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We report a transmission electron microscopy (TEM) study of the impacts of phos-
phorus and boron passivation processes at 4H-SiC/SiO, interfaces. The chemical
and electronic structures at these interfaces have been analyzed using high-resolution
TEM and spatially-resolved electron energy-loss spectroscopy (EELS), uncovering a
range of phenomena caused by the presence of B and P within their respective boro-
and phosphosilicate glass (BSG/PSG) layers. The phosphorus passivation process
was observed to induce roughness at the SiC/PSG interface on the order of 100s
of nm. Within the PSG layer, phosphorus was found to segregate into nanometer-
scale P-rich clusters, contradicting previous reports that it is distributed uniformly
throughout the PSG. Similar to N in nitric oxide annealed devices, boron was deter-
mined to accumulate in a thin layer (sub-3 nm in thickness) at the SiC/BSG interface,
with a much narrower distribution than previously reported. EELS measurements
indicated boron incorporates in a trigonal bonding configuration, supporting the
assertion that it softens the oxide and causes significant stress reduction at the inter-
face with 4H-SiC. These results supply further insight into the sources of mobility
enhancement in PSG and BSG-gated devices that could be extended into additional
improvement in the channel response of SiC MOSFETs.
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Due to its wide bandgap (3.23 eV), native SiOs oxide, high bulk electron mobility, and
high thermal conductivity, 4H-SiC is a prevalent material for high power/temperature metal
oxide semiconductor (MOS) devices.!* In traditional thermally oxidized SiC MOS devices,
the inversion layer field-effect mobility (upg) is reduced by a high density of trap states (Dj)
caused by electrically active defects at the JH-SiC/SiO, interface, diminishing MOSFET
performance.®® The successful commercialization of 4H-SiC MOSFETs can be attributed
to the discovery of the high-temperature nitric oxide (NO) post-oxidation anneal (POA)
process.»*1Y Nitridation of the 4H-SiC/SiO, interface lowers Dj;, and improves peak jpg
from 5 cm?/V s to 35 cm?/V s by passivating the performance-limiting defects that induce
states near the conduction band-edge of 4H-SiC.!! Nitridated interfaces have been well char-
acterized, revealing that the N atoms preferentially accumulate in the interfacial region,'* 7
significantly modifying the bonding states of both Si and C at the interface, as well as the
oxide states when using a-face SiC substrates.!®

In recent years, a number of alternative processing strategies have been proposed to ex-
tend device performance beyond that enabled by the NO POA.? Two particularly promising
methods of channel engineering are phosphorus and boron passivations. High-temperature
annealing of the thermally grown SiO, in a P-containing ambient converts the SiOs layer
to a phosphosilicate glass (PSG). This process improves ppg to approximately (75 to 105)
cm?/V s by a combination of low Dy and phosphorus channel surface doping, but the po-
lar nature of the material induces voltage instabilities that ultimately limit the device’s

performance.!? 24

The incorporation of boron into the SiC/SiO, interface has been shown to further en-
hance ppp values to approximately 100 cm?/V s, which has been attributed to a reduction
in interfacial stress at the SiC/borosilicate glass (BSG) interface.?” Unlike with P, voltage
instability issues are not observed in the B-treated devices,?® but a performance-reliability
tradeoff may exist between improved pupp and the positive threshold voltage (V4) shift
and bias-temperature instability effects that have been measured in both P- and B-doped
devices.?>?" Follow-up research has shown that in combination with an antimony-doped sur-
face layer, boron treatment can result in g pp values up to 180 cm?/V s,%” while incorporation
of boron together with nitridation and a deposited oxide layer enables peak ppp values up

to 170 cm?/V .22

For both PSG and BSG treatments, the majority of characterization work has been



electrical in nature, and very few physical or chemical investigations have been reported, in
contrast to NO POA. In the case of phosphorus, secondary ion mass spectrometry (SIMS) has
suggested the full conversion of Si0O, into PSG, with a uniform concentration of P through the
layer.2%30 X-ray photoelectron spectroscopy (XPS) measurements have indicated a uniform
atomic fraction for P of 5% within the PSG layer.?? Using TEM, Fiorenza et al.?! reported
a similar finding of P “almost homogeneously distributed within the insulating layer” as

measured with energy dispersive X-ray spectroscopy (TEM-EDS).

In the case of BSG passivation, existing compositional information in the literature has
been acquired by SIMS, the results of which vary depending on each specific report. Okamoto
et al.?® reported a uniform B concentration (3 x 10%* cm™3) in the bulk of the BSG, and a
5nm to 10nm wide “pileup” of boron at the interface with a peak concentration approxi-
mately 2.3 times that of the bulk BSG. Measuring samples identical to those used in the

1.%7 reported a higher uniform concentration but without any pileup

present work, Zheng et a
at the interface. Uniform concentrations both without® and with?? interfacial concentration
peaks have been reported for samples receiving nominally identical boron passivation and
nitridation treatments, highlighting the well-known difficulty of interpreting SIMS data at
interfaces.*? Cross-sectional microscopy is a more direct and reliable means to inspect com-
position and structure at material boundaries, which is essential to better understand the
origins of BSG-induced ppp enhancement as well as any associated drawbacks, such as an
increase in Vi, caused by B penetration into the SiC.%"

In this work, 4° off-axis 4H-SiC wafers with 10pum thick n- (PSG) or p- (BSG) type

3 were diced into 5 mm x 5 mm pieces. After

homoepitaxial layers doped at ~1 x 106 cm™
standard RCA cleaning the samples were thermally oxidized at 1150°C to grow ~60nm
thick oxides. To create the PSG layers, the oxidized pieces were annealed at 1000 °C for
15min in a gas mixture of POCIl3, Oy, and Ny (flow ratio 3:4:9). These samples were further
annealed in pure Ny for 30 min to homogenize the PSG layer. To form BSG films, separate
oxidized samples were annealed with a B,O3 planar diffusion source (Techneglas, GS-139)
in a gas mixture of Ar (50 sccm) and Oy (5 scem) at 950°C for 30 min, followed by a 2h
drive-in anneal at the same temperature in Ar without the BoO3. Metal contact pads were
thermally evaporated on to the PSG/BSG surfaces for electrical measurements. Further

processing specifics and detailed analyses of the samples’ electrical qualities are available in

Refs. 22 and 27 for the PSG and BSG samples, respectively.



High-resolution (HR) TEM was performed on cross-sectional TEM samples, along with Z-
contrast high angle annular dark-field scanning TEM (HAADF-STEM) and electron energy-
loss spectroscopy (EELS) using a JEOL JEM 2100F TEM/STEM equipped with a Gatan
Tridiem imaging filter (GIF). Specimens were prepared using standard FIB procedures®3!
with a Tescan Gaia FIB/SEM. TEM lamellae were polished to a final thickness between
20nm to 50 nm using a 2keV Ga™ FIB.

EELS data were collected as areal spectrum images (SIs) at 200keV in STEM mode with
12.0 mrad convergence and 29.0 mrad collection semi-angles, with a probe size of 0.5nm to
0.7nm. Multiple SIs were taken from different areas along each interface to validate inter-
pretation of the data. Hyperspectral unmixing via non-negative matrix factorization (NMF)
was used to analyze the EELS data.?>™* NMF is an unsupervised machine learning technique
able to separate EELS signals into physically interpretable components even when spectral
features overlap.?” The number of components to include was determined by inspection of
the scree plot, and the analyses performed using the HyperSpy software package.*! This
unmixing analysis separates the data into descriptive “component” spectra, together with
“loading” maps which represent the relative intensity of each component in the spectrum
image. The result is an additive model, where each pixel of the spectrum image is a weighted
sum of the component spectra.

The interface in each sample was first imaged via HRTEM and HAADF-STEM (Fig. 1).
Lower magnification TEM (not shown) revealed that the SiC/PSG interface roughness is
much greater than at the SiC/SiO interface without phosphorus, which is nearly flat aside
from the miscut-angle.'®'® PSG samples from varying SiC wafer stocks showed peak-to-
valley amplitude oscillations of approximately 6 nm to 7nm with periods on the order of
100s of nm, which may arise from uneven additional oxidation occurring during the POCl;
anneal. Consequently, HRTEM (Fig. 1a) reveals significant atomic-scale roughness at the
interface, and the PSG appears uniformly amorphous throughout the entire layer. The top
surface of the PSG layer, however, is extremely flat, indicating that while the PSG anneal
induces roughness at the SiC/PSG interface, the resultant PSG layer is softened enough to
reflow during the anneal®*? and produce a smooth topography at the PSG surface.

In complementary HAADF-STEM imaging of the interfacial region and PSG layer shown
in Fig. 1b, contrast corresponds primarily to atomic mass, with brighter areas indicating

higher mass due to greater scattering of incident electrons. Thus, the non-uniform darker
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FIG.1. HRTEM and HAADF-STEM from a P-passivated SiC MOS device. (a) HRTEM image of

the SiC/PSG interface, showing many atomic steps due to the long-range roughness. (b) HAADF-
STEM (Z-contrast) image of the SiC/PSG interface, with the contrast enhanced to illustrate the
presence of bright spots distributed throughout the PSG, and the dark layer (lower mass) at the

interface. The green box indicates the area from which the EELS data in Fig. 2 was collected.

region 5nm to 10 nm in thickness adjacent to the interface suggests a lower atomic mass in
this area. The remainder of the PSG contains bright clusters a few nm in size, which are

evidence of a heterogeneous mass distribution.

In order to better understand these morphological features, STEM-EELS data was col-
lected from the interfacial and bulk PSG regions, providing insight into composition and
electronic structure. Overlap between the fine structure of the Si-Lo3 and P-Lg 3 edges
prevents traditional EELS analysis methods (background subtraction and edge integration)
from isolating the P contributions, requiring the use of spectral unmixing methods. An NMF
analysis of the Si-Ly3 and P-Ly 3 edges without prior background subtraction is shown in
Fig. 2. Five components were unmixed and each (together with its loading map) can be
ascribed to a particular source within the EELS data. The first component (blue) captures
most of the inelastic scattering background arising from the Si in both the SiC and PSG.
The second (green) is dominant within the substrate, and matches expectations for Si in
SiC. The remaining three signals all have a Si-L, 3 edge resembling SiO9, but with variations

in the fine structure.

Among these oxide-like signals, the first (red) is localized to the brighter clusters in the
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FIG. 2. Hyperspectral unmixing analysis of the SiC/PSG interface at the Si-Lo3 (99eV) and P-
Ly 3 (132eV) edges. NMF decomposition resulted in five components (left). Loading maps (right)
reveal spectral intensity at the P-Lo3 edge in the bright clusters of the HAADF-STEM image

(Fig. 1 and top right), indicating that they are P-rich.

STEM image. Given the greater atomic mass of P compared to Si and O, it is expected that
these bright clusters indicate P-rich regions of the PSG layer. Indeed, a subtle but definite
edge is observed in the spectrum of this component near 132 eV, corresponding to the onset
energy of the P-L, 5 edge. P-rich clusters appear randomly distributed throughout the PSG
layer, with an average diameter of (3.6 &+ 0.8) nm. There is also a distinct decrease in the
intensity of the phosphorus component within approximately 5 nm of the interface, correlat-
ing well with the dark layer observed in Fig. 1b and suggesting a more SiOs-like character
close to the interface. This result conflicts with prior SIMS and EDS studies reporting a
uniform P concentration throughout the PSG,?3! but the EELS mapping method used in
the present work is expected to have much higher lateral resolution and sensitivity than the

previous methods, which average over a wide area.

The energy-loss near-edge structure (ELNES) of the phosphorus component reveals in-
formation about the bonding environment and arrangement of P atoms within the PSG
layer.** As marked by the red arrow in Fig. 2, the edge onset energy of the phosphorus com-
ponent is ~2eV below the energy of 132eV expected from a pure phosphorus oxide such
as P»0s5.%* The reduced edge onset indicates a reduction in the oxidation state of phospho-

rus, potentially arising from P substituting at an O site in SiO5.%% Additionally, a Si-Ls 3
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edge consistent with that of SiOs is still visible in the P-containing component. This EELS
evidence implies that P is present together with SiO,, but since the EELS signal is aver-
aged throughout the projected thickness of the lamella, a complete separation of the phases
cannot be ruled out.

The remaining two NMF components (purple and yellow in Fig. 2) are spectrally similar,
akin to the EEL spectrum of SiOs. The first has an onset energy 2eV higher than the
second. The peak with an onset at 105.7eV (clearly present in Owide 1, but less so in Ozide
2) results from the excitonic transition in tetrahedral SiO, bonding units.’® The shift of
intensity to lower energy in Oxide 2 suggests reduced oxygen coordination, typical in SiO,
sub-stoichiometric oxides.*®*” The loading maps of these two components indicate Owide
2 has greater intensity closer to the SiC/PSG interface, while Ozide 1 is most intense
approximately 15 nm from the interface.

The non-homogeneous distribution of phosphorus throughout the PSG layer is unexpected
and contrasts with prior TEM studies.?! The impacts of such a distribution on the electrical
properties of PSG-passivated MOS devices are not immediately clear, although it is possible
that such non-uniformity could give rise to the observed performance-limiting polarization
instabilities.?’ The presence of these clusters raises the possibility of tuning their shape and
distribution, which should be further investigated as a means to engineer the oxide and
channel response of PSG-passivated SiC MOSFETs.

Contrary to the phosphorus-annealed samples, the BSG films were significantly more
uniform, as shown in Fig. 3. Fig. 3a reveals a nearly flat interface of similar quality to
that observed in NO-annealed devices.'®'® Notably, the BSG interface does not show the
large-scale undulations observed at the SiC/PSG interface.

STEM-EELS measurements were used to further probe the chemical makeup of the BSG
interfacial region. The spectrum image displayed in Fig. 4 profiles the B-K edge through
approximately 15nm of the BSG layer in a second BSG sample prepared under similar
conditions.

Following subtraction of the power-law background before the Si-L, 3 edge, two NMF
components were required to capture the spectral features near the B-K edge. The first
component (blue in Fig. 4) is strongest within the SiC substrate, and is attributed to residual
inelastic scattering background and signal from the extended structure of the Si-L; edge.

The second component (green) matches the expected shape of the B-K edge,*® confirming
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FIG. 3. (a) HRTEM image of the SiC/BSG interface, showing atomic steps arising from the 4°
substrate miscut angle. (b) High-magnification HAADF-STEM (Z-contrast) image of the SiC/BSG
interface, with contrast enhanced to illustrate the presence of a ~1.7nm wide dark layer at the

interface.

the presence of boron within the BSG layer. The loading map for this component shows
boron concentrated at the interface. Each component was summed parallel to the interface
and plotted as a linear profile of relative intensity in Fig. 4b to illustrate this phenomenon.
As expected, the SiC component intensity drops sharply across the interface. The boron
profile exhibits a distinct peak approximately 1nm from the SiC/BSG interface, with an
intensity about twice that within the bulk BSG.

The ELNES of the measured B-K signal provides insight into the configuration of the
boron atoms at the interface and within the BSG layer. In seven spectrum images analyzed,
the primary boron component peak is measured at (193.8 £+ 0.7) eV, in close agreement with
the previously reported energy of the 7* antibonding orbital, indicative of sp? hybridized
boron.*® The energy of this peak matches those of B,03* and BO3;.* No difference was
found in the B-K signal near the interface compared to within the BSG bulk, implying that
the boron atoms’ bonding states are similar between them. Repeated unmixing analyses
with additional components also failed to detect any difference between the interfacial and

BSG boron, yielding only higher-order noise components.

With sub-nanometer resolution, the present EELS results show a boron peak with a

full width at half maximum (FWHM) of (2.8 £ 0.7) nm, slightly wider than the dark layers
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observed using HAADF-STEM imaging (Figs. 3b and 4). This finding contrasts with pre-
viously reported SIMS data which suggested either a significantly wider (~7nm) peak in

25,29 1.27,28
)

B concentration, or no peak at al but the present results are expected to be more
reliable than the previously-reported SIMS results, as discussed earlier.

The distribution of boron throughout the BSG layer is expected to have significant im-
pacts on device performance. The trigonal bonding configuration revealed by the B-K
ELNES confirms boron’s role as a network former within the oxide layer, resulting in a
higher concentration of non-bonding oxygen atoms.’® These network modifications result
in weaker bonds within the glassy layer that are softer and more fluid than pure SiOs.
Since the boron concentration peaks at the interface, the thin interfacial layer is likely more
capable of relieving interfacial stresses than SiO, (and the bulk BSG), supporting the in-
terfacial stress relief mechanism for reduced Dy, proposed by Okamoto et al.?°. Definitive
evidence of stress relief however would require further studies at higher resolution, such as
by aberration-corrected TEM.

We have reported HRTEM and STEM-EELS characterizations of /H-SiC devices treated
with potential next-generation phosphorus and boron passivations. EELS data were pro-
cessed using a spectral unmixing strategy, enabling detailed analysis of significantly over-
lapping ELNES features. Contrary to devices processed using standard NO annealing, bulk
oxide effects were found to be dominant in the PSG samples. HRTEM measurements re-
vealed much larger roughness at the interface due to near pum -scale undulations induced by
the PSG passivation process. Phosphorus was observed to be distributed heterogeneously
throughout the oxide layer, and the chemical signature of the SiO, signal varied as a func-
tion of distance from the SiC/PSG interface. Conversely in the BSG sample, boron was
determined to accumulate in a few-nm layer at the interface, with a narrower distribution
than previously measured by SIMS. The ELNES features at the B-K edge revealed boron to
be trigonally coordinated, supporting the stress-relief mechanism of BSG mobility enhance-
ment proposed in prior literature. Further work analyzing the stress and strain at these
interfaces is needed to definitely confirm this argument.
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FIG. 4. Hyperspectral unmixing analysis of the SiC/BSG interface (a) The two NMF-identified
components, attributed to SiC and boron. Loading maps of each component are displayed at the
top of the figure, together with the simultaneously collected HAADF-STEM signal which shows
a ~2.1 nm wide dark layer at the interface. (b) Normalized line profiles summed parallel to the
interface for each component. The B-K signal peaks adjacent to the SiC/BSG interface (FWHM

= 2.8nm), with a boron concentration approximately twice that of the bulk BSG.
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