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Midgap levels in both n- and p-type 4H-SIC epilayers investigated
by deep level transient spectroscopy
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Midgap levels inn- and p-type 4H-SIiC epilayers have been investigated by deep level transient
spectroscopyDLTS). The EH;; center(E;.—1.55 eV is the dominant midgap level as observed in
DLTS spectra fon-type epilayers. The activation energy of gftenter is unchanged regardless of
applied electric field, indicating that the charge state of the,EEenter may be neutral after
electron emissiomacceptor-like(0/-) trap|. In p-type epilayers, a deep level located at 1.49 eV
above the valence band edge has been detected. The lack of Poole—Frenkel effect in emission time
constant from this deep level suggests that this level is dono(-tike). From the energy level and
charge state, this defect center may originate from a single carbon va@aacywhich has been
extensively studied by electron paramagnetic resonanc20@ American Institute of Physics
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Silicon carbide(SiC) is a promising material for realiz- or 1800 °C and 12—-2@m/h, respectively. Deep levels in
ing high-power devices owing to superior properties such aboth n- and p-type epilayers were investigated by DLTS in
wide band gap, high breakdown field and high thermal conthe wide temperature rang®0—830 K on Schottky struc-
ductivity. High-voltage(300—600 Vj Schottky barrier diodes tures (Ni for n-type and Ti forp-type epilayers In these
are now on the market. In addition, several field effect tranimeasurements, the capacitance was measured periodically in
sistors(FET9 have been investigated for unipolar switching a period width, in which the transient is to be measured and
devices’ For several-kilovolt application, bipolar devices are then developed into Fourier serl%§chottky metals were
superior to unipolar devices in terms of on-resistance owinghermally evaporated onto surface of the samples, and ohmic
to the effect of conductivity modulatio?nDeep levels, espe- contacts were formed with Ag paste on the back side. The
cially midgap levels, act as an efficient carrier generation andliameter of Schottky contacts was 800—1508.
recombination center, being a possible lifetime killer. There-  Figure 1 shows the DLTS spectra with a period width of
fore, it is essential to understand the properties and origins d3.05 s in the temperature range from 550 to 700 K obtained
midgap levels for developing SiC bipolar devices. Control offrom a Ni/SiC (n-type) Schottky structure for various elec-
deep levels is also a key issue to realize high-purity semitric field. The net donor concentration and thickness of the
insulating substrates. sample used in the measurements werex1.8'° cm™ and

In high-quality n-type 4H-SIiC epilayers, 4% (E. 20 um, respectively. The electric field was changed by
-0.65 e\}° and EH;; (E.~1.55 e\}* centers are two major changing the pulse voltage from 0 to —40 V under a con-
deep levels(electron traps Through deep level transient stant reverse bias of -50 V. The DLTS spectra were domi-
spectroscopyDLTS) under light illumination, the Z, center ~ nated by one peak at 630 K, the trap concentration of which
has been revealed to be a negative U cehSénce the El; is4.9X 10 cm3. Note that the authors selected this sample
center is located at midgap and has a large capture croggth a relatively high trap concentration to obtain a high
section(o), this center is a candidate for a dominant carriersignal-to-noise ratio in DLTS, the typical concentration of
generation and recombination center. Many of their featurezHg/7 center in as-grown epilayers is in the'4910' cm
however, still remain unknown especially for the gHten-  range. The activation energy and capture cross section
ter, because very high temperature is required to detect iwere determined to be 1.55 eV anck 104 cn?? from the
The ori%ins of these defect centers are also an opeArrhenius plot of emission time constant, assuming a
question: Further, very little information is available about
deep levels in the lower half of band gap of SiC. In this

work, the authors have investigated deep levels in boeth n-type4H-Si'C R '
and p-type 4H-SiC epilayers. By DLTS measurements at T [ EDKem AM.:
high temperature omp-type epilayers, a midgap level has = 2f & =34 kviem o ’Q .
been detected. The charge states of midgap levels inrboth E | mElvem g e
and p-type epilayers have been estimated by double- a
correlated DLTS(DDLTS) measurements. B I .

Samples used in this study were and p-type 4H- a
SiC(0001) epilayers(doping level: 2< 10*—2x 10 cm™)
grown by chimney-type hot-wall chemical vapor deposition %0
(CVD)." The growth temperature and growth rate were 1750 Temperature (K)

FIG. 1. High-temperature DLTS spectra for a Ni/4H—Sittype) Schottky

dElectronic mail: k-danno@semicon.kuee.kyoto-u.ac.jp structure under various electric fields.
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that the trap is the Eg, center. Frc.)m Fig. 1.’ the peak_tem— FIG. 4. Overview of ground states of deep levels detected in botnd
perature was almost unchanged irrespective of applied eleg:type 4H-SIC epilayers.
tric field. The activation energy obtained from the Arrhenius
plot was also almost constant for different electric figidt
shown). Since these results suggest the absence of Poolé~enkel effect. This result suggests that the trap P1 may be in
Frenkel effec? EHg; center might have a neutral charge a neutral charge state after hole emissigonor-like(+/0) in
state after electron emission, being an acceptorike-) p-type 4H-SiQ.
trap in n-type 4H-SiC. Although a small shift of peak tem- In electron paramagnetic resonan¢€PR study of
perature was observed at the lowest electric fieldp-type 4H-SiC'%*the microscopic structure of the EI5 cen-
(11 kV/cm), this shift is in the opposite direction to that ter, one of major EPR-active centers, has been identified as
expected from the Poole—Frenkel effect. an isolated carbon vacan(:yc).12 From photo-EPR, Soat
The DLTS spectrum measured for a Ti/4H-SIC al. have revealed that the EI5 center is donor-lik¢0), and
(p-type) Schottky structure is shown in Fig. 2. The employedthe level is located at 1.47 eV above the valence band
period width was very long, 1.0 s, to detect midgap levels atdge'® This defect center can be detected even after high-
relatively low temperature. Deep levels were probed fromtemperature annealing at 1600 *tBased on the similarity
the valence band edge to midgap by using a high-pdtiity  in energy level, charge state, and thermal stability, we sug-
net acceptor concentration:>x310' cm3) p-type epilayer. gest that the trap P1 observed in DLTS and the EI5 center
Titanium was employed for Schottky contact, because titaobserved in EPR can be ascribed to the same origin, a single
nium has higher barrier height than nickel fetype SiC. As V..
shown in Fig. 2, a DLTS pealabeled P1was observed at Figure 4 illustrates an overview of ground states of deep
590 K. The trap P1 was revealed to have an activation enevels detected in both- and p-type 4H-SiC epilayers. In
ergy of 1.49eV and a capture cross section of 8n-type 4H-SiC epilayers, the 2z and EH,,; centers are
X 107%5 cn? from the Arrhenius plotshown in the inset To dominant deep levels, and the Rplocated atE,~0.9 eV
our knowledge, this is a midgap level first observeghitype  (Ref. 3 is occasionally observed. High-temperature DLTS
SiC. The concentration of trap P1 for this particular sampleanalyses on 4H-SiC up to 830K revealed that the;EH
was 4.1x 10'2 cm3. Although the observed DLTS peak may center(E.~-1.55 eV} is the deepest level observed, and any
consist of a few overlapping peaks ascribed to different cenother traps should not exist up to 1.9 eV, assuming a capture
ters, it is difficult to resolve in the present DLTS system. cross section of X 10 cn?. In p-type 4H-SiC epilayers,
The dependence of emission-time constenton elec-  the trap P1 located at 1.49 eV above the valence band edge is
tric field for the trap P1 is shown in Fig. 3. The applied the major deep level. No other traps will not exist in the
electric field was changed by changing pulse voltage fronteeper energy region up & +1.7 eV from DLTS measure-
0 to 9.5 V under a constant reverse bias of 10 V. As showiments up to 700 K. Thus, it can be concluded that thg,EH
in Fig. 3, the emission time constant was almost constanto/-) and P1(+/0) are the dominant midgap level m and
regardless of electric field, indicating the absence of Poolep-type 4H-SiC, respectively. The trap P1 may be attributed
to a single \¢, as described previously. Although the origin
. . of EHg/7 center is still unknown, several experimental corre-
- T=583K trap P1 1 lations have been reported. Storastaal. have performed
in p-type 4H-SiC 1 low-energy electron irradiation experiments, by which only
] carbon atoms are displacgdl'hey observed the liner in-
crease in El}; concentration when increasing the electron
fluence. We found that the formation of EHcenter can be
suppressed under C-rich growth condition during cVp.
L | Thermal annealing experiments showed that the Eténter
is stable up to a high temperature of 1600 *rom these
results, it may be reasonable that the ggHcenter is a
V-related defect, as Storasé al. have also suggest@d.
FIG. 3. Relation between emission time constantand electric field for ~ More recently, Umedat al. have made photoexcited EPR

the trap P1 shown in Fig. 2. measurements amtype 4H-SiC irradiated with high-energy
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FIG. 2. High-temperature DLTS spectrum measured on a Ti/4H-SiC
(p-type) Schottky structure. Inset: Arrhenius plot of emission time constant.
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