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Use of Catalyzed Sequential Half-Reactions tiln? deposition a.: a ilrnction crriiline 

Jason W. Klaus, Ofer Sneh," Steven M. George? 

Films of silicon dioxide (SiO,) were deposited at room temperature by means of catalyzed 
binary reaction sequence chemistry. The binary reaction SiCI, + 2H,O -. SiO, + 4HCI 
was separated into SiCI, 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 -log to -1 O4 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. 

T h e  reduction o t  t h ~ n  ~ I ~ I I I S  to nanometer 
i111nensi~ns for new technolog~es reqilires 
exil~rlsite control of tilm thickness, mor- 
phology, crystallinity, and cont(>rmal~ty ( l ) .  
Lower d e l ~ o s ~ t i o n  temperati~res are also re- 
iluired l~ecause ~nterlaver diff~us~on may cle- 
strov the  properties o t  nanorcale dev~ces.  
hIanr  o t  these r e i~ i~ i re~uen t s  can be 
achie1-ed by gron~th controlled a t  s111gle 
atonlic layers by means o t  bunary reaction 
sequence chemistry (2) .  

S i 0 7  is the  outimal ilielectr~c material in 
sil ico~l microelectronic d e \ ~ ~ c e s .  Contor~nal  
S iO,  tllm denosltlon on trench canacitors 
n i t h  h ~ g h  aspect ratins mill he needed as 
~nterface  layers to  extend dynamic random 
access memory (DR'4hl)  to  t h e  1-g~gabyte 
regi~ne (3 ) .  Future tlat panel displays  ill 
reLquire unlt;,rm and precise SiO,  t i l ~ n  dep- 
osition o n  extremelv large substrates 34). , L 

In  addition, 1-ery th in  S i 0 ,  tilms can  be 
used in  multilayer and nano la~n ina te  
structures to  tailor mechanical, e lect r~cal ,  
and o p t ~ c a l  thin t h n  properties (5).  Low- 
temperature SiO, deposition techniques 
will also tacilitate the  use o t  StOl  as a 
protective coating or insillator o n  poly- 
meric or biological materials. 

Selilterminating surface reactions ap- 
plied in a l~lnary reaction seqi~ence can be 
used to  achieve atomic layer control of thin 
fill11 gron.tl1 ( 2 .  6-9). Recent work on SiO, 
a to~n ic  la\-er-controlled gro~vth has tocused 

on dividung the  SIClt + 2 H 2 0  + SIO: + 
4HCl reaction into t\vo half-reactions (6):  

(A) Si-OH':' 4 SICI, 

( B )  Si-Cl::' + HIO + Si-OH::: + HC1 
( 2 )  

~vhere  the asterisks Jesignate the  s~rrtace 
species. T h e  SiC:14 and H . 0  halt-reactions 
are perf(>rmed in an  , ~ B , < B  . . . I-inary se- 
quence to gron StO;. 

In each halt-reaction, a gas-phase pre- 
cursor reacts xrith a silrtace f~lnctional 
groi~p. T h e  surface reactLon contunrres ilntil 
all of the  initla1 sirstace f~utlctional erouns 
have reacted and have heen replaced nit11 
the  n e n  t~rnctional group. Succesive appll- 
cation o t  the A and B halt-react~ons has 
urod~rced atomic laver-controlled S iO-  
>eposltion (9 ) .  ~ t o n i i c  force microscope 
(AFh1) images revealed that the  SiOL tilms 
depos~ted o n  S I (  lG0) \yere highly cont(>rmal 
and extremely smooth (9 ) .  T h e  only dralv- 
hack nas  the  high temperatures (>6GG K) 
and large reactant exposures [>1G9 Lang- 
mrrlrs ( 1  L = 1G-' torr s)] required tor the  
silrface half-reactions to  reach completion. 

W e  non7 show that high reaction tem- 
peratures and large precursor fluxes can be 
avoided by catalvzino the  surface reactions. , L ,  

W e  chose the  organic 'ase pyr~dune 
(C,H,N) as the  catalyst because pyr~dine 
interacts strongly with the  surface t~rnction 

partial pressure uslng tixed reactant expo- 
sures o t  15 ~ n t o r r  tor 15 s. Pyrldlne accel- 
erated the  hal t - react~ons w ~ t h  increasine 
pyridine partial pressures up to 2.0 torr. 
Pressures greater t h a n  2.0 torr resulted 111 

n o  further measurable enhancement  o t  the  
reaction etflciencr. 

T h e  depelldetlce of the  half-reactions on 
the  A and B reactant exroslrre time ireac- 
tant pressure, 15 mtorr) was exalnineil by 
measilring the  SiOl  t ~ l m  th~cktless depos~t-  
ed 1.y fix-e AB cycles at 290 K (Fig. 1 ). T h e  
pyr~J lne  partial pressure was fixed at 200 
lntorr to  allon- shorter prmping times be- 
tneen  the  reaction cycles. T h e  SiC1, exno- 

7 

sure tirnes were equal to the  H10 exposure 
tunes. A typ~cal  AB cycle occurred with the  
following sequence: Expose pYrldine (200 
mtorr); dose S1Cl4 (15 mtorr) tor var~able  
reaction times; evacuate (lo-' torr); expose 
pyridine (200 mtorr);  dose H:O (15 mtorr) 
tor variable reactlon times; evacuate 
torr). 

T h e  halt-reactions are self-limitino; once 
a half-reaction goes to  cornplet~on, addi- 
t ~ o ~ l a l  reactant nroduces no additional tilm 
growth. T o  determine which half-react~on 
is slower. we stlrdied the  S i 0 7  film eromth 
versus H,O exposure time with a fixed 
 SIC:^, ex+sure time. T h e  SiCl, and HLO 
pressures were equal. T h e  SiOl groxvth rate 
did not decrease u n t ~ l  the  H ,O exnosure 
t m e  was o n e - t o ~ ~ r t h  that o t  the  ~ i C 1 ,  ex- 
posure time, which ind~cates that the  SiCl, 

5 AB cycles 
15 tntolx reactant 
200 111101~ pyridine 
T = 1-90 K 
n = 1.43 * 0.03 

C e p a r r ~ e ~ i t  o' C lem s t ~ y  a113 313c ier -  st?, Un i.eSs t!; st al groLlps and reactallts present jLlrlllg Reactant exposure time (7)  
Ccorado Soi~lde- CO 9,309. ,SA. the SIC1i and H:O half-reactions the Fig. 1. Ell~psometr~c measurements of SO, flm 
'Cresel't Tecr-'701ccJ es-Ee Lahorat3- hinary reaction sequence ( 1  2) .  Pyriiline is thickness deposited by , q ~  at 290 K for 
rles, Oct3eIect-3rics Ce17ter E-e~?gsi.Ie. PA '9,31 
USA also a very stable moleci~le, and this s t ab~ l -  varous reactant exposure times at reactant pres- 
+T3 ,?!h31i7 co'resp3rdence S I C L I ~ ~ ~  act-essec. ~ t y  min~mized lncorporation of N or C: into sures of ; 5 mtorr wth 200 mtorr of pyrdine. 
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Fig. 2. Ellipsometric 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 2 0  half-reaction. In addition, the 
SiO, growth at the shortest SiC14 exposure 
time, 5 s, did not increase with H 2 0  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 SiC14 
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 temDerature. 
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 + H20).  The hydrox- 
yl coverage decreases only very slightly be- 

125 - 
300 K 
2.15 cycle 

30 mtorr reactant - 
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200 m t m p ~ d i n e  I 

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. 

Fig. 4. AFM image of an SiO, film deposited at 300 K by 50 AB cyclespt 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 (I 2). 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 relative to the number of A! 
cycles. The measured growth rate yas 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 suaace morphology of the SiO, 
films was studied with an AFM (Digital 
Instruments Nanoscope 111) in tapping 
mode. Figure 4 shows a 1.2 pm 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 2 3  A (root mean square). In compari- 
son, the surface roughness of the initial 
cleaned Si(100) wafer was 2 2  A. A SiO, 
film deposited at 700 K without the pyrj- 
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 211 for O/Si with a pre- 
cision of 2 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 (1 3). 

Catalysis of the SiO, growth lowers the 
reaction temperatures from >600 K to 300 
K and reduces the saturation reactant expo- 
sures from - lo9 L to - lo4 L. The proposed 
mechanism of the catalytic activation sug- 
gested earlier by vibrational studies (1 0) 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 0 atom for attack on 
the electron-deficient Si during the SiC1, 
half-reaction ( 10). 

The H 2 0  half-reaction is also catalyzed 
by the pyridine. The addition of pyridine 
could accelerate the reaction bv hvdroeen- 
bonding with the H,O reactaAt and ihus 
making the 0 atom more nucleophilic. This 
increased nucleophilicity would facilitate 
the attack of the 0 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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with the electron-deficient surface Si at- 
oms. This interaction could weaken the 
S i c 1  bond and facilitate the replacement 
of the C1 groups with OH groups. 

O n  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, 

where k is the reaction rate constant [k = v, 
exp(-EJRT), where vo is the preexponen- 
tial factor, E, is the activation energy, and R 
is the gas constant], @* is the coverage of 
reacted sites, and OSic,, and OpyR 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 

This ex~ression was fit to the data in Figs. 1 u 

and 2; OSi,, was determined by using a 
SiCl, adsorp:ion energy of 5.4 kcal mob' 
(15) on hydroxyl groups on silica surfaces. 
The pyridine coverage, OPm, was derived 
using a pyridine adsorption energy of 12.3 
kcal mol-' and a pyridine desorption preex- 
ponential of 4.4 x 1014 s-' on the hydrox- 
ylated Si02 surface. These parameters were 
measured with an in situ elli~someter (1 6). . , 

The fit to the temperature-dependent 
data (solid line in Fig. 2) used these SiC14 
and pyridine adsorption and desorption pa- 

er of E, = 11.4 ? 1.1 kcal mob1. From 295 
to 378 K, OSicl4 at 15 mtorr of SiC1, varied 
from 4.5 x 10-6 monolayers (ML) to 6.0 X 
lo-! ML, and OpyR at 200 mtorr of pyri- 
dine ranged from 0.19 ML to 2.4 x 
ML. 

As expected for catalytic behavior, the 
reaction activation barrier of E, = 11.4 2 
1.1 kcal mol-I obtained from the fit shown 
in Fig. 2 is much less than the barrier for 
the uncatalyzed reaction of SiC1, 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 2 0.4 x 1014 cm-2 (12). The coverage 
of Si atoms and SiO, units that is consistent 
with one monolayer can be derived from 
the refractive index for Si02 of n = 1.46. 
From the Lorenz-Lorentz relation, n = 1.46 
yields a density of 2.21 g ~ r n - ~  or a number 
density of p = 2.2 x loz2 SiO, units ~ m - ~ .  
The coverage of a SiO, monolayer can then 
be calculated as p213 = 7.9 x 1014 SiO, 
units c m ~ ~ .  Likeyise, p-1/3 represents a 
thickness of 3.5 A for a SiO, monolayer. 
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1 1. Our experiments were performed in a deposition ap- 
paratus that has been described in detail elsewhere 
(7). In brief, the apparatus consists of a sample load 
lock chamber, a central deposition chamber (base 
pressure of 1 X 1 W7 ton), and a high-vacuum cham- 
ber for surface analysis. The central deposition 
chamber allows automated dosing of molecular pre- 
cursors under a wide variety of conditions and is 
equipped with an in situ spectroscopic ellipsometer 
(J. A. Woolam Co. M-44). This ellipsometer allows 
the film thickness and refractive index to be mea- 
sured accurately during film deposition. In addition, 
ex situ atomic force microscopy was used to image 
the surface topography of the SiO, films. The sub- 
strates, Si(100) wafers, were rinsed with methanol 
and blown free of particles before loading into the 
deposition chamber. The Si(100) substrate was an- 
nealed at 800 K for 1 min and then exposed to a H,O 
plasma at room temperature to remove surface car- 
bon and hydroxylate the surface. This cleaning pro- 
cedure leaves a SiO, native oxide with a thickness of 
-20 A on the Si(100) surface. 

12. 0. Sneh and S. M. George, J. Phys. Chem. 99,4639 
(1 994). 

13. To test the dielectric strength of the SiO, films under 
ramiten and assumed a preexpoiential of On  the basis of the coverage and thickness high field stress conditions, we dews54 multiple 

10" s-l for SiCl, desorption. This fit yield- of a SiO, monolayer, the SiO, depo!ition ~ ~ ~ c ~ q ~ ~ : s ~ , " ~ ~ $ ~ n , " , ~ ~ $  
ed a reaction preexponential of vo = 3.1 X rate predicted by the model is -2.0 A per min to the capacitor electrodes defined by the bot- 
1013'1~1 s-' and a reaction activation barri- AB cycle. This prediction compares favor- tom of the Si substrate and the individual Au-Ti 

+ly with the measured growth rate of -2.1 Squares. The current was measured with a picom- 
meter versus stress voltage. A capacitor failure was 

A per AB cycle. 
A 

characterized by a large decrease in film resistance 
The catalysis of surface reactions with a or by a resistance that steadily decreased during the 

gas-phase reagent represents a new para- 5-min period. Some capacitors broke down at low- 
stress fields of < 10 kV cm-l. However, some capac- 

digm for the of reaction effi- itors did not display an abrupt resistance change 
ciencies in chemical vapor deposition even at high-stress fields of >20 MV cm-l. The ma- 
(CVD). CVD reactions are almost never jority of the capacitor breakdowns occurred at stress 

voltages in the range of 4 to 10 MV cml. This be- 
On surfaces havior is similar to the properties of thermally grown 

is usually viewed only in terms of heteroge- oxide films on silicon. Because the substrates were 
neous catalysis where the catalyst is a metal not prepared under cleanroom conditions, the low 

breakdown voltages measured on some of the ca- 
Or surface- In the in pacitors are probably associated with particulate 
our work is a gas-phase species that enhanc- and surface contamination on the substrate. 
es the reactivity of the surface species. The 14. H. Nollerand B. Mayerbock, Surf. Sci. 33,82 (1972); 

B applicability of gas-phase catalysts may be G. Cu"hoyS, V. Y. DaVYdov, A. V. Kiselev, S. A. 
Kiselev, B. V. Kuznetsov, J. Colloid Interface Sci. 48, 

general and may be used to grow other 58(1974). 
technologically important oxide and nitride 15. C. P. Tripp and M. L. Hair, Langmuir8,1961 (1 992). 

materials at reduced temperatures. 16. In these ellipsometric experiments, the pyridine 
thickness was measured versus pyridine pressure. A 
fit based on the Brunauer-Emmett-Teller (BET) ad- 
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