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Density profiles and electrical properties of thermally grown oxide
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Thermally grown silicon oxide films omp-type 6H-silicon carbide substrate under different
oxidation and nitridation conditions have been characterized by x-ray reflectivity technique. An
electron density profile obtained from the analysis of the x-ray reflectivity data shows that the
thickness, density of the oxide film, and structure of the oxide-SiC interface strongly depend on the
different growth conditions. In particular, the density of the oxide film for all samples other than that
grown in NO is found to be much lower and also not fixed within. It is maximum at the interface
and gradually decreases toward the top in all samples except for the sample groyfollowed

by NO nitridation. For the latter, a very low density at the interface region has been observed. The
sample grown in NO shows the best performance in capacitance—voltage characteristic and
reliability studies suggesting that the bad performance of the oxide grown qrtjipe SiC system

as metal-oxide—semiconductor devicesmiginly linked to the low-density oxide film and can be
overcome under proper growth condition.2004 American Institute of Physics

[DOI: 10.1063/1.1829385

Silicon carbide(SiC) is the semiconductor of choice for wafer. The electrical properties of the corresponding MOS
high-temperature, high-power, and high-frequency devicestructure are then analyzed in the light of the obtained mor-
because of its large band gap. The ability to grow thermaphology, which brings out the correlation of oxide reliability
oxides on SiC gives significant advantages over other comwith the morphology for a device application.
pound semiconductors and also makes it compatible with A Si-faced p-type 6H-SiC0001) wafer, manufactured
other silicon technologies. However, the performance oby CREE Research, was used here. A thick SiC epi-
metal—-oxide—semiconduct@vOS) devices on SiC has been taxial layer was grown on heavily doped substrates. The dop-
limited by the poor quality of oxide and the oxide-SiC ing level of the epitaxial layer wasx 10 cmi 3. The wafer
interface’ Previous results also indicated that the quality ofwas cut into five pieces to grow oxide layers. Each pi@te
SiO,, thermally grown on ax-type SiC substrate, is compa- size ~1 cmXx 1 cm) was cleaned using a Radio Corporation
rable to that grown on Si, but thermally grown oxide on of America technique, and finally HF was used to remove the
p-type SiC exhibits poorer electrical behaviotResearchers native oxide film. Pieces of wafer were then loaded into a
also investigated the effects of preoxidation clearfipgst- quartz furnace at 800 °C and oxidation was performed at a
annealing in argofi,and reoxidatiofion interface properties temperature of 1100 °C using different gases for different
of SiO,/SiC systems. Nitridation of already existing oxide in durations. Growth conditions for five oxide samples, denoted
a NO ambient led to better interface quality, but nitridationas A—E, are indicated in Table I. All the pieces were then
in N,O produced poorer oxide qualifyOxide grown in a  annealed in N at 1100 °C for 30 min. For electrical mea-
pure NO environment also showed better interface qualitysurements, aluminum was thermally evaporated, and then
and reliability? Besides electrical characterization, the esti-patterned as a gate electrode of MOS capacitors. The area of
mation of density of the thermally grown oxide using x-ray each capacitor was 1:810°* cn?. No postmetal annealing
reflectivity (XRR) technique also plays an important role in was performed, to avoid masking the defects created during
understanding and characterizing the interface in a directiopxidation and/or nitridation. SigSiC interface-state density
to improve the performance of S}8iC MOS devices. was studied by high-frequency capacitane—volt&GeV)

Surface sensitive XRR is an extremely powerful tech-measurement after light illumination at deep depletion. The
nigue to study the morphology of a thin filtrt’ It provides  device reliability was studied under high-field stress
an electron density profilEDP) of the film,*“**from which (=7 Mv/cm) on the MOS device with the capacitor biased
it is possible to extract the film thickness, the mass density of, accumulation. All measurements were carried out at a fre-
the film along the growth directi.o-n, and the interfaciql struc-quency of 1 MHz at room temperature under dark and elec-
ture. In this letter, we have utilized an XRR technique toycally shielded conditions. The XRR measurements of all
study the morphology of oxide film, thermally grown under {,¢ samples were carried out using a laboratory x-ray
different oxidation and nitridation conditions orpatype SiC g5 rcett
XRR data of the oxide grown on SiC wafers are shown
¥Electronic mail: shazra@surf.saha.ernet.in in Figs. 1 and 2. Oscillations in all curves are due to the
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TABLE |. Parameters obtained from the analysis of XRR and electrical data of oxide grdype SiC wafers in different growth conditions.

Sample Growth condition tox Vi Qox AQux Dy
[gas(time in min)] (nm) pal Pp ealep V) (X101 cm™?) (X101 cm™?) (x10%cmPev 12
A 0, (210 11.1 0.65 0.52 —-4.37 19.70 22.10 6.18
B 0, (210, N,O(90) 12.7 0.73 0.55 -5.10 23.99 29.40 8.74
C 0O, (210, NO(90) 12.8 0.80 0.60 —-3.85 13.30 15.30 4.67
D N,O (360 12.9 0.74 0.77 —-2.60 00.89 01.20 2.39
E NO (360 08.8 0.92 0.58 —-2.55 00.28 00.35 1.45

*Before stress.

presence of thin oxide layer. However, XRR data has beeoxide layer in all samples, other than sample E, is found to
analyzed using Parratt formalisfito obtain the EDP includ- be much less compared to that of perfect Sithe electron

ing roughness at each interfatelwo models were used for density is also not fixed within the oxide layer: It gives a
the analysis of the data. First, we consider oxide as a singlmaximum at the interface and gradually decreases toward the
layer and its electron density is the densjty~0.71 A3)of topin all cases except for sample C. For the latter, a very low
perfect SiQ. Thus, by using the thickness of the oxide layerelectron density at the interface region has been observed.
and roughness at each interface as parameters, the XRFhe average electron densily,) of the oxide layer has been
curves were fitted. Dashed lines through the XRR data irestimated by integrating the electron density over the oxide
Figs. 1 and 2 are the best fit curves for the simple model, anthickness and dividing it by the thickness. The valuegpof

the corresponding roughness convoluted EDR repre-  normalized withp,, have been tabulated in the Table I. A
sented by the dashed lines in the inset. It can be noted thaalue of less than 1.0 indicates reduced electron density of
although the simple model cannot predict exactly the experithe oxide layer. However, the value pf/p,, for samples B
mental XRR curve, it gives an estimate of the thickngss  and C increases compared to that of sample A indicating that
of the oxide layerlisted in Table ). Table | shows that the further use of NO and NO during growth filled up some
value oft,, for samples B, C, and D are almost the same butlefects or pores in the oxide film. A better density was ob-
slightly more than that of sample A. However, the value istained even for samples grown in &® or NO ambient.
quite low for sample E, which may not be the case as disHowever, the best density was observed for the sample
cussed later. grown on NO ambient.

To predict the experimental XRR curve better, we have  Figure 3 shows the high-frequen&~V curves for all
used another model. According to this detailed model, theMlOS structure, wher€ has been normalized with the cor-
oxide layer has been divided into a number of sthbsd the  responding maximum valu€,,. The average dielectric con-
thickness, electron density), and roughness of each slab stant(e,) of the oxide layer of each film has been estimated
were considered as parameters. Solid lines through the XRRom C,,, using the value of,, obtained from XRR mea-
data in Figs. 1 and 2 are the best fit curves for the detailegurement. The value af,, normalized with the value of di-
model, and the corresponding EDP is shown in the inset bglectric constantg,(~3.9), of perfect SiQ, has been listed
solid lines. It can be noted that the electron density of theén the Table I. A value of less than 1.0 indicates a reduced
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FIG. 1. Measuredsymbo) and calculateddashed and solid lines are for FIG. 2. Measuredsymbo) and calculateddashed and solid lines are for
simple and detailed models, respectiye§RR curves of three SiC samples simple and detailed models, respective§RR curves of three SiC samples
where oxide layers are grown in,@QA), O, followed by N,O (B), and NO where oxide layers are grown in,@A), N,O (D), and NO(E). Curves are
(C). Curves are shifted vertically for clarity. Inset shows corresponding EDPshifted vertically for clarity. Inset shows corresponding EDP.



5582 Appl. Phys. Lett., Vol. 85, No. 23, 6 December 2004 Hazra, Chakraborty, and Lai

1.0 = 00 F T
05} q\ﬂ — < E
0.8 L\
10 w
x 0.6 < I C
[=]
&) NN
o >
~ L
04 20k B
25
0.2 i A
_3'0 | " | 1 | 1 | 1 | 2 |

-10 0 1000 2000 3000 4000 5000

Gate Voltage (V) Stress Time (s)

FIG. 3. High-frequency(l MHz) C-V measurements of MOS capacitors g, 4. Flat-band voltage shifts during high-field room-temperature stress-
fabricated orp-type 6H-SiC. ing of the devices.

dielectric constant that can be attributed to a porous structuré@ps are observed during first 100 s stress time which is also
of most thermally grown oxide layers similar to that obtainedin good agreement with the data shown in Table I.

from the XRR analysis. However, the low value of for In conclusion, oxide nanofilms grown under different
sample E is due to the small thickness of the oxide film. It isoXidation and annealing conditions prtype 6H-SiC surface
also possible that this thickness is actually a part of totaphow low density and reduced dlelectnq constant due to their
oxide layer(~ 12.8 nm and the remaining part is close to Porous structure. Both values however increase when the ox-

the substrate where the increase in density may be due to tige layer grown either in a O or NO ambient, or in ©
nitrogen incorporation. If it is considered as the case, thefcllowed by NO and NO. For the oxide films grown in NO
the value ofe,/e, will be 0.84 for sample E. From the ~ and G followed NO, these values are even higher. The im-
-V curve and flat-band voltag®/y,), the oxide chargéQ,,) provement in the reliability of oxide of these two samples
and the interface-state densityD,) have also been suggests the strong role of density and/or dielectric constant.
i . . e
estimated** which are listed in Table | for all samples. A |N€ sample grown in a NO ambient exhibits the smallest
large negative voltage shift indicates the presence of a sig{/l.at'band shift and interface-state density among all the de-
nificant amount of positive charge in the oxide or at the ices. A much better stability of this device under high-field
oxide—SiC interface. The minimurdy, for sample E indi- stress is probably due to the incorporation of nitrogen near

cates the least oxide charge density. The estimajeid also the SiQ/SIC interface.
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