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The effect of using H,O, in the thermal growth process of dielectric films on n-type 4H-SiC
substrates has been investigated. In comparison to conventional oxide growth using H,O, we found
that the interface trap density is reduced close to the conduction band edge of 4H-SiC. This
electrical improvement is correlated with the decrease in SiC,O, compounds at the SiO,/4H-SiC
interface region as confirmed by two independent methods. These results point to the use of H,O,
as an alternative passivating agent of SiO,/4H-SiC interface electrically active defects. © 2009

American Institute of Physics. [doi:10.1063/1.3231923]

Silicon carbide (SiC) is the material of choice for high-
power (>1 kW), high-frequency (>5 GHz), and high-
temperature (300-600 °C) device applications. This wide-
bandgap material has several of the required properties for
these extreme conditions, including high thermal conductiv-
ity (49 Wem™ K™!), high-breakdown field strength
(4 MV cm™), and high electron saturated drift velocity
(2% 107 cms7!)." Besides, it is the only compound semi-
conductor on which a dielectric film (SiO,) can be thermally
grown in a similar way as on Si. Thus, it is expected that
most of the processes used in Si-based metal-oxide-
semiconductor (MOS) technology can be adapted to SiC.

Nevertheless, the electrical properties of the resulting
Si0,/SiC interface are degraded by large densities of inter-
face states (D;,). Different types of electrically active defects
were identified, including carbon clusters, C dangling
bonds,* and silicon oxycarbides (SiCxOy).5 The latter one is
considered to be primarily responsible for the observed D;,
values (mainly near the conduction band edge6) and for trap-
ping majority carriers in SiO,/4H-SiC structures.” Several
pre- and postoxidation treatments were already explored in
order to reduce these Dj values.* "' Postoxidation annealing
in N-containing atmospheres was shown to be an effective
passivation route.'’ Such passivation processes incorporate N
mainly at the dielectric/SiC interface region,12 where Si-N
and C-N bonds'? are formed and a reduction of the amount
of carbonaceous compounds was observed.'* These physico-
chemical modifications result in improved electrical charac-
teristics of the final structure. In the same sense, preoxidation
treatments of SiC with H, (Ref. 8) help in removing residual
carbon and associated SiC,O, at the interface region.

SiC, O are spontaneously formed during exposure of
SiC to air" and constitute the main oxidation by-product of
this semiconductor material.'® Due to the high chemical in-
ertness of SiCXOy,17 wet etching chemistries usually em-
ployed in the semiconductor industry do not remove such
compounds from the SiC surface. In view of this scenario,
we used a different oxidizing agent in order to thermally
grow a dielectric layer on SiC aiming at reducing the amount
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of oxidation by-products. Thermal oxidation of SiC is usu-
ally accomplished by heating the sample at temperatures
above 1000 °C under a flux of oxygen bubbled through de-
ionized water. In the present work, we replaced water by
hydrogen peroxyde (H,0,), which is a powerful oxidizing
agent. The use of such a reagent could oxidize SiC,0, al-
ready formed at the SiC surface and minimize its formation
during oxidation. Our results provide direct evidence of im-
proved electrical characteristics of SiO,/4H-SiC structures
obtained by thermal oxidation using H,O, instead of H,O,
which were correlated with the reduction of SiC,0, com-
pounds at the SiO,/SiC interface region.

MOS capacitors were fabricated on Si-faced, n/n*
4H-SiC commercial epitaxial wafers, 8° off the (0001) direc-
tion, doped with nitrogen. The wafers contained 4.6 wm
thick epitaxial layers with doping concentration of 1.1
X 10'® cm™. The wafers were cleaned in a H,SO,:H,0,
solution followed by a standard RCA cleaning. Prior to oxi-
dation, wafers were dipped in a 1% HF solution for 30 s
aiming at removing the native oxide. Oxide growth was car-
ried out at atmospheric pressure in a horizontal quartz tube
furnace at 1000 °C for 2 h. Two oxidation processes were
employed, bubbling O, in (i) de-ionized water or (ii) hydro-
gen peroxide (H,0,). In both cases, oxidation was followed
by annealing in Ar at 1100 °C for 30 min to decrease the
quantity of unreacted oxygen in the oxide layer. MOS struc-
tures were fabricated in a vacuum system by Al thermal
evaporation through a mechanical mask, forming circle ca-
pacitors with a diameter of 200 wm. An InGa eutectic was
used as back contact. Samples were electrically characterized
using a computer-controlled HP4284 A Precision LCR Meter.
10 kHz to 1 MHz ac conductance measurements (G-w) (Ref.
18) with an ac amplitude of 20 mV were performed between
30 and 300 °C in order to obtain interface states data deeper
in the 4H-SiC bandgap.

Figure 1 shows D;, data as a function of energy position
in the bandgap measured from the 4H-SiC valence band
(E-Ey) for MOS capacitors built following processes with
H,O or H,0O, atmospheres. Comparing these data, we
found a reduced interface trap density of the H,O, sample
(in the energy range 2.4-2.6 eV) from 1.6X 10" to 6.6
X101 ev-'em™ at 2.6 eV and from 7.8X 10 to 7

© 2002 American Institute of Physics
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FIG. 1. Interface state density D;, as a function of energy for 4H-SiC MOS
structures. Energy scale corresponds to the region of bandgap near the bot-
tom of the 4H-SiC conduction band. Measurements were carried out be-
tween 30 and 300 °C.

%X 10° eV~ cm™ at 2.4 eV. Reduction of Dj in the same
region of the 4H-SiC bandgap was also observed following:
(i) H, pretreatment of the semiconductor substrate prior to
the dielectric growth8 and (ii) postoxidation annealing in
NO." Both procedures were shown to reduce the amount of
residual carbon and, consequently, the amount of SiC,0O, at
the region close to the SiO,/SiC interface. Thus, the use of
H,0, in the oxidation of 4H-SiC should also reduce the
amount of these compounds. The slight increase of D;; in the
energy range 2.9-3.0 eV could be associated to near-
interfacial oxide defects'® introduced by H,0,.

Aiming at investigating the physicochemical modifica-
tions induced by H,0,, a new batch of samples was pre-
pared. More specifically, we developed a strategy to evidence
that the use of H,O, as an oxidizing agent reduces the
amount of silicon oxycarbides (SiC,O,) at the SiO,/SiC in-
terface region. 4H-SiC samples underwent a sequence of
etching and annealing steps depicted in Fig. 2. 4H-SiC oxi-
dation was performed in a resistively heated quartz tube fur-
nace for 2 h under a static pressure of 100 mbar of O, en-
riched to 97% in the isotope of mass 18 (termed '80,). The
use of 0, allowed us to quantify oxygen amounts as low as
10" 80 cm™ using nuclear reaction analysis (NRA). We
were also able to distinguish oxygen intentionally incorpo-
rated by the first thermal oxidation step from other oxygen
sources like air exposure, etching procedures, and subse-
quent annealing steps. The H,O, annealing was carried out at
atmospheric pressure in a horizontal quartz tube furnace at
420 °C for 4 h, bubbling O, in H,0,. '*0 amounts were
determined by NRA using the plateau region at 730 keV in
the cross section curve of the ISO(p, )N nuclear reaction,

"0, 1100°C HF:H,0 1:2
100 mbar 10 min
2h 0 SiC,0,
SiC ,l: SiC SiC
Sample A Sample B
0O,+H,0,
420°C HF:H,0 1:2
SiC.0, 4h % 10 min SICO
SiC SiC : SiC
Sample B Sample C

FIG. 2. Sketch of the sample processing route evidencing the annealing and
etching conditions used in the experiment. A specific name is assigned to
each sample corresponding to ifs processing history.
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TABLE 1. '30 areal densities of samples A, B, and C determined by nuclear
reaction analysis. In each case, it is marked the existence of a component
related to the SiC substrate in XPS analysis.

Evidence of a

Sample 105 80 ecm™ SiC signal in XPS
A 37.6 No
B 1.4 No
C 0.4 Yes

referenced to a standard Si 1802 film on Si. X-ray photoelec-
tron spectroscopy (XPS) was performed using an Omicron-
SPHERA station with Mg K« radiation (1253.6 V). Si 2p
regions of the spectra were recorded with a 20 eV pass en-
ergy. The detection angle of the photoelectrons, with respect
to the normal of the sample (emission angle), was fixed at
73°.

The 'O areal density of the sample just after oxidation
(sample A in Fig. 2) is 37.6X 10" 80 cm™2 (Table I). This
amount corresponds to an oxide film of 8.5 nm, using the
density of thermally grown SiO, (2.21 g cm™).%° In order to
evidence the formation of SiC,0, compounds at the
Si0,/SiC interface region, sample A underwent an etching
step in an HF aqueous solution (sample B in Fig. 2). SiC,O
were shown to be resistant to HF wet etching chemistries.ﬁ
Thus, if they are formed at the SiO,/SiC interface region,
one should detect '®O reminiscent from the oxidation step
after etching. 80 was indeed detected while analyzing
sample B. Its concentration was 1.4X 10" 80 cm™2 (Table
I). This amount cannot be attributed to native oxide forma-
tion durin7g air exposure between the etching step and NRA
analysis.1 Sample B underwent an H,O, annealing in the
conditions described in Fig. 2. The low temperature
(420 °C) employed in this treatment was chosen in order to
avoid further SiC substrate oxidation and, consequently, for-
mation of additional SiC,O,. By this way, we could investi-
gate the effect of H,O, on the existing SiC,0, layer. After
this annealing, the sample underwent an additional HF etch-
ing step. The '"*0 amount of the resulting sample (sample C
in Fig. 2) was 04X 10'5 0 cm™ (Table I). A significant
reduction of the 'O amount is observed while comparing
samples B and C. This fact suggests that H,O, converts
SiC,0, in SiO, that is subsequently removed by HF.

One could argue that the lower 'O amount detected
from sample C is due to oxygen isotopic exchange from the
existing SiC,0, layer and the O,+H,0, gas phase. In this
case, the reminiscent 80 amount of sample C would not be
representative of SiC,0, removal. An independent result is
needed in order to confirm the proposed mechanism. In view
of that, we performed XPS analysis of samples B and C to
compare the amount of oxidized species remaining at these
samples’ surfaces. Figure 3 shows Si 2p regions of XPS
spectra of samples B and C. Si 2p doublets were simulated
by two lines with a branching ratio 2p,,,/2p3, of 0.5 (the
statistical ratio) and a spin-orbit splitting of 0.6 eV. The Si 2p
region of sample B was fitted with one component with bind-
ing energy (BE) of 102.1 eV, attributed to SiC,0O,. The ab-
sence of a signal from the SiC substrate evidences that pho-
toelectrons generated underneath the oxidized layer are
completely attenuated. If this SiC,0, layer was removed or
at least thinned in some extent, one would observe a lower
BE signal from the SiC substrate. That is exactly the case of
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FIG. 3. Si 2p regions of XPS spectra corresponding to samples B (upper
part) and sample C (bottom part). Points represent experimental data. Solid
curves correspond to fitting components, background, and their sum. The
energy position of components assigned to silicon oxycarbide and silicon
carbide are indicated. a.u. stands for arbitrary units.

sample C. A clear signal at 99.8 eV can be observed in the
XPS data obtained from this sample (Fig. 3), confirming that
the use of H,0, indeed lowered the amounts of SiC,O,.

In summary, we have shown the effects of using H,O, as
an oxidizing agent on the electrical and physicochemical
characteristics of the resulting SiO,/4H-SiC structures. In
comparison with similar structures prepared by 4H-SiC ther-
mal oxidation using H,O, reduced interface state densities
were observed. This effect was correlated with the decrease

Appl. Phys. Lett. 95, 113504 (2009)

in SiC,0, compounds at the SiO,/4H-SiC interface region
as confirmed by two independent methods. The combination
of this passivation method with other well-established treat-
ments like nitridation and annealing in H,, may further im-
prove the quality of the SiO,/4H-SiC interface.

The authors thank MCT/CNPq, CAPES, and FAPERGS
(Brazil).
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