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In situ and interrupted-growth studies of the self-assembly of octadecyltrichlorosilane monolayer

A. G. Richter, C.-J. Yu, A. Datta, J. Kmetko, and P. Dutta
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208-3112

~Received 26 August 1999!

We have examined the self-assembly process of octadecyltrichlorosilane on silicon using x-ray reflectivity.
By comparing the commonly used ‘‘interrupted-growth’’ characterization technique with results obtainedin
situ, we have determined that quenching the growth and then rinsing and drying the sample introduces free area
into the film, presumably by removal of non-cross-linked~physisorbed! molecules. Reintroduction of a
quenched and rinsed film to solvent does not restore the thickness of the film to its previous value. We have
also performedin situ growth studies over a range of concentrations. For all concentrations, we observe growth
of islands of vertical molecules. The growth follows Langmuir kinetics, except at short times for low concen-
tration solutions.

PACS number~s!: 68.45.2v, 82.65.My, 81.15.Lm
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I. INTRODUCTION

Self-assembled monolayers~SAMs! are single layers of
organic molecules chemically adsorbed onto solid substra
There are many classes of molecules that will form SAM
all of which contain a head group that bonds to the surfa
the body of the molecule, and an end group. SAMs are m
commonly formed by immersion of a substrate into a dilu
solution of these molecules in an organic solvent. The p
cess is self-limiting and the resulting film is a dense orga
zation of molecules that are arranged so that they prima
expose their end groups. SAMs have been widely stud
because of this property: by functionalizing the termin
group, very precisely arranged molecular arrays can be
ated for applications ranging from simple, ultrathin insu
tors and lubricants to complex biological sensors.

Despite their promise, many fundamental questions
remain concerning the growth of SAMs. Until recently, all
the studies of solution-grown SAMs that examined inco
plete films were performed using an interrupted-growth te
nique @1–14#. Substrates were dipped in solution and th
after a certain amount of time, the growth was quench
The samples were then rinsed and characterizedex situ. This
method provides some opportunity for morphologic
changes in the film, as the local environment is radica
altered during the growth. Therefore, this technique may
reliably indicate what is actually occurring during depo
tion. This was the main impetus for ourin situ studies.

We previously reported the firstin situ x-ray experiments
following the growth of a common SAM material, octad
cyltrichlorosilane~OTS!, grown on silicon oxide@15#. We
determined that the films underwent island growth beca
the thickness of the film remained constant at that of fu
extended molecules, the average density increased mono
cally, and the film-solution interface width did not chan
radically over the duration of deposition. This compares w
with atomic force microscopy~AFM! and spectroscopic ob
servations@6–8,10–12,16–18# of OTS on silicon and other
similar systems. However, some x-ray reflectivity, ellipso
etry, and infrared experiments indicated that OTS films gr
in a uniform manner—the thickness increases with dep
tion time as the molecules start out highly tilted and stand
PRE 611063-651X/2000/61~1!/607~9!/$15.00
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to accommodate newly adsorbing molecules@1–5,19#. Sev-
eral groups have seen intermediate modes of growth,
pending on temperature, water content of the solvent, hum
ity, etc. @9–11,13,14#. All of the above references used th
interrupted-growth technique, except for Woodward a
Schwartz@16# and Doudevskiet al. @17#, who studied octa-
decylphosphonic acid~OPA! on mica within situ AFM; Re-
schet al. @18#, who studied OTS on mica within situ AFM;
and Vallantet al. @19#, who studied OTS on silicon within
situ IR.

In order to address the inconsistencies between our is
growth result and those interrupted-growth studies that
play uniform growth, we deposited the same OTS films
silicon that we had studiedin situ, but instead used the
interrupted-growth method. In this way, we hoped to inve
tigate the effect of rinsing on film morphology, the role
the solvent beyond just supplying the adsorbate molecule
the surface, and to eliminate inter-laboratory and subst
preparation differences as a possible reason for the incon
tencies between various studies.

We also performed morein situ growth studies while
varying the concentration of the solution. In order to perfo
reflectivity scans, which can take up to 1 h per time st
very low ~micromolar! concentrations had to be used to slo
down the deposition for the studies reported in@15#. By
streamlining the alignment and scanning processes, an
reducing the number of data points and the collection ti
for each point, we have been able to follow the growth
higher concentrations. We wished to study the growth ti
scales and mode as a function of concentration to verify
our previous results were not due to our low concentrat
solutions.

Additionally, we fit each density curve we obtained fro
the in situ studies to a growth model to analyze the kinet
of the reaction. Simple systems should undergo Langm
growth; this model assumes noninteracting adsorbate m
ecules, no adsorption after monolayer coverage, a small
fusion rate relative to the desorption rate, and a fixed num
of equivalent binding sites. Because OTS forms cro
linkages with neighbors it would seem to violate the non
teraction assumption, but Langmuir-like kinetics also app
in complex systems because the Langmuirian saturated
607 ©2000 The American Physical Society
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ponential form is a limiting form for many modes of growt
Therefore, we used this functional form as the first step
analyzing the growth kinetics.

We used x-ray reflectivity to characterize these syste
X-ray reflectivity ~XRR! and AFM are complementary tech
niques. XRR samples the whole film within the x-ray foo
print ~typically on the order of 100 mm2) at once, giving the
in-plane average structure and the out-of-plane structure
function of distance from the substrate. AFM, on the oth
hand, gives local information, and is only sensitive to the
of the adsorbed molecules. Additionally, since AFM requi
using a finite sized tip, it is insensitive to very small island
whereas XRR can detect very low film densities. Howev
XRR is not suited for determining some important grow
information, such as the number of islands per site and
island size distribution.

The theory of XRR has been discussed in great de
elsewhere and so only a short discussion will be prese
@3,20,21#. XRR samples the structure of a film normal to t
surface by keeping the incident and exiting angles equa
each other, theu-2u condition. The momentum transfer, re
stricted to thez direction, isq5qz5(4p/l)sinu. Because
the index of refraction of all materials at x-ray wavelengt
is slightly less than unity, total external reflection occurs
all incident angles up to some critical angleuc , which de-
pends on the electron density of the material and the wa
length of the x rays. The critical momentum transferqc is
independent of wavelength and is equal to 0.0316 Å21 for
silicon, corresponding to a critical angle of 0.155° at 11
keV. The Fresnel reflectivity for an ideally sharp interface

RF5Uq2Aq22qc
2

q1Aq22qc
2U2

. ~1!

For any other interface, there is some density functionr(z),
averaged over thex and y directions. For x rays to reflec
there must be a gradient in the electron density; x rays
reflect off of different interfaces in a film interfere with eac
other, creating a series of maxima and minima in the
tected reflectivity. In the Born approximation, we have

R

RF
}U E K dr

dzL eiqzdzU2

. ~2!

Structural information can be obtained from the reflectiv
data by assuming a model for electron density profile a
then fitting the reflectivity curve by varying model param
eters. A typical model is the Gaussian-step model@3#. This
model assumes that the film consists of regions of cons
electron density, between which the interfaces are error fu
tions ~derivatives of which are Gaussian!. The reflectivity
then becomes

R

RF
5U(

i 50

N
r i2r i 11

r0
exp~2 iqDi !expS 2q2s i 11

2

2 DU2

, ~3!

whereN is the number of layers~the number of interfaces i
N11), Di5( j 51

i Tj is the distance from the silicon surfac
to the i th interface,Ti is the thickness of thei th layer,r i is
the electron density of thei th layer,s i is the iterfacial width
n
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of the i th interface, andr0 is the electron density of the
substrate (5rSi). rN11 is taken to be 0 forex situ scans
and is the electron density of the solvent forin situ scans.
Figure 1 showsr(z) for a three-layer model.

II. EXPERIMENTAL DETAILS

The silicon ~111! pieces were cut from 3 in.31 in.30.1
in. samples obtained from Semiconductor Processing, Inc
measure 5 mm31 in.30.1 in. so as to fit into ourin situ cell.
The substrates were prepared using a common clean
technique. First, they were placed in a piranha solution~a
70:30 vol/vol mixture of sulfuric acid and 30% hydroge
peroxide! and heated to 100° C for 1 h. After cooling fo
about 10 min, the substrates were rinsed with ultrapure w
(1018 MV cm). Then they were ultrasonicated in an RC
solution—water, H2O2, ammonium hydroxide ~5:1:1
v/v)—for 30 min. And finally, they were again rinsed wit
copious amounts of ultrapure water and stored in wate
sealed containers until used.

The OTS was obtained from United Chemical Techno
gies~99%! and used as received. It was stored in a refrige
tor and in the dark until used. Heptane~Aldrich; 99%, anhy-
drous!, ethanol ~Aldrich; reagent, denatured, anhydrous!,
methanol ~Aldrich; 99.8%, anhydrous!, and acetone@Ald-
rich; 99.91%, high-performance liquid chromatograph
~HPLC! grade# were also used as received. The heptane,
anol, and methanol were left unopened until placed in
glove bag filled with nitrogen. All glassware that was
come into contact with the samples, solutions, or solve
was washed with detergent, rinsed with copious amount
ultrapure water, sonicated in acetone for 30 min, dried
.8 h in a sealed oven at;120 °C, and then transferre
immediately into the glove bag, where nitrogen was pas
over it for ;20 min.

The OTS solutions in heptane were made and kept in
glove bag in a presilanized, covered, glass, 100 ml conta
for a maximum of 4 days. Solutions of varying concentr
tions were made, ranging from 0.1% (2.5 mM ) to 1024%
(2.5 mM ) by volume. No visible condensation of the OT
occurred at any concentration while the solution was be

FIG. 1. An electron density profile, demonstrating the definiti
of the parameters in a typical three-layer Gaussian-step model
our fitting, region 1 is the silicon-oxide layer, region 2 is an inte
facial region, region 3 is the OTS film, and region 4 is either t
solvent forin situ studies, or helium forex situstudies.
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PRE 61 609IN SITU AND INTERRUPTED-GROWTH STUDIES OF . . .
stored or used. OTS was added to heptane by syringe,
tated by a glass rod for 5 min and left to mix for 15 min. F
the lower concentration solutions, higher concentration so
tions would be diluted in steps by taking 1 or 10 ml
solution and putting it into 99 or 90 ml of clean heptan
until the desired concentration was achieved. While care
taken to ensure control over concentration levels, repo
concentrations should be only taken to be accurate to wi
630%. The samples were at room temperature~not sepa-
rately temperature controlled!.

The in situ cell is based on a design by Nagyet al. @22#. It
consists of a Teflon piece 5 mm thick that has a cut-
section that holds the silicon substrate in place and prov
a cavity for about 6 ml of solution. The Teflon piece is san
wiched between two 0.01-in.-thick beryllium plates. This a
sembly is further sandwiched between two stainless-s
pieces that provide structural support. Windows in t
stainless-steel pieces allow x rays to pass through. Solu
is drawn into and removed from the chamber via Teflon in
and outlet tubes in the inner Teflon piece. The inset of Fig
is a schematic of thein situ cell as viewed from the side
Also shown in Fig. 2 are several of thein situ reflectivity
curves taken during film formation.

Assembly of the cell and introduction of the solution we
performed in the glove bag. Forin situ studies, the substrat
was first examined under clean heptane to obtain refere
scans. Then, the solution was introduced at time zero and
cell was mounted on the diffractometer. No further agitat
of the solution was performed. Samples were also made
side thein situ cell by placing substrates into solution in
glass container in the glove bag, agitating with Teflon tw
zers for;5 min, and then letting them sit. After film forma
tion, the samples were removed, either from the solut
container or from thein situ sample holder. The sample
were rinsed several times with clean heptane, then rin
repeatedly with methanol, and finally multiple times wi
ethanol. Samples were removed from the glove bag whil
ethanol, then blown dry with nitrogen. If there was eviden
of unreacted or unattached OTS on the surface, i.e., a w

FIG. 2. Three of thein situ reflectivity scans taken during film
growth of OTS on silicon. The solid lines are fits to the data~see
text!. The reference scan is obtained prior to deposition under c
heptane. The inset is a schematic diagram of thein situ cell: A,
silicon; B, solution chamber;C, inner Teflon piece;D, beryllium
plates; andE, stainless-steel frame~taken from@15#!.
gi-

-

,
as
d

in

t
es
-
-
el
e
on
t
2

ce
he
n
t-

-

n

ed

in
e
ite

powder on the surface or very thick films as evidenced fr
reflectivity, or if the sample was left in air or ethanol fo
extended~.1 h! times, the sample was sonicated in aceto
for 10 min and then rinsed with ethanol and blown dry w
nitrogen. All samples were hydrophobic after removal fro
solution as evidenced by large water contact angles. W
performingex situscans, the same chamber was used. In
case, the chamber was purged with helium and a slight o
pressure was maintained in order to minimize x-ray ba
ground scatter from the air and to lessen x-ray damage.

X-ray reflectivity was performed on beam lines X6B an
X23B at Brookhaven National Laboratories’ National Sy
chrotron Light Source~NSLS!, and at Sector 10 Material
Research Collaborative Team~MRCAT! at Argonne Na-
tional Laboratories’ Advanced Photon Source, at energie
11.5 keV~l51.078 Å! and 11 keV~l51.127 Å!. The inci-
dent slit size was set to be 0.15 mm vertically by 2.8 m
horizontally. The scatter slits and detector slits were set to
larger, 0.3 mm by 3 mm.

III. RESULTS

A. Fitting

Each in situ reflectivity curve was fit using a three-laye
Gaussian-step model: a silicon-oxide layer, an interfac
layer, and the OTS film layer. The silicon dioxide paramet
are generally held constant, except for the thickness, whic
determined for each substrate and then held constant for
reflectivity scan on that substrate. The electron density
silicon oxide is 0.96rSi @3#. Typical thicknesses are 5–15 Å
Since x rays are sensitive to electron density gradients
there is only a small density difference between layers in
film, the x rays will only weakly scatter from it, making i
difficult to detect. This also means that the reflectivity curv
and hence our fits to it, are quite insensitive to small chan
in the interfacial width between silicon and silicon oxide,
we hold it fixed at 1 Å or 2 Å .

The interfacial layer is between the oxide and the film.
is common practice to add this interfacial layer to take in
account the head-group region of the film@3#. Quite often in
the literature, this layer has an electron density greater t
that of silicon. In our case, the density of this layer is alwa
between that of the film and the silicon. The thickness of t
layer also varies over deposition time, though that variat
is not monotonic. However, a range of interfacial layer a
film layer thicknesses give comparably good fits if their su
is unchanged. Therefore, we identify the interfacial lay
thickness as part of the total OTS film thickness. This
further motivated by the fact that this interfacial layer is n
discernable as a distinct layer in the electron density pro
but rather serves mainly to broaden the interface between
oxide and the film. It is unfortunate that ourin situ reflectiv-
ity scans are limited by the solvent-scatter background
;0.5 Å 21 in qz , as this limits our ability to ascertain th
physical nature of this thin interfacial layer. It seems qu
possible that it is indicative of the hypothesized water la
@9,23–27#. Or it could be evidence of retention of chlorin
atoms, either from unhydroxylated chlorosilane groups, or
retention of solvent in the film, though several studies ha
shown that no solvent or chlorine is present after film form
tion @2,28–30#. It could also be water that is hydroge

n
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TABLE I. Comparison of the parameters from a fit of the finalin situ scans with the parameters from th
reflectivity scans measured after rinsing and removing the samples and scanning under helium~ex situ!.

Sample Concentration Finalin situ ex situ % change
name (mM ) r/rSi T ~Å! r/rSi T ~Å! r/rSi T

S1 0.0025 0.429 25.74 0.398 23.79 27.23 27.58
S2 0.0025 0.428 24.13 0.386 23.23 29.81 23.73
S3 0.0025 0.449 26.76 0.398 24.49 211.36 28.48
S4 0.025 0.432 25.34 0.401 24.60 27.18 22.92
S5 0.25 0.428 23.87 0.371 23.34 213.32 22.22
S6 2.5 0.426 23.96 0.413 23.75 23.05 20.88
S7 2.5 0.438 24.44 0.413 24.25 25.71 21.27
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bonded to unpolymerized silanol groups@4,28,31,32#.
It has been found that a fully formed OTS monolayer h

a thickness of about 25 Å and a density of 0.4360.05rSi

@1–3#. Each carbon-carbon~C-C! bond is 1.55 Å in length
and C-C-C bond angle is 110°, giving an extension in thz
direction per CH2 of 1.26 Å . There are 17 C-C bonds, plu
1.92 Å for the third H atom in the terminal methyl grou
plus the C-Si bond of 1.52 Å , giving a total of 24.86 Å .
This ignores the Si-O bond associated with the molec
which is assumed to contribute not to the XRR measu
film thickness, but rather to the oxide thickness@1#. Since we
include the interfacial region in the film thickness, it is a
propriate to add 1.34 Å for the Si-O bond, bringing the to
film thickness to 26.2 Å . The typical surface roughness of
OTS SAM on polished silicon or mica is 2–4 Å.

We used heptane as the solvent. Heptane has an ele
density of 0.34rSi , which we hold constant in the fitting
process. Since we are using a ‘‘transmissionin situ cell’’
rather than a ‘‘reflectionin situ cell,’’ the solvent layer is
macroscopically thick and taken to be semi-infinite. Hepta
has one of the lowest electron densities of commonly av
able solvents, and creates a density difference between
solution and the OTS film. However, this difference is s
small, and so the reflectivity is not sensitive to small chan
in the OTS-solution interface width. We therefore common
hold this parameter at a reasonable value of 2.0–2.2 Å . It
should be noted, however, that changes of 2 Å or greater in
this parameter do affect the reflectivity curve, so we are s
sitive to large-scale changes in the surface-solution inter
should they occur.

The fitting procedure is as follows. First, the referen
scan~clean heptane only! is fit to determine the silicon-oxide
thickness and predeposited surface roughness. Then the
in situ scan is fit, usually allowing all parameters to va
except forrSiO2

and sSi-SiO2
. Usually TSiO2

does not vary
much from that of the reference scan, but we find that
cannot usually satisfactorily fit the curves unless we allow
to vary. We then work backwards in time, starting with t
final in situ scan, fitting each curve using the previous sca
fitted parameters as the starting parameters. In some cas
addition to the solution-film interface, some of the other
terfacial widths become poorly defined because the elec
density contrast between adjacent layers is low. In th
cases, the appropriate interfacial width parameter is h
constant at a typical value~1–2 Å!.
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Ex situreflectivity curves are fit with a two- or three-laye
Gaussian-step model. Occasionally, we find that for satis
tory fits a layer is required between the oxide and the film,
for the in situ samples. This layer is similar to that used b
Tidswell et al. in that the density is sometimes greater th
that of silicon, it is 1–2 Å thick, and it has broad interfac
@3#.

B. Ex situ comparison

A direct comparison between the structure of a film wh
in solution and when removed from solution was made
three ways. The first method, also the simplest, was to c
pare the finalin situ reflectivity curve with one taken afte
the same sample was removed from the cell and rinsed
then placed under helium. For the second method, a sam
growth was followedin situ and then the sample was rinse
and reimmersed in heptane and rescanned. And the t
method was the preparation of a series of interrupted-gro
samples by removing substrates from solution before co
plete monolayer formation could occur and then scann
under helium.

The first method was performed numerous times w
many differentin situ examined samples.In situ scans were
usually taken until no change could be seen in the reflecti
curve, after which it was assumed that the growth was
ished. Then the sample was removed and rinsed, using
method described above. In all cases, the fits to the reflec
ity curve showed that the thickness and the density w
lower after rinsing than during the lastin situ scan. Table I
shows the film thickness and density for the finalin situ
scans and for theex situscans. Figure 3 shows the electro
density profiles of the finalin situ scan and theex situscan
for sampleS1. The decrease in density and thickness
clearly visible.

The second method was performed to determine w
would happen after placing a quenched and rinsed sam
back under solvent. After following the growth of sampleS7
in situ until it appeared to be finished, the standard rins
procedure was used. Then, the sample was put back u
heptane and examined. Additionally, a sampleS8 that was
prepared with the same solution and for the same amoun
time but that had not been previously exposed to x rays
treated in the same manner. Figure 4 shows the electron
sity profiles obtained by fitting the reflectivity curves~shown
in the inset!. It is clear that after rinsing, the thickness an
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density of the film decrease somewhat and that placing un
heptane does not return the thickness to its previous valu
fit to the reflectivity curve ofS7 taken under heptane give
an electron density of 0.410rSi and a thickness of 23.64 Å
compared to 0.438rSi and 24.44 Å for the finalin situ scan.
It is also clear that since both thein situ cell formed sample
and the sample that was grown without x-ray exposure sh
very similar curves, this is not an effect of x-ray damage

For the third method, the interrupted-growth stud
samples were made and examined directly after growing
studying a samplein situ so that the chemistry and substra
conditions would be similar for both sets of samples. Thein
situ sample followed the same trends as the previousin situ
samples, indicating island growth. Four clean substrates w
placed into an OTS solution (231023% by volume,
50 mM ) and then removed, allowing several hours betwe
each sample removal to lapse. The samples were rinse
the standard way and then scanned under a helium env
ment. The inset of Fig. 5 shows the four reflectivity curv
obtained. The minimum in the reflectivity shifts to progre

FIG. 3. The electron density profiles from a finalin situ scan and
an ex situscan from the same sample after rinsing.

FIG. 4. The electron density profile for a sample (S7) that was
studied whilein situ, then rinsed and put back under solvent. T
third profile is from an additional sample (S8) that was prepared
and scanned in the same manner, but which was not previo
exposed to x rays. The inset shows the corresponding reflect
curves. After rinsing, the minimum position shifts to a higherq,
indicating a decrease in thickness. Reimmersion in solvent does
restore the film to its full thickness.
er
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sively lower and lowerq values, indicating that the film get
thicker over deposition time, consistent with earlier repo
@1–5,19#. The main panel of Fig. 5 shows the electron de
sity profile obtained from fitting the reflectivity curves. A
early times, the film is less extended and is lower in dens
At medium times, the electron density appears to be bro
ened across the extent of the film, suggesting that the m
ecules have a range of tilts. Finally, at larger times, the fi
becomes more uniformly dense and approaches its f
formed thickness and density.

C. Concentration dependence and growth curves

In situ studies were performed at various concentratio
ranging from 1021% to 1024% by volume (2.5 mM to
2.5 mM ). All of the reflectivity scans showed similar beha
ior as to the 1024% sample reported previously@15#. How-
ever, the high concentration samples (.1022%) grew so
quickly that good fits to the curves could not be obtain
until late in the growth when changes in the film morpholo
slowed. Figure 6 shows the electron density of the film la
as a function of deposition time for all of the samples who
curves we could fit. In each case, the electron density
creases over deposition time, while the thickness~not shown!
stays constant, just as with the published 1024% data.

Each of the density vs time curves is the growth~coverage
vs time! curve, since the film thickness is constant duringin
situ growth. One of the simplest and most common grow
modes is Langmuir in which the rate of coverage increas
proportional to the uncovered space on the surface

du

dt
5F~12u!, ~4!

ly
ty

ot

FIG. 5. An interrupted-growth study. Each reflectivity curv
~shown in the inset! was obtained from a sample that was remov
from solution prior to full film formation. The progression of th
minimum position to lowerq values with deposition time indicate
that the film thickness increases, implying a uniform mode
growth. The corresponding electron density profiles are shown
the main panel. At early times, the film thickness is low. At inte
mediate times, the thickness increases, but the film density is hi
nonuniform across the film’s extent, indicating that the molecu
have a range of tilts. At later times, the film becomes more unifo
and approaches the thickness of fully extended OTS molecules



e
i

th
qu

we
o

he
te
r
s-
a

e
be
o

ar
e

e
ite

s

tio
e
m

ur
n
x

ous

be
ell.

ing
ss
se an
oes
ing

ol-
that
ol-
e.

ss.
n the
nse

re-
his
ing
the
ior

s do
nd
tent

s
ce re

hat

e-

612 PRE 61RICHTER, YU, DATTA, KMETKO, AND DUTTA
which leads to

u512e2t/t, ~5!

whereF is the adsorption rate, andt is the growth time scale
(51/F). In this model, the adsorbed molecules are assum
to be noninteracting, merely serving to block molecules
solution from landing on the surface.

We attempted to fit Langmuir curves to our grow
curves. We converted the density to coverage using the e
tion

u5
rfilm2rsolution

rcomplete
, ~6!

wherersolution is 0.34rSi andrcompleteis found by fitting the
density data to a modified Langmuir function. Note that
have already determined that the films grow by formation
vertical islands, and we have found no evidence for eit
interposed tiltled molecules or separated regions of til
molecules. The parameterrfilm is the density of the film nea
the film-solution interface and would include both phy
isorbed and chemisorbed molecules, but only those that
vertical or nearly so. Therefore, the coverage we calculat
the coverage of islands, which can include both chemisor
and physisorbed molecules. The curves from the lowest c
centrations show a deviation from a Langmuir shape at e
times. We cannot adequately fit these curves unless we
clude these points from the fit and allow for a time offs
before Langmuir kinetics begin. If we do so, we get qu
good fits to the rest of the data using the form

u512e2(t2t0)/t, ~7!

wheret0 is the time offset. Figure 7 shows several of the
fits and Table II shows the parameters.

The growth curves obtained for the highest concentra
samples are of obvious poorer quality than the lower conc
tration samples because the quicker growth limits the nu
ber of scans we can take and because the film changes d
the reflectivity scan. The errors in the data points, and he
the time offsets and growth timescales, are only appro

FIG. 6. Density curves for different solution concentration
Each curve has approximately the same shape, and for all con
trations constant thickness growth is observed.
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mate, calculated by averaging the errors obtained by rigor
analysis of our previously published data on sampleS1. The
actual errors for the higher concentration samples would
expected to be larger, and the time axis is imprecise as w

IV. DISCUSSION

A. Ex situ comparison

The first two comparison methods show that quench
the growth before full film formation causes the thickne
and the density to decrease. Rinsing also appears to cau
irreversible process to occur, as reimmersion in solvent d
not restore the film to its prerinsed thickness. Combin
these two findings leads us to propose that the solvent m
ecules help keep the adsorbed molecules vertical and
rinsing the film causes some of the non-cross-linked m
ecules to be removed from the film, creating free volum
Some of the molecules then tilt over, lowering the thickne
The fact that the density, on average, decreases more tha
thickness indicates that there are regions of relatively de
regions of molecules that do not tilt much or at all and
gions that lose most of their molecules after rinsing. T
could be explained by most of the loss of molecules com
from the perimeter of the islands, allowing molecules on
perimeter to tilt somewhat, but keeping those in the inter
relatively vertical.

Several studies have proposed that the OTS molecule
not fully cross-link until late in the deposition process a
that the degree of polymerization depends on water con

.
n-

FIG. 7. Fits to the density curves for three of the samples (S1,
S2, andS4). The curves follow Langmuir kinetics, although the
is a deviation at early times for the low concentration solutions t
requires the inclusion of a time offset.

TABLE II. Parameters from fits of the growth curves to a tim
offset Langmuir model.

Sample Concentration (mM ) t0 ~h! t ~h!

S1 0.0025 2.0260.15 6.3560.22
S2 0.0025 1.3160.13 2.7060.18
S4 0.025 0 1.1960.03
S9 0.15 0 0.5460.08
S5 0.25 0 1.4060.16



be
ur
t-
iv
rb
o
i

le
or
fte
to
n
s

in

/
a

ve
za
m
do
e
a
o
b
ow
e

i-
l-
ry
g

ri
o

o
s

us
er
t
a

a-
te
oo
is
th
v
nd
y
e
te

io
th
ge
ule
rs
e
a

l-

es
he
th.
-

ter-
to
as

hey
and

w-
a
ver
of

un-
ap-

for

s-
as
wth
ad-
a

he
od
a
-

es
of

ap-
to

o-
not
of

wth
we

g-

so,
he
the
by

ll
hile

light
his
the

of
file

he
so
w
ere-
as

nd

PRE 61 613IN SITU AND INTERRUPTED-GROWTH STUDIES OF . . .
of the solution@4,13,32,33#. Furthermore, there appears to
only minimal direct attachment of OTS molecules to the s
face @4,9,25,28,31,34#, meaning that the molecules must a
tach to one another to form a complete film. XRR is sensit
to the presence of both the chemisorbed and physiso
molecules and does not differentiate between the two if b
species have the same orientation. The act of rinsing an
complete film may then remove the physisorbed molecu
that are only held in place by hydrogen bonding to neighb
and possibly to the proposed water layer on the oxide. A
the molecules tilt to fill in the free volume, reimmersion in
solvent does not appear to untilt them. After rinsing a
drying the film, the heptane molecules do not interpo
themselves into the film, as they presumably do dur
growth @35#.

Resch et al. performed a series of ‘‘stopped flow
deposition’’ experiments of OTS on mica in which after
period of exposure to solution, pure solvent was flowed o
the sample to halt deposition and allow AFM characteri
tion @18#. They found that the islands were always the sa
thickness of 25 Å , regardless of size. That the molecules
not appear to tilt after rinsing is in opposition to what we s
in our experiments, but it could be that since their film w
never removed from solvent and dried, there was no opp
tunity for molecules to fall over, as they may be impeded
the presence of solvent molecules. The stopped fl
deposition images also appear to be very similar to th
‘‘continuous flow’’ images~AFM scans done while depos
tion occurred!, which further implies that either all the mo
ecules they observe are cross-linked, or rinsing without d
ing does not fully remove physisorbed molecules. A rou
comparison with theirin situ andex situexamined samples
shows that samples that are removed from solution and d
display a larger variation in island size and shape than th
scanned while still in solution or solvent.

The interrupted-growth study confirms our suspicions
the inconsistencies between ourin situ results and the result
of other groups’ studies that report uniform growth. Ourin
situ observation of island growth was not due to vario
unquantified differences between different groups in exp
mental conditions and procedures, but rather it is the ac
quenching and rinsing that causes this discrepancy; the
tual mode of growth while in solution is through the form
tion of uniformly thick islands. Substrate and solution wa
level differences, and perhaps temperature and clean r
conditions, can certainly alter the film morphology and th
may be partially responsible for some of the different grow
mode observations. Our study shows, however, that e
with the same growth conditions that give rise to isla
growth and the formation of well-packed complete monola
ers, removal from solution, rinsing, and drying does caus
change in the characteristics of the film that can be in
preted as being uniform growth.

Figure 5 distinctly shows that at intermediate deposit
times, molecules have a range of tilts, further supporting
hypothesis that rinsing removes some randomly arran
physisorbed molecules and allows the remaining molec
to tilt. Our in situ studies confirm that the growth occu
through the formation of vertical islands, so any tilt of th
molecules must arise after rinsing. Because the islands h
the density of a fully formed film while in solution, the mo
-
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ecules must either tilt to fill in vacancies left by molecul
that have been removed form the film, tilt away from t
islands along the island edges, or a combination of bo
Vallant et al. @14# also detected a range of tilts for incom
plete OTS monolayers on silicon deposited using the in
rupted deposition method, attributing most of this disorder
small islands that have a random distribution of heights
compared to larger islands that have a uniform height. T
suggest that at early times, most of the film is disordered
the formation of ordered regions~islands! occurs slowly at
first and then rapidly towards the end of deposition. Ho
ever, because ourin situ studies show that the islands have
constant thickness and the film increases in density o
deposition time, we can be certain that their observation
disorder at early times is due to quenching and rinsing,
less this disorder exists for a short enough time that it dis
pears before we can perform anin situ scan.

B. Concentration studies and growth curves

Our previously reported growth data was obtained
very low concentration solutions (1024%, 2.5mM , by vol-
ume!. Since most of the published work on the OTS-Si sy
tem was done with millimolar concentrations, there w
some concern that there could be a difference in gro
mode between these widely different concentrations. In
dition, when we first attempted to fit the density curve to
Langmuir function, we found that if we were to accept t
first point as part of the curve, we could not achieve a go
fit. It appeared, in fact, that the density curve followed
more linear function until reaching the fully formed film den
sity, which would be indicative of a lack of solute molecul
reaching the surface. A rough calculation of the number
molecules in the solution showed that there were only
proximately 30 times the number of molecules needed
fully cover all sides of the silicon substrate with a mon
layer. These realizations led us to question whether or
our results were influenced by the minute concentration
the solution and hence were not representative of the gro
done at more elevated concentrations. For this reason
made severalin situ studies at various concentrations, ran
ing from 1021% to 1024% by volume. A systematic study
of growth time scales at different concentrations could al
in theory, illuminate some aspects of the kinetics of t
growth of these SAMs—do the molecules preassemble in
solution as proposed by some, or is the film built up
monomer interactions on the surface?

Each set ofin situ data was fit as described above. In a
cases, the thickness remained approximately constant w
the density increased. Several of the data sets show s
differences in the properties of the interfacial layer, but t
may not imply a real difference in the environment near
surface, but may rather be indicative of the shortcoming
the model to adequately describe the electron density pro
of a broadened interface. The main difficulty in studying t
growth at higher concentrations is that the growth occurs
rapidly that each scan is not a ‘‘snapshot’’ and only a fe
scans can be obtained before the growth is complete. Th
fore, the higher concentration data is not as well defined
the lower and the fitting is consequently looser. We fou
that we could not fit the data for the 1021% concentration at
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all, except at late times, presumably because the fi
changed too much during the early scans. Comparison
each of the density curves we obtained after fitting those
we could shows that each follows the same general tre
The lowest concentration sample is not anomalous; rathe
all solution concentrations studied, the molecules are vert
during deposition. In addition, we saw no evidence for
onset of multilayer growth that several groups have see
ex situsamples@36–38#.

As to be expected, as the concentration increases, the
a general decrease in the growth time scales~an increase in
the growth rate! ~see Fig. 6!. However, we do not observe
monotonic decrease. This is most likely due to the fact t
we do not have adequate control over all the import
chemistry parameters, such as substrate conditions, sol
water levels, humidity, and temperature. It is well doc
mented that a variation in any of these parameters leads
variation in the speed of film formation and in some cas
the quality of the film@2,4,10–12,14,23–25,28,36#.

Except for deviations at short times, the growth does
pear to follow Langmuir kinetics. However, as stated abo
Langmuir kinetics can be observed for more complica
interactions in limiting cases. The adsorption rates (1/t) that
we find range from 4.431025 s21 for the slowest growing
sample (2.5mM ) to 4.531024 s21 for the fastest
(0.15 mM ). This compares favorably with the value foun
by Doudevskiet al. @17# for OPA on mica of 8.1(60.5)
31025 s21 for a solution concentration of 0.1 mM . Our re-
sult may imply that OTS does not preassemble before de
sition, since OPA cannot and the time scales are sim
unless entire assemblages of molecules have similar kin
to monomers. This similarity in adsorption rates is also
teresting because several studies have found that OTS
mica should grow faster than on silicon under similar con
tions @14,39#. Since rinsing removes some OTS molecul
an ex situ, interrupted-growth study is likely to observe a
artificially slow growth rate. If the effect of rinsing is differ
ent between OPA-mica, OTS-mica, and OTS-silicon, t
could be interpreted as a difference in time scales for
various systems. In fact, theex situstudy of OTS on mica of
Valantet al. @Ref. @14#, Fig. 3~b!# suggests that rinsing migh
create larger islands and increase the island height, whic
different than what we see for OTS on silicon.

Because of our limited time resolution, we cannot disc
why there is a deviation from Langmuir kinetics at ea
times at low concentrations. We have at best two data po
in this region, and the size of the error bars rules out a
unambiguous complicated, functional fit. There seems to
an inverse relationship between the required time offset
the growth rate, implying that the offset is due to a proc
that requires a certain number of molecules before switch
to Langmuir kinetics. This could be the initial nucleation
the film, which would presumably be slower with a low
impingement rate~concentration!.

In their study of a different SAM system, akylthiols o
gold, Eberhardtet al. @40# also observe Langmuir growt
after an initial delay. In their case, this offset is due to
initial phase of lying-down molecules that does not contr
ute to the signal used to calculate the coverage of molec
in the fully formed film phase. While we are insensitive
molecules that are lying down because of resolution c
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straints, we do observe that even at these early times s
proportion of molecules are vertical, so it is unlikely that o
system undergoes a similar phase transition as for
thiol-Au system.

The study of OPA on mica of Doudevskiet al. @17#
showed that the growth did not follow a simple, single Lan
muir curve. They observed the growth up to a coverage
about 0.3 at 8000 s. At very early times, up to a coverage
0.1 at 1000 s, they found that the growth appears to be La
muirian. From 1000 to 4000 s, the coverage did not cha
appreciably. This was followed by another region of Lan
muir growth that presumably continued until full coverag
Interestingly, the time constant for both Langmuir regions
the same, indicating that the kinetics are the same for b
growth regions. They suggest that the intermediate regio
due to molecular dissolution from island edges, but they
gue that this would not happen with OTS molecules beca
of the cross-linking. However, as discussed above, the cr
linking may not occur until late in the growth, and so th
dissolution process may occur for OTS as well, though
would make an explanation of the observed fractal shap
OTS islands on mica and silicon more difficult@7,10,13#.
This picture would satisfactorily explain our observe
growth curve, as not only do we observe a deviation fro
Langmuir growth at early times for some samples, but a
we see that the coverage is ‘‘too high’’ at very early time
That is, the coverage appears to jump to about 0.1 as qui
as we can measure, but then does not change much
Langmuir kinetics begin. Also, sampleS2, which has a simi-
lar adsorption rate to the sample of Doudevskiet al., has a
time offset of 1.3 h (47206470 s!, which compares well
with the onset of the second region of Langmuirian grow
for the sample of Doudevskiet al., around 4000 s.

Vallant et al. in a very recent paper@19# reported usingin
situ attenuated total reflection~ATR! infrared spectroscopy
to study the growth on OTS on silicon and have also fou
that the coverage follows the Langmuir adsorption mod
The adsorption rate that they measure for a 1 mM solution
~with a water concentration of 2.2 mM ) is 2.831024 s21,
again very similar to the value we obtained~see Table II!.
However, this group’s study is indicative of the varied typ
of growth that are seen, depending on the experimental c
ditions and the characterization method. In a paper by
same group, Reschet al. used in situ AFM to observe the
growth of OTS on mica, finding that growth proceeds
island formation and aggregation@18#. At all times, the film
thickness was found to be about 25 Å and the bare m
surface could be seen in regions where there were no isla
However, theirin situ ATR experiment indicates that durin
growth, the molecules begin with an average tilt of about 3
and end with an average tilt of 7° as measured from
surface normal. This result indicates uniform growth, thou
it could also be that the islands tilt as a whole or that th
are islands of fully extended molecules surrounded by til
molecules so that the average tilt is greater than that o
densely packed film. These possibilities all directly cont
dict their previousin situ results, as well as our own, thoug
they agree well withex situ experiments. In any case, th
observation of Langmuir growth and the similarities of me
sured adsorption rates as determined byin situ XRR and
those found by Vallantet al.and Doudevskiet al. for similar
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systems using different characterization techniques stro
suggest that the Langmuir growth model is correct.
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