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Abstract

Polycrystalline silicon carbide (poly-SiC) thin films were deposited in a high-throughput, low pressure chemical vapor deposition (LPCVD)
furnace using dichlorosilane (SiH2Cl2) and acetylene (C2H2) dual precursors. The deposition temperature ranged from 800 to 900◦C, and
the pressure was varied between 0.46 and 5.00 Torr. Poly-SiC deposition with good uniformity is demonstrated on 150 and 100 mm diameter
(1 0 0) silicon wafers. X-ray photoelectron spectroscopy (XPS) data indicated that stoichiometric SiC films were deposited over the entire range
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f temperatures and pressures. X-ray diffraction (XRD) data showed that all the stoichiometric films were highly textured (1 1 1)
olycrystalline 3C-SiC (poly-SiC). The surface morphology and roughness as determined by atomic force microscopy (AFM) and
lectron microscopy (SEM) indicated that the surface features consisted of spherulitic aggregates, and the surface roughness in

ncreasing film thickness. The residual stress of the films varied from about 700 MPa (tensile) to−100 MPa (compressive) with the deposit
ressure changing from 0.46 to 5.00 Torr at a deposition temperature of 900◦C. This observation indicates that the residual stress in poly
an be controlled during deposition without affecting the process thermal budget.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Recent advances in SiC surface and bulk micromachining
echniques combined with outstanding mechanical, electrical
nd chemical properties make SiC a viable complement to
ilicon for microelectromechanical systems (MEMS)[1,2].
iC is an excellent material for reliable and robust MEMS
perating in harsh environments[3]. Polycrystalline 3C-SiC
poly-SiC), in particular, is a motivating consideration as a
tructural material since a variety of substrate materials (i.e.,
olysilicon, SiO2) can readily be used as sacrificial and mi-
romolding layers to create multilayered SiC devices with a
omplexity comparable to polysilicon surface micromachin-
ng [4,5]. Early SiC MEMS advances were realized using an
tmospheric pressure chemical vapor deposition reactor con-
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structed specifically for epitaxial growth of 3C-SiC, whi
by its design and selection of precursors, required tem
tures in excess of what would be necessary to produce
SiC. Encouraged by these initial advances, there have
several efforts in the development of poly-SiC deposition
cesses for MEMS applications in recent years. Low pres
chemical vapor deposition (LPCVD) has been demonst
to be a viable approach to produce high quality poly-SiC fi
at substrate temperatures that are reasonably low[6–14].

Continued advancement of poly-SiC MEMS depend
the successful development of deposition techniques th
comparable in method and scale to conventional poly
con LPCVD and capable of producing poly-SiC films t
are suitable for MEMS products. Previously, we reported
successful development of a high-throughput, LPCVD
nace on large-area substrates using SiH2Cl2 and C2H2 dual
precursors in a brief communication[14]. This work report
on an effort to develop deposition methods for this furn
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Fig. 1. Schematic diagram of the high-throughput, large volume, hot-wall LPCVD system.

that can be used to produce poly-SiC films with the physical
properties required for SiC MEMS. The effects of deposi-
tion temperature and pressure on deposition rate, crystalline
orientation, film surface roughness and residual stress were
investigated.

Even though only (1 0 0) silicon substrates are used to
study the residual stress and elastic modulus of the deposited
films, the crystalline microstructure and physical properties
of poly-SiC films deposited on sacrificial layers such as sili-
con dioxide or polysilicon are expected to be very similar. A
previous study by us indicated that poly-SiC deposition rate
and residual stress were nearly identical for depositions on
silicon and SiO2 under the same deposition conditions, and
the films deposited on both substrates had (1 1 1) oriented
texture[15]. The Young’s modulus estimated from poly-SiC
resonators fabricated from the film deposited on a SiO2 sac-
rificial layer is very close to the Young’s modulus estimated
from poly-SiC diaphragms fabricated from the film deposited
on silicon[16,17].

2. Experimental

SiC films were deposited on 100 mm-diameter (1 0 0) sili-
con wafers by LPCVD in a conventional, hot-wall horizontal
f
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that poly-SiC films can be deposited on 150 mm-diameter
wafers, as evidenced by the SiC-coated Si wafer shown in
the optical photograph ofFig. 2. The film thickness stan-
dard deviation for∼700 nm-thick poly-SiC films deposited
on 150 mm-diameter silicon wafers is∼48 nm, while the
film thickness standard deviation for∼700 nm-thick poly-
SiC films deposited on 100 mm-diameter wafers is∼20 nm.

Although the furnace is capable of holding up to 100
wafers, each load consisted of 25, 100 mm-diameter wafers
evenly distributed in a single, 50 slot silicon carbide boat.
The first and last five wafers were always designated as baf-
fling wafers to stabilize the gas flow within the boat. Wafers
in position 6, 10, 13, 16 and 20 (13 is the center wafer in
the boat) from the loading end were designated as samples
for this study. Prior to loading the furnace, all wafers were
cleaned using a standard RCA cleaning procedure. As shown
in Table 1, the first set of depositions was performed at a fixed
pressure of nominally 0.4 Torr at temperatures from 750 to
900◦C. A second set was performed at 900◦C using pressure

F ith a
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n

urnace that was modified to perform SiC depositions[14].
ig. 1 shows a schematic diagram of the LPCVD rea
etup. The reaction chamber consisted of a cylindrical q
ube with disc-type, water cooled, metal flanges cap
oth ends. The reaction chamber was measuring 200

n length and 225 mm in inner diameter. Wafers were he
SiC boat that rested on a SiC paddle attached to the

ange. The boat and paddle were oriented such that the w
ere positioned at the center of the furnace tube. Prec
ases, in this case SiH2Cl2 and C2H2, entered the reactio
hamber through two small-diameter injector tubes, on
ach precursor, positioned parallel to the principle axis o

urnace and beneath the wafer boat. The vacuum system
isted of a roots blower and a mechanical pump that c
each a base pressure of <1 mTorr in a fully loaded syste
s worthwhile noting that although 100 mm-diameter wa
ere used in this study, the reaction chamber is sized
ig. 2. Optical photograph of a 150 mm-diameter Si wafer coated w
00 nm thick poly-SiC film deposited in the LPCVD system; the unit o
umbers on the scale is inch.
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Table 1
Film thickness and residual stress of poly-SiC films deposited at the temper-
atures used in this study

Sample T (◦C) Pressure (Torr) Thickness (nm) Stress (MPa)

1 800 0.42 156 −96
2 850 0.43 324 342
3 900 0.46 474 695

settings from 0.46 to 5 Torr as listed inTable 2. In general,
the deposition time varied from 1 to 2 h, but in several cases,
longer times were used to deposit thicker films. For all depo-
sitions, the flow rates of SiH2Cl2 and C2H2 (5% in H2) were
held constant at 54 sccm and 180 sccm, respectively. These
flow rates correspond to a Si-to-C molar ratio in the gas flow
of 3:1.

Following each deposition, the thickness of the films was
measured optically using a Nanospec 4000 AFT spectropho-
tometer. Residual stresses were determined by measuring
the curvature of each silicon wafer before and after film de-
position using a laser-based curvature measurement system
(Frontier Semiconductor Measurement, FSM 120). Since SiC
films were deposited on both sides of the silicon wafers, reac-
tive ion etching in a CHF3/O2 mixture was used to remove the
film deposited on the backside. For each stress measurement,
six scans were performed across the wafer surface, rotating
the wafer by 30◦ between each scan. The repeatability of this
technique was studied by successive measurements on the
same wafer and was found to be within±5 MPa of a mea-
sured value.

X-ray photoelectron spectroscopy (XPS) was used to
analyze the chemical composition of the as-deposited films.
The analysis was performed using a Perkin-Elmer 5500 XPS
system that was configured with an Al K� line X-ray source
at 1486.6 eV. The base pressure in the analysis chamber was
a s
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region. The crystal orientation was studied by conventional
X-ray diffraction using a Scintag diffractometer with a
Cu K� X-ray tube (λ = 1.542Å), and configured in a
symmetrical θ–2θ mode. The surface morphology and
roughness were determined by atomic force microscopy
(AFM) (Digital Instrument Nanoscope Multimode III). The
thickness and surface morphology were also characterized
by scanning electron microscopy (SEM) using a Hitachi
S-4500 field emission microscope.

3. Results and discussion

3.1. The effect of temperature on SiC deposition at fixed
pressure

XPS spectra were preformed for films deposited as a func-
tion of temperature at fixed pressure. Deconvolution of the
C 1s (282.7 eV) and Si 2p (100.2 eV) peaks indicate that all
films deposited at 800◦C and above were stoichiometric SiC.
There was no detectable film deposition at 750◦C. An oxy-
gen impurity level of 0.4–1 wt.% was typical for these films
and was correlated to the procedure used during loading and
pump-down as well as the condition of the vacuum seals. A
chemical stability test was performed by immersing at least
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round∼10−9 Torr. The chemical composition of the film
as obtained by analyzing the Si 2p, C 1s and O 1s p

10,14]. Corrections to the binding energy shifts due
teady-state charging of the samples were made by takin
1s in SiC as reference at 282.7 eV[14]. Quantification o

he XPS data was performed by normalizing the area of
eak using atomic sensitivity factors. Sputter depth profi
sing a 4 keV argon beam was sometimes performe
xpose the bulk region of the samples in order to esta
he baseline bulk concentrations of the various elemen
ell as an upper bound on the thickness of any near-su

able 2
hickness and residual stress of poly-SiC films deposited at 900◦C and
ressures ranging from 0.46 to 5.00 Torr

Sample T (◦C) Pressure (Torr) Thickness (nm) Stress (M

1 900 0.46 474 695
2 900 1.00 425 541
3 900 2.50 531 172
4 900 2.85 269 −41
5 900 3.75 503 −87
6 900 5.00 615 −98
ne wafer from each run into a 4 L, 3.57 M aqueous K
tch solution at 55◦C for 24 h; conditions that are sufficie

o completely dissolve unprotected 500�m-thick Si wafers
ut should not etch SiC. For all samples grown at 800◦C and
bove, the wafers were completely unetched, indicating

he films were continuous and free of pinholes on both s
XRD spectra of the films deposited on Si(1 0 0) at 8

50 and 900◦C are shown inFig. 3. The spectra exhibit
trong peak positioned at 2θ = 35.6◦, indicating a (1 1 1) 3C
iC polycrystalline texture to the films. Peaks correspon

o the (2 0 0), (2 2 0), and (3 1 1) 3C-SiC orientations are
resent. The average of the full width at half maximum in
ity (FWHM) decreased from 0.41◦ for the film deposited a
00◦C to 0.35◦ for the film deposited at 850◦C to 0.31◦ for

ig. 3. XRD spectra of SiC films deposited at a pressure of∼0.4 Torr and
emperatures ranging from 800 to 900◦C.
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Fig. 4. Arrhenius plot of the SiC film deposition rate as a function of tem-
perature.

the film deposited at 900◦C. Fig. 4shows an Arrhenius plot
of the deposition rate as a function of temperature from 800 to
900◦C. From this plot, an activation energy of 33.5 kcal/mol
was calculated for the formation of SiC. As shown inFig. 4,
the deposition rate increases as the deposition temperature
increases, suggesting that the deposition process in this tem-
perature region is kinetically controlled, with the controlling
step being the SiC-forming reaction. This finding is in con-
trast to the conclusions reported in Ref.[12], where a constant
deposition rate was reported for LPCVD poly-SiC films de-
posited over the same temperature range, but when an alter-
nating supply of SiH2Cl2 and C2H2 precursors and a pressure
of 150 mTorr were used.

As stated above, the lowest temperature that yielded mea-
surable SiC films was 800◦C, which is consistent with the
findings reported in Ref.[12]. Although it has been reported
that amorphous SiC films can be deposited at 750◦C from
SiH2Cl2 and C2H2 precursors when using a deposition pres-
sure of 9 Torr[13], we did not observe this for films deposited
in the pressure range used in our study. In addition, it was
reported that poly-SiC films deposited at 900◦C and 9 Torr
were polycrystalline with a (2 2 0) 3C-SiC orientation[13],
which is in stark contrast to the (1 1 1) 3C-SiC oriented poly-
SiC films deposited at the same temperature in our reactor.
By comparing our findings with those reported in Refs.[12]
and[13], it can be inferred that higher deposition pressures
l e de-
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a
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Fig. 5. AFM micrographs of poly-SiC films grown at a nominal pressure
of 0.46 Torr and: (a) 800◦C (thickness = 156 nm, rms roughness = 6.9 nm),
and (b) 900◦C (thickness = 474 nm, rms roughness = 7.7 nm).

face morphology of the poly-SiC film consists of spherical,
particle-like grains. The average surface grain size for the
films deposited at 800 and 900◦C are 42 and 47 nm, respec-
tively. Likewise, the average surface roughness for the films
deposited at 800 and 900◦C are 6.9 and 7.7 nm, respectively.

Fig. 6shows SEM micrographs of the surface of SiC films
deposited at 900◦C, 0.46 Torr for deposition periods of 1
and 7.5 h. The thickness of SiC films inFig. 6(a) and (b)
are 0.24, 1.49�m, respectively. The surface roughly consists
of spherulites formed by small-sized crystallite aggregates
regardless of thickness. The thicker film (Fig. 6(b)) has much
larger spherulitic aggregates than the thinner film, indicating
that the surface grain size increases with increasing thickness.

Table 1lists the residual stresses in the poly-SiC films for
wafers positioned in the center slot of the boat during film
growth. For films deposited using otherwise identical pro-
cess parameters, the residual stress in the films deposited at
800◦C was moderately compressive (−96 MPa), but for films
deposited at 900◦C, the stress was highly tensile (695 MPa).
In general, single crystalline 3C-SiC films deposited on Si
wafers using CVD methods have tensile residual stresses as
ead to a decrease in the threshold temperature for th
osition of stoichiometric SiC films. More importantly, t
icrostructure appears to be dependent on deposition

ure as well, with higher pressures favoring the forma
f polycrystalline (1 1 0) 3C-SiC and lower pressures fa

ng the (1 1 1) 3C-SiC texture. These findings are signific
ince it has been shown that the texture of the poly-SiC
ects the mechanical properties important for MEMS, s
s Young’s modulus and residual stress[18].

Fig. 5shows AFM surface profiles for the films deposi
t 800 and 900◦C. As shown in these micrographs, the s
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Fig. 6. SEM micrographs of a poly-SiC film grown at 900◦C and 0.46 Torr
for (a) 1 h and (b) 7.5 h.

a result of the thermal mismatch between SiC and Si, and
the high temperatures in the deposition process as well as the
lattice mismatch between the two materials. Poly-SiC films
deposited by APCVD in epitaxial reactors also exhibit tensile
residual stresses for much the same reasons[19]. Although
not commonly observed, a temperature dependent transition
between compressive stresses and tensile stresses has pre-
viously been reported for poly-SiC films grown on Si by
LPCVD at 0.4 Torr over a temperature range of 930–1150◦C
using tetramethylsilane as a single Si- and C-containing pre-
cursor, with compressive stresses observed for the lower de-
position temperatures[11]. To the best of our knowledge, we
are the first to report of such a transition using dual precursors
as Si- and C-containing sources and deposition temperatures
below 900◦C. These observations are significant in that they
suggest that mechanisms other than thermal mismatch have
a significant effect on residual stress as the deposition tem-
perature is reduced below 1000◦C.

3.2. The effect of pressure on SiC deposition at fixed
temperature

Fig. 7 shows typical XRD spectra from poly-SiC films
deposited on Si(1 0 0) at 900◦C and pressures ranging from

Fig. 7. XRD spectra of SiC films deposited at 900◦C and pressures ranging
from 0.46 to 5.00 Torr.

0.46 to 5.00 Torr. In all cases, the films exhibit a strong peak
positioned at 2θ = 35.6◦, indicating a (1 1 1) 3C-SiC poly-
crystalline texture regardless of deposition pressure. The av-
erage FWHM generally increased as the deposition pressure
increased from 0.46 to 5.00 Torr.Fig. 8shows the effect of de-
position pressure on SiC deposition rate. SiC deposition rate
has a linear relationship with logarithmic deposition pressure
for pressures above 2.50 Torr and exhibits a deposition rate
transition region for deposition pressures between 1.00 and
2.50 Torr. The deposition rate is controlled by the precursor
diffusion rate of the reaction species to the surface of the
wafers and chemical reaction kinetics of SiC formation. This
study by itself is not sufficient to reach a conclusion as to the
cause of this transition.

Fig. 9 shows typical AFM surface profiles for films de-
posited at 1.00 and 3.75 Torr, respectively. As seen in these
images, the surfaces consist of spherical, particle-like grains
with average surface grain sizes ranging from 72 nm for the
films deposited at 1.00 Torr to 95 nm for the films deposited
at 3.75 Torr. Recalling fromFig. 5(b) that the surface grain
size of a film deposited at 900◦C and 460 mTorr was 47 nm,
the data shown herein indicate that the surface grain size in-
creases with increasing deposition pressure at similar film

F ited at
9

ig. 8. Pressure-dependent deposition rate for poly-SiC films depos
00◦C.
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Fig. 9. AFM micrographs of poly-SiC films grown at: (a) 900◦C and
1.00 Torr (thickness = 425 nm, rms roughness = 8.9 nm), and (b) 900◦C
and 3.75 Torr (thickness = 503 nm, rms = 15.4 nm).

thicknesses for films deposited at 1.00 and 3.75 Torr as listed
in Table 2. Like the deposition rate and grain size, the sur-
face roughness exhibits a dependence on deposition pressure,
with the average surface roughness for the film deposited at
1.00 Torr being 8.9 nm, while the average surface roughness
for the film deposited at 3.75 Torr being 15.4 nm.

Table 2summarizes the residual stress data for wafers from
the center slot for the pressure related experiments. In general,
the residual stress depends on temperature, pressure and film
thickness. At a deposition temperature of 900◦C, the residual
stress ranged from 695 MPa (tensile) for a deposition pres-
sure of 0.46 Torr to−98 MPa (compressive) for a deposition
pressure of 5.00 Torr. To the best of our knowledge, these data
are the first to indicate a connection between residual stress
and deposition pressure for poly-SiC films[20]. The pressure
dependence in the residual stress may be induced by change
in grain size and grain boundaries[20–22]. Regardless of the
actual physical mechanism, the fact that the stress changes
state from tensile to compressive over a practical range of
pressures enables the use of deposition pressure as a contro
ling parameter in the production of poly-SiC films with the

Fig. 10. A 4 mm× 4 mm SiC membranes made from poly-SiC films de-
posited at: (a) 900◦C and 5.00 Torr, membrane thickness 0.6�m and (b)
900◦C and 2.50 Torr, membrane thickness 1.0�m.

desired value of residual stress without increasing thermal
budget.

Fig. 10shows optical photographs of 4 mm× 4 mm size
membranes made from poly-SiC films deposited at 900◦C
and 5.00 Torr, as well as 900◦C and 2.50 Torr. The mem-
branes were fabricated using conventional KOH-based Si
bulk micromachining techniques[23,24]. The thickness of
the membranes inFig. 10(a) is 0.6�m, while that of the
membranes inFig. 10(b) is 1.0�m. The buckled membranes
in Fig. 10(a) indicate that the film deposited at 5.00 Torr had
a compressive residual stress, while the taut diaphragms in
Fig. 10(b) indicate that the film deposited at 2.50 Torr had
a tensile residual stress. These findings are consistent with
the wafer curvature measurements reported above. The fact
that free standing membranes could be made from both the
compressive and tensile films suggests that both films are sto-
ichiometric SiC that are seemingly absent of Si crystallites or
amorphous inclusions, thus ruling out differences in chemi-
cal composition as a reason for the observed differences in
residual stress.

4. Conclusions

Poly-SiC thin films have been deposited on (1 0 0) Si
s ntal
h
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ubstrates in a high-throughput, large volume, horizo
ot-wall LPCVD furnace using SiH2Cl2, C2H2 as Si- and
-containing precursors at temperatures from 800 to 90◦C
nd pressures from 0.42 to 5.00 Torr. The growth rate o
iC films increases with increasing deposition tempera
nd pressure. The films exhibited a (1 1 1) 3C-SiC tex
ver the entire temperature and pressure ranges. The fa
rains were spherulitic aggregates. The surface roug
f the films increases with increasing film thickness

o an increase in grain size. Most significantly, the resi
tress exhibits a discernable relationship to both depo
emperature and pressure in a way that enables in
ontrol of residual stresses during the formation of poly-
lms. The control of residual stress by deposition pres
t constant temperature is also important in terms o
rocess thermal budget.
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