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Thin films of silicon carbidgSiC) have been deposited at 1400—-1450 °C on vicinal and on-axis
6H-SiC(0001) substrates by gas-source molecular beam epitaxy using theCsHH-H, gas system.
Polytype control6H- or 3C-SiQ was established by utilizing substrates of particular orientations.
Residual, unintentionally incorporated nitrogen impurity levels were affected by changing the
SiH,/C,H, gas flow ratio, in agreement with the “site-competition epitaxy” modielsitu doping

was achieved by intentional introduction of nitrogen and aluminum into the growing crystal.
© 1997 American Institute of Physids$0003-695(97)01836-§

The extremes in the thermal and electronic properties of I e
wide-band-gap semiconductors make possible many current .
and conceivable applications. Silicon carbide is one of the
most studied of these materials. About 250 different poly-
types have been reportédThe sole cubic(zinc-blendé
structure(3- or 3C-SiQ has a room-temperature energy band
gap of 2.3 eV. Among the hexagonal and rhombohedral
polytypes(a-SiC) the most common is 6H-SiC with a room-
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epitaxy (MBE) on 6H-SiC substrates at growth temperatures

which were lower KlZOO oc) than those typicaIIy used in FIG. 1. SIMS profile of a 6H-Si®00Y) films grown at 1400 °C with 0.75
sccm SiH, 5 sccm H, and a variable ¢H, flow: 0.375 sccm in Region |,

Chemica,l vapor depOSitiO.(rCVD) reportedly did not result in 0.5 sccm in Region Il, and 0.75 in Region Ill. Note the changes in the
homoepitaxial reproduction of the 6H substrate. Recentlypitrogen incorporation that resulted from changing theiCinput due to
we have reportetthe first deposition of 6H-Si@001) epil-  site-competition epitaxy between C and N.

ayers by gas-source MBESSMBE) at T=1350 °C using

SiH.-CoH,-H,. The only previous report of SiC doping by ,(6H)-SiC(0001) substrates cut 3:50.5° toward [1120]
MBE was performed by Kanedatal® who deposited \ere the most common substrates used. On-axBH)-
B-doped films of 3C-SiCl11) on on-axis 6H-SiQ0001 at SiC(0001) were also used, in cases wheBe3C)-SiC(111)
1150-1400 °Cp-n junction diodes betweep-type (P=1  \as desired. Substrates were dipped in a 10% HF solution,
X10®cm™®) 3C-SiQ11) and ntype (N=5.6 |oaded immediately into the growth chamber and cledned

X 10'® cm™®) 6H-SiC000) exhibited breakdown fields of ity using a SiH exposure and UHV annedl.

6.7<10° Vem ™. The epilayers were characterized using reflection high-

In this work, a previously described>SMBE system energy electron diffractiofRHEED), secondary ion mass
was employed to deposit and dope 3C- and 6H-SiC. The

base pressure of the system wa40 ° Torr and the oper-
ating pressure was approximately (1->4)0 * Torr silane
(SiH,), ethylene (GH,), and hydrogen (k) were used to
grow the SiC at temperatures between 1400 and 1450 °C.
Films were dopedh-type using N atoms introduced from
either NH; (300 ppm in HB) or molecular N. p-type conduc-
tivity was achieved by incorporating Al evaporated from a
standard MBE effusion cell. Table | lists the growth condi-
tions.

Since previous studies by CVIP have demonstrated
the advantage of using 6H-Si@O0Y) crystals cut off-axis to Y R VYR

assist in the homoepitaxial growth of the 6H polytype, o' 10% 10 107 10" 10" 107
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dpresent address: Hewlett-Packard Optoelectronics Division, San Jose, CAG. 2. Electron mobility vs carrier concentration foitype 6H-SiG0001)

95131. epilayers. Measurements were performed at room temperature. The solid
YElectronic mail: Robert-Davis@ncsu.edu 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-Si@00Y) 6H-Siq(0002) 6H-SiC(000))
Deposition pressurérorr) ~2x1074 ~2x1074 ~2x1074
Deposition temperatur€C) 1400 1400 1450
SiH, Flow rate(sccm) 0.75 0.75 0.75
C,H, flow rate (sccm 0.375, 0.5, 0.75 0.375 0.75
H, flow rate (sccm? 5 0-5 5
Al cell temperaturg°C) N/A N/A 770-1010
NH;:H, flow rate (sccm?P N/A 0-5 N/A
N, flow rate (sccm® N/A 0-5 N/A

&The total H+NHzH, flow rate was maintained at 5 sccm.
bn-type doping was performed with either Nidr N..

spectroscopy(SIMS), mercury-probe capacitance-voltage and 3C-SiC(grown on on-axis 6H-SiCwere also grown at
(C-V) analysis, and room-temperature Van der Pauw—Hall1400 °C using the three different,&, flow rates noted
effect measurements. Special contact pagiduced by de- above. The carrier concentration and mobility results from
positing heavily doped+ 10" cm™3) SiC through a shadow C-V and Hall-effect characterization are listed in Tables II
mask, were used to create ohmic contacts on undoped arehd Ill. The increase in the impurity and electron concentra-
lightly doped samples. All doped samples1 um in thick-  tions with decreasing fE, input confirmed the ‘site-
nes$ were grown on substrates of the opposite doping typ&ompetition model” forN incorporation by MBE.
in order to minimize parallel conduction phenomena. Despite the fact that unintentionally doped SiC films
Since even the most pure SiC grown from the vapofwyeren-type as grownn-type doping was studied in order to
phase contains some quantity of N, it was not surprising thagstablish a controllable electron population within the grown
the major contaminant in these films was N. The presence dfims. In order to perform this study, N was introduced into
the N impurity is particularly significant, because it is the the SiC lattice during growth of the SiC epilayers. Since the
most shallow donor impurity in SiC. Consequently, it was quantity of N incorporated into the SiC lattice from residual
the agent responsible for timetype character of unintention- gas molecules in the growth reactor was not a concern when
ally doped SiC films. Although the growth rate measured ah-type doping was performed, the reactant mixture with the
the temperatures and ambient conditions studied here wagwest total input of source gas€8.75 sccm Sil 0.375
not observed to Change when thg‘g flow rate was modu- scecm QH4’ and 5 sccm |§D was chosen. Donor dopn’]g was
lated between 0.375 and 0.75 sccm at a constant 8 performedin situ at 1400 °C on monocrystalline 6H- and
rate (0.75 sccm considerable differences in the backgroundsc._sic using both the jdiluted NH; and pure N. Doping
atomic nitrogen and electron concentrations in the SiC film$etween 5¢ 10*° and 8x 107 cm~2 was achieved using the
was measured. The background level of N was in accordanqus/H2 mixture; 1x 10'8—4x 10" cm™2 with the N, addi-
with the *“site-competition epitaxy” model argumefs’®  tions. Figures 2 and 3 show the electron mobility as a func-
based on the principle of competition between C and N fokjon of electron concentration in the close-packed plane for
the C sites, and Al and Si for the Si sites in the SiC CrySta|36H-SiC(000]) and 3C-SiCl11) at room temperature for
Thus, the N contamination level was significantly decreasegqtp, undoped and doped films.
by increasing the amount of C ¢8,) delivered in the gas Epilayers of 6H- and 3C-SiC were dopeetype by in-
phase. _ _ corporating Al in the growing epilayers. All growth experi-
Figure 1 shows a depth profiled 6H-$300D film  ments were performed at 1450 °C using 0.75 sccm,SiH
grown at 1400 °C using 0.?5 sccm Sland avariable 844 75 seem GH,, and 5 sccm K The higher GH, flow rate
flow. The GH, flow was varied according to: 0.375 scem for 55 ysed to take advantage of the site-competition process
3 hr (Region ), 0.5 scem for 3 HRegion 1), and 0.75 sccm  \hich resulted in a decrease in the concentration of back-
for 3 h (Region Ill). The change in N content with C source round N, a compensating impurity ip-type SiC. The
supply is very apparent from the abrupt changes that occur ifjgher temperature was used in an attempt to aid in dopant
the N depth profile. A flow of 0.75 sccm,8, resulted inthe iy ation. Acceptor doping between X205 and 8
incorporation of N at the detection limit for N~5 X 10* cm~3 was achieved. Figures 4 and 5 show the hole

5 —3\
X 10" cm ),'n the SIMS systgm. . . mobility as a function of hole concentration in the close-
Several films of both 6H-SiCgrown on vicinal 6H-Si§

. . o TABLE Ill. Electrical properties of undoped 3C-SiC films.
TABLE Il. Electrical properties of undoped 6H-SiC films.

C-V measurement Hall measurement
C-V measurement Hall measurement

C,H, flow (sccm Np—N, (cm™3 n (cm2 cnPVis?t
C,H, flow (sccm Np—N, (cm™3) n(em?®  pu,(cmPVisl il p~Na( ) ( )l )

0.375 4.%10% 2.2x10'° 371 0.375 9.1x 10'° 5.3x10'° 608
0.5 1.3x10% 5.4x 10% 398 0.5 3.7 10'° 9.8x 10" 681
0.75 7.1x 10% 3.6x10% 434 0.75 9.2 10" 4.6x 10" 772
Appl. Phys. Lett., Vol. 71, No. 10, 8 September 1997 R. S. Kern and R. F. Davis 1357

Downloaded 16 Apr 2008 to 152.1.24.180. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



700 ¢ e Ty 35 T L
L - F . .. 4
-~ r n-type 3C-SiC(111) epilayer = . p-type 3C-SiC(111) epilayer ]
> 600 =7 30 ¢ .
NE i N> E ]
£ 500 ¢ . g 25 F &
3/ - ]
:E' r N b
E 400 a - *:' 20 i . 3
=] r ! "_—E" [
= 300 [ 3 2 15 [ 3
= u =
I L b @ E b
jg 200 E 2 10 :
] F ] = b . ]
B 100 Tl ooconl vl ol ol * 5 T I BT R
104 1015 106 107 108 109 1020 101° 10'¢ 107 10'8 1019

. . . . . 3
Carrier Concentration (cm>) Carrier Concentration (cm™)

FIG. 3. Electron mobility vs carrier concentration fortype 3C-SiG111) FIG. 5. Electron mobility vs carrier concentration foitype 3C-SiG111) _
epilayers. Measurements were performed at room temperature. The solgpilayers. Measurements were performed at room temperature. The solid
line is a guide for the eye. line is a guide for the eye.
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