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Results of room temperature capacitance—voltage measurements are reported/fii-S8IC (n

and p type) metal-oxide-semiconductor capacitors annealed in ammonia following oxide layer
growth using standard wet oxidation techniques. ReBiC capacitors, both the interface state
density near the conduction band edge and the effective oxide charge are substantially reduced by
the ammonia anneals. F@ h anneals, the oxide charge appears to have a minimum value for an
anneal temperature of approximately 1100 °C. Howevepf&iC, anneals in ammonia produce no
improvement in the interface state density near the valence band edge, and the effective oxide
charge is not reduced compared to samples that were not annealed. Results are compared to those
reported previously for anneals in nitric oxide. lon beam analyses of the oxide layers show
substantially more nitrogen incorporation with the ammonia anneals, although-&€¢€, the
decrease iD;; is comparable for both nitric oxide and ammonia anneals. Results reported here for
ammonia and those reported previously for nitric oxide are the first to demonstrate that significant
passivation of the interface state density near the conduction band edge in SiC can be achieved with
high temperature anneals using either gas. This demonstration has important implications for SiC
metal-oxide-semiconductor field effect transistor technology development20@ American
Institute of Physicg.S0003-695(00)00948-7

Silicon carbide has material properties that make it suoperation(i.e., in inversion is approximately 18cm~2 for
perior to Si for a number of electronic device applicatidns. both devices. Therefore it follows that, for any assumed trap-
Bulk SiC wafers are currently available in 5 cm diameters,ping efficiency(1 carrier/trap, 0.5 carriers/trap, tccarrier
and the community anticipates having 10 cm diameter watrapping is a much more serious problem for SiC MOSFETSs
fers within the next few years. Defect densities have beetthan for Si devices. Carrier trapping lowers channel mobility
reduced significantly over the past five years, and micropip@nd results in a reduced current handling capability for the
defect densities of less than 1 cirhave been demonstrated. MOSFET.

Improvements in material quality support the development of  Schorneret al? attribute the poorer performance of 4H
silicon carbide electronic devices that will operate reliably indevices to a large, broad interface state density located at
high power, high temperature, high frequency, and high raapproximately 2.9 eV above the valence band edge in both
diation environments where Si devices will not operate.  polytypes. For 6H—Si(Ey,,~3 €V), these states lie mostly

Silicon carbide is the only wide band gap semiconductolin the conduction band, and hence have little effect on inver-
that has a native oxide, and metal-oxide-semiconductor fieldion channel mobility. However, for 4H-SiEf,;~3.3), the
effect transistorsSMOSFETS have been fabricated using interface states lie mostly in the band gap where they act to
both the 4H and 6H polytypes of SiC. The 4H polytype hasreduce channel mobility through field termination, carrier
higher, more isotropic bulk carrier mobilitiésand is hence trapping, and Coulomb scattering. Afanasal:* have pro-
the polytype of choice for MOSFET fabrication. However, posed that interface states in SiC/Si€ructures result from
as the result of a relatively high Sj¢8iC interface state carbon clusters at the interface and defects in a near-interface
density (10cm™2 compared to~10"cm 2 for Si), 4H—  suboxide that is produced when the oxidation process is ter-
SiC n-channel, inversion mode MOSFETSs are characterizedninated. The large interface trap density near the conduction
by very low (single digi) channel mobilities. Assuming an band edge proposed by Schorredral. has been observed
inversion channel depth of 10 nm and an inversion channeéxperimentally’~’ and much attention is currently given to
carrier concentration of 8cm™2 for two MOSFETS, one Si  finding methods of passivation for these states. Passivation
and one SiC, the channel carrier concentration during devictechniques can be studied usingSiC since the trap densi-
ties near the conduction band edge are similar for betind
aE|ectronic mail: williams@physics.auburn.edu p-SiC.5’7 Channel moblllty measurements fnrchannel, in-
PAlso at Oak Ridge National Laboratory, Oak Ridge, TN 37831. version mode devices will determine whether any passiva-
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In a separate furnace, oxide layérs12.5 nn grown on
CONTROL . . .
PYROMETER 4H-SiC were annealed in flowing NHor subsequent mea-
. o . . surements of nitrogen content. Rutherford backscattering/
FIG. 1. Annealing furnace for postoxidation anneals in J;NAhe SiC- channeling was used to determine the nitrogen accumulation
coated graphite susceptor is heated by rf induction. -
as a function of temperature.

. . . . L The results of room temperatu@-V measurements are
tion technique actually improves the device fabrication prop.n in Figs. 2 and 3 fon-4H—-SiC andp-4H-SiC, re-

cess. 8 .. _ . spectively. In these figures, “re-ox only” refers to samples
Li et al® originally reported improvements in the elec-

ical perf td id ) lod i . that were not annealed in NHOur standard oxidation pro-
trica Pgr ormarr]lce orary c|)X| es or|1 %H_S'C %””?age @'(;] Ncess is terminated with a “reoxidation” step that is carried
tric oxide. We have recently annealed wet oxides in" out at several hundred degrees below the oxidation tempera-

found that the interface state density near the conductiof, o of 1100 °C. The reoxidation process improves the inter-
band edge in 4H-SIiC can be reduced by factors of 4-5 to '

levels comparable to the interface state density near the con-

duction band edge in 6H-SIC. In this letter we report the 1.0 o o reox
results of annealing studies using ammonia. We also report gg \ \ S % 106
measurements of nitrogen uptake in the J\jptocess and . “3, %‘. :% ;& < fivse
show that the incorporated nitrogen content is approximately 8 RV s "%_,,_,_._' .l
two orders of magnitude greater compared to nitrogen incor- < %4 [ &[5 % g TR T
poration from the NO process. 02 -;t'{a(::’zz(;’ &
Five micron 4H-SiC epilayer$N, and N,=8x 10 0.0 LT 40“01 e
and 3x10°cm™3 respectively purchased from Cree Re- p A SR - -

search, Inc. were oxidized using standard, wet oxidation

techniques that have been described elsewtdfellowing

oxidation to produce 40 nm oxide layers, the samples were T ,|

annealed in NK using the furnace shown in Fig. 1. A verti- g

cal epitaxial growth reactor has been modified by enclosing X% a} 1
the reactor’s $|C-coated grgphlte susceptor in high purity § i
quartz. An optical pyrometer is used to measure the tempera- 2t I 1
ture of samples that are placed on top of the quartz enclosure o -'“1"080111'20' e
during the annealing process. The high purity quartz tube Anneal Temp. (°C)

prevents contamination of the oxide layers by carbon that
can escape from the susceptor at elevated temperatures. THE. 3. Results fo2 h anneals of Si¢Yp-4H-SiC samples in Nk—room

furnace was evacuated and flushed with Ar several timeéemperatureﬁ—v curves, interface state densiB;, and effective oxide
chargeQ.. Compared to samples that were not annededx, no im-

after which NH was introduced at a pressure of 1 atm. They gyement is observed for the interface state density in the lower half of the

NH; flow rate was maintained at 0.5 1/min during the an-band gap near the valence band edge.
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face state density near midgap f@-SiC/SiIO, MOS  bulk of the oxide. However, nitrogen from the Nidnneal
capacitors:'**? For n-SiC (Fig. 2), significant improve- reduces contributions Q. from the bulk of the oxide in
ments have been achieved compared to samples that weaddition to passivating states at the SiC/siQierface.

not annealed. Both the interface state den8ity near the In conclusion, ammonia has been shown to be an effec-
conduction band edge and the effective oxide ch&@geare tive annealing ambient for the reduction of the effective ox-
substantially reduced by the anneals inyNEind both appear ide charge and the interface state density near the conduction
to have minimum values for an annealing temperature oband edge im-4H-SiC/SiQ MOS capacitors. Compared to
about 1100 °C. Compared to results reported previously focontrol samples that were not anneal&), was reduced
nitric oxide? the effective oxide charge is much lower for from ~7x10% to 1x 10*cm2eV %, while Q. was re-
n-4H-SiC/SiQ samples annealed in ammonia. duced by an order of magnitude fromx2a0? to 2

In contrast(see Fig. 3, postoxidation anneals in ammo- X 10 cm 2. These results fob,(E.) are similar to those
nia do not improveQ.+ andD;; near the valence band edge reported previously for postoxidation anneals in nitric
for p-SiC. The effective oxide charge does appear to have axide? Ammonia anneals also incorporate an extensive
minimum value for an anneal temperature approximatelyamount of nitrogen throughout the oxide, resulting in lower
1100 °C; however, values fdD are similar to those mea- fixed charge densities and low& .
sured forp-SiC samples that were not annealed. For MOS capacitors fabricated usipg4H-SiC, the in-

To elucidate this unusual temperature dependence fderface state density and the effective oxide charge are not
the NH; anneals and to better understand the differences bémproved by anneals in N4 Two possibilities contribute to
tween NO and NH annealing, we have undertaken a seriesthese observations. The interface state density near the va-
of measurements of nitrogen uptake for these different anlence band edge in unannealed samples may be as much as
nealing ambients. As reported in Ref. 13, NO annealing reene order of magnitude lower(10'2cm 2eV 1) compared
sults in the accumulation of small amounts of nitrogen to D; near the conduction band edy&Therefore, the ef-
(<6x10*cm?), concentrated near the SiC/Sidterface. fects of passivation may not be as dramatic near the valence
Results for N accumulation in SiC/Sjdollowing NH; an-  band edge. Also, as reported previously for postoxidation
neals have not been reported. However in SifSid is  anneals using NO, nitrogen passivation can shift the energies
known that NH annealing can result in very large accumu- of carbon cluster states near the conduction band edge to the
lations of nitrogen, with a substantial fraction of the dielec-lower half of the band gap, thereby contributing to an in-
tric being nitride-like* crease in the interface state density near the valence band

The nitrogen content in Nffannealed oxides was mea- edge forp-MOS capacitors annealed in either ammonia or
sured using RBS/channeling, and the values obtained wermdtric oxide.
typically around 1.5%10cm™2 for temperatures in the _
range of 1050—1150 °C. The N incorporation is accompanied _ 1hiS work was supported by DARPA Contract No.
by a significant loss of oxygen in the oxide film, so that theMPA972 98-1-0007 and EPRI Contract No. WO0806905.
ratio of oxygen to nitrogen is approximately 1.5:1 in the 12.5
nm films. This amount of nitrogen is almost two orders of
magnitude higher than that in NO annealed oxides on SiC.J- B. Casady and R. W. Johnson, Solid-State Elec86n1409(1996.
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