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Abstract. Scanning tunneling microscopy and spectroscopy has been used to study the ectronic states of
oxidized 6H-SIC interfaces. The SIC surfaces were oxidized by anneding in an ultra-high vacuum chamber
at 600- 800°C under 1x10” Torr pressure of molecular oxygen. Tunneling spectra revesled two dominant
dates at —1.8 and 1.5 eV rdative to the Fermi leve, which lie outsde the band gap region but are
inhomogeneoudy broadened such that they extend into the gap, together with additiond festures within the
band gap.

I ntroduction

Slicon carbide is a promisng wide band ggp compound semiconductor suitable for demanding
applications such as high temperature, high voltage and/or high power devices and sensors. SO,/SC
interfaces formed by high temperature oxidation permit field-effect trandstor operation. However, it
appears that SO,/SIC interface has generally poor properties because of the presence of carbon.
Conventiona oxidetion results in mixed oxidation products including carbon, as well as rough interfaces,
with high densities of fixed charges and interface trap sates[1-5].

Measurements on SIC/SO, interface states in prior work [5-8] reveded digtinct donor peaks at
E,+0.3eV [6] and E,+1.1eV [5], where E, denotes the vaence band edge. There are acceptor peaks at
E,+1.8eV [7] (believed to correspond to a (C-C;)c defect near aV.O, unit [9)]), at E,+2.1eV (associated
with interface states having very long charging and discharging times [8]), and a E,+2.56V [6]. To some
extent the interface states of 6H-SIC and 4H-SIC is amilar [9], but the interface Sate dendity in 4H-SC is
about an order of magnitude higher than that of 6H-SC [6].

In this work, the thermd oxidation of 6H-SC (0001) surface has been investigated. Scanning tunneling
gpectroscopy (STS) was used to examine the dectronic states of the oxidized surface. STS is senditive to
states not only in the band gap but dso outside the gap. We observe dtates that are peaked outside the
gap but have tails extending into the gap, together with various additiond states at energies within the gap.

Experimental

The n-type 6H-SIC (0001) samples studied in this work were cut from awafer purchased from Cree, Inc.
The wafer was miscut 3.5° towards (1120) and had resigtivity of 0.057 ochm-cm. Samples were cleaned
by acetone, methanol, and de-ionized (DI) water. After the cleaning process they were soaked in 10% HF
solution for 10 minutes followed by a rinse with DI weater. The samples were then dried by flowing
nitrogen. They were trandferred to an ultra-high vacuum (UHV) chamber (<10™° Torr) and degassed at
400°C for 2 hours. Oxidation was performed in pure oxygen (99.998%) of 1x10” Torr a temperatures in
the range 600- 800°C for 4 hours. Auger eectron spectroscopy, performed after various oxidation times,
reveded the formation of a saturated surface oxide after 0.5 hour, with thickness of about 1.2 ML (ML =
monolayer = 1.217x10" atoms/cn).

Commercia Pt-Ir probe tips were used to perform STS measurements. Topographic images were
acquired at a congtant current of 0.1 nA. For spectroscopy, the differentid conductance di/dV was
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measured using a lock-in amplifier with modulation voltage of 50 mV. Normalization of the gpectra to
obtain (dl /dV)/ (1 /V) was performed with broadening of 2 V [10]. Measurements of di/ds were
performed amilarly, usng amodulation on s of 0.02 nm.
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Fig. 1. Typica spectraacquired at Fig. 2. Spatidly-dependent tunndling spectra: (a) Topo-
various postions on an oxidized graphy of the surface, acquired at sample voltage of -3V,
SC(0001) surface. Vaence and and displayed with agray scaerange of 2.5 A; (b) tunnd-ing

conduction band edges are indicated. gpectra acquired at the locations indicated in ().

Results

Figure 1 shows typica tunneing spectra acquired from the oxidized surface. The horizontal axis
corresponds to the energy of a dtate reative to the Fermi-level. The Fermi-leve for oxidized 6H-SC is
located at about E,+1.5 eV [5], and using the indirect band gap of 2.86 eV we position the bulk band
edges as shown in the figure. States at - 1.8 and +1.5 eV relative to the Fermi-level dominate the spectra.
The positions and magnitude of these two dominant states vary with location on the surface. Additiona
states within the gap are dso observed, such astheone a +0.8 eV and - 0.8 eV seeninFig. 1 A and C.

Spatia dependence of the results is shown in Fig. 2. Figure 2(a) shows the topography of the surface,
with dots indicating the locations a which the spectra in Fig. 2(b) were acquired. Every spectrum in Fig.
2(b) is an average of 3 to 5 gpectra taken near (within 0.2 nm) of the specific dot indicated in Fig. 2(a).
From the spectra it is clear that magnitude of features at —2, +1.2, and +2 V change with respect to
location. To further examine this spatial dependence we acquired current images from the same surface
region. In such measurements, the tunnd current is measured at specific voltages at each pixd in theimage.
These reaults are shown in Figs. 3(b)-(f), with the constant-current topograph shown in Fig. 3(a). A white
shade in the current images represents large current while a black shade represents low (or zero) current.
Examining the results, the dominant states at about —1.8 and +1.2 V in spectrum B of Fig. 2(b) are seen to
give rise to the high current vaues observed in Figs. 3(c) and (d); these states are found to be spatidly
locdized a a specific region, near a minimum in the topography in this case. From smilar measurements a
other surface regions we find that these two Sates are dways locdized a overlapping spatia locations,
athough such locations are not ways topographic minima.

To further probe the nature of the states observed in the spectra we have performed measurements of
the dependence of the tunndl current on sample-tip separation, s. In generd this dependence is given by
| wexp(-2ks), s0 that k =-05dInl/ds. For an ided tunnd junction k is given by



\/Zm(f_- q\/|/2)/ h® [11], where f is the average work function of sample and tip. From this

dependence we expect a gradudly decreasing k at high voltages. Comparing to the data of Fg. 4, this
gradua decrease a high voltages is possbly seen in the data, but a much larger effect is the dramatic
decrease as the voltage approaches small vaues. That behavior begins at voltage of about —2 and +2 V,
roughly coinciding with the locations of the bulk band edges. We interpret this behavior as indicative of
limited transport of carrier through states near the band edge (and dso within the band gap), smilar to that
previoudy observed for the SIC(0001)38” CB-30° surface [14]. Limited transport of the cariers over the
surface leads to a buildup of surface charge, which in turn produces band bending in the semiconductor in
such a way to decrease the current. Thus, the observed k vaues become rdaivey smdl, in agreement
with Fig. 4.
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Fig. 3. Current imaging of oxidized SC (0001) surface. ()
Topography acquired a sample voltage of 3 V and current of Fig. 4. Local barrier height
0.1nA. Gray scderangeis 2.5 A. (b-f) current images acquired at at oxidized SIC(0001)
sample voltage of -3, -2, 1.4, 2, 2.8V, respectively. surface.

Discussion

Let us consder how the states observed in our STS spectra compare with those seen in prior studies of
SC/SO; interfaces [5,7,9,13]. As summarized by Knaup et d. [9], there are various discrete interface
states (labeled Dy- D) observed to lie within the SC band gap. The spectrum of these states appears to
have the form of a continuous digtribution of dates, risng towards the band edges. We interpret this
digtribution below in terms of tails of states extending out of the valence band (VB) and conduction band
(CB). Excess carbon, in the form of smal defect complexes or larger clusters is generdly thought to
produce some or dl of these dates dthough definitive identification of the underlying structure and
chemica identity giving rise to the saesislacking.

The dominant states seen in our spectra, at energies of about E, — 0.3 and E, + 3.0 eV, lie dightly
outsde of the 6H-SIC band gap region as shown in Fig. 1. These states do display substantia broadening
however, which we dtribute to inhomogeneous broadening arisng from the disorder (structurd, and
chemicd) at the interface, and tails of these ates extend into the gap region. Such talls are consistent with
the prior observations of interface states just discussed [5]. We cannot offer any direct identification of the
defects giving rise to the states based on our work, but our results do demonstrate that there are specific
(albeit broadened) dtates, located just outside the gap region for 6H-SIC, that produce the observed tails.
Perhaps these features arise from carbon clusters, as previoudy suggested [5], and we note in this regard
that the recent theoretical work of Knaup does report the existence of states within the VB associated with
clusters larger than pairs of C atoms[9].

Our interpretetion is supported by the fact that the distribution of interface states extending out from the
CB ismuch lessintense for 3C-SIC than for 4H or 6H materid [5]. Assuming that the States are dl tied to



the VB maximum (an assumption that is known to work reasonably well for the various polytypes of SC)
[5,12] so that the E,+3.0 eV dtate we observe would be at the same energy in 3C materid, then the
downwards shift of the CB edge for 3C-SIC compared to the other polytypes would give rise to a grestly
reduced number of these states, consistent with the data and the arguments of Ref. [5].

We aso observed additiond fegtures in our spectra that are associated with states lying within the gap
region. In Fig. 1, spectrum B shows afeature at E,+2.1 €V, Smilar in energy to the dow interface states
previoudy reported [8]. Both spectrum A and B in Fig. 1 show a pesk close in energy to the previoudy
observed state at E,+2.56 eV [6]. A donor state at E,+0.8eV and an acceptor states at E,+2.0eV are
a0 seen in spectrum D of Fig. 2, similar to the states attributed to a (C-C;)c defect near a VO, unit [9)].

Conclusion

We have investigaeted the interface states on oxidized 6H-SIC by spatidly-resolved scanning tunnding
spectroscopy. Relative to the VB maximum, we observe dominant states at E, — 0.3 and E, + 3.0 eV.
These ates lie just outside the band gap and have tails (arising from inhomogenous broadening) extending
into the gap region. We aso observe discrete donor and acceptor states within the band gap, consistent
with those found in prior works.
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