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Postoxidation annealing in nitric oxide (NO) results in a significant reduction of electronic states at
Si0,/4H-SiC interfaces. Measurements of electron trapping dynamics at interface states in both

thermally oxidized and NO annealed SiO,/4H-SiC

interfaces were performed using

constant-capacitance deep level transient spectroscopy (CCDLTS) and double-CCDLTS. We show
that the interface state density in as-oxidized samples consists of overlapping distributions of
electron traps that have distinctly different capture cross sections. The dominant trap distributions,
centered at E,~0.24 eV with o~7X 107" c¢m?, and at E,~0.46 eV with o~4X 1077 c¢m? are
passivated by NO annealing. The remaining interface states all have capture cross sections in the
range 1071°-1072! cm?. © 2008 American Institute of Physics. [DOI: 10.1063/1.2837028]

I. INTRODUCTION

The electrical and physical properties of silicon carbide
(SiC) and its ability to form insulating SiO, layers by ther-
mal oxidation make it a promising material for high power,
high-temperature, and  high-frequency = metal-oxide-
semiconductor field effect transistors (MOSFETs).'™ The
most favorable SiC polytype for such devices is 4H-SiC be-
cause of its large band gap energy, 3.26 eV, and bulk electron
mobility of ~800 cm?/V s. Historically, however, the de-
velopment of 4H-SiC MOSFETs has been hindered by the
high density of interface states (D;) at the SiO,/4H-SiC in-
terface, which results in a reduced electron mobility of
<10 cm?/V s in n-channel inversion layers.l’3_5 Interfacial
nitridation via postoxidation annealing in nitric oxide (NO)
results in the incorporation of about a monolayer of N
(~10" cm™) at or near the interface and reduces D; near
the conduction band edge of 4H-SiC by almost an order of
magnitude. This in turn leads to a significantly improved
effective  channel mobility in n-channel 4H-SiC
MOSFETs.>*® While nitridation has been established as the
most efficient oxide processing scheme for SiC devices, the
N related trap passivation mechanism and the electronic na-
ture of residual traps at nitrided Si0,/4H-SiC interfaces re-
main unclear.

In this article, we present new insights on the capture
and emission properties of electronic states at as-oxidized
and nitrided interfaces using constant-capacitance deep level
transient spectroscopy (CCDLTS) and double-CCDLTS mea-
surements, methods that have been used effectively to study
interface states in SiO,/Si MOS structures.”® We show that
the D;; detected by CCDLTS in as-oxidized samples consists
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primarily of three overlapping distributions of interface
states, distinguished by their different capture cross sections,
that are passivated by NO annealing. The capture cross sec-
tions of the remaining interface states in nitrided samples are
in the range 1072'= 107! cm?, much smaller than values re-
ported for SiO,/Si interfaces.’

Il. EXPERIMENT

Samples used for this work are 5 mm X5 mm pieces
diced from an 8° off-axis (0001) Si face n-type 4H-SiC wa-
fer with 10 um epilayer doped with nitrogen at 5.5
X 10" cm™. Dry oxidation was performed at 1150 °C for 8
h followed by annealing at 1150 °C for 30 min in Ar to grow
SiO, layers with thickness of ~60 nm. Some samples were
subsequently annealed in NO for 2 h at 1175 °C. The NO
annealing resulted in an additional ~2 nm oxide thickness.
MOS capacitors were fabricated on both sets of samples.
Large area ohmic contacts were made to the backside of the
n* 4H-SiC substrate, which is N doped at ~10'° cm™, by
evaporating ~100 nm of Au. Contacts to the SiO, layer
were made by evaporating 200 nm-thick Al circular dots
having a diameter of 0.5 mm.

Simultaneous high-low frequency capacitance—voltage
(C-V) measurements at room temperature were performed
to verify the reduction in interface state density, D;, near the
conduction-band edge associated with NO annealing.%4 In
addition, the MOS capacitors were characterized using
C-V measurements at 1 MHz in the temperature range
300-80 K. CCDLTS and double-CCDLTS measurements,7’8
were performed in the same temperature range using a
SULA Technologies instrument. For CCDLTS measurements
the voltage transient needed to maintain the constant value of
the sample capacitance and thus a constant depletion width
in the semiconductor is sampled at times #; and ¢, after the
trap filling pulse. The voltage difference, the CCDLTS sig-
nal, is plotted as a function of temperature. For double-
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FIG. 1. (Color online) C-V data at 1 MHz for (a) AO and (b) NO
Si0,/4H-SiC MOS capacitors.

CCDLTS measurements of interface states a pair of filling
pulses having the same duration but slightly different volt-
ages define a narrow energy interval.® The CCDLTS signal is
recorded for one of the filling pulses and a differential am-
plifier provides the difference of the CCDLTS signals for the
two filling pulses, the double-CCDLTS signal. The tempera-
ture of the double-CCDLTS peak from interface states is
expected to shift as the energy window, and therefore the
energy position of the sampled traps, changes.8 In contrast,
single CCDLTS scans do not provide information on the spa-
tial location of the traps.

To evaluate the effect of carrier freeze-out on interface
charging during CCDLTS measurements at temperatures be-
low 100 K, the SiO, layer was removed from an as-oxidized
(AO) sample by HF etching and Schottky contacts were fab-
ricated directly on the 4H-SiC substrate by depositing 600
and 300 wm diameter Ni/Ti/Au dots. The donor concentra-
tion from C-V measurements at 300K and 80K shows only a
small decrease, from 5.6 X 10 to 4.1 X 10" cm?. Further-
more, no CCDLTS signal was observed for the Schottky di-
odes demonstrating that the CCDLTS signal for the MOS
structures originates entirely from the interface states, not
from states in the SiC.

Ill. RESULTS
A. C-V measurements

Typical C-V curves for AO and NO-annealed (NO)
samples measured at 300 and 80 K are shown in Fig. 1. The
C-V curves of the AO samples shift toward higher gate
voltages with decreasing temperature, indicating that a sig-
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FIG. 2. (Color online) CCDLTS spectra for the AO sample measured with
(a) varying filling pulse duration at filling pulse voltage 13 V and (b) vary-

ing filling pulse voltage at 20 ms duration. The rate window is 8.6 ms and
the constant capacitance is 42 pF.

nificantly higher number of electrons are trapped at
Si0,/4H-SiC interface states under low temperature flatband
conditions. The shift in the C—V curves for the NO samples
in the same temperature range is ~ 10 times smaller than that
of the AO sample. Additionally, the hysteresis in the low
temperature C—V for opposite voltage sweep directions is
significantly smaller for the NO samples than that for the AO
samples. These data further demonstrate the significant re-
duction in carrier trapping at interface states after NO an-
nealing.

B. CCDLTS

Figure 2 shows CCDLTS data for the AO sample. A
series of CCDLTS spectra measured with filling pulses of
different duration is shown in Fig. 2(a). With increasing fill-
ing pulse duration, the CCDLTS spectra become broader in
the temperature range 80—100 K and saturate for pulse dura-
tion of 20 ms. This indicates that longer pulses are required
to fill the shallower interface states. This suggests that the
capture cross section of the deeper states observed at higher
temperatures is much larger than that of the shallower inter-
face states observed at lower temperatures. The shape of the
CCDLTS spectrum suggests the presence of overlapping dis-
tributions of at least two types of interface traps, consistent
with previous reports on as-oxidized interfaces.'™"? Figure
2(b) shows CCDLTS spectra taken with various filling pulse
voltages. The CCDLTS signal continues to increase up to a
filling pulse of 12 V, consistent with the strong shift of the
C-V curve toward positive voltage at low temperature.
Thus, to completely fill the interface states, both a filling
voltage of 20 ms and at least 12 V is required.
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FIG. 3. (Color online) CCDLTS spectra for the NO sample measured with
(a) varying filling pulse duration at filling pulse voltage 5 V and (b) with
varying filling pulse voltage at 20 ms duration. The rate window is 8.6 ms
and the constant capacitance is 18 pF.

Figure 3 shows CCDLTS spectra for the NO sample. We
see in Fig. 3(a) that the CCDLTS signal increases over the
entire temperature range with increasing filling pulse dura-
tion, again saturating at 20 ms. This indicates that, unlike the
AO sample, all of the interface states in the NO sample have
a similar capture cross section. Figure 3(b) shows that the
CCDLTS spectra taken at various filling pulse voltages. The
spectrum at 6 V (not shown) overlays that taken at 5 V,
showing that the CCDLTS signal saturates at 5 V. Note that
the dominant CCDLTS peak at about 100 K increases and
shifts to a lower temperature for filling pulses >3 V, sug-
gesting that more than one type of interface trap may be
present.

Figure 4 compares the saturated CCDLTS signal inten-
sity for both the AO and NO samples measured with an
identical rate window. The CCDLTS intensity of the NO
sample is smaller than that of the AO sample by a factor of
~10, again demonstrating the large reduction of the D;, in
the upper half of the band gap with NO annealing. The domi-
nant interface states for the AO sample appear in the tem-
perature range 100-250 K. For the NO sample, the dominant
interface states are found at lower temperature, in the range
80-120 K. In this case also, the presence of peaks in the
spectra (indicated by arrows) suggests overlapping distribu-
tions of interface states. Note the decrease in the CCDLTS
signal at the low end of the temperature range for both
samples.

C. Double-CCDLTS

Double-CCDLTS measurements were performed to fur-
ther investigate the emission and capture kinetics of the in-
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FIG. 4. (Color online) CCDLTS spectra measured for (a) AO and (b) NO
Si0,/4H-SiC. The filling pulse duration is 20 ms to achieve saturation of the
signal and the rate window is 8.6 ms. The constant capacitance is 42 pF and
the filling pulse voltage is 13 V for the AO and 18 pF and 5 V for the NO
sample.

terface states. Figure 5(a) shows a series of double-CCDLTS
scans for the AO sample labeled with the filling pulse volt-
ages used. These scans are grouped according to their char-
acteristics: (1) broad peaks which shift to lower temperature
with decreasing filling voltage (4.0-8.0 V); (2) narrower
peaks, which also shift to lower temperature and whose am-
plitude increases and then decreases with decreasing filling
voltage (8.0-11.5 V); and (3) peaks at <100 K whose tem-
perature position is fixed and whose intensity decreases with
increasing filling voltage (11.5-13 V). The peak shift with
increasing filling voltage is expected for interface states.”®
Thus, the fixed peak temperature of the group 3 states is
anomalous and suggests that this trap species may not be
located precisely at the SiO,/4H-SiC interface. These results
indicate that three distinct distributions of interface traps are
present in the AO samples. For the NO sample [Fig. 5(b)],
we see two groups of peaks: one showing the same anoma-
lous behavior as the group 3 peak in the AO sample, with the
peak position independent of the filling voltage (45 V), and
a second where the peak shifts to lower temperature with
decreasing filling voltage (2-4 V). This indicates that at least
two types of interface states are present at the
Si0,/4H-SiC-SiC interface after nitridation.

D. Activation energy and capture cross section

To measure the emission activation energy and capture
cross section of these states, double-CCDLTS scans were
taken at various rate windows on both AO and NO samples
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FIG. 5. (Color online) Double-CCDLTS scans for (a) the AO sample and (b)
the NO sample at the filling voltages indicated. Scans for the latter are offset
vertically. The constant capacitance was 42 pF for the AO sample and 18 pF
for the NO sample. The filling pulse duration is 20 ms, and the rate window
is 8.6 ms.

and the emission activation energy and capture cross sections
were determined from Arrhenius plots in the usual way.8 The
thermal emission of electrons from a deep level is described
by e,=v,0,N¢ exp[—E,/kT], where e, is the emission rate,
o, is the capture cross section, v,, is the thermal velocity, & is
the Boltzman constant, N is the effective density of states in
the conduction band, and T is the temperature of the
CCDLTS or double-CCDLTS peak. E, is the emission acti-
vation energy, which for most deep levels is equal to the
energy difference between the trap and the bottom of the
conduction band, E.—E,. Substituting v,=v3kT/m* and N,
=2(2mm*kT/h*)*?, where m*=0.36m, (from Ref. 13) is the
density of states effective mass, the temperature dependence
of the emission rate is

Cn (EC - Eo) 1
In| 5 |=- —+1In
T k T

n

4\s"gﬂ'3/2m*k2
w7

Thus, the energy position of the interface states is determined
from the slope of the Arrhenius plot of 1000k In(e,/T?) ver-
sus 1000/T and the capture cross section, o,, is obtained
from the intercept. The uncertainly in the emission activation
energy is typically 0.02 eV and in the capture cross section it
is an order of magnitude. As examples, Fig. 6(a) shows a plot
for each of the three groups of double-CCDLTS peaks for the
AO sample. Arrhenius plots for the NO sample are shown in
Fig. 6(b). Data for the higher temperature peaks in the NO
sample are from CCDLTS scans taken at different rate win-
dows, since the intensity of the signal was too weak to obtain
double-CCDLTS data for these traps.
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FIG. 6. (Color online) Arrhenius plots: (a) representative data from double-
CCDLTS scans for the AO sample with filling pulse voltages 7.0/6.0, 10.0/
9.0, and 13.0/12.0 V at constant capacitance 42 pF and (b) double-CCDLTS
data for the NO sample with pulse voltages 3.5/3.0 and 5.0/4.5 V at constant
capacitance 18 pF and CCDLTS data (open symbols) with filling pulse
voltage 5 V.

Figure 7 shows the capture cross section plotted as a
function of the activation energy. The three distinctly differ-
ent values for the capture cross section, ranging from 5
X 1077 to 5X 10729 cm?, clearly demonstrate that three dif-
ferent species of interface traps are present in the AO
samples: (1) centered at E.—0.46 eV, with a capture cross
section of 4 X 1077 cm?; (2) centered at E.—0.24 eV, with
o=7%x10"" cm?; and (3) centered at E-—0.17 eV with o
=4 X107 cm?. The behavior of group 1 and 2 states, which
dominate the CCDLTS spectra of the AO samples, is as ex-
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FIG. 7. (Color online) Capture cross section and emission activation energy
determined from double-CCDLTS (solid symbols) and CCDLTS (open sym-
bols) measurements for the AO (squares) and the NO (triangles) samples.
The uncertainty in the activation energy is 0.02 eV and it is an order of
magnitude in the capture cross section.
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pected for a continuous distribution of interface states.® A
prior CCDLTS study of dry-oxidized n-type 4H-SiC MOS
capacitors shows the presence of two types of interface states
with electron capture cross sections estimated to be
<107'® cm? (fast) and <107! cm? (slow), consistent with
our results.'

Two distributions of states are observed by double-
CCDLTS in NO samples: one centered at £.—0.21 eV, with
0=2x%x10"2 ¢m?2, and another at E.-0.16 eV, with 0=8
X 1072! cm?. The fixed peak position of the E,—0.16 eV
distribution with increasing filling voltage is the same as was
observed for the E.—0.17 eV (group 3) traps in the AO
sample. This anomalous behavior and the similar values of
the emission activation energy and capture cross section in-
dicate that these states are near-interface oxide traps, which
are present in both samples but with vastly different densi-
ties. The temperature shift with increasing filling voltage of
the £.—0.21 eV group is consistent with a continuous dis-
tribution of interface states.

Parameters for the deeper states at E.—0.38 eV, with
0=5X10"" cm?, and at E.-0.56 eV, with o=7
X 1072 ¢cm? in the NO samples were obtained from
CCDLTS spectra. Thus, for these trap distributions we can-
not distinguish between states located precisely at the inter-
face or near-interface states. Note that all the interface states
in the NO samples have very small capture cross sections, in
the range 102'= 107! cm?, suggesting possible capture to a
negatively charged state,' i.., that these states may be
double acceptors. These results clearly show that the two
dominant species of interface states observed in the AO
samples, electron traps having capture cross sections
4% 1077 and 7 X 107" cm?, are completely passivated by
annealing in NO. The density of the third species, centered at
E.—0.17 eV having a capture cross section 4 X 1072 cm?
and apparently not located precisely at the interface, is sig-
nificantly reduced as well. Note that the capture cross section
reported for this third trap species represents only a small
fraction of all the defects in this energy range.

E. Comparison of D; from DLTS and C-V
measurements

With the capture cross sections of the different trap spe-
cies established, D; can be calculated from the CCDLTS
data.” For electron emission from a continuous distribution
of interface states, the CCDLTS signal AVy
=gkT In(t,/1,)D;(E,)/ C,y is proportional to the interface-
state intensity D (E,), where E, is in the semiconductor band
gap, ¢q is the electronic charge, k is the Boltzmann constant,
and C,, is the oxide capacitance. The ratio #,/¢; is deter-
mined by the CCDLTS system rate window setting. When
the capture cross section is independent of temperature, the
CCDLTS signal temperature is related to the emission acti-
vation energy by 1/7,=0,v,N¢c exp(~AE/kT), where 1/, is
the emission rate determined by the rate window selected for
the CCDLTS scan, o, is the capture cross section, v,, is the
electron thermal velocity, and AE=E.—E,, where E, is the
energy of the bottom of the conduction band of 4H-SiC.
Since the capture cross sections of the three species of traps
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FIG. 8. (Color online) Distribution of SiO,/4H-SiC interface states obtained
from CCDLTS and high-low C—-V measurements on AO and NO samples.

present in the AO samples are different, the energy distribu-
tion of each trap species must be calculated separately. This
was accomplished by fitting the CCDLTS spectrum to the
sum of three Gaussian distributions with peak temperatures
of 198, 128, and 93 K for groups 1, 2, and 3 respectively.
The fit to the CCDLTS data and the three Gaussian curves
representing the three trap distributions are shown in Fig.
4(a). The energy was calculated for each trap distribution
using capture cross section values of 4 X 1077, 7x 1071,
and 4 X 1072 cm? for traps 1, 2, and 3, respectively. The
capture cross sections were assumed to be independent of
temperature, consistent with the data in Fig. 7. A single cap-
ture cross section, the midrange value of 2 X 10720 cm?, was
used to convert temperature to energy for the NO sample.
Figure 8 shows the calculated D;; profile obtained from
the CCDLTS measurements for both the AO and NO
samples. For comparison, the D;; determined from the room
temperature high-low frequency C—V measurements of these
samples is also shown. The D;; obtained from CCDLTS data
for the NO sample agrees well with the density obtained
from the C—V technique. In contrast, the agreement is good
only for energy >0.2 eV for the AO sample. The D;, ex-
tracted from the high-low frequency C—V measurements of
the same capacitor increases strongly close to the conduction
band edge, in agreement with previous observations.'> How-
ever, the decreasing CCDLTS signal at 7<110 K is in
agreement with previous CCDLTS," thermally stimulated
current,” and thermal dielectric relaxation current'” results
on Si0,/4H-SiC MOS structures. This discrepancy suggests
that the large density of interface states lying close to the
conduction band edge in the AO samples is not accessible on
the time scale of the CCDLTS measurement. We note that,
because the traps are filled at constant applied voltage and
the AO sample exhibits a large shift of the flatband voltage
with decreasing temperature, the electric field also decreases
with temperature. The lower electric field at low temperature
might also explain the discrepancy in the Dy, even though
the CCDLTS spectra appear to saturate within the available
range of filling voltages, as shown in Fig. 2(a). The need for
a higher electric field or a longer duration filling pulse to trap
electrons suggests that theses states may lie within the oxide
layer, rather than at the SiO,/SiC interface. In that case cap-
ture would be via tunneling and the capture rate would be
significantly slower than that for states at the interface.
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IV. DISCUSSION

It is interesting to comment on these results in light of
current models of the SiO,/SiC interface. Earliest
models'®!” attributed the large accumulation of defects near
the conduction band to carbon or carbon clusters with energy
level spanning the bottom of the conduction band of 4H-SiC.
This explanation elegantly and simply explained the large
difference between the defect density near E, for the 6H and
4H polytypes. Chung et al. quantified and extended this
model in terms of cluster size and placement within the gap.3
Their results indicate a distribution of defects, with isolated
carbon atoms deep in the gap and larger clusters closer to the
band edge. The role of nitrogen was then envisioned to
“pair” with carbon, totally eliminating isolated carbon-
induced defects and reducing existing clusters to still smaller
number of carbon atoms. Some experimental support for this
picture arises through the work of McDonald et al., who
showed that the kinetics associated with the elimination of
defects with nitrogen additions was consistent with a model
consisting of isolated carbon atoms deep in the gap and clus-
ters closer to the conduction band edge.4 Nevertheless, the
absolute identification of carbon clusters at the interface re-
mains problematic, although recent surface enhanced Raman
spectroscopy (SERS) results come closest to the requisite
sensitivity.18 Indeed some of the defects may be SiCO com-
plexes of various sizes as well as the expected dangling bond
type defects associated with simple silicon structures. In ad-
dition the presence of near-interface states in the SiO, layer,
in lower concentration than carbon clusters, has also been
demonstrated.'""’

These new CCDLTS results can be interpreted in light of
the cluster and isolated atom model. Isolated atoms, deep in
the gap, can be expected to have rather large capture cross
sections, comparable to the dangling bond cross sections as-
sociated with P, centers in silicon. Indeed capture cross sec-
tions for interface states in SiO,/Si have recently been mea-
sured in the range 1X107'8-1X107'® cm? with states
deeper in the gap having larger capture cross sections than
those lying closer to the conduction band edge.9 The large
nitrogen-induced change in defect cross section deep in the
gap reported here suggests that nitrogen passivates these
large capture cross section defects. The remaining defects are
of an entirely different nature. Possibly the isolated defects
are eliminated, and relatively inert clusters remain. In this
picture the near edge defects are a conglomeration of clus-
ters, and are effectively reduced (dissolved) by nitrogen, but
not totally eliminated. The dissolved clusters give rise to
more isolated species, passivated by nitrogen. Other clusters,
evidently not susceptible to nitrogen dissolution, remain in
the material. Evidence for interfacial clusters and their reduc-
tion by nitridation has recently been supported by SERS
experiments.18 In the same sense the nitrogen may “totally”
remove the isolated carbon deep in the gap. The deeper in-
terface defects remaining after nitridation are of a very dif-
ferent character, possibly clusterlike, and can be the focus of
further improvements in the interface.

The smaller change in cross sections observed closer to
the band edge suggests that nitrogen has a smaller effect in
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changing the nature of the defect in this energy region. High-
low frequency C—V measurements show that the absolute
magnitude of the defect reduction is greatest near the band
edge. The inability to detect the majority of the passivated
traps with energy <E.—0.2 eV by CCDLTS suggests that
the remaining defects in this energy range are different in
character as well. The small values of the capture cross sec-
tion of the residual defects in the energy range near
E.—0.1 eV is consistent with near-interface traps in the ox-
ide, whose density is also significantly reduced by NO an-
nealing, in agreement with the model of Ref. 4.

V. CONCLUSIONS

CCDLTS measurements of the capture and emission
characteristics of as-oxidized and NO annealed SiO,/4H-SiC
MOS capacitors demonstrate the presence of several differ-
ent types of interface states, distinguished by their different
capture cross sections and response to nitridation. These are:
(i) a large density of relatively deep interface states having
capture cross sections in the range 5Xx107"
—1Xx107'% cm? that are fully passivated by NO annealing,
(i) near-interface states, which have even smaller capture
cross sections (~1072! cm?), that are partially passivated by
NO annealing, and (iii) states that remain after NO anneal-
ing, all having capture cross sections in the range of 1072!
—107" cm?. In addition, we find that the largest density of
states passivated by NO annealing is not observed using
CCDLTS measurements. As discussed earlier these results
can be interpreted in terms of models in which the majority
of defects at the SiO,/4H-SiC interface are carbon clusters.
Our results also indicate the presence of near-interface states,
presumably states in the SiO,, which are partially removed
by NO annealing.
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