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Growth of SiO, at Room Temperature with the
Use of Catalyzed Sequential Half-Reactions

Jason W. Klaus, Ofer Sneh,* Steven M. Georgef

Films of silicon dioxide (SiO,) were deposited at room temperature by means of catalyzed
binary reaction sequence chemistry. The binary reaction SiCl, + 2H,0 — SiO, + 4HCI
was separated into SiCl, and H,O half-reactions, and the half-reactions were then
performed in an ABAB . . . sequence and catalyzed with pyridine. The pyridine catalyst
lowered the deposition temperature from >600 to 300 kelvin and reduced the reactant
flux required for complete reactions from ~10° to ~10% Langmuirs. Growth rates of ~2.1
angstroms per AB reaction cycle were obtained at room temperature for reactant pres-
sures of 15 millitorr and 60-second exposure times with 200 millitorr of pyridine. This
catalytic technique may be general and should facilitate the chemical vapor deposition

of other oxide and nitride materials.

The reduction of thin films to nanometer
dimensions for new technologies requires
exquisite control of film thickness, mor-
phology, crystallinity, and conformality (1).
Lower deposition temperatures are also re-
quired because interlayer diffusion may de-
stroy the properties of nanoscale devices.
Many of these requirements can be
achieved by growth controlled at single
atomic layers by means of binary reaction
sequence chemistry (2).

SiO, is the optimal dielectric material in
silicon microelectronic devices. Conformal
SiO, film deposition on trench capacitors
with high aspect ratios will be needed as
interface layers to extend dynamic random
access memory (DRAM) to the 1-gigabyte
regime (3). Future flat panel displays will
require uniform and precise SiO, film dep-
osition on extremely large substrates (4).
In addition, very thin SiO, films can be
used in multilayer and nanolaminate
structures to tailor mechanical, electrical,
and optical thin film properties (5). Low-
temperature SiO, deposition techniques
will also facilitate the use of SiO, as a
protective coating or insulator on poly-
meric or biological materials.

Self-terminating surface reactions ap-
plied in a binary reaction sequence can be
used to achieve atomic layer control of thin
film growth (2, 6-9). Recent work on SiO,
atomic layer—controlled growth has focused
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on dividing the SiCl, + 2H,0 — SiO, +
4HCI reaction into two half-reactions (6):

(A) Si-OH* + SiCl,

— SiO-Si-Cly* + HCI (1)

(B) Si-CI* + H,0O — Si-OH* + HCI
(2)
where the asterisks designate the surface
species. The SiCl, and H,O half-reactions
are performed in an ABAB ... binary se-
quence to grow SiO,.

In each half-reaction, a gas-phase pre-
cursor reacts with a surface functional
group. The surface reaction continues until
all of the initial surface functional groups
have reacted and have been replaced with
the new functional group. Successive appli-
cation of the A and B half-reactions has
produced atomic layer—controlled SiO,
deposition (9). Atomic force microscope
(AFM) images revealed that the SiO, films
deposited on Si(100) were highly conformal
and extremely smooth (9). The only draw-
back was the high temperatures (>600 K)
and large reactant exposures [>10° Lang-
muirs (1 L = 107 torr s)] required for the
surface half-reactions to reach completion.

We now show that high reaction tem-
peratures and large precursor fluxes can be
avoided by catalyzing the surface reactions.
We chose the organic base pyridine
(CsHiN) as the catalyst because pyridine
interacts strongly with the surface function-
al groups and reactants present during both
the SiCl, and H,O half-reactions of the
binary reaction sequence (10). Pyridine is
also a very stable molecule, and this stabil-
ity minimized incorporation of N or C into

the deposited SiO, film.

We observed no uncatalyzed SiO, film
growth on our Si(100) wafer at 300 K after
five AB cycles for reactant exposures as
large as 10'° L during the A and B half-
reactions (11). In contrast, the addition of
a small amount of pyridine initiated im-
mediate SiO, film growth. The effect of
pyridine was quantified by measuring SiO,
film deposition as a function of pyridine
partial pressure using fixed reactant expo-
sures of 15 mtorr for 15 s. Pyridine accel-
erated the half-reactions with increasing
pyridine partial pressures up to 2.0 torr.
Pressures greater than 2.0 torr resulted in
no further measurable enhancement of the
reaction efficiency.

The dependence of the half-reactions on
the A and B reactant exposure time (reac-
tant pressure, 15 mtorr) was examined by
measuring the SiO, film thickness deposit-
ed by five AB cycles at 290 K (Fig. 1). The
pyridine partial pressure was fixed at 200
mtorr to allow shorter pumping times be-
tween the reaction cycles. The SiCl, expo-
sure times were equal to the H,O exposure
times. A typical AB cycle occurred with the
following sequence: Expose pyridine (200
mtorr); dose SiCl, (15 mtorr) for variable
reaction times; evacuate (10~* torr); expose
pyridine (200 mtorr); dose H,O (15 mtorr)
for variable reaction times; evacuate (1074
torr).

The half-reactions are self-limiting; once
a half-reaction goes to completion, addi-
tional reactant produces no additional film
growth. To determine which half-reaction
is slower, we studied the SiO, film growth
versus H,O exposure time with a fixed
SiCl, exposure time. The SiCl, and H,O
pressures wete equal. The SiO, growth rate
did not decrease until the H,O exposure
time was one-fourth that of the SiCl, ex-
posure time, which indicates that the SiCl,

Film thickness (A)

5 AB cycles
15 mtorr reactant

25 k , 200 mtorr pyridine
\ T=290K
n=143+0.03
0.0 ! ! 1 I
0 25 50 75 100

Reactant exposure time (s)

Fig. 1. Ellipsometric measurements of SiO, film
thickness deposited by five AB cycles at 290 K for
various reactant exposure times at reactant pres-
sures of 15 mtorr with 200 mtorr of pyridine.
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Fig. 2. Elipsometric measurements of SiO,, film
thickness deposited by five AB cycles for various
substrate temperatures at reactant pressures of
15 mtorr for 30 s with 200 mtorr of pyridine.

half-reaction is about one-fourth as fast as
the H,O half-reaction. In addition, the
SiO, growth at the shortest SiCl, exposure
time, 5 s, did not increase with H,O expo-
sure for exposure times as long as 60 s. This
observation implies that the SiO, film
growth in Fig. 1 is controlled by the SiCl,
half-reaction. Equal reactant exposures
were used in all further experiments.

We next fixed the reactant exposures
(15 mtorr for 30 s) and catalyst pressure
(200 mtorr) and varied the temperature.
These conditions were nearly sufficient for
complete reaction only at 295 K. The SiO,
film thickness deposited by five AB cycles
decreased with increasing temperature (Fig.
2). The decrease in the deposition rate can-
not be attributed to the loss of reactive
hydroxyl groups at higher temperatures
(2SiOH* — Si-O-Si + H,0). The hydrox-
yl coverage decreases only very slightly be-

T T T T T
125 | 4
® 300K
2.15 A/AB cycle
n=143+0.03
100 t ]
<
wl
g 75k 4
3 m 335K
< 2.05 A/AB cycle
E 50 n=143+0.03 ]
=
25 [ 30 mtorr reactant b
60 s exposures
200 mtorr pyridine
0 Il L l 1 L
0 10 20 30 40 50
AB cycles

Fig. 3. Ellipsometric measurements of total SiO,
film thickness deposited on Si(100) at 300 K and
335 K versus number of AB reaction cycles at
reactant pressures of 30 mtorr for 60 s with 200
mtorr of pyridine.
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Fig. 4. AFM image of an SiO,, film deposited at 300 K by 50 AB cycles at reactant pressures of 30
mtorr for 60 s with 200 mtorr of pyridine. The light-to-dark range is 10 A.

tween 300 and 370 K (12). The reduction
in growth rate results primarily from the
reduction in the surface coverages of reac-
tant and pyridine at the higher tempera-
tures (see below).

The total SiO, film thickness on the
Si(100) wafer versus the number of AB cy-
cles (30 mtorr for 60 s, 200 mtorr of pyri-
dine) is shown in Fig. 3. These conditions
were sufficient for complete reaction. The
growth of the SiO, film thickness was ex-
tremely linear relatlve to the number of AB
cycles. The measured growth rate was 2.15 A
per AB cycle at 300 K and 2.05 A per AB
cycle at 335 K. The constant growth rate
implies that the deposited SiO, films are not
roughening as the number of AB cycles in-
creases. Strong amine bases may form salts
that could poison the surface and degrade
the reaction efficiency (10). The linear
growth rate in Fig. 3 argues against salt for-
mation. The small decrease of the SiO,
growth rate between 300 K and 335 K can be
attributed to a slightly lower hydroxyl cov-
erage at higher substrate temperatures (12).

The surface morphology of the SiO,
films was studied with an AFM (Digital
Instruments Nanoscope III) in tapping
mode. Figure 4 shows a 1.2 um by 1.2 pm
scan for a SiO, film deposited by 50 AB
cycles at 300 K (30 mtorr for 60 s, 200 mtorr
of pyridine). The micrographs of the depos-
ited SiQ, films indicate a surface roughness

of =3 A (root mean square). In compari-
son, the surface roughness of the initial
cleaned Si(100) wafer was +2 A. A SiO,
film deposited at 700 K without the pyri-
dine catalyst displayed a roughness of +3 A
In addition, the power spectrum of the sur-
face roughness of the SiO, films deposited
at 300 K exhibited the same statistical char-
acteristics as the initial Si(100) wafer and
the SiO, film grown at 700 K (7). This
behavior indicates that the SiO, film grows
conformally over the Si(100) substrate with
negligible roughening.

The SiO, film quality was evaluated
with Rutherford backscattering (RBS) and
dielectric breakdown measurements. The
RBS measurements showed that the film
stoichiometry was 2/1 for O/Si with a pre-
cision of +10% determined by the small
(~150 A) SiO, film thickness. The C/Si
and N/Si atomic ratios were below the de-
tection threshold of the RBS measurements
(<1 to 2%). These small upper limits indi-
cate that the pyridine catalyst is not incor-
porated into the SiO, film. The RBS anal-
ysis also revealed that the Cl/Si atomic ratio
was <0.2 to 0.5%. This low ratio is consis-
tent with surface reactions that proceed to
near completion. In addition, preliminary
current-voltage measurements displayed di-
electric breakdown thresholds similar to
those of thermally grown SiO, films (13).

Catalysis of the SiO, growth lowers the
reaction temperatures from >600 K to 300
K and reduces the saturation reactant expo-
sures from ~10° L to ~10* L. The proposed
mechanism of the catalytic activation sug-
gested earlier by vibrational studies (10) is
shown in Fig. 5. The Si-OH* surface species
are known to have strong interactions with
Lewis bases such as pyridine. The adsorp-
tion energy of pyridine on hydroxylated
high—surface area silica ranges from 15 to 17
kcal mol™ (14). The hydrogen-bonding
portion of this interaction substantially
weakens the SiO-H bond and increases the
nucleophilicity of the O atom for attack on
the electron-deficient Si during the SiCl,
half-reaction (10).

The H,O half-reaction is also catalyzed
by the pyridine. The addition of pyridine
could accelerate the reaction by hydrogen-
bonding with the H,O reactant and thus
making the O atom more nucleophilic. This
increased nucleophilicity would facilitate
the attack of the O atom on the electron-
deficient surface Si atoms. Another possible
catalytic pathway is the direct interaction
of the N lone pair electrons on pyridine
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s
with the electron-deficient surface Si at-
oms. This interaction could weaken the
Si—ClI bond and facilitate the replacement
of the ClI groups with OH groups.

On the basis of the surface reaction
mechanism in Fig. 5, a rate equation can be
proposed for the SiO, growth during the
slower SiCl, half-reaction,

d®/dt = k®SiCI4®PYR(1 - 0% ()

where k is the reaction rate constant [k = v,
exp(—E/RT), where v, is the preexponen-
tial factor, E, is the activation energy, and R
is the gas constant], ®* is the coverage of
reacted sites, and Og; and Opyy are the
coverages of the reactant and catalyst, re-
spectively. The (1 — ®*) term is used be-
cause the SiCl, half-reaction requires a hy-
droxyl group to interact with pyridine and
react with SiCl,. The above rate equation
yields the coverage of reacted sites, @*, as

0% = 1 — expl—kOsic,Opyrt]  (4)

This expression was fit to the data in Figs. 1
and 2; O, was determined by using a
SiCl, adsorption energy of 5.4 kcal mol™!
(15 ) on hydroxyl groups on silica surfaces.
The pyridine coverage, ®pyg, was derived
using a pyridine adsorption energy of 12.3
kcal mol™! and a pyridine desorption preex-
ponential of 4.4 X 10 s7! on the hydrox-
ylated SiO, surface. These parameters were
measured with an in situ ellipsometer (16).
The fit to the temperature-dependent
data (solid line in Fig. 2) used these SiCl,
and pyridine adsorption and desorption pa-
rameters and assumed a preexponential of
10" s7! for SiCl, desorption. This fit yield-
ed a reaction preexponential of v, = 3.1 X
1013=1-1 571 and a reaction activation barri-

Fig. 5. Proposed mechanism of pyridine catalysis
during (A) the SiCl, half-reaction and (B) the H,0
half-reaction.
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erof E. = 11.4 + 1.1 kcal mol™. From 295
to 378 K Osicy, at 15 mtorr of SiCl, varied
from 4.5 X 10— % monolayers (ML) to 6.0 X
1077 ML, and @y at 200 mtorr of pyri-
dine ranged from 0.19 ML to 2.4 X 1073
ML.

As expected for catalytic behavior, the
reaction activation barrier of E, = 11.4 *
1.1 kcal mol~! obtained from the fit shown
in Fig. 2 is much less than the barrier for
the uncatalyzed reaction of SiCl, with
Si-OH* surface species; E, without the
catalyst has been measured to be 22 kcal
mol~! (17). Equation 4 also gives an ex-
cellent fit to the reactant exposure time
data in Fig. 1; for the v, and E, parameters
derived from the fit in Fig. 2, Eq. 4 yields
the solid line in Fig. 1.

A model for the SiO, film growth was
also developed under the assumption that
the maximum number of Si atoms that can
be added during the SiCl, half-reaction is
equal to the coverage of SiOH* hydroxyl
groups (6, 9). The room-temperature hy-
droxyl coverage has been measured to be
4.6 + 0.4 X 10" cm? (12). The coverage
of Si atoms and SiO, units that is consistent
with one monolayer can be derived from
the refractive index for SiO, of n = 1.46.
From the Lorenz-Lorentz relation, n = 1.46
yields a density of 2.21 g cm™ or a number
density of p = 2.2 X 10?2 SiO, units cm™.
The coverage of a SiO, monolayer can then
be calculated as p** = 7.9 X 10 SiO,
units cm2. Likewise, p~' represents a
thickness of 3.5 A for a SiO, monolayer.
On the basis of the coverage and thickness
of a SiO, monolayer, the SiO, deposition
rate predicted by the model is ~2.0 A per
AB cycle. This prediction compares favor-
ably with the measured growth rate of ~2.1
A per AB cycle.

The catalysis of surface reactions with a
gas-phase reagent represents a new para-

digm for the improvement of reaction effi- .

ciencies in chemical vapor deposition
(CVD). CVD reactions are almost never
facilitated by catalysts. Catalysis on surfaces
is usually viewed only in terms of heteroge-
neous catalysis where the catalyst is a metal
or oxide surface. In contrast, the catalyst in
our work is a gas-phase species that enhanc-
es the reactivity of the surface species. The
applicability of gas-phase catalysts may be
general and may be used to grow other
technologically important oxide and nitride
materials at reduced temperatures.
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