IV. ELECTRICAL PROPERTIES OF GROWN LAYERS AND IMPURITY DOPING

1. Introduction

In this chapter, electrical properties of undoped 3C-5iC
grown on 8i are first mentioned. Characterization by Hall
measurements, observation of EBIC(electron beam induced current)
images and formation of Schottky barriers were carried out.
Before the success of growth on Si by the combination of the
carbonization and CVD growth, such evaluation of electrical
. properties was very difficult because of a small size of a
crystal.

Acceptor doping of B and Al is also mentioned in this
chapter. Since undoped crystals of SiC were usually n-type,
acceptor doping was necessary for the fabrication of p-n
junctions and active devices. 111y, elements such as B, Al and Ga
work as acceptors in SiC. Their activation energies in 3C-SiC
were obtained by photoluminescence observation as 735{11, 254[2]
and 343meV([3] for B, Al and Ga, respectively. The values of these
activation energies are rather high. The ionization energies of P
and As donors and a B acceptor in Si are 44, 49 and 45mev[4]. A
deep activation energy will give rise to rapid increase of
carrier concentration by raising temperature. Though Al has the
most shallow level as an acceptor in 3C-SiC, doping of Al during
CVD growth involves some technical difficulties. Because it does
not have any gaseous compounds at room temperature. B has gaseous
compounds for examples Bo,Hg, BF5 and BCl;. In this work BoHg and
organic Al was used for p-type doping. Used organic Al's were
TMA{trimethyl-aluminum} and TEA(triethyl-aluminum) ﬁhich are
liguid at room temperature. By a bubbling method using Hy, organic
Al was introduéed. The influence of doping on grown layers and
electrical properties of doped layers is mentioned.

Note: In this and the following chapters (100) well oriented Si
substrates and Si substrates oriented n° off (100) towards (011)
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are called as (100) substrates and .n° off substrates,

respectively. Where n is 2, 4 or 6.

2. Electrical properties of undoped layers
2-1. Hall measurement

In this section electrical properties of undoped layers on
both (100) and off substrates are mentioned. All undoped layers
showed n—tyﬁe conduction in Hall measurements as far as
measurements were carried out.

( Grown layers on (100) substrates )

Figure 1 shows the relationship between electron mobilities
and electron concentrations of undoped grown layers on (100)
substrates. The grown layers contained APD's. Hall measurements
were carried out by van der Pauw method. Si substrates were
removed by a mixed solution of HNOjg and HF before the measurement
to avoid the errors due to current conduction through the
substrates, The maximum electron mobility on (100) substrates was
4880m2/Vs at a carrier concentration of 3.18x10160m'3. The
thickness of this sample was about Sum. Though all the samples
in Fig.,1 were undoped, the carrier concentration changed in the
range of 1076_107%m~3. The undoped carrier concentration was
usually lower than 2x10"7cm~3. The most probable origin of high
carrier concentrations was impurities in H, carrier gas. Because,
most of the samples which showed very high carrier concentrations
were grown without a H, purifier. However, sudden increase up to
about 1x1018cn~3 was rarely observed. The origin of this
. phenomenon is not clear. The lowest resistivity unintentionally
obtained was 0.0015Rcm. This fact means that by an appropriate
doping low resistive layers which are necessary for good ohmic
contacts are easily obtainable. When a H, purifier was used, a
typical carrier concentration was in the range of 3x1016—
2x1017cm'3. '
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Fig.l Relationship between electron mobilities and carrier
concentrations of undoped grown layers. White circles and solid

symbols represent grown layers on (100) and off substrates,
respectively.
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Recently Suzuki et al.[5] reported that nitrogen was
detected by ESR{electron spin resonance) and SIMS(secondary ion
mass spectroscopy) measurements for undoped grown layers. The
amounts of nitrogen estimated from the ESR measurement were
proportional to carrier concentrations. This is a noteworthy
report though they added a comment that without a further
investigation the residual impurity cannot be asserted to be

nitrogen.

( Grown layers on off substrates )

The grown layers on off substrates showed electrical
anisotropy, as explained below. In van der Pauw measurement using
such a specimens as Fig.2, a value of R is defined by the
following formulas.

r34=V34/I39s r49=V41/135 > (1

REr34fr41 ar r41/r34 (R>=1) , (2)
where V__ and I__ are voltage and current between electrodes m

and n{m.n: integer, 1s2m,ns4)., If the sample is exactly square
and isotropic and electrodes are located symmetrically, R should
be 1.0. When the grown layers on (100) substrates were méasured,
R was close to 1.0 as long as the samples were nearly sgquare.
However, when the grown layers on off substrates were used, the
value of R was rather larger than 1.0. Such a result was
considered to originate from electrical anisotropy. Based on
results of van der Pauw measurement, the relationship between
anisotropy and off orientation or wedge-like surface morphology
was obtained as shown in Fig.3. When currents flow in parallel to
the wedges, the grown layers showed lower resistivity. This
direction is defined as the parallel direction. For the
perpendicular direction higher resistivity was obtained. wvan der
Pauw method is not 'suitable for samples with anisotropy. And so
the standard Hall measurement was carried out. Bridge type
specimens which have a complex shape as shown in Fig.4(a) are
usually utilized for the standard Hall measurement. However, thin
SiC films whose substrates were removed are too fragile to be cut

into such a shape. Therefore, Hall measurements were carried out
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Fig.2 Specimen for van der Pauw

@2 3 0] measurement.
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Fig.3 Directional relationship between the electric anisotropy
and off orientation of substrates,
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using the specimens which has a shape like Fig.4(b). The grown
layers on the 2°, 4° and 6° off substrates were used. The
thicknesses of the samples were 8—24uﬁ. Figure 5 shows electron
mobilities of the parallel and perpendicular directions. The
horizontal axis of Fig.5 represents off angles of substrates. An
average'value of three samples were used as the electron mobility
for each off angle. The electron mobility of the parallel
direction(y } was independent of the off angle and its values
were constantly about 500cm2/Vs. However, the electron mobility
of the perpendicular direction(y )} reduced as the off angle of
the substrates became larger. Even at an off angle of 2°, u; was
about half of u; . The electron concentrations of these samples
were about 3-5x1016cm-3. The cobtained maximum electron mobility
was 650cm?/Vs with a carrier concentration of 2.4x10'%cm=3. The
correlation between u; and a; on the off substrates are plotted
in Fig.1 by solid symbols. Their correlation was similar to that
for (i100) substrates. Therefore, the improvement of electron
mobility by the elimination of APD's was not observed. p, and ny
showed no meaningful correlation. Figure 6 shows the ratio made
by mp and n;. When the off angle was 2°, the ratio was close to
1.0. However, as the off angle increased, the ratio increased. It
is not c¢lear whether the observed anisotropy in the carrier
concentration was due to some problems in measurements or not.
Further characterization using a bridge type specimen shown in
Fig.4(a) is expected.

2-2. EBIC observation

EBIC observation was carried out using Au-SiC Schottky
barriers. Characteristics of the Schottky barriers are mentioned
in the next section. Figures 7(a}) and (b} show SEM{(scanning
electron microscope) and EBIC images of the grown layers on
(100) substrates, respectively. The surface of the sample was
ethced in molten KOH to visualize APB's as grooves. In the EBIC
image of Fig.7(b) a random black and white pattern was observed,
which indicates the existence of high-density recombination
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Fig.7 (a)SEM and (b)EBIC images of a grown layer on a (100)
substrate. Surface of the sample was etched with molten KOH and
APB's are observed as grooves.

Fig.8 SEM and EBIC images of grown layers on off substrates.
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centers., By comparing this EBIC image with its SEM image, the
following two features were noticed. (1)The distribution pattern
of grooves in the SEM image is similar to that of black lines in
the EBIC image. (2)In the EBIC image there are many black parts
which have no correspondent grooves in the SEM image. To sum up
these two features, there are two types of recombination centers
related and unrelated to APB's.

Figures 8(a)-(d) show SEM and EBIC images of the grown
layers on the 2° and 4° off substrates. Grown layers on both the
2% and 4° off substrates showed similar surface morphology which
consists of wedge patterns. The EBIC images showed different
features due to the off angle. The EBIC image for the 2° off
substrate in Fig.8(b) showed a random black and white pattern,
However, the EBIC image for the 4° off substrate showed black
lines in addition to a random pattern. These black lines point
the same direction as a wedge-like morphology. The random black
and white pattern observed for the 2° off substrates means that
there exist recombination centers unrelated to APB. The black
lines observed for the 4° off substrates indicate that the
introduction of the off orientation with a large off angle gave
rise to novel recombination centers. The black lines point the
parallel direction defined in the previous section. The
recombination centers observed as the black lines are considered
to have some relation with the anisotropy mentioned in the
previous section. The relationship between the recombination
centers observed as the black lines and crystal defects is ﬁot
clear. To discuss from a crystallographical standpoint
characterization to observe crystal defects e.g. TEM

(transmission electron microscope) should be utilized.
2-3. Schottky barrier
Au is the most popular metal to form Schottky barriers with
n-type SiC, For 6H-SiC the barrier height of Au-SiC was obtained

to be 1.4020.05V- by Wu and Campbell[6]. In this section
characteristics of Schottky barriers of undoped n-type 3C-SicC
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fabricated with Au are mentioned.

Before vacuum evaporation of Au, samples were cleaned in
organic solvent, acids, deionized water and a 20% hot solution of
K,CO5. Cleaning in this hot solution was introduced by Suhara,
and it was confirmed to be effective for the improvement of
current voltage{I-V) characteristics of Schottky barriers[7].

Figure 9 shows an example of I-V characteristics of a
Schottky diode fabricated with a grown layer on a (100)
substrate. Figure 10 shows its logl-V plotting. Grown layers on
2° off substrates showed no meaningful differences in
characteristics of Schottky barriers. The breakdown voltage of
the fabricated diodes was at most about -5V and they showed
"soft'" breakdown. About the breakdown discussion is given
afterwards.

In logI-V plotting an ideal factor n and a saturation
current density Jjy are obtained. Using them I-V characteristics
of a Schottky barrier is given as follows([8].

J=J0(exp(qV/nkT)-1). {3)
where J is current density, g elemental charge, V applied
voltage, k Boltzmann constant and 7 absolute temperature. Though
n should be 1.0 ideally, n is greater than 1.0 for real Schottky
barriers. Using the value of Jg the barrier height can be
estimated([8]. However, Jp showed wide variation in this
investigation. Fundamentally the barrier height should be
peculiar to the combination of a metal and a semiconductor and Jy
should not change. The values of n also showed wide variation.
The smallest value of n was 1.27 and it was usually greater than
1.4. When the n value was close to the ideal value of 1.0, Jg3 was
relatively small. Therefore, some excess currents were considered
to make Jo larger. Since the introduction of guard rings showed
no meaningful reduction of the current, surface leakage current
was not a main factor of the excess currents. The barrier height
estimated by capacitance-voltage characteristics also changed
randomly, Photoelectric measurement[8] was attempted to estimate
the barrier height. The obtained value for Au-SiC Schottky
barriers by this method was 1.02eV. Yoshida et al.[9] reported-.a
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value of 1.11eV by the same method. Schottky barriers were also
fabricated using refractory metals such as Pt, Pd, Mo and W. The
Schottky barriers with Pd showed comparable rectification to
those fabricated with Au. Others were inferior in
reproducibility. The barrier height of Pd-SiC measured by a
photoelectric method was also 1.02eV.

No one reported about breakdown electric field in 3C-S5iC up
to now. Breakdown in Schottky diodes can be treated similar to a
ptn junction diode. Sze and Gibbsons(10] empirically achieved the
following relationship between bandgap energy Eg and breakdown
voltage Vy, in one-sided p*n and n*p abrupt junctions.

v p=60(E o/1.1)3/ 2 71016)-3/4 (), (4)
where Ny, is back ground impurity concentration. The maximum field
E, in a depletion layer is given as follows.

E, = (2qNb(VB+vd))”2 2(2qNbVB)1/2 , (5)

E £

s s
where V3 is built-in potential and £g permittivity of a

semiconductor. Since V4 is smaller than about 1V, it can be
neglected for preliminary estimation. Vg and Em were calculated
as a function of ¥y for 6H-8iC, 3C-5iC, GaAas, Si and Ge as shown
in Figs.11(a) and (b). Vg and E obtained by Glover[11] using 6H-
SiC Schottky diodes fabricated with Au were in accord with the
Sze and Gibbsons's prediction. von Muench and Pfaffeneder(12]
obtained higher E  in one-sided p-n* junction diodes of 6H-SiC.
In the case of 3C-8iC, Vg was calculated to bé 30V for Ny of
1%101"7em=3 and 60V-forl4x101ﬁcm'3. A typical breakdown voltage of
4-5V was very small compared with these calculated values. There
are many considerable origins of lowering the breakdown voltage
such as tunneling[13], surface leakage, partial field
enhancement, inappropriate surface treatment and crystal
defects. Concerning these origins discussions are carried out one
by one below. When the carrier concentration is very high and a
depletion layer is very thin, tunneling takes place very easily.
However, in the case of this investigation the carrier
concentrations of most samples were lower than 1x101?cm'3, and

this value is not s0 high as tunneling conduction occurs. Since
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the reduction of the current due to the introduction of a guard
electrode was very slight, surface leakage current was
negligible. Surface roughness shown in the previous chapters can
be an origin of partial field enhancement in Schottky barriers.
Howeber, there is no idea concerning how the breakdown voltage
is really affected by the surface roughness. 3C-SiC is cleaned
in 2 hot solution of K5,C03 before vacuum evaporation of Au in the
current fabrication process. Suharal7] reported that by the
introduction of this cleaning an improvement of I-V
characteristics in the forward biased region was observed as a
reduction of the n value and saturated current density of J,. And
Suéuki[14] reported that samples without this cleaning sometimes
showed very poor rectification, Thus, surface treatment seems
very important for fabrication of Schottky barriers and some
other cleaning or etching methods had better be attempted to
improve their characteristics. As mentioned in Chapter II, 3C-
§iC layers grown on Si substrates contains crystal defects, and
the reduction of defect density due to the increase of the film
thickness was observed. Schottky barrier diodes fabricated with
grown layers with a thickness thinner than Tum often showed very
worse rectification. This result is considered to mean that
characteristics of Schottky barriers are severely affected by
defect density. '

To sum up these diséussion, there is no conclusive evidence
for the low breakdown voltage, however, some following matters
are probably effective to increase the breakdown voltage such as
the improvement of surface flatness, a new surface treatment
method and decrease of crystal defects.

3. B and Al doping
3-1 B-doping

Figures 12(a)-{c) show a variation of surface morphology due

to the increase of a flow rate of B,Hg on {(100) substrates. As
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the flow rate increased surface roughness increased. When the
flow rate of BoHg was smaller than about 4x10'3sccm, flatness of
the surface was comparable to that of the undoped lavers.
Figure 13 shows resistivities of the grown layers as a function
of a ByH, flow rate. When the flow rate of BoHg was greater than
about 1x10‘3sccm, most of the grown layers showed resistivity
higher than 200Qc¢m. The highest resistivity was 8x1030cn. By van
der Pauw measurement of the grown layer for a flow rate of B,yHg
of 4x10'3sccm, the resistivity, carrier concentration and heole
mobility were obtained to be 320fcm, 1.1x10"%¢m~3 ana 180m2/Vs,
respectively. P-type conduction was confirmed at the same time.
However, Al-Si electrodes which are usually used for p-type SiC
mostly did not show good ohmic characteristics and Hall
measurements by van der Pauw method was impossible and the values
of the carrier concentration and hole mobility were not clear.

Thus by B-doping high resistive p-layers were obtained, If
the high resistivity of the B-doped layer is maintained even at
high temperatures, it is useful for device applications. However,
rapid reduction of the resistivity was observed by heating as
shown in Fig.14. The rapid reduction of the resistivity was due
to a rapid increase of the carrier concentration. The carrier
concentration was 8.6x101%cm~3 at 25°C and it increased to
5.8x101%ecm~3 at 130°C as shown in Fig.15. Such a rapid change of
electrical characteristics is due to a large activation energy of
a B acceptor. Using the measured temperature dependence of the
carrier concentration in Fig.15, the activation energy was
estimated to be 413meV. This value is smaller than that of 735meV
obtained by photoluminescence measurements[15). Though further
investigation is necessary to obtain an exact activation energy,
there is no doubt that its value is extraordinary large.

3-2. Al-doping
For Al doping TEA and TMA were used. Figure 16 shows the

relationship between their vapor pressure and temperatures. Since

TEA has low vapor pressure at room temperature a vessel of TEA
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Fig.l4 Temperature dependence of
resistivity of a B-doped grown
layer.

Fig.1l5 Temperature dependence of

hele concentration of a B-doped
grown layer.
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Fig.17 Nomarski microphotograph
of surfaces of Al-doped grown
layers. Flow rates of TEA were
(a)0.53scem, (b)l.32scem and
(c)3.71sccm. As the flow rate of
TEA increased, surface became
rougher.

T;'Fig.le By the reduction of C3H8

flow rate during Al-doping,
surface flatness was improved.
Flow rate of TEA was 1.95sccm.
The flow rate of C H8 was
reduced from 0.32 to 0.15sccm.



was heated in the range of 62-120°C, The flow rate of TEA was
controlled by changing both the temperature of the vessel and
the flow rate of bubbling Hy. To avoid liquefaction on the way to
a reaction tube, stainless tubes between the vessels and the
reaction tube were also heated. However, liquefaction was not
prevented perfectly. To keep controlability of the TEA flow rate
long-time evacuation was sometimes necessary. The maximum flow
rate of H, for bubbling was 100sccm in this investigation. The
combination of the low vessel temperature and the higher flow
rate of bubbling H, is probably preferable to prevent such a
problem. If bubbling is carried out by a carrier gas, the
temperature of the vesseL is able to be kept below 60°C. Since
TMA has large enough vapor pressure at room temperature, the
temperature of the vessel was maintained at 20°C and the flow
rate of TMA was controlled by changing the flow rate of bubbling
Hy.

Figures 17(a)-(c} show a variation of surface morphology of
Al-doped layers on 2° off substrates due to the change of the TEA
flow rate. Grown layers doped with TMA showed similar results.
When the flow rate of TEA was 0.53sccm the surface morphology was
comparable to undoped layers. As the flow rate of TEA increasedqd,
surface roughness increased and needle-like growth appeared as
shown in Figs.17(b}) and (c¢). The observed variation of the
surface morphology due to doping with organic Al was similar to
the variation caused by the increase of a carbon source., In the
case of the sample of Fig.17(b) the flow rates of C4Hg and TEA
were 0.32sccm and 1,95sc¢ccm, respectively. The amount of
introduced carbon atoms by TEA was about 18 times larger than
that by CyHg. TEA was considered to work as a carbon source. The
flow rate of CyHg was reduced to 0.15sccm. The surface flatness
recovered and needle-like growth disappeared as shown in Fig.18.
This variation of the surface morphology. supports that TEA works
as a carbon source. Further reduction of the CqHy flow rate
resulted in rough surfaces again. Figure 19 shows an example of
the relationships between electrical properties and the flow rate
of organic Al. Electrical properties were evaluated by van der
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Fig.19 Hole concentration and
mobility as a function of a flow
rate of organic aluminum.

Fig.20 Carrier concentration and
mobility as a function of flow
rate of organic aluminum. The
samples were grown under the
condition of unusually high
undoped carrier concentration.
See text.



Pauw measurement. The grown layers were three types; i.e. grown
layers on (100) and 2° off substrates doped with TEA and on 2°
off substrates doped with TMA. P-type conduction was confirmed.
The obtained hole concentrations were 4x1016—6x1017cm'3. The hole
mobility was about 30cm2/Vs. When the undoped carrier
"concentration was very high(na101gcm_3), the obtained hole
concentration was also high as shown in Fig.20., The highest hole
concentration of 4x10'8cm~3 was obtained at a TMA flow rate of
1.2sccm.

TEA-doped grown layers on (100) and 2° off substrates showed
no meaningful differences in electrical properties as shown in
Fig.19 different from undoped layers. The undoped layers on off
substrates outwardly showed low electron mobility and low carrier
concentration by van der Pauw measurement because of anisotropy.
To clarify whether this result of Al-doped layers is due to the
absence of anisotropy or not, Hall measurements as mentioned in
Section 2-1 should be attempted. The R value which is nearly 1
for square and isotropic samples could not be utilized in this
case. Because Al-doped layers were fragile and square samples
were very difficult to prepare.

P-n junction diodes were fabricated. On n-type 2° off
substrates, undoped and Al-doped layers were grown successively.
Details of growth conditions are listed in Table 1. Mesa
structures were formed using an Al mask by RIE{reactive ion
etching) of CF, and 0O,(16). An example of I-V characteristics is
shown in Fig.21. Rectification was not good. To improve
characteristics an optimization of growth conditions and
fabrication processes is probably necessary.

As mentioned before, organic Al simultaneously works as a
dopant and a carbon source. Though the influence of organic Al
could be reduced by decreasing the flow rate of C3H8, to improve
controlability other Al-sources which contain less carbon are
desirable, Nishino et al. used AlCly as an Al source for CVD
growth of 6H-SiC[15]). However, the flow rate control of AlCl, was
difficult, because it is solid at room temperature and heating at
temperatures above 200°C was necessary to obtain large enough
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sub.: Si(100) 2° off

1st layer: undoped 6.6um
2nd layer: T™MA 0.04sccm, 1.6pm
3rd layer: TMA 0.36sccm, 0.2um

SiHy: 0.3scam, CqHg: 0.27scam

Table ! Growth conditions of a p-n junction,

current(mA)

Fig.21 Current-voltage characteristics of a fabricated p-n
junction diode.
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vapor pressure by sublimation. Moreover, AlCl; is deliquescence.
Its merit is stability. Organic Al reacts with water and oxygen
in flames and it is toxic. By considering these factors,
(CH3)Al1Cl, is interesting as a candidate of a dopant which takes
the places of TEA and TMA. (CH3)AlCl, is a white solid at room
temperature and the melting and boiling points are 73°C and
152°C, respectively. The vapor pressure at 100°C is 100mmHg.'This
value is comparable to that of TMA at about 70°C. Its reactivity
with water and oxygen is lower than TMA and TEA. Thus, it
satisfies conditions necessary for new chemicals which take the
places of TEA and TMA. An investigation of Al doping using
(CH3)AlCl, is expected.

4. Photoluminescence

SiC has an indirect band structure. In photoluminescence
observation, light emission related toc acceptors is mainly
observed. In other words, to observe photoluminescence acceptor
doping is sometimes necessary. In this work, Al-doping was
carried out using TMA and TEA. Figure 22 shows an example of a
photoluminescence spectrum of the Al-doped grown layer. A similar
spectrum to Al-doped crystals prepared by a solution growth
method[2] was obtained., Many peaks originated from two types of
mechanisms were observed. A peak which has the highest energy and
that at the second highest energy are due to free-to-bound
acceptor recombination and donor-acceptor(N and Al) pair
recombination, respectively. Their phonon-replicas were observed
in the lower energy side. The intensity of the photoluminescence
dropped as the the flow rate.of organic Al increased. Doped Al or
excessively supplied carbon by organic Al were considered to give
rise to the drop in the intensity. There are three probable
mechanisms of the drop in the intensity such as deterioration of
crystallinity, generation of deep levels and change in
recombination process.

Some undoped layers showed orange or red luminescence. Two
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types of spectra were observed. Al was detected by the SIMS
analysis of the samples which showed similar spectra to Fig.22,
Some other samples showed similar spectra to Fig.23. Na was
detected by the SIMS analysis for such a sample. A susceptor is
one of the most likely candidates for a source of such metal
impurities. |

5. Summary

All undoped layers showed n-type conduction in Hall
measurements. The highest electron mobility for the grown layers
containing APD's on (100) substrates was 488cm2/Vs with a carrier
concentration of 3.18x1016cm‘3. Undoped carrier concentrations
were usually in the range of 3x1016-2x1017cm‘3. The grown layers
on off substrates showed electrical anisotropy. uy was about
500cm2/Vs independent of off angle. u decreased as the off angle
became larger. Breakdown voltages of Au-SiC Schottky barriers
were low compared with theoretically predicted values, and the
breakdown was "soft". Improperness of surface treatment, surface
roughness and crystal defects are probable origins of such
breakdown problems.

To obtain p-layers B and Al were doped using BoHg and
organic Al, respectively. B-doped layers showed high resistive
P-type conduction at room temperature. Organic Al worked
simultaneously as both a dopant and a carbon source. The hole
concentration was controlled in the range of 4x1016-6x1017cm'3 by
changing a flow rate of organic Al., A typical hole mobility in
Al-doped layers was about 30cm?/Vs.
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V. ION IMPLANTATION INTO 3C-SiC GROWN LAYERS AND APPLICATION TO
MOSFET'S

1. Introduction

A selective doping technique is indispensable in
fabrication of electronic devices especially for IC(integrated
circuits). There are two major techniques for selective doping,
namely, diffusion and ion implantation methods. Both methods are
popular for a Si process. However, in the case of SiC the
diffusion method is hard to apply, because the diffusion
coefficients of impurities in SiC are very low. Campbel and Chang
fabricated junction-gate FET's of a-SiC using a diffusion
technique[1). They reported that diffusion of Al into a-SiC
required temperatures from 1800°C to 2100°C. Moreover, a special
masking technique utilizing SiC was necessary. Thus, the
diffusion method seems to be not practical for SiC. Ion
implantation into a-SiC was attempted by many investigatorsi2-6].
Marsh investigated the activation of implanted impurities using
various dopants[2]. Though the implantation of donor impurities
such as N, P, Sb and Bi was successful, samples implanted with
acceptors were high resistive even after annealing and the
acceptors could not be activated. They explained that deep donor-
type defects induced by the implantation prevented the activation
of the implanted acceptors. Concerning 3C-SiC Kalinina et al.{7]
reported a successful fabrication of p-n junction diodes by
implantation of Al, however, they did not describe details of
investigation. Though Kondo et al.[8] attempted hot
implantation(specimenS-were intentionally heated during
implantation) in addition to the standard implantation, the
activation was unsuccessful. Edmond et al.[9) reported successful
fabrication of p-n junction diodes by hot implantation of Al into
undoped layers without annealing. The crystal growth methods of
these two groups are similar to that of this investigation. The
difference in their investigations is not clear.
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In this investigation, implantation of N2+ and P* was
attempted. The electrical characteristics of implanted layers
were evaluated changing annealing temperatures. Planar-type p-n
junction diodes were fabricated using the implantation technique.

The first successful fabrication of n-channel inversion-type
MOSFET's is mentioned. The MOSFET's were fabricated by the
combination of ion implantation and thermal oxidation techniques

which are ordinary in the Si process.

2. Activation of implanted donors

Ion implantation of N,* and P* was carried out into B-doped
grown layers. High resistive(pz200Qcm) B-doped layers were
suitable for characterization of thin n* layers formed by
implantation of donors. The thickness of the B-doped grown layers
was about 6um. APD-free grown layers on 2° off substrates were
used. Samples were tilted at 7° during the implantation to avoid
a channeling effect. The current density of an ion beam was
lower than'0.25uA/cm2. Therefore, heating by the beam during the
implantation was negligible{10].

The conditions of the ion implantation were listed in
Table 1. The implantation was carried out by successive two
steps to improve the uniformity of implanted impurities. The
first implantation was high dose with high energy and the second
was low dose with low energy. Figure 1 shows a calculated profile
of implanted P using the projected average range and projected
standard deviation in the literatures{11-13] for a total dose of
‘|.3x1015cm'2(condition1 in Table 1)}. In the case of
condition 2, the total dose was decreased to 30% of that in
condition 1 with the same energy. N2+ implantation with a total
dose of 1.95x1014cm'2(condition 3) corresponds to N* implantation
with a dose of 3.9141101‘4u::m'2 which is the same dose level as
condition 2. The energy of the N,* implantation was decided to
have the nearly same impurity profile[13] as in P implantation
of condition 2. After the implantation samples were annealed in
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No. implanted | 1st dose(crn“z) 1st energy(eV) total dose
ion 2nd i 2nd (crn'zl
pt 1x101> 100K 1.3%1015
3x1014 25K
D+ 3x1014 100K 3. 9x1014
9x1013 25K
- 1.5x1014 100K 1 9551014
2 4.5x1013 25K

Table 1 Conditions of ion implantation,
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Ar atmosphere for 30min. The samples were heated by RF inductive
heating. By SIMS analysis the annealed specimen showed almost the
same depth profile of implanted P as that without annealing by
SIMS analysis,

Figure 2(a) shows a RHEED halo pattern of an as-implanted
sample.- The ion implantation was carried out under
condition 1(P*, total dose: 1.3x107%¢m~2). The halo pattern
indicates that the implanted layer was amorphous. Figure 2(b)
shows a RHEED pattern of the sample after annealing at goo°cC.
Recrystallization to a single crystal was clearly observed.
Annealing temperature was changed up to-1300°C. However, no
significant difference in RHEED patterns compared with Fig.2(b)
was observed. Samples implanted under condition 2(P*, total dose:
3.9x1014cm“2) showed similar results. The implanted samples could
be told from not implanted samples with naked eyes by noticing a
slight difference in colors. The refractive index of the
implanted layers changed by amorphization and interference took
place. The difference in colors vanished by annealing.

Sheet resistance of the implanted layers was evaluated by
the four-point probe method or by van der Pauw method. Si
substrates of the specimens for van der Pauw méasurement were
removed by a mixed solution of HNO3 and HF before the measurement
to avoid errors due to current conduction through the substrates.
N-type conduction was confirmed for both the P* and N,* implanted
layers by van der Pauw method. As shown in Fig.3, the sheet
resistance monotohously decreased as annealing temperature
increased and it reached to about 103ijby annealing at about
1350°C.

Electrical activation rates were estimated by van der Pauw
measurement. The electrical activation rate was defined as the
ratio of sheet carrier concentration and total dose. The
electrical activation rates wefe improved'by raising annealing
temperatures as shown in Fig.4. The P* implanted layer with a
total dose of 3.9x1014cm"2(condition 2) gave the higher
electrical activation rates than those for a total dose of
1.3x1015cm'2(condition‘1L The N2+"implanted layers gave the
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Fig.2 RHEED patterns of p implanted layers. (a)Before and

(b)after annealing at 800°C.
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higher electrical activation rates than the P* implanted layers,
which is similar to implantation into 6H-SiC[2]. Bridge-type
specimens were fabricated by the P* implantation to carry out
the standard Hall measurement and to investigate electrical
anisotropy in the implanted layers. Such specimens were
fabricated by a selective implantation utilizing a deposited 5i0,
film as a mask. The implantation was carried out under
condition 2. Concerning conditions 1 and 3 the standard Hall
measurement was not carried out yet. The electrical activation
rates obtained by the standard Hall measurement well agreed with
those obtainéd by van der Pauw measurement. The electron mobility
obtained by van der Pauw method was about 300m2/Vs in all cases.
The electron mobility obtained by the standard Hall measurement -
showed electrical anisotropy similar to the undoped grown layers.
W and u were about 50 and 25cm?/Vs, respectively.

3. Fabrication of p-n junction diode

Planar-type p-n junction diodes were fabricated using the
ion implantation technique. Figure 5 shows the structure of
fabricated diodes. An Al-doped p—iayer was grown on a 2° off p-si
‘substrate. Typical heole concentration, hole mobility and
resistivity of the Al-doped layer were 3.Sx1017cm'3, 32cm2/Vs and
0.56Q¢m, respectively. PY implantation with a total dose of
3.9x10'%cm~2 or N,* with a total dose of 1.95x101%cn~2 was
carried out to obtain n-layers. Deposited $i0, of 500nm in
thickness was used as a mask for the implantation, Annealing
' temperatures were 1100°C, 1200°C and 1300°C. Annealing time was
fixed at 30 min. Finally ohmic contacts were formed using Al and
AuGa for n-SiC and p-Si, respectively. The area of the fabricated
diodés was 7.1x10"%cm2.

Current-voltage characteristics of the P* and N,* implanted
diodes were shown in Figs.6{a) and (b}, respectively. Both the P*
and N,* implanted diodes showed similar results. Rectification of
the diodes annealed at 1100°C and 1200°C was Superior to those
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at 1300°C. As shown in Fig.4, the electrical activation rate
increased abruptly by annealing at temperatures over 1300°C. And
so, this annealing temperature dependence of the rectification
was considered to be related to the change from an n-layer to an
n*t-layer because of increase in the electrical activation rate.
The best ideal diode factor of 3.8 was obtained when annealing
temperature was 1100°C for both the P* and N,* implanted diodes.
Capacitance-voltage characteristics of these diodes showed
small variation in capacitance as shown in Fig.7. As annealing
temperatures were raised, the capacitance and the magnitude of
its variation became larger.:Thesé results mean that the diodes
had p-i-n structures[14] and the thickness of the i layer becane
thinner as annealing temperature became higher. The N,*
implanted diodes showed the larger capacitance and its variation
than the P* implanted diodes. This difference was considered to
originate from the differenbe in electrical activation. The N2+
implanted layers showed the higher electrical activation rates
than the P* implanted layers as mentioned in the previous
section. Hence, the thicknesses of the i layers were thinner in

the sz implanted diodes and the capacitance became larger.

4. Fabrication of MOSFET's

MOSFET's were fabricated using the ion iﬁplantation
technique, A schematic cross section of the fabricated MOSFET's
is shown in Fig.8. A channel layer of B-doped p-8iC with the
thickness of 2um was grown on undoped n-SiC with the thickness of
7um. Since there is large lattice mismatch between Si and SiC,
the layer with the thickness of over several microns was
necessary to reduce crystal defects and to improve device
characteristics by our present technique. Source and drain were
formed by the ion implantation of P* using deposited Si0, with
the thickness of 500nm as a mask. The implantation was carried
out under the condition 1 in Table 1. Annealing after the

implantation was carried ocut in an IR radiative heating furnace
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in Ar atmosphere at 1080°C for 1hr,

A gate insulator was formed by thermal oxidation of SiC at
1050°C using dry oxygen for 6hrs. The thermal oxide film of 3C-
SiC was found to be 5i0O, and inversion was confirmed under an
illuminated condition in an Al/SiOzfn-SiC structure[15]. Typical
electrical resistivity and breakdown electric field of SiO,
formed by the thermal oxidation were 8.5x10'%Qcm and
2.53106V/cm, respectively. The thickness of the gate oxide was
about 60nm. The gate length and the width are 20um and 500um,
respectively. Al was used as a gate electrode and ohmic contacts
for source and drain. Alloying of the ohmic contacts was not
carried out. The top view of the fabricated MOSFET is shown in
Fig.9. _

Current-voltage characteristics of the FET at 310K are shown
in Fig.10. The sample was not illuminated. An action of
inversion-type MOSFET's was achieved for the first time. Kinks in
the saturation region were observed. Such kinks are known as a
feature of SOI(Si-on-insulator) MOSFET's(16,17]. Since in this
investigation the MOSFET's were fabricated on a high resistive B-
doped p-layer, their characteristics were considered to show SOI-
like features. In Al-SiOz—SiC MOS diodes, the inversion
condition was observed only under illumination, which is due to
very low intrinsic carrier ccmcentraticm('—“1Ocm‘3 at 300K) of 3C-
S8iC{151. However, the MOSFET's operated without illumination.
Electrons'which are necessary to form an inversion layer were
considered to be supplied from source.

Effective mobility of the FET was estimated using the
characteristics in the linear region where drain voltage was
lower than the voltage at the beginning of the kink. Ideal
characteristics of MOSFET's in the linear region are given by

Ig=(W/L)upCollVg-Ven)Va-Va?/2) » (1)
where Ig is drain current, W gate width, L gate length, u,
electron mobility, Vg gate voltage, Vi) threshold voltage and Vg
drain voltége. Here W/L is 25 and the value of 5.75x10"3F/cm2 was
used for C, based on an investigation of Al-5i0,-SiC system[15].
u, and (Vg—Vth) were changed to agree with measured Id“vd
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Fig. 10 Current-voltage characteristics of the MOSFET at 310K.
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characteristics. The obtained effective electron mobility was
about 100cm2/Vsec.

The measurement of I4-V4 characteristics at high
temperatures was attempted. The MOSFET whose characteristics are
shown in Fig.10 did not operate at temperatures above 70°C
because of breakdown of gate oxidé. Simultaneously fabricated
MOSFET's also showed the breakdown of the gate oxide by heating
up to 100°C. Such breakdown phenomena are probably attributed to
contamination during fabrication. Some other MOSFET's showed
variation of Iy as a function of Vg up to 440°C. However, the
gate oxide became leaky after heating up to 165°C and it did not
recover after cooling. The observed worsening of gate insulation
was considered to attributed to a reaction of Al and S5i0,. Au
gate is effective to prevent such a problem[18]). To realize
practical high temperature devices of 3C-SiC a combination of

peripheral materials will be an important problem.

5. Summary

Ion.implantation of P* and N2+ into p-type 3C-SiC was
carried out. The annealing temperature dependence of electrical
properties of implanted layers was investigated up to 1400°C,
Electrical activation rates of implanted impurities were improved
as annealing temperature became higher. N2+ implanted layers
showed the larger electrical activation rate than P* implanted’
layers. P-n junction diodes were fabricated using an ion
implantation technique. Their capacitance-voltage characteristics
indicated that they had a p-i-n structure.

Inversion-type MOSFET's of 3C-SiC were fabricated. Source
and drain were formed by the ion implantation of P*. Inversion
mode operation was confirmed for the first time. Current-voltage
characteristics showed kinks in the saturation region which are
known as a feature of SOI MOSFET's, Effective electron mobility
in the MOSFET's was estimated to be about 100cm2/Vs. This
successful fabrication of MOSFET's showed usefulness of the ion
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implantation technique for device fabrication of 3C-8iC.
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