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Effects of ion irradiation in the thermal oxidation of SiC
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We investigated the thermal growth of Si@ms on 6H-SiC(0001) samples irradiated with 170 keV Ar
ions. Electronic, compositional, and structural features arisen from the irradiation process were accessed. All
results are compared to those of nonirradiated substrates, revealing major differences due to ion bombardment
such as the enhanced rate of oxidation, the variation of roughness of both oxide surface af8iCSiO
interface, and of the stress in the formed oxide layer. Modifications on the electronic structure and crystallo-
graphic characteristics of the substrate underneath the oxide were also observed in samples in which the ion
irradiation damaged layer was only partially consumed by the oxidation step. The present work evidences that
a careful choice of sample preparation conditions is necessary to avoid undesired characteristics in the final
SiO, /SIiC structure and points to a way of preventing irradiation related degradation of electrical characteris-
tics while maintaining the high oxidation rate.
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[. INTRODUCTION tion kinetics studies of irradiated Si@Ref. 10 evidenced
that the damaged layer oxidizes much faster than crystalline
Silicon carbide(SiC) is the material of choice for high- SiC, which allows oxidation at substantially lower tempera-
power, high-temperature, high-speed, and/or high frequenciures(typically 1100 instead of 1300 °C). Despite the larger
electronic devices? This is due to certain properties of this rate of oxidation, oxide films thermally grown on ion irradi-
material including wide band gap, high breakdown electricated SiC presented so far an electrical quality inféfioo
field, high thermal conductivity and high-saturated electrorthat of oxides grown on nonirradiated SiC. We tentatively
drift velocity®>* However, the feature that really sets SiC attribute this result to the fact that the damaged layer was not
apart from other wide band-gap semiconductors is the possiotally oxidized. In order to test this hypothesis, an atomic
bility of growing a well-known dielectric film on this mate- scale investigation of the reasons for these characteristics
rial by thermal oxidation, namely, SYOThis is highly desir- was undertaken. The aim is to modify conveniently the irra-
able since a substantial part of the technology alreadgliation and oxide growth processes such that they lead to
developed for Si can be adapted to the fabrication of Sichetter quality oxides while maintaining the high oxidation
devices. Nevertheless, some barriers must still be overcoméate.
The electrical passivation characteristics of Si®ermally In the present work a set of samples was prepared in order
grown on SiC are worse than those of $ién Sil Various  to portrait different stages of thermal oxide growth on SiC
explanations were already proposed to this bad performancéamples amorphized by irradiation with energetic’ Aons.
most of them attributing it to carbon present in the oxide, inChemical composition was probed as a function of depth in
particular at the Sig/SiC interface’~® Another processing these SiQ films thermally grown on Ar-bombarded SiC sub-
problem of SiC is the low oxidation rate of this material: strates. For this purpose, x-ray photoelectron spectroscopy
high temperatures and/or long oxidation times have to béXPS) analyses in conjunction with step-by-step etching of
used to achieve the desired oxide thickrness. the oxides were accomplished. The same procedure was car-
Thus, the increase of the oxide growth rate and the imfied out with a nonirradiated sample for comparison. Ruth-
provement of the electrical quality of the near-interface re-erford backscattering spectrometry in channeling geometry
gion of Si0, on SiC are critical issues for device fabrication. (c-RBS) was used to probe the crystallinity of the substrate
In an attempt to enhance the oxidation rate of SiC, a couplénderneath the oxide and to determine the oxide thickness.
of techniques were already investigated. Chudebal®  Atomic force microscopyAFM) scans were performed to
studied the oxidation of3-SiC (100) surfaces modified by analyze the surface morphology of the oxide and of the sub-
deposition of a Rb monolayer. The oxygen uptake was enstrate after oxide removal by chemical etching. In this way,
hanced by four orders of magnitude in comparison withdifferences arisen from the irradiation procedure and pos-
clean8-SiC (100) surfaces. In addition to the oxidation rate Sible changes of the SYISIC structure in the course of oxi-
enhancement, the Rb overlayer was completely removegation could be studied.
from the surface by thermal treatment below 780 °C. Despite
the excellent resglts obtai_ned, t_his tec_hnique is only suitable Il. EXPERIMENTAL DETAILS
to grow thin oxides while thicker films 30 nm) are
needed in actual SiC devices. In another approach, ion irra- Si-faced nitrogen doped 6H-SiC samples cut from a wafer
diation of SiC single-crystal samples was us&d? Oxida-  with resistivity 0.07%) cm supplied by Cree, Inc. were used
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TABLE I. Oxide thicknesses grown on the different samples and percentage of the irradiated layer
consumed by oxidation. The Sjg8iC interface roughness of each sample determined by Adftdr etching
away the oxidgare also given.

Oxidation time  Oxide thickness ~ Consumption of the  SISIC interface

Sample Irradiation (min) (nm) irradiated layer(%) roughnesgnm)
N360 No 360 25 - 0.76
160 Yes 60 48 15 3.6
1150 Yes 150 160 45 7.2
1720 Yes 720 307 100 1.4

in this experiment. After a standard RCA cleaning, samplesJHV station based on an EA125 hemispherical analyzer. De-
were dipped for 30 s in a 5% HF solution in ethanol, fol- tection angled of the photoelectrons with respect to the nor-
lowed by a 30 s ethanol rinsing aiming at removing the na-mal to the sample surfadéake-off anglé was fixed at 45°.
tive oxide. Immediately after this etching procedure theThe step-by-step etching procedure was carried out until no
samples were introduced in the ion implantation chambechange in the Si g region spectrum was observed. Ati;4
which was pumped down t0>610 ’ mbar. Irradiation was photoelectrons from a foil covering part of the sample were
performed with Af" at an energy of 170 keV and fluence of used as the binding energBE) reference(83.8 e\j.

1.1x 10% cm~? in a 500 kV HVEE ion implanter, yielding a

superficial amorphized layer observed by Rutherford back- IIl. RESULTS AND DISCUSSIONS

scattering spectrometry in channeling geometry.

Four different types of samples were investigated. RBS spectra obtained in channeling geometry of all
strates which underwent wet oxidation for 360 min atRBS spectra from a 6H-SiC virgin crystal and from a sample
1100 °C, using N bubbled through deionized water kept at JUSt after Ar" irradiation are also plotted for comparison.
95°C. Sampled 60, 1150, andI720 were irradiated sub- The residual damage after oxidatio_n of samrbmandl 150 _
strates oxidized in the same temperature and pressure cond@n be clearly observed by the higher yield next to the Si
tions as samplel360 for 60, 150, and 720 min, respectively energy leading edge in comparison to the channeled spec-
(see Table)l tr'um from the virgin crystal. leferen'g thlcknesges pf the; re-

RBS in channeling geometrg{RBS) analysegdetection sidual d_amaged quer are due to dlffer_ent OX|dgt|on times.
angle was 170°) were performed & 3 MV HV Tandetron Comparing the estimated amounts of Si present in the oxide

ion accelerator with 2 MeV He ions aligned in th¢0003) ~ With the amount of Si in the irradiated layer of the as-
crystal axis in order to determine the oxide thickness in dif-"radiated samplé; one can observe that the oxidation times

ferent samples and to infer about the residual damage in th‘ése(i for sampless0, 1150, a'ldl 720 consumed 15, 45, and
SiC substrate. The areal density of O in the films was deter!00 % (within an error of 10% of the amorphized layers,
mined from the areas of the corresponding O signals in the Si

i

|

RBS spectra, calibrated against a i®m reference (5.70
X100 cm ?). Film thicknesses were obtained using the
equivalent relationship 80 cm 2+ 0.226 nm of SiQ, ob-
tained assuming an oxide density of 2.21 g&nvalid for
SiO, thermally grown on Si. Since oxides thermally grown
on Si and on SiC are very similar, this assumption should not

random geometry
virgin SiC

as-irradiated

Yield (arb. units)

lead to appreciable errors. The values of oxide thicknesses | B

obtained in this way are shown in Table I. After this proce- 158

dure, the oxide surface morphology of the different samples - - . 1150
1720

was probed using AFM, performed on a Digital Instruments Y
Nanoscope llla in tapping mode. After etching away the ox- N360
ide with a 8:2 HO:HF(50%) solution, a new set of chan- : T virgin SiC
neledc-RBS measurements and AFM scans were carried out HE0 1058 e 1200
in all samples. Energy'{kev}

The chemical environment of Si in the oxide was investi- FIG. 1. Rutherford backscattering spectrometry spectra in ran-

gated as a function of depth in samplS860, 1150, and  gom (shaded curveand channelingnonshaded curvegeometries
1720. The oxide was progressively thinned by immersion ofyf samplesN360, 160, 1150, andi 720, after removal of the oxide
each sample in a 50:1:HF(50%) solution with a well-  |ayer by HF etching. Spectra of a virgin SiC sample and of the same
characterized removal rate (1 A/Y).After each etching sample just after ion irradiation are also plotted for comparison. The
step, stopped by water rinsing, XPS spectra were recordegkrtical arrow indicates the energy position of Si at the sample
using MgKa excitation v=1253.6 eV) in an OMICRON  surface.
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from sampleN360, 160, 1150, andl 720 (top— bottom). The cal-

FIG. 2. Rutherford backscattering spectrometry in channelingjated RMS roughness values are listed together with the respec-
geometry spectra of the irradiated SiC substtip) and of sample (i jmages.

1150 after oxide removalbottom simulated using th&ump code

(Ref. 15. Thicker lines correspond to the simulation curve, while

thinner ones, to experimental data. The vertical dashed line indiSamples with their respective calculated root-mean-square

cates the energy position of Si at the sample surface. (RMS) roughness values. Sampl860, the oxidized virgin
crystal, has the smoothest surfaces, with roughnesses almost

equal to the virgin crystal prior to oxidatio{®.66 nm, not

respectively. Performing similar calculations with data fromshown. Sampled 60 andl150 evidence a large increase in
the sample of Ref. 13 we concluded that, in that work, ap+oughness values as compared to sarh#60. The origin of
proximately half of the damaged layer was consumed, rethe observed morphology changes is attributed to the crys-
sembling samplé150 of the present work. tallization of the amorphous layer underneath the oxide,

Another process taking place during oxidation of irradi-leading to a nonuniform oxidation front of the growing ox-
ated SiC can be observed when simulatingatRBS spectra  ide. The longer the oxidation time undergone by the sample,
of the irradiated substrate and of sampls0 (after oxide the higher the degree of recrystallization of the remaining
etching with therumP code’® as shown in Fig. 2. In the first damaged layer. As a result of this process, roughness of
case, the simulation agrees with experimental data of theamplel 150 is greater than that of samglg0. Morphology
amorphized layer, but in the spectrum from saml60 the is changed in the case of samplé20, whose surfaces are
disagreement between experimental and simulated curvésuch smoother, deviating from the previous tendency of
evidences a higher degree of ion channeling near the interoughness increase. In this case the whole bombarded layer
face between the amorphized layer and the single crystayas consumed during oxidation, such that the previously ex-
resulting from partial crystallization of the amorphized layer.isting grains of the polycrystal were totally oxidized, result-
In a previous worK? crystallization of the implanted region ing in the observed smoothening of both surfaces. Thus, fur-
during oxidation was also observed: selected-area electrdher oxidation should not lead to increasing roughness since
diffraction (SAED) measurements evidenced an epitaxiala single crystal is being consumed for oxide growth.
structure of 6H then another one of 3C-SiC polytype close to XPS results aiming at probing the chemical environment
the interface of the implanted layer with the 6H-SiC sub-of Si are shown in Figs. 4-7. Owing to the complexity
strate, and then hexagonal and cubic SiC grains in the uppe@f photoelectron signals, a fitting procedure routine for the
most part of the layer. They also observed by cross-section@i 2p region was adopted, which consisted of assum-
transmission electron microscog¥TEM) that the top and ing two components, one related to SiO(Si*)
bottom interfaces of the oxide grown on this crystallized(FWHM=1.5 eV,80% Gaussian20%Lorentzian) and the
layer were rough. other to SiC (Si9 (FWHM=1.7 eV,80%Gaussian

Considering these findings, we determined the roughness 20%Lorentzian). The width and shape of each component
of both oxide and SiC substratafter chemical removal of were fixed using values obtained from fitted regions of a
the oxide layer surfaces. Figure 3 shows images of all SiO, thick film on SiC and a virgin SiC sample, respectively.
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Binding energy (eV) dure but the proposed binding energy separation between the
1080 1050 1020 990 Si® and SP' components had to be changed and depended
Si 2p on oxide thickness. In the case of samidé&0, however, the
modifications were more pronounced. Figure 4 shows the Si
2p and O s regions of the spectrum of samgl#50 after a
total accumulated etching time of 1700 s, which exposed the
SiO, /SIC interfacial region. In addition to the two compo-
nents used in the first fitting trial, another component with an
1 intermediate BE had to be added. This new component

sample 1150 O1s (Si°°) was attributed to the formation of Si oxycarbides
®
L 4
..
..

Intensity (arb. units)

* (SiCQy), compounds where Si is bonded to a variable num-

. ber of O and C atoms. This kind of compound was already

o observed in the interfacial region of thermal oxides grown on

. crystalline SiC®1"'8 Concerning the O 4 region of the

’-,.m" spectra, the predominant contribution to it is a component
“m’“..;.k.m‘“’“ related to oxygen in Si9Q(0O%), centered at 534.5 eV in the
537.0 5340 531.0 case of Fig. 4. In order to obtain good fits, the BE differences
Binding energy (eV) between Si© and SP* components had to be changed as a
result of BE shifts in both components, which will be ana-

FIG. 4. Si 2 (top) and O I (bottom regions of XPS spectrum |yzed further in Figs. 5 and 6. However, it is worth to men-
of samplel 150 after 1700 s of etching. Points represent experimention that the binding energy constrain of 429.5 eV between
tal data. Solid curves correspond to fitting components, Shirleygjox 54 cpx components was kept in fittings of all samples
background, and their sum. and of all thicknesses.

Figure 5 shows Si @ regions spectra of samplé450,
d720, andN360 after being etched in a 8:2,8:HF(50%)
solution for 1 min. After this step, the oxide layer should
have been completely removed in all samples and thepSi 2
gsignals should be due solely to SiC. However, reoxidation of

spectra from sample8360, 1150, andl720 submitted to the samples due to their exposure to air between the etching
step-by-step etching. In the case of samjpl&20 andN360, procedure and their introduction in the UHV chamber was

no additional components were needed in the fitting proce o red by the appearance of another component around

104 eV. In the case of sampld50, its Si D region spec-
trum evidenced a large contribution ofSiin addition to the
other two components. This behavior was attributed to the
SiO, /SIC interface roughness, observed by AFM, and will
be further discussed with Fig. 7. The S 2egions from the
other two samples presented different contents %f&ie to
different exposure times to air. Comparing the BE’s of the
Si¥© component, one observes different values. Other

Two binding energy(BE) constrains were primarily adopted:
(i) these two Si p components are separated by 2.7 eV an
(i) Si 2p and O 1s components related to Sj@re separated

by 429.5 eV. These initial approaches were used in fittin

Si2p

sample 1150

(2]

£ [sample 1720 authors® also observed distinct 3f BE's recorded from SiC

g surfaces that underwent different sacrificial oxidation prepa-
> ration procedures. They attributed this change to the modifi-
‘@ cation of both the density of surface states and their position
£ within the band gap. In view of that, the observed change in
- BE may be related to electronic changes of the substrate

|sample N360

underneath the oxide. Thus, ion irradiation yielosaddition
to morphological differences already observed by AFM and
c-RBS) an electronic modification of the semiconductor re-
gion close to the SigY SiC interface. Moreover, the observed
energy shift depends on how much of the amorphous layer
was oxidized: as the oxidation front approaches the single
crystal, the closer to the nonirradiated sample is the BE value
of the SP'° component.

FIG. 5. Si 2 regions of XPS spectra of samples50 (top), The BE of the S¥ components from sampleN360,
1720 (centey, andN360 (bottom after removal of most oxide lay- 1150, and 720 as a function of the oxide thicknessgetched
ers. Points represent experimental data. Solid curves correspond $€p-by-step in the HF solution mentioned in Seg. i
fitting components and their sum. Shirley background was subshown in Fig. 6. Curves were aligned by the point corre-
tracted from all regions. Vertical lines indicate the BE of th&%Si sponding approximately to the oxide/SiC interface. A depth
component in each sample. scale was built based on the etching time scale. In this ap-

106.0 10:1.0 10I2.0 10(I).0 98I.0
Binding Energy (eV)

155437-4



EFFECTS OF ION IRRADIATION IN THE THERMA . .. PHYSICAL REVIEW B 66, 155437 (2002

o region, samplel 720 evidences BE values comparable to

107,04 - gacs oo ce o %--

those observed in the analogous region of sarid6é0.
Differences between oxides thermally grown on Si and on
SiC were investigatéd previously, and the authors claimed
that the observed BE difference betweef 8omponents of
oxides grown on Si and on SiC were due to structural differ-
ences associated with the formation of the dielectric film:
SiO, films thermally grown on SiQwith smaller BB appear
to be under less stress than on(B)0) (with larger BB. The
present results can be understood using the same reasoning
developed in Ref. 20, namely, correlating BE values with the
amount of stress. Thus, the oxide formed on sanmpko is
the least stressed one, since the BE of if& &mponent is
FIG. 6. Binding energy of the 3i component of the Si@  the lowest. This is in agreement with what is expected from
regions as a function of the remaining oxide thickness after succeshe oxidation of a more disordered material, since the bom-
sive HF etching steps of sampl&iS60 (solid circles, 1720 (open  barded SiC layer should induce a lower strain in the oxide as
squarep and 1150 (open circles The depth scale was obtained compared to the single crystal. The observed differences in
assuming a fixed etching rate of the HF solution. stress manifest the distinct degrees of crystallinity reached by
the damaged layers of sampld$0 andl 720. The substrate
proach, the etching rate was assumed constant through tt@derneath the oxide in sampld50 recrystallized in a
whole oxide length. This is an approximation, since this ratesmaller extent than that of sampl&20. This last sample,
changes, particularly in the Sj@SIC interfacial region. due to the longer oxidation, had more time to recrystallize
However, this effect will not change the essence of our conand consumed all bombarded layer by oxidation yielding an
clusions. The BE variation of this component can not beoxide on a nearly single crystalline substrate. Thus, consis-
attributed to the detection of different compounds, since dently with Ref. 20, the St BE at the SiQ/SiC interface of
synchronization of BE shifts of SiQcomponents from Sig ~ samplel 720 has values similar to those from samhig60,
and O Is regions is always observed. All curves evidence ahe one with the oxide layer grown orceSiC substrate. This
similar trend, namely, a lowering of the BE as the interfacialassumption is also reinforced by the results obtained by
region is approached. In addition, the BE values correspond>~RBS and AFM.
ing to samplel 720 are always higher than those of sample Si 2p regions of XPS spectra of samplk$60, 1150, and
1150 for the same oxide thickness. Next to its oxide surfacé720 recorded after each etching step were fitted by the
above mentioned procedure. The area of each component
was normalized by the total area of the respective §i 2
400 regions. These values were plotted as a function of the accu-
L mulated etching time in Fig. 7, yielding composition profiles
throughout the oxide films. Data from samplé20 are not
shown since they are very similar to those of samy860.
An approximate depth scale can be obtained assuming a con-

Binding Energy (eV)

Sample 1150

104.04--=-=-----cmmommm s m - =S
300 200 100 0
Oxide thickness (nm)

Etching time (s)
0 200

1.04—2—2aay
M ‘./l

0.5 sample N360 %

,I
A
R
0.0 I—I—I-I-l#

stant etching rate as already described. The composition pro-
file for sampleN360 evidences expected facts: a gglnal
as the only component until a certain etching time, which

-% decreases to a lower areal value due to progressive contribu-
S 104 A—Aby tion from the substrate underneath the oxide. The lowest ar-
o ‘5‘ eal value of the Si@signal corresponds to the native oxide
< A layer formed during sample exposure to air between succes-
Sg. E-n sive analyses. The width of the transition region shown in
0.5 le 1150 " : . I
sampie /AALA\A Fig. 7 top (~10 nm), defined by the range of etching times
/ limited by near constant behavior of the components, is
0.0 P \“_A_A,A wider than the real SiQSIC interface due to variations in
e 77 1—r ” the etching rate and to the finite probing depth of XPS
0 600 800

Etching time (s)

(~1.5 nm). Composition profile of sampl&50 evidences a
different interfacial region in comparison with samp&60.

FIG. 7. Fitting results of the Si 2 regions of XPS spectra of B€sides the additional curve related to J: compounds, a

sampleN360 (top) and sampld 150 (bottom). Horizontal axes cor-

wider transition region is observed-(18 nm). The actual

respond to the total etching time undergone by each sample while ialue is certai_nly lower, but it is anyway much larger than
the vertical axis is the areal ratio between the component at issuée one obtained from samplB360. We propose that
and the whole Si @ region area. The components are related tothe roughness of the Sj@SiC interface(observed by AFM

SiO, (solid trianglg, SiC (solid squarg and SiGO, (open tri-

angle.

is responsible for this artifact. Due to roughness, the
photoelectrons detected are in fact probing regions at differ-
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ent distances relative to the interface and the resulting spe®E values of SF components. The different structure of the
trum would be an average of regions more or less close to théemiconductor underneath the oxide and the irradiation-
SiC substrate. In addition to the wider transition region, théinduced roughnesses may be responsible for the bad electri-
observed interfacial roughness gave rise to another artifacgal characteristics of devices obtained following this route.
the amplification of the signal from the &i component.  |n addition to the differences attributed to irradiation itself,
SiC,0, compounds were observeth much thinner oxides remarkable changes became evident when comparing irradi-
analyzed by angle-resolved XPS. In that work, clear signalated substrates oxidized for different times. Distinct degrees
of these compounds were only obtained with an experimenef recrystallization were reached by the remaining damaged
tal setup privileging the analysis of the sample near-surfactayer, which is progressively consumed in the course of oxi-
region, using high take-off angles values€0°). In the dation. This recrystallization process gives rise to an increas-
present study, the amplified sensitivity was provided by théng roughness of the oxide surface and SISIC interface.
increased roughness of the SiSiC interface, which leads When the whole damaged region is consumed, roughness
to an increased areal density of this interfacial probed regiordecreases since further material consumption for oxide
growth is now single crystalline. Hence, the electrical char-
IV. CONCLUSIONS acteristics of the final device should depend on the thickness
i , . of this remaining damaged layer, which is a function of the
In summary, we investigated structural, compositional,,yijation time. A previous worR concerning electrical char-
and electronic characteristics of thermally grown oxide lay-y terization of metal-oxide-semiconductor structures built on
ers on ion irradiated SiC substrates. Several differences WelRdiated SiC considered this route not suitable for the

observed in comparison with a nonirradiated sample. Th%rovvth of gate oxides. However, in that work, only part of

most striking effect observed is the enhanced rate of oxidag,q irradiated layef50%) was oxidized, which certainly in-

tion: using the same oxidation conditions, much thicker 0X-yenced the observed electrical characterization results.
ides were obtained on the irradiated sample. In addition tq, ;s the present findings do not exclude ion irradiation as a

the enfhancgd t())xidgtiog rate, tr?ehatomi(;f Scalhe plroce_ss‘E?ocessing tool while pointing to the need of a total con-
arisen from lon bombardment, which can affect the electrica umption of the damaged layer as an essential requirement

characteristics of the S3SIC structure, were investigated. ¢, jevice quality oxides thermally grown on irradiated SiC.

The roughnesses of both oxide surface and,$8IC inter- ¢4 1owing this reasoning, thick oxides grown with high oxi-

face were greater for samples submitted to ion irradiationyation rates and presenting the required electrical character-
XPS analyses of different samples, in which oxide films wer€g;ics are expected.

step-by-step thinned by chemical etching, evidenced elec-
tronic and structural differences induced by the irradiation
process. Indeed the BE shifts of thé'Scomponent near the
SiO, /SIC interface are different from those in the same re-
gion of oxidized virgin SiC wafers. Irradiation also gave rise Work partially supported by CNPg, PADCT, and
to less stressed oxides, as evidenced by the analysis of tiRAPERGS.
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(Ref. 15 code consists of assuming a certain areal density of a
material with a defined stoichiometry and stopping power; ana-
lyzed under certain experimental conditidb@am energy, beam

ion, incident charge, detector geometry, resolution, and solid
angle. Then, the program generates a theoretical spectrum that
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should be compared to experimental data. In this way we deter-
mined the areal density of Si in the amorphized layer, since in
the single crystal the alignment of atoms respective to the inci-
dent beam makes the detected ion yield to decrease.



