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Chemical vapor deposition and deep level analyses of 4H-SiC (1120)
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Specular 4H-SIC layers have been homoepitaxially grown on 4H1%R&0D), parallel to thec axis
((0001)), by chemical vapor deposition at 1500 °C. An x-ray diffraction analysis has revealed that
a lattice-mismatch strain betweem  epilayers andn® substrates could be minimized by
introducingn-type buffer layers. The donor concentration of unintentionally doped epilayers could
be reduced down toxt 10*4cm™3 under a C-rich growth condition. Through isothermal capacitance
transient spectroscopy measurements, three acceptor-like traps with activation energies of 0.27,
0.32, and 0.66 eV have been detected with a total trap concentration as low<d0¥.8m 3. The

capture cross section of the deepest trap, theenter, at high temperatures has been determined.
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. INTRODUCTION and remaining issues of 4H-3|ﬂ50) epitaxial growth are

Unique potential of silicon carbidéiC) has been dem- also discussed.

onstrated in various prototype devices projected for high-

power, high-frequency, and high-temperature elec-

tronics? It has been revealed, however, that micropipes, hol-

low cores associated with superscrew dislocations propagat-

ing along the(0001) (c-axis) direction, cause prematureaﬁ' EXPERIMENTS
breakdown in high-voltage SiC devicéflthough the mi- Homoepitaxial growth was performed by atmospheric-
cropipe density of SiC wafers has significantly been reduced

in the last several yeafs;ommercial SiC wafers still contain p;isessu;\?ercévsl? 'nn(;i cgld\-,vv;/tillahpo(;l_zcoerllltalu:ﬁiae%fériggrrigcra
a few tens of micropipes/ciand the elemental screw dis- 9 ) Hand GHg P H
locations existing in a much higher density of 1@ gas. Typical flow rates were 0.30 sccm, 0.20—-0.50 sccm, and

10* cm 2 may also affect device performante. 3.0 sim, for SiH, CgH, and H, respectively. Thewtype

Recently, Takahashi and coworkers have succeeded fhH-Si01120) substrates with a doping concentration in the
producing “micropipe-free” SiC wafers by sublimation 10‘*cm™range were prepared by cutting parallel to (0}.2
growth on (1D0) and (11B) seed crystals! These faces from[0001] grown ingots at Nippon Steel Corp. The
SiC(1100) and (11®) wafers with surface orientation par- (1120) substrates were nominally “on-axis” with possible
allel to thec axis have much potential for developing large- off-angles less than 0.5°. For comparison, the 8° off-axis
area SiC devices, leading to the increased culf@npowej  4H-SiC(0001) substrates were placed side by side on an SiC-
handling capability. However, only a few works have beencoated susceptor in a CVD reactor. Typical growth tempera-
reported concerning SiC epitaxial growth on 4H- orture and growth rate were 1500 °C and Z&/h, respec-
6H-SiC(1120) and (1D0) substrate®:*° The quality of tively. In situ HCl etching was carried out at 1300 °C for 10

SiC(llEO) epilayers and doping control have not been fu”ymin to remove surface _damage introdu_cgd during polishing
investigated. The authors have reported successful homoegrocesses. Under a typical growth condition, the growth rate
taxy of 4H-SiC(11§O) by chemical vapor deposition on (1120) was nearly identical to _thaF on.off—ax(QOO]),
(CVD),*%*2and realized high-voltage Schottky barier diodesbecau;e the growth on both faces is diffusion c.ont.rdl?éd.
with reduced leakage currelft.in 1999, the authors have Epilayers were characterized by a Nomarski microscope,
also found that the channel mobility of 4H-SiC inversion- atomic force microscopyAFM), x-ray diffraction, and pho-

type metal—oxide—semiconductor field effect transistordoluminescence. Electrical properties were assessed by

(MOSFETS can be remarkably improved up to 96 s capacitance—voltage C~V) and isothermal capacitance
— transient spectroscopfCTS)!® measurements on a Ni/4H-

by utilizing (1120), compared to 5 to 6 ¢tV s on the con-  _° P )

ventional off-axis(éOO]) 13 SIiC Schottky structure. In the ICTS, deep trap signals are

. : . o . detected by the transient time scan, instead of the tempera-
In this article, details of epitaxial growth and systematic . .

o T ture scan as in deep level transient spectrosc@uyTs).
characterization of 4H-Si@120) are presented. Advantages |c1g spectra were typically acquired on 1.2 grSchottky
diodes with a reverse bias voltage b V, a pulse voltage
¥Electronic mail: kimoto@kuee.kyoto-u.ac.jp of 5V, and a pulse width of 20 ms, if not specified.
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FIG. 1. X-ray rocking curves at the S(C120) peak (¥=60.05°) obtained ~ FIG. 2. CISi ratio dependence of donor concentration for unintentionally
from 9-um-thick n”-type 4H-SiG1120) epilayers grown om*-type sub-  doped 4H-SiC epilayers grown on off-axis 4H-Si@003), off-axis (0003,
strates with or without a buffer layer, and from a substrate. and on-axis (11Q) substrates.

lll. RESULTS AND DISCUSSION From molten KOH etching at 450°C for 10 min,

The 4H-SiG1120) epilayers exhibited very good mor- 4H-SiC(1120) epilayers turned out to be micropipe free. In-
phology and a small surface roughness of 0.18 nm withoustead, triangular etch pits related to dislocatfomith a den-
any triangular defects and “carrot-like” grooves which oc- Sity of 10* cm2 were observed. The exact defect structure
casionally appear on off-axis Si@01) epilayers. On off- responsible for these etch pits is not known at present. The
axis SiQ000)) substrates, homoepitaxy is realized throughstacking fault density was estimated to be in thé af*
step-flow growthl_4 In contrast, no signs of “step-flow” such range. All the stacking faults existing in substrates seem to
as step bunching have been observed forBi20) epilay-  be replicated in (11@) epilayers. In some cases, a smooth
ers, suggesting two-dimensional nucleation and subsequefpilayer surface was abruptly disturbed by stripe-like mor-
layer-by-layer growth. Takahashi and Ohtani reported théhology on the area where a high density of stacking faults is
perfect polytype replication in sublimation growth on 4H- localized. The effects of stacking faults on SiC devEe per-
and 6H-SiG1120) seed<. As illustrated by Takahashi and formance should be clarified in order to bring 4H-8iC20)
Ohtani and Chenet al,'! the unique stacking sequence of into real applications.

SiC polytype appears on the SI120) face, which ensures . The dependgnce of the donor cpnceqtration on the_ C/Si
very little or no opportunity for adatoms to be incorporated"@tio for unintentionally doped 4H-SiC epilayers on various
at a misarranged lattice site. This may be the reason why nguPstrate faces is represented in Fig. 2. The doping concen-
off-angle is required for SiC homoepitaxy on (_1])2 it tration on (11®) is sensitive to the C/Si ratio, following the
should be noted that the use of this face is effective fosSite-competition concepf and is located in between that on
homoepitaxy at low temperatures below 1350°°C. (000)) Si and (000)C faces. The lowest net donor concen-

Figure 1 depicts x-ray rocking curvés scan sensitive  tration determined fromC-V measurements was 1.1
to lattice tilt and crystal bending, at the (1@ peak (& x 10" cm®, which was obtained by increasing the C/Si ra-
—60.05°) obtained from m-thick n~-type 4H-SiG1120) tio up to 5(Fig. 2. In spite Qf this C-rich CVD C(.)ndltlon,.
epilayers grown om’-type substrates with or without a surface morphology Was_stlll excelleljt, suggestmg. a wide
buffer layer, and from a substrate. The epilayer directlydrowth window on the (11@) face. With respect to inten-
grown on a substrate without a buffer layer exhibited consigional nitrogen or aluminum doping, the doping efficiencies
erable broadening of the diffraction peak with splitting on the (11D) face were also located in between that on
[FWHM (full width at half maximum)= 161 arcsec]. Similar (0001 Si and (000)C faces'’ Our CVD experiments on
degradation of epilayer quality (FWHM200arcsec) has (1120) result in higher donor concentration for nitrogen-
been pointed out in 4H-SIC(X10D) and (11®) growth by  doped epilayers and lower acceptor concentration for boron-
hot-wall CVD? This peak broadening may originate from a doped epilayers by a factor of 2—5, compared to off-axis
lattice-mismatch strain caused by the doping difference bef0001) epilayers grown in the same CVD run.
tween am~ epilayer and am*-substraté. Since this prob- In low-temperature photoluminescence at 18K for lightly
lem is not pronounced on an off-axi800Y) face, the lattice- doped 4H-SiC1120) epilayers, well-resolved peaks due to
mismatch strain caused by the doping difference may bghe recombination of excitons bound to neutral nitrogen do-
more stringent for a (112) face. By introducing a 1.24n-  nors and free exciton peaks were observed. Note that because
thick n-type buffer layer with a four-step stair-like doping of the indirect band structure of SiC only phonon replicas of
profile from 5x 107 to 1x10*®cm ™3, the FWHM of rock-  free-exciton recombination appeared. Above 40-50 K, the
ing curve could be improved to 45 arcsec, being even smallemitrogen-donor bound exciton peaks are quenched, making
than the substratel9 arcseg the free exciton peaks dominant. The free exciton peaks sur-
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vived even at 290 K, indicating high purity of epilayers. At assuming a temperature-independent capture cross section,
290 K, free exciton peaks were strongly broadened due to thand the obtained trap parameters are summarized in Table I.
increased thermal energy of excitons and to the overlappin@he activation energies of detected traps were determined to
of a few phonon replicas. be 0.27, 0.32, and 0.66 eV, respectively. The electric field
The authors have investigated deep levels independence of emission time constants was examined by
4H-Si(1120) epilayers by ICTS. Wide range scans of bothvarying the reverse bias voltage fino0 V to —20 V, which
temperaturé120—420 K and transient time (1P—10*s) in  corresponds to the change of average electric field strength
ICTS measurements on high-purity epilayerdNg€ 1 from 1.2x10° to 1.3x10*V/cm. The emission time con-
X 10"cm™3) enabled very high-resolution detection in the stants for the traps exhibited no electric field dependence
energy range fronE.—0.1 eV (Ec is the bottom of the con- within the uncertainty of the measuremdnt3%). This re-
duction band down to abouE-—1.3eV (close to midgap  sult means the lack of Poole—Frenkel effect, suggesting that
Figure 3 represents typical ICTS spectra from guib-thick  all the traps observed are acceptor-lif#—). Considering
4H-SiC(1120) epilayer in the(a) low-temperature ando)  the activation energy, the capture cross section, the charge
high-temperature range. The ordinate shows the ICTS sign&fate, and thermal stability, the observed traps can be as-
S(t) defined byt-dC2(t)/dt [C(t) is the transient capaci- Signed to the “IDy,” “ID 4,” and “Z ;" centers;® respec-
tance and is the timd.*>'® One double peak was observed tively. So far, intrinsic defect complexes have been sug-
in the |0W_[emperature measureme[ﬁjg_ 3(3)], where the- gested as the origins of these tréBSt should be noted,
oretical fitting curves for the ICTS spectra at 190 K are plot-however, that the total trap concentration is as low as 3.8
ted by dotted curves. Although one main peak and twox10'“cm™3 and is favorably compared to that observed for
shoulders seem to exist for each ICTS spectrum, only twéH-SiC(0001) epilayers (4<10'-1x 10" cm™3).142%% |n
traps were sufficient to reproduce the spectrum with the corPhotoluminescence measurements, lthepeak at 427.2 nm,
responding theoretical curves at any temperature measurehich has been supposed to have the same origin as;the Z
However, the determination of emission time constants frongenter”> was very difficult to observe, probably due to the
the curve fitting may be inaccurate, especially for the smallerery low defect concentration.
peak (the faster trap On the other hand, one single peak  Figure 5 represents the depth profiles of trap concentra-
appeared at high temperatures as shown in Fig). No  tions for the ID;, 1Dy, andZ; centers observed from a 15-
other ICTS peaks were detected at higher temperatures andn-thick 4H-SiG1120) epilayer, which were deduced from
longer transient times. The Arrhenius plots of emission timethe bias voltage dependence of ICTS spectra. By changing
constants(7) for three different traps are shown in Fig. 4, the reverse bias voltage from 0 te20 V, the width(depth

Temperature (K) Temperature (K)
250 200 150 107 400 350 300 250
105%_ 4H-SIC (1120) epilayer ] 1g8[ 4H-SIC (1120) epilayer
Z, center
104 [ ID4 center ] 105 [ N
< F Nr=6.4x10"" em? i< ]
@ 10°F Ex032eV 1 0t} 3 FIG. 4. Arrhenius plots of emission time constafits
T 102k i * 10°L ] for (a) two shallow traps an¢b) a deep trap observed in
B D conts = 3 4H-SiC(1120) epilayers, assuming temperature-inde-
10"k ;:; 1exr10" a3 10%F Np=2.8x10"2 cm® 3 pendent capture cross section.
10° Ea=0.27 eV ﬁ 10'L EA=0.66 eV 1
-1: ) 1 i oL L I .
10550 60 70 80 0325 T30 35 40
1000/T (K™ 1000/T (K™)
(a) (b)

Downloaded 24 Dec 2006 to 130.54.130.229. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



6108 J. Appl. Phys., Vol. 89, No. 11, 1 June 2001

Kimoto et al.

TABLE |. Trap parameters of defect centers observed in as-grown

— 100 1} 1 1 ! |
4H-SiC(112D) epilayers. . ]
fad R 4H-SiC Z, center -
Activation energy  Capture cross section Concentration N A X ° x o J
Center (eVv) (cm?) (cm™3) . A g O 305K(0) 4
a A
ID4 0.27 4% 10716 3.1x 101 = o a 2 2:‘;222; .
D, 0.32 11075 6.4x 101 T " o A 365K()
—15 2 B T
Z 0.66 4x10 2.8x 10" K - O 385K(0)
| - i
of the space charge region monitored was modulated. All the m 400K(W)
trap concentrations tend to decrease toward the epilayer sur- [ g S Y NS VO S S NP
face. The authors have observed the continuous decrease in 0 2 4 6 8 10 12 14

the background impurity concentration for undoped SiC ep- Pulse Width (s)
ilayers with increasing the epilayer thickness, owing to a .

. ' IG. 6. log(1-ny/N Ise widtht
“baking effect.” It has been supposed, however, that all the, 4rious é?f,pe?;turgs\fs prise Wt
ID3, ID,, and Z centers do not contain specific impurity
atoms:® Further investigations are required to understand the _ _ _
gradual reduction of trap concentration through thicker otoward the zero pulse width are close to unity, as is expected
longer-time epitaxial growth. from Eq. (1). The slope in this extrapolation provides the

The authors have measured the capture cross section @iformation of capture cross section. The temperature depen-
the Z, center at elevated temperatures by the pulse-fillinglence of capture cross section for the defect center is
techniqué® in ICTS. As in DLTS, the sufficiently narrow represented in Fig. 7. The recent data in the low-temperature
width of pulse voltage in ICTS measurements resulted in théange reported by Hemmingssenhal. are also showd’ The .
“reduced” trap concentration, because only a limited por-least-square fitting of the present data gives the following
tion of traps can capture electrons during the short fillingequation.
pulse_. The concentration of electrorn_;rI trappged by a deep o(Z, centel=9.4x 10" exp
level in a short pulse measurement is giveR®by

(—0.074 eVIKT) [cn?]. 2)

Nr=Np{l—exp —onvyt,)}. (1) A el A . .
: . . This exponential relationship at high temperatures indicates
Here, Nt is the real trap concentration determined from a P P g b

sufficiently long(>20 ms filling pulse measuremen, is that electrons are captured through a multiphonon prdcess.
the therm);l ve%ocit of an elgc?ro is the capture ’tgross The present data show good agreement with those extrapo-

. . y o . piure lated from the values measured at lower temperafifres.
section,n is the free electron concentration, atlis the

idth of fill lse. Tvpical its of this techni for th Hemmingssoret al. have reported that the, Z£enter eventu-
\év' r?t : ;294?4“;% ):pl(;a r;es: tfct) d '; EIC néquvshorr tﬁ ally consists of two centers which have very close activation

1 cente are demonstrated 9. 5, where eenergies and capture cross sectithihis is the reason why
log(1—-ny/Ny) versus the pulse width, is plotted. In the

present study, the high purity of 4H-SiC epilayers—(1 two dotted lines are displayed as references in Fig. 7. In this

. study, however, it was difficult to resolve the observed
X 10**cm™®) enabled reasonably long-pulse width measure: y

. . . “single” ICT k of th nter into two overlappin
ments in the 10° s range, ensuring the accuracy of this mea- single” ICTS peak of the 4 center into two overlapping

surement. For the data at all the measurement temperatur eaks. As seen from Fig. 7, the difference of the capture
u ) u P UrSoss section for two centers becomes smaller at elevated

the intercepts in the vertical axis by extrapolating the pIOtStemperatures. This decreased difference of trap parameters at
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FIG. 5. Depth profiles of trap concentrations for the;JOD,, and Z

centers observed from a }&n-thick 4H-SiC(11§O) epilayer, which were
deduced through the bias voltage dependence of ICTS spectra.

FIG. 7. Temperature dependence of capture cross section for; tHef&ct
center in 4H-SiC, together with the recent data reported by Hemmingsson
et al. (see Ref. 24
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capture cross section at high temperatures, which may be of
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