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Deep levels in n-type 4H-SiC epilayers have been investigated by deep level transient spectroscopy
(DLTS). The Z,,, and EHg; centers are dominant in as-grown samples. After electron irradiation at
116 keV, by which only carbon atoms may be displaced, the Z,, and EHg/; concentrations are
significantly increased. The Z,, and EHg; centers are stable up to 1500—1600 °C and their
concentrations are decreased by annealing at 1600—1700 °C. In the irradiated samples, the trap
concentrations of the Z;,, and EHg,; centers are increased with the 0.7 power of the electron fluence.
The concentrations of the Z;,, and EHg,; centers are very close to each other in all kinds of samples,
as-grown, as-irradiated, and annealed ones, even though the condition of growth, irradiation (energy
and fluence), and annealing has been changed. This result suggests that both Z,,, and EHg/; centers
microscopically contain the same defect such as a carbon vacancy. © 2006 American Institute of

Physics. [DOI: 10.1063/1.2401658]

I. INTRODUCTION

Silicon carbide (SiC) is an attractive material for realiz-
ing high-power, high-temperature, and high-frequency de-
vices, owing to its superior properties such as wide band gap,
high breakdown field, high thermal conductivity, and high
saturation electron drift Velocity.1 4H-SiC has been regarded
as the most promising polytype for vertical-type high-voltage
devices, due to higher bulk mobility and smaller anisotropy.
High-voltage (300—1200 V) 4H-SiC Schottky barrier diodes
are now on the market. In addition, several field-effect tran-
sistors (FETs) such as metal-oxide-semiconductor FETs will
be released in a next few years, although some problems
should be overcome. To realize SiC power devices with
much higher blocking voltage (more than several kilovolts),
however, bipolar devices such as pin diodes, thyristors, and
insulated gate bipolar transistors are more attractive in terms
of lower on-resistance owing to the effect of conductivity
modulation.>?

Deep levels act as recombination and generation centers
in such devices. The concentration of deep levels should be
decreased because long lifetime is essential to obtain suffi-
cient conductivity modulation. Too long a lifetime, on the
other hand, will lead to considerably large switching loss in
the devices mentioned above. Therefore, the concentrations
of deep levels must be controlled to achieve an optimum
lifetime value and its profile. Electron irradiation is one of
the promising methods to control the concentrations of deep
levels in silicon.*” Defects in electron-irradiated 4H-SiC
have been studied by several groups6_8 using deep level tran-
sient spectroscopy (DLTS). Hemmingsson et al. made 2.5
MeV electron irradiation with a fluence ranging from 5
% 101 to 10" cm~? onto 4H-SiC epilayers.6 By DLTS on the
irradiated epilayers, they detected seven electron traps
(EH,, EH,, EH;, EH,, EHs, EH/7) and one hole trap (HH,).
Storasta et al. performed low-energy electron irradiation at
80-300 keV onto 4H-SiC epilayers and investigated deep
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levels induced by the low-energy electron irradiation.® By
the electron irradiation at 160 keV, which may introduce only
the carbon displacement,10 they found the linear increase of
the Z,,, (see Ref. 11) and EHg; centers with increasing irra-
diation time. They suggested the Z;,, and EHg/; centers may
be related to carbon displacement.

In these studies, the dependence of the trap concentra-
tions on electron energy and electron fluence, and their ther-
mal stability in irradiated samples, which are required for
control of deep levels, have not always been presented.

In this work, the authors have investigated impacts of
electron irradiation on deep levels in n-type 4H-SiC epilay-
ers by DLTS. The authors also discuss the origins of deep
levels induced by low-energy (80-400 keV) electron irradia-
tion.

Il. EXPERIMENTAL PROCEDURE

Samples used in this study were n-type 4H-SiC(0001)
epilayers grown by horizontal hot-wall chemical vapor depo-
sition (CVD) in the authors’ group.12 The net donor concen-
tration of the samples determined by capacitance-voltage
(C-V) measurements was in the range from 8.0X 10'* to
1.6 10'® cm™, and the thickness was 10—15 um. Nickel
was thermally evaporated onto the sample surface as
Schottky contacts with a thickness of approximately 70 nm.
The typical diameter of the Schottky contacts was 1500 um.
Ohmic contacts were formed with silver paste on the back-
side of highly doped n-type substrates.

Deep levels in as-grown and irradiated 4H-SiC were in-
vestigated by DLTS in the temperature range from 100 to
700 K. If not specified, the reverse bias was kept at =5 V,
and the pulse voltage applied during the DLTS measure-
ments was 0 V (pulse height: 5 V). A period width of 0.2 s
was employed for all the DLTS measurements performed in
this study. A Fourier transform analysis]3 of the measured
transients was employed. Temperature-independent capture
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FIG. 1. DLTS spectrum of as-grown n-type 4H-SiC epilayer (closed
circles). Fit for the spectrum is also shown (broken line: fit for each trap,
solid line: sum of the each fit).

cross section was assumed when analyzing the DLTS data. In
this article, the trap concentrations are corrected by consid-
ering the lambda effect."* Near the Ni/SiC Schottky inter-
face, there is the region, where a deep level is energetically
located above the Fermi level when the filling pulse voltage
is applied, even though the deep level is located below the
Fermi level in the most part of the depletion layer. In this
near-surface region, electrons are not captured by the traps
during the filling pulse. Near the opposite edge of a depletion
layer, a deep level is located below the Fermi level even
when the reverse bias is applied. In this region, electrons are
always trapped by deep levels and are not emitted. Due to
these effects, the trap concentration without the correction is
underestimated.

After identification of deep levels in as-grown epilayers
by DLTS, the authors performed the low-energy electron ir-
radiation at an energy of 80—400 keV and with a fluence of
3X10"-3 X% 10'8cm™2. By irradiation at lower than 200 keV,
displacement of carbon atoms mainly takes place10 and at the
energy higher than 200 keV, displacement of both carbon and
silicon atoms is introduced. All the irradiation was performed
in atmospheric nitrogen ambient without intentional heating.

lll. RESULTS
A. DLTS of as-grown n-type 4H-SiC

Figure 1 shows the DLTS spectrum of an as-grown
n-type 4H-SiC epilayer (nitrogen-doped, net donor concen-
tration (N,): 4.1 X 10'3 cm™) in the temperature range from
100 to 700 K. The DLTS spectrum was dominated by two
peaks. These DLTS peaks can be assigned to the Z,,(E.
—-0.56 eV) (see Ref. 11) and EHg/7 (E-—1.45eV) (see Ref. 6)
centers from the Arrhenius plot of emission time constant
assuming temperature-independent capture cross section (not
shown). Their concentrations were 5.8 X 10'2 cm™ for the
Z,, center and 3.8 X 10'> cm™ for the EHg; center in this
particular sample. The Z,,, and EHg/; peaks are rather asym-
metric, and show a “tail” in their lower temperature range.
Since this may be explained by overlapping of several peaks,
fitting the spectrum was tried to investigate these peaks. In
Fourier transform DLTS, the spectrum for one deep trap is
given by13
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NTCSt TW 27T/TW
b= expl-— |-l (1)
TwN, T 1/7 + (27l Ty)

where b is the DLTS signal, N the trap concentration, Cy
the capacitance under the reverse bias condition, Ty, the pe-
riod width, and 7 the emission time constant. The emission
time constant is given by

1 E-—FE
T= exp( 2 T), (2)
Nco_Uth kT

where N is the effective density of states in the conduction
band, o the capture cross section, vy, thermal velocity, E. the
energy level of the conduction band edge, E; the energy
level of the trap, and k the Boltzmann constant. The authors
used o and E-— E7 as the parameters for the fit. The fit of Eq.
(1) to the experimental data results in four DLTS peaks (bro-
ken line), and the sum of the individual curves is presented
as the solid curve, while the spectrum experimentally ob-
tained is plotted by closed circles. The energy levels and
capture cross sections, which give the best fit, for four deep
levels are shown in Fig. 1.

The peak of the EHg; center is composed of the two
traps. From the fitting, their activation energies were esti-
mated to be 1.35 eV (EHg) and 1.48 eV (EH;). The concen-
tration of the EH, center (Ny: 3.7X 10> cm™) was much
higher than that of the EH, center (N7: 7.3 X 10'! cm™3). The
peak at 290 K is also composed of two peaks. The peak is the
overlapping of an unknown trap (detected at lower tempera-
ture) and the Z;,, center (detected at higher temperature).
Note that the Z; and Z, centers cannot be observed sepa-
rately under the present measurement condition without light
illumination."® The concentration of the Z,,, center was 5.8
% 10'2 cm™3, which is one order of magnitude higher than
that of the unknown trap (5.7 X 10'' cm™3). The actual con-
centration of the Z,,, center is half of the value described in
this article due to the negative-U nature.'>¢

B. DLTS of electron-irradiated n-type 4H-SiC

In the first series of irradiation experiments, the electron
irradiation was performed onto n-type samples at energy of
116 keV in the fluence range from 3X 10 to 3
X 10" cm™2. Figure 2(a) shows the DLTS spectra of the as-
grown sample (same as that in Fig. 1), the sample irradiated
with a fluence of 3X10'7 cm™, and the irradiated sample
annealed at 950 °C for 30 min in atmospheric Ar ambient.
As shown in Fig. 2(a), the trap concentrations were signifi-
cantly increased to 7.6 X 10'3 cm™ for the Z,,, center (ne-
glecting the unknown trap at E-—0.35eV) and to 7.4
X 10" cm™ for the EHg,; center by the irradiation. This re-
sult indicates that both the Z,,, and EHg/; centers are related
to carbon displacement since carbon displacement is mainly
introduced by the electron irradiation at 116 keV.*' The net
donor concentration determined by C-V measurements was
kept constant regardless of the electron irradiation.

In the as-irradiated sample, several peaks were newly
observed at 125 K (indicated by ET1), at 350 K (ET2, shoul-
der of the Z,,, center) and 470 K (ET3). They may be also
related to carbon displacement. The concentration and en-
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FIG. 2. (a) DLTS spectra of as-grown, as-irradiated, and annealed 4H-SiC
epilayers. Samples were irradiated at an energy of 116 keV with a fluence of
3 10" cm™2. Thermal annealing following the irradiation was performed at
950 °C for 30 min. (b) Fit for the spectrum taken from the annealed epilayer
is also shown (broken line: fit for each trap, solid line: sum of the each fit).

ergy level of the trap detected at 125K (ET1) are 1.5
X 10'2 cm™ and E-—0.16 eV, respectively. The energy level
of this trap is very close to that of P,/P,, ID; or ID,
centers,'’ which were detected after He* (P,/P,) or Ti* (or
V7) implantation (ID; or ID,) and subsequent annealing at
more than 1000 °C. On the other hand, the trap ET1 was
thermally unstable, and the concentration was decreased be-
low the detection limit (approximately 1X 10'! cm™) after
the DLTS measurement up to 700 K. Therefore, this un-
known trap (ET1) may be different from P,/P,, ID, and ID,
centers. The unknown trap (ET2) may be same as the EH;
center,” according to the DLTS peak temperature. The con-
centration and activation energy of the trap detected at 470 K
(ET3) were 3.9X 10> cm™ and about 1 eV, respectively.
This trap could be observed after DLTS measurement up to
700 K, but was decreased in concentration below the detec-
tion limit after the annealing at 950 °C. According to the
energy level and thermal stability, the trap ET3 may be the
same trap as the RD; center,'' which was detected after He*
implantation and subsequent annealing at 430 °C.

In the annealed sample, the ET1, ET2, and ET3 peaks
disappeared, while the Z,, and EHg/; centers were two
dominant traps in the temperature range from 100 to 700 K.
Both the centers showed no meaningful change in their con-
centrations after annealing at 950 °C.

In Fig. 2(b), the authors made fitting the DLTS spectrum
for the sample irradiated with a fluence of 3 X 10'” cm=2 and
annealed at 950 °C. The DLTS spectrum can be again fitted
by considering four traps, as in Fig. 1. As shown in the Fig.
2(b), the trap concentrations were increased to 1.3
% 1013 cm™ for the EHg center and 6.5 10'3 cm™ for the
EH; center. Note that the ratio between EHy and EH; con-
centrations was kept almost constant, i.e., 1/5, both in as-
grown and irradiated samples. The origins of the Z;, and
EHg/; centers are discussed in the next section.
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FIG. 3. Annealing temperature dependence of normalized trap concentra-
tions [Ny (after annealing)/N; (before annealing)] for the Z,, and EHg/,
centers in 4H-SiC. Electron irradiation was performed at 116 keV with a
fluence of 9 X 10'7 cm™2. Trap concentrations of as-irradiated samples were
(1-2) % 10" c¢cm™ for both the Z,,, and EHg,; centers.

Figure 3 shows the annealing temperature dependence of
normalized Z,,, and EHg; concentrations (trap concentra-
tions after annealing divided by the concentration before an-
nealing). The samples were irradiated at 116 keV with a
fluence of 9 10'7 cm™. In the as-irradiated samples, the
trap concentrations were (1.1-1.6) X 10'* cm™ for the Z,),
center and (0.89—1.7) X 10'* cm™ for the EHy,; center. Ther-
mal annealing was performed at 950—1700 °C for 30 min in
atmospheric Ar ambient. As shown in Fig. 3, both the traps
were stable up to 1500—1600 °C. Their concentrations were,
however, decreased by annealing at 1600—1700 °C, and the
concentrations were reduced to 8.0X 10> cm™ (Z,,,) and
6.7x 102 cm™ (EHg;) by annealing at 1700 °C. This an-
nealing stage is very similar to that in the as-grown
samples.17 The similar thermal stability was reported in ep-
ilayers irradiated with 15-MeV electrons.'® During these an-
nealing experiments (and DLTS measurements), no new
DLTS peaks were observed in the temperature range of
100-700 K.

Figure 4 shows the dependence of increase in the Z;,,
and EHg/; concentrations by the 116 keV irradiation (ANy)
on the electron fluence. ANy for the Z,,, and EHg; centers in
the irradiated samples increased by increasing the electron
fluence in the wide range over three orders of magnitude.
The AN is in proportional to the 0.7 power of the fluence for
both centers. In the ideal case, the concentration would in-
crease with a slope of unity if the center originates from a
simple isolated defect like a single carbon vacancy. In the
present results, the slope of the plot (0.7) is smaller than the
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FIG. 4. Dependence of increase in Z,,, and EHg/; concentrations by electron
irradiation (AN7) on the electron fluence (energy: 116 keV). Open symbols
represent the concentration for as-irradiated samples and closed symbols for
950 °C-annealed samples. The solid line is a least-squares fitting for both
traps in as-irradiated samples.
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FIG. 5. Dependence of the Z,, and EHg; concentrations in both as-
irradiated and annealed (950 °C for 30 min) samples on the irradiation
energy. The irradiation condition is changed by maintaining the product of
the electron energy and fluence at 1.6 X 10'° keV/cm?.

ideal case. The possible reasons are: (1) increase of the
sample temperature during the irradiation and/or (2) complex
origins of the centers. The irradiation was performed for
more than ten hours when the fluence was 3 X 10'® cm™2.
The temperature of sample surface may be increased with the
irradiation time (electron fluence) although the samples were
placed on a water-cooled plate during the irradiation. Since
unintentional heating in the irradiated region can suppress
the formation of point defects, AN, might tend to saturate in
the samples irradiated at high fluence. Therefore the first
reason (unintentional heating) may be a dominant factor to
reduce the slope in Fig. 4. If the Z,;,, and EH¢/; centers are
complexes, their concentrations will not be increased in the
as-irradiated samples. This is because a complex will not be
formed without annealing. If the formation energy of a com-
plex is very low, however, a complex can be formed by the
unintentional heating. In such a case, the second reason may
affect the slope of the plot.

Figure 5 shows the dependence of the Z;, and EHg/
concentrations on the electron energy in both as-irradiated
and annealed (950 °C for 30 min) samples. The irradiation
condition was changed by maintaining the product of the
electron energy and fluence at 1.6 X 10" keV/cm?. For the
sample irradiated at 80 keV, no increase was found in both
the Z,,, and EHg/; concentrations. As shown in the figure, the
concentrations of the both traps started to increase by the
irradiation at 100 keV and continued to increase by increas-
ing the electron energy in the as-irradiated and 950 °C-
annealed samples. In the sample irradiated with 400-keV
electrons, the reliable DLTS spectra could not be obtained
without annealing, since the generated deep levels com-
pletely compensated the donors. From the results, carbon
displacement will be introduced by the irradiation at the en-
ergy higher than 80-100 keV. The displacement energy
(Ep) amounts to

4M M,

T (M M) )

D

where M, is the mass of accelerated electrons, M, the mass
of C (or Si) atoms, and E, the energy of accelerated
electrons."” Substituting 80—100 keV to E, of the equation,
the displacement energy is calculated as 17-22 eV. Using
this energy value, the irradiation energy required for Si dis-
placement is obtained as 165-200 keV. Sullivan et al. esti-
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FIG. 6. DLTS spectra of samples before (open circles) and after irradiation
at 200 keV with a fluence of 8 X 10'® cm™2 (solid line: as-irradiated, broken
line: annealed at 950 °C).

mated the threshold energy for Si displacement as 250 keV
from the investigation on Si vacancy-related defects in
electron-irradiated 4H-SiC by photoluminescence.20 Their
estimation for the threshold energy of Si displacement (250
keV) is larger than the present study (165-200 keV).

DLTS spectra of the samples before and after irradiation
at 200 keV (fluence: 8 X 10'® cm™2) are shown in Fig. 6. The
trap concentrations of the particular as-grown sample were
27X 10" cm™ for the Z,, center and 2.2X 10'3 cm™ for
the EHg/; center. By the electron irradiation, the trap concen-
trations were significantly increased (Zyp: 3.7
X 10" cm™3, EHg/; 3.3 X 10 cm™), and two other peaks
were observed at 135 and 325 K. The peak at 135 K is the
same as the unknown peak observed in the sample irradiated
at 116 keV [ET1 in Fig. 2(a)]. The peak at 325 K was also
observed in Fig. 2(a) as the shoulder of the Z;,, center, as
indicated by ET2 in Fig. 2(a). Therefore these defect centers
are not related to the silicon displacement. After annealing at
950 °C for 30 min, the peaks at 135 and 325 K disappeared.
By 200-400 keV irradiation, no other DLTS peaks were ob-
served in this temperature range (100-700 K), while the ir-
radiation energies (200-400 keV) employed in this investi-
gation are large enough to induce silicon displacement.10
This result indicates that electrically active defect centers
relating to silicon displacement are not introduced in the up-
per half of the band gap by electron irradiation under the
present conditions.

IV. DISCUSSION

By the electron irradiation at 100—160 keV, carbon va-
cancies (V) and carbon interstitials (C;) can be introduced
in as-irradiated SiC samples. By annealing, they may trans-
form into complexes such as Ve+a [a: point defect(s)], C;
+a, and carbon anti-site (Cg;).

In the present study, the Z,, and EHg;; concentrations
are increased in samples irradiated at 100—160 keV with or
without subsequent annealing, in agreement with a previous
re:port.8 Therefore, the Z;,, and EHg/; centers are probably
derived from single V. or C;. The annealing experiments
reveal that the Z;,, and EHg/; centers are thermally stable up
to 1600 °C both in as-grown'’ and irradiated (Fig. 3)
samples. Since C; may be thermally unstable due to its high
mobility,zl’22 the Z,, and EHg; centers may not be C;-
related defects. Therefore, a single V- may be a probable
candidate as the origin of the Z,,, and EHg/; centers. On the
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FIG. 7. Dependence of Z;,, and EHg/; concentrations in as-grown 4H-SiC
epilayers on C/Si ratio during CVD. The epilayers were grown by horizontal
hot-wall CVD at 1500 °C in a SiH4-C3Hg-H, system.

other hand, thermally unstable traps such as the ET1, ET2,
and ET3 centers, which are detected in as-irradiated samples
and which disappeared by annealing at 950 °C, may be re-
lated to C;. This speculation that the Z,;,, and EHg/; centers
are related not to C; but to V, is supported by the fact that
the Z,,, and EHg/; concentrations in as-grown epilayers can
be reduced under C-rich condition during CVD growth,Bf25
although some different results are also reported.26 Figure 7
shows the dependence of the Z;,, and EHg/; concentrations
in as-grown 4H-SiC epilayers on the C/Si ratio (the ratio
between C and Si atoms in supplied source gases) during
CVD growth. DLTS results used in Fig. 7 were obtained
from nitrogen-doped 4H-SiC epilayers grown by horizontal
hot-wall CVD at 1500 °C in a SiH;-C3;Hg-H, system. The
C/Si ratio was varied by changing the C;Hg flow rate with a
constant SiH, flow rate of 1.5 sccm. The details of growth
condition are described in Ref. 24. As shown in Fig. 7, it is
obvious that the generation of Z;,, and EHg/; is suppressed
under a high C/Si ratio (C-rich condition). This CVD result
suggests that the Z,, and EHg/; centers are not C;-related but
Vc-related de:fects,24’25 because the C-rich condition is favor-
able to suppress V. formation and to enhance C; formation.

It should be noted that the Z,,, and EH¢/; concentrations
are always very close to each other when the C/Si ratio (Fig.
7), the electron fluence (Fig. 4), and the irradiation energy
(Fig. 5) are changed. In the case of a divacancy (V,) in Si,
for example, the (—/2-) level at E-—0.23 eV and the
(0/-) level at E-—0.42eV could be detected by DLTS with
similar concentrations if the crystal does not have large
strain.”’ In Fig. 8, the relation between the Z;, and EHg/
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FIG. 8. The relation between the Z,,, and EHg/; concentrations obtained for
as-grown samples, as-irradiated samples (irradiated at 100-400 keV), and
irradiated samples annealed at 950 °C for 30 min.

concentrations is presented. As shown in Fig. 8, a close to
one-to-one correlation was obtained for the Z;, and EHg/;
concentrations as observed for the (-=/2-) and (0/-) levels
of V, in Si. Although a slight difference in the Z,,, and EHg/;
concentrations was observed in some samples, this is prob-
ably because the obtained concentrations may be influenced
by overlapping of DLTS signals with other unknown peaks
detected in the same temperature region. Furthermore, the
Z,, and EHg/; centers showed similar annealing stage in
both as—grown17 and irradiated (Fig. 3) samples. Therefore,
the Z,, and EHg/; centers may be attributed to the same
origin but different charge states.

A single V- is a probable candidate for the origin of the
Z,,, and EHg; centers according to the present results (Figs.
4, 5, and 7). Figure 9 summarizes the energy levels of the
Z15 (Ec—0.65 eV) and EHg/7(E-—1.55 eV) centers obtained
by DLTS and V(. levels calculated by first-principles
calculations®®? and the levels obtained by photo electron
paramagnetic resonance (EPR).**! According to the first-
principles calculations by Zywietz et al., V- forms two
negative-U centers at Ey+(1.37/1.68) eV and Ey
+(2.45/2.74) eV for the cubic site, and Ey+(1.44/1.68) eV
and Ey+(2.42/2.71) eV for the hexagonal site as shown in
Fig. 9. Torpo et al. applied the Madelung correction to their
calculation.”? In their calculation, Ve does not show
negative-U behavior and is located at Ey+(0.97/1.18) eV
for (2+/+) level, Ey+(1.22/1.34)eV for (+/0), Ey
+(2.09/2.28) eV for (0/-), and Ey+(2.21/2.41) eV for
(-=/2-). As shown in Fig. 9, the energy levels of single V,
calculated by Zywietz et al. are located relatively close to
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L EH,, (2++) (2+/+) (1) L 4H-SiC epilayers by DLTS, V. levels
S3] : T{W (+/0) > calculated by (b) Zywietz et al. (see
) ol ! SDNY WL (+/0) ) L? Ref. 28) and (c) Torpo et al. (see Ref.
ll%) ! ﬁ 2+/4+) 11 = 29), and V( levels obtained by (d)
1 photo-EPR (see Refs. 30 and 31).
1
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those of the EHg; (Ey+1.71eV) and Z,, (Ey+2.61 eV)
centers. The calculated energy levels are not always accurate
especially for the levels with multiple charge (2+, 2—) due
to the difficulty in calculation. Therefore, it is not easy to
predict perfectly where the levels are energetically located
and whether they show negative-U features or not. More-
over, the energy levels might be slightly underestimated in
the present DLTS results because a temperature-independent
capture cross section was assumed. Therefore, it is important
here that the DLTS results do not show significant conflict
with theoretical predictions, though some quantitative dis-
crepancy is observed between experimental and theoretical
levels.

Son et al.*® revealed that the donor (+/0) level of Ve is
energetically located at Ey+1.47eV by photo-EPR on
electron-irradiated p-type 4H-SiC. Using photo-EPR on
n-type 4H-SiC, Umeda er al. suggested that the double ac-
ceptor (—/2-) level of Vi is located at E-—1.08 eV. As
shown in Fig. 9, the V- levels detected by photo EPR do not
conflict with those of the Z,,, and EHg/; levels, because the
energy levels determined by optical measurements are gen-
erally deeper than those obtained by DLTS. Therefore, the
authors speculate that both the Z;,, and EH¢/; centers may
originate from single V(- (but different charge states). How-
ever, a defect complex including Vi (Vo+a) cannot still be
ruled out as the origin of the Z;,, and EHg/; centers. This is
because the complex can be formed in “as-irradiated
samples” if the migration energy of defect « is lower than
thermal energy provided by the unintentional heating (ap-
proximately 100-200 °C) during irradiation. According to
the theoretical calculations mentioned above (Fig. 9), how-
ever, at least two single V(. levels will be detected in the
temperature region, scanned in our DLTS measurements.
Therefore, it is reasonable to speculate that the different
single V levels correspond to the Z,,, and EHg/; centers. For
identification of the centers, however, more accurate calcula-
tion and further experimental investigation are required.

V. CONCLUSIONS

The authors investigated deep levels in n-type 4H-SiC
epilayers irradiated with low-energy (80—400 keV) electrons
by DLTS. The Z,,, and EHg/; concentrations were increased
by increasing the fluence of low-energy (116 keV) electrons,
indicating that the centers are related to the carbon displace-
ment, or generation of carbon vacancies and interstitials.
From thermal stability and C/Si dependence during CVD of
the centers, they may be V-related defects. The Z;, and
EHg/; concentrations were close to each other in all kinds of
samples, as-grown, as-irradiated, and annealed ones, irre-
spective of the conditions of growth, irradiation, and anneal-
ing. The Z,,, and EHg; centers showed almost same anneal-
ing stage and their concentrations decreased by annealing at
1600-1700 °C. Moreover, the dependence of the Z;,, and
EHg/; concentrations on the C/Si ratio during CVD growth
was also nearly identical. Therefore, the Z;,, and EH/; cen-
ters may be derived from a same origin (V-related defect)

J. Appl. Phys. 100, 113728 (2006)

but different charge state. In the samples irradiated at 200-
keV or 400-keV electrons, no additional DLTS peaks could
be found in the temperature range from 100 to 700 K.
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