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Dependencies of temperature and injection level on carrier lifetimes in 50 �m thick p-type and
n-type 4H–SiC epilayers have been investigated. The carrier lifetimes have been measured by
differential microwave photoconductance decay measurements at various injection levels and
temperatures. In both p-type and n-type epilayers, the carrier lifetimes gradually increased with
increasing the injection level, which were naturally expected from the Shockley-Read-Hall �SRH�
model, and after taking a maximum, the lifetimes dropped at the very high-injection level. In
contrast, the carrier lifetimes exhibited continuous increase with elevating the temperature for both
epilayers. In addition, the impact of thermal oxidation process on the carrier lifetimes has been also
investigated. The thermal oxidation process, by which the Z1/2 and EH6/7 centers were remarkably
reduced that had been observed in n-type 4H–SiC in our previous work, led to the improvement of
the carrier lifetimes especially for n-type epilayers. The carrier lifetime reached 4.1 �s in p-type
and 6.1 �s in n-type epilayers at 250 °C with an injection level of 1.8�1016 cm−3 through the
thermal oxidation processing. © 2011 American Institute of Physics. �doi:10.1063/1.3524266�

I. INTRODUCTION

Owing to the wide band gap, the high breakdown field
and high thermal conductivity, silicon carbide �SiC� is prom-
ising as a semiconductor material for high-power, high-
temperature, and high-frequency devices.1,2 In recent years,
the real applications of SiC power devices have started
through the progress of the bulk and epitaxial growth tech-
nology and development of the device process technology.2,3

As for very high-voltage ��5 kV� and high-current power
semiconductor devices applied for large electric power con-
version systems, bipolar devices are more desirable than the
unipolar devices because of the ability to achieve low on-
resistance at high-current density by the conductivity modu-
lation. If the carrier lifetime is short, however, the conduc-
tivity modulation does not work effectively and the low on-
resistance cannot be attained.

In spite of the indirect band structure, the carrier life-
times usually observed in SiC are still short, about 1 �s. At
an early stage, Bergman et al.4 have shown that the small
grain boundaries strongly affect the carrier lifetimes in SiC.
After the crystalline quality has been improved, however, it
has turned out that there are other lifetime-killing defects
besides the macro structural defects. Tawara et al.5 have
shown that the Z1/2 and EH6/7 centers influence the carrier
lifetimes of 4H–SiC epilayers. Klein et al.6 have reported the
relation between the inverse of carrier lifetimes and the con-
centration of Z1/2 center for 4H–SiC epilayers �although the
plotting range is rather small, within one order of magni-
tude�. Danno et al.7 have revealed that the relation between
the carrier lifetime and the Z1/2 and/or EH6/7 centers in the

wide range of the trap concentration and clarify that the car-
rier lifetimes are limited by the Z1/2 and/or EH6/7 centers.
They also clarified that the carrier lifetimes were limited by
other factors such as surface recombination if the Z1/2 con-
centration was low enough. Klein et al.6 and Reshanov et al.8

concluded that EH6/7 cannot be a lifetime killer by compar-
ing deep-level transient spectroscopy �DLTS� spectra of a pn
junction with and without minority-carrier injection. More
recently, reduction in these deep levels has been tried and
successful improvement of the carrier lifetime has been re-
ported. Storasta and Tsuchida9 have shown dramatic reduc-
tion in the concentration of the Z1/2 center by the carbon
implantation combined with subsequent diffusion by high-
temperature annealing. Hiyoshi and Kimoto10 have also
shown the elimination of these centers by thermal oxidation.

However, these beneficial results have mainly addressed
to n-type 4H–SiC, and there have been very few reports on
the carrier lifetimes in thick and lightly doped p-type SiC,
which is often employed as the voltage-blocking region of
high-voltage SiC switching devices such as thyristors11 and
insulated gate bipolar transistors �IGBTs�.12 In this paper, the
carrier lifetimes in both p-type and n-type thick 4H–SiC ep-
ilayers are investigated by using differential microwave pho-
toconductance decay ��-PCD� measurements. In particular,
the authors present the dependencies of the carrier lifetimes
on temperature and injection level for both types of SiC ep-
ilayers. Impacts of thermal oxidation on the carrier lifetimes
are also investigated.

II. EXPERIMENTAL

Both p-type and n-type epitaxial layers used in this study
were grown on 8° off-axis 4H–SiC �0001� substrates bya�Electronic mail: hayashi@semicon.kuee.kyoto-u.ac.jp.
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chemical vapor deposition. The thickness of epilayers is both
50 �m, and the doping concentration is 9.0�1014 cm−3 for
p-type, and 1.2�1015 cm−3 for n-type, respectively. For
these epilayers, the carrier lifetimes were measured before
thermal oxidation �as-grown materials� and after oxidation.
For investigating the impact of thermal oxidation, the wafers
were oxidized in dry O2 �10% diluted in N2� ambient at
1300 °C for 5 h, and after oxidation, the surface oxides were
removed by hydrofluoric acid etching.

The carrier lifetimes of both n-type and p-type SiC epil-
ayers were measured by using differential �-PCD. In this
measurement, the excess carriers were generated by a pulsed
YLF �yttrium lithium fluoride�-3HG laser, of which wave-
length was 349 nm. Decay of electrical conductivity result-
ing from recombination of electron-hole pairs was monitored
with reflectivity of microwave at a frequency of 26 GHz. The
difference in microwave reflectivity from areas with and
without laser illumination was used as �-PCD signals to in-
crease the signal-to-noise ratio. This method has been em-
ployed as a standard technique for lifetime measurement of
Si.13

In order to investigate the influence of carrier injection
level on the carrier lifetime, the density of photons irradiated
onto the sample surface �N0� was varied from 1
�1012 cm−2 to 1�1015 cm−2. Figure 1 shows the concen-
tration of generated electron-hole pairs as a function of the
depth, which was calculated by using the absorption coeffi-
cient at this wavelength ��=324 cm−1�.14 Thus the concen-
tration of generated carriers �excitation intensity� is esti-
mated to be from low 1014 cm−3 to low 1017 cm−3. In this
figure, the doping concentration of both p-type and n-type
epilayers is indicated by a dashed line. It should be noted
that the free hole concentration in the p-type epilayer is
about one order of magnitude lower than the acceptor con-
centration at room temperature because of the high activation
energy of Al acceptors. To investigate the temperature depen-
dence of carrier lifetime, the measurement temperature was
varied from RT �23 °C� to 250 °C.

III. RESULTS AND DISCUSSIONS

Figure 2 shows how to determine carrier lifetimes from
the measured PCD curves at various injection levels. Figure
2�a� shows the typical example of PCD curves measured for
a p-type 4H–SiC epilayer with various excitation intensities
at room temperature. In this figure, all the decay curves are
plotted in the absolute �-PCD signal intensity �the �-PCD
signal intensity is proportional to the excess carrier concen-
tration�. Owing to the improved signal-to-noise ratio in dif-
ferential �-PCD, decay curves could be acquired in the wide
range of signal intensity. As clearly seen in this figure, the
decay curves do not always follow a single exponential func-
tion, especially for p-type 4H–SiC. This nonexponential de-
cay after the fast initial decay is expected from two distinct
exponential components, corresponding to the high-level and
low-level Shockley-Read-Hall �SRH� lifetimes. In between
these two extremes, the carrier lifetimes must exhibit gradual
change, depending on the energy level and capture cross sec-
tions of the SRH recombination center. Thus, the differential
slopes for the decay curves were calculated at a given

FIG. 1. Concentration of generated electron and hole pairs as a function of
the depth when 4H–SiC is illuminated with a YLF-3HG laser �wavelength:
349nm�. N0 is the density of photons irradiated onto the sample surface. The
concentration was calculated by using the absorption coefficient at this
wavelength ��=324 cm−1�.14

FIG. 2. �a� PCD curves measured for a 50 �m thick p-type 4H–SiC epilayer with various excitation intensities at room temperature. The excitation intensity
is 1.6�1014 cm−3, 3.2�1014 cm−3, 8.0�1014 cm−3, 1.6�1015 cm−3, 4.0�1015 cm−3, 8.0�1015 cm−3, 1.8�1016 cm−3, 3.5�1016 cm−3, 8.7
�1016 cm−3, and 1.8�1017 cm−3, respectively. �b� Injection level dependence of carrier lifetimes for a 50 �m thick p-type 4H–SiC epilayer at room
temperature calculated from the slope of decay curves.
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�-PCD signal intensity �corresponding to an injection level�
to obtain the carrier lifetimes at a given injection level. As
shown in Fig. 2�b�, the carrier lifetime at each injection level
was defined as the average time constant calculated at the
corresponding signal intensity of two or more decay curves
measured above the injection level. The peak injection level
for each decay curve was determined from the peak value of
the measured decay curve, taking account of the excitation
intensity and the carrier distribution in Fig. 1. Thus, the in-
jection level dependence of the carrier lifetime were obtained
in this way and indicated in Fig. 2�b�.

Figure 3 shows the PCD curves measured for �a� p-type
and �b� n-type as-grown epilayers at various temperatures
with a fixed excitation intensity �1.8�1017 cm−3�. The car-
rier lifetimes exhibited continuous increase with elevating
the temperature for both epilayers. It is noted that the tem-
perature dependence of absorption coefficients was neglected
due to the lack of reliable data. In these decay curves, fast
decay at the initial stage is observed, and relatively sharp
drop of the �-PCD signals is also seen near the end of mea-
surement time. Based on a simulation study of the excess
carrier distribution taking account of diffusion and surface
recombination, the authors speculate that the fast decay at
the initial stage �0–0.5 �s� may originate from severe sur-
face and substrate recombination.15 Here, the substrate re-
combination includes recombination at the epilayer/substrate
interface as well as recombination inside the substrate due to
the very short lifetime in the substrate. In addition, at the
extremely high-injection level ��n�1017 cm−3�, the carrier
lifetime limited by the radiative recombination and Auger
recombination can be estimated to be about 3 �s and 30 �s,
respectively. Thus, the initial fast decay must be significantly
influenced by radiative recombination, which is highly non-
exponential. On the other hand, the relatively sharp drop of
the �-PCD signals in the longer time region reflects the de-
creased bulk carrier lifetime at relatively low injection levels.
It is obvious, by elevating temperature, the slope of this de-
cay curve becomes small throughout the whole region mea-
sured in this study. This result arises partly from the increase
in the emission rate of the carriers from the traps by elevat-

ing temperature.16–18 On the other hand, the temperature
change should influence the carrier diffusion inside the epil-
ayers. With increasing temperature, the carrier diffusion is
suppressed by enhanced phonon scattering. Thus, the influ-
ence of these surface, interface and substrate recombination
may be reduced, which also leads to the increase in measured
carrier lifetimes.19 The activation energy obtained from the
Arrhenius plots of carrier lifetimes was very small, 0.1 eV or
less. At present, it is not clear what this activation energy
means. From the shapes of the decay curves, however, it is
confirmed that the slope of the fast decay at the initial stage,
which is strongly influenced by the surface recombination,
does not change remarkably. Thus, it can be speculated that
the increase in carrier lifetimes with elevating temperature is
mainly attributed to the increase in the emission rate of car-
riers from the traps.

Figure 4 shows the PCD curves measured for both epil-
ayers after thermal oxidation process at the same location
and the same excitation intensity as those in Fig. 3. Com-
pared to the Fig. 3, it is obvious that the carrier lifetimes
become longer, particularly for the n-type epilayer. This life-
time improvement can be attributed to the elimination of the
Z1/2 centers by thermal oxidation process that was observed
in n-type 4H–SiC in our previous work.10

Figure 5 depicts the injection level dependencies of car-
rier lifetimes at RT and 250 °C for �a� p-type and �b� n-type
4H–SiC epilayers before and after thermal oxidation. In both
p-type and n-type epilayers, the carrier lifetimes gradually
increase with increasing the injection level except for the
very high-injection condition �1016 cm−3 ranges�. This
gradual increase in the carrier lifetimes with increasing the
injection level can be explained by a classical SRH model
when the capture cross section for minority carriers is large
enough compared to those for majorities16 and this result is
consistent with a previous report.7 After thermal oxidation,
the carrier lifetimes for both types of epilayers were im-
proved in most of measured temperature range and injection
levels. As a result, the carrier lifetime reaches 4.1 �s in
p-type and 6.1 �s in n-type epilayers at 250 °C with an
injection level of 1.8�1016 cm−3. This lifetime improve-

FIG. 3. PCD curves measured for 50 �m thick �a� p-type and �b� n-type 4H–SiC as-grown epilayers at various temperatures. The excitation intensity is
1.8�1017 cm−3.
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ment can be attributed to the elimination of the Z1/2 center by
thermal oxidation as mentioned above. However, the im-
provement for the p-type epilayer is not so much as the case
of n-type. This difference is considered as follows. Here, two
assumptions are made. Although no direct evidences have
been given, it may be reasonable to assume that the Z1/2
center also exists in p-type SiC. The charge state of the de-
fect will be different because the Fermi level is different in
between p- and n-type SiC. Another assumption is that the
Z1/2 center in p-type 4H–SiC may be also reduced by thermal
oxidation. If the Z1/2 center is a dominant lifetime killer in
4H–SiC epilayers, the carrier lifetimes of p-type and n-type
epilayers after the thermal oxidation would become compa-
rable, at least, in the high-injection region according to the
SRH model. However, a clear difference in carrier lifetimes
is observed between p-type and n-type epilayers. In Fig. 6,
the PCD curves at 250 °C for p-type and n-type epilayers
after thermal oxidation are compared. From this figure, the
carrier lifetime of the p-type epilayer becomes shorter than
n-type especially in the low-injection region. In this case,
according to the SRH model, this difference may originate
from the difference of bulk lifetime. Thus, the benefit of the

elimination of the Z1/2 center by thermal oxidation may be
cancelled by generating another deep level by the oxidation,
such as the HK0 center.20 Though it should be confirmed
whether the HK0 center acts as an effective lifetime killer of
p-type material. While, even if the lifetimes are determined
by the Z1/2 center in both n-type and p-type epilayers, the
difference in the observed lifetimes between these two ma-
terials may be expected from the fact that minority carriers in
each material are trapped by the defect with different charge
state and thereby different capture cross section. In addition,
the influence of surface recombination and recombination in
the substrate may still remain.21,22 For example, the oxida-
tion process may affect the surface of p-type material differ-
ently than n-type material, so that enhanced surface recom-
bination may occur in p-type material.

On the other hand, the lifetimes drop in the high-
injection region for both p-type and n-type epilayers as
shown in Fig. 5. Under the high-injection condition, the sur-
face band bending may be flattened due to the increased
concentration of excited carriers.23 This change in surface
band structure will increase the surface recombination veloc-
ity and thereby enhance the fast decay at the initial stage.

FIG. 4. PCD curves measured after thermal oxidation process for 50 �m thick �a� p-type and �b� n-type epilayers at the same location as Fig. 3 at various
temperatures. The excitation intensity is 1.8�1017 cm−3.

FIG. 5. Comparison of injection level dependencies of carrier lifetimes for 50 �m thick �a� p-type and �b� n-type 4H–SiC epilayers before �as-grown� and
after thermal oxidation.
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Another reason for the decreased lifetime in the high-
injection region may be related to the carrier diffusion to-
ward the substrate. By increasing the excitation intensity, the
concentration of excited carriers just after the excitation
pulse �the initial profile� increases while keeping the same
exponential decay function determined by the absorption co-
efficient, as shown in Fig. 1. The absolute value of the con-
centration gradient toward the depth, however, also increases
with increasing the excitation intensity, which may enhance
the carrier diffusion toward the substrate and effectively re-
duce the measured carrier lifetimes.

IV. CONCLUSION

We have investigated the temperature and injection level
dependencies of carrier lifetimes in 50 �m thick p-type and
n-type 4H–SiC epilayers by differential �-PCD measure-
ments. In both p-type and n-type epilayers, the carrier life-
times gradually increase with increasing the injection level
except for the very high-injection levels. In the low-injection
region, the gradual increase in the carrier lifetimes with in-
creasing the injection level can be explained by a classical
SRH model when the capture cross section for minority car-
riers is large enough compared to that for majorities. On the
other hand, the decrease in carrier lifetime in the high-
injection region may be ascribed to the influence of recom-
bination in the substrate by the increase in the concentration
gradient and to the enhanced surface recombination by flat-
tening of band bending. The carrier lifetimes exhibited con-
tinuous increase with elevating the temperature for both ep-
ilayers. This increase in carrier lifetime at elevated

temperature may be mainly caused by the increase in the
emission rate of carriers from the traps. The impacts of ther-
mal oxidation on the carrier lifetimes in both p-type and
n-type epilayers have been also investigated. For both types
of epilayers, especially for the n-type epilayer, the carrier
lifetimes were remarkably improved by the thermal oxida-
tion. At 250 °C and an injection level of 1.8�1016 cm−3,
the carrier lifetime reaches 4.1 �s in the p-type and 6.1 �s
in the n-type epilayers.
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