing temperature. Besides, elec-
trical measurements evidenced that the water vapor anneal-
ing reduced the negative effective charge from MOS
capacitors for all SiO, film formation routes, indicating a
passivation of electrical defects in the SiO,/SiC interfacial
region. The modification in the interface region is confirmed
by XRR results, which indicate that the water vapor anneal-
ing can remove the SiO,/SiC interlayer, responsible for the
interfacial region electrical degradation.

The authors would like to thank INCTs Namitec and
Ines, MCT/CNPq, CAPES, and FAPERGS for financial
support.
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