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Fabrication of SIC Lateral Super Junction Diodes
With Multiple Stacking p- and n-Layers

Mineo Miura, Shun-ichi Nakamura, Jun Suda, Tsunenobu Kimoto, and Hiroyuki MatsuRalfoiv, IEEE

Abstract—Using epitaxial multiple p-n junction structures of lower specific on-state resistanck.(,). In a simulation for Si
4H-SiC, lateral super junction diodes were fabricated for the first  [3], the R,,,, of SJ structure was predicted to be 10wer than
time. The breakdown voltage of the device was 400 V, which is more that of conventional one.

th.an 3>$ higher than thg theoretical valug calcullated for a deyice There have been a few reports on simulation of SiC SJ de-
with uniformly-doped drift layer (130 V), indicating the effective . 7 ) )
Operation of super junction structure. vices [4], [5], pl’edICtIng 148 |0W€I’R0n Of 4H-SIC SJ Vert|Ca|
devices than that of SJ devices made of Si [4], but no report
on fabrication of SiC SJ devices has been presented. A lateral
SJ structure is advantageous in device fabrication processes for
SiC: a lateral SJ structure (or multiple thin p-n junctions) can

. INTRODUCTION be formed by epitaxial growth [6], [7], because dopant redistri-

HE requirements for power devices are high blockin ution during epitaxial growth of SiC is negligible due to small

voltage, low losses and high switching speed. Becaud#fusion coefficients in spite of high growth temperatures (nor-
of a tradeoff among them, many structures of devices haf&lly 1500-1600°C). For lateral SJ devices, the,, shows
been developed for various applications. The semiconductbgduare dependence on the blocking voltage, as opposed to
material mainly used for power devices is silicon (Si), but th@ linéar dependence for vertical SJ devices [3]. Therefore, lat-
extensive and intensive progress in Si processing technologféd! SJ devices will have highét,, than that of vertical ones.
have brought the device performance close to the theoreti¢&#S Weak point can, however, be compensated by increasing
limitation expected from Si material properties. One way t§'€ number of p-n junction layers in the SJ structure to reduce
make a breakthrough beyond the limitation may be the use!Bg Fon- I this letter, simulation and fabrication of SiC lateral

Index Terms—Power device, silicon carbide (SiC), super
junction.

another material. SJ diodes are presented.
One of the most promising semiconductor materials for
power devices is silicon carbide (SiC) [1], owing to its wide  |I. NUMERICAL SIMULATION OF SIC SUPERJUNCTION

bandgap (2.2 to 3.4 eV), high breakdown field (around ) . )

3 MV/cm), and high thermal conductivity (4.9 W/cmK). To S|ml_JIate SiC S_J device st_ructures, ISE-TCAD was used.

Different from other wide bandgap materials, both n- arfS Material properties of 4H-SiC, we assumed a bandgap of

p-type conductivity of SiC can be easily controlled by botﬁ'ze eV, dlglectr|c con.stant of.9.t_36 [S], mobll!tlgs of electrons

epitaxial growth and ion implantation. There have already be pd holgs n [9], and impact |on|zat|on'coeff|C|ents anng the

reported several SiC Schottky and p-i-n diodes [2] exceedifi?01) direction (though we need those in tf&01} plane) in

the limitation of Si. [T0]. As the breakdown field in 4H-SiC shows strong anisotropy
For further improvement, a super junction (SJ) structure [{e}l_], the impact ionization coefficients should also have strong

has been proposed, which consists of highly-doped mump?énsotropy (not reported ygt)..The actue}l breakdown voltage

thin p-n junctions. As opposed to ordinary device structur ay be estimated by multiplying the ratio of the breakdown

the voltage is applied along, rather than across, the junctiofig'dS in the{0001} plane and along thgh001) direction (ap-

Lateral extension (perpendicular to the applied voltage) of thEoXimately 0.75 [11]). _ _
depletion region(s) in the SJ causes full depletion of the SJ at £1ferent from conventional device structures, the blocking

small reverse bias, and further reverse voltages are supported®{29€ Of SJ devices does not depend on the doping concen-

the fully depleted SJ with almost uniform distribution of eleclr@ ion, but solely on the length of the SJ structure along which

tric field, regardless of doping concentration. Therefore, a hiéhe voltage is applied. From the limitation of our lithography
System, we selected the length of SJ to beuf The corre-

doping concentration can be utilized, compared with conve 4ing blocki | leulated to b KV, with th
tional structures with the same blocking voltage, yielding muciPonding blocking voltage was calculated to be 1.3 kV, with the

anisotropy of breakdown field taken into account. Thg de-
creases with increasing doping concentration in the SJ, but an
Manuscript received February 4, 2003. This work was supported in part bygapalance of doping concentration in the SJ significantly re-
Grant-in-Aid (09102009) for Specially Promoted Research, by the Ministrycd he blocki | h if . d
Education, Culture, Sports, Science and Technology in Japan, and by Feasib! iw:es the blocking voltage [3]7 [4] From the uniformity an
Study of Japan Society for the Promotion of Science. The review of this let@ontrollability of doping during our epitaxial growth, we se-

was arranged by Editor J. Sin. o __lected the doping concentration ofx4.0'” cm=3. The corre-
The authors are with the Department of Electronic Science and Englneerln% di h | thick fthe SJ | lculated
Kyoto University, Kyoto 606-8501 Japan. sponding 0pt|ma thic ness o t. e ayers was calcu ated to
Digital Object Identifier 10.1109/LED.2003.812561 be 0.4um. An important simulation result is that the thickness
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Fig. 2. TypicalI-V characteristics of fabricated diodes.

employed to form the mesa with 3-#n of height. The anode
and cathode regions were formed by Al (average concentration:
1x10*° cm—3) and P (average concentrationx20°° cm—3)

ion implantation, respectively, at 30@. After activation an-
nealing at 1750 C for 30 min in an Ar ambience, the samples
were passivated with a thermal oxide grown at LXD@or 15

min in a dry ambience. As contact metals for the anode and
cathode, Al/Ti and Ni, respectively, were thermally evaporated,

Fig. 1. Schematic structure of fabricated devices. The device active aregigg they were simultaneously sintered at 8@0for 10 min in
indicated by dashed circles. .
an Ar ambience.

ubstrate

of the outermost layers in a finite SJ should be halved; otherwise
incomplete depletion in the outermost layers distorts the electric IV. ELECTRICAL PROPERTIES OFDIODES

field distribution and reduces the breakdown voltage less than _ o
half for the ideal case. With a total thickness of 8, the R, Fig. 2 shows typical current-voltagé+\’) characteristics of

was calculated to be 035&0:”']2 Details of the device simula- the fabricated b/S‘J/n‘i— diodes. For forward bias COﬂditiOhS,
tion will appear elsewhere. very high on-state current densities of 10gcfy at 3.0 V,

500 A/cm? at 3.9 V and 1000 Acn?® at 5.0 V were obtained.
TheR,, was 2.1 nfcm?, where the device active area was de-
fined based on the foot of SJ mesa ring, as schematically indi-
cated by dashed circles in Fig. 1. The obtaigd is about 16

Fig. 1 shows the schematic cross section of the fabricatiedger than the value (about 0.3Yom?) predicted by our nu-
device. On(0001) C 4H-SiC n" substrates with 8 of incli- merical simulation. The discrepancy between the measured and
nation toward(1120), a highly-resistive (HR) layer and the SJredictedR,,S may be attributed to the high sheet and/or con-
structure with four n-layers and five p-layers were successivaBct resistances in the contact regions, which were not taken into
grown by chemical vapor deposition in a horizontal cold-waticcount in the simulation. It should also be noted that our defini-
reactor [12]. The HR layer was designed to isolate the devicésn overestimates the device active area by 2—-3 times, because
from the conducting substrates. The source gases werg S included 5-1Qm for each contact region. With microfabri-
(0.50 sccm) and §Hg (0.33 sccm), and the carrier gas was Hcation technologies, thB,,, should be much reduced.
(3 slm). The growth temperature was 15@) Under these con- For reverse bias conditions, the maximum breakdown
ditions, the growth rate was about 3:n/h. The thickness of voltage of 400 V was obtained. This breakdown voltage
the HR layer was about @m. The thickness of each layer inis more than three times higher than that of conventional
the SJ structure was 044m, except for the outermost p-layerquniformly-doped) p-n diodes with such high doping concen-
for which the thickness was halved to ensure full depletion. Thations (4x 10'” cm3), which should be at most 130 V [11],
doping concentrations of n-layers in the SJ were designed toibdicating that the SJ structure operates effectively.
4 x10'" cm~3 with N, and those of p-layers were varied in the As mentioned before, the breakdown voltage may be reduced
range of 2.5-6.510'" cm~3 with B,Hg. by charge imbalance. However, we did not see a systematic

A ring-like mesa structure made of SJ, with the cathode amange of breakdown voltage when the doping in the p-layers
the interior and the anode on the exterior, was employed, \aas varied. Therefore, the breakdown voltage was probably re-
shown in Fig. 1. The inner and outer diameters of the SJ rinlgiced by an insufficient device fabrication process: Because of
were 165-17Q:m and 180-18%m, respectively, at the top of the poor controllability of KOH etching process, the mesas for
mesa. The SJ length was 10-28. Because of a limited ver- most of the fabricated diodes were too high and eventually the
tical depth (about 3m) of ion implantation into the contact re-HR layers were too thin (mostly less than:B), causing pre-
gions, sloped sidewalls for the anode and cathode regions werature breakdown (at less than 650 V even without electric field
formed on both of the inner and outer sides. To form the slopgpwding) in the HR layer. The next step is to develop a reliable
molten KOH etching at 460—48@ using an Al mask [13] was and controllable device fabrication process.

I1l. DEVICE FABRICATION
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