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Characterization and modeling of the nitrogen passivation of interface
traps in SiO ,/4H-SIC
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The relationship between nitrogen content and interface trap demsjyif SiO,/4H—-SIC near the
conduction band has been quantitatively determined. Nitridation using NO significantly réaiuces
near the conduction band, but the effect saturates afebx 10'*cm™ 2 of nitrogen. These results

are consistent with a model of the interface in which defects such as carbon clusters or silicon
suboxide states produce traps with energies corresponding to the sizes of the defects. Nitrogen
passivation results in the dissolution of the defects, which then lowers the energies of the traps in
the band gap. €2003 American Institute of Physic§DOI: 10.1063/1.1542935

I. INTRODUCTION Excess silicon and carbon could be intrinsic components
of the transition layer between SiC and $iGand their com-
Silicon carbide is a wide band gap semiconductor thaplete removal from the interface may not be posstBfé.
has attracted great interest for power applications because|iistead, the passivation of these defects with additives like
thermally oxidizes to form Si§) which offers the possibility nitrogen might be used to change the energy of these states
of manufacturing metal—oxide—semiconductor field-effectin the band gap and reduce their detrimental effects. Nitrida-
transistorSyMOSFET'S. Among the commercially available tion using NO and NH provides an effective technique for
SiC polytypes, 4H-SIC has the highest and most isotropi¢educingD;, in Si0,/4H—SiC near the conduction band and
electron mobility; however, MOSFET’s fabricated from 4H— increasing the channel mobi|i{§__l7 Nitridation using NO
SiC may exhibit channel mobilities-100 times lower than incorporates nitrogen on|y at the %$|C interfacel,s_zo
the bulk value and-10 times lower than other polytypes like while NH; incorporates nitrogen uniformly throughout the
6H and 15R-SiC:” Schianeret al* speculated that the poor oxide2! The reduction irD; is identical for both techniques,
mobility is caused by a large density of interface traPgX  however, which indicates that interfacial nitrogen is the criti-
beginning at~3 eV from the valence band in all SiC ¢g| factor.
polytypes! In 6H-SiC Eg=3.02eV), most of these traps Density-functional calculations suggest that both graphi-
are located in the conduction band, which minimizes theikelike carbon clusters and silicon suboxide bonds place states
effects; however, these traps are within the band gap of 4H1in the band gap near the conduction bantt When passi-
SiC (Ec=3.26eV) and can exchange charge with the SiCyated with nitrogen, these states are lowered to energies in
degrading the mobility. Experimental data confirm tlat  and near the valence band. Experiments confirm Ehain-
increases rapidly to values of 10°cm™?eV~* near the creases near the valence band of 4H-SiC after nitridafion.
conduction band of 4H-Si&* In the case of carbon clusters, the energy of a defect in-
Two likely sources of these interface defects are carbogreases toward the conduction band with the size of the clus-
clusters and silicon suboxide bonds. The oxidation of SiGer. The single-atom defect is the most stable, and passivation
forms SiG and CO, which diffuse out of the oxide bulk and may involve the dissolution of large clusters by removing
remove carbon; however, residual carbon remains at the insmaller nitridized carbon clustet8In this article, the rela-
terface after oxidation with a density as high astjonship between interfacial nitrogen content and trap density
~10"cm 2> Afanas'evet al.® theorized that this carbon in Sj0,/4H—SiC is investigated, and a model for the nitrogen
forms graphitelike clusters that produce a series of trap levelgassivation of these traps is presented.
distributed across the band gaplt is also known that sili-
con suboxide bonds exist at both the Si/Siéhd SiC/SiQ Il EXPERIMENTAL DETAILS
interface$® and the density of these defects is estimated to '
be ~10"®cm™2 in silicon. These suboxide defect states evi-  To measure the interface trap density near the conduc-
dently do not lie within the band gap of silicon, as shown bytion band of 4H-SiC, metal-oxide—semiconductor capaci-
the low D;; values achievable in Si/SiQ but these states tors were manufactured usimgtype, Si-faced 4H-SiC wa-
may be within the band gap of St fers with 10um epitaxial layers doped to a concentration of
10*cm™3. Before oxidation, samples were prepared using

dpresent address: Sandia National Laboratories, Albuquerque, NM 8718§;he Radio Corporation of AmericéRCA) cleamng tech-

electronic mail: jkmcdon@sandia.gov nique. The samples were oxidized in a wet ambient at
Ypresent address: Sterling Semiconductor, Inc., Tampa, FL 33619. 1100 °C for 4 h toproduce an oxide thickness of 35 A
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w For nitrogen amounts above this threshold, trap reduc-
a 0.04, : : : . : : : tion is rapid and saturates at a nitrogen content of
0 1 2 3 4 5 6 7 ~2.5x10"cm 2. This passivation depends only on the
N Areal Density (10™ cm™) nitrogen content, not the NO anneal time or temperature.

For example, nitridation at either 1050 °C for 2 h or 1100 °C
FIG. 1. Interface trap densit®;; in SiO,/4H-SiC at(a) 0.2 eV and(b) 0.6 for 0.5 h produces a similar nitrogen content,
eV from the conduction banH as a function of nitrogen areal density. ~2.4x10%ecm-2 and trap density at all energies The

amount of nitrogen required for the complete passivation of

o ) these traps is-1/4 of a monolayer of0001) 4H-SiC, which
postoxidation anneal in Ar was performed at 1100 °C for 30 much greater than the total density of trapsl0*2cm™2.

min, followed by a reoxidation anneal at 950 °C for 3 h. These data and Refs. 1, 7, 10, 16, and 22 suggest a
Nitridation of the oxides was completed by annealing in NOpqgsiple model of the nitrogen passivation of interface traps
flowmog at~0.3 L/min at 1 atm at temperatures from 1050 0, 5i0,/4H-SiC with the following assumptions. Each inter-
1175°C for 0.5, 2, and 6 h. Because NO incorporates nitroface defect is a cluster of atoms that introduces a trap level
gen only at the interface, the correlation between nitrogefaar the conduction band of 4H—SiC. The energy of this
content and;; is more straightforward. The nitrogen content giate corresponds directly to the size of the cluster, with the
was determined from previous measurements using nucleggest cluster at the highest energy. These clusters vary in

reaction analysis and secondary ion mass spectroﬁ‘?etry. size and produce a series of associated trap levels in the band
Molybdenum gate contacts were sputter deposited, angyp,

silver paint was applied to the back side for an ohmic con-" " \yhen an atom in a cluster is passivated with a nitrogen
tact. The interface trap density was measured with the S'm“%tom, it is removed from the cluster. The passivated atom

taneous high—low capacitance—voltage technique at energigsen introduces a trap state in or near the valence band, and
from 0.2 to 0.6 eV from the conduction band. Measurementgy,o energy of the remaining cluster is shifted lower in the

were performed at room temperature, and the gate bias wagng gap by one trap level. For example, when a three-atom

swept from accumulation to inversion. carbon cluster is passivated by a nitrogen atom, it becomes a
lower-energy two-atom cluster,;& N—C,+CN; when a
IIl. RESULTS AND DISCUSSION tv_vo-atom cluster is passivated, it becomes a Iovv_er-en_ergy
single-atom defect, £+ N— C+CN, and so on. During ni-
The interface trap densities at 0.2 and 0.6 eV from theridation, therefore, the trap density in an energy level de-
conduction band as a function of nitrogen content are shownreases when a cluster in that level is passivated and in-
in Fig. 1. Nitridation reduce®;; at all energies from 0.2 to creases from the “feeding in” process when a cluster in the
0.6 eV, but the effect is greatest near the conduction bandevel above is passivated.
The maximum trap reduction is close to one order of mag- In the simplest representation, cluster passivation results
nitude at 0.2 eV, but is only a factor of 3 at 0.6 eV. Note thatfrom the random collisions between clusters and nitrogen
nitridation has no effect ob;; for nitrogen amounts less than atoms. The change in the occupancy of a cluster level is,
~10"cm™?, indicating that a substantial amount of nitrogen therefore, expected to be proportional to the number of clus-
must be incorporated before the onset of detectable trap réers in that level and the change in nitrogen content. From
duction. This “passivation threshold” increases with the en-the trap level of the largest cluster containimgtoms to the
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FIG. 3. Interface trap densitp;; as a function of nitrogen areal density at
energies 0.2-0.6 eV from the conduction bdxd fitted using Eq.(3) and

the parameters in Table |. The parametek represents noncluster traps that are not pas-

sivated by nitrogen and cause the obserlbgdsaturation at
high nitrogen amounts. The sum limnmitrepresents the num-
ber of cluster levels above the energynot the size of the
level of a single atom, the changes in the trap density due tgluster at energf. The parameter$, andR are the initial
nitridation are given by trap density and passivation cross section, respectively, at

AT,=—R,THAN, energyE. _ _ _
The interface trap density as a function of nitrogen con-
AT 1= R 1T 1AN+ R, THAN, tent was fit with Eq(3) from 0.2 to 0.6 eV from the conduc-

tion band using the following procedure. At each energy, a

value ofn was chosen, and the parameter&, andT, were
AT,= —RT,AN+R 1T, 1AN, (1) determined using a least-squares fitting algorithm; the value
of n was then changed, and the fitting routine applied again.
The best set of2 parameters was determine;ﬁusing the mini-
mum value ofy“. Based on the differences jr, the error

ATy=~RiTIANTR, TRAN, inn Was~200/)§; the fitting routine was implemented only to
whereT; is the trap density in théh atom level,R; is the n=60 at 0.6 eV, but the differences jyf were small forn
cross section for nitrogen passivation of a cluster at level values from 50 to 60.
andN is the nitrogen content. The fits to the data are excellent for all enerdiegy). 3J),

The solution of Eq(1) is a series of exponential terms and the fitting parameters are listed in Table I. The value of
that is complex and unwieldy for as few as three levels. Aincreases monotonically with the energy from the conduction
simple approximation can be made, however, by expandinband, which is consistent with the assumed distribution of
the exponential terms and making two assumptighsthe traps in this model. Clusters of at least 60 atoms are pre-
initial trap densities decrease monotonically with energydicted from these calculations, but larger clusters are pos-
from the conduction band, ani@) the passivation cross sec- sible since the data are not analyzed below 0.6 eV from the
tion R; increases monotonically with energy from the con-conduction band. The large number of trap levels obtained
duction band. As shown in Fig. 3, the first assumption iswith this model suggests that these defect states do not exist
valid for 0.2—-0.6 eV from the conduction band. These asas discrete levels, but instead approach a near continuum of
sumptions allow the solution for the trap density in any levelenergy levels.

i to be represented solely in terms of the initial trap density  The value ofR also increases monotonically with energy
and passivation cross section of levelThe trap density in  from the conduction band, which is consistent with the initial
leveli as a function of nitrogen content is then approximatedassumption in this approximation. The trap densities in the
by lower-energy levels are, therefore, passivated faster than the

TABLE I. Parameters used in E¢B) to fit the data in Fig. 3.

E.—E (eV) n To (10" cm 2eVv?Y) R (10 *cm?) L (10"cm 2ev Y
0.2 7 43 4.6 8.2
0.3 11 17 6.7 4.8
0.4 20 8 11 3.0
0.5 40 38 23 1.8
0.6 60 1.8 33 0.98
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