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ABSTRACT

Molybdenum (Mo)/4H-silicon carbide (SiC) Schottky barrier diodes have been fabricated with a phosphorus pentoxide (P2O5) surface
passivation treatment performed on the SiC surface prior to metallization. Compared to the untreated diodes, the P2O5-treated diodes were
found to have a lower Schottky barrier height by 0.11 eV and a lower leakage current by two to three orders of magnitude. Physical charac-
terization of the P2O5-treated Mo/SiC interfaces revealed that there are two primary causes for the improvement in electrical performance.
First, transmission electron microscopy imaging showed that nanopits filled with silicon dioxide had formed at the surface after the P2O5

treatment that terminates potential leakage paths. Second, secondary ion mass spectroscopy revealed a high concentration of phosphorus
atoms near the interface. While only a fraction of these are active, a small increase in doping at the interface is responsible for the reduction
in barrier height. Comparisons were made between the P2O5 pretreatment and oxygen (O2) and nitrous oxide (N2O) pretreatments that do
not form the same nanopits and do not reduce leakage current. X-ray photoelectron spectroscopy shows that SiC beneath the deposited
P2O5 oxide retains a Si-rich interface unlike the N2O and O2 treatments that consume SiC and trap carbon at the interface. Finally, after
annealing, the Mo/SiC interface forms almost no silicide, leaving the enhancement to the subsurface in place, explaining why the P2O5 treat-
ment has had no effect on nickel- or titanium-SiC contacts.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5133739

I. INTRODUCTION

SiC is the most mature among the wide bandgap semiconductor
materials. Due to the higher operating temperature, the lower specific
on-resistance RSP,ON , and the higher critical electric field, SiC devices
are more suitable to operate in high power, high voltage, and high
temperature applications than their silicon (Si) counterparts.1 Since
commercial SiC devices first became available in 2001, unipolar
devices such as Schottky barrier diodes (SBDs) and metal-oxide-
semiconductor field-effect transistors (MOSFETs) have been highly
competitive in the power device market in the blocking voltage range
of 600–1700V, offering fast, low loss switching compared to Si insu-
lated gate bipolar transistors (IGBTs) in this voltage range.2 This, in
turn, enables compact power converter solutions, opening up a wide
application space in the automotive, industrial machines, and harsh

environment sectors.3 The SBD remains the most widely adopted
and the most mature SiC device, yet it continues to improve.
Commercial device designs almost universally employ junction
barrier Schottky (JBS) architectures, p+ implantations beneath the
Schottky metal helping to minimize reverse leakage and increase the
surge current capability by shifting the peak electric field down to
the p-n interface, away from the surface.4,5

Improvements to the SiC SBD have focused on the choice
of the Schottky contact metal, which governs the Schottky
barrier height (SBH) at the metal/semiconductor interface.5–8

Until recently, SiC suppliers have opted for titanium (Ti) and
titanium-silicides over nickel (Ni) and nickel-silicides as the
Schottky contact metal, resulting in a low SBH and hence minimal
turn-on voltage, due to its lower work function compared to Ni
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(fTi ¼ 4:33 eV and fNi ¼ 5:04� 5:35 eV9). However, in the last
five years, there has been research and development of molybde-
num (Mo) Schottky contacts,8,10–12 which have a similar work
function (fMo ¼ 4:36� 4:95 eV9) but a significantly higher
melting point. In particular, Infineon integrated MoN contacts12

into their 6th generation of SiC SBDs,13,14 which was reported to
lower the SBH to 0.86 eV, resulting in even lower turn-on voltage at
the expense of increased reverse leakage currents.13 Elsewhere
however, the Mo/SiC interface was reported to have a barrier
height as high as 1.28 eV by Bonyadi et al.,15 while in Latreche
et al.16 and Lee et al.,17 it is 1.01 eV, with a very low ideality factor
over a wide temperature range. The authors have previously
reported SBH values between 1.27 eV and 1.43 eV.18

Surface passivation treatments prior to metal deposition have
been shown16,18,19 to improve the electrical characteristics of the
final diode. In Lee et al.,17 prior to the deposition of Ni, a postoxi-
dation anneal (POA) in nitrous oxide (N2O) ambient at 1000 �C
for 2 h, before the removal of the grown oxide, resulted in both a
tighter distribution of ideality factors across the measured SBDs
and a significant reduction of leakage current densities.

Similar passivation treatments, including annealing in hydrogen,
nitrogen, nitrous oxide, or argon ambient, annealing in phosphorous-
containing ambients as well as boron incorporations have been
employed in metal-oxide-semiconductor (MOS) structures on SiC in
an attempt to reduce the density of interface states near the silicon
dioxide (SiO2)/SiC interface.19–23 Among these methods, annealing
in N2O ambient has been found to be the most effective technique.24

However, recent reports on the impact of phosphorus pentoxide
(P2O5) depositions as a surface passivation for SBDs and
MOSFETs18,25–27 have shown an improvement both in leakage
current densities for SBDs and in channel mobility for transistors.
As this treatment also improved the on-state performance of the
measured devices, the benefits of nitridation prior to metallization
of SBDs were exceeded. Hence, it has been shown that pretreatments
of SBDs have the potential to minimize the disadvantages of using
anode metals with low barrier heights.

In this paper, we investigate the impact of surface passivation
treatments on both the SiC surface and the Mo/SiC Schottky inter-
face. The passivation treatments not only focus on P2O5 deposition
but also include the growth of oxide layers in O2 and N2O ambi-
ents. After these grown or deposited layers were removed, a Mo
Schottky contact metal was deposited. The fabricated SBDs were
compared to those on untreated (control) surfaces and analyzed
electrically using forward and reverse I-V characteristics. Having
identified improvements to the diodes that underwent a P2O5 passiv-
ation treatment, including significantly reduced leakage current,
these and the control samples are analyzed using x-ray photoelectron
spectroscopy (XPS), secondary ion mass spectroscopy (SIMS), trans-
mission electron microscopy (TEM), atomic force microscopy
(AFM), scanning electron microscopy (SEM), and synchrotron X-ray
topography to identify the physical parameters that explain the elec-
trical improvements.

II. EXPERIMENTAL PROCEDURE

Mo/SiC Schottky diodes were fabricated to analyze the effect
of different passivation treatments on the turn-on and reverse

leakage current levels. These were fabricated using highly n-type
(nitrogen-doped), 4� off-axis 4H-SiC substrates supplied by Dow
Corning, on which a lightly doped (1� 1015 cm�3) 35 μm epitaxial
layer was grown. These starting wafers were diced into 14� 14mm2

chips and cleaned using a standard RCA 1/HF (10%)/RCA 2/HF
(10%) process. Subsequently, one of three passivation routines were
applied to the SiC samples:

1. The deposition of P2O5 in a tube furnace at 1000 �C for 2 h, the
samples having been mounted on a carrier wafer and placed in
front of a silicon diphosphate (SiP2O7) source wafer (the P2O5

treatment).
2. Thermal oxidation in an Ar:O2 (4 slm:1 slm) ambient at 1400 �C

for 4 h (henceforth referred to as the O2 treatment).
3. Thermal oxidation in an Ar:N2O (4 slm:1 slm) ambient at

1300 �C for 4 h (the N2O treatment).

A fourth set of control samples was fabricated in parallel, which
underwent no passivation treatment. Next, all the treated samples
were cleaned in dilute HF (10%) to remove the oxide layers before
the individual active areas of Schottky diodes were defined and
mesaisolated by dry etch. For device insulation, a 1 μm thick SiO2

layer was deposited by low pressure chemical vapor deposition
(LPCVD) using tetraethyl orthosilicate (TEOS) as a precursor, cov-
ering the active areas before the contact formation. Ti(30 nm)/Ni
(100 nm) ohmic contacts were then formed on the backside of the
samples after a rapid thermal anneal at 1000 �C for 2 min in Ar
(5 slm) ambient. Schottky contacts were then formed by opening
a window in the thick SiO2 layer and evaporating 100 nm of Mo
before annealing them at 500 �C in Ar (5 slm) ambient. Finally, a
1 μm thick Al metal overlay was evaporated on top of the die,
which serves as a field plate. A cross section of the fabricated final
device structure can be found in Fig. 1.

Several chips have been fabricated across a number of different
wafers from the batch. The results presented here were repeatable
across the die from the same and different wafers.

III. RESULTS

A. Current voltage (I-V)

The rectifying characteristics of all the diodes were character-
ized via I-V measurements at room temperature using a Keysight

FIG. 1. Cross-sectional view of the fabricated Schottky barrier diodes with Mo
as the Schottky contact metal. The Schottky contact area is 4:39� 10�4 cm2.
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B1505A parameter analyzer and a semiprobe semiautomatic
probe station. On-state parameters were then extracted from the
on-state characteristics, assuming that thermionic emission2,6 was
the governing conduction mechanism at the Schottky interface.
The ideality factor (η) and SBH were measured between leakage
current densities of 1� 10�7 and 1� 10�3 A cm�2. A typical set
of on-state characteristics (at room temperature) for the Mo/SiC
diodes are shown in Fig. 2(a), as well as their barrier heights and
ideality factors (plotted as η� 1) in Fig. 2(b) for at least 15 differ-
ent SBDs of each type. All the diodes had very low values of η,
confirming that thermionic emission is the dominant current
transport mechanism.6 Without any surface treatment, the
control samples had a relatively wide spread of SBH and η, which
averaged at 1.41 eV and 1.03, respectively (Fig. 2). A summary of
the extracted electrical parameters is shown in Table I.

From this baseline, the O2 surface treatment appears to have
worsened the electrical characteristics, resulting in a higher average
SBH of 1.43 eV and η of 1.09, while there remains a wide spread of
the results. On the contrary, the SBH was significantly lowered by
applying the N2O and P2O5 treatments, with average values of
1.28 eV and 1.27 eV, respectively. These diodes also had extremely
low η, all below 1.02, and a tight, repeatable distribution.

Figure 2(c) shows the ideality factor and the SBH taken from
80 to 320 K, for a typical control diode and P2O5-treated diode.
Both diodes follow typical trends, explained elsewhere,2,6,7 with η
increasing and SBH decreasing at low temperatures. There is little
difference in the ideality factor, which remains below 1.1 until
175 K for both diodes. However, it can be seen that the room

temperature offset in the SBH of 0.10–0.13 eV is maintained across
the temperature range.

The most significant outcome of this study is shown in Fig. 3,
which summarizes the leakage current density (at VR ¼ 500 V) of at
least 60 diodes per treatment. Despite the reduction in SBH demon-
strated in Fig. 2 and Table I for the P2O5-treated diodes, these can be
seen to give the lowest leakage current levels, with a median value of
1:5� 10�6 A cm�2, three orders of magnitude lower than the
control diodes. This is contrary to the expectation that the reduced
SBH (and hence a lower turn-on voltage) will result in an increased
leakage, as happened when Infineon moved from Ti to Mo.13,14

In Bonyadi et al.,15 these Mo/SiC diodes were compared to
Ni and Ti SiC diodes that underwent the same pretreatments.
These results showed that a P2O5-treated Mo/SiC diode had a SBH
equivalent to Ti, but a leakage current lower than any Ni diode,

FIG. 2. Typical on-state I-V character-
istics (a) of the Schottky diodes, mea-
sured at 22 �C. SBH and ideality
factors (b) for these diodes at room
temperature as well as from 80 to
320 K (c) for a typical control and
P2O5-treated diode.

TABLE I. Summary of measured ideality factors, barrier heights, and reverse
leakage currents of the as-grown and treated samples. All measurements were
carried out at room temperature. Mean values are provided with standard deviations.

Sample
Schottky barrier
height (eV)

Ideality
factor

Reverse leakage current at
−500 V (A cm2)

Control 1.38 ± 0.08 1.05 ± 0.09 1.47 × 10−2 ± 3.01 × 10−2

O2 treated 1.43 ± 0.04 1.09 ± 0.04 2.34 × 10−3 ± 3.56 × 10−3

N2O treated 1.28 ± 0.06 1.02 ± 0.01 4.07 × 10−3 ± 9.28 × 10−3

P2O5 treated 1.27 ± 0.03 1.02 ± 0.01 2.12 × 10−5 ± 6.13 × 10−5

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 127, 025704 (2020); doi: 10.1063/1.5133739 127, 025704-3

© Author(s) 2020

https://aip.scitation.org/journal/jap


thus combining the benefits of both low- and high-SBH metals.
Furthermore, the Mo diodes were the only diodes to undergo any
significant leakage current reduction after any of the pretreatments.
To investigate the mechanisms by which the P2O5 treatment
improves the diode characteristics, a series of physical analyses
were carried out.

B. Surface chemistry study using X-ray photoelectron
spectroscopy (XPS) and secondary ion mass
spectroscopy (SIMS)

X-ray photoelectron spectroscopy (XPS) characterization was
performed in order to investigate the physical and chemical proper-
ties of the SiC surface after removal of the previously grown or
deposited oxides. Samples were prepared using the oxide growth
and deposition procedures described above, with the oxides being
removed in HF (10%) solution afterwards. The samples were then
immediately loaded into a Kratos Axis Ultra DLD XPS system.
The samples were illuminated with Al Kα X-rays (1486.6 eV), the
spectrometer work function was calibrated using polycrystalline Ag
foil prior to the experiments, and the spectra were analyzed at
takeoff angles (ToA) of 90� and 15�, giving 3λ depths of 10 nm and
,3 nm, respectively. High-resolution core spectra were taken for Si
2p, C 1s, O 1s, P 2p, and N 1s, and the data were analyzed using
the CasaXPS software package, employing Shirley backgrounds and
Voigt (Gaussian-Lorentzian) line shapes. The Si 2p and C 1s of the
untreated sample spectra are shown in Figs. 4(a) and 4(b). All
spectra are shown for a 90� ToA.

Due to the presence of adventitious carbon in XPS, carbon clus-
ters cannot be quantified directly from the XPS spectra. In order to
analyze the effect of surface treatments on carbon clusters, the Si:C
stoichiometry of the surface is extracted using the relative atomic

concentration of SiC components in the C 1s and Si 2p spectra. An
overview of the obtained Si:C ratios can be seen in Fig. 4(c).

For the 90� ToA, the results were close to stoichiometric.
The control sample showed stoichiometry closest to 1.0 and, con-
sistent with the carbon cluster model, the O2 treatment gave a 4.3%
carbon-rich surface and the N2O treatment restored stoichiometry.
The P2O5 treatment gave a 2.4% silicon enrichment, showing clear
evidence of a surface modification and indicating that silicon, or
possibly SiO2, may have a role in improved diode performance. For
the 15� ToA, the O2 and N2O treatments gave carbon enrichments
of 13% and 20%, while P2O5 gave the lowest carbon enrichment of
7.5%. The 15� ToA quantification was more significantly affected
by adventitious carbon, which may have influenced the analysis,
but it is also more sensitive to the surface composition, suggesting
that the surface may be more carbon-rich than the 10 nm below it.
For both measurements, the P2O5 treatment has shown to combat
carbon enrichment.

The P 2p spectrum of the P2O5-treated sample is shown in
Fig. 4(d) and confirms the presence of phosphorus pentoxide
following the P2O5 treatment.28–30 This shows that traces of P2O5

can be found near the surface even after the removal of the oxide
via HF. This peak was not observed for any of the other samples.
Secondary ion mass spectrometry (SIMS) was used to further
confirm the presence of phosphorus after the P2O5 treatment and
metallization and to investigate its depth distribution. One sample
was prepared using the P2O5 treatment and Mo deposition, as
described above. SIMS was carried out using Si, C, and P+ matrix
markers at a high resolution (,1 nm) near the Mo/SiC interface
(100–200 nm). Figure 5 shows the SIMS spectra. Phosphorus con-
centrations of up to 1:5� 1019 cm�3 could be detected at the Mo/
SiC interface.

This surface chemistry study has shown, using XPS, that a
phosphorous deposition (P2O5) process in N2 ambient does not
lead to carbon enrichment at the interface, unlike the O2 treatment
and the N2O treatment at a shallow probing depth. Furthermore,
both XPS and SIMS results show that phosphorus remains are
found after HF etching and postmetallization.

C. Surface morphology study using atomic force
microscopy (AFM) and scanning electron
microscopy (SEM)

AFM and SEM images were taken for a P2O5-treated sample
and an untreated control sample. A Bruker Icon AFM was used in a
peakforce tapping mode. The probe tip was made of Si on a nitride
lever. The scan area of the presented images is 5� 5 μm2. Four
scans were taken for both samples across different positions on the
chip with little difference between the regions. For the SEM investi-
gation, the same samples were investigated in a Zeiss SUPRA 55-VP
FEGSEM at an accelerating voltage of 15 kV. Two scans were taken
for both samples, with representative images shown in Fig. 6.

As a result of the AFM images, RMS roughness values below
1 nm were measured for both samples, with average values of
351 pm for the control sample and 711 pm for the P2O5-treated
sample. The P2O5-treated sample shows clear circular features with
a density of approximately 5� 109 cm�2, as shown in Fig. 7(a).
Their size and shape vary across the sample, with widths between

FIG. 3. Diode leakage current characteristics at VR ¼ 500 V, measured at
22 �C. Median values are represented due to the logarithmic scale.
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70 and 200 nm and depths ranging from 1 to 3 nm, although the
measurable depth was limited by the AFM tip.

In the untreated sample, normal SiC surface steps are clearly
visible, while the circular surface features of visible post-P2O5 treat-
ment are also faintly visible, though not as deep pits, but rather
very small peaks. The same surface features were not seen in the
post-N2O/O2 treatment. The SEM showed the extent of these
defects over a wider area. Figure 6 shows the P2O5-treated and
control surfaces at 1 μm and 200 nm fields of view, respectively.

With the AFM micrographs, the difference between the
control and P2O5-treated surfaces is visible. The P2O5-treated
surface shows the same feature sizes and shapes as the AFM micro-
graphs, with similar densities of 5:5� 109 cm�2 and a slightly
rougher surface. The surface morphology study has shown that the
P2O5 treatment has induced a high intensity of surface features, not
seen in the control sample.

D. Cross-sectional analysis using transmission electron
microscopy (TEM)

Cross-sectional TEM specimens of the control and
P2O5-treated Mo/SiC SBDs were prepared using a focused ion
beam. The interface of these devices was observed in either a JEOL
2100 TEM or a JEOL ARM 2000F TEM. Energy-dispersive x-ray

FIG. 5. SIMS results for the P2O5-treated sample.

FIG. 4. XPS data and fits for the (a) C
1s region, (b) Si 2p region without
surface treatment, (c) P 2p region
showing a P2O5 peak for the
P2O5-treated sample, and (d) Si:C ratio
of the investigated samples at different
surface depths.
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analysis (EDX) was performed in the JEOL ARM200F equipped
with a 100 mm2 Oxford Instruments windowless EDX detector.

In places along the P2O5-treated interface, such as that shown
in Fig. 8(a), features can be seen which propagate approximately
10 nm into the SiC. These are distributed nonuniformly across the
observed interface, with region widths varying from 80 to 120 nm.

EDX mapping results confirm that these are amorphous
features with an increased oxygen concentration, which are most
likely formed due to the incorporation of oxygen during the P2O5

treatment, since no such features and oxygen concentrations were
found in the untreated SiC sample.

The oxide in these pits, therefore, remains after the HF dip
that removed the P2O5 layer.

In contrary, the untreated control sample shows a uniform
interface, with an interfacial region less than 2 nm thick.

E. Substrate and epitaxial defect characterization
using synchrotron x-ray topography

To investigate a potential connection between the high density
(5� 109 cm�2) of surface defects and typical SiC defects—basal
plane dislocations (BPDs), threading edge disloactions (TEDs), and
threading screw dislocations (TSDs)—in the underlying epitaxial
layer and substrate, synchrotron x-ray topographs were taken from
untreated and treated (all three surface treatments) samples that
had previously undergone SEM and AFM analyses. The imaging
was carried out at beamline 1-BM at Advanced Photon Source,
Argonne National Laboratory, USA. To image all dislocations in
the substrate and epitaxial layers, 11�20 reflections were recorded.
For stacking fault detection, 10�10 and 10�11 reflections were recorded.
Grazing incidence angle scans (resulting in a penetration depth of
35 μm) were also performed along the 11�28 plane to detect threading
dislocations and BPDs in the epitaxial layer. A grazing incidence
angle scan of the untreated control sample revealed that no
BPDs were observed except around a 3C inclusion, which indicates
that they are all converted to TEDs during the epigrowth. No
deflected dislocations were observed for the control sample. For
the P2O5-treated sample, some BPDs were seen and this sample
showed the highest density of TEDs measured across all samples.
No stacking faults could be observed for any of the analyzed
samples. An overview of the measured defect densities of all
investigated samples can be seen in Table II. There is some signif-
icant difference between the values extracted, but it is expected
that most of these differences come from the varying locations of
the chips from across the wafer. All these bulk defect densities are
on average 5 orders of magnitude lower than the measured
surface feature density of 5� 109 cm�2. This suggests that the
observed features on AFM and SEM micrographs are not related
to defects that originate in the bulk or epitaxy.

IV. DISCUSSION

The electrical measurements of the P2O5-treated diodes
revealed a reduction in the off-state leakage of the Mo/SiC SBDs of
2–3 orders of magnitude, compared to those that had not been
treated. Furthermore, these devices had a SBH 0.11 eV lower than
the untreated control samples, which appears to defy the logical
leakage current vs turn-on voltage trade-off dictated by the
Schottky barrier height. It is worth noting that the leakage of these
Mo diodes is also lower than identical Ni/SiC diodes produced
previously,15 despite a barrier height of .0.3 eV being lower.
At the same time, both the ideality factor of the devices and the
uniformity of the results were improved by the P2O5 treatment,
suggesting an overall improvement in the homogeneity of the
metal-semiconductor interface.

AFM images, shown in Fig. 7, and TEM images, shown in
Fig. 8, revealed that the P2O5 treatment has a physical impact on
the SiC surface, creating “nanopits” that are 3–10 nm deep and
wide. Despite the wafer having undergone a HF dip to remove the
oxide left on the surface after the pretreatments, EDX analysis sug-
gests that a significant quantity remained within the surface pits.
Despite evidence of phosphorous at the surface from SIMS, it was
not possible to identify phosphorous in the nanopits within the
detection limit of EDX.

FIG. 6. SEM images of (a) a P2O5-treated sample and (b) an untreated control
with a 1 μm and 200 nm scan size, respectively.
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The oxide-filled nanopits are believed to have the biggest
impact on the electrical characteristics of the device. From synchro-
tron x-ray topography analysis, it is evident that their high density
(5� 109 cm�2) does not correlate with any identifiable bulk or epi-
taxial defects, which means that the nanopits observed here are dif-
ferent from other nanopits31 that have been shown to be the source
of a high leakage forming at the surface of threading dislocations.

Regardless of their origin, the termination of the surface
features, which are barely visible on the AFM scan of the control
sample, has the effect of homogenizing the interface, given that
current is prevented from passing through these areas. Any source
of inhomogeneity at a Schottky interface causes a degradation of
the diode’s I-V characteristics, with dirt, defects, and grain boundar-
ies all having been linked to an increase in the distribution of SBH at
an interface, leading to a degradation of I-V characteristics.5–7 The
electrical results shown in Table I confirm that the termination of
these defective areas results in a set of diodes with minimal spread in
SBH between devices.

It is proposed, therefore, that the oxide-terminated nanopits
are a source of leakage within the control samples, yet they are
terminated in the P2O5-treated diodes. The leakage may arise
either by (1) being a region of low SBH or (2) by simply being an
imperfection, an area in which the electric field is higher locally
than across the rest of the interface.

If case 1 were true and areas of low SBH were being terminated,
one might expect the average SBH of the P2O5-treated diodes,
obtained by I-V analysis, to be greater than that of the untreated
control samples. Contrary to this, the barrier height of the
P2O5-treated diodes was, on average, 0.11 eV lower. However, this

FIG. 7. AFM images of (a) an untreated control surface and (b) a P2O5-treated sample with a 5� 5 μm2 scan size.

FIG. 8. HRTEM images of the Mo/SiC interface of (a) the P2O5-treated and (b)
the untreated control SBD.
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does not eliminate this possibility. SIMS and XPS analysis both
showed that a significant amount of phosphorous (.1� 1019 cm�3)
is present at the interface, left over from the removed P2O5 layer.
Without any high temperature activation, only a small fraction of
these phosphorous atoms will have become active dopants. Indeed,
basic calculations relating ND to the Fermi level position32 confirm
that an increase in active dopants from 1� 1015 cm�3 in the control
diodes to 7� 1016 cm�3 in the P2O5 diodes would result in the
Fermi level being 0.11 eV closer to the conduction band and hence
the same reduction in barrier height. Despite the increase in doping,
E00 calculations

32 confirm that the dominant conduction mechanism
at 7� 1016 cm�3 will remain thermionic emission and not therm-
ionic field mission. This theory is supported by the very low ideality
factors in the P2O5 diodes, which would not be the case if the
doping was high enough for thermionic field emission to dominate.
Therefore, the increase in subsurface doping, combined with the
homogenization of the barrier height after the oxide termination of
surface defects, could explain the reduction of the barrier, while
simultaneously decreasing leakage.

In the case of the N2O treatment, the leakage current was not
improved, but the SBH and ideality factors were reduced. For the
O2 treatment, no improvement of the electrical characteristics was
seen. Both of these treatments are different from the deposited
P2O5 treatment, in that they consume the top few nanometers of
SiC while forming an oxide. XPS results confirm that, in the case
of O2, the stoichiometry of the SiC subsurface was poor, with
carbon enrichment near the interface. However, N2O restored the
stoichiometry at the deep probing depth, but left a carbon-rich
surface at a shallow probing depth. This is consistent with the
carbon cluster model, where thermal oxidation treatments trap
carbon beneath the oxide and, in turn, cause low channel mobility
in SiC MOSFETs. In contrast, the P2O5 treatment retained a
Si-rich interface, principally because the deposited layer does not
consume the SiC but fills the previously described nanopits.
However, the previously described n-type doping of the interface
beneath the contact may have occurred in the N2O sample,
explaining its improved SBH and ideality factor.

Finally, these subtle changes in the contact subsurface can
only occur because almost no silicide is formed after a Mo/SiC
interface is annealed. This is due to the high melting temperature
of Mo and has the result of preserving the monolayers of treated
SiC beneath the interface, as seen in the TEM images of Fig. 8.
This explains why the P2O5 treatment has no effect on other
metals, such as Ti and Ni, which do form significant silicides at the
interface. This leads to the question as to whether this treatment
will work on other refractory metals, such as tungsten, niobium,

and tantalum. Furthermore, this was a study performed on SiC
wafers from one supplier, with 35 μm of epitaxy. Whether the P2O5

treatment will have the same beneficial effect on wafers from other
suppliers, other epitaxy thicknesses, and at SiC interfaces with
other refractory metals is still a work in progress.

V. CONCLUSION

A P2O5 surface passivation treatment prior to metallization
has demonstrated a significant improvement in the performance of
Mo/SiC Schottky barrier diodes. The electrical characterization
showed that P2O5-treated diodes have a leakage current two orders
of magnitude lower than untreated control diodes, a reduction in
the Schottky barrier height of 0.11 eV (and hence lower turn-on
voltage), and a small improvement in the ideality factor. The P2O5

treatment appears to have two effects on the contact subsurface.
First, the leakage is likely improved due to the formation of oxide-
filled nanopits, witnessed in AFM and TEM scans, which terminate
potential leakage paths from imperfections at the SiC surface and
homogenize the interface. Second, the barrier is lowered due to a
phosphorous-rich region below the contact, which increases the
n-type doping and lowers the SBH. Finally, the enhancement of
this subcontact region is only possible because there is no silicide
formed at the Mo/SiC interface, which would otherwise consume
the top few nanometers of SiC (as in Ti and Ni). These results offer
both increased performance of SiC SBDs and present opportunities
to improve SBD performance and SiC surface passivation.
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