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-
\\\ \‘ ‘E’)Lg‘ s Y ~ s

p ngh purity monocrystallnne@ BSiC films have been chemncally vapor deposnted on

aniy Silarg) V)
| Si(100) and?&-SnC (0001) at 1660K-1823K and 0.1 MPa using S|H4 andK2H4 carned
’ \“ gcl‘ o r;,;,;.l : » X
. in 1{! Films grown on the on-axis Si(100) contained substantial concentrations of =
: i

dislocations, stacking faults and antiphase boundaries; those deposited on ':3-:

‘ Conedsy Ze
- s 2 ?V{.
- ./o_"gySiC(OOOU contained primarily double positioning boundaries. These boundaries "*"."
. EAl A
N were eliminated by using off-axis orientations of the respective substrates. Films ':'..
1 M ":‘(
" produced on S|(1 00) have also been doped durlng growth and via ion implantation A
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] k} Dl R pher o Witraiws
wnthhor (p-type) or?’) orO’(n-type) at liquid nitrogen, room and elevated

)
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temperatures. Resuits from the former procedure showed the ionized dopant/total

e o

L 9

dopant concentratlon ratnos for N, P, Band Alﬁo be 0.1, 0.2, 0.002 and 0.01,

e

respectively. The solubility limits of N P and B at 1660K were determined.to be ~

7,

Z
oy
P

f;ﬁ

- 2E20, 1E18 and 8E18 cm-3, respectively; that of Al exceeds 2E19 cm-SHigh

-
(;.I

temperature ion implantation coupled with dynamic and post annealing resulted in a

-
Za

markedly reduced defect and precipitate concentration relative to that observed in i
o bar et Flo o L7 0V e Febie oy
similar research at the lower temperatures. Dry etching ml@E and(NF3 by reactive ion
SSaltoy b Yieeo 20
etching (RIE) and in \’by plasma etching have also been conducted.

A

T
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Device-compatible surface impurity chemistry and morphology were only obtained
using RIE and NF3\combined with a C cathode. Schottky diode, p-n junctions,

Q MESFET and MOSFET devices have been fabricated. The p-n junctions have the

(S PR
A2 K

4 o
<5t

characteristics of insulators containing injected carriers, The current-voltage

characteristics of the MESFETs measured from 298 to 623K indicated reasonable
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‘ performance throughout this range. The maximum tranconductance was 1.6 mS/mm; X
!
ﬁ the value of this parameter decreased with temperature. Similar data were obtained oy
fl
E on both enhancement mode and depletion mode MOSFETS; the latter operated "-C
"
Fefy
. . . i
contiuously as high as 923K. Transconductances as high as 11.90 mS/mm were ;.r"'
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1 INTRODUCTION

R Silicon carbide is the only compound species that exists in the solid state in the

ST
AT S S
>

AT IRV ey
T " d,

Si-C system, but it can occur in many polytype structures [1]. The lone cubic polytype
crystallizes in the zinc blende structure and is denoted as B-SiC. The ~ 170 known

additional hexagonal and rhombohedral polytypes are collectively referred to as

a-SiC. The electron Hall mobility of high-purity undoped B-SiC has been postulated ]
| from theoretical caiculations to be greater than that of the o forms over the temperature I

L.“ N

. ",{’: )

range of 300-1000K because of the smaller amount of phonon scattering in the cubic

4‘L 4
£
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e
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«

I d

o material [2]. Although this result has served as one catalyst for the current L

b international interest in B-SiC, this material also possesses a unique combination of f

additional properties including a high melting point (3103K at 30 atm) [3], high thermal

AEAENL
.
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conductivity (3.9 W/cmedeg) [4]. wide band gap (2.2 eV at 300K) [5], high breakdown

electric field (2.5x106 V/cm) [6], high saturated drift velocity (2x107 m/s) [7] and small

dielectric constant (9.7) [8]. As such, B-SiC has been theoretical'ly shown [9] to be

superior to Si, GaAs or InP using either Johnson's [10] or Keyes' [11] figure of merit for

high-frequency, high speed and high power transistor applications.

. The high thermal conductivity and breakdown field also indicate that the
integration of devices made from B-SiC can be achieved with high densities. Two

v additional reasons for the renewed interest in B-SiC are the significant advances in the ;*.-\“ X
growth of monocrystalline thin films of this material by chemical vapor deposition A

(CVD) and the aF'lity to dope this material with n- and p-type dopants during growth or

'
n

ey
BALIL
e

-

v

- via ion implantation. As a result, devices from this material have now become a reality.
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2 REVIEW OF PRIOR RESEARCH ON GROWTH, DOPING AND DEVICE
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¥
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DEVELOPMENT IN BETA SiC
Monocrystalline Si has been almost universally adopted as the current substrate
of choice for the growth of the B-SiC thin films because of the availability of the former
in well characterized and reproducible forms of controlled purity. Amelioration of the
mismatches in the coefficients of thermal expansion (~8%) and lattice parameters

(=20%) via the initial reaction of the Si (100) surface with a C-containing gas followed

by the successful epitaxial deposition of relatively thick (up to 30 um), crack-free B-SiC
films on this converted layer using individual C- and Si-containing gases has been
reported by Nishino et al. [8,12] and subsequently by Suzuki and co-workers [13],
Addamiano and Klein [14], Sasaki et al. [15] and Liaw and Davis [16]. This two-step

process is described in the following section.

Beta-SiC has also been grown on monocrystalline a-SiC substrates in the
temperature range of 1773K-1973K (17, 18]. However, the growth conditions were not
optimized and the interface between the various SiC epilayers and their SiC
substrates was not investigated.

A limited number of studies have been conducted to investigate the incorporation
via CVD techniques of electronically active impurities in B-SiC. Bartlett et al. [19], Long
et al. [20], and Nishino et al. [21] produced p-type B-SiC by adding B,Hg or AlCl5
during the growth of this normally n-type (unintentionally doped) material. In addition,
von Muench and Pettenpaul [22] doped polycrystalline 3-SiC p-type by flowing Ha
through trimethylaiuminum (TMA) during crystal growth via the van Arkel process.

As an alternative to in situ doping, diffusion and ion implantation provide means
5
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of controllably introducing impurities into semiconductor materials. In SiC, diffusion
processes require both temperatures greater than 2273K and relatively long times to
accomplish the mass transport required for device fabrication. Under these conditions,
masking oxide layers, essential for selective doping, vaporize and SiC decomposition
occurs. Therefore, a more viable solution is ion implantation.

The Group llIA elements of B, Al, Ga, In and TI; the Group VA elements of N, P, Sb

and Bi as well as Be have also been implanted into 6H o-SiC single crystals in
research directly related to microelectronics [23-27]. Functional p-n junctions have
been successfully produced [23-26] via implantation of Group VA elements into in situ
doped p-type layers. By contrast, the implantation of the Group IlIA elements into
n-type 6H SiC has almost always resuited in high resistivity layers but not p-type
conduction [27]; the one exception is the implantation of Al reported by Kalinina et al.
[28]). No implantation has been conducted in B-SiC.

In order to electrically characterize the 8-SiC films via pn junction measurements,
as well as fabricate certain devices, a method of selective, controllable etching is
needed. However, SiC is an extremely inert material that can only be conventionally
etched by molten salts or Cl, or H, gases at high temperatures [29]. Therefore, dry
etching techniques using fluorinated gases have been investigated. Previous
experiments of this type on B-BiC thin films have all used CF4 and CF4 + O mixtures
in a variety of modes, including reactive ion beam etching [30], reactive ion etching
[31] and plasma etching [32]. These techniques and the various parameters employed
in their use did not result in etched surfaces sufficiently smooth for devices.

Good contacts are also essential for successful device fabrication in any

semiconductor. Several metallic elements (e.g., W, Mo, Cr, Ni) and alloys (e.g., Au-Ta,
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Au-Ta-Al, W-Mo, Cr-Ni, Cu-Ti, Al-Si) have been developed as ohmic contacts for

a-SiC [33-37}; however, no information on the specific resistivities of these contacts
was reported. For the majority of the contact materials note above, annealing
temperatures exceeding 2000K were required to achieve ochmic character. This
temperature treatment often results in deep penetration of the deposited contact

material which can cause electrical shorting of devices. Moreover, the success of

these contacts on hexagonal, a-SiC does not guarantee that they will be suitable for
the cubic, B form, which is of primary interest in the current study. In the case of B-SiC,
as-deposited and annealed Al have been shown [38] to be ohmic on n-type and p-type
material, respectively. Again, no values of the contact resisivities were reported.
Finally, in no case has the dependence of the contact resistivity on operating
temperature been determined for ohmic electrical contacts on any polytype of SiC.
Diodes and more complex devices have recently been fabricated in B-SiC thin
films. Yoshida et al. [39] have prdduced Schottky barrier diodes on unintentionally
doped films grown on Si(100) using Ni and Au as the ohmic and rectifying contacts,
respectively. The barrier height, as determined by capacitance and photoresponse
measurements, was 1.15 (+0.15) eV and 1.11 (+0.03) eV, respectively. This same
group of investigators have also fabricated metal-semiconductor (Schottky-barrier)
field-effect transistors (MESFET) by the successive CVD of Al-doped (E17 cm-3),
p-type and undoped, n-type ((3-7) E16 cm-3) B-SiC layers on p-type Si substrates [40].
Gold and Al electrodes were used for the Schottky-barrier gate and the ohmic (Source

and drain) contacts, respectively, for the n-type SiC. Gate voltages from -1.0t0 0.6 V

were applied. A high channel resistance and a small (10 pA) drain current indicated

that the leakage current through both the SiC p-n junction used for isolation of the
7
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& device region from the Si substrate and the isolation grooves was not negligible ;:::\
~
| o~
o compared with the current through the n channel. A transconductance at saturation of ;::j'.
Y
. ~0.09 mS/mm and a threshold voltage of ~-1.4V were reported. Finally, these ot
tu

-
v

r_w
A%
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researchers have investigated [41] the effect of heating to 573K on the operation of a

X ]
b MESFET similar to that just described but with the Al layer replaced with one : 3
?:' containing B and a different configuration of electrodes. At 298K the leakage current ;-_.;:: :
was considerably reduced in this sample relative to the Al-doped material; the drain \;-
i current was almost zero at negative gate voltage > -1.6 V; and a transconductance of "-:.I""
33 0.5 mS/mm was reported. With increasing temperature, a considerable increase in : "i
2 leakage current was noted and the transconductance was reduced to 0.17 and 0.1 ;.::
t mS/mm in the saturation region at 473K and 573K, respectively. The cause of these ...» :
*i changes were postulated to be related in that in the deep depletion mode, the current ,_\;
. flow was through the B-doped layers wherein the resistivity was reduced by the Z-ii
increased thermal energy. Conversely, in the enhancement mode, the drain current -Ef;
: was reduced by a decrease in the electron mobility with temperature. The drain I-V E\:: :
- characteristics were not changed after heating to 573K in air. él
B In related research, Suzuki and co-workers [42, 43] have fabricated p-n junction Ef-
'-_E diodes having a mesa structure and determined their electrical character to 773K. No :}:f “
o significant chemical degradation was observed at any temperature. At room .
>, SCREN
e temperature, the device had a forward turn-on voltage of ~ 1.2V and a reverse leakage {
i'f current of 5 A at 5V. However both parameters seriously degraded with an increase ?_.
A
,Z‘ in temperature. The curves of forward current density vs. voitage contained three E:'-:
distinct regions at all temperatures which indicated (1) excess currents at applied ::E*
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voltages lower than ~0.6V, (2) exponentially increasing currents at 0.6-1.1V and (3)
gradually increasing currents at voltages > 1.1V.
Finally, Shibahara et al. [44] and Kondo et al. [45] have produced working metal

oxide semiconductor transistors (MOSFETs) on B-SiC films. The MOSFET produced

by the former group was fabricated in B-doped, p-type SiC (t~2 um, p~E15 cm-3)

Lh, ¥
& 4

grown on undoped SiC (t~7 um, n~E17 cm-3) with source and drain formed by ion

hY
e s B
R

implantation of P+ and subsequent annealing at 1353K for 3.6E3s. The leakage

AT
e
’l

<
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currant between the source and gate was < 1 pA for the gate bias of £10 V. By

R
Py

s
2

a4
x

contrast, Kondo and coworkers [45] produced their device on an undoped, n-type SiC

layer grown on an Al-doped p-type layer previously deposited on p-type (40-60

n

23

27,

b
{
R

ohm-cm) Si substrate. Poly-Si combined with Al metallization was used for the source

X

and drain contacts with SiO, as the gate material. Their device also functioned in

A
z

either the enhancement or the depletion mode. However, considerable leakage
current through the p-type layer was evident, as the drain current did not saturate even
at drain voltages > -12 V.

The following sections detail the procedures and results of (i) growth of B-SiC on

Si (100) and a-SiC (0001), including theoretical calculations of the compositions and
the amounts of condensed product gas phases which are predicted to occur under

equilibrium conditions at various Si/(Si+C) ratios, (ii) observation of defect structures in
the SiC thin films, (iii) in situ and ion implantation doping of the films, (iv) reactive ion

etching, and (v) device fabrication and characterization.
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¥ Chemical equilibrium calculations involve the computation of the composition of a ;::;
! system, subjected to certain constraints, which contains the minimum free energy. The ‘5_
) !
% constraints in CVD systems are the preservation of the masses of each element ::Y
-~
RI present, constant temperature, and constant total pressure. White et al. [46] initially N
i
;g developed a computational technique which involves the minimization of the :_’._.
. -."a‘-'
summation of the free energies of all the species present in a given system. Erikson ;:,-::-.
:} \:;i.‘:
o [47] has extended the method to include systems containing more than one :“:
% condensed phase, including solid solutions, and developed a companion program ;:.:{r‘::
" (SOLGASMIX-PV) for performing the calculations. This program has been used in the .’Z'_::’.
T S
b present research to calculate the number of moles of the condensed phases which 3
e
&E would deposit and to determine the types and amounts of the product gases which .”-:;_
o '--_
223

would be present under equilibrium conditions. In these calculations, the elements of

~®
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.

v}p
)

Si, C and H were the principal species, since SiH, and C,H4 were the reactant gases,

L
\-'-\. ;
N wa
.52 and Ho was the carrier gas. The total amount of Si and C was maintained at 1 mole; :ﬁ:
A
r! thus, the Si/(Si+C) ratio varied from 0 to 1.0. The substrate was assumed to be inert 2
o~ :’\)'
although, in reality, it has a moderate vapor pressure near its melting point and could, '\\‘_
Py )
I ~
=~ therefore, be a small part of the overall reaction if a high growth temperature is ey
)
3' experimentally employed, especially under low-pressure conditions. The &:’:
g a2
thermodynamic values for all species used in these calculations were taken from the ;‘;'5:
I’ ‘\‘.\
e RS
- JANAF tables [48]. The H,/(SiH4+CoHy) mole ratio and the total pressure were fixed -9
._'\"_'.
v "\*
o at 1000 and 1 atm, respectively. The temperature was chosen to be 1630K, which is ;;.‘_;'.;
w? LA,
.“.‘J}
'y essentially that used in the growth of 8-SiC on Si substrates. A
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Epitaxial fiims of 8-SiC have primarily been grown in this research on chemically

converted surfaces of high resistivity (p = 5000 - 8000 Q-cm, p-type monocrystalline
Si(100) substrates by CVD using the high-purity gases of silane (SiH4) (maximum
impurity of 5 ppm N2) and ethylene (CoH4) (maximum impurities 25 ppm N, and

65 ppm other hydrocarbons) entrained in the purified (Pd/Ag cell) carrier gas of H,.
For the chemical conversion process in our reactor, an experimentally determined
optimum amount of 0.30 mole % of CoHy4 (1 sccmy) in flowing Ho (3000 scem) is
introduced into the cold wall, barrel-type reaction chamber at room temperature. The
substrates (and the SiC-coated graphite susceptor on which they rest) are immediately
and rapidly heated to 1660K over a total pericd of 150s to produce a very thin
chemically converted layer of monocrystalline B-SiC [49]). The subsequent CVD

growth of B8-SiC(100) films on this layer is achieved by establishing SiH4 and CoHy

flow rates in the 3000-sccm H, flow at a temperature of 1660K and 1 atm total

pressure. Growth rates are typically 2 um/h. For a complete review of this process and
the results of analyses of the converted layers, the reader is referred to Ref. 49.

The considerable mismatch in the lattice parameters of Si(100) and 3-SiC(100)
noted above resulted in the formation of numerous microtwins, intrinsic stacking faults

and antiphase boundaries (APB) (see discussion below). As such, investigations

concerned with growth on off-axis Si(100) and on the (00001) plane of a-SiC have
been conducted. The former approach has been used extinsively by researchers in
the GaAs community in their analogous attempt to grow large diameter,
monocrystalline APB-free films of this material on Si (100) (for a review of this

research, see various chapters in Ref. 50). Moreover, Shibahara et al. [51] have
11
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recently shown that APBs can be successfully eliminated in 8-SiC using off-axis

Si(100) with the [100] inclined 2° toward [011]. In our research both 2° and 4°

inclinations of the Si[100] toward [011] were investigated; the resultant 8-SiC films

x:
©

were ~ 5 um thick after a growth period of 7.2 E3s. Unfortunately, the other types of

g "R}

b
defects were not eliminated by this procedure.
g In an attempt to eliminate all of the various defects simultaneously, growth on the
'E Si (0001) and C (0001) faces of Acheson-derived 6H a-SiC substrates has been
Ea, studied within the temperature range 1683K-1823K at 1 atm. total pressure and using

a SiH4/CoH, flow ratio of 2. Prior to deposition each 6H SiC was preoxidized at

1473K in a flowing dry oxygen atmosphere for 5.4E3s to remove approximately 50 nm

= TRY

of the as-grown surface. The resulting oxide layer was removed with a 1.1 HF + HNO;

v solution immediately prior to loading on a SiC-coated graphite susceptor. Following A
. evacuation of the growth chamber to 10-5 Torr, flowing Ha (3000 sccm) was admitted 5?5»
j into the chamber, the substrates heated at the temperature of growth for 600 s followed x:,': X
” by the introduction of SiH, and CoHj. ‘;
“ The effect of the Si/(Si+C) ratio in the gas stream on the growth rate and the '_g t
: microstructure of the 8-SiC(100) films grown on Si(100) has also been investigated. ;v":
o The variations in this ratio are listed in Table I. For the values of Si/(Si+C) < 0.5, the 3
N Si/(Si+C) ratio was varied by keeping the SiH4 flow rate a constant for each run
t (2.05¢ccm) While changing the CoHy flow rate. For Si/(Si+C) > 0.5, the ratio was varied
f- in the reverse way, i.e., by maintaining a constant (1.025.cm) C2oHg4 flow rate while ;%

i

changing the SiH, flow rate.
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TABLE I. Flow rates of SiH, and C,H,4 used to produce the Si/(Si+C) ratios of this
study.

SiH4 flow rate CoHy flow rate Si Thickness
(sccm) (sccm) Si+C (um)
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Device development in our 8-SiC has involved simultaneous investigations concerned
with (1) introduction of the n-type dopants of N and P and the p-type of B and Al, (2) dry
etching and (3) device fabrication procedures and their employment.

Each of the various dopants noted above were individually incorporated into the
films either directly during growth or via ion implantation. In the former procedure, the
R dopant gases of N (or NH3), BoHg and Al (CH3)3 (carried in H,) were incorporated
directly into the primary gas stream. Prior to implantation each sample was
mechanically polished, oxidized, and etched in HF in order to obtain a clean,

» undamaged and smooth surface. The conditions of the implantation experiments are
given in Table Il. All implants were conducted using an offset angle of 7° from the
sample surface in order to ameliorate channeling. As highly damaged or amorphous

K regions resulted from implantation at both room or LN temperatures, post annealing for
300s at temperatures between 1673 and 32073K was necessary to cause solid phase
epitaxial regrowth of the implanted region and the activation of the dopant species.

Substantial in situ annealing occurred during high temperature impiantation; thus a

NN

much lower annealing temperature of 1473K (for 1800s) was sufficient to maximize the

Py ot gt 4
is
Fihe

‘.
I

activation of the dopant series.

Pl

4

The atomic concentrations of the dopants introduced by both methods were

%!
®

, measured as a function of depth using secondary ion mass spectrometry (SIMS);

s
s

A
g ','r",v ,
1 4 ‘Jl

corresponding carrier concentrations were determined via differential capacitance

S

Y Ay
g
b

-voltage measurements using a Hg-probe. Initial surface related electrical

"—,,‘

b
'r’:l,

¥ v 8,

measurements (sheet and spreading resistance) indicated that highly conductive

el P
1 ]

s

.
g
ol
:'i._
b o)

surface layers existed leading to excess leakage current. This phenomenon is

-'1

"' , l
Pl
)

[ 3~

explained by the fact that ion bombardment of 8-SiC results in a Si-rich surface layer
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@ TABLE Il. Experimental Conditions for the Implantation of Various lons into B-SiC Thin o i
i Films. -
9%
"
O "
Species Dose Energy Temperature iy
% cm?) (keV) K o
% it
% B 2E15, 1.5E15t 200, 100 LN® 2
N /

) Al 9E114, 6E14t 190, 110 298 o
= 6E14 185 623, 823, 1023 non
& fyrly.

N 1.5E14, 1.1E141 200, 100 LN o
ﬁq N 1.3E14, 0.9E141 180, 90 623 i
' 1.3E14, 0.9E14t 180, 90 823 \

1.3E14, 0.9E14f 180, 90 1023 oy
)‘ h

F P 1E15 110 LN," 298 i
B 1E15, 6E14t 220, 110 298 o
X o5
I?_’)‘

. P
! 1 Dual implant .

Sample surrounded by liquid nitrogen; actual sample temperature may be slighlty 5:

, higher. RS
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as a result of forcing C into the bulk. In subsequent research, this layer was always
removed by heating the samples at 1473K for 1800s in dry O, and subsequent etching
in HF. Structural characterization of the implemented layer was conducted via
cross-section TEM and Rutherford Backscattering/channeling; the latter used 2.0 MeV
4 He* ions incident along the <110> axial direction.

Reactive ion etching experiments were performed in a parallel plate reactor
(Plasmalab RIE 80) with a 28.0 cm diameter Al anode and a 17.0 cm diameter
anodized Al cathode with a plate separation of 5.0 cm. Either the anodized Al cathode
or a C coverplate were used to support the samples, which were kept at a temperature
of 308K. A 13.56 MHz rf supply powered the cathode at densities of 0.440 to
0.548 W/cm2. The chamber was evacuated to a pressure of 5x10-5 Torr and the gas
(CF4 or NF3) was introduced at 25 sccm, maintaining a pressure of 40 mTorr.

Plasma etching experiments were also performed in a parallel plate system
(Plasmalab DP 80) having upper and lower Al electrode diameters of 28.0 cm and
24.0 cm, respectively, and a plate separation of 3.0 cm. the upper plate was powered
by a 13.56 MHz rf supply at a density of 0.325 W/cm2. A base pressure of 5x10 Torr
was attained and SFg was introduced at 30 sccm, giving a constant pressure of
100mTorr. All etched surfaces were characterized by Auger electron spectroscopy

(AES) and scanning elecron microscopy (SEM).

Schottky diodes have been produced on undoped B-SiC films grown on Si(100) and
a-SiC(0001) using small Au rectifying contacts and TaSi, (on Si) or a large area of Au

(on a-SiC) as ohmic contacts. Prior to the fabrication of this and all other devices

noted below, particular attention was given to surface prepération, including repeated

16

e W e e T8 e e T e e T e e e T e T e T LRV R R al
S

AL
A

.
-

. - N A
e A AN NN AN NS R R A S I T A AT Oy " e
; 4 A Al A o

>k
"{,"0.
R B

Ze P
oK

SRR
SRR

PR 1!
'vA'.‘LS 2
L)

-t

:

AT 32

e
XA

‘l
1
.h.‘

,,,
‘ 2
P-'« S e

o 4N ¢ Ll
‘.‘ . r .'
f',} [

b

Ky
2,

L A o P
e ¢
:’J“ ,‘5

5
P

L0 B

’

L



acid (HoSO4 or HF) and DI washes as well as polishing, oxidation and subsequent

etching in HF to remove any contaminants, subsurface mechanical damage and free

C.

Both in situ doping of Al (7E15 cm-3) and ion implantation of Al (5E14 cm-2, 100
keV at 1023K) or N (1.5E14 cm2, 200 keV and 1.1E14 cm-2, 100 keV at LN conditions)
into n-ty~z (4E16 electrons cm-3) or p-type (4E16 holes cm-3) films, respectively were

used to create p-n junctions. Ohmic contacts of evaporated 90/a/o Au/-3a/o Ta-7a/0 Al
alloy or pure Al were employed for the Al doped materials; sputter deposited TaSi,
was used for the N implanted sample.

MESFETS were produced in a 60 nm thick, undoped, n-type B-SiC film epitaxially

deposited on a 7 um thick, buried Al-doped p-type B-SiC layer previoulsy grown on

p-type Si. The latter layer was used to (1) confine the current to a thin n-type active

layer and (2) move this active layer away from the defect region which extended ~3 um
from the Si/SiC interface. The carrier concentrations of the n- and p-type layers were

5E16 cm3 and 3E16 - 3E17 cm3, respectively. The sample was subsequently
oxidized in flowing dry oxygen at 1373K for 7.2E3S to grow a 46 nm SiO, layer to

passivate the as-grown surface. A three level mask set employing a concentric ring
geometry wherein the gate pattern completely enclosed the center, 100 um (drain)
contact, was used. The gate length and the source-to-drain distance were 3.5 um and

10.5 um, respectively. Sputtered TaSi, was used as the source and drain ohmic

contacts. These contacts were annealed at 1173K for 300 s in vacuum to minimize

contact resistance. Thermally evaporated Au was used as the gate rectifying contact.
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The aforenoted semiconductor paramter analyzer was used to obtain drain
current-drain voltage (lp-Vp) data.

In the fabrication of MOSFETS, oxidation (in addition to that used to remove
subsurface damage and which was subsequently etched away) was performed on
p-type ((1.5-3.0)E17 Al/cm-3) B-SiC (on Si) samples at 1473K for 2.16E3s to produce
50 nm of gate oxide. Poly-Si (530 nm) was then deposited via low pressure CVD at
893K and degenerately doped via P diffusion at 1173K for 300s from a glass layer
subsequently removed. A circular gate pattern simillar to that used for the MESFETs
was applied via photo resist and the poly-Si stripped from all remaining area. A dual
N implant 5E14/cm2 at 70 keV and 3.35E14/cm-2 at 40 keV) at 873K produced a dual
peak concentration of SE19/cm-3; the poly-Si acted as an implant mask thus producing
a self-aligned gate. The source and drain areas were patterned in dark field and
etched with buffered HF for 120 s. Following deposition of 200 nm of TaSi,, the
remaining photo resist was stripped and the samples cleaned, heated in (1) vacuum
for 300 s to anneal the TaSi, contacts and (2) forming gas (8% H,/92% Ny) at 723K for

300 s to anneal the surface states at the oxide/SiC interface.

Depletion mode MOSFETSs were fabricated in 1.2 um thick n-type layers
(n=1,3E15 cm3) on =0.5 um thick p-type B-SiC thin films grown by CVD at 1773K on
the Si (0001) face of 6H a-SiC crystals. The source of p-type doping
(p=1.6E216 cm-3) in the 0.5 um p-type layer was Al which diffused from the heavily Al

doped 6H «-SiC substrate. These acceptor species also highly compensated the
n-type layers, thus producing the unusually low carrier concentration. The resulting

films were polished, oxidized, etched, cleaned, received a deposition of P-doped
18
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poly-Si and patterned to form the gate contacts similarly to the preparation of the

inversion mode devices. Two different gate lengths of 7.2 pm and 2.4 um were
employed. The n+ source and drain areas were subsequently formed by dual N+,
implants using the same dose and energy parameters employed in the inversion
devices. The temperature of the implants was 773K. Windows for source and drain
contacts, the TaSiz contacts and their anneal and the annealing of the total device

were also conducted similarly to that described ro the inversion devices.
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5 4.1 Deposition Considerations. Thin Film Growth and Defect Formation :-\.':.
. Thermodynamic Predictions. The equilibrium number of moles of the two «:;
! condensed phases of 8-SiC and Si (normalized to a maximum value of 1.0), | _:
. calculated from the SOLGASMIX-PV program as a function of the Si/(Si+C) ratio, is E:E

i o
shown in Fig. 1(A). It is not surprising that the amount of B-SiC has a maximum at s A

;_, Si/(Si+C)=0.5, since the total input amount of Si and C was maintained constant, that ;\*
i:; is, at 1 mole. No free C or free Si was predicted at ratios less than 0.5. However, in é;‘::.-
f the range of Si/(Si+C)>0.5, free Si was predicted to occur with the B-SiC in an amount .,
E which increased linearly with the increase in the Si/(Si+C) ratio. It should be noted .E‘?
that the calculations also showed that a small amount of free Si should form even at L

Si/(Si+C)=0.5. Thus, from this viewpoint, the proper ratio for the growth of B-SiC : ‘

should be in the carbon-excess region. Ei?és

'

Although the product gas phase contains Si, SiH, SiH,, CoHp, CoHg, CHg, and .’ '

N

CHy, the calculations showed that the predominant Si- and C- containing species to ’~§. ‘

Y

be SiH4 (the same as the reactant gas) and CHy, respectively. The variations in the A;:

total partial pressures of all the Si-containing and all the C-containing product gases "

as a function of the Si/(Si+C) ratio are shown in Fig. 1(B). Each of the totals of the :;:2:

partial pressures of both the Si- and C- containing gases varied markedly in the E;

Si/(Si+C) range < 0.5 but was constant at 0.5 and at all values of the ratio greater than %3: t

0.5. At Si/(Si+C) = 0.5, the total pressure of ail the C- containing gases (it was E'f.

essentially all CH,4) reached a minimum equilibrium pressure; the total pressure of all ?_’E‘v

the Si- containing gases reached a maximum equilibrium pressure as would be 3:5

expected, since the amounts of the Si- and C- containing gases are increased and :::‘

decreased, respectively, from Si/(Si+C) = 0.1.




4"'-.‘“.." .'! "“' .‘-" W\ ¥ ‘. -‘ .1.'\‘1.‘.'._... Ar"! \und‘w . * -‘l.‘ -'J »

: 3
\)
: «
B
. We——————— 103
¥ T T 1 k]
1 <
i
& 0.8] 1 1074
" _ ]
e Si .| c
-] = ~containing gases
) 0.6| | . 1071 ]
» S :
K = a ' Si-containing gases
o @ f
= &
\ 0.4 5 1071 3
& s . 3
; B-5iC 5
] e T
- 3y
: w07 | . Lo
0.2} ] e
E-.',‘-‘.
) 4 ) MR
N | L _.;uf'
ool 4 . L 0.0 02 04 06 08 1.0 2
- 0.0 02 04 06 08 1.0 §1/(514C) in input gas ‘H..--
Si/(S1+C) in input gas gt
o
RO
o
Figure IA. Figure 1B Bl
;
s Figure 1. (A) The amounts of the condensed phases of beta-SiC and Si,
as a function of the Si/(Si+C) ratio in the reaction gas
stream as predicted from thermodynamic calculations using
' the "SOLGASMIX-PV" program. (B) The total pressures of all
9 the Si and C-containing gases (expressed as partial pressure :.,-.j
of a total gas mixture which also contains H2) as a function ot
of the Si/(Si+C) ratio in the reaction gas stream. The A
S values noted in the graph were cbtained fram thermodynamic -::;-; ;
calculations using the "SOLGASMIX~PV" program. i
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% The constancy in the partial pressure of the C- and Si- containing product gases 3:’;-,,-
‘ above Si/(Si+C) = 0.5 occurs primarily as a result of the increasing formation of Si. ::::- A
M This combined with the formation of SiC and the decrease in the mole fraction of CoHy 7 a.
iy
}ﬁ entering the gas stream act in concert to maintain the constant partial pressures. At E _#
Si/(Si+C) = 1.0, all the SiH, is predicted to have reacted to form Si; thus, no Si- or C- ;) L

- P
X containing product gases exist at this point. ,E:
N

I:! As noted above, the results of these thermodynamic calculations indicate that the ;E:ﬁ
; optimum Si/(Si+C) ratio for the formation of the single phase of B-SiC under the stated \_, :
I conditions should be slightly less than 0.5. Furthermore, it may be reasoned that the iié«’
fastest growth rate of the 8-SiC would occur at approximately this ratio as a ::E

. consequence of the largest amount of this material (although the thermodynamics tells %:

one nothing regarding the kinetics of growth). However, these results must be

NG
1,V
compared with carefully conducted experiments to determine their approximation to 9.
< o]
y results obtained under the nonequilibrium conditions extant in the CVD reactor. 2%
: O
Effect of Si/(Si+C) Ratio on Deposition Rate and Microstructure. The L‘;f-_'-
o growth rate of the B8-SC films is shown in Fig. 2 as a function of the Si/(Si+C)=0.496. Q -
a3 "“J"- ‘
As the Si/(Si+C) ratio was decreased below 0.5, black inclusions having an average ?l:";.
’ E& ]
-
size of 15 um appeared in the B-SiC films and increased in size and density as the 2.
y NN
A amount of C in the gas phase increased. Essentially all the inclusions possessed }_.:33. ‘
e
y quasi-hexagonal faceting as shown by SEM. SIMS and analytical SEM were ::i-_:'.:
: °
employed to chemically analyze the particles. The results derived from both ":;‘:'_'?
N ot
< instruments indicated essentially no differences in the concentrations of Si and C in ;__.?_-‘;
LI 1
at
2 the inclusions and in the B-SiC matrix. From these results, it may be concluded that "':‘
, . . . ot
the inclusions are SiC particles. SO
: o
0 22 RN
R
NV,
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Si/(S1+#C) in input gas

The experimentally determined growth rate of the beta-
SiC films as a function of the Si/(Si+C) ratio in the
reaction gas stream. The total pressure, Hy flow rate,
temperature, and elapsed time for all depositions was
0.1 MPa, 3000 sccm, 1633K, and 7.2 x 103 s, respectively.
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Figure 2 also shows that the growth rate is rapidly reduced beyond Si/(Si+C)=0.5.

The exact reason for this phenomenon is not known; however, numerous spherical
particles occurred in the B-SiC film growth at Si/(Si+C)=0.535 which were not
observed at lower values of this ratio. We believe these particles to be free Si which
the thermodynamic calculatons predict should be produced in this range; however,
this has not been proven analytically. It is also believed that they are produced by
homogeneous nucleation in the gas phase. Moreover, their residence time in the gas
phase may allow them to serve as sites for the additional heterogeneous nucleation
and growth of Si which would normally have been used in the reaction with CoHy to
form SiC. Furthermore, if this process is enhanced by the increase in the amount of
SiH4 in the input gas stream, this could explain the observed rapid drop in the growth
rate of the films.

Thin Film Growth and Defect Structures. The B-SiC layer produced by chemical
conversion of the Si (100) surface was monocrystalline and microscopically rough,
varying in thickness from 5-12 nm (Fig. 3). It contained a high density of planar de . ccts
that were primarily {111} microtwins and intrinsic stacking faults. In addition, localized
regions of the converted layer exhibited disorder.

Plan-view and cross-sectional transmission electron micrographs of a B-SiC thin
film are shown in Figs. 4(A) and 4(B), respectively. The micrographs show planar
defects on {111} planes that intersect at 90" angles in the <100> projection [Fig. 4(A)]
and at 70°32' angles in the <110> projection [Fig. 4(B)]. As in the converted layer,

these defects were identified as microtwins and intrinsic stacking faults. The density of

defects is higher at the interface; it decreases over a distance of 3-4 um from the
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Figure 3. High-resolution XTEM micrographi of converted layer on the
Si substrate prior to CVD deposition (courtesy of S. Nutt,

Brown University, Providence, RI).
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(B) ¢110) cross-sectional view show-

ing interfacial strain contrast, dislocations, and stack-

ing faults.
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(4) <100> plan view showing stacking faults
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TEM micrographs showing the general microstructure of g-
SiC films
and APBs (arrows)
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interface and becomes approximately constant to the surface even for 20 um thick :}'M e
Ca A
films. R
®
There are additional defects in Fig. 4(A) that appear as bands of mottled contrast :'.'f
W
that extend from the Si-SiC interface to the growth surface (see arrows). These ..;..;E‘.E;
'.:0’ ‘ll
defects have recently been identified as antiphase boundaries (APBs) [52]. The 8 ‘
R
unusual appearance of the APBs may be caused by their interaction with additional N !
"_; S,
defects present in the films. To eliminate these defects, Si substrates with the [100] ::_-f_’f'-‘ ;
Yo
inclined 2° or 4" toward [011] were used. It has been found that the APBs were 'i'
oe
eliminated except in the edge regions of the films grown on the 2° off axis Si. A E ' "‘1
o Py
plan-view micrograph of a B8-SiC thin films grown on a 4° off axis Si (100) substrate is YRR
®
shown in Fig. 5. It can be seen that the APBs observed in Fig. 4(A) are no longer E ‘v o
present. :\ \
T
The growth of the films on a-SiC substrates has been conducted on both the C 32%
] yj wi
o,
(0001) and the Si (0001) faces of the latter material. The resulting film was p ’:.'t.“

-
}.
£ s S

B-SiC (111) at all temperatures studied. However, the surface of the film grown on . .:"-'
(0001) was very smooth and reflective; whereas, that grown on (0001) was relatively .‘,
A
NN
X rough and unsuitable for device fabrication. In contrast to films grown on Si \\’ 'S»
DAY
substrates, no defects were observed in these films when examined by cross sectional e
transmission electron microscopy (XTEM) (Fig. 6(A)). In fact, high resolution XTEM ';-;Z‘,::
_x_,:.-}-,
. . . . R
shows an abrupt and coherent B8-SiC/a-SiC interfce (Fig. 6(B)). A single atomic layer AN
°
runs completely across the interface which indicates that the growth direction of the t::t«:f
:}:"-:.
B-SiC films were exactly [111] in the region (for the growth of B-SiC on o-SiC C face). E‘Isj:ﬂ
. _ ®
However, examination in plan view revealed the presence of double positioning (DP) PAGAS
P,
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T
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B-SiC film grown on 4° off-axis Si (100), however, stack-

Plan view TEM micrograph showing absence of APBs in the
ing faults are still present.
O
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Figure 6(B).
C Figure 6. Cross-sectional TEM micrographs of the 8-SiC/6H-SiC interface taken at
(A) moderate and (B) high resolution (courtesy of Steve Nutt, Brown
University, Providence, RI). ln'.
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boundaries, as shown in Fig. 6(C). In these defects, the material enclosed by the

boundaries is oriented 60° to the surrounding matrix and <111>. Very recent research

has employed a-SiC crystals with the [0001] inclined 3° toward [1120] heated to
1773K for 600 s. The DP boundaries were eliminated by this procedure and, in

contrast to the aforenoted results on this face, for growth the on-axis samples, mirror

smooth films were produced. However, the resuiting film was the 6H a-SiC polytype.

Additicnal characterization is now ongoing. As a consequence of the very recent

nature of this study utilizing a-SiC substrates, the results of most of the remaining
research reported below are concerned with B-SiC grown on Si.
4.2 Impurity Incorporation During Deposition

In-Situ Doping. Figure 7 shows the results of the experimental SIMS
measurements of atomic dopant concentration as a function of the partial pressure of
the dopant source gas for Al, P, B and N. The linear character of both the curve for Al
and the sections of the graphs for P, B and N at lower pressures is predicted from
considerations of Henry's law. Moreover these curves are similar to those for dopant
incorporation into monocrystalline Si.

Solubility data from direct measurements such as diffusion or lattice parameter
studies are not available in the literature for the various dopants for the temperature of
1633K used for the CVD growth. However, the change in slope of the atomic
concentration curves for P, B and N as well as the changes in the surface character
and the x-ray Laue patterns of these heavily doped samples relative to the undoped
(or lightly doped) materials indicate the onset of polycrystallinity. These changes are
believed to be triggered by the introduction of the various dopants in excess of their

solubility limits. Furthermore, the grain boundaries can act as sinks for excess dopant
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Figure 6(C). Cross-sectional TEM micrographs of the g~SiC/6H-SiC
interface (C) Plan view of the same film showing double
positioning boundaries and associated stacking faults.
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Figure 7. Atomic and carrier concentrations of (A) Al, (B) P, (C) B, and (D) N as a
) function of the partial pressure in the CVD chamber of the respective dopant
‘ gases of Al(CH3)3, BgHg, and NH3. Aluminum and B are p-type dopants while
P and N are n-type dopants in beta-SiC.
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and thus allow continued incorporation of these species at levels significantly higher
than allowed by the lattice. The maximum in the Al concentration could not be
determined because of increased gas phase nucleation and the resultant occurrence
of poor films at high TMA input.

The carrier concentrations of each dopant were also found to be a linear function
of the partial pressure of the dopant source when plotted on a log-log scale, as shown
in Fig. 7. Each figure also reveals a major difference between the atomic
concentration and the carrier concentration for each dopant. The reasons for this
include the measured deep energy levels for the p-type dopants of Al (0.24 eV) and B
(0.735 eV) as well as the possibility of compensation from unintentionally introduced
n-type dopants (e.g., N). Other possibilities include (i) compensation from line or point
defects and/or trapping of impurities at the dislocations and stacking faults in the
material, (i) dopant-Si and/or dopant-C interaction and (iii) location in nonelectrically
active interstitial sites (especially plausible for B). Thus a portion of each of the
dopants is either not ionized or located on nonelectrically active sites or complexes
with Si or C. Combinations of these events are also probable.

lon Implantation. Figure 8 (A) shows the buried amorphous layer obtained from a

dual B implant using the conditions shown in Table Il. This layer extended from 0.1 um

[

\f *
Pyl
[

<
%

to 0.44 um beneath the surface. A heavily damaged region extended an additional

P Rnd
* ""I,'l"'?

Tes YA

0.11 um into the film. Annealing at 1673K for 300°s caused solid phase epitaxial

2

o

"l
f’ -

(SPE) re-growth of the amorphous layer from both crystalline/amorphous interfaces.

5

A%
X

Two distinct bands of B-containing precipitates, corresponding in position to the two

#l'
%

peak maxima of the dual implants also occurred, as shown in Fig. 8(B). No

out-diffusion of B was detected as a result of this heat treatment. Annealing at 1873K
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- Figure 8. Cross-sectional TEM micrographs of g-SiC (100) ngp anted with

B+ at 200 and 100 keV with doses of 2 x 1013 cm™4, respectively,
at IN temperature: (A) as-implanted; amnealed for 300 s at (B)
1673K, (C) 1873K, (Regions a and ¢ contain what are believed to
be precipitates, and region b contains what are believed to be
both precipitates (small defects) and vacancy loops (large de-
fects).) and (D) 2073K.

o b
> S

A
e

-‘l‘
L4

h)
sy S‘Vﬁ.r‘.

0%

£ CT,

i

34

.‘S-.
._z’.?&

L R |
. v~ -.‘

o

S R PR LR PR 1P L R I P e n ”aa Tan® a " N AT AT ATy AT A A a A" ~ oo . ~ e e e
A A a e B e e Lt e e e o



3078 )l Y, KRS G RO

(but not lower temperatures) caused the formation of defect clusters, as shown in Fig. 8

(C), at ~ 0.06 um from the amorphous/crystalline interfaces (regions a and c¢) and near

e= - -~

the center of the original amorphous layer (region b). Those defects in regions a and ¢

have been tentatively identified as precipitates and those in region b as both

==

precipitates and vacancy loops by contrast analysis. Profiling of the B concentration in

n:i;J'

the 1873K annealed sample via SIMS showed peaks in regions a and c¢; although

& diffusion of the B from the original implanted peaks had obviously occurred. Figure

. 8(d) shows that virtually perfect SPE regrowth, without visible damage, occurred

i\ during annealing at 2073K for 300 s. However, SIMS analysis revealed that

ha essentially al the B had diffused away.

- The sample from which the micrographs of Fig. 9 were obtained received a dual
& ‘

implant of Al at 298K which produced a buried amorphous layer with a 10 nm

iz

crystalline surface, an amorphous depth of 0.17 um and damage to 0.22 pum [Fig. 9(A)].

"r_{

Annealing at 1873K for 300 s caused SPE regrowth, but the regrown layer contained

many defect clusters [Fig. 9(B)]. A dense band of clusters occurred at a depth from

=4

0.04 to 0.11 um. When annealed at 2073K (instead of 1873K) for 300 s, the number of

defect clusters was after the 1873K anneal did not remain after the 2073K anneal.

w2,

Some microfaulting was observed in the regrown layer where precipitation was

5

.

- greatest. [See areas labeled X in Fig. 9 (C).] In this case, SIMS showed a decrease in
a the concentration of Al by a factor of two-to-four throughout most of the profile depth;

" however, it was slightly increased at the sample surface.

LY

The implantation of N under liquid nitrogen (LN) conditions within the ranges of
dose and e'nergy shown in Table | produced a heavily damaged but crystalline layer,

as shown by the representative micrographs of Fig. 10. Annealing of the sample
35
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Cross-sectional TEM micrographs of g-SiC (100) implanz,ed w}th Al+
at 190 and 110 keV with doses of 9 x 1014 and 6 x 1014 cm™4, re-
spectively, at 298K: (A) as-implanted, (B) annealed at 1873K for
300 s. The upper and lower bands of defects correspond io the
original amorphous crystalline interfaces. The band of defects
in the center corresponds to the projected range of the implant,
(C) annealed at 2073K for 300 s. Note that there are fewer de-
fects than in (B), and the upper band of defects did not form.
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Figqure 10. Cross-sectional TEM micrographs of g-SiC (100) imglanted with
N+ at 200 keV and 100 keV with doses of 1.5 x 101 c'm‘2, re-
spectively, at: N temperature (A) as implanted; annealed at
(B} 1573K, (C) 1873 and (D) 2073K. A heavily damaged layer
was produced but not amorphized during implantation; an-
nealing at 1873K and 2073K resulted in substantial loss of
N to the surrounding atmosphere.

3

i
!

.
o
o

e
L) h
o
E 3

S- ‘" Y B
ol PR

A i@’
Ll oL ols QRPN

X

y 37

-

R P S A P A e S

R SONY

M N e e
b Y ~

2
,I_

P
.




.........

above 1573K caused structural rearrangement. No visible damage was observed.

Annealing at 1873K or 2073K for 300 s caused considerable out diffusion of N which

resulted in a high concentration of this species in the near-surface region.

The effect of implantation at room temperature vs LN conditions on the extent of

amorphization is illustrated in Fig. 11. Both micrographs are of films that were

implanted with P using the same dose and energy but the sample in Fig. 11 (A) was

implanted at 298K, while the sample in Fig. 11 (B) was maintained under LN

conditions. The 298K sample had a 10 nm crystalline surface, an amorphous depth of

0.13 um, and visible damage to 0.23 um. The LN implant created a thinner crystailine

cap (~ 5 nm), an amorphous depth of 0.17 um, and visible damage to 0.35 um. The

same effect of similar magnitude has been observed in Si wafers implanted at 298K

and LN [53]. This similarity was unexpected, as the melting temperature of SiC is >

3073K, while that of Siis 1679K. Annealing studies at 1973K for 300 s using samples

containing a dual implant of P (220 keV, 1E15 and 110 keV, 6E14) revealed that the

buried amorphous layer became saturated in P causing the layer to regrow in a

polycrystalline microstructure after the first 100 nm. Even in this latter region many

small precipitates and loops were observed.

As shown by the TEM results, little success was achieved in affecting precipitate-

AT
) o
J and/or damage-free SPE regrowth in B-SiC films previously amorphized by ion ;::'_’::,
N
implantation. In addition, no pronounced changes in the electrical properties of any of g
°
these films occurred until anneal temperatures equal to or in excess of 1673K were ‘_’.:j?.",
'J‘“-}'::.'
employed. As such, high temperature implantation is currently being studied to :Z-:: ‘\-"
AN
.
surmount some of these problems. To date, we have learned that implantation of Al or R
. )
N at 623K, 823K, and especially 1023K (see Table 1), allows sufficient in situ E‘j::.:
Laa
. B
B
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B R e e e A B & ™ o S s 2 M S P AR e N R P R A S AR -.'? \




Aat 0" sav. lat 84% 0a% 000 Be0 a0t gat g20 n.ucu T T ¥ ga? . o _gav O _But Fa® O fut Bab Sa¥ gat et W W T ’ 0 gat fuf

g : "l
ST e vy W ?" Yy

Figure 11. Cross-sectional TEM micrographs of B-SiC (100) implanted with ‘
P+ (110 keV, 1 x 1015 cm?): (A) implanted at 298K, (B) im-
planted at LN temperature. The LN implant has a significantly s
thicker amorphous region. ::,

AN
N 4
R
o -s(.\ |

ST SN
- v.“-{;
rJ -‘ v

PO

; 39 2

IV A - " W ’ o Ko T g A Py 3 s LA
N AR AN St B S A R R T A U T e e 1 A e i e s LUty Pt e AP DY



Loyl

W
eeion

Y

. 3

w. ¥

YT
Ve

annealing during implantation to produce both essentially damage-free implant
regions as well as virtually complete electrical activation of the implanted species. The
backscattering spectra from the 1023K implants neariy coincide with the aligned
spectrum of the unimplanted material. In addition cross-sectional TEM analysis
revealed that implantation at this highest temperature resulted in neither visible lattice
damage nor precipitates obtained from the anneals of the low temperature implants.
Figure 12 shows a comparison of the implanted regions produced at 1023K and under
LN conditions. Finally, it should be noted again that a slight increase in the electrical
activation of the high temperature implants can be achieved if the samples are
annealed at 1473K for 1800 s; however, this is far below the temperatures needed for
this process in the samples implanted under 298K or LN conditions.
4.3 Dry Etching

For reactive ion etching of 8-SiC, the choice of cathode material played a major
role in the chemical and physical characteristics of the etched surface. Anodized Al
cathodes were found to cause micromasking of the SiC during etching, as evidenced
by the detection of this element on the etched surfaces. (Fig. 13) and the presence of

surface roughness. The degree of roughness also depended on the choice of

fluorinated gas, with the faster etching NF3 causing more roughness (See Fig. 14)

than CF4 employed under the same conditions. The use of the Al cathode also

caused accumulation of F in both gases used, allowing it to polymerize with the C on
the SiC surface (Fig. 13). The use of a C cathode coverplate ameliorated the

micromasking problem and left a smooth and chemically clean surface, with little or no

fluorocarbon polymerization, as shown in Fig. 15. This decrease in roughness was
especially true with the C cathode/NF5 combination, as revealed in Fig. 16. Plasma

40{
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Figure 12(B)
Figure 12. Cross-sectional TEM micrographs camparing the near-surface
damage created byqj.mplantation of Al to a peak concentration
'_. of 4 x 1019 Al/cm® at (A) 1023K and (B) IN temperature.
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0.440 W/cm?) on an anodized Al cathode.
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etching in SFg caused crystallographically spiked formations but left a very clean
surface that actually had less native oxide than unetched 8-SiC.
4.4 Device Fabrication and Characterization

Schottky Diodes. The |-V curves for the Schottky diodes produced on the
undoped B-SiC film grown on Si (100) showed significant leakage current (e.g., 0.558
mA at -50 V); however, actual breakdown did not occur up to -100 V. The diode
ideality constant from the straight line portion of the curves of log | vs. forward bias V
was 2.5; the saturation current was 1-9x109 A/cm2, and the barrier height of the
Au/B-SiC junction was calculated to be 0.9 eV. A more accurate value of 1.1 V for this

last parameter was obtained from C-V data. Similar measurements and calculations

for diodes produced on films grown on a-SiC(0001) gave an ideality factor of 1.6, a

saturation current of 1.4x10-11 A/cm2 and a barrier height (from log | vs. forward bias

V) of 1.03 eV. The various values of barrier height are close to the previously reported

l?d
2

values of 1.11 and 1.15 eV [39] noted above.

)

Generally in covalent semiconductors like SiC, it is well known that the Fermi level

RS
-t %y
-,

v
LA

is pinned by the surface states so that the barrier height hardly depends on the work

)
R

j l‘
)
o

function of the metals and is about two-thirds of the band gap (Eg) of the

» -
Ly

{'.'

3} L
@ 2 ,
Wi

semiconductor [54]. However, as the band gap of beta-SiC at room temperature is 2.3

eV, the measured values of the barrier height in this research are approximately ';\
iyl
one-half of the band gap energy. This ratio of ~ 1/2 was also reported by Hagen [55] Z'-:;'.i: '
SONGN
RAF A
as a result of an extensive study of metal/6H-SiC junctions. The barrier height was -2
i
also independent of the work function of the metal used (Au, Ag and Al). Wu and .:J‘::,';"
At
, 23
Campbell [56] also obtained similar values of the barrier height in the Au/6H-SiC Khe)
o
system. Thus it appears that the values of the barrier height in metal/SiC contacts NN
o,
o
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corresponds to one-half, rather than tworthirds, of the band gap energy for both 6H-
and beta-SiC.

P-n Junctions. The p-n junction mesa diodes produced by in situ doping showed
abrupt interfaces both in SIMS depth profiling and spreading resistance

measurements; however, more extensive electrical studies have been conducted only

Y on the junctions produced via implantation. The characteristics of the first diode in situ
doped with Al and dual implanted with N+ at LN temperature were rather poor. Typical
values of the ideality factor and saturation current were 3.4 and 9x10-10 A/cm?,
respectively. The leakage current of this diode was negligible up to -5 volts. Abnormal
1/C2-V relationships in this diode were the first indication of the insulator nature of the
junction. This latter phenomenon has been extensively studied in the Al implanted
material, as described below.

Linear I-V plots for either the N or the Al implanted materials were typical of a p-n
junction. However, the similarity to a true diode ended at this point. The log | vs. log V
character of these diodes is analogous to that observed for current injection into an
insulator or wide bandgap semiconductor. For the purpose of illustration of the
phenomenon in such materials, consider the four log | vs. log V graphs in Fig. 17. Fig.
17 (A) represents an ideal insulator where | V2, indicating space-change limited

- curent flow. In other words, there are no thermal free carriers resulting from

J

|
I',l"

L}

[

3

3

»
y
7 &

s B .

!

impurity-band or band-to-band transitions; the conduction is only within the conduction

&%
X
v
Iy

o A
p band as a result of injected carriers. Figure 17 (B) is representative a trap-free Pl
®
insulator in which the current is dominated by the number dominated by the number of h ‘:_
AN,
» i\“n {
thermal free carriers, (n;;) above this point. If shallow electron traps are present, the I-V %:,. )
i
curve will be shifted, toward higher voltages as a result of trapping. This is shown in . d
Ay
\\;:‘:.
47 NP

: nN

i
=y
s




e I

)l
"=

Wi

i_.':
§

Fig. 17 (c) where the | V and | V2 sections of the plot again represent currents
resulting from thermal free and injected carriers, respectively, but which have been
decreased in value by the number of carriers trapped. The vertical portion of the curve
occurs when all the traps are filled. Anl V2 relationship again pertains at higher
voltages where one achieves pure space-charge limited conduction.

Finally, Fig. 17 (D) illustrates the case of a material with deep traps which have
become by thermal free carriers at or below the voltage where injected carriers
dominate current flow. A transition subsequently occurs to the point where
space-change limited conduction occurs.

A comparison of these representative curves with those derived from our -V
measurements for an Al implanted p-n junction (Figs. 18 (A,B)) log current density
(A/em?) vs. log forward voltage (V)) shows that room temperature, | V1.8 at low and
high voltages. Moreover, these two segments are separated only by a transition
region which indicates that it contains shallow traps, probably derived from the ionized
Al centers. By contrast, an increase in temperature to 473K resultsin |V at low
voltages which is followed immediately by a transition to a segment where | V138,
This is indicative of the effect of deep traps which are believed to be the same source
which causes the considerable compensation in the unintentionally doped material
(60].

A similar comparison for N implanted into an Al-containing material with the
representative curves reveals the reverse of the characteristics for the previous
material, i.e., the presence of deep level traps at room temperature and shallow traps

at 573K.

MESFETSs. Typical room temperature drain current vs drain voltage (Ip-Vp)
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characteristics of the MESFETs are shown in Fig. 19. The gate voltage (Vg) was
varied from 0.6 V to -1.5V in -0.3V steps. It can be seen that very good drain current
saturation is achieved as the drain voltage increases. The maximum
transconductance in the saturated region for this device was 0.64 mS/mm, however, a
maximum transconductance of 1.6 mS/mm was measured on other devices in this
sample. The threshold voltage was -1.6 V, although after subtracting the leakage
current, it is reduced to -1.4 V. It was observed that for Vg < -2 V the drain current was

almost independent of the gate voitage, and thus the device could not be fully turned

off. For example, for the device in Fig. 19, the drain current was 2 pA at a drain voltage
of 4 V and a gate voitage < -2.5 V. This indicates that there is some leakage current
between the gate and drain. This leakage may be caused by the p-n junction
underneath the thin n layer, by the leakge current between the gate and source and/or
by the defects in the B-SiC film. As previously reported, [58; 59] the defect density,

including the antiphase domain boundaries in the bulk of the ¥Im, is very high.

Research is underway to fabricate MESFETs in flims grown on o-SiC, since it has
been shown that these films do not appear to contain any antiphase domain
boundaries and much fewer line and planar defects than films grown on Si (100)
substrates [60). This will allow the determination of the role of these defects with
regard to leakage current in the film.

MESFETSs were also examined at temperatures as high as 623K; a limit imposed
by the maximum temperature of the experimental arrangement rather than the devices.
Figure 20 shows examples of these measurements on the same device used to
determine the room temperature data of Fig. 19. In these measurements the drain

voltage was applied from O to 10 volts in order to more clearly illustrate the
51
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dependence of the Ip - Vp characteristics on temperature. Inset in these figures are

:
2 the |-V characteristics of the gate-drain diode at the various temperatures. it can be
! seen that as the temperature was increased, the MESFET drain current achieved less
E’ saturation and the gate-drain diode (see inset) at reverse bias yielded more leakage
&

current. At room temperature, this diode leakage current was 5 ptA at 8.5 V reverse
-
N
B bias, whereas, at 623K it increased to approximately 70 pA. This was probably
a . .
Q caused by an increase in the generation current in the depletion region as

op temperature was increased. These generated carriers also contributed to the

drain-to-source ieakage current. The maximum transconductance of this device

i' decreased approximately 21%, as the temperature was increased to 623K. This was

o expected because electron mobility decreases as temperature increases due to

enhanced lattice scattering.

,. MOSFETSs. Figure 21 (A) shows the room temperature Ip vs Vp characteristics for

-
PR
s

N e ]

Ld

n an inversion MOSFET having a 20 um gate length over the gate voltage range of -4.0

-
b

)
I's
YA

E to +8.0 V. The leakge currents at Vp =5V and 10 V were < 10 pA and were -2.4 volts &

-\ and 0.335 mS/mm respectively. This device also showed good stability as a function e

of temperature to the highest measure point of 673K, as shown in Fig. 21 (B).

However, the leakage current increased steadily with temperature to a maximum of 85

pA at 5 V and 673K. The transconductance and threshold voltge range increased to e

- 0.421 mS/mm and decreased t -51t0 -6 V, respectively. This negative shift in threshold &
™

voltage with temperature was caused by a change in the barrier height between the v

metal and the semiconductor.
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Decreasing the gate length to 3.5 um also produced a stable device at 673K; 3”"};‘; '
%::-‘h"‘
however, the leakage current was markedly higher (760 uA at Vp = 5 V) than for the 20 ::" p
()
R
um device at this temperature and dominated the current at high drain voltages. The '
o
SO
maximum transconductance at (Vp = 3.0 V) again increased from 0.58 mS/mm at room ,.!:.‘::'::.
temperature to 1.65 mS/mm at 673K.. The threshold voltage decreased from 0 V to _f,.;;;
Y
X ‘.,..\ L
-2.5 V over the temperature range. *Z-‘-.':*
NN
.'.. * » ]
The drain current-voltage characteristics of depletion MOSFET in B-SiC (111) at “‘"‘.”
“ I.‘ \‘
296K are shown in Fig. 22 (A). This particular device had a gate length and width of .'::a:rf
. | . e
7.2 um and 390 um, respectively. The source contact to drain contact distance was 24 ‘
AR
pum. The device showed very stable drain current saturation out to a drain-source :'-EZ:-;’.:; :
RIS
voltage of 25 V. (This trend actually continued to Vpg = 30 V, at which point the oxides :ﬁ:.-‘;g
. '{-'5‘-{'-).
underwent breakdown.) The threshold voltage was determined to be at a gate R
voltage, Vg, of -12.9 V from a plot of \/IDs(sat) versus Vg. The leakage current at g,-.\«
Vps=25V in the "off" state (Vg=-15 V) in this device was 3.75 pA. The negative - T'.‘
vt
threshold voitage was due, in part, to the voltage required to deplete the n-channel, :’;\“
NS
SRS
but it was made more negative by the presence of either fixed oxide charge or mobile )
- ..
ion charge in the range of 5-6x1012 cm-2, as obtained from MOS C-V curves of the ;-Z-:;;}w
I'. N
A
gate oxide. The 723K anneal in forming gas did not change the threshold voltage. e
The maximum transconductance of this device at room temperature with Vpg fixed at e
20 V was 5.32 mS/mm at Vg = 2.5 V. \\
When this device was heated to 573K and allowed to stabilize for 15 mins., the NCALRE
transconductance actually increased to a maximum of 6.00 mS/mm at Vg=5.5 V and \.';::::
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gate length and width of this device was 7.2 um

Drain characteristics of depletion mode n-channel
and 390 um, respectively.

MOSFET in B-SiC (111) thin film at 296K.
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L‘t‘;. i
Vps=20 V. This trend can also be observed by the increased current at Vg=0 V in the é;‘?:
573K drain characterisitcs shown in Fig. 22 (B). The reason for this increase is ég%é:
currently unuer investigation. Despite the increase in temperature, the drain current d’
saturation was still very stable to Vpg=25 V. The leakage current at Vpg=25 V and tﬁ.‘ﬁ;
3
Vg=-15 Vincreased to 22uA, and the threshold voitage shifted negatively to Vg=13.3V. -
PN
The drain characterisitcs of this depletion device were also determined at 673K ;f"';:
and at every 50K interval to a maximum of 923K. Results for this last temperature are :.,jl'
shown in Fig. 22 (C). The transconductance remained unchanged at 673K; however, R
it decreased with futher increases in temperature. The maximum transconductance "'c';':.::
Rt
measured was 11.9 mS/mm in a 2.4 um gate length device at 673K. The lower :j}:
SN
transconductance of the device in Fig. 22 (C) at 923K is demonstrated by the lower &).:,,E\
current at V=0V, as compared with the previous curves. Although the :J;%\:\{
®
transconductance at this temperature became very erratic above Vg=1V, it reached a }‘U'
s
maximum of about 4.8 mS/mm of about 4.8 MS/mm at Vg=8V and Vpg=20V. The EE: -::
decrease in transconductance above 673K is due to increasing lattice scattering with \3 _

temperature. The threshold voltage again shifted negatively, to Vg=-14.8 V at 923K.

The leakage current increased to 128 pA at Vg=-15V and Vpg=25 V. When the S o

N
AR
VIR,
temperature was raised to 973K, this device showed similar current saturation, but the :3-::,;-‘_".
'\‘:\"-:‘”
CANCRE oF
gate oxide experienced breakdown. Thus, current was being injected at the gate and NS
the device could not be cut off. SRn Ny,
DA
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Figure 22(C)

, Figure 22. Drain characteristics of depletion mode n-channel MOSFET in ’ w
g B~SiC (111) thin film at (B} 573K and (C) 923K. The gate %t
length and width of this device was 7.2 um, respectively. "?:.\a
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CONCLUSIONS

Monocrystalline thin films of high purity 8-SiC have been grown directly on Si(100)

and o-SiC(0001). Problems derived primarily from interface related defects and
subboundaries in the material have prevented the optimization of the quaiity of the
films. However, deposition on these materials oriented 2-4° off-axis allows the

elimination of the APBs in the material grown on Si(100) and the DPBs in the material

deposited on SiC(0001); the latter resulting combination of «-SiC on «-SiC appears
especially viable for device fabrication. Despite the defects, the existence of the films
has allowed substantial progress in the development and understanding of doping
procedures both during growth and via ion implantation (at low and high
temperatures), dopant activation, dry etching, electrical properties and device
development. This collective research has shown that contiﬁued emphasis must be

placed on improvement of the quality of the films.
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