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The diffusion behaviours of vanadium implanted p- and n-type 4H-SiC are investigated by using the secondary ion

mass spectrometry (SIMS). Significant redistribution, especially out-diffusion of vanadium towards the sample surface

is not observed after 1650 °C annealing for both p- and n-type samples. Atomic force microscopy (AFM) is applied to

the characterization of surface morphology, indicating the formation of continuous long furrows running in one direction

across the wafer surface after 1650 °C annealing. The surface roughness results from the evaporation and re-deposition

of Si species on the surface during annealing. The chemical compositions of sample surface are investigated using x-ray

photoelectron spectroscopy (XPS). The results of C 1s and Si 2p core-level spectra are presented in detail to demonstrate

the evaporation of Si from the wafer and the deposition of SiO2 on the sample surface during annealing.
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1. Introduction

Silicon carbide is currently being explored as a
promising wide band gap semiconductor for high-
temperature, high-frequency, and high-power devices.
Ton implantation is an important technique of SiC
technology for doping; for example, aluminium, boron
and nitrogen have been studied intensively for p-type

121 Moreover, there are also nu-

and n-type doping!
merous researches on electrical isolation by using this
technique, and vanadium ions, known to be able to
generate deep levels to trap the carriers, have achieved
a great success in the formation of high-resistive region
in SiC.3=3 In our early works, the resistivities have
reached as high as 10'°Q cm and 109 cm respec-
tively for V-implanted p- and n-type 4H-SiC samples
at room temperature.[&ﬂ The compensation for iso-
lation by implantation is highly desirable over mesa
etching mainly due to planarity concerns. For manu-
facturing processes, such as lithography, planarity of
the devices is desirable for high-density integration.
Post-implantation annealing is necessary to elec-
trically activate dopants.  Higher resistivity can

be obtained by annealing at temperatures of above

1600 °C to electrically activate more vanadium ions
for compensation.[”:8 However, high-temperature an-
nealing results in the diffusion of dopants in SiC. For
example, the shape of beryllium implanted profile in
SiC is considerably changed after annealing.!?! Deple-
tion of V near the surface region due to out-diffusion
is not desirable because it results in low resistivity for
lack of the compensation. If this occurs, achieving

better inter-device isolation will not be possible.

An additional problem inherent to SiC is the
degradation of the surface morphology during high
temperature annealing. The surface roughness is
known as furrow like structures due to the ‘step bunch-
ing’ effect caused by the incongruent evaporation of
Si from the SiC wafer and the re-deposition of SiC
species on the surface during annealing.!'>'" The re-
deposited SiC species initially assumed to be Si, SioC,

(11]

SiCs, etc. by Capano et al."") But these species have

not yet been found experimentally.

In this work, the SIMS measurements are per-
formed on as-implanted and post-implantation an-
nealed samples to investigate the distribution of vana-
dium in SiC before and after high temperature an-
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nealing. The sample morphologies are characterized
by AFM. The physical characteristics of SiC samples
before and after annealing are investigated by XPS.

2. Experimental details

Experiments are performed separately on a 4.9
pm thick p-type (N, = 1.0 x 10*® ¢cm~3) and n-type
(Nq = 5.2 x 1015 em~2) 4H-SiC epitaxial layer grown
on Si face, (0001) oriented (8° off), n-doped substrate
from Cree Research, Inc. After proper cleaning, V ions
are implanted with a 1.4x 10 cm~2 dose at 2100 keV.
Ton range distributions are obtained by Monte Carlo
simulations using the TRIM code and then checked
by SIMS. Post-implantation annealing is performed
in argon atmosphere at 1650 °C for 30 min.

V depth profiles are analysed by SIMS using a
CAMECA-ims-4f instrument with a 10.5 keV OF pri-
mary ion beam. A primary beam current of 1 pA is
focused and rastered over an area of 250 pmx250 pm.
The secondary ion signal is extracted from a 60 pm
diameter circular area centred in the rastered region.
The depth scales are determined by measuring the to-
tal crater depth with a surface profiler and assuming a
constant sputtering rate during depth profiling. The
concentration scales are determined by assuming that
the stated nominal implantation fluence is correct.

The surface morphology of SiC samples before
and after annealing is characterized by AFM using
a SHIMADZU SPM-9500J3 instrument. The AFM is
performed on a 10 pmx10um square at a scan rate of
1-10Hz in air at atmospheric pressure inside a vibra-
tion isolation chamber.

The study of the composition and properties of
samples before and after annealing is performed using
XPS. The XPS spectra are obtained using a KRATOS
AXIS ULTRA spectrometer with a monochromatic Al
Ko radiation (1486.6 eV) operated at a power of 150
W (15 kV and 10 mA). The vacuum in the spectrom-
eter is 1.3 x 1077 Pa during measurements. Bind-
ing energies are calibrated relative to the C ls peak
(284.8 €V) from C—C bonds of the samples.

3. Results and discussion
3.1. SIMS results

The SIMS depth profiles of V in the V-implanted
samples before and after annealing are shown in Fig.1.
For the as-implanted profiles in p- and n-type 4H-SiC,

the concentration tail near the surface and the mean
concentration are well reproduced by the Monte Carlo
simulation (see Figs.1(a) and 1(b)). However, the tail
in the bulk of the epilayer extends to regions deeper
than those of the simulated profiles for V-implanted p-
and n-type samples, respectively. Channelling effects,
which are not considered in TRIM, are assumed to be
responsible for the observed discrepancy. (‘]
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Fig.1. SIMS depth profiles for V-implanted p-type (a),
and n-type 4H-SiC (b). The inset clearly shows the dis-
tribution of vanadium ions near the sample surface.

The concentration tail near the surface and the
mean concentration in 1650°C annealed samples
are equal to those in as-implanted samples for V-
implanted p-type SiC (see Fig.1(a)), which indicates
that V shows little out-diffusion behaviour during an-
nealing. Whereas, a little in-diffusion tail extending
to a deeper region is observed after 1650 °C anneal-
ing. The V atoms do not show to have a significant
in-diffusion rate but show to have a relatively low out-
diffusion rate in n-type sample after annealing (see
Fig.1(b)). A slight shift of the peak of implanted V
concentration towards the surface can be seen.
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An out-diffusion of vanadium towards the surface
can be better visualized in the inset. The surface pile-
up is not observed in Fig.1(a). A slight pile-up of
vanadium in the surface layer appears in Fig.1(b), but
it is not pronounced. A strong surface pile-up is due
to the significant out-diffusion of dopants. SIMS mea-
surements reveal that V shows an insignificant out-
diffusion behaviour in annealed p- and n-type sam-
ples. This means that the depletion of V atoms near
the surface region does not occur for p- and n-type
4H-SiC samples, separately.

The transition metals diffuse by the interstitial-
substitutional diffusion mechanism in Si.'? Their be-
haviours in SiC are not known. Compared with I1I-V
compounds, the transition metals are relatively stable
in SiC. Significant redistribution is not observed after
1650 °C annealing for p- and n-type samples, and the
out-diffusion of vanadium towards the surface is not
observed. In particular, V in p-type SiC samples is
stable compared with in n-type samples during high
temperature annealing.

3.2. Surface morphology of SiC samples

A series of AFM results in Fig.2 reveals the sur-
face morphology of vanadium-implanted 4H-SiC be-
fore and after annealing. From Figs.2(a) and 2(b), the
surface roughness is not seen after ion implantation.
The continuous long furrows (undulation) running in
one direction across the wafer surface are observed
after annealing in Figs.2(c) and 2(d). This observa-
tion is independent of whether the sample is p-type
or n-type 4H-SiC. The degree of roughness in the an-
nealed n-type sample is more than that in the an-
nealed p-type sample. For the annealed n-type sam-
ple, the pitch between peaks of the furrows decreases,
and depth of the grooves increases. This may be due
to the difference in initial conduction type and dopants
concentration between p- and n-type 4H-SiC samples.
But there has been no report about these phenomena
so far. Detailed experiments and analysis are required

to be performed in the future.

5.00 pm 10.00 x 10.00 pm

5.00 pm 10.00 x 10.00 pm

5.00 pm 10.00 x 10.00 pm

5.00 pm 10.00 x 10.00 pm

Fig.2. AFM results obtained for 4H-SiC samples: (a) as received, (b) vanadium implanted, (c) vanadium implanted

p-type and annealed, and (d) vanadium implanted n-type and annealed.
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The out-diffusion of implanted ions is more
prominent with the degree of surface roughness
increasing.['3l That is why the out-diffusion of vana-
dium ions in n-type samples is a little more than that
in p-type samples during annealing as discussed above.
Values for the root-mean-square (RMS) roughness and
furrow spacing are listed in Table 1.

A model has been proposed to explain the ob-
served surface roughness.'] An initial assumption of

this model is that the post-implanted, un-annealed
sample surface is characterized by a uniform array of
1.0 nm steps for 4H-SiC, which is produced during
epitaxy. This assumption is justified based on the sta-
tistical analysis of step heights performed by Kimoto
et al" and the RMS roughness data from Table 1.
A schematic illustration of a 4H-SiC surface prior to
annealing is presented in Fig.3(a).

Table 1. RMS roughness and furrow spacing for 4H-SiC.

As received

As implanted

Annealed p-type Annealed n-type

Roughness/nm 0.7 0.8

*

Spacing/nm n/a n/a

5.6 7.9
860 567

*Not available: roughness not developed sufficiently to provide meaningful results.

Annealing at high temperatures, while provid-
ing the driving force required to activate implanted
dopants for diffusion-based processes, also permits
the surface to approach its equilibrium form. The
proposed equilibrium morphology is presented in
Fig.3(b), which comprises large basal-plane terraces.
The total surface area represented by Fig.3(b) is
There
is no surface area (energy) penalty associated with

equivalent to that represented by Fig.3(a).

the transformation from a structure represented by
Fig.3(a) into that represented by Fig.3(b). It must be
realized that the step edges are locations where the
dangling bond density is high, which is energetically
unfavourable. Consequently, a net reduction in free
energy is realized as the surface evolves from Fig.3(a)
to Fig.3(b).

(a)

—

(b)

Fig.3. Cross-sectional illustration of SiC surface mor-
phology. Each step in (a) represents the stacking of four
Si-C bilayers, which are formed during epitaxy of 4H-SiC.
Steps in (b) represent the stacking of many bilayers, and
the surface transforms into this equilibrium form during

high temperature annealing in argon.

A mechanistic description of this morpholog-
ical transformation is not yet available, but the

data and the experimental procedures suggest feasi-
ble pathways.['%] The process must be initiated by
the dissociation of SiC, leading to the desorption of
Si-containing molecules from SiC (sublimation), and
the accumulation of mobile species on the surface.
Step bunching,[*%! which traditionally means that the
bunching occurs during epitaxy and all steps flow in
the down-step direction (to the right in Fig.3(a)), can-
not give rise to the observed roughness because there
is a net accumulation of SiC for such an occurrence
but no external Si or C source needed for growth. It
is likely that a dynamic step flow process during sub-
limation contributes to the step bunching and the for-
mation of macrosteps as seen in Figs.2(c) and 2(d).
That is, sublimation takes place by the sequential re-
moval of monolayers resulting from desorption at step
edges; this coordinated flow of steps in a direction op-
posite to that for epitaxy can lead to the step bunch-
ing, because bilayers in the unit cell each have a sur-
face energy different from the others and it is this
surface energy anisotropy that leads to bunching.!

However, this mechanism is just one of several
thermally activated events occurring on the SiC sur-
face as it dissociates. The desorption at step edges
and the re-deposition of mobile Si-containing species
on the SiC surface take place during high temperature
treatment. All of these are considered to be involved
in the surface transformation process. The latter is
thought to originate from the step edges and from the
molecular species that are desorbed and recondense
onto the surface. The surface is reconfigured itself
into an equilibrium form during annealing, which in-
cludes macrosteps, through sublimation and the accu-
mulation of mobile species on the SiC surface. In the
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regions where the accumulation on the surface takes
place, the step flow in the down-step direction (sim-
ilar to that for epitaxy) occurs. When the surface is
viewed as a whole, a dynamic situation is established
where positive (growth) and negative (desorption), lo-
calized desorption from terraces, and re-deposition of
mobile species are all combined to convert the surface
into a new configuration that resembles the equilib-
rium state illustrated in Fig.3(b).

The cross-sectional representation in Fig.3(b) ap-
pears as furrows extend in one direction, which can
be seen by viewing from the above the surface. The
similarity between this illustration and the images of
Figs.2(c) and 2(d) supports the model. It is obvious
that the annealing conditions are required to attain

high activation against maintaining planar surfaces,
unless SiC sublimation is suppressed. Recent exper-
iments demonstrate that the AIN encapsulation,!”
the carbon capl'®l and a silane overpressure!'® can
all effectively reduce the surface degradation during
annealing.

3.3. XPS analysis

To explain the phenomena observed in the AFM
experiments, the detailed investigation of the chemi-
cal compositions due to annealing is important. Hence
XPS spectra are measured for the implanted samples
before and after annealing. The concentrations of C
and Si atoms before and after annealing are listed in
Table 2.

Table 2. C and Si atomic concentrations in V-implanted 4H-SiC samples before and after annealing.

Atomic concentration

V-implanted p-type SiC

V-implanted n-type SiC

un-annealed annealed un-annealed annealed
C/% 51.17 46.27 52.75 42.54
Si/% 48.83 53.73 47.25 57.46
Ratio of C to Si 1.05 0.86 1.12 0.74
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Fig.4. XPS spectra of C 1s, p-type SiC (a) and (b), and n-type SiC (c) and (d) before and after annealing,

respectively.
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The concentration of C atoms equals that of Si
atoms before annealing for both V-implanted p- and
n-type SiC samples. The atomic concentration ratio of
C to Si decreases dramatically after high temperature
annealing for p- and n-type SiC. Si atoms evaporate
from the sample and partly redeposit on the surface
during annealing, while XPS measurements can only
investigate the region near the sample surface. As a
result, XPS measurements reveal the increasing of Si
concentration. In particular, a higher concentration
ratio of Si to C is obtained in an n-type SiC after
annealing, indicating the degree of roughness in the
n-type sample is more than that in a p-type sample,
which can be observed in Figs.2(c) and 2(d).

Capano et al have assumed that Si species like Si,
SioC, SiCs, etc redeposit on the wafer surface during
annealing,'" but they did not perform any measure-
ments. To investigate the re-deposition species, the
surface level spectra of C 1s and Si 2p are measured
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for V-implanted 4H-SiC samples before and after an-
nealing. The C 1s core-level spectra of V-implanted p-
and n-type SiC samples are shown in Figs. 4(a), 4(b)
and 4(c), 4(d), respectively. The C 1s surface level
spectrum of un-annealed samples indicates the exis-
tence of three different peaks for p- and n-type SiC
The C-1
peak at a binding energy of 282.7 eV corresponds to
C-Si bonds from the SiC samples.??) Two peaks C-

2 (284.8 €V) and C-3 (286.0 eV) are related to C-C
(21]

separately as shown in Figs.4(a) and 4(c).

bonds and C-O bonds, respectively.'*") High tempera-
ture annealing results in the decrease of C-1 peaks for
p- and n-type samples as shown in Figs.4(b) and 4(d),
respectively, which might be due to the evaporation of
Si from Si—C bonds during annealing. In particular, C
species like SioC and SiCy are not observed after an-
nealing for p- and n-type samples, respectively. The

results differ from the assumed ones in Ref.[11].
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Fig.5. XPS spectra of Si 2p (a), p-type SiC (b) and n-type SiC (c) and (d) before and after annealing, respectively.

Figure 5 shows the XPS spectrum of Si 2p for p-
and n-type SiC samples. Figures 5(a) and 5(c) show
the Si 2p core-level spectra of p- and n-type SiC sam-
ples before annealing respectively. The Si 2p spectra

of p- and n-type SiC samples before annealing can be
fitted to two Gaussian peaks which are labelled as Si-1
(100.5 V) and Si-2 (101.7 eV). Si-1 and Si-2 are corre-

sponding to the binding energies of the Si-C bonds?!



No. 8

Dopant diffusion and surface morphology of vanadium implanted 4H-silicon carbide 2461

and the Si-O bonds,[??! respectively. The sample an-
nealing at 1650°C dramatically modifies the Si 2p
spectrum (see Figs.5(b) and 5(d)) for p- and n-type
SiC, respectively, as a new peak appears at 103.2 eV
named Si-3. The existence of Si-3 peak indicates the
formation of SiOs on the surface after annealing for
p- and n-type samples, separately.(?3] In addition, the
decrease of Si-1 peaks in both annealed p- and n-type
samples reveals the evaporation of Si from the SiC

during annealing.

4. Conclusions

The diffusion behaviours of V-implanted p- and
n-type 4H-SiC are investigated by SIMS. Significant
redistributions of V are not found after 1650 °C an-
nealing for p- and n-type samples, respectively. A lit-
tle higher degree of out-diffusion towards the surface
is observed in n-type samples. However, the surface
pile-up is not pronounced, which indicates the insignif-
icant out-diffusion behaviour of vanadium in both p-

and n-type 4H-SiC samples. V in p-type SiC sam-

ples is relatively stable compared with in n-type sam-
ples during high temperature annealing. The surface
roughness like furrow structures is observed for both
p- and n-type samples due to the incongruent evap-
oration and re-deposition of Si species on the sample
surface during annealing. High temperature anneal-
ing causes more pronounced degradation of surface in
n-type SiC than in p-type SiC. The XPS spectrum
analyses of both C 1s and Si 2p demonstrate the evap-
oration of Si from the samples during annealing for p-
and n-type 4H-SiC, respectively. In addition, the ex-
istence of Si—-O; peak indicates the deposition of SiO4
on the sample surface after high temperature anneal-

ing.

Acknowledgments

The authors express their gratitude to Ma
Nongnong of Tianjin Electronic Materials Research
Institute for performing SIMS measurements and to Li
Ying of Xi’an University of Technology for performing
XPS measurements.

References

[1] Wang S G, Yang L A, Zhang Y M, Zhang Y M, Zhang Z
Y and Yan J F 2003 Chin. Phys. 12 322
[2] Janson M S, Slotte J, Kuznetsov A Y, Saarinen K and
Hallen A 2004 J. Appl. Phys. 95 57
[3] Mitchel W C, Mitchell W D, Zvanut M E and Landis G
2004 Solid State Electron. 48 1693
[4] Bickermann M, Weingartner R and Winnacker A 2003 J.
Cryst. Growth 254 390
[6] Zvanut M E, Lee W, Mitchel W C, Mitchell W D and
Landis G 2006 Physica B 376-377 346
[6] Wang C, Zhang Y M and Zhang Y M 2006 Chin. J. Semi-
cond. 27 1396 (in Chinese)
[7] Wang C, Zhang Y M and Zhang Y M Chin. Phys. (to be
published)
[8] Edwards A, Dwight D N, Rao M V, Ridgway M C, Kelner
G and Papanicolaou N 1997 J. Appl. Phys. 82 4223
[9] Henkel T, Tanaka Y, Kobayashi N, Tanoue H and Hishita
S 2001 Appl. Phys. Lett. 78 231
[10] Brauer G, Anwand W, Skorupa W, Brandstetter S and
Teichert C 2006 J. Appl. Phys. 99 023523
[11] Capano M A, Ryu S, Melloch M R, Cooper J A, Jr and
Buss M R 1998 J. Electron. Mater. 27 370
[12] Ghandi S K 1994 VLSI Fabrication Principles (New York:
Wiley) Chap.4

[13] Handy E M, Rao M V, Jones K A, Derenge M A, Chi
P H, Vispute R D, Venkatesan T, Papanicolaou N A and
Mittereder J 1999 J. Appl. Phys. 86 746

[14] Kimoto T, Itoh A and Matsunami H 1997 Phys. Stat. Sol.
(b) 202 247

[15] Zhang J, Ellison A and Janzen E 2000 Mater. Sci. Forum.
338 137

[16] Kimoto T, Itoh A and Matsunami H 1997 J. Appl. Phys.
81 3494

[17] Derenge M A, Jones K A, Kirchner K W, Ervin M H,
Zheleva T S, Hullavarad S and Vispute R D 2004 Solid
State Electron. 48 1867

[18] Guy O J, Doneddu D, Chen L, Jennings M R, Ackland
M P, Baylis R, Holton M D, Dunstan P, Wilks S P and
Mawby P 2006 Diamond Relat. Mater. 15 1472

[19] Rao S, Bergamini F, Nipoti R and Saddow S E 2006 Appl.
Surf. Sci. 252 3837

[20] Li H F, Dimitrijev S, Sweatman D, Harrison H B, Tanner
P and Feil B 1999 J. Appl. Phys. 86 4316

[21] Pan J S, Wee T S, Huan H A, Tan H S and Tan K L 1996
J. Appl. Phys. 79 2934

[22] Todi R M, Sundaram K B, Warren A P and Scammon K
2006 Solid State Electron. 50 1189

[23] Larciprete R, Lizzit S, Cepek C, Botti S and Goldoni A
2003 Surf. Sci. 532-535 886



