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Electron-irradiation-induced deep levels in n-type 6H–SiC
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The fluence-dependent properties and the annealing behavior of electron-irradiation-induced deep
levels inn-type 6H–SiC have been studied using deep-level transient spectroscopy~DLTS!. Sample
annealing reveals that the dominant DLTS signal atEC20.36 eV~labeled asE1 by others! consists
of two overlapping deep levels~labeled as ED3L and ED3H!. The breakup temperature of the defect
ED3L is about 700 °C. The ED3H center together with another deep level located atEC20.44 eV
~so-calledE2! can withstand high-temperature annealing up to 1600 °C. It is argued that the
involvement of the defect ED3L is the reason that various concentration ratios ofE1/E2 were
observed in the previous work. The revised value of the capture cross section of the deep-level ED3H

has been measured after removing ED3L by annealing. A deep level found atEC20.50 eV is
identified as a vacancy–impurity complex since it was found to have a lower saturated concentration
and weak thermal stability. Two other deep levels,EC20.27 eV andEC20.32 eV, which were not
observed by others because of the carrier freeze-out effect, are also reported. ©1999 American
Institute of Physics.@S0021-8979~99!07911-6#
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I. INTRODUCTION

Silicon carbide~SiC! holds great potential value as
semiconductor material for power devices since it can re
its properties under extreme conditions, one of which is
ionizing radiation environment. In addition, ion implantatio
has become a key technique in the manufacture process
it is the only viable method to realize selective area dop
on SiC. Unfortunately, however, there is always so
radiation-induced damage remaining in the operational a
of the device even after an annealing procedure. It is, th
fore, important to reveal the nature of irradiation-induc
defects or damage. High-energy electron irradiation
widely used to study the defects in semiconductors since
a controllable way to introduce intrinsic defects and comp
centers, and as such, can be used to illuminate some pro
ties of the defects. In past years, many results have b
obtained for electron irradiation defects in 6H–SiC usi
various methods.1–9 The present work seeks to compleme
them.

The influence of a defect on the electrical properties
the material is generally evaluated through the deep le
that it introduces. For this reason, the deep-level trans
spectroscopy~DLTS! technique has been employed to mo
tor the behavior of the electron irradiation-induced deep l
els in SiC.7–9 Some deep levels, including theZ1/Z2, E1/E2,
and E3/E4 centers monitored using DLTS in electro
irradiated n-type 6H–SiC, were first reported by Zhan
et al.7 Among these, theE1/E2 centers were dominan
These defects always appear in pairs in DLTS spectra
are thus considered to be due to the defects that resid

a!Electronic mail: sfung@hkucc.hku.hk
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inequivalent lattice sites.10 Recently, a new DLTS peak, situ
ated atEC20.51 eV and having a greater concentration th
those typical of theZ1/Z2 center, has been observed
electron-irradiated 6H–SiC.8,9

With regard to the defect microstructure, it has been s
gested that theZ1/Z2 centers are simply the divacancy (VC

2VSi) observed using electron-spin resonance~ESR! ~Ref.
11! and equates with theD1 center measured using photolu
minescence~PL!,2 the reason for this association is sole
that these signatures all withstand heat treatments up
1700 °C.10,12 On the other hand, the generation rate of t
Z1/Z2 centers varies considerably from sample to sample
observed in different studies, even though the electron-be
energies were similar~in the range 2–2.5 MeV!.9,10 The
structure of the dominant defectsE1/E2, which occupy in-
equivalent lattice sites, are still unclear and the ratio of th
DLTS peaks are also different from sample to sample.8–10

Thus, in spite of extensive studies, the physical identity
the irradiation-induced deep levels in SiC remains larg
unknown.

In the present work, the DLTS technique has been e
ployed to study the electron-irradiation-introduced dee
level defects inn-type 6H–SiC. Several deep levels are d
tinguished and some information is revealed from t
electron-beam fluence-dependent properties and the an
ing behavior of the deep levels.

II. EXPERIMENT AND RESULTS

The n-type 6H–SiC used in this experiment was o
tained from CREE Research, Inc. The~0001!-oriented wafer
had a basic nitrogen~N! dopant concentration of 1.0
31018cm23 with a chemical-vapor deposition~CVD! grown
4 © 1999 American Institute of Physics
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epilayer of 10mm thickness of 1.331016cm23 nitrogen dop-
ant concentration. Ni–SiC ohmic contacts on the rough~sub-
strate! sides of the samples were manufactured by annea
the Ni contact at 950 °C for 5 min in mixed gas of hig
purity-grade nitrogen~80%! and hydrogen~20%! before
electron irradiation. The samples were irradiated using a
MeV electron-beam produced in a linear accelerator. T
fluence of the implanted electrons was varied from 2
31014 to 9.0431015e/cm22. Unirradiated control sample
were also made to check if any native deep centers existe
the material. After irradiation, gold~Au! was deposited on
the frontside ~epilayer! of the samples in a vacuum o
;1026 Torr to form a Schottky barrier. During all the abov
preparation procedures, the temperatures of the samples
not higher than 80 °C. The quality of all the Schottky-diod
like samples was monitored by observing the curren
voltage (I –V) and the capacitance–voltage (C–V) charac-
teristics.

Some typical DLTS spectra ofn-type 6H–SiC with vari-
ous electron-beam fluences are presented in Fig. 1. W
there are no deep-level signals in the unirradiated con
sample, at least seven DLTS peaks are observed in the
diated samples in the temperature region from 100 to 400
They are labeled as ED1, ED2, ED3, ED4, ED5, ED6, and
ED7 ~here, ED means electron-beam-induced donor trap!, in
which ED3 and ED4 are dominant. The positions of the dee
levels in the band gap, as determined by the Arrhenius p
shown in Fig. 2, are ED1:EC20.27 eV; ED2:EC20.32 eV;
ED3:EC20.36 eV; ED4:EC20.44 eV; and ED5:EC20.50
eV, respectively. Since the amplitudes of peaks ED6 and ED7

are too small, it was not possible to obtain reliable positio
for these levels. Since no deep level was observed in
control sample and the observed deep levels ED1–ED5 in
irradiated samples are obviously dependent on the elec
dose, it may be concluded that all of these levels~except ED6

and ED7! are due to the electron irradiation.
It is noted that both the positions (EC20.36 eV, and

EC20.44 eV! and the capture cross sections~2.7310215 and
8.6310214cm2, as calculated from the Arrhenius plots
Fig. 2 of ED3 and ED4! are very close to those of the defec
E1/E2, as observed in previous DLTS studies.7–9 This leads

FIG. 1. Normalized DLTS spectra of electron-irradiatedn-type 6H–SiC
with various electron-beam fluences. The rate window used in the mea
ment is 6.82 ms.
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us to believe that the defects ED3/ED4 in the present work
are indeed the defectsE1/E2 as seen by others. Deep-lev
ED5 at EC20.50 eV with capture cross section 1
310214cm2 did not appear in the DLTS spectra of the ea
lier work.7 It has, however, been repeatedly observed in
cent experiments such as in Refs. 8 and 9. In the low
temperature region of the DLTS spectra, the two electr
irradiation-induced defects ED1 and ED2 have not been
reported in any previous works to the best of o
knowledge.7–9 The deep center ED1 was only observed in the
samples with low fluence electron irradiation as shown
Fig. 1.

In the higher-temperature region of the DLTS spect
we can see several small signals~referred to here as ED6 and
ED7!, which overlap each other. Compared to the previou
results,7,9 these levels could possibly be identified with d
fectsE3/E4 andZ1/Z2. However, the intensity of ED6 and
ED7 does not depend on the irradiation dose. In additi
their amplitudes relative to the ED3/ED4(E1/E2) levels in
the DLTS spectra are much smaller than those of repo
results,7 especially in the samples with higher electron do
as seen in Fig. 1.

Fluence-dependent properties are shown in Fig. 3. A

re-
FIG. 2. Arrhenius plots of electron emission rates as a function of 1000T,
for the electron-irradiation-induced deep levels inn-type 6H–SiC. The en-
ergy positions are ED1:EC20.27 eV; ED2:EC20.32 eV; ED3:EC

20.36 eV; ED4:EC20.44 eV; and ED5:EC20.50 eV, respectively.

FIG. 3. Concentrations of the electron-irradiation-induced deep level
n-type 6H–SiC as a function of electron-beam fluences.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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saturated concentration of ED5 is observed while the concen
trations of the other defects increase with the electron-be
fluence. Figure 4 gives the 5 min isochronal-annealing
havior for the deep-level centers in electron-irradiatedn-type
SiC measured in this work. Defects ED1 and ED5 anneal out
after 300 °C thermal treatment, while defects ED3 and ED4

can withstand a heating even as high as 1600 °C. Of part
lar interest is the two-stage annealing of ED3, the first stage
occuring at 700 °C. No new DLTS peak was observed at
annealing stage.

III. DISCUSSION

A. ED1 and ED2

Since the two new deep levels ED1(EC20.27 eV) and
ED2(EC20.32 eV) are electron-dose dependent, there is
doubt that they are associated with radiation-induced defe
In the heavily (9.0431015e/cm2) irradiated sample, we
could not observe these two defects. This is due to the ca
freeze-out effect caused by the strong compensation of
dopant and the high concentration of radiation-induced
fects at low temperature. The plots ‘‘a’’ and ‘‘b’’ in Fig. 5
show the temperature-dependent Schottky barrier cap
tance of the samples with 3.3831015 and 9.0431015e/cm2,
respectively. It is noted that the capacitance of the m
heavily irradiated sample approaches zero in the tempera
region below 150 K, while that of the lightly irradiate
sample remains higher until 100 K. This result indicates t
a strong compensation is indeed occurring in the m
heavily irradiated sample. It is confirmed in plot ‘‘c’’ in Fig
3, which shows the DLTS signals for this sample falling
the temperature region of carrier freeze-out. It is proba
that ED1 and ED2 have not been observed by other auth
for the same reason,7–9 although, since no mention was mad
of any compensating effect, it is difficult to be certain of th
If, on the other hand, the freeze-out effect did not occur
these experiments, some unexpected impurity might h
been involved. The extremely strong signal of ED2 in the
sample with 9.0431015e/cm2 irradiation, as shown in Fig. 1
may indicate the presence of some kind of impurity hav
inhomogeneous distribution. The low dissociation tempe

FIG. 4. Isochronal-annealing behavior of the deep levels measured from
sample irradiated to 4.5231015 e/cm2.
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ture of ED1 and ED2, as shown in Fig. 4, suggests that the
levels may be interstitial or impurity related since an inte
stitial atom has a lower migration energy.

B. ED3 and ED4

The defects ED3 and ED4, which have been called
E1/E2 by other authors,7–9 are commonly considered as th
same defects occupying the hexagonal and cubic lattice s
respectively. According to this model, the ratio of their co
centrations should be fixed rather than varying from sam
to sample. In our experiment, however, a large discrepa
exists. The DLTS spectra in Fig. 1 show that the ratio of E3

to ED4 varies from sample to sample. The concentration
ED3 increased linearly with the electron fluence, but the p
duction rate of ED4 decreases, as shown in Fig. 3. Simil
phenomena were also observed by other authors,7–9 where
the amplitude ofE2 was even larger than that ofE1. These
interesting results may indicate that either the deep lev
ED3 and ED4, are not the same defects with inequivale
lattice sites or that there may be another deep level, wit
similar energy and capture cross section that overlaps
DLTS peaks of ED3 and ED4.

Both defects ED3 and ED4 have an annealing tempera
ture of about 1600 °C, as shown in Fig. 4. As mention
however, the annealing process of ED3 is divided into two
stages. Part of the defects that produce the DLTS peak E3,
anneal out at 700 °C while the remainder, with a const
concentration, survive until up to 1600 °C, at which po
defect ED4 also dissociates. In the temperature region
700–1600 °C, the concentration ratio of ED3 to ED4 remains
constant. These aspects of defect ED3 strongly support the
suggestion that the DLTS peak of ED3 is an overlap of two
deep levels, which probably have very close energy lev
and capture cross sections. Here, these two levels are lab
as ED3L and ED3H , ED3L being that component stable be
low 700 °C and ED3H the component stable to high temper
ture. The DLTS spectra of 1150 °C annealed samples w
irradiation doses of 1.1331015 and 9.0431015e/cm2, re-
spectively, are presented in Fig. 6. The plots are normali
so that we can easily compare the two plots in detail. It
obvious that there is almost no difference between the

FIG. 5. The static capacitance~plots a and b! and the transient capacitanc
~DLTS, plot c! as a function of the substrate temperature to show the in
ence of the freeze-out effect on the transient capacitance~DLTS!.

he
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plots. The final ratios of ED3H to ED4 in both samples afte
1150 °C annealing are approximately equal to 0.6, wh
agrees well with the value~0.61! of Zhanget al. ~Fig. 7 of
Ref. 10!. The constant concentration ratio of ED3H to ED4

and the same annealing temperature indicate that de
ED3H and ED4 are indeed the same defects occupying
equivalent lattice sites. The other part of ED3, named as
ED3L , with lower thermal stability is probably due to a
impurity-related complex since its concentrations are diff
ent from sample to sample in Refs. 7–9 and this work. T
annealing behavior of the ED3H /ED4 ratio is very similar to
that of the defects monitored by positron annihilati
spectroscopy,4–6 in which the defects having a positron life
time of ;210 ps were annealed out at 1500–1700 °C. Th
defects were suggested to have a structure of (VSi1VC) di-
vacancy according to the linear muffin-tin orbital atom
sphere approximation~LMTO-ASA! calculation performed
by Braueret al.13

Recently, a further study on the capture cross section
electron irradiation-induced deep levels inn-type 6H–SiC
has been presented.9 The values of the measured captu
cross sections are approximately 8.95310216cm2 for E1
and 7.27310217cm2 for E2, respectively. The electron cap
ture ability ofE1 is one order greater than that ofE2. Since
E1/E2 have been identified as the same kind of defects
cupying inequivalent lattice sites, their physical paramet
would not be expected to have such a large difference. In
Hemmingsson et al. experiment,9 the concentration of
E1(9.531013cm23) is a little bit greater than that o
E2(8.831013cm23). This is also suggestive of the involve
ment of another kind of defect, i.e., ED3L . Therefore, the
transient signal ofE1 that was measured is larger than wh
it should be since it includes the contribution of ED3L ~see
Fig. 5 of Ref. 9!, especially in the short-filling pulse-width
case. This result also indicates that ED3L has the larger elec
tron capture cross section. To test this hypothesis, the D
spectra in Fig. 7 are monitored by applying various widths
the filling pulse on the 1150 °C annealed sample, in wh
the defect ED3L has been removed. It is obvious that t
amplitude of ED3H is always weaker than that of ED4 and
their ratio is approximately equal to 0.6, except in the case

FIG. 6. DLTS spectra of samples irradiated to 4.5231015 and 1.13
31015 e/cm2 after 1150 °C annealing. The rate window used in the meas
ment is 54.56 ms.
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a very short-filling pulse width, in which case some surv
ing ED3L may be still involved. The measured capture cro
sections of ED3H and ED4 are 4.97310217 and 5.72
310217cm2, respectively. These values are very close
each other and agree well with the result (7.
310217cm2) of the E2 center measured by Hemmingss
et al.9

As mentioned above, both the high-temperature stab
and positron lifetime results point to ED3H /ED4 being the
VC2VSi divacancy. However, this interpretation conflic
with the suggestion that the deep levelsZ1/Z2 result from
this divacancy, which also has high-temperature stability
the higher-temperature region of the DLTS spectra prese
in Fig. 1, several low-intensity deep-level peaks, which ov
lap one another, can be observed. One of them, ED7 appears
similar to the defectsZ1/Z2 in the previous reports,7,9 due to
its having a similar position~;400 K! in the spectra. The
reported Z1/Z2 levels peak in the temperature region
390–420 K in the DLTS spectra having a rate window
4.33 ms.10 If a sample is measured with a larger rate windo
its DLTS peaks will shift into a lower-temperature region.
would thus be expected to see the signals ofZ1/Z2 appear-
ing in the 1150 °C annealed spectra of Fig. 6, which w
measured with a rate window of 54.56 ms. No DLTS sign
however, is observed in our spectra in the region of 250–
K. This means that either theZ1/Z2 center does not exist in
our samples or that defectZ1/Z2 can be annealed out at
temperature lower than 1150 °C.

A high-temperature~.1200 °C! annealing experiment o
the electron-beam-induced defectsZ1/Z2 was performed a
few years ago by Zhanget al.7 In their experiment, an in-
complete DLTS spectrum~range 160–320 K!, obtained after
1450 °C annealing, was presented~Fig. 7 in Ref. 10!. A se-
ries of new large DLTS signals, not observed in th
1200 °C annealed sample but appearing in the region
240–320 K after 1450 °C annealing, indicates that some n
defects had been formed in their sample during the annea
process. There was, however, no indication ofZ1/Z2 being
present. Moreover, the existence of new deep centers
high concentration would likely lead to either the carri
freeze-out effect or alternatively result from impurity inte

-

FIG. 7. DLTS spectra that were measured under the conditions of var
filling pulse widths (tp). The sample used in the measurement was anne
at 1150 °C after being irradiated to 1.1331015 e/cm2.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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action. In both cases, the defect centerE1/E2 would not be
observed after 1450 °C annealing. In the former case,
defect center would still exist, supporting our present obs
vation of E1/E2 up to 1600 °C annealing. That defec
Z1/Z2 used to be considered as a complex of two adjac
vacancies (VC2VSi), which was observed using ESR,11 is
basically built on the observation of its high thermal stabil
rather than the direct measurement. However, the pre
experiment shows that defectsZ1/Z2 do not exist after
1150 °C annealing. Instead, defects ED3H /ED4(E1/E2) that
can withstand 1600 °C annealing are the ones observed
conclusion, it seems that ED3H /ED4, but notZ1/Z2, is the
defect center stable to 1600 °C, and thus, the ones assoc
with (VC2VSi).

C. ED5

Figure 3 reveals that defect ED5(EC20.50 eV) has a
saturated concentration with increasing electron fluen
Since the relative amplitude of level ED5 to ED3 in the
lightly irradiated sample is remarkably larger than that in
heavily irradiated one, as shown in Fig. 1, this phenome
cannot be due to the experimental errors. This also canno
caused by the carrier freeze-out effect since much large
fluences on the shallower levels ED3 and ED4 would exist if
this effect were occurring. The phenomenon of saturat
however, finds a natural explanation in terms of the inter
tion between an induced vacancy and some kind of orig
impurity. In this case, the differential production rate of E5
obeys the relation of

S ]NED5

]D D}~NI2NED5!, ~1!

which leads to the general form

NED5}NI~12e2aD!. ~2!

Here, a is a constant,NED5 is the concentration of defec
ED5, D is the electron fluence, andNI is the concentration o
the impurity that acts with the vacancy to form the defe
complex ED5. ED5 has similar low-temperature annealin
characteristics to ED1 and ED2, as shown in Fig. 4, thus th
impurity involved in the defect ED5 may involve the inter-
stitial site. Since an interstitial atom has a weak bonding
the nearest atom, the defects occupying inequivalent la
sites would not be expected to introduce any significant
ergy difference. As a result, the defect ED5 would appear as
a single peak rather than as paired ones in the DLTS spe
as is indeed observed for ED1 and ED2. At this stage, how-
ever, it is impossible, using DLTS only, to know what th
impurity is.

IV. CONCLUSIONS

In conclusion, we have studied the electron irradiatio
induced deep-level defect centers inn-type 6H–SiC using
deep-level transient spectroscopy. Two electron-irradiati
induced deep levels ED1 and ED2, which are located at 0.27
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and 0.32 eV below the conduction band, respectively, h
been found in the samples with low fluence irradiation. T
reason that these deep levels were not observed by o
researchers has been suggested as due to the carrier fr
out effect. From the available information, it is difficult t
deduce the structure of the defects ED1 and ED2. By analyz-
ing the electron-beam fluence-dependent properties and
nealing behaviors of the deep levels, some information
been revealed. The most important finding is that def
ED3L has been distinguished from the overlappingE1 signal.
The presence of this defect makes the concentration rati
E1/E2 variable and leads to the large variations found in t
ratio in the literature. The dominant defects ED3H /ED4 ~or
E1/E2! are confirmed to be the same defects occupying
equivalent lattice sites. These two deep levels have not o
very close energy positions but also have very close elec
capture cross sections, the same annealing behaviors, a
fixed ratio of concentrations. Since the deep levelsZ1/Z2
were not observed in this work, there is still a strong sus
cion against the model that defectsZ1/Z2 are divacancies
(VC2VSi). Indeed, theE1/E2 (ED3H /ED4) centers are far
more likely candidates for a structure based on (VC2VSi), as
they have more certain high-temperature annealing pro
ties. Defect ED5 has also been observed and has been s
gested to be a vacancy–impurity complex as a result of
observed lower saturated concentration and weak ther
stability. To illuminate the structures of the electro
irradiation-induced defects, further studies of their anneal
behavior, using DLTS combined with PL, ESR, and positr
annihilation techniques, will be necessary.
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