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and Their Influence on Carrier Lifetime

L.D. Booker,” H. Abdalla, J. Hassan, R. Karhu, L. Lilja, and E. Janzén'

Department of Physics, Chemistry and Biology (IFM), Semiconductor Materials Division,
Linkoping University, 581 83 Linkoping, Sweden

E. O. Sveinbjornsson

+

Department of Physics, Chemistry and Biology (IFM), Semiconductor Materials Division,
Linkoping University, 581 83 Linkoping, Sweden and Science Institute,
University of Iceland, 1S-107, Reykjavik, Iceland
(Received 8 March 2016; published 19 July 2016)

We present a complete analysis of the electron- and hole-capture and -emission processes of the deep
levels ON1, ON2a, and ON2b in 4H-SiC and their 6H-SiC counterparts OS1a and OS1b through OS3a and
0OS3b, which are produced by lifetime enhancement oxidation or implantation and annealing techniques.
The modeling is based on a simultaneous numerical fitting of multiple high-resolution capacitance deep-
level transient spectroscopy spectra measured with different filling-pulse lengths in n- and p-type material.
All defects are found to be double-donor-type positive-U two-level defects with very small hole-capture
cross sections, making them recombination centers of low efficiency, in accordance with minority-carrier-
lifetime measurements. Their behavior as trapping and weak recombination centers, their large concen-
trations resulting from the lifetime enhancement oxidations, and their high thermal stability, however, make
it advisable to minimize their presence in active regions of devices, for example, the base layer of bipolar

junction transistors.
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I. INTRODUCTION

The increasing target application voltages of 4H-SiC
bipolar devices such as insulated-gate bipolar transistors
demand that the carrier lifetime in the thick low-doped drift
layer of the device needs also to be increased to allow for
optimal conductivity modulation. The main point-defect
recombination centers in 4H-SiC which limit this develop-
ment have been identified as the carbon-vacancy- (V)
related Z;/, deep levels, made up of two negative-U two-
level defects on the 4 and k inequivalent lattice sites [1,2].
In 6H-SiC, three similar negative-U defects can be found in
deep-level transient spectroscopy (DLTS) spectra, which
are referred to as E1/E2 and are also thought to be related to
V¢ on the three inequivalent lattice sites [3—5]. One method
to remove V-based deep levels in 4H-SiC and improve the
epilayer carrier lifetime is thermal oxidation, where excess
carbon interstitials (C;) generated at the SiO,/SiC interface
diffuse into the epilayer and recombine with or disable the
Ve deep levels [6]. To improve the carrier lifetime
throughout the entire n- or p-type epilayer thickness,
which can be 100 um or greater for very-high-voltage
devices, oxidations at temperatures from 1300 to 1500°C
for up to several tens of hours are required. The
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high-temperature oxidation of n-type 4H-SiC is found to
create a number of new deep levels in large concentrations
in the top half of the band gap which are referred to as ONI1,
ON2a/b [7]. These levels are highly stable and persist up to
annealing temperatures around 1800°C [8]. In p-type
4H-SiC, oxidations at 1300°C are found to produce the
HKO deep level in the lower half of the band gap, which,
however, could easily be removed by annealing the samples
at 1400 °C [9]. In some samples, additional deep levels, also
unstable against high-temperature annealing, could also be
detected [10]. In this paper, we present a complete analysis
of the electrical properties of the oxidation-induced deep
levels in the upper half of the band gap of n- and p-type
4H- and 6H-SiC. By using capacitance transient spectros-
copy with different combinations of electrical and optical
filling and emptying pulses, we show that the three
discernable 4H-SiC DLTS peaks are the product of two
positive-U, double-donor-type defects, while the six dis-
cernable peaks in 6H-SiC appear to be the result of three
positive-U double-donor-type defects. The defects are
shown to be recombination centers of far lower efficiency
than V¢ and influence charge-carrier lifetimes only when
they occur in large concentrations, which is the case in the
first several micrometers of semiconductor material adja-
cent to the oxidized surface [11]. The semiconductor
surface used for the lifetime enhancement oxidation must
therefore be chosen carefully. Their presence should be
minimized, for example, in the thin, current-carrying base
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layers of bipolar junction transistors while it is expected to
be of lesser concern in the thick drift layers. While not yet
investigated, a detrimental effect on the threshold voltage
and inversion channel mobility of unipolar metal-oxide-
semiconductor field-effect transistors may also occur due to
charge-carrier trapping and scattering.

II. EXPERIMENTAL METHODS

4H-SiC and 6H-SiC epilayers are grown in four
different horizontal and vertical hot-wall reactors on highly
doped substrates of their respective polytypes [12].
Aluminum is used for p-type doping in the 1 x 10—
1 x 10' cm™ range, while nitrogen is used in the growth
of 5x10™-1x10' cm™ doped n-type samples. The
4H-SiC sample epilayer thicknesses are 50 pm for
the n-type and 150 ym for the p-type material, while
the thicknesses of 6H-SiC epilayers varies from 19 to
25 pym. The samples are then oxidized in a quartz tube
reactor using a mixture of Ar and dry O, at 800-mbar
pressure, with the temperature and duration varying from
1300 to 1500°C and 300 to 1000 min, respectively.

Round 0.8- to 1.2-mm-diameter Schottky contacts made
of 20- or 100-nm-thick Ni or Ti are thermally evaporated
onto the epilayers. The semitransparent 20-nm-thick
contacts have transmittance values greater than 10% for
355-nm laser light and are stable up to 630 K, allowing
optical injection and diffusion of charge carriers into the
space-charge region below the contact. Large Ohmic
backside contacts are made using Ag paste. For all transient
capacitance measurements on the samples, a Boonton 7200
capacitance meter is used. To study majority-carrier capture
at majority traps in the top half of the band gap in n-type
material, DLTS at a reverse bias of —10 V is measured in a
temperature range of 77-690 K and transients of up to 10-s
length are collected [13]. For filling-pulse measurements,
the 10-V filling-pulse widths are varied from 50 x 107 to
1 x 1072 s, allowing a direct measure of the electron-
capture cross section (,,) and its temperature dependence.
The double-DLTS (D-DLTS) and reverse-DLTS (R-DLTS)
techniques are used for concentration depth profiling and
analysis of the emission-rate field dependence [14,15].

Minority-carrier transient spectroscopy (MCTS) is used
to study electron capture by minority traps in the upper half
of the p-type band gap [16]. A 355-nm Nd:YAG 10-kHz
pulsed laser is used to create electron-hole pairs in the
space-charge region and in the neutral region below by
band-to-band absorption while the reverse bias is kept
constant. The majority carriers (holes) are immediately
swept out of the space-charge region by the electric field in
the time frame of a few tens to hundreds of femtoseconds,
while minority carriers (electrons) which diffuse to the
edge of the space-charge region are swept in. The result is a
minority-carrier density in the space-charge region
which exceeds the majority-carrier density, allowing the

measurement of deep levels with ¢, > 6, in p-type
material. The injection level is varied from 1 x 10° to
1 x 10" cm™ in the space-charge region while making
sure the excess carrier density remains below 10% of the
sample doping density. We use two further techniques
which we refer to as optical-DLTS (O-DLTS) and optical-
electrical- MCTS (OE-MCTYS) in this paper. In O-DLTS, an
optical carrier injection pulse is used while keeping the
reverse bias constant. In contrast to MCTS, however, this
measurement is done on n-type samples, and we monitor
majority (electron) capture by electron traps in the upper
half of the band gap. By controlling the laser power, the
total number of electrons excited above the band gap into
the conduction band and available for capture by hole-
repulsive deep levels in the space-charge region can be
reduced to levels significantly below those in DLTS using
the shortest pulses available with our pulse generator
(50 x 1077 s). For deep levels which are neutral or attrac-
tive to holes, the electron capture competes with the capture
of the holes present in a significantly higher concentration,
which results in reduced or vanishing peak amplitudes.
To measure the hole-capture cross sections of minority
(electron) traps in the upper half of the p-type band gap, we
use OE-MCTS. An optical pulse creates an initial electron
population on the deep levels which is defined by their
ratio of ¢, to 6, and the density of the available carriers.
Directly after the optical pulse, an electrical pulse of length
50 x 107 s to 1 x 1072 s is used to allow hole capture by
the deep levels in a field-free environment, giving us a
direct measure of ¢, using the filling-pulse technique.
The minority-charge-carrier lifetimes are measured via
time-resolved photoluminescence (TRPL) at room temper-
ature using the same pulsed laser as the other techniques with
an injection level in the low 10'®-cm™ range. A Hamamatsu
photomultiplier tube with laser cutoff and bandpass filters is
used to collect the near-band-gap luminescence and the
transients are recorded by a digital oscilloscope taking
28 000 averages. The dynamic range of the measurements
is greater than 4 orders of magnitude, and the minority
lifetime is extracted by fitting an exponential function to the
low-intensity, asymptotic part of the decay curve.

III. MODELING

The deep levels analyzed in this paper are the product of
defects with three possible charge states, doubly positive
(24), singly positive (+), and neutral (0), giving rise to two
levels (+]0) and (2 + |+) in the band gap. The level
occupation after short-duration filling or emptying pulses
in DLTS or OE-MCTS, respectively, is thus complicated by
an interrelation between the two levels. Our model,
described in the following paragraphs, for the medium-
and high-resolution multispectra fitting procedure is
derived under the assumption of detailed balance and
allows competing electron and hole capture to occur into
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these two interrelated levels, thus expanding the models
available in the literature [17]. Fitting multiple (four or
more) spectra made with different filling-pulse lengths
simultaneously is necessary to derive meaningful param-
eters for the thermal activation energies or enthalpies AH,
entropy factors y, and the temperature dependencies of the
capture cross sections o, and o, specifically in our case of
strongly overlapping levels. A general advantage of multi-
spectra fitting over the more traditional Arrhenius plot
method, which uses only the peak center position as input,
is that the entire shape of the peak is included in the
analysis of the deep level. Even in the case of the ONI1
peak, which appears well separated at first glance, we see
that an analysis limited only to the peak center position
leads to erroneous conclusions on the nature of the defect
and full multispectra fitting is needed. Even more signifi-
cantly, fitting only a single spectrum with a two-level defect
model allows a large number of potential parameter
combinations with near-equally good fits. Fitting multiple
spectra simultaneously reduces the number of possible
parameter combinations, and, after discarding models with
unphysical solutions or large sum-square errors, we may
reduce our options down to one or two sets of solution
parameters for further testing. We also include a numerical
approximation of the slow capture and reemission at the
edge of the space-charge region during the filling pulse
(referred to as the transition region) to expand the range
of filling-pulse lengths we can model relative to what
is possible using only a simple analytical depletion
approximation.

DLTS spectra S(t) are calculated from the capacitance
transients C(7), measured at different temperatures for a
duration ¢, after a short time delay ¢, after the filling pulse,
by applying a correlation function W(z):

S =l [ T AC(HW()dr. (1)

Because medium to high resolution is required, we
employ the Gaver-Stehfest 4 (GS4) and 6 (GS6) correlation
functions [18]. For deep-level concentrations which are
small compared to the doping concentration, the total
capacitance transient AC(¢) is proportional to the change
of the occupied fraction Af(¢) of the deep levels:

N
AC(r) & =D ALi(1). (2)

To correctly calculate the electron-occupied fractions of
the two-level defect after an electron (DLTS) or hole
injection pulse (OE-MCTS) of duration z,, all possible
defect reactions must be taken into account. These are all
single electron- and hole-capture and -reemission proc-
esses, where the electron-capture reactions are

X0 4o TH x), (3)
X1 4 2e= “EY w4 - @ xi0) (4)

The first electron is captured into the empty defect
X2t with a rate Cnne, while the second electron is
captured into X(*) at a rate ¢,.. The analog reactions
for hole capture into singly- (X(*)) or doubly- (X(©))
electron-occupied defects are

X 1t O e, (5)
XO) 4 opt R(0]+) X 4 pt h+((0)+\2+)X 24). (6)

The inverse emission processes, which occur during
the measurement of the electron emission from the space-
charge region or which may be of relevance in the transition
region during the filling pulse, are

) e~ (+2+4)
—

X X2+ 4 e, (7)

e (0l+) x(+) _ e ((0)+2+)

x© Xt £ 2e7.  (8)

Hole emission is ignored, as it is negligible for deep
levels in the upper half of the band gap. The capture rates in
Egs. (3)—(8), with electron (n) or hole (p) densities and
thermal velocities (vy,, ), may be written as

Cn24nt+ = 0'n2+,n+(T)<Uth(n)>n7 (9)
Cp+.p0 = 0p+,p0(T)<Uth(p)>pv (10)
and the emission rates are [19]
—-AH
€nt,n0 = Gn2+,n+(T)NC<vlh(n)>)(],2 exp kBT].Z s (1 1)
90 ASy, (12)

X2 = —eXp——,
' g kg

where N is the effective density of states in the conduction
band and the indices 1 and 2 stand for the (+|2+) and (0]+)
transitions, respectively. The defect enthalpy AH,, and
the entropy AS;,, which cannot be separated from the
electronic degeneracies go and g; [which is 2 and % for
the (2+ |+) and (4|0) transitions, respectively] in the
entropy factor y; ,, can then be used to derive an approxi-
mate actual energy separation from the conduction (E) or
valence band (Ey) given by AG,, = AH |, —TAS,, =
Ec — E7 5.

The defect reactions in Egs. (3)—(8) lead to a set of
coupled differential equations describing the development
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of the fractions f* and f° of singly X(*) and doubly X(©)
occupied defects during the filling phase:

ot _ (1—f*—f9— +_ +
5 Cna+ f A Cnrf cprf
+ CpOfO - en+f+ + en()fov (13)
5 0
% = CnJrfjL - chfo - enOfO' (14)

After setting the occupancy after the filling pulse and,
again, ignoring the negligible hole-emission rates for
defects in the upper half of the band gap, the defect
reactions which can occur during electron emission in
the measurement time period of length 7, are given by
Egs. (7) and (8). The result is, again, a set of coupled
differential equations describing the occupancy evolution
during electron emission:

Sf*

W: _en+f++en0f0’ (15)
5 0
e s, (16)

According to the model, three emission reactions are
possible: Two of these, X(+12+) in Eq. (7) and the first process
in Eq. (8), X(*), produce single exponential population
decays, while the third process, X((+1>*) [the second step in
Eq. (8)] is shown to induce a nonexponentiality into the
capacitance transient [18]. Whenever necessary, we plot
the peaks produced by these partial-emission processes in the
figures. In deriving these equations, the recapture of emitted
carriers in an electric field is neglected. As we see later in the
O-DLTS experiments, however, the ON and OS defects are
capable of capturing majority charges optically created in the
space-charge region while these are being rapidly swept out
by the electric field. The situation in the O-DLTS experi-
ments is thus similar to the recapture of emitted carriers and
indicates that this simplification introduces an error in the
analysis. Because of difficulties in modeling the recapture
process, the simplification is, however, unavoidable.

A complication in DLTS experiments further arises
during the filling pulse, when the applied voltage is
changed from reverse bias (—10 V here) to the filling-
pulse voltage (0 V) and the extent of the space-charge
region, in the depletion approximation, shrinks from a
distance x; from the Schottky contact to a distance x,. As
the built-in voltage (Vy;) of the metal-semiconductor
contact prevents the space-charge region from being
completely collapsed under these conditions, the capture
rates of the deep levels are modified in the transition
region of the space-charge region between the metal-
semiconductor interface at x =0 and x; due to a
free-carrier tail with a density exponentially decaying from

the bulk density. The capture rate in the transition region is
thus modified to [20]

X —x)\?2
Cn(x)2+,n(x)+(x> = Cn24.nt €XP -0.5 <(0LiD)> ’ (17)

while the capture rate in the region between x, and x,
containing a uniform free-carrier density, is given by
Eq. (9). We refer to the literature for the calculation of
the Debye length L and the points x; and x; in the space-
charge region [20]. The total fractions of occupied levels
entering Eq. (1) is then numerically integrated over the
space-charge region, and this allows us to use measure-
ments with filling-pulse lengths in the 50 x 107°-50x 107%s
range in the multispectra fits despite the large capture cross
sections. In contrast to electrical filling pulses, the optical
pulses in OE-MCTS saturate all traps from the interface
(x =0) to the edge of the reverse-biased space-charge
region (x;). Since the minority-carrier diffusion lengths
are several times larger than the extent of the space-charge
region, we may assume an approximately uniform minor-
ity-carrier density and uniform trap filling after the long
100 x 1073 s optical pulses.

As a test, the model is used to analyze DLTS measure-
ments of the well-known Z, , defect in 4H-SiC, which is

made up of two negative-U defects with separate Z (17‘2(» but

overlapping Z (1%‘0)

emission peaks [1]. The model is found
to adequately describe the capture and emission behavior of
both transitions of both defects [1].

A central aspect of the modeling process is the descrip-
tion of the capture cross-section temperature dependence,
which we describe as either a multiphonon process or a
two-stage cascade capture process. In the multiphonon
process, capture and emission are accompanied by large
lattice vibrations which give an exponential temperature
dependence

> 18

o(T) = 64 €xp
where ¢, is generally in the range of 10~'%~10~"> c¢m? and
the barrier heights £, may be tens to hundreds of meV,
depending on which phonons are involved. Negative barrier
heights are discussed by Henry and Lang to be possible
for capture into a Coulomb-attractive level with barrier
lowering due to a locally enhanced charge-carrier concen-
tration [21].

In the two-stage cascade capture model for capture into
deep Coulomb-attractive levels, the electron is initially
captured into a shallow excited level of energy depth E|,
followed by a transition to a deeper ground state by a
thermally activated multiphonon process with energy barrier
E, [22]. The result is a temperature dependence of the form
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kT

o(T) = AT 2 exp (19)

where A is a proportionality constant and the total energy
barrier is defined as AE = E, — E;. A negative AE may
occur for a combination of a small multiphonon barrier and a
deeper first excited state, giving a negative temperature
dependence of the cross section due to the increasing thermal
emission from the shallow excited state. The inverse case
results in an exponentially increasing capture cross section
with temperature.

To estimate the errors of the fitting parameters given in
Tables -1V, we compare values calculated using different
starting conditions for the nonlinear least-squares fitting to
all samples. The enthalpies AH are found to vary by less
than £2% from sample to sample and when using different
measurement batches. Capture cross-section prefactors A or
04 vary by less than +30%, while the capture-barrier AE
error is less than +20%. The entropy factors y are all found
to be very small, and setting the entropy factor to 1 does not
significantly degrade the quality of the fit. Values are given
in Tables I-IV.

For the simulation of the TRPL carrier lifetimes, we use a
model similar to the one described by Klein [23]. After the
optical injection of excess electrons §, and holes &, added
to the equilibrium electron n, and hole p, population, the
band-to-band photoluminescence intensity is

I (1) = 7lpo + 8p(0)][ng + on(r)]  (20)
with radiative recombination coefficient y. Furthermore, a
minority-carrier lifetime can also be calculated as

dbyin —1
_ dt
Tmin — |:_5 ] :| )
'min

where the minority carriers (min) are either holes or
electrons in n- or p-type material, respectively. The
decay of 6, and 5, by recombination via deep levels is
numerically calculated by solving the coupled differential
equations

(21)

ds, N
dt = - ; Rn,iﬂ (22)
ds N
d_tp - 20: Ry (23)

where R, ; and R, ; are electron- and hole-capture rates,
respectively, determined by the deep levels. In addition to
these two differential equations, additional equations
describing the population change of each deep level must
be included. For details on the equations describing
recombination via multilevel defects, we refer to the

literature [23]. The simulation is performed without the
inclusion of carrier drift or diffusion and without surface
recombination so as to focus only on the effect the
oxidation-induced defects have on the carrier lifetime.

IV. RESULTS AND DISCUSSION

The DLTS spectra from as-grown 4H-SiC n-type
epilayers in Fig. 1(a) are dominated by the V. related
defects Z; , and EHg ;. After their removal by oxidation-
induced in-diffusion of C;, three new distinct peaks, labeled
ONI1, ON2a, and ON2b, are found. The ONI peak, as
shown later, is the product of a completely overlapping
two-electron emission process, and we plot the ON1(©/+)
and ON1(O+2+) partial transitions from the completely
filled defect in the figure. The same defects are found by
MCTS in p-type 4H-SiC oxidized at 1300°C for 2 x 5 h.
The spectrum in Fig. 1(b) shows the minority (electron)
emission occurring at temperature positions almost iden-
tical to the n-type spectra. The ON1 peak is slightly shifted
due to its overlapping emission structure, and the ON2b
level occurs only as a shoulder next to the large ON2a peak.

In 6H-SiC, a similar situation presents itself, where the
E1/E2 and R deep levels dominate the as-grown material
spectra but are removed by the oxidation process, as shown
in Fig. 2(a). The spectrum then consists of six new deep-
level emission peaks. While the ON deep levels in 4H-SiC
appear at the same positions for all samples, the peaks
labeled OSla and OSIb in 6H-SiC appear shifted by
several degrees Kelvin in spectra of samples grown in
different reactors. We assume that this slight shift is due to
changes in the local defect environment, as different
reactors may produce material with vastly different den-
sities of intrinsic and extrinsic electrically active or inactive
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FIG. 1. (a) DLTS spectra of as-grown and oxidized n-type
4H-SiC. (b) MCTS spectrum of oxidized p-type material. The
ONI peak is shifted slightly due to its positive-U nature, and its
amplitude is decreased by hole capture into the doubly-electron-
occupied defect. ON2b is almost not visible due to hole capture.
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FIG. 2. (a) DLTS spectra of as-grown and oxidized n-type

6H-SiC. (b) MCTS spectrum of oxidized p-type material. OS1b
and OS3b amplitudes are reduced by hole capture, while the
amplitude reduction of OS2b is partially obscured by peak
overlap with OSla.

defects and slightly different strain states of the epilayer. As
in 4H-SiC, the MCTS spectrum of p-type 6 H-SiC oxidized
at 1300°C for 2 x5 h shown in Fig. 2(b) also shows
minority (electron) emission at identical temperature posi-
tions. Compared to the 6H-SiC n-type spectra, the OS1b
and OS2b peaks and the overlapping peak made up of
OS1a and OS2b all appear with decreased amplitudes.

Our initial discussion focuses on the ON1 deep level in
4H-SiC, since the model which can be developed most
clearly for this deep level also applies to the other levels.
Next, ON2a and ON2b are discussed, followed finally by a
discussion of the OS levels in 6H-SiC.

A. Oxidation-induced defects in 4H-SiC

The ONI1 defect is modeled as being made up of either
one or more single-level defects or a single two-level
defect. Within the two-level model, different combinations
of capture and emission processes are used: Both capture
processes are simulated either as a multiphonon mechanism
(MM), a combination of a two-stage cascade process
followed by multiphonon capture of the second electron
(CM), or two two-stage cascade processes (CC). In all
cases, the barrier heights are allowed to vary freely from
negative to positive, and the fits are tested with and without
the inclusion of the entropy factor y. All two-level models
are found to give excellent fits to the sets of three to six
spectra with filling pulses ranging from 50 x 107 to
50 x 10™® s, and a plot of a three-spectra fit is given in
Fig. 3(a). The single-level models, in contrast, are found to
describe neither the sharp peak shape nor the filling-pulse
behavior correctly [Fig. 3(b)], which agrees with our
previous findings [24]. The sharpness and depth of the
ONI1 peak is a direct result of the nonexponential transient

345 mHzg%aeg 66.2 Hz
s 0.00Ff
c
2 -0.05}
2
S —0.10Ff
<
9]
O —-0.15+
(a) '
@ 0.00f
c
> -0.05|
2
©
g —0.10F 50 ns
O _0.15} 100 ns
500 ns o
(b) '
o ON12+H
g 10 E I
£ Bt i
\6 Il il Il L ONIJ-(+‘O)
© 340 360 380 400 420
Temperature [K]
FIG. 3. (a) DLTS measurements of the ON1 defect in oxidized

n-type 4H-SiC measured with three different filling-pulse
lengths. The minimum (345 mHz) and maximum (66.2 Hz)
emission-rate windows are shown. The multispectra fits using
(a) a two-level (CM) and (b) a single-level model are displayed in
red. Although the peak center position is fitted correctly, the
single-level model cannot accurately describe the sharp peak
shape and the filling-pulse behavior, leading to a best fit in which
all three simulated curves completely overlap. (c) The temper-
ature dependence of the electron-capture cross sections for the
two different models (MM) and (CM), in blue and green,
respectively, give nearly indistinguishable temperature depend-
encies almost completely identical with each other, leading to the
blue curve almost completely overlapping the green curve.

distortion produced by the emission of the second electron
(ON1(@+24)) Tn addition to the ON1 defect concentration
being half of the DLTS measured concentration due to the
two-electron emission process, the nonexponentiality then
leads to further overestimation of the ON1 defect concen-
tration when trying to calculate it based on a single-level
assumption. The fit parameters for the two-level (CM) and
(MM) models are given in Table I, and we find the
measured capture cross sections to increase with the
temperature, as shown in Fig. 3(c). Within the framework
of the two-stage cascade capture process, this indicates an
initial capture into a shallow excited state upon which the
electron must overcome a large multiphonon barrier to
relax to the ground state. It is evident, however, that even
after tracking the peak over 70 K by measuring capacitance
transients of 10-s length and more, a distinction between a
purely exponential multiphonon capture process and a
mixed power-law—exponential two-stage cascade capture
process is impossible. The inclusion or exclusion of the
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TABLE L

ONI1 fitting parameters in n- and p-type material. In the fit of the hole-capture cross section, a multiphonon process is

originally assumed. Parameters for the two-level models (CM) and (MM) are given. The resulting capture cross sections ¢(7') are given
for the measurement temperature range of 340—410 K. E,, refers to the capture barrier, which is either E,, in the multiphonon case or
AE = E — E; in the two-stage cascade process. The given parameters are the best fits to the data; errors are discussed in Sec. III.

Transition Mechanism AH (eV) X A (cm?/K?), 64 (cm?) E, (eV) o(T) (cm?)
ON1@+H+) Two-stage cascade 0.88 ~1-1.5 A=95x10"8 0.11 (1.8-2.6) x 10714
Multiphonon 0.88 ~1-1.5 Opeo = 6.2 x 1071 0.044 (1.4-2.0) x 10714
ON1(+0) Multiphonon 0.82 ~1-2 Opoo =4 x 1070 0.02 (2.0-2.3) x 1071
ON10+) T-independent Opoo = 1.3 %1077 0.00 1.3x 107"

entropy term y has only a minimal influence on the quality
of the fit, and the term is around 2 for the second capture
process, leading to a difference between AG and AH of less
than 10 meV. This is in stark contrast to the well-known
negative-U defect Z,/,, where the capture of the second
electron produces a significant structural relaxation of the
defect and the entropy term for the second electron capture
is very large. An optimal fit to the ON1 spectra is achieved
assuming a positive-U configuration, where the second
electron is bound less strongly than the first due to mutual
repulsion. By switching the configuration to negative-U, a
next-best fit with slightly worse sum-square errors is
produced with different locations of the defect levels in
the gap. A feature distinguishing the positive- and negative-
U configurations is the direction of the peak shift as the
filling-pulse length is reduced and the ratio of singly to
doubly occupied levels changes. In the positive-U con-
figuration the peak is expected to shift by approximately
4 K to lower temperatures, while in the negative-U
configuration the peak is expected to shift to higher
temperatures.

A confirmation of the positive-U two-level model is
provided by the MCTS and OE-MCTS measurements
on p-type samples in Fig. 4. An initial optical pulse of
300 x 1073 s length is used to saturate the ON1 defects
with the maximum number of electrons possible in a MCTS
measurement. By applying an electrical pulse of varying
length directly thereafter (OE-MCTS), we find that the
peak amplitude is decreased by hole capture as a function
of the pulse width until it has dropped to approximately
60% of its initial amplitude after a 1 x 10™ s electrical
pulse. At this point, hole capture ceases, even when
increasing the electrical (hole) filling-pulse length to
1 x 1072 s. The OE-MCTS results therefore are a clear
indication that the ON1 defect is capable of hole capture
when occupied by two electrons. Upon the emission of one
electron, however, the defect becomes repulsive to holes,
and a second hole cannot be captured. The slight peak shift
to lower temperatures evident in Fig. 4 as the total defect
population changes from a mixture of singly and doubly
occupied ON1 defects to purely singly-electron-occupied
defects is more clearly visible in Fig. 5. Here, we apply
the multispectra fitting method to extract 6, of the

doubly-electron-occupied level. As we cannot determine
the exact initial occupation ratio of ON1 due to uncertainty
of the electron and hole density in the space-charge region,
we allow the initial ratio of doubly to singly occupied levels
to vary as a polynomial over the temperature. This initial
occupancy ratio applies to all five spectra in the multi-
spectra fit, and o, is then derived from the relative changes
in peak heights determined by the width of the electrical
filling pulse according to Eq. (6). The resulting fit to all
spectra gives a temperature-independent o, for the dou-
bly-electron-occupied level approximately 2-3 orders of
magnitude smaller than ¢,,, and o, [see Table I and
Fig. 3(c)], and the ONI1 defect is found to follow the
approximately 4-K peak position shift expected from the
positive-U model derived from the DLTS data. ON1 is thus
found to be only a very inefficient recombination center.
A similar peak shift is found in the O-DLTS spectra in
Fig. 6, where the ON1 defect efficiently captures single

sl Ty T T T
A 0/e(500-109s)
{1 ON1,,., — o/e(1-107%s)
20} | — o0/e(2:107%s) 4
— 0/e(20-107°s)
) — 0/e(100-10°%s)
<5l — 0/e(10-107%s) ||
=S & - - 0/e(20-107%s)
2
5
S 1.0} 1
(O]
0.5} il
0.0 " eceees

320 340 360 380 400 420 440 460 480 500 520
Temperature [K]

FIG. 4. MCTS and OE-MCTS measurements on p-type
4H-SiC using a 100 x 1073 s optical pulse to saturate the defects
with electrons, followed by an electrical majority (hole) filling
pulse of increasing length. ON2b is almost empty due to hole
capture competing with the electron capture, while the ON2a
peak amplitude is not influenced by the electrical majority filling
pulses, indicating that the level does not capture holes. The ON1
peak amplitude decreases until all defects are singly electron
occupied, upon which hole capture ceases.
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FIG. 5. MCTS and OE-MCTS on ONI1 in p-type 4H-SiC from
Fig. 4 with two-level (CM) model fits and peaks shifted for better
visibility. As the electrical hole filling-pulse length increases, the
number of levels occupied by two electrons decreases, reducing
the ON1C*) (green) and ON1(O+12+) (blue) emission compo-
nents. For long filling pulses, only singly-electron-occupied
levels remain, and ON1(+1) (red) dominates. The experimentally
found approximately 4-K peak shift to lower temperatures
(indicated by the vertical lines) is reproduced by the model.

majority carriers (electrons) optically created in the space-
charge region with densities varying from 3 x 10" to
7 % 10" cm™ by pulses of up to 30 x 107 s length,
despite these being rapidly swept out by the electric field.
The capture of the second electron competes with the
capture of the significantly higher density of holes, and the
full peak amplitude expected from DLTS measurements is
never reached. We also find the EHg/; deep level in as-
grown material to be able to capture majority electrons in
n-type O-DLTS measurements, where specifically the EH,
is assigned to the donor level (+]0) of the V¢ [25]. In
analogy again to the doubly occupied ON1(®) the EH, /7
deep level in p-type material is also found to have only a
very small hole-capture cross section when occupied by

©
N}

o
o

|
o
[N)

-0.4

GS4 [arb. units]

—0.6 DLTS ||
- — o(1) |
0.8 ‘ — o0
1.0 | ONL;, — 0(3) |]

— o(4)

-1.2 o(5) H
— 0(6)

400 450 500 550

Temperature [K]

FIG. 6. DLTS (100 x 107 s electrical filling pulse) and OE-
DLTS measurement using only optical filling pulses of increasing
power on oxidized n-type 4H-SiC. Electron capture into the
attractive ON1 level occurs rapidly, and the peak shift produced
by the single-electron occupation is visible. ON2a appears far less
attractive to electrons in the electric field, while ON2b is empty
due to competing hole capture.

one electron [26]. Based on these similarities, we propose
ONI1 to have double-donor character, with emissions from
the doubly and singly occupied levels overlapping almost
completely. The defect appears Coulomb attractive to
electrons due to having excited states near the conduction
band which enable the capture of the electrons in the
presence of an electric field in the O-DLTS experiments.
Once completely occupied and neutral, the capture of a
single hole may occur with a small capture rate.

D-DLTS and R-DLTS measurements do not show any
field-dependent barrier lowering for a capture into the ON1
defect. However, a lack of field dependence does not
give any clear indication of charge state, since it is shown
that the existence of a capture barrier may distort a
Coulomb-attractive long-range potential enough to make
the barrier-lowering effect negligible [27]. This is again
similar to the case of EHg /7, which is also found to exhibit
no pronounced electric-field dependence [28].

In summary, the ON1 deep-level peak in DLTS could
successfully be fitted over a temperature range of 70 K as
emission from a positive-U two-level defect, where spe-
cifically the ON1(0O+24) emission process is found to
create a nonexponentiality of the decay. The doubly
occupied ON1( deep level is found to capture holes with
a very small capture cross section, while the single-
electron-occupied ON1(*) is repulsive to holes. From
comparison with the capture behavior of EHg /7, we suggest
the defect to have double-donor character.

Switching to the ON2a and ON2b levels, our analysis
follows the same procedure outlined for the ON1 defect
above. We compare single- and two-level models with
different combinations of capture mechanisms [(MM),
(CM), and (CC)] and find the two-level models to give
almost indistinguishably good results when fitting six
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FIG.7. (a) Fitting of ON2a and ON2b using the two-level (CM)
model. Both 80.7 (top) and 11.3 Hz (bottom) emission-rate
windows are spectra calculated from the same measured data.
(b) The temperature dependence of o,,, and o, derived using
either the (MM) and (CM) two-level models is only minimally
different.

spectra simultaneously, as shown in Fig. 7. The fit
parameters are given in Table II. The entropy factors y
are again found to have minimal influence on the fit quality
and produce a difference between AG and AH of less than
50 meV, enforcing the positive-U behavior of the defect. As
the peaks are well separated and show no clearly visible
nonexponentiality, one may assume they are uncoupled

TABLE II.

single levels. We test this hypothesis in Fig. 8 and find that
the fit with single-level models produces larger sum-square
errors but not as severe as in the case of ONI. It is also
unable to provide a physical reason for the constant
concentration ratio between the levels, nor does it provide
any explanation for the hole-capture behavior found in the
MCTS and OE-MCTS experiments.

Apart from the greater difference in emission rate
between the levels, we find that all capture mechanisms
possess negative barrier heights for o,,,, producing a
negative temperature dependence, as seen in Fig. 7.
Within the context of the two-stage cascade model, this
indicates that the electron has a very small multiphonon
barrier to overcome after capture into a shallow excited
state, increasing the chance for reemission as the temper-
ature is increased. Similar to ON1, the capture cross section
0, 1s smaller than ¢,,, and shows a positive temperature
dependence.

The MCTS and OE-MCTS spectra in Figs. 1 and 4 and
DLTS and O-DLTS spectra in Fig. 6 give clearer evidence
that the two-level model applicable to ON1 also applies to
ON2a and ON2b. In Fig. 4, we find that, although ON2a
can be saturated with electrons and does not decrease in
amplitude even after 1 x 1072 s electrical (hole) injection
pulses, the ON2b peak appears only as a shallow shoulder
to ON2a and completely disappears after the electrical
pulse. In the O-DLTS spectra, seen in Fig. 6, ON2b is not
visible, but even ON2a cannot be filled to a significant
level. Since we know from OE-MCTS that this cannot be
due to hole capture, the origin for this behavior may be the
small electron-capture cross section. Only a rough estimate
of 6, is possible based on the spectra, as the vanishing
peak amplitude precludes any accurate filling-pulse mea-
surements, and we find it to be equal to or smaller than
1 x107'® cm? for ON2(). For the later TRPL carrier-
lifetime simulation, we vary it from 1x 1077 to
1 x 1071 cm?. Measuring the field dependence of the
emission by R-DLTS shows a small peak-amplitude change
as a function of the electric field, which, however, is not
enough for an accurate quantification. Based on the DLTS,
O-DLTS, MCTS, and OE-MCTS spectra and their simi-
larities to ON1, we conclude that the ON2a and ON2b

ON?2 fitting parameters in n- and p-type material, with resulting capture cross sections o(7) given for the experiment’s

temperature range of 440-530 K. For the hole-capture cross section, we originally assume a multiphonon process, and the value is only a
rough estimate. £, refers to the capture barrier, which is either E, in the multiphonon case or AE = E, — E; in the two-stage cascade
process. The given parameters are the best fits to the data; errors are discussed in Sec. IIL

Transition Mechanism AH (eV) X A (cm?/K?), 6, (cm?) E, (eV) o(T) (cm?)
ON22++) Two-stage cascade 1.06 ~1-2 A=20x10"10 —0.005 (10-6) x 10716
Multiphonon Opoo = 1.1 x 10716 —-0.092 (10=7) x 10716
ON2(+0) Two-stage cascade 0.98 ~1-2 A=14x10710 0.061 (2.4-2.0) x 1071
Multiphonon Cpoo = 6.5x 10716 0.04 (2.8-3.3) x 1071
ON2(01+) T-independent Gpeo = 1.0x 10716 0.00 <1 x 10716
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FIG. 8. Alternative fitting of ON2a and ON2b using two single-
level models. Both 80.7 (top) and 11.3 Hz (bottom) emission-rate
windows are spectra calculated from the same measured data. The
quality of the fit is inferior to that of the two-level model, and a
model using two independent single levels further offers no
explanation for the OE-MCTS results in Fig. 4 and the fixed
concentration relation between ON2a and ON2b.

peaks also originate from a positive-U two-level defect.
ON2a is composed of the overlapping emission processes
ON2(+2%) and ON2(O+24)| while ON2b is the first
electron emission of a doubly occupied level, ON2(1+).
Using the coupled-level models to account for the two
electron emissions from each defect and the unique peak
shape of the ON1 defect, we are now able to correctly
calculate the ON1 and ON2 densities in oxidized
4H-SiC. The deep-level concentrations are measured
within the top 1.5—4 um of the epilayer (based on sample
doping and the 0-V DLTS pulse bias and —10-V reverse
bias used), and their dependence on the oxidation
temperature and duration is given in Table III. Their
profiles, measured by D-DLTS, appear quite flat in the
measured volume and decrease only slightly when
moving away from the surface. Surprisingly, the p-type
sample shows ONI1 and ON2 concentrations slightly

TABLEIII. Densities of ON1 and ON2 deep levels measured in
the top 4 um of the epilayers for three samples oxidized at three
different temperatures. The deep-level density ratio is found to be
approximately 1:1.

Temperature Duration ON1 ON2
°C) (min) Doping (cm™3) (cm™3)
1300 900 Nitrogen (n)  5.7x10'? 5.7x10'?
1300 2x 300  Aluminum (p) 5x 108  5x 1013
1400 1000 Nitrogen (n)  1.0x 10" 1.0x 10"
1500 1000 Nitrogen (n)  4.4x103 4.4x10"3

higher than in similar n-type samples. All samples, n-
and p-type, consistently show a very similar ON1:0N2
concentration ratio of 1:1, and the deep-level concen-
trations are independent of the doping concentrations in
the measured samples.

B. Oxidation-induced defects in 6 H-SiC

The situation in 6H-SiC is more complex due to the
number of peaks (six) and the extreme overlap of OS2a
with OS3a and OS1a with OS2b (see Figs. 2 and 9). The
latter two can be resolved when using rate windows
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FIG. 9. (a) DLTS spectra of an oxidized n-type 6H-SiC sample
with filling-pulse lengths of 50 x 10~ and 200 x 10~ s. The
multispectra fit using three two-level (CM) models fits the
measured spectra well. In (b)—(d), the measurement with a
50 x 10~ s filling pulse is separated into the partial emission
processes. OS1b-0S3b result from the (0|+) transition proc-
esses, while OS1a—0OS3a result from the (-+|2+) and ((0) + |2+)
transitions of the OS1-0OS3 defects.
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FIG. 10. DLTS (100 x 10~ s electrical filling pulse) and
O-DLTS measurement using only optical filling pulses of increas-
ing power [from o(5) to o(1)] on oxidized n-type 6H-SiC. The
0OS1a, 0S2a, and OS3alevels rapidly capture electrons, while OS2b
and OS3b remain nearly empty due to hole capture. The OSla
amplitude appears to decrease only once OS1b is nearly empty.

derived from transients several seconds long. Before
applying the six single-level or three two-level models
with (MM), (CM), and (CC) capture cross-section com-
binations, a qualitative review of the DLTS data in Fig. 9
and the O-DLTS data in Fig. 10 is required to determine
which levels may be coupled: The peak amplitude ratios
indicate that the levels fall into two groups, with group
one made up of OS1a, OS1b, OS2a, and OS2b and group
two made up of OS3a and OS3b. The grouping suggests a
relation to the three inequivalent lattice sites of 6H-SiC,
with group-one levels related to the cubic sites (k;, k;)
and group-two levels related to the single hexagonal (/)
lattice site.

From O-DLTS in Fig. 10, we find that the levels OS1b
and OS2b may only be partially filled with optically
excited majority electrons due to competing hole- and
electron-capture processes and the rapid removal of elec-
trons from the space-charge region by the electric field.
0OS3b is not filled at all, while levels OS1la, OS2a, and
OS3a can be completely saturated and appear to be

repulsive to the concurrently injected large concentration
of holes. The same difference in electron occupation is also
found in the MCTS spectra in Fig. 2 measured on the
oxidized p-type sample, showing the OS1b, OS2b, and
OS3b levels to be capable of capturing holes while the
OS1la, OS2a, and OS3a levels appear hole repulsive. All
levels are further found to be stationary in their temperature
positions when using different optical pulse lengths in O-
DLTS and OE-MCTS, and we can exclude ONI-like
overlap of the two electron-emission processes. The
MCTS and OE-MCTS spectra are, however, of too low
quality to accurately estimate any hole-capture cross
sections. Finally, the small difference in the positions of
the OSla and OS1b peaks between materials grown in
different reactors and their greater ability to capture
electrons as compared to OS2a and OS2b in Fig. 10 leads
us to the conclusion that level coupling exists between
OS1la and OS1b, OS2a and OS2b, and OS3a and OS3b.
The multispectra fit using three positive-U two-level (CM)
models for the defects fitted to spectra with filling pulses
from 140 x 107 to 500 x 10~ s is shown in Fig. 9, and
the resulting fit parameters are given in Table IV. Similar
again to the ON defects in 4H-SiC, the entropy factor is
found to be close to one, so that AG and AH again differ by
less than 10 meV. We find the absolute defect concen-
trations to be larger by roughly an order of magnitude when
compared to 4H-SiC, and the OS1:0S2:08S3 ratio is
found to be 3:3:1, irrespective of oxidation conditions.
We also test fitting of the spectra using a set of six single-
level models with a different capture mechanism. The fits to
individual spectra are excellent; however, the effective
capture cross sections derived this way scatter over almost
3 orders of magnitude. Attempts to perform multispectra
fits are not successful, and no viable model of the deep
levels and their capture behavior can be produced by single-
level models.

C. The influence on carrier lifetime

Using the complete model of the electron- and hole-
capture processes at the ON defects, the influence on the
charge-carrier lifetime in n- and p-type material can now be

TABLE IV. Fitting parameters for the DLTS spectra measured on oxidized n-type 6H-SiC, with resulting capture cross sections 6(7')
given for the measurement temperature range of approximately 50 K around the deep levels in Fig. 10. E,, refers to the capture barrier,
which is either E, in the multiphonon case or AE = E, — E; in the two-stage cascade process. The given parameters are the best fits to

the data; errors are discussed in Sec. III.

Transition Mechanism AH (eV) X A (cm?/K?), 6, (cm?) E, (eV) o(T) (cm?)

0812+ Two-stage cascade 0.80 ~1 A=12x10"° 0.025 (6.3-5.5) x 1071
0S1(+0) Multiphonon 0.63 ~1 Opoo = 6.5%x 10710 0.005 3.2x 10716
0S22+H+) Two-stage cascade 0.82 ~1 A=9.0x10"" —-0.038 (6-3.3) x 10716
0S2(+0) Multiphonon 0.69 ~1 Ope =1.0x 1071 0.029 (2.5-3.2) x 1071
0832+H+) Two-stage cascade 0.65 ~1 A=48x10"8 0.078 (8.8-14) x 10716
083+ Multiphonon 0.54 ~1 Opoo = 16X 1071 0.028 (9-12) x 1071
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quantified. For this purpose, we simulate the minority-
carrier lifetime using Egs. (20)—(23) in the bulk of an n- or
p-type sample of 1 x 10> cm™ doping density as a
function of the concentration of ON1 and ON2. The only
parameter which cannot be determined with any precision,
6,0 of the ON2 defect, is varied from 1x 1077 to
1 x 107'® cm?. Since the charge-carrier lifetime is injec-
tion-level dependent and since the ON1 and ON2 defect
concentrations reach up to mid x 103 cm™ levels, we
define a lifetime 75, top) using Eq. (21) for the
following analysis. The instantaneous minority-carrier life-
time at this point, where the excess minority-carrier density
equals the doping density, provides a point which is
accessible by TRPL measurements, can be easily compared
between all simulations, and is far above the ON1 and ON2
defect densities. A realistic estimate of the remaining V¢
defect concentration after oxidation is also required. For
this purpose, a low-doped (4 x 10'3 cm=3) n-type sample is
oxidized at 1300°C for 2 h. The initial V- concentration
before oxidation is 5 x 10! cm™3, based on the
1 x 10'2 em™ concentration of Z;/, measured by DLTS,
which is an average concentration found in high-quality
epilayers with n-type doping densities between 4 x 10!
and 8 x 10" cm™ [29]. The Z,), center is completely
removed from the spectra by the oxidation, and the
concentration of V defects after the oxidation is below
1 x 10'% cm™3, based on the detection limit in this specific
sample. From Egs. (20)~(23) and the model for Z; ;, given
by Klein, a 1 x 10'® cm™ concentration of V. is expected
to lead to a bulk 7y, —n, top) of approximately 320 s,
while a concentration of 2 x 10'° ¢cm™ leads to approx-
imately 260 us [2]. This value is significantly larger
than the lifetimes encountered in very thick epilayers
(>140 um) oxidized for very long durations or subjected
to carbon implantation and annealing, where the longest
reported carrier lifetime value is 33.2 us [30,31]. The actual
TRPL measured lifetime in the low-doped sample is 1.3 us
before and 3.5 ps after the oxidation. The sample thickness
of only 44 um, however, represents a significant limiting
factor. Since the Z;/, model contains a large number of
adjustable parameters and since the exact identity of the
lifetime-limiting defect(s) in p-type 4H-SiC is unclear, we
replace Z;,, in the following analysis by a single-level
midgap recombination center, referred to as R, which limits
the bulk 705, =N wop) 1O 300 ps in n- or p-type material.

In Fig. 11, we show TRPL decay curves (a), the
instantaneous minority-carrier densities on (b), and the
instantaneous minority-carrier lifetimes z,, (c) simulated for
n-type material based on the above parameters, with and
without ON1 and ON2 in concentrations of 2 x 103 cm™.
The same for the case of p-type material is given in Fig. 12.
An initial injection level of excess minority (d,;,) and
majority carriers (8,;) of 1x 10" cm™ at the beginning
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FIG. 11. TRPL decay curves (a), minority-carrier densities (b),
and the instantaneous lifetime (c) simulated for n-type material
with (red) and without (black) ON1 and ON2. The error spread
(red) is due to the large error in determining ¢,((7) of ON2. In
the absence of ON1 and ON2, the material is limited to a
Tomin (B in =Naop) of 300 us (at approximately 350 us on the time
axis) by a stand-in recombination center R. The oxidation-
induced defect density is ON1 = ON2 =2 x 103 cm~3, and
the horizontal line in (b) gives the doping density.

of the simulation (f =0 s) is used to explore the entire
region from high- to low-injection conditions. and the
simulation is performed at 300 K. While the TRPL
intensity decay shape of oxidized material is expected to
show a slight upward slant throughout the entire injection
region in n-type material, the decay curve simulated in
p-type material displays an obvious downward slant once
Omin approaches the doping density. The difference is due to
the hole- and electron-capture cross-section ratio of ON1
and ON2 and reproduces an effect which has been
previously described in decay curves of oxidized samples
in the literature [32]. Although it is ascribed there to the
difference in ambipolar diffusion constants between oxi-
dized n- and p-type material, the effect appears to also
originate from the oxidation-induced defects. Despite this
difference, for both conductivity types, the inclusion of
ONI1 and ON2 into the simulation increases the rate of

charge-carrier recombination and lowers Tinin (Bpin=Naop)? 5
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FIG. 12. TRPL decay curves (a), minority-carrier densities (b),
and the instantaneous lifetime (c) simulated for p-type material
with (red) and without (black) ON1 and ON2. The error spread
(red) is due to the large error in determining ¢, (7) of ON2. In
the absence of ON1 and ON2, the material is limited to a
Tinin (8 =Noop) of 300 us (at approximately 350 us on the time
axis) by a stand-in recombination center R. The oxidation-
induced defect density is ONI1 = ON2 =2 x 1013 em™3, and
the horizontal line in (b) gives the doping density.

can be seen in Figs. 11(c) and 12(c). The effect on the
mid- to low-injection range lifetime is stronger in p-type
than in n-type material, which again concurs with the
literature, where lifetime enhancement oxidations are found
to be less effective in p-type material than in n-type
material [33]. Other effects, such as a lower rate of diffusion
for C; in p-type relative to in n-type material, also further
decrease the effectiveness of lifetime enhancement oxida-
tions in p-type material.
This influence on Tunin (B yin=Naop)
Fig. 13, where we plot 7.5, —n wp) A5 function of the
concentrations of ON1 and ON2, which are scanned from
1x10'% to 5% 10 cm™ in n- and p-type epilayers
limited to a lifetime of 300 us in the absence of ONI
and ON2. The defects have a clear effect on the simulated
bulk carrier lifetime once their concentration increases
above 1x 10'> cm™ and appear to impose a limit on
the maximum attainable bulk carrier lifetime in epilayers
which have been subjected to lifetime enhancement

is further explored in

ON1, ON2 Concentration [cm~®]

FIG. 13.  The TRPL decay constant Tyin(s,. —w, 1op) 35 @ function
of ON1 and ON2 density in n-type (a) and p-type (b) material
otherwise limited to a Tpin(s,, =, aop) of 300 us in the absence of
ON1 and ON2. The effect of ON1 and ON2 is slightly stronger in
p-type material.

oxidations or carbon implantations and annealings. In
the end, however, the efficiency of ON1 and ON2 as
recombination centers in actual epilayers is far lower than
that of Z,/,, and the improvements gained in carrier
lifetime by the lifetime enhancement processes (x5 or
more) are significant.

Practically measuring the exact influence of ON1 and
ON2 on the carrier lifetime by TRPL or microwave
photoconductivity decay is currently made impossible
by a number of factors. These are a strong influence of
surface recombination due to a lack of good surface
passivation schemes, difficulties in measuring the very
low V concentration in oxidized material, the existence
of an oxidation-process-related density profile in the ON1
and ON2 concentrations, and the lack of epilayers with
combined very low ON1, ON2, and V. concentrations for
comparison.

No direct conclusions can be drawn on the capability of
the OS defects to influence the carrier lifetime in 6 H-SiC,
since the hole-capture cross sections cannot be measured.
Experimentally, we find the oxidations at 1300°C to
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increase the measured carrier lifetimes from approximately
80 x 107 s in the as-grown n-type and p-type material by
a factor of 5-8 (to 400 x 107°=700 x 10~ s) and 2-3 (to
200 x 1079250 x 107 s), respectively. Based on the sim-
ilarity between the oxidation-induced defects in 4H- and
6H-SiC, we expect that the OS defects have a similar
influence on the bulk carrier lifetime in 6H-SiC epilayers.

D. Possible physical origin
of the ON and OS defects

The formation of ON and OS defects by oxidation
strongly points to the involvement of carbon interstitials
C;, which is further supported by the similarity of their
measured concentration profiles to simulated C; in-
diffusion profiles [11]. A direct involvement of oxygen
appears unlikely, as the ON defects are also found in
samples implanted with C* or Si* and annealed at a high
temperature [11]. A proposed involvement of nitrogen
from the gas phase seems unlikely, as our oxidations are
performed in high-purity SiC crucibles in a flow of pure Ar
mixed with pure dry O, [11]. The involvement of N
dopants which are incorporated during epigrowth can also
be excluded, since this would require a near-complete
conversion of residual N in the p-type samples to create the
measured approximately 1 x 10'* cm™ total density. An
involvement of boron can be excluded for the same reasons.
The most likely candidates are defect complexes based on
C; in possible combination with other intrinsic defects, of
which a large number of configurations are determined to
be electrically active and thermally highly stable [34,35].
The occurrence of two ON defects in 4H-SiC at a
concentration ratio of 1:1 and of three OS defects in
6H-SiC at a ratio of 3:3:1, apparently independent of
sample growth and oxidation conditions, strongly links the
defects to the inequivalent lattice sites of the polytypes.
As intrinsic defects may, however, be constructed from a
combination of elementary defects on inequivalent lattice
sites (Cg;-V ¢ can, for example, be formed on hh, hk, kh,
and kk sites in 4H-SiC), we cannot exclude that each ON-
and OS-defect peak set actually originates from more than
one defect with very similar properties.

V. CONCLUSION

We measure the electrical properties of the deep levels
ON1, ON2a, and ON2b in 4H-SiC as well as their 6 H-SiC
counterparts OS1a, OS1b, OS2a, OS2b, OS3a, and OS3b
in both n- and p-type material. The uniquely narrow peak
shape of ONI1 and the peak center position shift as a
function of the level occupation in DLTS and MCTS is
determined to originate from an overlapping positive-U,
two-electron emission process. Similar to EHg/7, which is
clearly identified as the (2 + |+) and (+|0) donor levels of
Ve, the ONI1 defect is capable of capturing majority
electrons supplied optically into the space-charge region

in n-type material, indicating a capture into a Coulomb-
attractive defect with excited states near the conduction
band which is then also repulsive to holes [25,26]. Hole
capture is found to occur only into the doubly-electron-
occupied (neutral) defect with 6,7 2-3 orders of magnitude
smaller than ¢,,, and o, . Based on these data, we assign
double-donor character to the ON1 deep level. Although
all other levels (ON2a and ON2b and the OS defects in
6H-SiC) can be fitted as single-level defects in the
individual DLTS, O-DLTS, MCTS, and OE-MCTS spectra,
the fitting gives worse results or fails when simulating
several spectra simultaneously with the same parameters.
Multispectra fitting indicates them to also be positive-U
coupled, most likely double-donor-type deep levels similar
to ON1. The occurrence of a total of two oxidation-induced
defects in 4H-SiC and three defects in 6H-SiC strongly
points to C;-based defects involving inequivalent lattice
sites. Finally, from simulated TRPL decay curves and
recombination rates at the deep levels, we conclude that
the oxidation-induced defects are only very weak recombi-
nation centers which have a larger impact on the charge-
carrier lifetime in p-type material than in n-type material.
Although they are significantly less efficient recombination
centers compared to Z;,,, their large density as a by-
product of the lifetime enhancement process and their
thermal stability allow them to set a high upper limit on the
bulk charge-carrier lifetime achievable by lifetime enhance-
ment oxidations or carbon implantations or annealing.
Since their density is highest in the first several microm-
eters of semiconductor material adjacent to the surface used
for lifetime enhancement oxidation, this surface should be
chosen carefully, so as to avoid large defect densities in
current-carrying regions of devices [11].
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