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Stability of deep centers in 4H-SIC epitaxial layers during thermal
annealing
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N-type epitaxial 4H-SiC layers grown by hot-wall chemical vapor deposition were investigated with
regard to deep centers by capacitance-voltage measurements and deep level transient spectroscopy
(DLTS). The DLTS spectra revealed that the concentrations of deep centers were reduced by one
order of magnitude by annealing at 1700 °C, compared to those in an as-grown materi&|,,The
center with an energy level of 0.59+0.03 eV and thElg; center with an energy level of
1.66+0.11 eV below the conduction band edge are annealed out at a temperature of 1700 °C or
higher. ©2004 American Institute of PhysidDOI: 10.1063/1.1790032

Silicon carbide(SiC) is an attractive material for high- The net donor concentration was determined by
power, high-temperature, and high-frequency devices, owingapacitance-voltage measurements on &NiSIC Schottky
to its superior properties such as wide band gap, high brealstructure with a probe frequency of 1 MHz. Backside ohmic
down field, high thermal conductivity, and high saturationcontacts forn-type substrates were formed with Ag paste.
electron drift velocity: 4H-SiC has been regarded as the DLTS spectra were acquired on Ni/4H-SiC Schottky diodes
most promising polytype for vertical-type high-voltage ap-with a 0.8 mm diameter. The reverse bias was kept at -5 V,
plications, owing to its higher bulk mobility and smaller an- and the pulse hight applied during the DLTS measurements
isotropy. Several power devices made of 4H-SiC have rewas 5 V. The transient length used in this study was 0.2 s.
cently outperformed conventional Si devidesjue to For the analysis of DLTS spectra, a Fourier transform
remarkable progress in SiC growth technology as well a@inalysié of the measured transients was employed, together
device processing techniques. Despite the improvements iith an Arrhenius plot analysis for the determination of cap-
epitaxial quality in past years, the knowledge and underiure cross section, energy level, and trap concentration.
standing of electrical properties of deep centers are still limTemperature-independent capture cross section was assumed
ited. Deep centers in the band gap may adversely affect davhen analyzing the DLTS data.
vice performances, because the carrier lifetime is often After the DLTS measurements on as-grown materials, Ni
limited by deep centers in the band gap acting as recombiSchottky contacts as well as backside Ag paste on 4H-SiC
nation centers. Therefore, reduction of deep centers is ofere removed. And then, annealing was performed in an Ar
great importance as well as is the understanding of the ce@mbient using a CVD reactor. The annealing temperatures
ters. (periodg were 1600 °Q(30 min), 1700 °C(30 min),

In this letter, the authors present thermal stability of deepl750 °C(30 min), and 1800 °Q(15 min. Each sample was
centers in as-growm-type 4H-SiC(000]) epitaxial layers annealed at one temperature. Note that before the annealing,
grown by chemical vapor depositioiCVD) using a all samples investigated here showed almost the same con-
chimney-type hot-wall CVD reactor. The electrical proper-centrations of net donor and deep centers because these
ties of deep centers are characterized using deep level trafamples were prepared in the same CVD run. After annealing
sient spectroscop§DLTS). at each temperature, Ni Schottky contacts were again depos-

The epitaxial growth was performed on a commercialited on the samples, and ohmic contacts were formed with
n-type 8° off-axis 4H-SiC(0001) wafer in a SiH-CsHg-H,  Ag paste for subsequent capacitance-voltage and DLTS mea-
system at 1700 °C for 3 hThe substrates were placed in a Surements.

SiC-coated graphite susceptor heated by radio-frequency in-

duction. The C/Si ratio was 0.62 with a SjHlow rate of & (T ettt
16.3 sccm at a reactor pressure of 100 Torr. The growth rate l l ]
of epitaxial layers reported here was about dd/h with a F N,-N,=20x 10" cm® 1
H, flow rate of 5 sIm. In the present growth system, the € 3r i
growth under a low C/Si ratio below 0.7 results in the high T & ]
concentration of deep centérsThese particular samples o 2L ]
were extensively investigated, because a relatively high con- 2 ]
centration of deep traps in the epitaxial layers enables easy i) ]
detection of traps in the wide range of trap concentration I ]
after thermal annealing. Note that a low trap concentration - Das-grown 1
below 1x 10" cm3 can be obtained by increasing the C/Si (LOB00 anncaled o,
ratio during epitaxial growth. -15 -10 S5 0
Voltage (V)
dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. The 1C2V characteristics of(a) Ni/as-grown and (b)
negoro@semicon.kuee.kyoto-u.ac.jp Ni/1800 ° C-annealed 4H-SiC Schottky structures.
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Z, ® 1800°C annealed 2015 °C°® In contrast, it has also been reported that the cen-
~ 1.0 t g:ggg:g::m::_ ter in the electron-irradiated 4H-SiC was annealed out at
5 — as-grown 1200 °C! The electron-irradiated 4H-Silectron dose: 1
r08 X 10'-3x 10" cm™) contains much more vacancies and
g interstitials than as-grown 4H-SiC. This may easily bring the
3 06 EH,, annealing out of theZ,,, center at relatively low tempera-

E: 04 3 ¥ tures, assuming that the center is related to vacancies and
E i” interstitials. The experimental results presented here show
8 02 D, that theZ,,, center is thermally unstable at a temperature of

N 1700 °C or higher, even in nonirradiated as-grown 4H-SiC.

It is unknown for the moment whether th®,, center is a
purely intrinsic defect or contains both intrinsic defects and
extrinsic impurities. Many candidates for a part of origins
FIG. 2. DLTS spectra of as-grown and annealed 4H-SiC epitaxial layers. have been proposed through experimental results from DLTS
study on virgin epitaxial 4H-SiC, such as silicon vacaf‘ucy,

Figure 1 shows the TP-V characteristics of(ay  carbon vacancy,divacancy, silicon antisite’ or nitrogen

Ni/as-grown andb) Ni/1800 °C-annealed 4H-SiC Schottky With interstitial carbort® Recently Storastet al. have ex-
structures, where€ is the depletion-region capacitance per Perimentally shown that the concentration of thg, center
unit area. The linearity in the -V plots in the wide volt-  in electron-irradiated 4H-SiC doped with phosphorus donors
age range indicates that the epitaxial layer has a uniforf§xceeds the nitrogen concentration by one order of
doping profile with a net donor concentration of 2 magnitude:’ From their report, it can be concluded that no
X 10" cmi 3. There was no difference in the net donor con-Nitrogen atoms participate in the formation of thg, center.
centration between as-grown and annealed epitaxial layersPossible origins oZ,, center and other deep levels will be
DLTS spectra of as-grown and annealed epitaxial layerdater discussed, based on annealing experiments described
are shown in Fig. 2. One of the strong peaks at about 300 Kere.
can be correlated to the well-know#y, centel with an There seem to be a few trap centers correlated to the
energy level of 0.59+0.03 eV below the conduction bandPeaks around 350—500 K. The peak at around 420 K may be
edge with a temperature-independent capture cross section @$cribed to theRD,;, center with an activation energy of
4—-6x 1076 cn?. The as-grown epitaxial layer contains the 0.95+0.05 eV with a capture cross section of about 5-8
Z,), center with a concentration of 12101 cmi3. Thez,, X 107*cn?. The concentrations of these trap centers, how-
center concentration stayed unchanged after annealing &ver, increase slightly with the increase of annealing tem-
1600 °C. For the 1700 ° C-annealed epitaxial layer, howeveiperature as shown in Fig. 3.
the concentration of th&,,, center became approximately The peak at about 600 K shown in Fig. 2 can be corre-
one order of magnitude lower than that of the as-grown eplated to the EHgj; centet’ with an energy level of
itaxial layer. 1.66+0.11 eV below the conduction band edge. The center
Figure 3 shows the annealing-temperature dependence wfas observed in electron-irradiated 4H-SiC for the first time
net donor and trap concentrations. The concentration of they Hemmingssoret al* The EHg; center has a concentra-
Z,,, center gradually decreases with the increase of annealirigpn of 4.9x 10'3cm™ and a relatively large capture cross
temperature above 1700 °C. The concentration could be resection of 1-4< 1073 cn? for the as-grown epitaxial layer.
duced down to 7.% 10 cm™ by annealing at 1800 °C. This defect center is of great importance, because the loca-
There was no significant difference in both the trap energyion at midgap and the large capture cross section should
and the capture cross section of thg, center between as- greatly influence the generation and recombination of carri-
grown and annealed epitaxial layers. ers. The concentration of this center was slightly reduced
One of the open questions about tHg, center is even by 1600 °C annealing. For 1800 °C annealing, the con-
whether the center is thermally stable or not. Some reportsentration decreased to 2@.0' cm 3 (Fig. 3), which is one
have shown that th&;,, center is thermally stable even at order of magnitude lower than that for an as-grown material.
The capture cross section of the center in the annealed epi-
taxial layers increased by a factor of 1-2 orders of magni-
tude, compared to that in the as-grown epitaxial layers. The
peak of the center shown in Fig. 2 slightly shifts to a lower
temperature by the annealings. This shift may be attributed to
the following causes. Th&Hg; center consists of two or
more peaks, and one of the peaks at a higher temperature was
annealed out. The increase of the capture cross section is
speculated to be due to the reconfiguration of defect com-
plexes.
As shown in Fig. 3, both of the concentrations for the
" , ——— - Z,,» and theEHg,; centers decreased with increasing anneal-
as-grown 1600 1700 1800 ing temperature. The annealing behaviors of the centers
agree with a recent report by Zhaatal® In their paper, the
Z,,, concentration in 4H-SiG0001) epitaxial samples an-
FIG. 3. Annealing temperature dependence of net donor concentration afa€aled at 1650 °C decreased and the concentration after the
trap concentrations for 4H-SiC epitaxial layers. _ annealing remained in the high ®Qo low 1_013 _cm‘3 range,
Downloaded 22 Dec 2006 to 130.54.130.68. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp

0
100 200 300 400 500 600 700
Temperature (K)

Concentration (cm™)

Annealing Temperature (°C)



1718 Appl. Phys. Lett., Vol. 85, No. 10, 6 September 2004 Negoro, Kimoto, and Matsunami

compared with the initial concentration of low o low The authors thank K. Fujihira, now at Mitsubishi Elec-
10 cm3. In terms of theEHg; center, they have reported tric Co., for epitaxial growth. The authors also thank Kyoto
that the original DLTS peak of the center in the as-grownUniversity Venture Business Laboratory for the use of mea-
sample disappeared after annealing, while another small&urement equipment. This work was partially supported by a
peak appeared at a slightly lower temperature in the DLTS3rant in Aid for the 21st Century COE program 14213201,
spectra. It should also be noted that the formation of both thi1® Ministry of Education, Culture, Sports, Science and
Z,,, andEHg/; centers is suppressed by CVD growth under a‘l_'echnology of Japan, and also by TEPCO Research Founda-
C-rich condition™*** Recently, Storastat al. reported a
DLTS study on 4H-SiG000]) epllayers' irradiated with low- M. Bhatnagar and B. J. Baliga, IEEE Trans. Electron Devid@s 645
energy(80—300 keV electrons, by which only C atoms are (1993,
displacedl_G They speculated that the origin of th#lg; cen- ’D. Peters, R. Schoner, P. Friedrichs, and D. Stephani, Mater. Sci. Forum

: : 433-436 769(2003.
ter mlght & a C vacancy, because tEHG/? center is one of 3K. Fuijihira, T. Kimoto, and H. Matsunami, Appl. Phys. Let80, 1586
the most dominant traps observed for such samples, and thexqoy,
activation energy for this center agrees well with the energy’s. Weiss and R. Kassing, Solid-State Electr8a, 1733(1989.
position measured for a positively charged carbon vacancy inT: Dalibor, C. Peppermuller, G. Pensl, S. Sridhara, R. P. Devaty, W. J.

. . Choyke, A. Itoh, T. Kimoto, and H. Matsunami, Inst. Phys. Conf. Ser.

p-type 4H-SIC detected by photoelectron spin resondhfe. ~ ,>*cr 1996,
the EHg/7 center is, or containsa C vacancy, the growth-  °T. palibor, G. Pensl, H. Matsunami, T. Kimoto, W. J. Choyke, A. Schéner,
condition dependence &Hg,; center formatiott**is easily 7and N. Nordell, Phys. Status Solidi 462, 199 (1997).

; ; \. Kawasuso, F. Redmann, R. Krause-Rehberg, M. Weidner, T. Frank, G.
explalned_ because less C_ vacancies should be generated_u onsl, P, Sperr. W, Triftshauser, and H. Itoh. Appl. Phys. L2, 3950
der a C-rich growth condition. From the annealing experi- (>qo1).
ment and the growth-condition dependence, it might be rea®1. Kimoto, S. Nakazawa, K. Hashimoto, and H. Matsunami, Appl. Phys.
sonable that both th&;,, and EHg; centers are different gtetpt- t79'k276(1j(3\?%3bh e, Phys. Rev. © 3253(1672
. P . Patrick an . J. oyke, yS. ReV. .
Qefect complexes but contain the same origin in the_structure)l_ Pintilie, L. Pintilie, K. Irmscher, and B. Thomas, Appl. Phys. Let,
like a C vacancy. In order to reveal the microscopic struc- 4841(2002.
tures, further in\/estigation is required_ My . Storasta, A. Henry, J. P. Bergman, and E. Janzén, Mater. Sci. Forum

i igati _ _ 457-460 469 (2004).
In summary, DLTS investigations of as grown and an-, . Hemmingsson, N. T. Son, O. Kordina, J. P. Bergman, E. Janzén, J. L.

nealed_ 4H-SIC epitaxial Ia_yers have been carried out. By ingstrom, s. Savage, and N. Nordell, J. Appl. Phg4, 6155(1997.
annealing at 1700 °C or higher temperature, the concentrad3. Fujihira, T. Kimoto, and H. Matsunami, Mater. Sci. ForuA83-436

tion of theZ,,, andEHg,; centers became one order of mag- 14#61K_(20?3-K Lshimoto. and H. Mat 3 Aol Phvs.. Part 1
nitude lower than that in the as-grown epitaxial layers, al- ,, ;n;gf(’zobaas IMoto, and 1. Matsunami, “pn. J. Appl. Fhys., Far
though the net donor concentration of epitaxial layer is kepty. zhang, L. Storasta, J. P. Bergman, N. T. Son, and E. Janzén, J. Appl.
constant. These results indicate that g and EHg;; cen- Phys. 93, 4708(2003.

ters can be annealed out by annealing at 1700 °C or highel?L' Storasta, Ph.D. thesis, Department of Physics and Measurement Tech-
. nology, Linkdping University, Swede(2003.

temperature. On the other hand, the concentration of they 1 son, B. Magnusson, and E. Janzen, Appl. Phys. L&t 3945

RD,, center increases slightly by 1700 °C annealing. (2002.

Downloaded 22 Dec 2006 to 130.54.130.68. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



