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Phosphorous and nitrogen are electrically active species at the SiO2/SiC interface in SiC

MOSFETs. We compare the concentration, chemical bonding, and etching behavior of P and

N at the SiO2/SiC(0001) interface using photoemission, ion scattering, and secondary ion

mass spectrometry. Both interfacial P and N are found to be resistant to buffered HF solution

etching at the SiO2/SiC(0001) interface while both are completely removed from the SiO2/Si

interface. The medium energy ion scattering results of etched phosphosilicate glass/SiC not

only provide an accurate coverage but also indicate that both the passivating nitrogen and

phosphorus are confined to within 0.5 nm of the interface. Angle resolved photoemission

shows that P and N are likely situated in different chemical environments at the interface.

We conclude that N is primarily bound to Si atoms at the interface while P is primarily

bound to O and possibly to Si or C. Different interface passivating element coverages and

bonding configurations on different SiC crystal faces are also discussed. The study provides

insights into the mechanisms by which P and N passivate the SiO2/SiC(0001) interface and

hence improve the performance of SiC MOSFETs. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4937400]

I. INTRODUCTION

Silicon carbide (SiC) is a wide bandgap semiconductor

used for power switching and high temperature applica-

tions.1 The most important component in an “all-SiC” power

circuit is the 4H-SiC power MOSFET.2–7 Electronic per-

formance of the device is intrinsically related to the quality

of the gate oxide-SiC interface. One widely used fabrication

process to reduce the interface trap density in SiC technology

is a nitric oxide (NO) anneal.8–10 An NO (g) anneal after oxi-

dation can significantly reduce the interface trap density,

increase the field effect channel mobility, improve oxide reli-

ability, and enhance device performance.7,9–13 Possible

mechanisms by which this anneal affects the SiO2/SiC inter-

face have been suggested8 and supported by experimental

evidence and theoretical calculations.14–16 Earlier measure-

ments have shown that N accumulates in a narrow layer

(<1.5 nm) at the oxide/semiconductor interface17 with a cov-

erage in the sub-monolayer range.2,18 Using ultra-high vac-

uum conditions, an epitaxial interface structure has also been

reported.19–22 These studies indicate that an interfacial layer

is formed consisting primarily of nitrogen bonded to three

silicon atoms, tying up some of the Si dangling bonds on the

Si face.

More recently, improved performance has been

achieved by introducing phosphorous to the SiO2/SiC inter-

face.3,5,23,24 Phosphorous passivation may be achieved using

a phosphosilicate glass (PSG) thin film as the gate dielectric.

PSGs are polar dielectrics and their use as a gate dielectric in

a device can result in instabilities.5,23,24 A stabilized P-

passivated SiC MOSFET device has been achieved by

Sharma et al.3 It was shown that phosphorus is more effec-

tive than nitrogen in reducing interface trap density and

increasing field effect channel mobility.3,5,23,24

In this report, we quantify the areal density and chemi-

cal environment of phosphorus at the SiO2/SiC interface

using X-ray photoelectron spectroscopy (XPS), medium

energy ion scattering (MEIS), and dynamic secondary ion

mass spectrometry (SIMS). The results show that the inter-

facial P content introduced using the PSG approach con-

tains about 1/3 as many interfacial P atoms as N atoms

employing the NO passivation. The interface trap density

near the conduction band edge (EC�E¼ 0.2 eV) is about

60% lower than the trap density in the NO passivated case,

and the peak mobility of phosphorus passivated 4H-SiC

MOSFET is about twice that of the NO passivated

device.3,5,23,24

We examine the etching behavior and chemical bonding

of phosphorus at the SiO2/SiC interface and demonstrate

a)Now at Applied Materials, Inc., Sunnyvale, California 94085, USA.
b)Now at Texas Instrument, Inc., Dallas, Texas 75243, USA.
c)Now at Dynex Semiconductor Ltd., Lincoln LN2, United Kingdom.
d)Author to whom correspondence should be addressed. Electronic mail:

l.c.feldman@rutgers.edu

0021-8979/2015/118(23)/235303/5/$30.00 VC 2015 AIP Publishing LLC118, 235303-1

JOURNAL OF APPLIED PHYSICS 118, 235303 (2015)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

24.187.65.156 On: Mon, 21 Dec 2015 13:17:38

http://dx.doi.org/10.1063/1.4937400
http://dx.doi.org/10.1063/1.4937400
http://dx.doi.org/10.1063/1.4937400
http://dx.doi.org/10.1063/1.4937400
mailto:l.c.feldman@rutgers.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4937400&domain=pdf&date_stamp=2015-12-17


that, similar to interfacial nitrogen,18,25 the interfacial phos-

phorus present prior to etching remains after an HF etch. We

also present the interfacial P coverage on different crystal

faces of 4H-SiC and discuss the chemical environment of

interface passivating elements. Accurate P and N contents

and depth profiles at the SiO2/SiC interface are determined

using MEIS. Angle resolved XPS analyses for P are com-

pared with the N depth profile at the interface, showing the

different bonding configurations of interfacial N and P and

supplying further information on their position. Finally, pos-

sible mechanisms by which phosphorus improves interface

quality and device performance are discussed.

II. SAMPLE PREPARATION

Si-face (4� off-axis) and a-face (on-axis) n-type 4H-SiC

samples were cleaned with a standard RCA process. After

cleaning, samples underwent dry thermal oxidization at

1150 �C for different times depending on the crystal faces

and desired oxide thickness. Samples were annealed in Ar at

1150 �C for 30 min, and then annealed at 1000 �C with a

phosphorous containing planar diffusion source (PDS) for

various lengths of time. The PDS provides P2O5 which dif-

fuses into the thermal oxide and forms PSG.

Nitrogen passivated samples were also prepared for

comparison purposes. SiC with 50–60 nm of a dry thermal

oxide was exposed to NO at 1175 �C for 2 h, with the flow

rate of NO kept at 500 sccm. XPS was performed using a

Thermo K-Alpha system with a monochromatic Al Ka
source. The Au 4f7/2 peak, as well as C 1s and Si 2p3/2 sub-

strate peaks were used for energy referencing. Additional

analysis employed SIMS2 and MEIS.26 MEIS was carried

out using 190 keV helium ions at the Rutgers MEIS facil-

ity.26 MEIS spectra were analyzed to provide total P and N

content and to provide a depth profile.

III. PHOSPHORUS ETCHING AT SiO2/SiC AND SiO2/Si
INTERFACES

Fig. 1(a) shows the SIMS profile of a PSG/SiC sample

indicating that the PSG chemical composition is approxi-

mately uniform throughout the PSG layer. For comparison,

the SIMS profile of a standard NO annealed SiO2/SiC sample

is shown in Fig. 1(b), where N is accumulated exclusively at

the interface.

Fig. 2(a) shows the P 2p XPS spectrum from 4H-SiC

with �60 nm PSG grown on the surface, before (black) and

after (red) an etch in buffered HF etchant. The PSG chemical

composition is approximately the same through the entire

oxide layer. The “before etching” samples were partially

etched with BOE solution leaving about 5 nm oxide for com-

parison with fully etched samples. Following etching, a sig-

nificant amount of P and O is retained at the interface, with a

similar atomic ratio as observed in bulk PSG. Fig. 2(b)

shows the P 2p XPS spectra before and after etching Si(100)

with PSG grown on the surface using the same process as for

SiC. The XPS spectrum shows no detectable phosphorous

left on the Si surface after HF etching. This etching behavior

of P is similar to N on both SiC and Si; both N and P at the

SiO2/SiC interface cannot be completely etched in HF while

they can be removed from the Si surface. A “background”

XPS spectrum in the Si 2p energy range, taken from a clean

Si sample, was subtracted from the experimental data to

account for the Si 2p plasmon loss.

FIG. 1. SIMS profile of (a) a PSG/SiC structure and (b) an NO (g) annealed

SiO2/SiC structure.

FIG. 2. XPS of P etching at (a) PSG/SiC and (b) PSG/Si interfaces.

235303-2 Xu et al. J. Appl. Phys. 118, 235303 (2015)
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IV. PHOSPHORUS BONDING AT THE INTERFACE

Phosphorous is pentavalent, usually bonding to 3, 4, or 5

other atoms in molecules. In bulk PSG, P bonds only with

oxygen atoms in the stable PSG network structure.27,28

Reports list the 2p (XPS) binding energy of P in PSG as

between 135–137 eV (depends on the energy reference

used).29 In highly phosphorous doped Si30 or in phosphorus

doped carbon films, the P 2p binding energy is �6 eV

smaller than that observed in PSG.31 The P 2p peak of the re-

sidual P is shifted only 0.6 eV from the measured PSG value

towards a lower binding energy after etching (Fig. 2(a)).

This implies that phosphorous atoms at the interface are still

primarily bound to oxygen atoms, not silicon. This binding

energy shift reflects a slightly different chemical environ-

ment for P at the PSG/SiC interface than in the bulk of the

PSG. The direction of the shift is consistent with either a sec-

ondary nearest neighbor effect, with one of the P atoms

being partially bonded to C or Si, or with a change in final

state screening as a function of P distance from the inter-

face.32–34 The different bonding nature in the two P cases

may give rise to the higher stability of P at the interface

against etching.

V. PHOSPHORUS INCORPORATION AND
QUANTIFICATION ON DIFFERENT CRYSTAL FACES

The P coverage on an etched PSG/SiC surface is deter-

mined to be 1.2 (60.2) � 1014 atoms/cm2 based on XPS

measurement using the photoelectron mean free path previ-

ously reported,18 and 1.3 (60.2) � 1014 atoms/cm2 based on

MEIS (Fig. 3).

The N 1s XPS peak binding energy and saturation cover-

age from all three crystal faces are shown in Table I. All the

samples were annealed in NO at 1175 �C for 2 h. The C-, a-,

and Si-faces of SiC all display a similar N 1s peak shape, and

the peak binding energies fall in the range of 397.5–397.9 eV,

suggesting that N atoms reside in similar local chemical envi-

ronments regardless of the exposed crystal face. The detailed

bonding of N at the Si-face SiO2/SiC interface and the nitrida-

tion kinetics were reported in two separate papers.2,18 The cur-

rent results show that N atoms are also primarily bound to Si

atoms on both the C- and a-faces of SiC. The N 1s peak bind-

ing energy is 397.5 eV on the Si-face, 397.9 eV on the C-face,

and 397.7 eV on the a-face. The small differences of the N 1s

binding energies between the different crystal faces may be

due to the different Si structure and symmetry on the different

crystal faces. Shirasawa et al. proposed a structure for the

nitrogen containing 6-H Si face grown under different condi-

tions. In the model each interfacial N atom is bound to three

Si atoms passivating all the interface dangling bonds.18,21

Specifically, each N atom bonds to one Si atom from the SiC

substrate and two Si atoms from the oxide.18,21 On the C-face,

N atoms have a much higher chance to bond with C atoms

from the SiC substrate, and thus slightly shift the N 1s peak

towards higher binding energy, which agrees with the N 1s

binding energy shift trend from a N-Si bond to a N-C bond.

As for the a-face, there are 50% Si atoms and 50% C atoms

on the surface, and the binding energy of N lies between that

of the Si-face and the C-face, as might be expected.

Similar to N at SiC surfaces,2,18 P also has different sat-

uration coverages on different crystal faces of SiC. The P 2p

XPS binding energy and saturation coverage from all three

crystal faces are shown in Table I and compared with the P

2p binding energy from bulk PSG. All three samples were

annealed with a P2O5 based PDS at 1000 �C for 4 h. The

peak binding energies of P on the Si-, C-, and a-faces fall in

the range 133.5–134.5 eV, which is 0.6–1.6 eV lower than P

from bulk PSG, suggesting that P atoms on all 3 crystal faces

are still primarily bound to oxygen atoms which are, them-

selves, bonded to substrate atoms. The different crystal faces

all display similar XPS peak shapes consistent with the

notion of similar P bonding on all the faces studied.

Notice that the N and the P XPS peak binding energy

shifts on the different crystal faces differ in the extent of

their respective shifts: for P, C-face< a-face< Si-face while

for N, C-face> a-face> Si-face. Although the reason for this

is not fully understood, it suggests that P and N have differ-

ent bonding environments. This occurs despite the fact that

the face dependent coverages roughly follow the same order

with lowest coverage on the Si face for both P and N.

VI. PHOSPHOROUS CONCENTRATION PROFILE
ACROSS THE SiO2/SiC INTERFACE

Interfacial phosphorous improves device electrical per-

formance by producing a lower interface trap density and a

higher mobility, but with a lower interface coverage, thanFIG. 3. MEIS spectrum of fully etched phosphorus annealed SiC.

TABLE I. P and N binding energy and saturation coverage on SiO2/SiC

interface (The areal density is calculated using the previously reported pho-

toelectron mean free path, error within 620%).

P N

Crystal

face

BE

(eV)

Coverage

(1014/cm2)

BE

(eV)

Coverage

(1014/cm2)

C-face 133.5 1.6 398.0 6.7

a-face 133.9 1.2 397.7 6.9

Si-face 134.3 1.1 397.4 4.0

Bulk PSG 134.8

235303-3 Xu et al. J. Appl. Phys. 118, 235303 (2015)
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that of N.35 Evidently, P is a more efficient passivating agent

for interface traps.3,5,23,24

Information about the P depth profile at the interface can

clarify the role that phosphorus plays at the interface of a

SiC device and its relationship to N. MEIS (with ion-chan-

neling) and angle-resolved XPS were used for interface P

and N profiling. The MEIS results of etched PSG/SiC (Fig.

3) and etched NO (g) annealed SiC18 not only provide an

accurate coverage but also indicate that both the passivating

nitrogen and phosphorus are confined to within 0.5 nm of the

interface.

Although MEIS modeling rules out the possibility that P

or N atoms are buried deeper than 0.5 nm within the SiC sub-

strate,18 it is still unclear that if all passivating elements (P or

N) sit within the last layer of the oxide or the first layer of

SiC. Angle resolved XPS measurements were performed in

order to obtain more information about the N and P location.

The depth analysis is realized by examining XPS spectra

at different exit angles (the angle between the sample normal

and the analyzer). Data were collected with angles from 0�

to 75�. As the angle is increased, the photoelectrons col-

lected become increasingly surface sensitive. For example,

for normal emission (0�) the 1/e depth for N photoelectron

emission is 2.2 nm,18 while at 75� the value reduces to

0.57 nm. (Although the 1/e length at 75� is 0.57 nm the actual

grazing angle dependence of the ratio of intensities of the

substrate and the N or P impurity can be fit to better establish

the depth position of these species). The angle resolved XPS

results from P-passivated and N-passivated SiC were then

compared. The intensity ratios of the N 1s peak and P 2p

peak relative to the Si 2p at different photo-emission angles

are calculated for different depth profile models and are com-

pared with experiment. We define the ratio of the P 2p (or N

1s) peak intensity and the Si 2p peak intensity at 0� emission

angle as 1, and compare their change with emission angle.

As shown in Fig. 4, if the passivating agent is buried

0.5 nm into the SiC substrate, the relative peak intensity ratio

decreases with increasing angle. The blue curve shows the

case for the passivating agent at the surface of the SiC

substrate and the relative peak intensity ratio stays constant

at different angles, with a slight increase at higher angles.

Also shown is the N angle resolved data acquired from an

etched NO annealed SiC sample. The fact that the N to Si

peak intensity ratio increases with increasing emission angle

suggests that the majority of the sub-monolayer amount of N

atoms, together with the un-etchable oxygen, sit on top of

the SiC substrate. This result agrees with the computational

results presented in a separate paper.18 This interface struc-

ture supports a model in which N passivates the interface

dangling bond defects. The P angle resolved data from an

etched PSG/SiC sample is also shown. Comparing the two

curves, it is clear that the P peak intensity is increasing faster

than the N peak with increasing emission angle. This indi-

cates that the P atoms are located at a larger distance from

the SiC substrate than N. Considering the fact that in the

PSG film, P is bound only with O, and that silicon phos-

phides are very unlikely in the presence of oxygen, it is quite

possible that the P-passivated interface consists of O-P-O-Si

bonding. If P atoms are not directly bonded to the Si, the

mechanism of P passivation may be an indirect one, reliev-

ing interface stress and passivating dangling bonds.31

VII. RELATIONSHIP OF THESE RESULTS TO THE
ELECTRICAL PASSIVATION BEHAVIOR

The total coverage measurements, when correlated to

electrical measurement, indicate that P is more efficient than

N as a passivating agent. Another, or additional, possible

mechanism to explain the observed mobility improvement

when using P or N is “counter doping,” proposed by Liu

et al.4 and Swanson et al.36 In this mechanism a small frac-

tion of the N and P, which are both n-type dopants in SiC,

occupy near interface substitutional sites in the SiC substrate,

forming a thin surface-doped layer with opposite polarity

compared with the p-type MOSFET substrate. This counter-

doping model implies the formation of a higher carrier con-

centration in the inversion mode of the device leading to a

higher inversion layer field-effect mobility.

Fiorenza et al. reported the doping concentration at the

passivated and un-passivated surface using scanning capaci-

tance microscopy,37 and calculated that the counter doping

portion is about 0.03% of the total interfacial N content and

1% of the total interfacial P content, equivalent to

1.2� 1011/cm2 N atoms or 1.1� 1012/cm2 P atoms37 based

on our total coverage measurements. The fact that the active

counter dopant ratio is 30 times higher for P than for N, and

10 times greater in absolute number, makes the counter-

doped P content consistent with the experimental result that

P-passivated devices have more free electrons and higher

electron density,38 result in a higher field effect mobility

with lower total P content.4 Note that the counter doping P

or N concentration would be only a small portion of the total

interfacial content, well below the detection limit of most

direct physical analysis methods.

VIII. SUMMARY

For the P-passivated SiO2/SiC interface created via the

PSG process, phosphorous is found to be bonded to oxygen

FIG. 4. The peak intensity ratio of P and Si (black) and the peak intensity ra-

tio of N and Si (red) at different photo electron emission angles, the two cal-

culated curves (blue and orange) with passivating element right at surface

and at 0.5 nm buried.

235303-4 Xu et al. J. Appl. Phys. 118, 235303 (2015)
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at the interface as well as in the bulk SiO2 (PSG) layer. Both

P and O remain after an HF etch of the dielectric on all SiC

surfaces, but are completely removed on Si surfaces. The

etching behavior of P is similar to that observed for interfa-

cial N on both SiC and Si surfaces. Angle resolved XPS and

MEIS suggest that the majority of P atoms sit above the SiC

substrate bound to O, and appear not to be directly bonded to

the SiC substrate. Both N and P reduce the interface defect

state density, while a small portion may enter the SiC sub-

strate and act as an n-type counter dopant.4
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