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Low-injection minority carrier lifetimes �MCLs� and deep trap spectra have been investigated in n−

4H-SiC epilayers of varying layer thicknesses, in order to enable the separation of bulk lifetimes
from surface recombination effects. From the linear dependence of the inverse bulk MCL on the
concentration of Z1/Z2 defects and from the behavior of the deep trap spectra in 4H-SiC p-i-n
diodes under forward bias, we conclude that it is Z1/Z2 alone that controls the MCL in this
material. © 2006 American Institute of Physics. �DOI: 10.1063/1.2170144�

Due to its outstanding chemical and thermal stability,
superior thermal conductivity and high breakdown field, SiC
has become the material of choice for the development of
high-power electronic devices capable of performing beyond
the theoretical limitations of Si-based technology. While sig-
nificant progress has been made in both materials growth and
device fabrication, the presence of material defects continues
to limit the use of SiC devices in many current applications.
For example, within the n− drift region of SiC bipolar de-
vices, low defect concentrations are necessary in order to
assure the long minority carrier lifetimes �MCLs� necessary
for efficient device operation. Identification of the deep de-
fect�s� that controls the MCL is a key step toward the fabri-
cation of efficient high-power SiC devices.

Several studies of deep traps in undoped epitaxial 4H-
SiC layers grown by silane chemical vapor deposition have
been reported1–3 in the literature. Among electron traps, cen-
ters with apparent activation energies of 0.15–0.17, 0.65, and
1.5–1.6 eV are commonly observed.1,2 The first of these
traps is believed to be due to Ti,1 the second pair are the
well-known negative-U centers Z1/Z2,1,4 which have been
ascribed to VC-VSi divacancies5 �although this assignment
has recently come under question6�, and the third, often re-
ferred to as EH6/EH7 traps,7 has been associated by some
researchers with carbon vacancies.1 Hole traps have been
studied in n-type layers by minority carrier transient spec-
troscopy �MCTS�.1,3 The most commonly reported hole traps
are boron acceptors �activation energy of 0.25 eV–0.3 eV�
and the so-called �boron-related� D-centers with activation
energies of 0.6–0.65 eV.1–3 In some samples an additional
electron trap with activation energy of 1.1 eV and hole trap
with activation energy of 0.85 eV were detected, but these
traps were not observed consistently. Based on correlations
between the measured carrier lifetimes and the deep level
spectra in corresponding films, the Z1/Z2 and EH6/EH7
electron traps1,2 and boron acceptors3 have been proposed as
possible lifetime killers.

However, a positive identification of the defect that con-
trols the MCL has not been reported. In particular, it is im-

portant to understand whether both electron traps �Z1/Z2
and EH6/EH7� play equally important roles in recombination
and whether the contribution of boron acceptors is indeed
significant. In agreement with Zhang et al.,1 the latter seems
unlikely due to the fairly fast emission rate of holes at room
temperature for these relatively shallow centers and the very
low electron capture cross section on the order of 10−18 cm2

reported for boron.3,8,9 In this work we address these ques-
tions by analyzing the deep-trap spectra and the carrier life-
times in a set of lightly doped n-type 4H-SiC films with
varying thicknesses: By varying the layer thickness it is pos-
sible to separate the contributions of bulk and surface recom-
bination to the measured carrier lifetimes, so that the bulk
MCL may be determined. Since the inverse MCL is propor-
tional to the concentration of the defect limiting the lifetime,
these measurements, in conjunction with deep trap spectra,
have enabled us to provide evidence that the Z1/Z2 defect
alone is the lifetime killer in these n− CVD-grown epilayers.

The layers were grown by CVD on the Si face of �0001�
4H-SiC n+ substrates that were 8° miscut towards the �112̄0�
direction. A 5 �m thick n+ buffer layer was deposited first,
followed by the undoped n− layer �Nd−Na� low to mid
-1014 cm−3� between 9 and 104 �m thick. For capacitance-
voltage, deep-level transient spectroscopy �DLTS�, and
MCTS measurements, semitransparent Ni Schottky diodes
approximately 500 �m in diameter were prepared by plasma
sputtering. DLTS spectra were taken in the standard way,10

while MCTS measurements employed optically injected
pulses from a 365 nm, 100 mW AlGaN/GaN light-emitting
diode instead of electrical injection. DLTS spectra were also
measured on similarly grown 1.2 mm diameter p-i-n diodes
with n− layer thicknesses of 30–100 �m. Carrier lifetimes
were measured at room temperature from the decay of the
exciton/band edge photoluminescence �PL� peak at 391 nm.
No significant substrate emission �with significantly broader
spectral features� was observed for any of the layers. Injec-
tion levels were kept low ��2�1013 cm−3� in order to insure
that measurements were made within the minority carrier
regime. The PL was excited at 355 nm by a frequency-
doubled, cavity-dumped Ti:sapphire laser-generating
�200 fs pulses at 100–500 kHz with an average powera�Electronic mail: klein@bloch.nrl.navy.mil
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�1 mW. The collected light was focused into a 0.25 m
double spectrometer and detected by a photomultiplier using
time-correlated photon counting.

The decay of the band edge PL intensity is shown in Fig.
1 for epitaxial layer thicknesses between 9 and 104 �m. It is
apparent that the PL decay time decreases for the thinner
layers. This behavior is not unexpected, as the effects of
surface recombination will dominate in these layers. As we
will see subsequently, variations in the defect concentrations
with layer thickness also play a significant role.

DLTS spectra typical of the n− 4H-SiC epilayers are
shown in Fig. 2, where the dominant features are the Ti
Z1/Z2 and EH6/EH7 electron traps and the boron acceptor,
D-center and 0.85 eV hole traps. DLTS amplitudes in the
figure were converted into concentrations in the usual
fashion,10 with concentrations having meaning only at the
temperature of the peaks. While the concentrations in the
figure do not reflect the so-called “�-correction,”11 all defect
concentrations determined in this work incorporate this fac-
tor. The measured concentrations, as shown in Fig. 3�a�, ex-
hibit significant variations with layer thickness. The scatter
in the data is undoubtedly due to the fact that each layer
thickness represents a separately grown wafer. The apparent
decrease of Z1/Z2 concentration with thickness may be re-

lated to the increase in the time available for diffusion of
defects/impurities for the thicker layers, but is not under-
stood in detail at this time. Nonetheless, when this data is
compared in the figure to the measured thickness dependence
of the inverse PL decay times, it becomes clear that it is only
the Z1/Z2 defect that shows any significant correlation be-
tween the two measurements.

The PL decay time represents an effective lifetime �eff
with contributions at low injection from both the bulk MCL
and surface recombination. Since it is the bulk recombination
time that is related directly to the defect concentration:

�bulk
−1 = �pvthNT, �1�

it is necessary to extract �bulk from the measured lifetimes.
Here, �p is the hole capture cross section, vth the hole ther-
mal velocity, and NT is the trap �Z1/Z2� concentration. The
relationship between the effective and bulk lifetimes is usu-
ally expressed as12

1

�eff
=

1

�bulk
+ � d2

�2D
+

d

2S
�−1

, �2�

where the last term represents the contribution from surface
recombination; d is the layer thickness, D is the diffusion
coefficient for holes in 4H-SiC �see Ref. 13� and S is the
surface recombination velocity �SRV�. This expression as-
sumes the same SRV for both the sample surface and the
n− /n+ interface,12 so that S in Eq. �2� actually reflects an
average SRV for the layer. Using Eq. �1� for the bulk lifetime

FIG. 1. Low-injection PL decays for n− epilayers with varying layer thick-
nesses, as noted in the figure.

FIG. 2. Typical DLTS spectra of: �a� dominant electron traps and �b� domi-
nant hole traps observed in n− 4H-SiC epilayers. A Z1/Z2 �and D-center�
spectrum measured in a p-i-n diode is shown in the inset.

FIG. 3. �a� Dependence of measured defect concentrations and 1/�eff on
layer thickness. �b� Fit of the dependence of 1/�eff on layer thickness �open
squares and dashed line� using Eq. �2�, compared to the measured values
�solid circles�. Inset: Dependence of the extracted inverse bulk MCL on
Z1/Z2 concentration.
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and the measured values of the Z1/Z2 concentrations for NT,
the measured dependence of 1 /�eff on d �Fig. 3�a�� may be
fitted using Eq. �2�, where �p and S are the only fitting pa-
rameters. The resulting fit is shown in Fig. 3�b�, where the
measured points are the filled circles and the fit is repre-
sented by the open squares/dotted line. The fitted curve is not
smooth because the measured concentrations, which exhib-
ited some scatter, were used in Eqs. �1� and �2� rather than
treating NT as a freely varying parameter. The data is fitted
well by Eq. �2�, with fitting parameters S=2500 cm2/s and
�p=3.5�10−14 cm2. This SRV is comparable to values pub-
lished in the literature,14 and the large hole capture cross
section agrees well with DLTS results for p-i-n structures
presented below.

Using this value for �p, the inverse bulk lifetimes ex-
tracted using Eq. �1� are plotted against the Z1/Z2 concen-
tration in the inset in Fig. 3�b�. The dashed line is a least-
squares linear fit of the data, with a slope corresponding to
�p=3.4�10−14 cm2: essentially the same as that determined
from the fit in Fig. 3�b�. Within our experimental error, there
is a linear dependence of the inverse bulk lifetime on Z1/Z2
concentration, which represents strong evidence that this de-
fect dominates the recombination of the minority carriers.

Confirmation of the dominant role of Z1/Z2 in recombi-
nation was provided by DLTS measurements on p-i-n di-
odes. With no applied forward bias, the same electron traps
seen in the single-layer structures �Fig. 2�a�� were observed
in the diodes. With the application of forward bias �and the
injection of minority holes�, hole trap signals due to boron
and D-centers emerged. For the EH6/EH7 and 1.1 eV elec-
tron traps, the peak amplitude was unchanged with injection
for forward bias pulses up to +5 V, indicating that these
traps have a low capture cross section for holes, and are not
likely to be the defects limiting the MCL.

Unlike EH6/EH7, for forward voltages greater than
2.5 V, the amplitude of the Z1/Z2 peak near 300 K, corre-
sponding to the −/+ transition of the negative-U center,4

vanished completely, while a new electron trap appeared
near 220 K with apparent activation energy of 0.4 eV �inset,
Fig. 2�b��. This new feature most likely corresponds to the
0/+ transition of Z1/Z2 with reported activation energy of
0.45 eV.4 From the magnitude of the decrease of the DLTS
amplitude for this transition with a further increase in hole

injection, and from the relationship between the ratio �p /�n

and the fraction of filled traps8,9 �� 1
2

�, we can conclude that
for these two transitions, �p	�n. Since �n is already large,
2�10−14 cm2 �from this work and consistent with other pub-
lished data�, this indicates that Z1/Z2 also has a large cap-
ture cross section for holes that is also consistent with the
value of �p determined earlier. Thus, negatively charged
Z1/Z2 centers capture holes very effectively, and are con-
verted into the metastable neutral state. Therefore, these
DLTS measurements lead to the same conclusion as the life-
time studies: Z1/Z2 defects, with a large capture cross sec-
tion for holes, dominate in limiting the MCL in these n−

epilayers.
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