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ALD of SiO, at Room Temperature Using TEOS and HO
with NH 5 as the Catalyst
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Amine catalysts can reduce the high temperatures and long exposure times required 08I0 layer depositiofALD) using
SiCl, and H,0 reactants. One problem is that the reaction product, HCI, readily reacts with the amine catalysts to form a salt. Salt
formation can be avoided by using organometallic silicon precursors. This study investigated catalyz&HdC5gn BaTiO; and
ZrO, particles using alternating exposures of tetraethoxysil@a®©3S and HO at 300 K with NH; as the catalyst. The sequential
surface chemistry was monitored in a vacuum chamber usisgu transmission Fourier transform infraré@TIR) spectroscopy.
Alternating TEOS/NH and H,O/NH; exposures yielded Si(OGIEBH;),* and SiOH surface species, respectively, that sequen-
tially deposited silicon and oxygen. Repetition of the TEOS an@® kxposures in an ABAB... reaction sequence led to the
appearance of bulk SiOvibrational modes. The infrared absorbance of these bulk Silrational modes increased with the
number of AB reaction cycles. After SjQleposition, the BaTiQand ZrQ particles were examined using transmission electron
microscopy(TEM). The TEM images revealed extremely uniform and conformal, $ii®s. The measured Sidilm thicknesses
were consistent with SIQALD growth rates of 0.7-0.8 A per AB reaction cycle. The Nehtalysis mechanism was also explored
by monitoring the FTIR spectra of hydroxylated Si@articlesvs. NH; pressure at constant temperature aademperature at
constant NH pressure. The spectra revealed strong hydrogen bonding betwegandt8iOH surface species that activates the
oxygen in SiOH for nucleophilic attack. Catalyzed Sj@t room temperature should be useful for deposition of inorganic and
insulating films on thermally fragile organic, polymeric, or biological substrates.
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The atomic layer controlled growth of conformal thin films can Salt formation could be eliminated by using an organometallic
be obtained using atomic layer depositi6ALD) techniques:® silicon precursor instead of SiZl One common silicon organome-
ALD is based on sequential, self-limiting surface reactions. By re-tallic precursor, tetraethoxysilaf@EQOS), could be used for SiO
peating these sequential reactions, an expanding list of materials canlD based upon the following proposed reaction sequence
be deposited in reasonable time scéld3eposition of inorganic
films on organic, polymeric or biological substrates demands low
temperatures, typically less than 100°C. Very few ALD processes
can be performed at these low temperature using thermally driven (A) SiIOH* + Si(OCH,CH3), — SiOS(OCH,CHjs)5*
chemistry. One promising approach that has the potential to reduce
ALD growth temperature is plasma-assisted Af.D. + CH;CH,OH (3]

SiO, is an important inorganic material useful in a variety of
insulation, protection, and diffusion barrier applications. SiO
chemical vapor depositiofCVD) can be achieved using the binary (B) Si(OCH,CHs)* + H,O — SIOH* + CH,CH,OH [4]
reaction: SiGJ + 2H,0 — SiO, + 4HCL.® The ALD of SiO, can
be achieved by breaking the CVD reaction into two separate
half-reaction&”’

. . R Because CKCH,OH (ethano] is the reaction product instead of
(A) SIOH" + SiCl, — SIOSICL* + HCI (1] HCI, the salt formation would be avoided because ethanol does not
(B) SICF + H,0 — SIOH* + HCI [2]  reactwith NH. _

The surface half-reactions for ALD are closely related to
H1e overall reaction for the parent CVD process. There are no
previous reports of SIDQCVD using TEOS and KD except with
Iplasma-assisted CVB.Consequently, the reactions given by Eq. 3
and 4 may require hig[lsrlaaction temperatures where TEOS may also
and HO has some serious drawbacks such as high required reactio Lrglﬁaffggr&%%, ed aI?O?VL?’?eE’?]SZ?aTLIJQFQStir;ggr::]u;ﬁi’n%gase
temperatures 9‘; 600-800 K, large reactant exposures- o L catalyst. Earlier studies of amine-catalyzed alkoxysilane attachment
(1L =1X10"Torrs), and corrosive HCl as a reaction product. v, gio, provide evidence that catalyzed SiGLD using TEOS and

Amine bases can catalyze the SiG@nd HO reactions during H,O may be feasiblé>16
SiO, ALD.%*% With the amine base catalyst, the reaction requires” “ | this study, Fourier transform infrare(FTIR) spectroscopy
much smaller reactant exposures ofl0* L and the reaction \yas used to monitor the SJGALD surface chemistry at room tem-
temperature can be lowered t9300 K. However, a problem  horayre during the TEOS and,@ reactions with NH as the cata-
with ca_talyzed SiQ ALD_ is that the amine catalysts readily lyst. FTIR was also employed to monitor the progressive growth of
react with the HCI reaction product to form a salt. For example, gjo, pylk vibrational modes during the AB reaction cycles. Subse-
ammonium Chlo”‘ie forms when using NHas the catalyst: o ,ently SiQ films on BaTiQ, and ZrG particles were analyzed
NH; + HCl — NH,CI™. Similar salt formation is observed during  ysing transmission electron microscopyEM). These FTIR and
amine-catalyzed chlorosilane attachment on,SiGrfaces: TEM studies reveal that conformal and ultrathin $iidms can be

deposited at room temperature using sequential reactions of TEOS
and HO in the presence of the Nttatalyst. Additional FTIR in-

2 E-mail: Steven.George@Colorado.Edu vestigations explored the catalytic mechanism by focusing on the

wher€ indicates a surface species. By repeating these reactions i
an ABAB... sequence, SiOcan be deposited with atomic layer
control” These reactions have also been employed to coat boro
nitride particles with Si@.8 Unfortunately, Si@ ALD using SiCl,
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effect of NH; on SiOH* surface species. The FTIR spectra are 03— T 7T T 7 1"
consistent with strong hydrogen bonding between;iHd SIOH [
surface species.

o.42b ]
Experimental 0.41f -
The BaTiQ, and ZrQ particles were coated using SI@LD 8 [ ]
in a vacuum apparatus designed forsitu transmission FTIR vi- S o4l ]
brational spectroscopy studies. This vacuum apparatus has previd
ously been described in det&it”*FTIR spectroscopy provides an g

effective way to monitor the surface chemistry occurring during 2 0391
ALD. Transmission FTIR spectroscopy studies require the use of-s [
high-surface-area samples. The BaJi@articles used in this study &
were obtained from Ferro Electronic MaterialBenn Yan, New a‘é 0.38
York). These particles were spherical with an average diameter of=
~0.5 pm. The ZrQ particles were provided by Nanomaterials Re-
search CorporationLongmont, CQ. The ZrQ, particles were
spherical with an average diameter-660 nm and a surface area of
~20.2 mz/g. 0.36

TEOS was obtained from Alfa Aesar and had a purity of
99.999%+%. The HO used was high-pressure liquid chromatography . . . B
(HPLC) grade from Fisher Scientific. Anhydrous NH99.99% 03 e a2 200 1500
from Matheson was employed as the catalyst.

The BaTiGQ, and ZrG particles were supported by a tungsten
grid. This tungsten grid had 100 lines per inch and was obtainedrigyre 1. FTIR spectrum of the initial BaTigparticles in vacuum at 300 K.
from Buckbee-Mears in St. Paul, MN. The particles were pressed
into the grid using polished stainless steel dies and a manualfress.

A tantalum foil was spot-welded to each side of the grid to facilitate
resistive heating. This sample was then suspended between two cop-

per clamps on the sample mount as described previotisly. - Surface chemistry-The initial surface of the BaTiQparticles
The sample mount was attached to an x-y-z rotary manipulatory,as analyzed using transmission FTIR spectroscopy. After loading

The x-y-z adjustment capabilities were useful for proper alignmenty, , sample in the vacuum chamber, a spectrum of the Baf®

of the sample in the infrared beam. The manipulator also containe icles was recorded at 300 K. The bulk vibrational modes of BaTiO

current and thermocouple feedthroughs for sample heating and eMaad to strong infrared absorbance below 800 A2 A pro-

perature regulation. The vibrational spectroscopic studies were Per- unced carbonate impurity in the BaTi®ulk is also apparent at

0.37

Frequency (cm-!)

Results and Discussion

formed with a Nicolet Magna 560 FTIR spectrometer and MCT-B 120,21 P :
infrared detector. All of the spectra in this study were recorded with 11?3\/%”;0\'/\/8 iST:f?OIVr\]IIr??rI] ';TiIR fp_?ﬁgulzmrIrsf:rzrclfﬁﬁnr?rlgm’%;%éhg
the sample at 300 K. During reactant exposures, the Csl windows og g. - p

: P 000 cm* reveals C-H and O-H stretching vibrations.
mg @Tﬁ&tﬁ; were isolated by gate valves to prevent deposition o The absorption feature at 3732 chhas the same frequency as

The TEM analysis was performed by Dr. Huifang Xu in the the hydroxyl species ot;served during 7iBLD and may be attrib-
Department of Earth and Planetary Sciences and the Center fofted to TIOH species? The absorption feature at 3681 chis
Composite and Ceramic Materials at the University of New Mexico. Similar in frequency to hydroxy! species identified as TiOsurface
The TEM results were obtained with a HRTEM JEOL 2010 high- Species on a rutile Tiosurface?® Other broad absorbance features
resolution transmission electron microscope in combination within the O-H stretching region are observed in the region from 3000 to
electron-dispersive spectroscopy and a GATAN digital micrograph3600 cmi?, in agreement with previous studies of BaZiO
with a slow scan CCD camera. These TEM studies monitored theparticles?* The FTIR spectra also reveal impurities on the surface of
conformality and morphology of the SiCoatings on the BaTip)  the BaTiQ particles. Features at 1455, 1749, and 2452 thave
and ZrQ particles. been assigned to BaGQn the surface of BaTiQ?! Additional

For the FTIR studies of the catalysis mechanism, silica particlesfeatures observed in the range 2800-3000 trare in the C-H
from Aldrich with an average diameter of 70 A and a surface area ofstretching region. These absorption features are indicative of hydro-
380 nf/g were pressed into the tungsten grid. Initially, the sample carbon contamination on the surface of the BaTjfarticles.
was annealed at 600 K for 5 min and then allowed to cool. The The results of the first two AB cycles during SI@LD are
experiments were then performed at 300 K under isothermal condishown in Fig. 2. The FTIR spectra are difference spectra and are
tions. Anhydrous ammonia gas from Aldri¢89.99% was intro- displaced from the origin for clarity in presentation. Figure 2a is the
duced into the chamber to obtain pressures ranging from 0.02 to 10@pectrum recorded after the first TEOS exposure of6.10° L at
Torr. FTIR spectra were recorded at these various; Igkessures 300 K with 5 Torr of NH, referenced to the spectrum recorded prior
measured using a Baratron. Experiments were also performed undes the TEOS exposure. This TEOS exposure was defined by a TEOS
isobaric conditions. FTIR spectra were recorded for temperaturegressure of 0.85 Torr for 10 min.
ranging from 300 to 400 K at a constant Nidressure of 5 Torr. The spectrum in Fig. 2a reveals a negative absorbance feature in

After these isothermal and isobaric experiments, the sample washe O-H stretching region with peaks at 3680 and 3730 trRosi-
moved out of the IR beam. The chamber was then filled with am-tive absorbance features are also observed in the C-H stretching
monia gas at the same Nhpressures utilized in the isothermal and region with peaks at 2901, 2933, and 2979 ¢niThese observed
isobaric experiments. The FTIR spectra were recorded to obtain thehanges in the spectrum shown in Fig. 2a are consistent with TEOS
NH; gas-phase features. Subsequently, these spectra were usedriacting with the hydroxyl groups on the BaTiQarticles as de-
subtract the gas-phase features from the composite spectra includirggribed by Eq. 4. Based on the gas-phase vibrational spectrum of
both gas and surface species. This subtraction leaves only the aFEOS, the C-H stretches observed at 2901, 2933, and 2978 cm
sorption features associated with Nedsorbed on the SiGsurface. are expected from Si(OGI€H;),* surface specie?.
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Figure 2. FTIR difference spectra of the BaTi®articles in the O-H, N-H,
and C-H stretching regions after tti@ 1st TEOS exposurdb) 1st H,O
exposurefc) 2nd TEOS exposure, arld) 2nd H,O exposure. All the expo-
sures were performed at 300 K with 5 Torr BH

Figure 3. FTIR difference spectra of the BaTiQarticles in the O-H, N-H,
and C-H stretching regions after tk@ 20th TEOS exposurgb) 20th H,0
exposure(c) 21st TEOS exposure, and) 21st HO exposure. All the ex-
posures were performed at 300 K with 5 Torr NH

to the v, + v4) anduvy vibrational modes of the ammonium ion

A small negative absorbance fe?ture also appears in Fig. 2ain thenH]), respectively!?728
C-H stretching region at-2820 cm . This feature results from the Figure 4 illustrates that the NHspecies are removed after long
partial removal of some hydrocarbon contamination on the initial pumpouts. Figure 4a shows a spectrum recorded shortly after the
BaTiO; particles. Absorbance features from these C-H stretchingHZO exposure of 8.5 10° L with an NH; pressure of 5 Torr
vibrations are observed in the FTIR spectrum of the initial BATIO g(yring the 15th cycle. Figure 4b displays the subsequent spectrum
particles shown in Fig. 1. taken after a pumpout of several days at room temperature. The

Figure 2b shows the difference spectrum recorded after the subgjtference spectrum in Fig. 4c shows the changes that occurred dur-
sequent HO exposure of 4.1 10'° L at 300 K with 5 Torr NH;.
This H,0 exposure was defined by an®l pressure of 5.0 Torr for
15 min followed by an HO pressure of 10.0 Torr for 60 min. The .96
spectrum reveals a positive absorbance feature in the O-H stretchins
region with a peak at 3726 cm. Additionally, negative absorbance
features are observed at 2901, 2933, and 2979'cifhis spectrum 092
is consistent with KO reacting with Si(OCHCH3)* species to -
form SiOH* species according to Eq. 4. Figures 2c and d show the

evolution of the difference spectra during the 2nd TEOS ap® H 0.88
exposures at 300 K with 5 Torr of NH ;u’ r

The difference spectra after the TEOS angOHexposures of & 5
3.6 x 10° L and 3.6x 10 L, respectively, at 300 K with NKat S 084
5 Torr during the 20th and 21st AB cycles are shown in Fig. 3. The ﬁ

difference spectra shown in Fig. 3a and c are similar and have neg
tive absorbance features at 3743 ¢mcorresponding to a SiO-H
stretching vibrational mode. The positive absorbance features a
2901, 2933, and 2979 cm correspond to the C-H stretching vibra- |
tions of Si(OCHCH,),* species® Figure 3b and d reveal differ- 0.76
ence spectra that are nearly identical to each other but mirror image: [
of Fig. 3a and c. The spectra are consistent with the sequentia
exposures of TEOS and,B yielding Si(OCHCHz)* and SiOH 0.72
species, respectively.

Some of the spectra in Fig. Zr?lnd 3 display a broad absorption in . .
the range from 3200 to 3500 cm More distinct absorption fea- 0.68—L—t—— — S L
tures are also observed at 3050 and 3150 trithese features are 3800 3600 Frz:zency (;:(_?) 3000 2800
attributed to adsorbed Nfspecies. These adsorbed Nspecies are

removed during long evacuations or mild anneflés_. The broad abgigyre 4. (a) FTIR spectrum recorded shortly after the 15thHexposure
sorption feature in the range from 3200 to 3500 cris similar to ity an NH, pressure of 5 Torr(b) Subsequent FTIR spectrum recorded

the spectrum of liquid NE® and is attributed to a liquid-like NiH  after room temperature pumpout for several dagsFTIR difference spec-
layer. Additionally, the features at 3050 and 3150 ¢rare assigned  trum (b-a).

e
%
y J mam

Infrare

[ a) After 15 H,0 Exposure
- b) After Extended Pumpout
t  ¢) Difference Spectrum (b) - (a)
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Figure 5. Normalized integrated absorbance of i@ H, A) O-H and(O,

0, A) C-H stretching regiongs. TEOS exposure at 300 K and NHpres- Figure 6. Normalized integrated absorbance of (i@ B, A) O-H and(O,

sures of 1, 5, and 10 Torr. O, A) C-H stretching regionss.H,O exposure at 300 K and Nfpressures
of 1, 5, and 10 Torr.

ing the long pumpout. The negative features at 3050 and 3150 cm
in the difference spectrum correspond to the loss of; Nigecies. The normalized integrated absorbances during tp® keaction
Concurrently, the positive feature at 3741 chtorresponds to the described by Eq. 4 are displayed in Fig. 6. With increasin®H

. . 18129 . ; .
growth of SiOH spemess._ The loss of N'TI species and the  exposure using kO pressures between 1.0 and 10 Torr, the inte-
simultaneous growth of SiOHsurface species is explained by the grated absorbance of the O-H feature increases and the integrated

following reaction absorbance of the C-H features decreases before leveling off. Simi-
lar to the TEOS reaction, NHpressures of 5 and 10 Torr were
SiO” + NH; — SiOH* + NHg [5] sufficient for the HO reaction to proceed to near completion. With

5 and 10 Torr of NH, the Si(OCHCHz)* species were almost

. 55 101 X
The Nljﬁ species transfers a prot.on to the Si6urface species to Sgg;erlg gefmlcf\ée(dlgitle [ aer];Lg) re]:)(tp Os?ﬁfriecigzstc? d elp(l)clat;_ a/ﬁn o?xth e
fprm SiOH*. The proton transfer is then followed by Nesorp- Si(OCH,CH,)* species when the NHpressure was only 1 Torr.
tion from the SiQ surface. Additional FTIR experiments were conducted to investigate the

The NH; species were also observed after tr_]e TEOS exposure Oﬁecessity of the Nkicatalyst for the TEOS and 4@ reactions. A
5.8 X 10° L with an NH; pressure of 5 Torr during the 15th cycle. spectrum(l) was recorded after nine AB cycles ending with a
The NH; species were also removed after long pumpouts. The in-H,0/NH, exposure. The kD exposure was 1.x 10" L and the
tensities of the peaks at 3050 and 3150 ¢nwere less after this NH; pressure was 10 Torr. Another spectr(im was recorded after
TEOS exposure of 5.& 10° L than after the previous }0 expo- only a TEOS exposure of 4% 10° L during the 10th AB cycle
sure of 8.5x 10 L. The features corresponding to the Nidpe-  followed by a1 8 h evacuation time. Figure 7a shows the difference
cies were only observed after the TEOS angDHexposures during  spectrum (I1— 1). Without the NH; catalyst, only minimal changes
the 15th, 16th, and 19th AB cycles. This behavior is attributed to theare present in the FTIR spectra. The long evacuation tinghowas
much longer reactant exposures that were used during these partickecessary to remove hydrogen-bonded;N#pecies from the sur-
lar reaction cycles. face.

The effect of NH pressure on the TEOS and® reactions was Spectrum(lll) was recorded after a subsequent TEOS exposure
also investigated at 300 K. At various Nigressures, the integrated of 7.2 x 10° L with 5-10 Torr of NH;. The difference spectrum
absorbances of the SiO-H stretching vibrations and the C-H stretch(lll-| ) shown in Fig. 7b reveals the loss of an SiO-H stretching
ing vibrations were examinegs. TEOS and HO exposures. Reac- feature and the gain of C-H vibrational features at 2901, 2933, and
tive uptakes were obtained for NHpressures of 1, 5, and 10 Torr 2979 cmi %, Additional positive features are observed at frequencies
during the 16th, 15th, and 19th AB cycles, respectively. of 970, 1086, 1109, 1170, 1298, 1369, 1394, 1447, and 1484.cm

Figure 5 displays the normalized integrated absorbances durind\ll these positive features are similar in frequency to the various
the TEOS reaction described by Eq. 3. With increasing TEOS expovibrational modes in the infrared spectrum of molecular TEDS.
sure using TEOS pressures between 0.2 and 1.0 Torr, the integratethese positive features are expected from the reaction of TEOS with
absorbance of the O-H feature decreases and the integrated abs@iOH* surface species to form Si(OGHH,),* surface species.
bance of the C-H features increases before leveling off. With, NH Experiments were also conducted to illustrate the importance of
pressures of 5 and 10 Torr, the TEOS reacts nearly completely witiNH; for the H,O reaction. SpectrurtiV) was recorded after 9.5 AB
the SIOH species after a TEOS exposure o&610° L. With only cycles ending with a TEOS/NHexposure. The TEOS exposure was
1 Torr of NH;, the TEOS has not completely reacted with the 7.2 x 10° L and the NH pressure was between 5 and 10 Torr.
SiOH* species after an exposure of 9410° L. Another spectruniV) was recorded after only an,® exposure of
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Figure 7. FTIR difference spectra of the BaTiQarticles during the 10th
cycle TEOS exposurega) Spectrum recorded after a TEOS exposure with-
out NH; followed by an 8 h evacuation(b) Spectrum recorded after a sub-
sequent TEOS exposure with 5-10 Torr NHThe reference spectrum was

recorded after nine AB cycles ending with ap@®INH; exposure.
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Figure 9. FTIR spectra displaying the progressive growth of SEDIk vi-
brational modes. The spectra were recorded after various numbers of AB
cycles at 300 K after the }0/NH; exposure. The spectrum of fumed $iO
particles is shown for comparison.

2.2 x 10° L during the 10th AB cycle followed by a 10 h evacua- spectrum(VI-IV) shown in Fig. 8b reveals the gain of an SiO-H

tion time. Figure 8a shows the difference spectr(vdlV). The

stretching feature and the loss of features associated with

changes in the O-H and C-H stretching regions are minimal withoutSi(OCH,CH,),* surface species. These changes are expected from
the NH; catalyst. SpectrungVl) was recorded after a subsequent the reaction of HO with Si(OCH,CHjz),* surface species to form

H,O exposure of 5.4< 10'° L with 10 Torr of NH;. The difference
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Figure 8. FTIR difference spectra of the BaTiQarticles during the 10th
cycle H,O exposures(a) Spectrum recorded after a,8 exposure without
NH; followed by a 8 h evacuation(b) Spectrum recorded after a subse-
quent HO exposure with 10 Torr Nkl The reference spectrum was re-

corded after 9.5 AB cycles ending with a TEOS/Nekposure.

SiOH* surface species.

Film growth—The results in the previous section reveal that the
NH; catalyst is necessary for the TEOS angCHreactions. The
results indicate that an NjHressure of 5 Torr is sufficient to cata-
lyze the TEOS and O reactions. All AB cycles for catalyzed SjO
ALD growth on the BaTiQ particles used an Nffressure of 5 Torr
except the 16tk1 Torr) and 19th(10 Torn cycles. Typical exposures
consisted of 1 Torr of TEOS or 10 Torr of,B® for 60 min each.
During TEOS/NH exposures, the TEOS was introduced into the
chamber before the NHbecause of the relatively low vapor pres-
sure of TEOS. During KO/NH; exposures, the Nfwas introduced
into the chamber before the,B.

FTIR spectroscopy monitored the growth of Si@n the BaTiQ
particles during the 45 Nficatalyzed TEOS/KD reaction cycles at
300 K. Figure 9 shows the infrared spectra in the SiQlk vibra-
tional region after the KD exposures during the TEOS/B reac-
tion cycles. All the spectra reveal the strong Baj@bsorption be-
low ~750 cm! and the carbonate peak at1450 cm®. SiO,
growth vs. number of AB cycles is observed in the region from
1000-1250 cm® and corresponds to the bulk vibrational mode of
Sio, %0

The SiGQ absorbance feature in the region from 1000 to 1250
cm ! has peaks at-1070 and~1235 cm i These features are
similar in frequency to features that appear in infrared studies of thin
SiO, films. These investigations observe a transverse-opfica)
phonon mode at 1075 cm and a longitudinal-opticalLO) phonon
mode at 1250 cm*.3* For comparison, a spectrum of fumed $iO
particles is also displayed in Fig. 9. The fumed Sigarticles(Al-
drich Chemical Companyhad a surface area of 380%m and an
average diameter of 70 A. The features observed in the spectrum of
the fumed SiQ particles are similar to the Sifeatures that are
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10.00 nm

Figure 10. TEM image of BaTiQ particle coated by catalyzed Si@LD Figure 12. TEM images of ZrQ particles coated by catalyzed Si@LD
with a thickness of~35 A after 45 AB cycles at 300 K. with a thickness of~25 A after 35 AB cycles at 300 K.

progressively growing on the BaTiMarticles with increasing num-
ber of AB reaction cycles. _ ) Both TEM images in Fig. 10 and 11 reveal a coating that is

‘The SiG, deposition on the BaTiparticles was also evaluated nitorm and conformal to the underlying BaTj@urface. Figure 11
using TEM. A TEM image of an Si@coated BaTiQ particle is  eyeals a crystalline BaTipparticle and an amorphous Si@LD
shown in Fig. 10. The Sigfilm was deposited by 45 AB cycles at  fjim. Film thicknesses obtained from Fig. 10 and 11 and additional
300 K with the NH catalyst at a pressure of 5 Torr. These were the Tgpm images not shown reveal a coating on the BaTj@rticles of
same 45 AB reaction cycles employed in the transmission FTIR _35 A The vacuum anneal at 1100 K did not have a significant
studies. Figure 11 shc_)ws a TEM image recorded after the 45 ABgftect on the thickness of the coatings. The Sfiln thickness after
cycles and an anneal in vacuum to 1100 K. 45 AB cycles yields an SiQALD growth rate of~0.8 A per AB
cycle.

Similar results were obtained on the Zr@articles. A TEM im-
age of SiQ-coated ZrQ particles is shown in Fig. 12. This SjO
film was deposited using 35 AB cycles at 300 K with the NH
catalyst pressure at 5 Torr. The typical exposures used during
the SiQ deposition on the ZrQ particles were 2.5 10° and
1.8 x 10'°L for the TEOS and HO exposures, respectively. The
TEM image reveals that the Sj@oating is uniform and conformal
to the underlying Zr@ surface. The TEM images of the Si®@oated
ZrO, particles reveal a film coating 625 A. This SiQ thickness
after 35 AB cycles is consistent with an SI@LD growth rate of
~0.7 A per AB cycle.

Catalysis mechanism-NH; is an effective catalyst for SiO
ALD. To explore the catalysis mechanism, the FTIR spectra of NH
adsorbed on the hydroxylated SiGurface was examined under
isothermal and isobaric conditions. Figure 13 shows some of the
spectra of the Si@particlesvs.NH3 pressure at 300 K. The absorp-
tion peak at 3746 cm' represents the O-H stretching vibration of
the isolated SiOH hydroxyl specie§:®?°The broad peak centered
at around 2970 cit represents the SiOHhydroxyl species that
have been red-shifted by hydrogen-bonding with adsorbed.ffH
: The isolated hydroxyl peak decreases as the hydrogen-bonded hy-

droxyl peak increases with increasing Npressure at 300 K.
9.00 nm Figure 13 also reveals features associated with adsorbed NH
molecules. The absorption peaks at 3320 and 3400"aepresent
Figure 11. TEM image of BaTiQ particle coated by catalyzed Si@LD the symmetric and asymmetric Nitretches, respectiveﬁzs“The _
with a thickness of~35 A after 45 AB cycles at 300 K followed by a SPpectra at lower frequencies also display a corresponding absorption
vacuum anneal at 1100 K. by a NH; scissors vibration at 1634 ¢ that is consistent with
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Figure 13. FTIR spectra ofl@) hydroxylated SiQ particles in vacuum and
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and(e) 100 Torr. All the spectra were recorded at 300 K.

adsorbed NH. All three of these NH features grow with increasing

NH; pressure at constant temperature.

FTIR spectra of NH were also recorded on the hydroxylated
SiO, surfacevs. temperature at a constant Nigressure of 5 Torr.
Some of these spectra are shown in Fig. 14. The; Ntfetching
peaks at 3320 and 3400 ¢thand the hydrogen-bonded hydroxyl
peak centered around 2970 chdecrease with increasing tempera-
ture. This decrease is attributed to larger JNétesorption rates at
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Figure 14. FTIR spectra of hydroxylated Siparticles with an NH pres-
sure of 5 Torr recorded at temperaturega@f300, (b) 315, (c) 335, (d) 360,

and(e) 400 K.
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higher temperature. The isolated hydroxyl peak at 3746'coon-
currently reappears at higher temperature with the disappearance of
NH; and hydrogen-bonded SiGHeatures.

The FTIR spectra of Nkladsorbed on hydroxylated Sj@nder
isothermal and isobaric conditions reveal the strong hydrogen-
bonding interaction of Nk with SiOH* surface hydroxyl groups.
Figure 13 reveals that hydrogen bonding substantially weakens the
O-H bond and shifts the O-H stretching frequency to lower frequen-
cies. This hydrogen bonding also makes the oxygen in 3i@H
stronger nucleophile for chemical attack on the TEOS silicon
precursof® This enhancement of the nucleophilicity of oxygen is
believed to be the primary catalytic effect of NH

The temperature-dependent results for ;N&tlsorption on hy-
droxylated SiQ under isobaric conditions indicate the delicate bal-
ance between Npadsorption and Nk desorption rates. Figure 14
indicates that an NElpressure of 5 Torr at 300 K is sufficient for
NH; adsorption on nearly all the SiGHsurface species. At progres-
sively higher temperatures, larger NHesorption rates decrease the
amount of NH adsorbed on SiOH surface species. The catalytic
effect of NH; should decrease with the reduction of adsorbed; NH
In agreement with this expectation, a dramatic temperature depen-
dence for catalytic Si© ALD has been observed in earlier
studies”*?

NH; is necessary for both the TEOS andQHreactions during
catalytic SiQ ALD. Figures 13 and 14 illustrate the effect of NH
on the SiOH surface species that react with TEOS. Similar inter-
actions may occur between NHand the HO reactant during the
H,O reaction. In this case, NHwould hydrogen bond with ad-
sorbed HO on the SiQ surface. This hydrogen bonding would
make the oxygen in kO a stronger nucleophile for chemical attack
on SIOCHCH;* surface species.

Both Fig. 13 and 14 reveal a distinct isobestic point where the
infrared absorbance of the spectra does not chaegeressure un-
der isothermal conditions ors. temperature under isobaric condi-
tions. These isobestic points are observed at 3510'dmFig. 13
and 3520 cmt in Fig. 14. Isobestic points occur when a composite
spectrum is a combination of two separate staeag, X and Y, with
distinct spectra. The composite spectrum is either 100% X, 100% Y,
or some combination of X and Y totaling 100%.g, 60% X and
40% Y. The isobestic point is the frequency where the spectrum for
100% X and 100% Y have the same absorbance. At this isobestic
frequency, changes in the combination of the two separate states will
not alter the absorbance.

The isobestic points establish the one-to-one relationship be-
tween the loss of isolated SiGHsurface specie$X) and gain of
hydrogen-bonded SiOH surface specie$Y). NH; interacts with
individual SIOH* surface species without perturbing neighboring
SiOH* surface species. The composite spectrum is just a combina-
tion of % X and % Y. No evidence exists for any Mhhteractions
between surface sites because there is no additional déMerage
dependence. Given the distinct isobestic points, the catalytic effect
of NH; is expected to be linear with adsorbed Nebverage.

Conclusions

SiO, ALD was accomplished at room temperature with TEOS
and HO using NH; as the catalyst. The use of TEOS instead of
chlorosilanes as the silicon precursor avoids the production of HCI
reaction products. HCI can react with the NEatalyst to produce
NH; CI~ salt that impedes the Sjdilm growth. Sequential expo-
sures of TEOS and $© at 300 K with 5 Torr of NH led to SiG
ALD on BaTiO; and ZrG particles. FTIR spectroscopy monitored
the surface reactiongs. TEOS/H,O reaction cycles during SiO
ALD. TEOS reacted with the SiOH surface species and formed
Si(OCH,CHg)* surface species. SubsequeniCHexposures led to
the formation SiOM species and removal of Si(OGEH;)* spe-
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cies. Monitoring the TEOS and J@ reactions with varying NK 3.

pressures demonstrated that ang\ifessure of 5 Torr was effective
to catalyze SIQ ALD at 300 K.

Sequential TEOS andJ® exposures at 300 K led to progressive s,
SiO, growth. FTIR studies observed the Si@rowth by monitoring 6.

the SiQ bulk vibrational modes that increased progressively with
each TEOS and $D exposure. The SiQdeposition was also re-
vealed by TEM images of the Sjaroated BaTiQ and ZrQ par-
ticles. On the BaTi@ particles, 45 TEOS/FD reaction cycles at ¢
300 K vyielded conformal Si@films with thicknesses of-35 A.
Conformal SiQ films with thicknesses of~25 A were observed

after 35 TEOS/HO reaction cycles at 300 K on the ZyQarticles. 12.
These SiQ thicknesses yielded an Si@LD growth rate of 0.7-0.8 13
AJAB cycle at 300 K. The TEM images revealed that the SKDD '
coatings were amorphous on the underlying crystalline Bg &l 14.
ZrO, particles. 15.
The NH; catalytic mechanism was investigated by monitoring
the effect of NH on the FTIR spectra of hydroxylated Si®urfaces 13

under isothermal and isobaric conditions. Adsorbed;Némoved

mechanism is linked to the enhanced nucleophilic character of oxy-

gen in the perturbed SiOHsurface species. Isobestic points were 21
22. J.D. Ferguson, A. R. Yoder, A. W. Weimer, and S. M. Geofgml. Surf. Sci.226,

observed in the FTIR spectrs. NH; pressure at constant tempera-
ture andvs. temperature at constant NHpressure. These isobestic 4

SiOH* surface species.
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