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Nitridation of Silicon-Dioxide Films
Grown on 6H Silicon Carbide

Sima Dimitrijev, Member, IEEE Hui-feng Li, Student Member, IEEEH. Barry Harrison, and Denis Sweatman

Abstract—This letter addresses the question of why it is possible pieces were placed onto a 6-in silicon wafer, to perform the
to grow high-quality oxide films on N-type but not on P-type SiC. oxidation in an AG610 rapid-thermal processing (RTP) unit.
It provides results which indicate that the oxide/SIC interface e oyjdation was performed in six 5-min. steps (to allow
would be inferior to the oxide/Si interface for both, N-type and - o .

P-type SiC, if it were not for the beneficial effects of nitrogen cooling of the RTP unit) in high-purity 9at ar(_)und llOGC_._
incorporation. The letter presents, for the first time, results on After the oxidation, two sets of samples received an additional
nitridation of thermally grown oxides in NO and N O. The results  5-min treatment at the same temperature: one set of samples
demonstrate that the oxides grown on P-type can be improved by was exposed to a 99% (chemical pure grade) NO, while
NO annealing, but not by N;O annealing. the other was exposed to a high-purity, environment.
Following the oxidation and the nitridation of the samples,
[. INTRODUCTION aluminum was evaporated at the top and the back of the
_samples, and circular 30@m dots defined at the top by a
e%mtolithography process to create MOS capacitors. No post-
tmetal annealing is performed, to avoid masking the defects
ated during the oxidation and/or nitridation. MOS capacitor

CCESSFUL growth of silicon-dioxide films on silicon
arbide substrates may mark the beginning of a n
era in semiconductor electronics. Metal-oxide-semiconduc

(MOS) devices based on a wide band-gap material su o .
as silicon carbide have the potential to revolutionize powg aracterization was performed by high-frequency (100 kHz

electronics, microwave systems, high temperature, and mé:r??pacnar;ce—v_oltageCGV) tand csnﬁugtﬁril(:‘lez—SvE:all_gngea:-
other applications. surements, using a computer-controlle meter.

At present, it is not understood why it is possible to grow
high-quality oxide films on N-type but not on P-type SiC |[ll. Si BACKGROUND, SIC RESULTS, AND DISCUSSION

[1]-{6]. Initially, it was speculated that the aluminum (used as 1,4 increasing demand for thinner and better gate dielectrics
the P—t_y pe dopant in SiC) was causing this problem [,2]_[4|]n silicon technology motivates extensive investigations into
Late_r, it has been s_hown that l?oron-doped P-type S'C d_ ential benefits of nitridation of oxide films grown on Si.
not improve the quallty of the (?dee [5], and that alumlr_lum i nnealing in NO and MO appear to be the two most promis-
also pr_esent in high-quality oxides grown on N-type SIC [6]'rng techniques. While both techniques lead to incorporation
In this letter, we present results which shift the focus froq; nitrogen at the interface, the annealing in\ leads to

the potgntial problems with the P_—type SiC to the benefici§I w oxide growth [7], as opposed to the annealing in NO
role of nl_troge_n, used as a dopa_m_t In Fhe N-type SiC. W? rePQffhich nitrides the interface with virtually no new oxide growth
for the first time, results on nitridation onQgrown_ oxides 8]-[11]. The nitrogen accumulation at the interface is related
in NO and NO. The results suggest that the oxides grom& observed improvements of the electrical characteristics of

on P-type SiC can be improved by NO annealing, which is &;qe/sjlicon interface [8]-[14]. Similar effects have been
significant step toward a successful fabrication ofenhancem%Btserved when the oxide is grown on nitrogen implanted
type N-channel MOSFET's on SiC. polysilicon [15].

It is indicative to correlate these silicon-related results to
Il. EXPERIMENTAL DETAILS the results of Palmouet al. [16], showing a similar accumu-

Si-faced 6H SiC wafers, manufactured by CREE Researé tion of nitrogen at the oxide/silicon-carbide interface during

were used in this experiment. The concentration of the nitrog .rmal oxidation of mtroggn-doped N-'pre S'(_: substra’ge.
doped N-type wafer was.8 x 1017 cm—3, while the concen- This leads us to a hypothesis that the nitrogen incorporation

tration of the aluminum doped P-type wafer was x 1018 improves the oxide/N-type silicon-carbide interface, which
cm3. The wafers were cut into approximatelys x 1.5 cm would otherwise remain inferior compared to the oxide/silicon
piece.s and cleaned by both an$0,:Hs0, solutioﬁ and interface. Furthermore, this suggests that the quality of oxides

RCA cleaning process. Immediately before the oxidation, tgown on P-type SiC could be improved by an appropriate

samples were dipped in 1% HF for 60 s. The SiC carbicﬂa‘tridaﬂon process. . .
De Meoet al.[17] showed that oxides on SiC substrate can
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10 — , TABLE |
N-type SiC EFFeCTS OFNO AND N2 O ANNEALING ON THE OXIDE CHARGE AND
K INTERFACE TRAP DENSITY OF MOS CaPACITORS CREATED ON 6H SiC
O
= 0.8 —
2 O,+NO 0. |04 NO|0:4 M0
O O,
o6 N-type (¢ms = 0.15V)
<t
‘QJ tor [n] 3.5 3.5 3.9
I
NO4 - CrB/Cor 0.62 0.62 0.65
§ lines: depleﬁ‘on VFB [V] 0.3 0.2 0.5
% 02 to accumulation
- symbols: accumu-
= lation to depletion Qoz (@Vrs)
I | | | | | x1012¢m 2 -0.9 -0.3 -1.9
0.0
3 2 10 1 2 3 Dit—mas
GATE VOLTAGE (V)
x1011 em~2eV -1 1.1 0.3 1.3
Fig. 1. High-frequency (100 kHzy'-V" measurements of MOS capacitors
created on N-type 6H SiC. P-type (¢ms = —2.70V)
tor [nM] 3.5 3.5 3.9
10— P-type SiC Crp/Cos 0.79 0.79 0.81
O,+NO Veg [V] <-50] -39 < —5.5
0.8 —
02 Qoz (@VFB)
06 &%\ x102¢m =2 > 14 7.3 > 15

NORMALIZED CAPACITANCE

04 SRR Analyzing the presented results, the following two observa-
BENERC N tions are made: 1) the effects of annealing in either NO gD N
lines: "'-O g
0.2 = geplotion to accumutation are much more pronounced in aluminum-doped (P-type) SiC
symbols: depletion samples, cpmpared to nitrogen-doped (N_—type) Sip samples, 2)
0.0 1 | | | | | NO annealing improves, while® annealing deteriorates the
-6 -5 -4 -3 -2 -1 electrical characteristics of thermally grown oxides on either
GATE VOLTAGE (V) P- or N-type SiC substrate.
Fig. 2. High-frequency (100 kHzy'-V" measurements of MOS capacitors The_ _ﬂrSt point .d”’eCtIy supports the hypOthe§|S on the
created on P-type 6H SiC. beneficial role of nitrogen, as the stability of the oxides grown

on the nitrogen-doped SiC substrates can be explained by

the nitrogen present at the interface before any nitridation
on oxides grown on Si [9], [18], [19], we decided to annedteatment was applied. As opposed to the relative stability
oxides grown on SiC in both NO and.® atmosphere. We of N-type samples, the electrical characteristics of the oxides
also included the both N-type and P-type SiC substrates. Tgi®wn on P-type substrates were significantly improved by the
main results are presented in Figs. 1 and 2, and Table I. NO annealing. TheZ-V" curve of the NO-annealed sampled

The oxide thicknesses, shown in Table |, were calculatatimost reaches the accumulation value observed on the N-

from the accumulation capacitances of the N-type samplégpe samples. It is much closer to the idéatl” curve than
and assumed to be the same for the corresponding P-tyipe C—V curve of G (not-nitrided) sample, which shows the
samples. Direct calculations of the oxide thicknesses on problems observed by other researchers [1]-[6]. It appears the
type samples would not be meaningful as eV curves presence of a significant amount of interface traps causes such
of P-type samples do not saturate at negative voltages. Tehstretch that th&—V" curve cannot reach the accumulation
HF C-V curves are normalized accordingly, and shown farapacitance up te-5 V, which is the breakdown voltage.
the both sweeping directions. To calculate the work-function The results clearly demonstrate a deterioration of the in-
differences(¢.,s) shown in Table I, the following parametersterface characteristics during thee® annealing. Again, this
are used: the work-function of aluminu,, = 4.1 eV [20], is especially pronounced for the P-type samples. Different
the silicon-carbide electron affinityy = 3.85 eV [21], and C-V curves appear for the different sweep directions during
the intrinsic carrier concentration of 6H Si€; = 1.6 x 107% the measurements, indicating that the equilibrium cannot be
cm~2 [22]. The flat-band voltages were determined from thachieved due to the action of slow traps. In addition, a negative
flat-band capacitances, calculated by the standard expressioltage shift is obvious, indicating the presence of a significant
[23]. The oxide-charge densities were calculatedChg = amount of positive charge in the oxide or at the interface with
—Cox(VFB — ¢ms)/q. The interface-trap densitieB;; were SiC. We believe it would be very interesting to study these
determined using the conductance technique [24]. effects of NO annealing, as it may help to understand better
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the nitridation of thermally grown oxides not only on SiC, but[9] z.-Q. Yao, H. B. Harrison, S. Dimitrijev, and Y.-T. Yeow, “Effects of ni-
also on Si substrates.

[10]
IV. CONCLUSIONS

In conclusion, we presented results on NO an®Ninneal-
ing of oxides grown on N-type and P-type 6H-SiC substrateldll
The results show that the annealing significantly affected
the P-type oxides, while the effects in N-type oxides wergy)
marginal. This indicates that a stable nitrided interface is
created during the oxidation in the case of nitrogen-doped l\l3
type SiC substrates. It is also demonstrated that the oxi(}eé
grown on P-type can be improved by NO annealing, but not

by N:O annealing.
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