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Reduction of doping and trap concentrations in 4H-SIC epitaxial layers
grown by chemical vapor deposition
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High-purity and thick 4H-Si@®001) epilayers have been grown by a horizontal hot-wall chemical
vapor deposition(CVD) system, which was designed and built at the authors’ group. The
background donor concentration has decreased by reducing pressure during CVD, and a low donor
concentration of 1—-8 10"3cm 2 was achieved by CVD growth at 80 Torr. The free exciton peaks
dominated in low- and room-temperature photoluminescence spectra without titanium or
point-defect related peaks. The electron mobility reaches 981Vsnat room temperature and
46200 cmVs at 42 K. The total trap concentration could be reduced tox4a@'cm 2 by
increasing the input C/Si ratio. @001 American Institute of Physic$DOI: 10.1063/1.1413724

Through recent progress in silicon carbi@®C) growth  study is similar to that previously reportédpecial care was
and device processing technologies, high-volté83@0 and paid to the purity of SiC-coated susceptor and thermal insu-
600 V) 4H-SiC Schottky diodes have been realized as comlator as well as to the susceptor design. The susceptor is 100
mercial products. The major advantages of SiC Schottky mm long and has a gas flow channel with a height of ap-
diodes, a unipolar device, include fast switching speed angroximately 10 mm. A single 2 in. wafer can be loaded in
negligibly small switching loss, owing to the absence of in-this system, but in the present work, small pie¢es10 mm
jected minority carriers. Although the theoretical specific on-CJ) cut from 8° off-axis 4H-Si@001) wafers were used.
resistance of SiC unipolar devices is more than two orders dfource gases were Sjldnd GHg with a H, carrier gas pu-
magnitude lower than that of Si device$the on-resistance rified by a Ag—Pd cell. After loading substrates and pumping
becomes unacceptably high for several kilovoits8—5 kV) ~ down to 10 ° Torr, the CVD process, consisting of situ
SiC unipolar devices. For such high-voltage applicationsCsHg+H, etching® and epitaxial growth, has started. The
SiC bipolar devices have promise, owing to the effect ofsusceptor temperature was kept at 1500 °C duringrttsitu
conductivity modulation. In order to fabricate 5 kV SiC bi- etching and epitaxial growth. The typical flow rates of SiH
polar devices, for example, lightly dopeec@x10®cm™3)  CgzHg, and H were 1.5 sccm, 0.75 sccm, and 5.0 sIm, respec-
and thick (>40 um) SiC epilayers with a sufficiently long tively, if not specified. Most CVD growth runs were carried
minority carrier lifetime(>1 us) are required. On the other out at reduced pressure in the range from 60 to 240 Torr, at
hand, thick SiC crystals with ultrahigh purity and low trap which a growth rate of um/h was obtained under the typi-
concentration are of scientific importance for characterizacal condition. Typical growth time was 5-10 h, by which
tion of intrinsic or defect-related properties. 25-50 um thick epilayers were produced. The details of

Chemical vapor depositio(CVD) has been a standard growth kinetics such as growth rate and surface morphologi-
technique to produce device-quality SiC epilaykr§he  cal defects will be published elsewhéfend this letter shall
background doping concentration of SiC epilayers has beefpcus on the characterization of epilayers.
reduced to 0.7-210%cm™2 either by utilizing the site- Figure 1 shows the donor concentration of unintention-
competition concept or by employing hot-wall type ally doped epilayers versus the reactor pressure during CVD.
reactor$ 8 Although an exceptionally low doping concen- The net donor concentration was determined by
tration of 2< 10*3cm™2 has been recently reported for 4H—
SiC epilayers grown at high growth rates by a vertical
radiant-heating reactdithe deep level concentration is in the
same order as the doping concentration. In this letter, the
authors describe the homoepitaxial growth of 4HA80D1)
by a home-made hot-wall CVD system. The lowest doping
and deep level concentrations are simultaneously achieved.

A hot-wall CVD technique has been demonstrated to
grow high-quality and thick SiC epilaye?s,and its proto-
type CVD system is commercially available. The authors of
this letter, however, designed and built a horizontal hot-wall
CVD reactor, with which these experimental works have

been done. Although the susceptor configuration used in thiBIG. 1. Pressure dependence of donor concentration for unintentionally
doped epilayers. The donor concentration was determined-by charac-
teristics of 1.5 mng Ni/4H-SiC Schottky structure processed on 3050
dElectronic mail: kimoto@kuee.kyoto-u.ac.jp thick epilayers grown on highly dopedtype substrates.
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FIG. 2. PL spectra at several temperatures from 4 to 300 K obtained from &V/),'* Ti (C, at 2.790 eV,*® and D, center(L, at 2.902 eV*®
50 pm thick undoped 4H-SiC epilayer grown at 80 Torr. were not observed. After thermal quenching of the P series at
20 K and the Q series at 50 Kot shown, free exciton

capacitance—voltageC(-V) measurements on 1.5 mfNi/ peaks govern the PL spectra. The free exciton peaks exhib-
4H-SiC Schottky structure with 30—5@m thick undoped ited longer tails towards the high-energy side with increasing
epilayers grown on highly dopeattype substrates. The do- temperature, due to the increase of kinetic energy of free
nor concentration showed a significant decrease by reducir@xcitons.
the pressure. Preliminary experiments on intentional nitrogen  Hall effect measurements were performed on a.20
doping have also indicated that the doping efficiency of ni-thick 4H-SiC epilayer grown on a semi-insulating substrate.
trogen is suppressed at low pressure, in agreement with préhe epilayer was intentionally doped with nitrogen to 1.5
vious report213A probable reason for this effect might be X 10"*cm™2 in order to ensure the formation of Ni ohmic
the enhanced desorption of nitrogen from the growing surcontacts. The sample was<% mn? in size and was pro-
face at reduced pressure. In the present growth system, tigessed into a clover-leaf structure by reactive ion etching
reproducible donor concentration is 1x30cm™2 by  Wwith CF,+0O, gases. The free electron concentration was
CVD growth at 80 Torr, and the lowest value obtained so farl.1X10**cm™2 at room temperature. Figure 3 shows the
is 7x10%cm 3, which are about one-order-of-magnitude temperature dependence of electron mobility for this lightly
lower than typical values reported from several grotifdn ~ doped 4H-SiC epilayer. In the mobility calculation, a Hall
addition to the growth at low pressure, the use of pure susscattering factor of unity was assumed. In Fig. 3, solid circles
ceptor and graphite thermal insulator may contribute to thénd open triangles denote the data measured at the authors
reduction of unwanted impurities. The authors of this lettergroup and University of Erlangen, respectively. The agree-
suggest that the doping concentration was not very sensitiv@ent is very good between the two measurement systems. A
to the C/Si ratio or to the gas flow rates, though the mechabigh mobility of 981 cni/V s was obtained at room tempera-
nism is not clear at present. ture, and it reaches 46200 éivis at 42 K, indicating very

The 4H-SiC epilayers showed smooth surfaces, and th&mall impurity scattering. This value is a very high mobility
surface defect density was in the range of 100—300%im  measured in SiC polytypes determined by the Hall effect.
atomic force microscopy analyses, no macrostep formation Figure 4 represents the deep level transient spectroscopy
was observed for 30—5@m thick epilayers, leading to a (DLTS) spectra for 30um thick 4H-SiC epilayers grown
small surface roughness of 0.2 nm. High-resolution x-ray
diffraction measurements revealed that the full width at half [x10'2) 1.Opryrrrrrre e e T prorer
maximum of the 4H-Si(004 peak (2= 35.6°) in a rock- I trap 3 i opilayers
ing curve(w scan was as smallas9.0arcs. g+ o . CISi<1.0 |

Figure 2 represents the photoluminesce(®Rl) spectra == :C/Si=12 ]
at several temperatures from 4 to 300 K obtained from a 50 —:CSi=15
pm thick 4H-SiC epilayer grown with a C/Si ratio of 1.5
and at a pressure of 80 Torr. A He—Cd las&r=325 nm)
was used as an excitation source. The net donor concentra-
tion of this epilayer determined fror@—V measurements A A . SO ...
was 2x 101 cm 3, At 4 K, the PL spectrum is dominated by 100 200 300 400 500 600
free exciton peaks denoted by the | series and peaks of ex- Temperature (K)
citons bound to neutral-nitrogen donors labeled by ttigiP _ o ) _
trogen at the hexagonal siter Q (nitrogen at the cubic sije FIG. 4. DLTS spectra for 3@m thlc_k 4H-SiC epllayers grown with C/Si

> . . . ; ratios of 1.0, 1.2, and 1.5, respectively. The epilayers have donor concen-
series. Phonons involved in the recombination are reprégations of 5-6< 10t cm 2. The reverse bias and pulse voltages applied

sented as the subscripts of labels. Impurity- or defect-relateduring the measurement weres V and 5 V, respectively.
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TABLE |. Trap parameters of defect centers observed in 4H-SiC epilayers  |n summary, high-purity and thick 4H-S{@01) epil-
grown by hot-wall CVD. ayers were grown by horizontal hot-wall CVD. A typical
Activation energy Capture cross section  Possible growth rate was Sum/h at 1500 °C under a pressure of 80

Trap (eV) (cm?) origin® Torr. The background donor concentration exhibited a sig-
1 0.35:0.02 (2-5%10 D, nificant decrease. by reducing tge rci%ctor pressure, and a low
5 0.52+0.05 (7-10) 10716 Dy donor concentration of 1-810"3cm 3 was achieved at 80
3 0.65+0.02 (4-9) 10715 z, Torr. The free exciton peaks dominated in low- and room-

temperature PL spectra without Ti or point-defect related
peaks. High electron mobilities of 981 & s at room tem-

. o . perature and 46 200 GV s at 42 K were obtained by Hall
with C/Si ratios of 1.0, 1.2, and 1.5, respectively. All the effect measurements. DLTS analyses revealed three types of
epilayers were grown at 80 Torr with a growth rate of 5geep levels, the Zcenter being dominant. The total deep

; 3~m—3 .
pm/h, and have a donor concentration of 5<B0*“cm > |eye| concentration could be reduced to 470 cm ™3 by
The DLTS signals were taken from 1.5 nan|/4H—_S|C _increasing the C/Si ratio to 1.5.
structure. The reverse bias and pulse voltages applied during
DLTS measurements were5 V and 5 V, respectively. Un- The authors express deep gratitude__to Dr. G. Pensl and
der this measurement condition, a 10—4éh deep region M. Laube at the University of Erlangen—MNiberg for their
from the surface was monitored. The DLTS spectra exhibiteddall effect measurements. This work was supported by a
two clear peaks at 170 Krap 1) and 300 K(trap 3. Atthe  Grant-in-Aid for Specially Promoted ResearckNo.
lower-temperature flank of the peak for trap 3, a small shoul99102009 from the Ministry of Education, Science, Sports,
der is observed. This shouldérap 2 was analyzed after and Culture of Japan, and also by NEDO. Kyoto University
subtracting the component of trap 3. Table | summarizes th¥enture Business Laboratory is also acknowledged for the
trap parameters estimated from the Arrhenius plots of emisdse of characterization systems.
sion time constants for the traps 1, 2, and 3, assuming
temperature-independent capture cross sections. The activa-
tion energies for three traps were determined to be 0.35,
0.52, and 0.65 eV. From the activation energies and capturéR- Ploss, R. Rupp, and |. Zverelixtended Abstracts of the Third Euro-
' fi th b dd | | b . d t\egan Conference on Silicon Carbide and Related Materials—2000
cross sections, the o serve7 eep levels can be assigne rsity of Erlangen-Kimberg, Erlangen, 2000p. 5.
the ID,, 1Dy, and 4 centers,’ as shown in Table I. 2M. Bhatnagar and B. J. Baliga, IEEE Trans. Electron Devié8s645
By increasing the C/Si ratio from 1.0 to 1.5, the total (1993.
deep level concentration could be reduced fromxaLB! to 3A. Itoh, T. Kimoto, and H. MatsunamProceedings of the Seventh Inter-
o' em 3 which i i . | h national Symposium on Power Semiconductor Devices and Integrated
4'7.X 107cm =, w 'IC is one order o ma%mtu_dse ﬁ;"gelgtlgan Circuits (IEE of Japan, Tokyo, 1995pp. 101-106.
typical concentrations reported (4—-2002cm3) 48918, “H. Matsunamic and T. Kimoto, Mater. Sci. Eng., 20, 125(1997.
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could be suppres_sed by increasing t.he C/Si ratio. Alt_hOUQhSO. Kordina, C. Hallin, A. Henry, J. P. Bergman, I. Ivanov, A. Ellison, N. T.
th.e authors of this Iettler prepared nitrogen-doped epilayersgon and E. Jarize Phys. Status Solidi R02, 321 (1997).
with donor concentrations up to>510%*cm 3, as well as  70. Kordina, K. Irvine, J. Sumakeris, H. S. Kong, M. J. Paisley, and C. H.
epilayers grown at various growth rates from 1.5 to 6.2 SCarEtﬁF’ Jf-yJMf;ff- SC{)VF'?;U'?M 107%93& 0. Wahab, J. P. B
. Ison, J. ang, W. Magnusson, A. Renry, Q. VWahab, J. P. bergman,
pm/h, DLTS _measurements on these samp.les reveaIEd, ndé. Hemmingsson, N. T. Son, and E. JamzMater. Sci. Forun838 131
clear correlation between the trap concentrations and doping2000.
concentration or growth rate. As shown in Fig. 4, the growth °H. Tsuchida, T. Tsuji, I. Kamata, T. Jikimoto, H. Fujisawa, S. Ogino, and
under C-rich conditions is a key factor to obtain the lower K. 1zumi, Mater. Sci. Forun853 131(200). ,
7 t trati All the defect t b d .1°C. Hallin, F. Owman, P. Matensson, A. Ellison, A. Konstantinov, O.
1_'Cen er concen rg 1on. e . e_eC_ centers Observed Ny, yina, M. Linnarsson, and E. Jamge. Cryst. GrowtH 81, 241(1997).
this study are believed to be intrinsic defect complexesiis Nakazawa, T. Kimoto, K. Hashimato, and H. Matsunémipublishegt
which do not contain specific impuritié$ but the exact de- *2J. Zhang, A. Ellison, A. Henry, M. K. Linnarsson, and E. Janzdater.

fect structures have not been identified yet. The present study3c! Eng., B61, 151(1999. .
. . . .. . . G. Wagner and K. Irmschner, Mater. Sci. For@®3, 95 (2001.
implies that a Si antisite (§) or C vacancy ¥c), which L. L. Clemen, R. P. Devaty, M. F. MacMillan, M. Yoganathan, W. J.

may be easily created under Si-rich conditions, might be in- choyke, D. J. Larkin, J. A. Powell, J. A. Edmond, and H. S. Kong, Appl.
cluded in the Z center. DLTS measurements were also madeiSPhys. Lett.62, 2953(1993.

_ ; ; 4 L. Patrick and W. J. Choyke, Phys. Rev.1B, 5091 (1974).
at 300-550 K in the Iorllg tr?nglenf time range from 20hmst 5L patrick and W, J. Choyke. Phys. Rev. 833253 (1972,
2's, but no n_ew deep level signals were dEteCtec_j' Thus, t . Dalibor, G. Pensl, H. Matsunami, T. Kimoto, W. J. Choyke, A. ST
authors of this letter conclude that the concentration of deep and N. Nordell, Phys. Status Solidi 262, 199 (1997.
levels located in the range froBx—0.7 toEc—1.3eV(Ec:  *°C. l;erpmingsson, N. T. Sdon, 0. K(;Jrlcliina, J. IT. Bﬁrgman, E( Jar;)lzeL.

; Lindstram, S. Savage, and N. Nordell, J. Appl. Phg4, 6155(1997.

theOlgoncjl;ctlon ba.nd edgemay be lower t.han S 193. P. Doyle, M. O. Aboelfotoh, M. K. Linnarsson, B. G. Svensson, A.
X107 cm >, assuming a capture cross section of 1 gcrimer, N. Nordell, C. Harris, J. L. Lindstmo, E. Janze, and C. Hem-

X 10" e mingsson, Mater. Res. Soc. Symp. Pré23 519 (1996.

aSee Ref. 17.
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