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Planar n*—p and p*-n junction diodes, fabricated in 4H-SiC epitaxial layers using a
double-implantation technology (a deep-range acceptor followed by a shallow-range donor
implantation and vice versa), are characterized using capacitance deep-level transient spectroscopy
(DLTS) to detect deep levels, which may influence device electrical performance. Either Al or B was
used as the acceptor, while N or P was used as the donor, with all implants performed at 700 °C and
annealed at 1600—1650 °C with an AIN protection cap. Different traps were observed for the various
dopants, which are believed to be related to different impurity-defect complexes. A trap at ~E,
+0.51eV was observed in nitrogen-implanted samples, while an acceptor trap at ~Ey+0.28eV
and a donor trap at ~E.—0.42eV were observed in Al-implanted samples. A prominent
boron-related D-center trap at ~Ey+0.63 eV is seen in the DLTS spectra of B-implanted diodes. In
diodes with implanted phosphorus, three traps at ~Ey+0.6eV, Ey+0.7eV, and Ey+0.92 eV, are
seen, which are not observed for implantations of other species. © 2004 American Institute of
Physics. [DOI: 10.1063/1.1623631]

I. INTRODUCTION Despite the importance of the n*—p and p*—n junc-
tions created by the double-implantation process and their
application to power switching devices, there have been no
reports on DLTS characterization of double-implanted diodes
on 4H-SiC to our knowledge. Other groups have studied
single-implant vertical diode structures, either by n-type ion
implantation into p-type epilayers]2 or by p-type ion implan-
tation into n-type epilayers.”>* In this work, planar n*-p
and p*—n junction diodes were made using successive
selective-area, multiple-energy acceptor (Al or B) and donor
(N or P) implants, and were subsequently characterized to
determine the implantation-doping-process-induced deep
levels. Implantation-related traps and intrinsic defect traps
present in the depletion layer were studied in detail using
capacitance DLTS for these two devices. All of these traps
were characterized by their activation energies, cross-
sectional areas, and possible origins.

Silicon carbide (SiC) is an important material for fabri-
cating high-power,'™* high-temperature,””” and high-
frequency®’ devices because it has high thermal conductiv-
ity, large saturation electron drift velocity, high electric
breakdown field, and excellent thermal stability. Ion implan-
tation doping of SiC is an attractive method for use in fabri-
cating planar devices.!®"" A double-implantation process,
consisting of a deep-range acceptor/donor implant followed
by a shallow-range donor/acceptor implant, is necessary for
making complementary field-effect transistors and several
high-power devices such as thyristors and IGBTs. For the
junctions to withstand high-blocking voltages in high-power
devices, the lightly doped side of the junction needs to be
deep, requiring high-energy ion implantation. It is, therefore,
very interesting and important to study and characterize the
deep-level defects created by the implantation/annealing
doping process, which might limit the device performance.

Deep-level transient spectroscopy (DLTS) is an excellent . EXPERIMENT

way to evaluate these defects. A. Device fabrication

Planar, circular p*~n or n™—p junction diodes were
“Electronic mail: rmulpuri @gmu.edu fabricated in p- or n-type (4 X 10" cm™%) 4H-SiC epilayers
0021-8979/2004/95(1)/69/7/$22.00 69 © 2004 American Institute of Physics
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TABLE L. Implant schedule used for making junction diodes by double implantations.

Deep implant schedule

Shallow implant schedule

Conc./ Conc./

Device Energy/dose depth Energy/dose depth
n*-p Al schedule 1x10"7 2% 10"
diode 1 MeV/2.0% 10" cm™2 em™Y N schedule em™Y

600 keV/2.5% 10'2cm™? 1 um 0.2 um

360 keV/2.0X 10'2cm™? 145 keV/2.2X 10" cm™?2

200 keV/1.4X10'2cm™2 90 keV/1.4X 10" cm™?

90 keV/8.0X 10" cm™?

or
B schedule

700 keV/2.2X 102 cm™?2

450keV/2.0X 10" cm™?

260 keV/1.8X 10 cm™?

150 keV/1.4X 10" cm™?

80 keV/1.0X 10" cm™?

40 keV/6.0% 10" cm™2
pt-n N schedule 1x 10" 1x10%
diode 1.2 MeV/2.42X 10" cm™2 cm™Y cm™Y

800keV/2.2X10'2cm™2 1 ym Al schedule 0.2 um

500 keV/1.9% 102 cm™2
300keV/1.6X 10'2cm™?
170 keV/1.35x 10'2cm ™2
90 keV/8.88% 10" cm™?
30keV/1.8% 10" cm™?
or
P schedule
1.4 MeV/3.06X 10'2cm™?
900 keV/2.23%X 102 cm™?
650 keV/1.60X 10" cm™2
450keV/1.35X 102 cm™2
300 keV/1.37x 102 cm™?
170 keV/8.99% 10" cm™?
90 keV/4.49% 10! cm™?

160 keV/1.37%x 10" cm™2
80 keV/6.72X 10" cm™?
40keV/3.23X 10" cm™?
20keV/1.54% 10" cm™?

grown on the Si-face, 8° off-axis, p*- or n*-4H-SiC sub-
strates, respectively. Deep n- or p-type regions were created
by selective-area, multiple-energy, box profile nitrogen (or
phosphorus) or boron (or aluminum) jon implantations, re-
spectively. Shallow p* or n* regions were formed similarly
by selective-area, multiple-energy, box profile implants of Al

or N, respectively. The implant schedules and the resulting ¢

volumetric doping densities are given in Table I. To obtain
reliable ohmic contacts, a shallow implant (at a single en-
ergy) yielding 2X 10" cm™3 N or 1X 10 cm ™3 Al was per-
formed for both n- and p-type regions, respectively, in the
area where the planar ohmic metal contacts were placed. All
implants were performed at 700 °C using a thick (2.5 um)
Si0, layer as an implant mask layer. The diodes were an-
nealed at 1600-1650 °C for 10 min using an AIN encapsu-
lant. Ohmic contacts were formed by e-beam evaporation of
Ni and Ti/Al on n- and p-type regions, respectively, and al-
loyed at 1200 °C for 3 min in a vacuum system. No junction
termination was used. The diameter of the diode junction is
245 um. The p*—n junction device structure is shown in
Fig. 1. The n* —p device structure is similar to that of Fig. 1
with n layers in place of p layers and vice versa. We used
Si0O, passivation for the diodes.

B. DLTS setup

The detection of deep levels in SiC double-implanted
diodes was performed using a computer controlled fully au-
tomated DLTS system from BIORAD. The accuracy of the

Cross-sectional view of p*-n double-implanted diode

1x10% cm® Al implanted p-layer

2x10" ¢cm™ N implantation

L 1x10"7 cm® N or P implanted n-layer

+ p - epilayer
+ p' - substrate

FIG. 1. Cross-sectional view of p* —n junction diode.

iy
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N/Al double-implanted n*-p diode
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FIG. 2. Typical C-V curves for (a) n*~p and (b) p* -n diodes.

measurement was improved by compensating and calibrating
sample capacitance, optimizing physical/experimental pa-
rameters, and averaging a large number of temperature tran-
sients. Capacitance DLTS was performed for n*-p and
p*—n double-implanted diodes using filling pulses of vari-
able height and duration at different reverse-bias voltages
needed to sweep the junction interface into depletion. The
DLTS system used in this study works well in the tempera-
ture range of 100 to 600 K. We performed our measurements
in the temperature range from 200 to 550 K. It should be
noted that since thermal scans were performed below 600 K
due to the system limitations, the observation of deep levels
is restricted to about 1 eV from the band edges. We did not
perform measurements below 200 K, because no significant
DLTS peaks were observed for the emission window we
used for the measurement. Typical C-V curves are shown in
Figs. 2(a) and 2(b), respectively, for n*—p and p*-n di-
odes. This C-V data is used for calculating the trap density.

lll. RESULTS AND DISCUSSION
A. Basic electrical characteristics

A room-temperature leakage current of 5X 1078 A/cm?
was observed at a 20 V reverse bias for the N/B dual-

Mitra et al. 71

implanted n*-p diode, which increased to 3.3
%107 A/em? at 250°C. The N/Al dual-implanted n*-p
diode had a room-temperature leakage current of 6.4
X 1077 A/em? at 20 V reverse bias, which increased to 1.7
X104 Afem? at 250°C. A higher leakage current in Al-
implanted diodes is probably due to a higher residual implant
damage compared to the B-implanted diodes. Detailed
I-V-T characteristics of n* —p junction diodes are reported
elsewhere.'> A significantly low leakage current up to a 20 V
reverse bias offered suitable conditions for performing ca-
pacitance DLTS measurements on n*—p diodes in this
study. A higher leakage current (~8X 1072 A/em? at a re-
verse bias of 4 V for AN double-implanted diodes) is ob-
served compared to the n* ~p diodes, for the same reverse
voltage for both AI/N and Al/P dual-implanted p* —n diodes.
This might be due to a higher degree of damage created by
the Al implantation, used for the p*-layer formation in the
p " —n diodes compared to the nitrogen implantation used for
the n*-layer formation in the n*~p diodes. As shown in
Table I, the implant doses used for the p* region of pT-n
diodes are higher than those for the n* region of n*—p
diodes. This is done to compensate for the high carrier acti-
vation energy for the p-type dopants (E;=200 meV) in 4H-
SiC compared to donors (Ep~70meV). In addition, a
higher atomic mass of Al (used for p *-layer formation) com-
pared to N (used for n*-layer formation) results in a greater
implant damage for the p*—n diodes compared to the nt-p
diodes. The n*—p and p*—n diodes are processed in two
different runs. Surface leakage may also contribute to the
high leakage currents.

B. DLTS measurements

Using the DLTS spectrum, the Arrhenius plots, and the
C-V characteristics, we have determined the thermal activa-
tion energy (E,), capture cross-section (o), and trap density/
concentration (N,) for each defect level that appeared as a
peak in the DLTS spectrum using the familiar Lang’s
method.'¢

1. n*-p diodes

For the n™ —p diodes, a reverse-bias voltage of 20 V was
applied during the DLTS measurements. The doping concen-
tration of the nitrogen-implanted region (~2X 10 cm™3) is
more than two orders of magnitude higher than the doping
concentration of the p-type region (1X 107 cm™3); hence,
the depletion region of the junction diode expands mostly
into the acceptor region, with a very shallow spread over the
donor side. To obtain an optimal DLTS spectrum having the
best possible trap signature, the emission rate window was
varied between 20.48 ms and 2.03 s. A typical DLTS spec-
trum and corresponding Arrhenius plot for the N/Al dual-
implanted diodes, obtained at a reverse bias of 20 V, a for-
ward filling pulse of 1 V, and a rate window of 20.48 ms are
shown in Figs. 3(a) and 3(b), respectively. The typical DLTS
spectrum reveals a hump in the low-temperature range (220-
280 K), which could be formed by two poorly resolved deep
centers. Measurements done with a different rate window
(2.03 s) and pulse voltage (2 V) indicated the presence of one
acceptor (0.28 eV, N1Al) and one donor level 0.42 eV,
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FIG. 3. (a) Typical DLTS spectrum and (b) corresponding Arrhenius plot,
for N/Al double-implanted n* ~p diodes.

N2Al) distinct peaks, as shown in the inset of Fig. 3(a).
These peaks are believed to be introduced by the Al im-
plants. Fung et al.'* and Troffer et al.!” reported similar deep
centers in Al-implanted SiC.

The trap located at Ey+0.51eV (N3Al) with a capture
cross section of 6.5X 10”5 cm?, is believed to be due to a
complex involving nitrogen and ion-induced defects.!> We
have observed a peak with the same activation energy and
cross section as that of N3Al in fully N-implanted metal—
semiconductor field-effect transistors made in bulk semi-
insulating 4H-SiC.'"#! Nitrogen involved in the N3Al center
is the nitrogen dopant in the n-type epitaxial layer (in which
the n* —p diode is formed) and nitrogen in the tail of the n*
layer. The trap N4Al located at Ey+0.62 eV could be attrib-
uted to the D center,'>?-2? which exhibits a deep acceptor
behavior. The origins of the other two deep traps (NSAI and
N6Al) at higher energies are discussed later.

A typical DLTS spectrum and corresponding Arrhenius
plot obtained at a reverse bias of 20 V, a forward filling pulse
of 1V, and a rate window of 20.48 ms for the n* —p diodes
with a deep boron-implanted p-region and nitrogen-
implanted shallow n™* region, are presented in Figs. 4(a) and
4(b), respectively. Two dominant trap signatures, N3B and
N4B, are observed, of which N3B has a similar activation

Mitra et al.
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FIG. 4. (a) Typical DLTS spectrum and (b) corresponding Arrhenius plot,
for N/B double-imptanted n* —p diodes.

energy and cross section as that of N3Al, which is attributed
to a dopant-defect complex center involving the nitrogen. As
shown in Fig. 5, the intensity of the trap N3AUN3B de-
creases, with an increase of reverse-bias voltage. In other
words, the trap concentration increases as the n*/p metallur-
gical junction is approached, indicating that this region has a

Ev+ 0.51 eV trap In N/Al implanted n*-p diode

0-0 i i T T

0.1 0.2 0.3 0.4 0.5 0.6
Distance (um)

FIG. 5. Defect-concentration—junction-depth profile for N3Al peak in N/Al
double-implanted n* —p diodes. Highest trap concentration is observed near
the physical junction.
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higher defect concentration than the regions far away from
the junction. This suggests that the origin of the N3AI/N3B
trap involves ion-induced defects.

Another reason for the lower N3AYN3B trap density at
higher reverse voltages is the expansion of the depletion re-
gion into the p region, where the N dopant concentration is
only the background N concentration of the n-type epitaxial
layer used for the n* —p junction formation, whereas at the
lower reverse-bias voltages, a relatively high nitrogen con-
centration of the nitrogen implant tail of the n* region con-
tributes to a higher nitrogen-defect complex concentration.
In fact, the shape of Fig. 5 is similar to that of the implant
tail. In the spectrum shown in Fig. 4(a), the N4B trap [which
has the same activation energy as N4Al in Fig. 3(a)] looks
more prominent than the N4Al trap, with a higher concen-
tration (~10Y cm™3). This clearly indicates that this is due
to the presence of D centers introduced by the boron implant,
as reported by Gong ez al.'> Considering the activation en-
ergy (0.63 eV) and capture cross-section (~5
X107 "*cm?), we found that the D center in this study
matches well with the reported®®~? values of known D cen-
ter in SiC. The D center has been observed earlier’®*? in
B-implanted SiC, and is attributed to a complex formed by
one B atom at a C site and a nearest-neighbor intrinsic diva-
cancy defect. The B available in N/Al-implanted diodes is
the unintentional background B (concentration ~ 10" cm™3)
in the n-type epitaxial layer, whereas a large concentration
(~10"cm™3) of B is available in N/B-implanted diodes,
resulting in a higher intensity N4B peak compared to the
N4Al peak. The rest of the DLTS spectrum consists of two
poorly resolved peaks at ~Ey,+0.76eV (N5B) and ~Ey
+0.88eV (N6B). The origins of these two peaks are un-
known, but‘they are also seen in the DLTS spectra of Al
implanted n* —p diodes, shown in Fig. 3(a), as peaks N5Al
and N6AI with a higher intensity than the N5B and N6B
peaks in the B-implanted n*—p diode. It is reasonable to
conjecture that these two peaks are also Al-defect-complex-
related deep levels. ’

2, p*-n diodes

For the p+—n diodes, a reverse-bias voltage of ~—4 V
was applied for DLTS measurements. A relatively low re-
verse bias was applied for the p* —n diodes compared to the
n*—p diodes to avoid high leakage currents. To obtain an
optimal DLTS spectrum having the best possible trap signa-
ture, the emission rate window was varied between 240.8 ms
and 2.03 s. A typical DLTS spectrum and corresponding
Arrhenius plot, for diodes made with a deep nitrogen-
implanted n-type region and a shallow Al-implanted
p " -region, for a forward filling pulse of 2 V and a rate win-
dow of 20.48 ms are shown in Figs. 6(a) and 6(b), respec-
tively. In this case, the trap centers, A12N and Al3N, located
at E,—Ey=0.27eV (acceptor trap) and E-—E,=0.43eV
(donor trap), respectively, are more prominent and sharper
than the respective peaks, N1Al and N2Al, in the DLTS
spectrum of N/Al-implanted n*-p diodes shown in Fig.
3(a). The trap concentrations are also relatively higher {three
orders of magnitude) compared to the n* —p diodes, justify-
ing the assignment of these peaks to the Al-related defect
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FIG. 6. (a) Typical DLTS spectrum and (b) corresponding Arrhenius plot,
for AUN double-implanted p* —n diodes.

centers, made earlier. It is clear from Table I that the Al
concentration in the p* region of the p* —n diode is three
orders higher than the Al concentration in the p region of the
n*—p diode. A defect center observed at Ec—0.15eV
(A1IN) for a rate window of 240.8 ms and a filling pulse of
3 V in the p*—n diodes, could be attributed to a dopant-
defect complex center formed due to a N dopant residing at
the C lattice site.? The dominant trap, named as AMN, lo-
cated at E,+0.52eV, and having a concentration, an order
of magnitude higher than that of n*—p diodes, could be
attributed to a dopant-defect complex center involving a ni-
trogen dopant. A high defect concentration in Al-implanted
pt-n diodes and a high N concentration in the depletion
region, which extends into the nitrogen implanted n region,
may be responsible for a high concentration of this trap in
the AUN-implanted p* —n diodes. This trap did not appear as
a distinct peak in the spectrum of Al/P double-implanted
p*—n diodes because of the lack of nitrogen impurity in the
diode, as discussed later. Two more acceptor traps labeled
AI5N and AI6N, are also evident in the typical DLTS spec-
trum of an AN double-implanted p* —n diode with a cap-
ture cross section ~ 10~ ¥ cm?. AI5N (Ey+0.62¢V) trap, as
discussed earlier, is related to a D center involving boron
background impurity. The defect center (AI6N) at Ey
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FIG. 7. (a) Typical DLTS spectrum and (b) corresponding Arrhenius plot,
for AP double-implanted p* ~n diodes.

+0.78 eV can be attributed to a vacancy-related intrinsic de-
fect configuration.? Its concentration is higher for the p* —n
diodes compared to the corresponding peaks in n*—p di-
odes, probably because of a higher residual implant damage
concentration in the p* —n diodes.

The DLTS spectrum and corresponding Arrhenius plots
for the p*—n diodes with phosphorus-implanted n and Al-
implanted p* regions, for a forward filling pulse of 2 V and
a rate window of 20.48 ms are shown in Figs. 7(a) and 7(b),
respectively. Trap centers similar to AI2N and AI3N in Fig.
6(a) (with the same activation energy and cross section),
which are assigned to Al-defect complex centers, are seen as
peaks labeled AI2P and AI3P with concentration >1
X 10" cm™3. Three other traps, labeled Al4P, AISP, and
Al6P, are observed in the spectrum with cross sections
~10"1-10""cm? and a concentration ~ 10" cm™3. The
nitrogen-defect center peak seen at Ey+0.51 eV [as N3Al in
Fig. 3(a), N3B in Fig. 4(a), and AN in Fig. 6(a)] is not
distinctly seen in Al/P-implanted p*—n diodes. This is be-
cause no intentional nitrogen doping exists in this diode. It
appears as a very low-intensity peak in the low-temperature
shoulder of the Al4P peak. The only nitrogen present in the
Al/P double-implanted diode is the very low-concentration

Mitra et al.

(<10™cm™?) unintentional background nitrogen in the
p-type epitaxial layer used for making the pT—n diode,
whereas the other diodes contained nitrogen as a result of
direct implantation or intentional doping of the n-type epi-
taxial layer. The Al4P peak at Ey+0.6eV in Fig. 7(a) with a
capture cross section of ~ 10~ cm? and trap concentration
of ~108¢cm™3 is not seen in samples that do not have a
phosphorus implant in them. A phosphorus-defect complex
center may be responsible for this peak. The high-intensity
AISP peak and a sharp AI6P peak, seen in the Al/P-implanted
diode, at Ey+0.7eV and Ey+0.92¢V, respectively, [Fig.
7(a)], are also not seen in other diodes made in this study,
which do not have a phosphorus implant in them. Phos-
phorus may be involved in the defect complex centers that
are responsible for these peaks as well. A detailed study re-
vealed that peak amplitude of the DLTS spectrum, corre-
sponding to the peak AISP (Ey+0.7¢V), achieved a con-
stant value with the filling pulse time ¢, and it clearly
emphasizes the role of a point defect as the origin of this
peak. Tt showed a consistently increasing trap concentration
towards the junction interface. These traps that are present at
high concentrations at the junction interface strongly influ-
ence the device I-V characteristics. Most of these traps
originate as a result of residual implant lattice damage or the
implant-defect complexes.

IV. SUMMARY

Deep levels in the double-implanted n*—p (N-AVB)
and p*—n (Al-N/P) diodes made in 4H-SiC, were studied
using the capacitance DLTS technique. The high leakage cur-
rent behavior of the p*—n junction diodes was analyzed
using the DLTS data, which clearly revealed a higher mag-
nitude of trap concentrations in these devices compared to
the n* —p diodes. A high degree of implant damage created
by higher dose Al implantations (used for p* region) of the
p ¥ —n diodes compared to a relatively lower dose and lighter
N implantations (used for n* region) of the nt*—p diodes is
believed to be responsible for a higher trap concentration and
a higher reverse leakage current density in the p* —n diodes.
All of the nitrogen-implanted diodes showed a prominent
peak at 0.5-0.52 eV above Ey, which is identified as a trap
created by a nitrogen-defect complex center. Concentration
of this trap has its highest value near the physical junction of
the diodes, which clearly indicates the role of ion-induced
damage in the formation of this trap.

For all Al-implanted n*—p and p*-n diodes, two
prominent peaks at ~E —027¢V and ~E,+042eV,
originating from Al-defect complex centers, were observed.
For the n*—p devices, where Al implantation was used to
form the deep p region, these traps are distributed in the
concentration range of 10" cm™3, whereas for the p*-n
junction diodes, where Al implantation is used for the shal-
low p*-region formation, density of these traps increased to
~10Ycm™3. In addition, a B-related D-center trap at ~Ey
+0.63 eV is seen in the DLTS spectrum of all diodes, except
for the p*—n devices made with a phosphorus-implanted

~ deep n region.
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TABLE II. Traps observed in double implanted junction diodes in this study.

Peak location

Cross section

Trap (eV) (cm?) Possible origin
N1AL AI2N, AI2P Ey+027 7.0X1071 Al implantation
N2AJ, AI3N, AI3P Ec—043 7.5%1074 Al implantation
N3Al, N3B, Al4N E,+0.51 6.5x107 1 Nitrogen-defect complex
N4Al, N4B, AISN E,+062 5.0x1071 D center

NS5AI E . +0.76 4-7%x107H Al-defect complex

N6Al, Al7N E,+0.388 4-7x1074 Al-defect complex

NI1B Ey+0.32 ~107M Not known

N2B Ec—046 ~107" Not known

AlIN Ec—0.15 5%x1071 Nitrogen at C-site defect

complex

AI6N Ey+0.78 6.0x1071 Vacancy-related intrinsic

defect

AllP Ey+0.08 3.4x1071 Not known

Al4P Ey+06 1.4X107"7 Phosphorus-defect complex

Al5P Ey+0.7 1.6x10°13 Phosphorus-defect complex

AGP Ey+0.92 9%x10°1 Not known

Three distinct peaks at ~Ey+0.6eV, Ey+0.7¢V, and
Ey+0.92eV are observed in phosphorus-implanted diodes.
The deep center at Ey+0.7eV can be attributed to a point
defect. Various traps observed in this work and their possible
origins are summarized in Table II. A higher deep-level de-
fect concentration (10'8-10'cm™?) is found in the p*—n
devices compared to the n* —p diodes. The origin of some of
the traps and their influence on device performance are not
clearly understood at this point. Higher trap concentrations in
the p*—n diodes compared to the n*—p diodes led to a
higher reverse leakage current in the p*—n diodes.
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