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This paper presents the results of a study to develop chemical mechanical poliSMR) processes for 3C-SiC films using
commercial polishing pads in conjunction with basic colloidal Si@cidic colloidal ALO3, and near-neutral SiC slurries. The

removal rate and surface roughness of the 3C-SiC surfaces were measured for the three slurries. The SiC-based slurry had the
highest removal rate at 0.58m/h, while the colloidal Si@ slurry produced surfaces with the lowest average roughness at 15 A.

The removal rates of the AD; slurries were found to be too low for practical applications. The surface chemistry and morphology

of the as-deposited and polished 3C-SiC films were characterized using X-ray photoelectron spectroscopy and atomic force
microscopy in order to gain insight into the physical and chemical mechanisms in the process.
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Excellent mechanical, electrical, and chemical properties coupledts usable lifetime, determined by an observable degradation of sur-
with advances in surface and bulk micromachining make SiC anface morphology in the as-deposited films, thus ensuring the produc-
important material for microelectromechanical syste(MEMS) tion of rougher films to better facilitate the study of surface rough-
and nanoelectromechanical systel8EMS) with performance ness reduction. The epitaxial growth process resulted in the
characteristics that cannot be achieved usingSior these appli-  production of 3C-SiC films with a 30% variation of thickness across
cations, 3C-SiC is particularly attractive since it is the only SiC each wafer. However, the reproducibility of the deposition process
polytype that can be grown as single and polycrystalline thin fimswas quite high, with less than a 5% variation in average thickness
on Si substrates. 3C-SiC films are typically grown using high- from run to run, thus facilitating an accurate characterization of each
temperature chemical vapor depositig@VD) processes, but as- polishing process in terms of removal rates and roughness reduction
deposited films can be difficult to pattern into MEMS structures (ates.
using lithographic techniques due to rough surface morphologies, The polishing experiments were performed using a Struer’s
which tend to increase with thickness. Excessive surface roughnesseqamax-2 polishing system fitted with Rodel Suba IV polishing
is particularly problematic for NEMS structures, since it affects both pads. The rotation speed of the wafer carrier was fixed in a counter-
the fabrication and the _performance of th_e subm_icro_nmeter d&ices-clockwise direction, while the polishing pad was driven at 300 rpm
~To prepare rough SiC surfaces for microfabrication, several pol-iy 5 clockwise direction. The polishing slurries were dispensed onto
ishing techniques have been explored. These efforts include dry polge spinning polishing pad at a rate of approximately 200 mL/min.
ishing using CyOs-impregnated acrylonitrile dls_lfs,mechanlqal The polishing pad was thoroughly brushed and rinsed after each
polishing with diamond-based slurri gy}"!”d chemical mechanical  jishing session to ensure complete removal of any slurry residue,
polishing (CMP) utilizing commercial 5”'5‘_35 slurries at room tem- ;5 minimizing the likelihood of cross contamination. A new pad
perature and elevated temperatuf&5°C).” These processes were 55 installed when the slurry type was changed. The adjustable
developed specifically for 4H- and 6H-SIC wafers and epitaxial lay- o ing force settings of the Pendamax-2 polishing tool were set at
ers in the context of microelectronic devices. In what we believe ©0ggact yalues between 100 and 375 N for this study. The total pol-
be the only paper on SiC polishing for MEMS applications, we jsping ime for each sample was 30 min, with the process interrupted

reported on a SiC-based §Iurry optimized for the feo'“C“_O'.” of SU™at 10 min intervals in order for surface roughness and film thickness
face roughness on 3C-SiC filmisin that paper, the minimum data to be collected

achievable average surface roughness was 40 A, an acceptable valué Polishing slurries were created from the following baseline for-

for mlprollthography, but certainly not ideal for nanollthqgra.phy. mulations: a colloidal Si@slurry (SC-1) from Cabot Microelectron-
This paper reports our effort to develop alkaline giGcidic ics; an ALO; slurry (Ultra-Solg from Eminess Technologies; and a
Al,O5, and near-neutral SiC slurries to polish 3C-SiC films grown ™ 3 ye gies,
custom-prepared, SiC slurry made from an average size ofjihid2

on S(100 wafers with the goal of further reducing surface rough- - . ) - . .
ness. The removal rates and surface roughness reduction rates wepko Powder dispersed in deionized water. For colloidal @sed
_polishing, custom formulations were made by diluting the baseline

compared for the three slurry types in order to determine the opti : - . )
mum conditions for SiC surface preparation. The chemical compo-SIUTTY With deionized water, thereby changing the slurry solid con-
sition of the polished surfaces was studied using X-ray photoelec!€nt- For this study, the solid content ranged from 1 to 15 wt %. The
tron spectroscopyXPS) and the morphology of as-deposited and PH of the slurry was adjusted by adding appropriate amounts of
polished surfaces was characterized by atomic force microscopytOH or HCI to the mixture, and ranged from 9 to 12, with the pH of
(AFM). the baseline slurry being 11. Like the SiGlurries, customized
acidic AlLO; slurries were formulated by diluting the baseline
Al,O5 slurry with deionized water and adjusting the pH by adding
HCI or KOH. In this manner, slurries with a solid content of 5 to 15
The samples used throughout the study were nominallym®  wt % and a pH of 4 were created. Near neuteapH of 6 to 7 SiC
thick, single-crystal 3C-SiC films grown on 100 mm dian{180) slurries were made by mixing a fixed weight of SiC powder with
wafers by atmospheric pressure chemical vapor depositionsarious amounts of deionized water, yielding slurries with solid con-
(APCVD) using an epitaxial growth system described in depth tents ranging from 1 to 9 wt %. Table | lists the physical properties
elseWheré’.O The fl|mS were grOWﬂ in an I’f-induction heated reactor of the abrasive partic|es contained in each of the slurries.
using a SiC-coated, graphite susceptor which was nearing the end of For the as-deposited 3C-SiC films, the thickness and the average
surface roughness were measured at five equally spaced locations
across each wafer, with the same points measured after each polish-
2 E-mail: xxf@po.cwru.edu ing time segment. Film thickness was measured using an optical

Experimental
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Table I. The physical properties of abrasive particles in each Table Il. The atomic concentration at the surfaces of as-
slurry. deposited and polished SiC surfaces.
Hardness As-deposited  SiO, polished  SiC polished

Abrasive Density Knoop C1is 50.6 52.8 52.3
particles (glcnt) Mohs (kg/mn?) Si 2p 28.4 40.0 37.9

- O 1s 20.9 7.2 9.8
SiC 3.10 9.5 2500 Atomic ratio C/Si 1.78 1.32 1.38
Sio, 2.67 7 820 Atomic ratio O/Si 0.74 0.18 0.26
Al,04 3.98 9 2150

930 A, making them ideal specimens for polishing studies. The sur-
reflectometer(Filmetrics F20™* and surface roughness was mea- face of the unpolished 3C-SiC films consists of Si, C, and O, with
sured using a Dektak 3030ST stylus force profilometBor ex-  the O content at 20.9 atom %, as determined by XPS. Such a high
tremely rough as-deposited films, a light polish was initially per- content of O at the surface is not surprising since a thin stable oxide
formed in order to reduce the roughness to a level where opticafiim can be formed on untreated SiC surfaces. The O content de-
thickness measurements could be made. The removal rate and sureases to a constant value of less than 1 atom % at a depth of about
face roughness reduction rate were calculated by simply subtractingo A below the surface as determined by XPS sputter depth profil-
the measured values before and after polishing. The average reng, indicative of a thin oxide that formed either at the end of the
moval rate was calculated by averaging the removal rate over theilm growth process or upon exposure to atmosphere. The sputter
five locations on the wafer. The same method was used to determingepth profiling confirmed that the SiC films were stoichiometric. A

the average roughness reduction rate. _ summary of the XPS results from the unpolished, as well as polished
Due to limitations associated with the stylus profilometer, an samples, is presented in Table 1.

atomic force microscopéAFM, Digital Instrument Nanoscope Mul- o ) ] ) ) ]
timode I1l) was used to characterize the surface morphology of se- 3C-SiC films polished with the SiC slurriesAs stated previ-

lect 3C-SiC surfaces before and after the polishing experinténts. ously, the baseline SiC slurry consisted of 20 sized SiC pow-
AFM measurements could not be performed at the intermediateder mixed with deionized water, resulting in near-neufpal around
steps, since such measurements would require the wafers to be dic&) polishing slurries with a SiC solid content ranging from 1 to 9 wt
into chips, thus rendering them unusable in the polishing tool. X-ray%. Figure 2 shows the relationship between the average removal
photoelectron spectroscoPS) measurements were made on the rate a_nd_slurry solid content _for these SiC-based slurrles_. The rela-
same samples in a Perkin-Elmer 5500 XPS system, using aAl K tionship is generally linear, with a removal rate of 96 A/min or 0.58
line X-ray source at 1486.6 eV. The base pressure in the analysig:m/h for the 9 wt % slurry, the limit of our study. In contrast, the
chamber was around-10"° Torr. The surface chemistry of SiC 'oughness reduction rate actually decreased as the slurry solid con-
film was obtained by analyzing the shapes of the Si 2p, C 1s, and ¢€nt was increased, with the highest rate being 11.5 A/min for the
1s peaks. Sputter depth profiling ugia 4 keV argon beam was 1.5 Wt % slurry and the lowest being 4.3 A/min for the 9 wt %
sometimes performed to expose the bulk region of the samples ii§luITy: Given the abrasive nature of SiC powders, it is likely that the
order to establish the baseline bulk concentrations of the varioudigh solid content SiC slurries produce a higher density of

elements and an upper bound on the thickness of any near surfag®lishing-induced scratches and other surface defects than the low
region. solid content slurries, thus resulting in lower than expected rough-

_ _ ness reduction rates. Figure 3 is a plot of removal vatdoading
Results and Discussion force for a slurry solid content of 1.5 wt %. The data indicate that
the removal rate of increases with increasing loading force in a

As-deposited APCVD 3C-SiC filmsFigure 1 is a representative manner consistent with Preston’s equatibn

AFM micrograph of the roughest section of an as-depositgdm?2
thick 3C-SiC film. This micrograph shows an undulant surface that R~ FVA!
is characteristic of the as-deposited films. Stylus profilometry indi-

cates that the average roughness of the as-deposited films is about
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Figure 1. Typical AFM surface morphology from the roughest section of an Figure 2. Removal ratevs. solid content for a SiC slurry with an average
as-deposited 3C-SiC film. The average surface roughness is 930 A. particle size of 2.03um and a polishing force of 360 N.

Downloaded 22 Jan 2010 to 159.226.100.225. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Journal of The Electrochemical Society49 (12) G643-G647(2002 G645

20 25

= 20t T
£ e

< =<
° 3 5t
T 10 | EE T /
[ T 40 | L7
8 o e
5 5 8

0 T T 1 0 1 1 1

0 100 200 300 400 0 5 10 15 20
Si0, (wt.%)
Force (N)

Figure 5. Removal ratevs.solid content for a Si@slurry with a pH of 10.4

Figure 3. Removal ratevs. polishing force for a 1.5 wt % SiC slurry. and a polishing force of 360 N.

whereR is the removal ratef; is the normal forceA is the area of  ggpecially if the high pH values facilitate a chemical component to
contact, and/ is the pad velocity. An increase in removal rate with the removal process. It was for these reasons that Cabot Microelec-
an increase in loading force can be attributed to the formation andronics SC-1 colloidal silica polishing slurry was selected for this

migration of a hydrated surface I_ayer, which is enhanced at highstudy. Figure 5 shows the effect of Si®olid contents in the SC-1
pressuregloading forces'* An additional set of samples was pol- slurry on the removal rate of 3C-SiC. At a constant pH, the removal
!shed using a 1.5 Wt.% slurry heated to 55°C. No measurqble Char.]gf'ate of 3C-SiC increases with increasing sSidntent. This effect is
in roughness reduction and removal rate as compared with a similag,jstent with the observations made for SiC-based slurries de-

i iously. Although th | rat havior is similar t
micrograph of a 3C-SiC surface after being polished at room tem,\{Lscm-‘"ad previously ough the removal rate behavior is similar o

t ith a 1.5 Wt % SiC sl d a loading f 360 N f the SiC slurries, the magnitude of the removal rate is much lower for
perature with a 1.o Wt 7 SIL Slurry and a loading force o o the SiQ slurry at equivalent solid concentrations, an observation
30 min. In comparison with the AFM micrograph from the as- - . ) . . .
deposited sample shown Fig. 1, the surface appears to be near nsistent with t_he hardn_ess differences of_zsaDd S.'C' With re-
featureless, having an average roughness of only 25 A. spect to pH, an increase in the pH for alkaline slurries re_sults in an

increase in the removal rate, from a low average of 2 A/min for a pH
3C-SiC films polished with the SC-1 Si@lurries—Since SiC ~ of 9 to a high average of 12 A/min for a pH of 12 as shown in Fig.
powders suitable for polishing slurries are only available in rela- 6. Acidic slurries could not be formulated because colloidal,SiO
tively large particle sizes, it is difficult to obtain defect-free SiC SC-1 slurries is not stable at low pH values. Figure 7 shows an AFM
surfaces with an average surface roughness below 10 A using SiGmicrograph of a 3C-SiC surface after being polished at room tem-
based slurries. However, commercially available Si@sed slurries  perature with a 10 wt % SiEbased slurry and a pH of 11.4 for 30
using relatively soft Si@abrasives with a particle aggregate size of min. For this sample, the average surface roughness was 15 A.
only about 1000 A are an attractive alternative for SiC polishing,
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Figure 4. AFM micrograph of a 3C-SiC film polished with a SiC slurry. The Figure 6. Removal ratevs.pH for a SiG slurry with a solid content of 6 wt

average surface roughness is 25 A.

% and a polishing force of 360 N.
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Figure 9. Si 2p and C 1s XPS peaks from a 3C-SiC surface after being
polished with a SiC slurry.

Figure 7. AFM micrograph of a 3C-SiC surface polished with a S&urry. XPS analysis of the polished 3C-SiC films(PS was used to

The average surface roughness is 15 A. examine SiC surfaces polished using the Siénd SiC-based slur-
ries. Table Il lists the atomic concentration of C, Si, and O on the
as-deposited and polished surfaces with ,Siénd SiC-based slur-

] ) ] ) ] ries. For the polished samples, the specimens were loaded into the

As with the SiC slurries, experiments conducted with heatedanalysis chamber immediately after concluding the final 20 min pol-

SiO,-based slurries showed no measurable differences when comishing step. Oxygen was found on the surface of all samples, with

pared with equivalent room temperature slurries, an observation thaghe concentration being highest on the as-deposited f3%) and

differs from the results reported in Ref. 6 for 6H-SiC polishing.  |owest on the sample polished with the Si€lurry (7.2%. These

3C-SiC films polished with the 40 slurries—Acidic Al,0,  °Pservations contrast with XPS studies ogNgi, where the per-
slurries formulated with two different particle siz6890 and 2800 ~ centage of atomic O on sN, surfaces is higher for polished films
R) were used to polish SiC films. Figure 8 shows that an increase irfhan for as-deposited samptés®In all cases, the concentration of
solid contents and particle size results in an increase in removal raté? decreased to about 1% at a depth of approximately 30 A beneath
In general, the polishing rates of A, slurries were found to be the surface, suggesting that the enhanced oxygen concentration at
much lower than basic Sislurries for the same abrasive contents. the surface was related to a thin surface oxide layer. The surface of

. - . one sample was re-examined one week after the polishing experi-
As shown in Table I, the hardness of,8k; is much higher than that Py :
of Si0,, but only slightly lower than that of SiC. Based on hardness ments were concluded. It was verified that oxygen concentration had

h . L . not increased, implying that the oxide on the polished SiC surfaces
and particle size alone, it might be expected that the polishing rat€yere formed as a result of the polishing step, not simply exposure to
of Al,O5 slurries would be much higher than SiGlurries for the atmosphere.
same solid contents. This result, however, suggests that the alkaline peconvolution of Si 2p, C 1s, and O 1s XPS peaks was per-
nature of the Si@slurries plays a major role in SiC polishing. Due formed to identify the chemical components of the surface oxide
to the low removal rates, no further studies with,®}-polished |ayer. Figure 9 and 10 show the deconvolution of Si 2p peak and C
slurries were performed. 1s peak of 3C-SiC samples polished using SiC and, SiDrries,

and Table Ill lists the percentages of chemical components on the
as-deposited and polished SiC surfaces. The binding energies
associated with the Si 2p and C1s peaks are in good agreement with

8 work previously published for oxidized Sit€:*®There is an obvious
Si-C-O component for 3C-SiC surfaces polished using both SiC and
T F SiO, slurries. The data suggest that the polishing processes resulted
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Figure 8. Removal raters. solid content for a AIO; slurry with a pH of 4 Figure 10. Si 2p and C 1s XPS peaks from a 3C-SiC surface after being
and a loading force of 360 N. polished with a Si@ slurry.
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Table Ill. The atomic concentration and chemical composition at
the surface of as-deposited and polished SiC films as determined

G647

ments, Professor J. A. Mann of the Department of Chemical Engi-
neering at CWRU for use of his AFM, and Ron Jezeski of the
Department of Electrical Engineering and Computer Science at
CWRU for operating the SiC reactor. This project was supported by

by XPS.
As-deposited  SC-1 polished  SiC polished
Si2p Si-Si 0 0.51 0
SiC 52.44 88.81 77.99
Si-C-O 47.56 10.68 22.01
Cils SiC 31.59 58.23 50.35
SiyC4-x0, 0 18.54 0
Si,C,0, 36.35 17.37 41.89 1.
C-O0 30.63 5.86 7.66
COOCOH 1.43 0 0.09 2.

3.

in the formation of SiC,0, and S;C,_,O, at the surface, with a
thickness in the range of 10 to 30 A as determined by argon sput-4'
tering. This finding is consistent with the reports from other
studies>!® that also showed that wet and dry polishing of SiC
involves the formation and removal of a surface oxide. For the caseg
of abrasive-free wet polishing, it has been shown that the polishing
rate of polycrystalline SiC using cast iron plates angNgipads 7.
with oxidizing solutions depends on the type of oxidant used
in the solutiont® Likewise, dry polishing of 6H-SIC with 8.
Cr,O5-impregnated acrylonitrile disks results in the oxidation of
6H-SiC surfaces.Our findings offer further support that the forma-
tion of a surface oxide is an important component in an effective
SiC polishing process. 10

Conclusions
Basic colloidal SiQ@, acidic colloidal AbO;, and near-neutral

SiC slurries were used to polish 3C-SiC deposited by APCVD. SiC12

slurries have the highest polishing rates, followed by, Siirries

lowest surface roughness. For all slurries, an increase in the abrasive

content produces an increase in the polishing rate. The polishing rates.

of the AlLO; slurries was found to be too low for practical applica-

tions. For both SiC and Sibased slurries, XPS analysis of the 16

surfaces indicates that a surface oxide is formed during the process,
which is then removed as the process continues.
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