
Deposition and doping of silicon carbide by gas-source molecular
beam epitaxy

R. S. Kerna) and R. F. Davisb)

Department of Materials Science and Engineering, North Carolina State University, Raleigh,
North Carolina 27695-7907

~Received 3 March 1997; accepted for publication 3 July 1997!

Thin films of silicon carbide~SiC! have been deposited at 1400–1450 °C on vicinal and on-axis
6H-SiC~0001! substrates by gas-source molecular beam epitaxy using the SiH4-C2H4-H2 gas system.
Polytype control~6H- or 3C-SiC! was established by utilizing substrates of particular orientations.
Residual, unintentionally incorporated nitrogen impurity levels were affected by changing the
SiH4/C2H4 gas flow ratio, in agreement with the ‘‘site-competition epitaxy’’ model.In situ doping
was achieved by intentional introduction of nitrogen and aluminum into the growing crystal.
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The extremes in the thermal and electronic properties
wide-band-gap semiconductors make possible many cur
and conceivable applications. Silicon carbide is one of
most studied of these materials. About 250 different po
types have been reported.1 The sole cubic~zinc-blende!
structure~b- or 3C-SiC! has a room-temperature energy ba
gap of 2.3 eV. Among the hexagonal and rhombohed
polytypes~a-SiC! the most common is 6H-SiC with a room
temperature band gap of'3.0 eV. Single-crystal epilayer
of 3C- and 6H-SiC can be homoepitaxially deposited
various vapor phase epitaxial growth procedures.

Previous SiC film growth studies via molecular bea
epitaxy~MBE! on 6H-SiC substrates at growth temperatu
which were lower (,1200 °C) than those typically used i
chemical vapor deposition~CVD! reportedly did not result in
homoepitaxial reproduction of the 6H substrate. Recen
we have reported2 the first deposition of 6H-SiC~0001! epil-
ayers by gas-source MBE~GSMBE! at T>1350 °C using
SiH4-C2H4-H2. The only previous report of SiC doping b
MBE was performed by Kanedaet al.3 who deposited
B-doped films of 3C-SiC~111! on on-axis 6H-SiC$0001% at
1150–1400 °C.p-n junction diodes betweenp-type (p51
31018 cm23) 3C-SiC~111! and n-type (n55.6
31016 cm23) 6H-SiC~0001! exhibited breakdown fields o
6.73105 V cm21.

In this work, a previously described4 GSMBE system
was employed to deposit and dope 3C- and 6H-SiC. T
base pressure of the system was'1029 Torr and the oper-
ating pressure was approximately (1 – 4)31024 Torr silane
(SiH4), ethylene (C2H4), and hydrogen (H2) were used to
grow the SiC at temperatures between 1400 and 1450
Films were dopedn-type using N atoms introduced from
either NH3 ~300 ppm in H2! or molecular N2. p-type conduc-
tivity was achieved by incorporating Al evaporated from
standard MBE effusion cell. Table I lists the growth cond
tions.

Since previous studies by CVD5–8 have demonstrated
the advantage of using 6H-SiC~0001! crystals cut off-axis to
assist in the homoepitaxial growth of the 6H polytyp
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a~6H!-SiC~0001! substrates cut 3.560.5° toward @112̄0#
were the most common substrates used. On-axisa~6H!-
SiC~0001! were also used, in cases whereb~3C!-SiC~111!
was desired. Substrates were dipped in a 10% HF solut
loaded immediately into the growth chamber and cleanedin
situ using a SiH4 exposure and UHV anneal.9

The epilayers were characterized using reflection hi
energy electron diffraction~RHEED!, secondary ion mass

CA

FIG. 1. SIMS profile of a 6H-SiC~0001! films grown at 1400 °C with 0.75
sccm SiH4, 5 sccm H2, and a variable C2H4 flow: 0.375 sccm in Region I,
0.5 sccm in Region II, and 0.75 in Region III. Note the changes in
nitrogen incorporation that resulted from changing the C2H4 input due to
site-competition epitaxy between C and N.

FIG. 2. Electron mobility vs carrier concentration forn-type 6H-SiC~0001!
epilayers. Measurements were performed at room temperature. The
line is a guide for the eye.
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TABLE I. Range of growth parameters used in the course of this study.

undoped n-type doped p-type doped

Substrate 6H-SiC~0001! 6H-SiC~0001! 6H-SiC~0001!
Deposition pressure~Torr! '231024 '231024 '231024

Deposition temperature~°C! 1400 1400 1450
SiH4 Flow rate~sccm! 0.75 0.75 0.75
C2H4 flow rate ~sccm! 0.375, 0.5, 0.75 0.375 0.75
H2 flow rate ~sccm!a 5 0–5 5
Al cell temperature~°C! N/A N/A 770–1010
NH3:H2 flow rate ~sccm!a,b N/A 0–5 N/A
N2 flow rate ~sccm!b N/A 0–5 N/A

aThe total H21NH3H2 flow rate was maintained at 5 sccm.
bn-type doping was performed with either NH3 or N2.
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spectroscopy~SIMS!, mercury-probe capacitance-voltag
(C–V) analysis, and room-temperature Van der Pauw–H
effect measurements. Special contact pads,9 produced by de-
positing heavily doped ('1018 cm23) SiC through a shadow
mask, were used to create ohmic contacts on undoped
lightly doped samples. All doped samples~'1 mm in thick-
ness! were grown on substrates of the opposite doping t
in order to minimize parallel conduction phenomena.

Since even the most pure SiC grown from the vap
phase contains some quantity of N, it was not surprising
the major contaminant in these films was N. The presenc
the N impurity is particularly significant, because it is th
most shallow donor impurity in SiC. Consequently, it w
the agent responsible for then-type character of unintention
ally doped SiC films. Although the growth rate measured
the temperatures and ambient conditions studied here
not observed to change when the C2H4 flow rate was modu-
lated between 0.375 and 0.75 sccm at a constant SiH4 flow
rate ~0.75 sccm! considerable differences in the backgrou
atomic nitrogen and electron concentrations in the SiC fi
was measured. The background level of N was in accorda
with the ‘‘site-competition epitaxy’’ model arguments10–13

based on the principle of competition between C and N
the C sites, and Al and Si for the Si sites in the SiC cryst
Thus, the N contamination level was significantly decrea
by increasing the amount of C (C2H4) delivered in the gas
phase.

Figure 1 shows a depth profiled 6H-SiC~0001! film
grown at 1400 °C using 0.75 sccm SiH4 and a variable C2H4

flow. The C2H4 flow was varied according to: 0.375 sccm f
3 hr ~Region I!, 0.5 sccm for 3 h~Region II!, and 0.75 sccm
for 3 h ~Region III!. The change in N content with C sourc
supply is very apparent from the abrupt changes that occu
the N depth profile. A flow of 0.75 sccm C2H4 resulted in the
incorporation of N at the detection limit for N ('5
31015 cm23) in the SIMS system.

Several films of both 6H-SiC~grown on vicinal 6H-SiC!

TABLE II. Electrical properties of undoped 6H-SiC films.

C–V measurement Hall measurement

C2H4 flow ~sccm! ND2NA (cm23) n (cm23) mn (cm2 V21 s21)
0.375 4.331015 2.231015 371
0.5 1.331015 5.431014 398
0.75 7.131014 3.631014 434
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and 3C-SiC~grown on on-axis 6H-SiC! were also grown at
1400 °C using the three different C2H4 flow rates noted
above. The carrier concentration and mobility results fro
C–V and Hall-effect characterization are listed in Tables
and III. The increase in the impurity and electron concent
tions with decreasing C2H4 input confirmed the ‘‘site-
competition model’’ forN incorporation by MBE.

Despite the fact that unintentionally doped SiC film
weren-type as grown,n-type doping was studied in order t
establish a controllable electron population within the gro
films. In order to perform this study, N was introduced in
the SiC lattice during growth of the SiC epilayers. Since t
quantity of N incorporated into the SiC lattice from residu
gas molecules in the growth reactor was not a concern w
n-type doping was performed, the reactant mixture with
lowest total input of source gases~0.75 sccm SiH4, 0.375
sccm C2H4, and 5 sccm H2! was chosen. Donor doping wa
performed in situ at 1400 °C on monocrystalline 6H- an
3C-SiC using both the H2-diluted NH3 and pure N2. Doping
between 531015 and 831017 cm23 was achieved using the
NH3/H2 mixture; 131018– 431019 cm23 with the N2 addi-
tions. Figures 2 and 3 show the electron mobility as a fu
tion of electron concentration in the close-packed plane
6H-SiC~0001! and 3C-SiC~111! at room temperature fo
both undoped and doped films.

Epilayers of 6H- and 3C-SiC were dopedp-type by in-
corporating Al in the growing epilayers. All growth exper
ments were performed at 1450 °C using 0.75 sccm Si4,
0.75 sccm C2H4, and 5 sccm H2. The higher C2H4 flow rate
was used to take advantage of the site-competition pro
which resulted in a decrease in the concentration of ba
ground N, a compensating impurity inp-type SiC. The
higher temperature was used in an attempt to aid in dop
activation. Acceptor doping between 231015 and 8
31018 cm23 was achieved. Figures 4 and 5 show the h
mobility as a function of hole concentration in the clos

TABLE III. Electrical properties of undoped 3C-SiC films.

C–V measurement Hall measurement

C2H4 flow ~sccm! ND2NA (cm23) n (cm23) mn (cm2 V21 s21)

0.375 9.131015 5.331015 608
0.5 3.731015 9.831014 681
0.75 9.231014 4.631014 772
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packed plane for 6H-SiC~0001! and 3C-SiC~111! measured
at room temperature.

In summary, monocrystalline thin films of 3C- and 6H
SiC have been grown on on-axis and vicinala~6H!-
SiC~0001! substrates, respectively, by GSMBE at 140
1450 °C using a SiH4-C2H4-H2 gas mixture. The
concentration of N in the epilayers was found to depe
directly on the SiH4/C2H4 ratio. An undoped 6H-SiC epil-
ayer with an electron concentration of 3.631014 cm23 and
mobility of 434 cm2 V21 s21 was produced. This mobility
measurement is believed to be the highest reported for
polytype and, perhaps, is an indication of the high pur
achieved in 6H-SiC epilayers by GSMBE. Epilayers cou
be dopedn- or p-type in situ by adding N or Al.

FIG. 3. Electron mobility vs carrier concentration forn-type 3C-SiC~111!
epilayers. Measurements were performed at room temperature. The
line is a guide for the eye.

FIG. 4. Electron mobility vs carrier concentration forp-type 6H-SiC~0001!
epilayers. Measurements were performed at room temperature. The
line is a guide for the eye.
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FIG. 5. Electron mobility vs carrier concentration forp-type 3C-SiC~111!
epilayers. Measurements were performed at room temperature. The
line is a guide for the eye.
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