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The growth properties oB-SiC on (100) Si grown by rapid thermal chemical vapor deposition,
using a single precursofmethylsilane without an initial surface carbonization step, were
investigated. An optimun growth temperature at 800 °C was found to grow single crystalline
materials. A simple Al Schottky barrier fabricated nfiype SiC grown on Si substrates exhibited

a “hard” reverse breakdown of 13 V with a positive temperature coefficient>ofl@ 4 °C~* up

to 120 °C, indicating an avalanche mechanism. A Pt Schottky barrier fabricatedtype SiC

grown on tilted Si substrates to improve the surface morphology exhibited a breakdown voltage of
59 V, with a negative temperature coefficient. From the analysis of the electrical field distribution,
the breakdown probably occurred at interface defects between SiC and Si, as suggested by Raman
spectroscopy. To investigate minority transport behavior, SiC/Si heterojunction bipolar transistors
(HBTSs) were fabricated and compared to Si bipolar junction transistors. The collector currents of the
SiC/Si HBTs were similar to those of Si control transistors, because both devices had the same base
structures. Compared to Si control transistors, the base currents of SiC/Si HBTs increased. It seems
that the interface defects between Si and SiC act as recombination centers to deplete back-injected
holes, instead of being the barrier to stop hole currents, and thus to increase the base currents of
SiC/Si HBTs. © 1997 American Institute of Physids$S0021-897¢07)03921-2

I. INTRODUCTION Raman scattering, Fourier transform infrared absorption, and
The unique thermal and electronic properties of gjctransmission electron microscope, and then discuss Schottky

make it a promising material for electronic and optoelec-bamers and Si/SiC heterojunction bipolar transistors fabri-

tronic devices designed to operate in extreme conditiongated on these films.

such as high voltage, high temperature, high frequency, and

high radiation. SiC has many different one-dimensionalll. GROWTH

polytypes(different stacking sequencdesh repetitive ABC Due to the lack of suitabl@-SiC substrates3-SiC was
stacking sequence yields a zincblende struct_ure, referred té)rown on Si(100) substrates. The SiC films were deposited
as 3C orB-SiC. The qther about 170 non-cubic crystals areg, iijted (4° towards(110) and nontilted Si substrates
referred to as thex-SiC family. Recently, most of the re- (within 1° off) with a diameter of 1200 mm by rapid thermal

search activities arlliclizprogress have been mader&iC,  chemical vapor depositiotRTCVD) at a growth tempera-
primarily 6H and 4H,“ because of the mature bulk crystal y,re of 700-1100 °C. The growth pressure was 1 Torr with a

technoIogie§_.Ther§ are no suitable substra}tesGaBiC CryS- 1.5 sccm methylsilanéSiCHg) flow and a 500 sccm hydro-
tals, butB-SiC epllaygr has been.grown in the_past on S'gen flow. The growth temperatuf@00—800 °G was accu-
(100 substrates, despite a 20% mismatch of lattice constaniSiiely determined by the infrared transmission technfque.
and an 8% mismatch of thermal expansion coefficients begqyth temperatures higher than 800 °C were controlled by
tween -SiC and Si. Conventionally, the chemical vapor ihe tngsten-halogen lamp power which was previously cali-
deposition growth ?B;S'C_ on Si requires high growth tem- p-1eq with a thermocouple welded onto a Si wafer. The SiC
peratures £1300 °Q" using separate precursors such asiickness was measured by fitting the optical reflection spec-
SiH, for Si and GHg for C, and an initial high temperature 5 from 500 to 700 nm with the SiC index of refraction of
surface carbonization stéf,which prevents the possibility 5 g Since the temperature is not uniform across the wafer
of integration with silicon-based devices. Furthermore, thetthe edge is about 50 °C lower than the centére thickness
low material quality is reflected in very leaky Schottky bar- a5 measured at the spot very close to the position where the
r|e7rs W|th the highest reported soft breakdqwn of only 8_.1Otemperature was monitore@ear the center of the wafer

V.7 In this study, we report growth properties of f“b'C_S'C Figure 1 gives the Arrhenius plot of the growth rate of SiC
on (100 Si grown at temperature as low as 700 °C using &, nontilted (100) Si. The growth rate in the range 700—
single gas precursor “methylsilane W't_hogt the carboniza-gng o varied exponentially with the inverse of temperature
tion step, first demonstrated by Gole@tial” We describe 5 the activation energy for this surface-reaction-limited
the material properties of the films using x-ray diffraction, growth was 3.6 eV. This is higher than that of pure silicon
growth using silane as a precursor 1.7 eW!° and may
dElectronic mail: chee@cc.ee.ntu.edu.tw reflect the strong C—H bonding energy. At a higher growth
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FIG. 1. Arrhenius plot of the growth rate of SiC on nontiltdd0 Si. Note
that the phosphorus incorporation decreases the growth rate.

temperatur¢800—1100 °Q, the growth rate had a weak tem-
perature dependence, indicating mass-transport-limited
growth.

The crystallinity of the films was studied by x-ray dif-
fraction (XRD) and transmission electron microscope
(TEM). For the films grown at 750 °C, the XRD spectrum
[Fig. 2(@)] of an 80 nm film on nontilted substrates exhibited
a single crystalline feature with a broad unresolvedkGy  FIG. 2. The XRD spectrurte) and TEM diffraction patteriib) of a 750 °C-
and CuK ,, (400 peak[full width half maximum(FWHM) grown film with a thickness of 80 nm.
of 26 is about 1.6°]. But the TEM diffraction pattefirig.
2(b)] of the same sample showed evidence of some slightly
in-plane rotated textures and very fine spots in {h&0)
direction. This indicates the poor crystallinity of the 750 °C
films. The crystallinity can be improved by increasing the
growth temperature to 800 °C. The XRD spectryfig.
3(a)] of a 0.23um SiC film grown at 800 °C on nontilted

’3 10 = I L LA BN AU A
substrates showed that the FWHM of unresolvedKGu & N 0.23 um Si (4000.)
(400) peak was as small as 0.75°, which was similar to the 2 10° @ gic (200a)
value (0.65—0.7% of 0.3 um commercial(100 SiC on Si® o SiC(4004)
which was grown at a much higher temperat(#€.300 °Q. E 10*
The TEM diffraction patternFig. 3b)] also displayed a B 5 [1(2000)
well-defined single crystalline feature. The films grown at 5 10
800 °C on tilted substrates had similar XRD spectra and 2 102

TEM diffraction patterns, but had relatively smoother sur- 30 4 50 60 70 8 90
face morphologies, compared to nontilted substrates, as ob-
served under the optical microscope. This facilitated the
Schottky barrier fabrication on tilted substrates to reduce
leakage current. TEM also showed very high densities of
stacking faults and dislocations, similar to films of similar
thickness grown by conventional high temperature growth
techniques. The Fourier transform infrarféd IR, not shown
here spectra of a 0.23:m 800 °C grown film on nontilted
substrates displayed an absorption peak at 796c(O
phonon absorptionwith a FWHM of 50 cm', which is
similar to that of the film grown by conventional high tem-
perature growth method$.The Raman spectruifFig. 4) of

the same sample showed a broad peak at 960*cwith
FWHM of 60 cmi ! and a sharp peak 510 ¢rh The 510
cm—1 peak is associated with the Si substrates, not SiC e 3. The XRD spectrurte) and TEM diffraction pattertib) of a 800 °C-
ilayers. The peak near 960 crhis probably due to a com- grown film with the thickness of 0.2am.
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FIG. 4. The Raman spectrum of of a 0.2& 800 °C grown film.

bination of the LO phonon scatterirg-970 cm' 1) and in-
terface defects between SiC and'SThe XRD spectrum of
the film grown at 1000 and 1100 °C, however, reveals extra 00 T 20
(111) and (220 peaks, indicating the growth of polycrystal- DEPTH (microns)
line material. Therefore, the 800 °C is the optimum growth
temperature for the single crystallifeSiC. However, “two  FIG. 6. A SIMS plot of SiC multilayers with impurity incorporations. The
step growth,” namely, a thin |ayer grown at 800 °C first, growth temperature was 800 °C except the top layer. The bumps are the
followed by high temperature growth, can improve the SingledOpEd layers with different phosphirter diborang flows. The valleys are .
.. . . . . the undoped spacers. Note that the top layer was a diborane-doped film
crystallinity of the films. For example, a film with a thick- gown at 750 °C.
ness of 0.45um grown at 1000 °C formed a polycrystalline
structure[Fig. 5@)] However, if a 0.15um layer was depos-
ited at 800 °C, followed by a 0.@m film grown at 1000 °C,
this improved the single crystalline quality of the layers
grown at 1000 °GFig. 5b)]. This shows that a low growth
temperaturg800 °Q at the SiC/Si interface is essential for

B,P,0x H CONCENTRATION (atoms/cc)

there appears to be agreement that the origin ofntigpe
conduction is controlled by a shallow don@mitrogen with a
binding energy of 15—20 me¥? Note that nitrogen source in
. . ) ) ._our growth system is thought to come from the methylsilane
the growth of single crystalline layers by this technique, 'ngas precursor, which was only 99% pure. Nitrogen was also
contrast to what is often obsered in conventional growthCommonly uséd as the-type dopant in3-SiC. On the other
techniques which require high growth temperatures and SUliand very limited studies of phosphorus-doped SiC have
face cfar_boninzation at the SiC/Si interface to improvebeen'reported. Thp-type dopant of Al is popularly used to
crystallinity. obtain p-type SiC, because of its relatively low acceptor
binding energy of 0.24 eV, compared to boron with the value
lil. DOPING of 0.735 eV. In this work, we investigate tlive situ incorpo-
Unintentionally dopegB-SiC layers always show-type  ration of boron and phosphorus ing&SiC.
conductiont® Although there was some controversy initially, The boron and phosphorus incorporation are accom-
plished by introducing diboran€l0 ppm in hydrogenand
phosphine(70 ppm in hydrogen precursors, respectively,
R R Raza s into gas mixtures. Their incorporation into 800 °C grown
B-SiC layers was measured by secondary-ion mass spectros-
copy [SIMS, (Fig. 6)] on a multilayer sample with various
dopant gas flows. Each doped layer was grown for 10 min
and separated by unintentionally doped spacers grown for 5
min. We did not perform systematic study of the residual
dopant effect on the undoped spacers, but the undoped spac-
TWO STEP ers seemed to work well to separate the adjacent doped lay-
800/1000°C ers. For SiGe layers grown in the same chamber, the turn-off
slope of phosphorus doping in the doped SiGe was about 300
Aldecade from X 10 to 10" cm™3. Both boron and phos-
phorus showed approximately linear incorporation with the
... gas flow up to the concentrations 080 and 3x 10%°
30 40 50 6 70 80 90 cm™3 for boron and phosphorus, respectivélig. 7, com-
28 (degree) piled from SIMS data No systematic Hall measurements or
6. 5. The XRD o of 21000 °C i with & thick o5 direct electrical activation measurements versus dopant level
m @ an dea “two_ss‘:g;,,";‘”% (‘E‘))_ A0 155;0:’;;6;33;;" de?)osiltcec?gjzgo -~ was performed. The SIMS data also indicated that there were

first, then followed by a 0.3:m layer grown at 1000 °C for the “two-step” Iarge ?mounts of oxygen and hqugen contaminatipn in our
film. SiC films grown at 800 °C with the concentrations of

(@
SIC(IMA)  SiC(2200)

1000°C

(b)

INTENSITY
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FIG. 8. Thel-V characteristics of Al Schottky barriers. The insert is the

3% 10 and 2x 10*° cm—3 respectively. One interesting ob- device structure. A positive temperature coefficient was observed for the
. . ’ . . . . reverse breakdown voltage.
servation is that phosphorus incorporation with high phos-

phine to methylsilane flow rati¢~1.2x 102, correspond-
ing chemical concenration of X310°° cm™2) reduced the
growth rate of SiC by a factor of 10 and 5 for the growth concentration. To get the least amount of net dopant concen-
temperatures of 800 and 750 °C, respectiv@lg. 1). SIMS  tration in the SiC layers, sometimes we grew a series of films
(Fig. 6) also showed that the width of the highest peak in thewith different B,Hs flows, and then picked the best diodes
P profile with the phosphine to methylsilane flow ratio of fabricated from those films. Before metal evaporation, the
3% 10 2 becomes narrowdindicating a slower growth rate  boron-compensated-type SiC films were cleaned in dilute
as compared with other phosphorus doped layers with lowerF without any extra polishing, oxidation, and etchifighe
phosphine flow rates. A suppressed growth rate due to phosize of Schottky barriers was defined either by photolithog-
phine incorporation has also been reported in Si epitaxialaphy or by shadow masks. Two kinds of Schottky barrier
growth* Boron incorporation can be utilized to compensatestructures were studied:
the background impurities of the SiC films. This increases  (a) Al (500 nm Schottky barriers of size 1:810 4 cn?
the breakdown voltage of Schottky diodes fabricated on Sigvere fabricated on 0.4m, 2.5< 10'" cm™2 n-type SiC, with
films as shown in Sec. IV. a2um, 1xX 10 cm™3, n-type Si buffer on nontilted Si100)
n-type substrates as shown in the insert of Fig. 8.
(b) Pt (80 nm Schottky barriers of size 1810 2 cn?
were fabricated on um, 1X 10 cm™3, n-type SiC with 4
The SiC grown on Si by conventional high temperatureum, 1x 10" cm™23, n-type Si buffers, but on tilteg-type
technigues has various kinds of defects, which cause versubstrates as shown in the insert of Fig. 9.
leaky diodes with soft breakdown voltage less than 10 V. Because of the rough morphology of thick layers 0.5
Although the(111) B-SiC grown on 6H SiC has been dem- um) grown on non-tilted substrates, the structub@ was
onstrated with a hard breakdown voltage of 200°the  grown on tilted substrateg® toward(110)) to get a smooth
temperature coefficient of breakdown voltage is negativemorphology, which reduced the leakage current of the
which is contradictory to the avalanche process. ThereforeSchottky diodes. The Al was deposited by a thermal evapo-
we fabricated Schottky barriers ¢h00) 8-SiC grown on Si  rator. The Pt evaporation was performed by an electron beam
to study the reverse breakdown characteristics, using this lowvaporator. Instead of being held at elevated temper&ture,
temperature growth technique. The samples used foour samples were not intentionally heated during Pt evapo-
Schottky barriers were grown at 800 °C. Since the unintenfation. The net dopant concentrations of SiC were measured
tionally doped SiC films wera-type with carrier concentra- by capacitance-voltage C~V) measurement after the
tions around 18 cm™2 or higher as determined by Hall Schottky barriers were made.
measurement, boron compensation was necessary to reduce The diodes were measured by current-voltageu) and
the net dopant concentration of SiC films. The chemical conhigh frequencyC-V at 1 MHz in a light-tight box. One
centration of boron used for this purpose was abof 10 probe made contact to the Schottky barrier itself and the
cm 2 (measured by SIMS in samples grown under similarother to a large metal contact away from the barrier. Since
conditiong. However, most boron might be located in non- both contacts are on the same side of the wafer, the diodes
electrically active interstitial site®. The electrically active have large series resistance, which has serious effect on for-
acceptor concentration is estimated about 1% of the chemicalard | -V characteristics in terms of ideality factors. We
concentratiort! Therefore, the active acceptor concentrationtherefore only focused on the reverse breakdown behaviors
was the same order of magnitude of the background donand made comparison to previous results. The revierdé

IV. SCHOTTKY BARRIERS
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device structure. impact ionization avalanche transit tinffMPATT) diodes

can possibly be made i8-SiC, because the positive tem-
characteristics of the Al Schottky barridstructure(a)] had perature coefficient is the direct result of an impact ioniza-
a hard breakdown voltage of 13 \Fig. 8). To avoid the tion proces$ required for the IMPATT diodes. Combined
effect of reverse leakage current, the value of breakdowM/ith the high electron saturation velocityjwo times of Si
voltage is obtained by extrapolating the current at breakdow&lu®, the IMPATT diodes based on thg-SiC material

to thex axis (voltage axis. The depletion depth at the break- Might reach an oscillation frequency of 200 GHz. The Al
down was about 0.22m obtained from theC—V measure- Schottky barriers showed the sameV characteristics after

ment (Fig. 10, and was completely confined in the SiC annealing at 500 °C for 10 min in a forming gas without any

layer. The breakdown electric field calculated from break-degradation. o _
down voltage and doping concentration was 10P V/cm, The reversd —V characteristics of Pt Schottky barriers

about one third of the theoretical value f@SiC® The in Fig. 9 showed 59 V breakdown voltage, and the depletion
reduction compared to the ideal value is possibly due to thd€pth at breakdown was 2/m obtained fromC-V mea-
defects of the SiC lattice using this growth method. The temSurementFig. 11, implying that the entire SiC layet .m)
perature coefficient of breakdown voltage showed a positivé/@S depleted and the depletion region terminated in the
value of about X104 °C~! from room temperature to n-type Si layer. The electric field in SiC and Si, calculated
120 °C, and became negative above 190 °C with soft break!®m Poisson’s equation and doping profile obtained from
down. Unlike the previous reported negative vafueor ~ C—V, did not reach the breakdown field of either SiC
Schottky barriers orB-SiC heteroepitaxially grown on 6H (1x10° Vicm) or Si (NG_X1§ Vicm). The breakdown
SiC, this is the first observation of a positive temperaturgPoPably occurred at the interface defects between SiC and
coefficient of breakdown voltage i or «-SiC grown by Sl due to _th_e misfit of lattice constanjts and thermal expan-
any method. Such a positive temperature coefficient is highlgion coefficients, the presence of which were suggested by
desirable in device applications to prevent runaway if de-R@man spectroscopy. Recently, there was a report that the

vices reach the breakdown point. This also indicates thafXY9€n iznl the gas mixture also formed voids at the SiC/Si
interfaces™ The defects and voids between the SiC and Si

interface probably lowers the breakdown electrical field of
— . the avalanche process. Note that since the breakdown voltage
0.20 (59 V) is much larger than thel,/q (Eq is the band gap,
2.2 eV, andq is the electron chargethe breakdown is an
avalanche proce€8.The temperature coefficient of break-

% 0.15 down voltage had a negative value ok40 * °C™! from

ft): I | room temperature to 120 °C. The Pt Schottky barriers de-

2 Break Voltage=13V graded after forming gas annealing at 500 °C for 10 min,

'IQ, 0'10_ | showing a soft breakdown around 10 V. This is contrary to

g the results of Ref. 18, where the Pt Schottky barriers showed
0.05 improved reversé—V characteristics at a reverse bias of a

s + + - Lo few volts after isochronal annealing. This controversy may
Reverse Bias (V) ) be ascribed to the breakdown in the Si/SiC interface of our
Schottky barriers, instead of in the bulk SiC. The breakdown

FIG. 10. The depletion depth as a function of reverse bias voltage for an AVOItage_ ShOl,!ld be improved t?y using thé-SiC |a)_’er'be|0‘{v
Schottky barrier. The depletion depth at breakdown was about 22 the active SiC layer to terminate all the electric field lines
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£ (10 7cm—3) — Si collector ~ 3000 A (800°C)
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Q

2.0x1015 | Pt barrier: 1/(.{2
< 100 > non-tilted n Si substrates
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FIG. 12. The 1€? vs bias voltage plots for Pt and Al Schottky contacts on n+(10‘8cm"3) S emittor ~ 2000 A (800 °C)
paic nT(10%cm™) — SiC emitter ~ 2000 A (800 °C)
n(107cm™) — Siemitter ~ 3000 A (800 °C)

. . i pF(10%cm=2) — Sibase ~ 600 A (700°C)

before the field lines reach the interface. Please note that the 2(107em=") — Si collector ~ 3000 A (800°C)
reverse saturation currents of Al and Pt barriers axel6 2 27 (10%cm %) — Si collector ~ 2zm __ (1000°C)

and 0.3 A/cr, respectively, which are much higher than the
B-SiC pn diodes grown on 6H SiC in Ref. 15, but the origin
is not clear. < 100 > non-tilted n Si substrates

The barrier heights of both barriers can be obtain from
the expression:

By=V;+{~AD+kT/q, Meterojunction bipolar ransitors, There s an addional SIC ayer between
WhereVi is the mtercept of ﬂz VsV pIots(Fig. 12), ¢ is the the n-Si emitter and then™-Si emitter in the SiC/Si HBT.
difference between conduction-band edge and Fermi level,
A® is the image force lowering, ankiT/qg is the thermal
voltage. Using thel and A® values in Ref. 18, the barrier
heights of Pt and Al barriers are 1.4 eV and 1.1 eV, respec
tively. The Pt barrier height agrees well with the previous

18 H H
reported valug1.35 eV}, while a higher valug1.69 eV HBT. In the SiC/Si HBT, there is an additional 2000 A un-

was.reported. orinl1) orientatio_nl.6 The barrier height of Al intentionally doped SiC layern(= 10 cm™%) between the
barriers, which were deposited in an ultrahigh-vacuum_ 2. . d the* -Si emitter. Note that tha *-Si emit-
chamber, was estimated as 1.4 eV by the photoemissm'% SI emitter anh | h /
method? ter grown on the SiC layer in the SiC/Si HBT structure was
polycrystalline, confirmed by x-ray diffraction. The heavily
doped base g=10' cm®) is designed to increase the
maximum frequency of oscillation by reducing the base
sheet resistance. To avoid the tunneling current in the emitter
Despite the success with Si/SiGe/Si HBTS, there is still gunction, a 0.3um moderately doped Si emitten€ 10’
strong desire for a wide gap emitter material on Si. Such &m™3) was grown, followed by the heavily doped emitter
wide gap emitter on a Si base could yield devices with bettetayers®® The thickness of tha-type Si emitter is small com-
high temperature performance than Si/SiGe HRdge to pared to the hole diffusion length, which is estimated to be
higher band gapand might be easier to be integratéd’he  about 10um for hole mobility of 330 cm/V s and life time of
high current gain in a wide band gap emitter HBT may be0.1 us. Therefore, the hole diffusion in the emitter will be
also traded for low base resistance. This low base resistancaffected by the boundary condition at the SiC/Si interface.
combined with a short base transit time in a very thin baselNote that Si/SiGe/Si HBTs with a record-high maximum fre-
will produce transistors of high speed performance compatguency of oscillation of 160 GHz have used this structure of
ible with existing polysilicon-emitter technologies. Severala heavily doped base and a moderately doped Si emitter
materials such as semi-insulating polycrystalliné®P0S,  followed by a heavily doped emitter lay&r Similar doping
amorphous Si, GaP, angSiC have been reported to serve or structural profiles were used in Refs. 28—30. As a result,
this purposé? A current gain of 800 has been obtained by the depletion width of the emitter varied from 1100 to 600 A
B-SIiC grown by a special technique at 1000 °C(@d1) Si  as the emitter-base voltage varied from 0 to 0.7 V, within the
substrate€®> However, the high temperature process ofmoderately doped Si emitter, while the depletion width in the
1000 °C would produce excessive back diffusion and prevertieavily doped base varied from 110 from 60 A. However,
the integration with other Si devices. The band gaB-®&iC  the interface between SiC and Si is defective due to the 20%
is 2.2 eV, but the band alignment betwegsSiC and Siis  misfit, the emitter junction of SiC/Si HBTs is designed in the
not known. Si/Si pn junction, instead of the Si/SiC pn junction, to avoid

The single crystalling-SiC grown at 800 °C 0100 Si
substrates was used for the wide band gap emitter material of
Si/SiC HBTSs. Figure 13 displays the layer structures of a Si
control device(Si bipolar junction transistoysand a SiC/Si

V. HETEROJUNCTION BIPOLAR TRANSISTORS
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FIG. 14. The Gummel plots of a SiC/Si HBT and a Si control device. The

base current of thgs-SiC/Si HBT was higher than that of the Si control . - . .
device, while the collector currents for both devices were very similar due to>1 BJT'S, indicated that the interface defects between Si and

identical base structures of these two devices. SiC acted as recombination centers for back-injected holes.
Therefore, the back-injected holes recombined at the SiC/Si
interface. The wide band gap SiC layer would be a barrier to
the recombination current in the delpetion region of the emitstop the hole current if the interface defects were removed
ter junction. There might be two main effects of the SiCand there was no recombination hole current at the SiC/Si
layer in the emitter on device performance. The desired onghterface. Moreover, the fact that the base current is domi-
is that then-SiC layer can block back-injected hole current nated by hole diffusion current in the neutral emitter is con-
(base currentas a diffusion barrier and thus increases thefirmed by the ideality factor of base currents. If the base hole
current gain. This is similar to poly-Si BI38.An undesired  currents were from the recombination in the depletion region
effect is that the defective SiC/Si interface might act as af emitter junction, the ideality factor should be the same for
recombination center for hole current and thus decrease thsoth HBTs and BJTs, since both depletion regions were
current gain. The defect density of Si/SiC interface will de-within the n-type Si emitters. However, a more ideal base
termine which effect is larger. The transistors were fabri-current was observed in the HBT81.1) than in the BJTs
cated using a double-mesa process, which was detailed {m=1.2). This indicates that the dominant base current oc-
Refs. 31 and 32. The base contact was established by boreurs in a neutral emitter region in the HBTs and not in a
implant. Before base implantation, the emitter mesas weréepletion region or a device edgsurface. Note also the
formed by plasma etchin@F; for Si and 8% Q in CF, for  apparent high series resistance of the HBTs. This is thought
SiC). The devices were isolated by plasma-etched mesas and result from the SiC layer in the emitter. The SiC/Si HBT
passivated with Si® deposited by plasma deposition at did not increase the current gain compared to the Si BJT due
350 °C. Before contact metallization, the wafers were giverto the defective interface. To reduce the defect density at the
a RCA clean, and annealed at 700 °C for 30 min in a formingnterface, a passivation technology of the interface will be
gas. The emitter size was @nx60 um for both HBTs and desired in the future.
BJTs.
Figure 14 shows the base current and collector current agl. SUMMARY
a function of the emitter-base voltag&ummel ploj. The

I r- vol is fix 2V.Th I r currents . . .-
collector-base voltage is fixed at e collector curre tSSl. The growth temperature of 800 °C was essential for ini-

for both devices showed same voltagé,{) dependence . . ) : .
with an ideality factor of 1.0 and the same absolute magni:[""lI single crystalline SIC layers on 3100 substrates.

tude. This result is expected, because both devices have tl%: hottky barriers om-type SIC on(100) Si showed a hard

: [everse breakdown voltage as high as 59 V. A positive tem-
same base structures and the same barriers for electron trans- - .
erature coefficient of breakdown voltage of SiC was ob-

ort from the emitter to the collector. The base currents alsg X . .
P erved for the first time with the breakdown voltage of 13 V.

showed near-ideal behavior with ideality factors of 1.2 an . .
1.1 for Si BJTs and SiC/Si HBTS, respectively. However, the he.dens[ty of.|nterface defects should be further reduced for
desired SiC/Si HBT performance.

desired enhancement of current gain/(,) was not ob-
served, because the base currents of SiC/Si HBTs was higher

than those of Si BJTs. For example, the current gains are 3.%CKNOWLEDGMENTS

and 7.7 for HBTs and BJTSs, respectively, at the emitter base The TEM assistance of Dr. E.A. Fitzgerald of ATT Bell
voltage of 0.6 V. The current gain$.(1,) of both devices Labs and Professor P. Pirouz and Dr. J. W. Yang of Case
are also shown in Fig. 15 and the Si BJT has higher curreritVestern Reserve University, and the SIMS analysis of Dr. C.
gain than the SiC/Si HBT at high collector current. The in-W. Magee of Evan East are gratefully appreciated. The sup-
crease of base currents in the SiC/Si HBT's, compared to thport of the U.S. Office of Naval ReseardiGrant No.

A single crystallines-SiC has been grown at 800 °C on

4564 J. Appl. Phys., Vol. 82, No. 9, 1 November 1997 C. W. Liu and J. C. Sturm

Downloaded 14 Nov 2001 to 128.112.49.42. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



NO000121-90-J-13126is gratefully acknowledged. One of the °R. F. Davis, G. Kelner, M. Shur, J. Palmour, and J. A. Edmond, Proc.
authors(C.W.L.) would like to thank the support of the Na- NIEEE 79,677(199).
tional Science Council of the Republic of China under Con- H- J- Kim and R. F. Davis, J. Electrochem. Sa83 2350(1986.

tract No. 85-2215-E-005-002 for publishing this article. ?ll'g'g'gpapamco'aou‘ A. Christou, and M. L. Gipe, J. Appl. P165.3526

%M. Bhatnagar and B. J. Baliga, IEEE Trans. Electron Devié@s645
IM. Bhatnagar, B. J. Baliga, H. R. Kirk, and G. A. Rozgonyi, IEEE Trans. (1993.

Electron Devicesi3, 150(1996. 205, Sze Physics of Semiconductor Devic@4filey, New York, 1983, pp.
2C. Schroder, W. Heiland, R. Held, and W. Loose, Appl. Phys. |68t. 98 and 566.
1957(1998. 2LA. Leycuras, Appl. Phys. LetZ0, 1533(1997).

3Y. M. Tairov and V. F. Tsvetkov, J. Cryst. GrowB®, 146 (1981).
4P. Liaw and R. F. Davis, J. Electrochem. S&82, 642 (1985.
5S. Nishino, Y. Hazuki, H. Matsunami, and T. Tanaka, J. Electrochem

22y/. M. Bermudes, J. Appl. Phy$3, 4951(1988.
237, K. Ning and D. D. Tang, Proc. |IEEE4, 1669(1986.

Soc.127, 2674(1980. 243, Sze High-Speed Semiconductor Devidtiley, New York, 1990, p.
8S. Nishino, J. A. Powell, and H. A. Will, Appl. Phys. Lett2, 460(1983. 366. _ _
’D. E. loannou, N. A. Papanicolaou, and P. E. Nordquitst, IEEE Trans2*T. Sugii, T. T. Ito, Y. Furumura, M. Doki, F. Mieno, and M. Maeda, |[EEE
Electron Devices34, 1694(1987. Electron Device Lett9, 87 (1988.

8]. Golecki, F. Reidinger, and J. Marti, Appl. Phys. Lei, 1703(1992. 267, Matutinovic-Krstelj, E. J. Prinz, P. V. Schwartz, and J. C. Sturm, IEEE
8J. C. Sturm, P. V. Schwartz, E. J. Prinz, and H. Manoharan, J. Vac. Sci. Electron Device Lett12, 163(1991).

Technol. B9, 2011(199)). 27A. Schuppen, U. Erben, A. Gruhle, H. Kibbel, H. Schumacher, and U.
103, L. Regolini, D. Bensahel, J. Mercier, and E. Scheid, Appl. Phys. Lett. Konig, Tech. Dig. Int. Electron. Device Meet. 748995.
1154' 658(1989. ) o 28E_J. Prinz, P. M. Garone, P. V. Schwartz, X. Xiao, and J. C. Sturm, IEEE
211;93!4 J. Steckl, I. Golecki, and F. Reidinger, Appl. Phys. L&#.3135 Electron Device Lett12, 42 (1991).
. 23, S, Lu, C. C. Wu, C. C. Huang, F. Williamson, and M. |. Nathan, Appl.

127, C. Feng, A. J. Mascarenhas, W. J. Choyke, and P. A. Powell, J. Appl.
Phys.64, 3176(1988.
133, A. Freitas, S. G. Bishop, P. E. R. Nordquist, and M. L. Gipe, Appl.

Phys. Lett.60, 2138(1992.
30H. R. Chen, C. P. Lee, C. Y. Chang, J. S. Tsang, and K. L. TSai, J. Appl.

Phys. Lett.52, 1695(1988. Phys.74, 1398(1993.

M. L. Yu, D. J. Vitkavage, and B. S. Meyerson, J. Appl. Ph§8, 4032 ‘L. D. Lanzerotti, A. St. Amour, C. W. Liu, J. C. Sturm, J. K. Watanabe,
(1986. and N. D. Theodore, |IEEE Electron Device Let¥, 334(1996.

15p. G. Neudeck, D. J. Larkin, J. E. Star, J. A. Powell, C. S. Salupo, and L32Z. Matutinovic-Krstelj, V. Venkataraman, E. J. Prinz, and J. C. Sturm,
G. Matus, IEEE Electron Device Lett4, 136 (1993. IEEE Trans. Electron Device$3, 457 (1996.

J. Appl. Phys., Vol. 82, No. 9, 1 November 1997 C. W. Liu and J. C. Sturm 4565

Downloaded 14 Nov 2001 to 128.112.49.42. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



