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High-Temperature Characteristics of CYD-Grown p-SiC p-n Junction Diodes
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2613-1 Ichinomoto, Tenri, Nara 532, Japan

g-SiC p-n junction diodes with a mesa structure are fabricated. using chemical-
vapor d,eposition on Si substrates with an impurity doping d.uring the growth. Curuent-
voltage and capacitance-voltage characteristics of the d-iod.es are measured. at high
temperatures up to 500 oC. No significant d.egradation of the characteristics during
iho hioln-tcmnar.ature operation occurs even at 500 oC. But the reetification becomesv rrv rrr6rr

poor at high temperatures, with an increase in reverse leakage current and. an d.ecrease
in built-in potential.

g 1. Introd.uction

Since silicon carbide (SiC) has a large band

gap and. excel1ent thermal- and chemical stabi.lities,
it is a prime cand-id.ate material for high-tempera-
ture and high-power electronic d.evices. Moreover,

the large values of saturation electron d-rift ve-
.7

locity (2 x tO' cm/sec)o breakd.own electric field.
t- .^6 --, . te -,(5 x 10- V/cm), and. thermal- cond.uctivity (5 W/crn

r\oC) of SiC'/ are quite favorable for high-temper-
ature and high-power operations of the d.evices.

However, the d.evelopment of SiC d"evice technologtrr

has been hampered by the lack of a reproducible
process for obtaining large-area single crystals.

Recently, a new technique of chemical vapor

deposition (Cm) has been developed for the hetero-
epi-tarq1 of SiC, and large-area single crystal
fitms (2-inches diameter) of cubic SiC (g-SiC)

have been reprod.ucibly obtained on Si substrates.
z.'t I __- ' t The authors succeeded. in growing high-quality
epitaxial films with 1ow electron concentrations

'rA -a(-l x 10'" em ') and. high'electron mobilities
(-:ro 

" 
2 /vr"")T) . schottky barrier diod.es,B) n-t

a\ a\

junction d.iodesoi, and. MOS structuresY/ have been

fabricated. by several- researchers. However, elec-
trical characteristics at high temperatures of
these d.evice structures have not yet been stud.ied.

in d-etail.
In the present iiaper r p-n junction diod.es are

fabricated. using CVD growth on Si substrates with
an inpurity doping d.uring crystal grow'bh. Diode

B-3-4

characteristics are improved. by the refinement of
fabrication processes, and current-voltage and

eapacitance-voltage characteristics are measured.

at high temperatures. The experimentaf results and

the crystal quality of the epitaxial fiLms are

d.iscussed. from the vievpoint of a high-temperature

d.evice material.

52. Fabrication Procedures

2-1 C\tD growth
qr'hd]a ^n,stal films of B-sic are epitaxiallyvrrr6ru vf J

grown on Si substrates by C\D using SiHU and CaIiU

source gases and 4,,H2 carrier gas. A horizontal
water-cooIed. quartz tube with an insid-e d.iameter of
120 nm is used. as a reaction chamber. A 2-inches

wafer of n-type Si(100) single crystal is placed. on

a SiC-coated graphite susceptor in the reaction
chamber. The susceptor is heated- by rf ind.uctiono

and. the temperature of the substrate is measured.

with an optical pyrometer.

Prior to CVD growbh, the substrate surface is
etched. with a IIC1 gas at about 1 '100 oC. After the

etchine. C^H^ Eas is introd.uced- into the reaction<-1 -
chamber and. the substrate is heated. at around. 1350

oC for 1-2 min in ord.er to form a very thin carbon-

ized ttbuffer'f layer to mj.nimize the effects of
lattice mismatch and thermal--coefficient d.ifference
between SiC and. Si. Subsequently, SiH4 and CrHg are

introd.uced into the chamber with H, carrier gas.

The flow rates are 2 SCCM, 2 $CCM, and 10 SLM,

l0l
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Fig. 1. Eleetrical properties at high tem-
peratures of non-clopecl and nitrogen-d.oped.
n-type B-SiC films.

TEMPERATURE ( K )
1000 700 s00 3oo

o.
o\

'g

o

t.O

o
+p \

ot.

\
%

A.-. -'t-L-''
A .4'

A./'{ lJ +

1000/T (K)

Fie. 2. Electrical properties at high tem-
peratures of al_uminum-ctoped p-type B-SiC
fil-m.

respectively. A single crystal film Lrith a mirror-
like surface is epitaxially grown at 1300-1350 oC

with a growth rate of about 3 Um/h.

Non-d.oped. films show n-type conduction. Nitro-
gen-doped n-type fil-ms and aluminum-d.oped. p-tytrle

films are obtained by ad.d-ing nitrogen gas and tri-
methylaluminum gas to the source gases. Figures 1

and. 2 show carrier concentrations and Hall-mobili-
ties of typical non-doped. n-type, nitrogen-d.oped.

n-type o and al-uminum-d.oped p-type films (tne fitm
thicknesses are B-10 um).

2-2 Diode fabrication
The fabrication process of p-n junction d.iod.es

is as fol-lows: Non-d.oped. n-type layer is grown on

n-type Si substrate (p = 0.01 flcm). Then, alurninum-

doped p-type layer is successivbly grown on the n-
layer. The flow rate of trimethylal.mini,u: is 0.12
SCCM. The thickness of each layer is about 3 um.

Carrier concentrations of the n- and. p-layers by

Hal-l measurements are approximately 1 x 1017 u.nd.
4n

2 x 10" cil ', respectively.
Mesa-stru,cture diod.es bre fabricated using the

reactive ion etching with CF4 and O, Bases. Masks

for the etbhing are al-uminrul. metals. The d.epth of
mesa etching is approximately Ir U*. Then, ohrnic

electrod-es for the p-layer and. the Si substrate are

formed.. Each d.iode is cut off with a d.iamond d.icing
blad.e and. mounted on a d.iod-e stem. The junction
area is 3.1 * 1O-2 m*2. The heterojr-mction between

the n-layer and. the Si substrate was confirmed. to
have ohmic characteristics with Iow resistance.

53. Diod.e Characteristics
Figure 3 shows current-voltage (f-v) charac-

teristics of a typical- d.iode up to 500 oC. AII the
d.iod.es fabricated- from the same growth run have

simil-ar characteristics. The characteristics show

no significant degrad-ation d.uring the operation
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Fig. 3. Current-voltage characteristics at
high temperatures of a typical p-n junction
d iod.e .
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VOLTAGE ( V )

FiS. \. Forward. current-voltage character-
istics at high tenperatures plotted on a
semil-ogarithmic seale.

even at 500 oC. At room temperature, relatively
good. rectification is observed., with a forward.

turn-on voltage of around, 1.2 V and. a reverse leak-
age current of 5 UA at 5 V. But the rectification
becomes remarkably poor with temperature as in Fig.

Semilogarithmic plots of the forward. and re-
verse I-V characteristics up to around. 1.5 V at
high temperatures are shown in Figs. h and 5. As

general-l-y seen for practical p-n junction d_iod.es ,

there are three regions in the forward. characteris-
tics. At room temperature, for exanple, excess cur-
rents at applied. voltages l-ower than about 0.6 V,

exponentially increasing currents at 0.6-1.1 V, and

graduall-y increasing currents at higher than 1.1 V

are observed.. Values of the n factor (t-exp (qv/nkl

) ) in the exponential- current region at high tem-
peratures are shown in Figl )+, although the region
is rather naruow. The value is 3.7 at room temper-

ature and. d.ecreases with temperature d.own to 2. 1 at
400 oC. Reverse currents shown Fig. ! increase
graduall-y with applied voltage. The nagnitudes of
current at 1ow reverse applied. voltages are almost

the same with those at 1ov forward. voltages.
Capacitance-vo1t€ge (C-V) characteristics of

the d.iod.es are measured. at 1 kHz, and. shown as C 2

vs. V in Fig. 6. Each C-2 -r". V cannot be extrrressed.

0 0.5. t0 1.5
vburacE'(v )

Fig. 5. Reverse cument-voltage character-
istics at high temperautres pJotted on a
semilogarithmic sca1e.
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f ig._6. Capacitance-voltage characteristies
as C - vs. V at high temperatures.

by a straight line, but from the intercept of a

partially straight region at C-z = O r the buil-t-in
potential is obtained. as in Fig. 6. The val_ue at
room temperature is 1.5 V, and d.ecreases with tem-
peratureo d.own to 0.5 V at 3OO oC.

94. Discussion

SiC is expected. to be a potential material
for high-temperature and. high-power electronic de-

vices. Figure f shows calculated. temperature de-
pendences of the band gap and the intrinsic car-
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Fig. T. Cal-culated. temperature dependences
of the band. gap antl the intrinsic carrier
concentration of B-SiC.

rier concentration of 8-SiC10). o*ir,g to the large
band. gap, the j.ntrinsic carrier concentration is as
- -^14 -?l-ow as 10'' cm - even at 500 oC. As in Fig. 1, the
carrier concentration of non-d.oped. n-type fil-m of
CVD-grown B-SiC is l-ow enough even at 700 oC (glS

K). N-type conduction can be controll-ed by nitrogen
doping as in Fig. 1. The ionization energy of nitro-
gen donors was found to be 3\-.3T r"vT). On the

other hand., alurninum acceptors have rather large
ionization energ'y (about 200 meV from the slope of
the broken l-ine in Fig. 2) , and- the hol-e concentra-
tion of alurninum-doped. p-ttrpe film varies rapid.ty
with temperature. To attain a suffici.ent hoJ-e con-

centration at room temperature, a large amor.mt of
al-uminum acceptors has to be d.oped. in. This proba-

b1y causes deterioration in crystal quality of p-
type films as well- as out-d.iffusion of a1r:minum

atoms into the adjaeent n-type film, mainly through

lattice defects of the film.
The result that no significant d.egrad.ation of

the d-iod.e eharacteristics uas observed during
the operation even at 500 oC proves the excell-ent

stability of B-SiC at high temperatures. But the
characteristics obtained by the present study are

rather d.ifferent from those of id.eaf p-n jr.rnction

d-iod-es. Reverse satr.rration currents estimated. for
an iileal abrupt junetion diod.e of B-SiC are as

smal.l- as 2 x 1O-7 A/cn2 at )+OO oC, but the experi-
mental results show much larger val-ues of 1 x 1O-J

' 2 
^^^* r^*-^-^-r----- -2 ^ t 2A/em- even at room temperature and T x 1O-' nTcm

at \OO oC at a reverse voltage of 1 .5 V. A large
amount of excess currents are observed. at J-ow ap-
pIied. voltages in the forward characteristics, and.

the values of the n factor are as large as 2. 1-3.7,
The built-in potentials obtained from the C-V

measurements are 1.S V at roon tenperature and 0.6
V at 300 oC, which are smal-ler than 1.9 V and 1.6
V, respectively, from the estimation for an ideal
d.iod.e having the same earrier concentrations with
the measured. d.iod.e.

Recent studies7' 11) on CVD-grown B-SiC on Si
substrates have revealed. the presence of crystal
imperfections such as dislocations and stacki-ng
faul-ts as wel]. as non-stoichiornetric d_efects or
impurities. Diffusion of doped impurities through
the imperfections and. charge traps in the junction
region due to the d.efects and impurities probably
affect the diode characteristics. Suppressing the
generation of crystal imperfections and. d.efects in
the epitaxial film and refining the impurity doping
technique, it can be expeeted that the d.iode char-
acteristics wil-l be much improved..

55. Conclusions

I-V and. C-V characteristics of CVD-grown p-n
junction d.iodes of B-SiC have been measr.rred at high
ternperatures up to 500 oC. The rectification char-
acteristics become poor at high temperatures, with
an increase in reverse leakage current and an d-e-

crease in built=in potential_. But the characteris-
tics show no significant degradation during the
operation even at 500 oC.

The diod.e characteristics wiJ.l be much improved.

with high-quality epitaxial films free from crystal
imperfections and. d.efects.
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