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Observations of conduction-band structure of 4- and 6H-SiC
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Ballistic electron-emission spectroscofBEES and photoluminescence are used to study conduction-band
structure related transport properties of thé dand 6H polytypes of SiC. A secondary energy threshold at 2.7
eV is observed in the BEES spectrum dfi4SiC, in good agreement with a value of 2.8 eV deduced from
reportedab initio calculations. The results front6 SiC, are suggested to be influenced by transport properties
of other polytype inclusions, also supported by band-edge transitions evideht-®i® photoluminescence
spectra.
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Silicon carbide has received growing attention during thea background pressure o3L0~7 Torr prior to the deposi-
last decade for being the most mature and promising candtion. A Ti(30 nm\Pt(70 nm scheme was used for the back
date material for high-temperature and high-power electronicontacts. After the deposition, the back contacts were heat
device application$? Of the large number of its possible treated in an evacuated tube furnace<(® 7 Torr) at tem-
polytypes, H- and 64-SiC are commercially available in a perature of 800°C for 15 min. The last etching step
quality considered appropriate for device applications. ToqHF:NH,F) was then repeated once again, and the samples
utilize the unique characteristics of this family of materials, awere introduced again to the vacuum chamber for Schottky
knowledge base of their physical properties is requiredcontact deposition. 50-nm-thick Pt Schottky contacts were
Physical properties of some of the more common SiC polyused throughout this study.
types have been calculated using variahsnitio calculation Ballistic electron-emission spectra were obtainetbam
methods** Experimental data consists mostly of optical temperaturén air using model AIVTB-4 scanning tunneling
methods, which essentially are capable of resolving direcinicroscope(STM) (Surface-Interface Ing.with a gold tip.
transitions, and, therefore, lend limited support to the existDetails of the scanning tunneling microscope setup and op-
ing theoretical results, especially in identifying the relative eration were described elsewhér'éip voltages ranged from
energy positions of conduction-band valléys’ Direct ob- 1V to as high a voltage the current stability allowmgd9 V
servations of conduction-band minin&BM) were recently  for 4H- and 2.5 V for 64-SiC). The spectra were obtained in
obtained using ballistic electron-emission spectroscopyroups of 100 spectra collected and averaged at each point.
(BEES.® However, these observations were restricted to enburing the acquisition at each point, the STM tip typically
ergies close to the lowest conduction-band minimum. In thigirifts while averaging spectra collected over a drifting range
paper, we present experimental evidence for the energy p@f ~10 nm. An ensemble of data obtained frer100 such
sitions of conduction-band minima inH+ and @H-SiC.  points is then compared and verified to possess the same
Based mainly on BEES and augmented with photoluminesfeatures before being averaged to produce the final
cence(PL) spectroscopy, our results provide a wide energy-spectrumt® Derivatives were obtained using a 9th-order
scale view while revealing the projection of a fundamentalpolynomial fit of the spectra without smoothiftgThe over-
problem in present-day SiC material on the transport properall error (a combination of the statistical and the fitting er-
ties of 6H-SIC. rors) is estimated to be 0.07 eV.

The SiC samples used in this study were cut from wafers Photoluminescence was excited at room temperature us-
purchased from CREE Research. All wafers wetgpe, 280 ing a He/Cd lasef325 nm, 12 mW. The emitted lumines-
um thick, with a 10um-thick n-type epilayer grown on its cence was monochromatized, filtered, and sensed using a
Si face. The substrates and the epilayers were doped witBaAs photomultiplier tube. Wavelengths were scanned in 1
nitrogen to levels of~1x 10'¥cm?® and~1x 10'%cn?, re-  nm steps from 375 to 460 nm.
spectively. Prior to deposition, the samples were degreased in The cleaning and etching scheme used in this study was
organic solvents in an ultrasonic baftichlorethylene, ac- tested using Auger electron spectroscopy in ultrahigh
etone, and methanol, sequentigllfollowing degreasing, vacuum and BEES. It was compared to a common scheme
the samples were placed in a 4:1 solution of standard consame as above excluding the $0,:H,0, step and with a
centrations of HSQ,:H,O, at 80°C for 40 min. Immedi- final etch of HF only. For the same durations between clean-
ately prior to deposition the samples were etched in a 7:Ing and loading into the vacuum syste20 min) the
solution of standard concentrations of HF:]NHor 20 s and  scheme used here was found to yield a surface clean of oxide
then rinsed in deionized water and blown dry with §as. while some oxide was observed with the other scheme. Bal-

Metal contacts were deposited by electron-beam thermdistic electron-emission spectra showed a slightly higher
evaporation in vacuum. The substrate holder was neitheBchottky barrier of 6H-SiC)\Pt in the latter case as com-
cooled nor heated externally. The evaporation system ipared to the formef1.33 and 1.22 eV, respectivelyas well
equipped with a cryopump and a cryogenic baffle that yieldsas reduced collector current, and saturation of the current at
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FIG. 1. Ballistic electron-emission spectrum of Pt Schottky con-  FIG. 2. Ballistic electron emission spectrum of Pt Schottky con-
tact 4H-SiC. They-axis units relate to the collector current. The tact to 84-SiC. They-axis units relate to the collector current. The
first and second derivatives are given in arbitrary units. The inseffirst and second derivatives are given in arbitrary units. The inset:
Band structure of Ki-SiC calculated using quasiparticé initio  Band structure of Bl-SiC calculated using quasipartici initio
method[from Wenzieret al. (Ref. 15]. For clarity, only the lowest method[from Wenzienet al. (Ref. 15]. For clarity, only the lowest
conduction band and the highest valence band are drawn. conduction band and the highest valence band are drawn.

high voltages. The effect of thin interfacial layers on was observed in BEES by Kaczet al. but not observed in
Schottky-barrier heights is, however, well known andour spectra, probably due to limited resolution. However, the
documented? next apparent valley at thel symmetry point, which was

Im et al. have also shown high-voltage BEES spectracalculated by Wenzieret al. to be 1.12 eV above thél
from 4H- and 6H-SiC.*® However, analysis of high-voltage valley (2.82 eV above the observed pinning posili@in a
thresholds was not offered, probably due to the observedood agreement with our measured value~61.66 eV. It
differences at high voltages between Pd and Pt. These diffeshould be pointed out that from the available calculations, it
ences are often related to the attenuation of hot electrons is not clear whether this is indeed a valley or a saddle point.
the metal due to their mean free path. As was shown in thatlowever, both these features introduce a van Hove singular-
paper, Pt does not show the electron attenuation effect at ity in the density of states, and from the point of view of the
thickness smaller than 10 nm. Hence, Pt is more suitable fdBEES method, there is no fundamental difference between
this study. the two.

Figure 1 shows ballistic electron-emission spectrum ob- As opposed to the K-SiC polytype, results from the
tained from a(4H-SiC)\Pt diode. First and second deriva- 6H-SiC polytype showed two high-energy thresholds, which
tives are shown in the same figure. Threshold currents wereould not be explained by the calculated &iC band struc-
determined from the first derivative, whereas the second daure. Figure 2 shows the BEES spectrum of At8iC and
rivative is added to aid the eye in recognizing the featuresits first and second derivatives. Thresholds are observed at
The first current threshold is observedat.72 eV, in agree- 1.22, 1.75, and 2.25 eV. These thresholds were observed in
ment with forward IV measurement$A second threshold is samples from two different wafers. The 1.22 eV threshold is
observed at~2.66 eV. For comparison, we plot the band well within the known range of Pt Schottky-barrier heights
structure as calculated by Wenzienal. using quasiparticle on 6H-SiC (1.06—1.33 ey The inset in Fig. 2 shows the
corrected density-functional theory in the local-density ap+elevant parts of the calculated band structure ldt 8iC.*°
proximation methodlInset to Fig. 1.° For clarity, we draw  The pinning position at the metal semiconductor interface is
only the lowest conduction band and the highest valencéndicated by a horizontal line positioned 1.2 eV below the
band. Based on our measurement of 1.72 eV of thdowest conduction-band minimugbetween theM and theL
Pt/4H-SiC Schottky-barrier height, a horizontal line repre- symmetry points while the other experimentally measured
senting the Fermi-level pinning position at the interface isthresholds are shown relative to this line. As clearly noticed,
plotted 1.7 eV below the lowest conduction valley at Me the two upper thresholds fall between the conduction-band
symmetry point. A minimum of the next conduction band minimum and the next apparent vallégr saddle pointat
appears about-0.15 above it(not drawn). This minimum the H point (1.6 eV above it and outside the range of our
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FIG. 4. Band structure of2-SiC calculated using quasiparticle
ab initio method[from Wenzienet al. (Ref. 15]. For clarity, only

. the lowest conduction band and the highest valence band are drawn.
FIG. 3. Band-edge photoluminescence spectra bif- and W g

6H-SIC. ported by the calculated F2-SiC band structurdFig. 4),
where theM valley is positioned 0.6 eV above tlkevalley
measurementsHence, these thresholds cannot be related tgCBM),'® while our results give a slightly lower value of 0.5
conduction-band minima. Alternatively, they could be ac-ev (2.25-1.7%. While the H-SiC polytype is thermody-
counted for by additional Schottky barriers. Multiple namically less favorable in bulk growth as compared kb 6
Schottky barriers imply multiple metallic phases or multiple and 4H-SiC, it is still possible in epitaxial growtt. A
semiconducting phases. Since only Pt was deposited and BBEES threshold of 1.79 eV was observed by étral. on a
reaction seemed to have taken place, we sought for an explasR-SiC inclusion in a &-SiC sample and was found to
nation in the form of another semiconductbifo examine agree with full-potential linear muffin-tin orbitaLMTO)
this possibility, we conducted PL measurements. When difcalculated band structuf8. However, the identification
ferent polytypes are present, their band-edge luminescengfiethod of that inclusion was not specified, and the inclusion
can be observed. For example, growth d@-&aN some- was suggested not to be pure. Using LMTO, Limpijumnong
times results in additionalt2-GaN inclusiongand also vice et al. have also calculated a second conduction band avithe
versg, which can be observed using room-temperaturé’PL. symmetry point of &1-SiC to be 1.2 eV above the first one,
Figure 3 shows band-edge PL spectra obtained fréta 4 \which could agree with the threshold observed by us at 2.25
and 6H-SiC. The band-edge emission oH4 and 6H-SiC  eV2! However, this value was not quasiparticle corrected and
are clearly observed at 3.18 and 2.93 eV, respectively. Addiprobably underestimates the real value and does not agree
tionally, two other emission peaks are observed in thewith the value reported by Wenziest al®
6H-SiC spectrum. One clearly coincides with the energy po- Inclusions of other polytypes are a tenacious problem that
sition of the 44-SiC at 3.18 eV. The other is observed at persisted through the great progress made in the last years in
3.24 eV. These observations seem to suggest that small quaiire growth technology of SiC, especially in epilayers. Ex-
tities of 4H- and perhaps alsot2-SiC were present in our amination of x-ray powder diffraction files for the above
6H-SiC samples. Inclusions ofH-SiC may indeed account three SiC polytypes shows that most of the intense diffrac-
for the 1.75-eV threshold in theH6-SiC BEES spectrum, tion peaks of one polytype can be found as weak peaks in
which is very close to the value of 1.72 eV observed in ourspectra of the other polytypé$These inclusions are gener-
4H-SIC BEES spectra. To examine the possibility ofally assumed to be large enough to be readily identified and
2H-SIiC inclusions, one must know the Pt Schottky-barrierthus easily avoided. Our results suggest such inclusions may
height on that polytype. Unfortunately, such data do not exexist athanoscale sizeas well.
ist. In the rare occasions whereH2SiC growth was re- In this paper, BEES and PL were used to identify
ported, the material was below device qualftydowever, if  conduction-band structure related transport thresholdsfin 4
we could speculate, based on its very similar band gap to thaind 64-SiC. Threshold energies inH+SiC were found to
of 4H-SiC that the Pt Schottky barrier orH2SiC is around  match quasiparticlab initio calculated band structure. Pho-
the Pt Schottky-barrier height observed oi-8iC, we toluminescence spectra show that out-&iC contains in-
would be able to explain the third threshold at 2.25 eV asclusions of 41 and possibly also -SiC or 1&R-SiC. In-
belonging to theM valley in 2H-SiC inclusions. This is sup- clusions of these polytypes seem to provide a reasonable
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account for the high energy thresholds observedHh $iC GaN-IMPACT-MURI under a subcontract from the Univer-
BEES spectra. sity of California (subagreement KK0O0Q7&nd the National
Science Foundation through its MRSEC at Harvard and ECS
This work was supported by the Office of Naval Researctp9-96093.
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