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Dynamic scaling of the submonolayer island size distribution
during self-assembled monolayer growth
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In situ atomic force microscope observations of the formation of octadecylphosphonic acid monolayers,
deposited from solution onto mica, indicate that growth proceeds via the nucleation, growth, and coalescence
of densely packed submonolayer islands of adsorbate molecules. Three regimes are oliBearedhitial
growth regime where nucleation of new islands is significé®t,an aggregation regime where nucleation
essentially stops and existing islands grow, #Bda coalescence regime where individual islands merge,
resulting in fewer islands. In analogy with vapor phase thin-film deposi{8anh as molecular-beam epitaxy
the island size distribution in the aggregation regime is predicted to show dynamic scaling behavior, indicating
that at a given time, only one length scale is present. We explicitly verify this dynamic scaling assumption,
showing that the island size distributions, over a range of surface coverage from 0.06—0.17, can be collapsed
into a single dimensionless distribution function by the theoretically predicted scaling relationships. The shape
of this distribution function implies that Ostwald ripening is not a significant factor and that the critical nucleus
is <2 molecules[S0163-182809)10725-3

INTRODUCTION agulation with fragmentatiotf, and a variety of droplet
growth processé&?* ranging from metal-on-metal
As a flexible method of forming thin and well-defined depositiori* to dew formation(breath figures®~>*Although
organic coatings on a variety of solid surfaces, self-Monte Carlo simulatior’ have indicated the applicability of
assembled monolayefSAM's) have attracted increased at- the scaling assumption to epitaxial monolayer growth, it is
tention in recent yearsThe deposition process is attractively generally not verified experimentally because of 3D growth
simple and inexpensive since the films form spontaneousl#hich becomes significant in this regime. Since the final,
upon immersion of a solid substrate into a dilute solution oféquilibrium state of a SAM consists of a single monolayer
organic adsorbate molecules. A number of studies, enconfth€re is no driving force for multilayer depositiprhis sys-
passing a variety of different molecule/substrate systems, if€™M 'epresents an ideal test for scaling theory in the later

dicate that the mechanism of formation involves moIecuIarSta_?ﬁz gﬁg&?g{;;gﬁgﬁ' of the dvnamic scaling assumo-
adsorption from solution, followed by aggregation into . P Y 9 P

densely packed submonolayer islands on the substraflgon s that at a given stage of growth there is only a single
surface? 1% Our recent work exploited the analogy with ul- ngth scale in the problem. This length can be taken t§ be

. oL the average island size, which is a function of the fractional
trahigh vacuum vapor phase thin-film growfmolecular- g

. 11 ) o . island coveragd. If this assumption is correct, then the is-
beam epitaxy(MBE)],"* demonstrating that kinetic theories land size distribution function can be written as

of two-dimensional(2D) cluster growtht>'* developed to

explain MBE, quantitatively described the nucleation and N(0)=A(S,6)f(s/S), (1)

growth kinetics of SAM islands in the early stages of film

formation. Although the chemistry involved in SAM growth whereNg(6) is the number density of islands containiag

and MBE growth is clearly very different, the early stages ofmolecules at coveragé In other words, the island size dis-

growth involve the same processes—submonolayer islandibution can be factored into two parts—one which contains

nucleation and growth—and in both cases these processél dependence on coverage and length scale, and another

are controlled by two Competing rates: a deposition rate fronY\lhiCh is a scale-invariant fundamental distribution function.

the third dimensiorF and a surface diffusion ra@. In pre- If we integrate both sides of E¢1) over all island sizes,

vious work we studied the nucleation and growth kinetics in We obtain

the early stages of growth. In the present paper, we extend

the analogy with vapor phase epitaxy to include the details of <

the surfagg morphorIJog)?during F:he I)a/1ter stages of growth. In N~0IS=A(S, 0)Sfo duf(u, )

particular, we explicitly demonstrate that, in the aggregation

regime, the submonolayer island size distribution obeys avhereN is the total island density. This leads to the identi-

dynamic scaling behavior which is the signature of a widefication of A(S,8) = 6/S?. The general scaling form for the

variety of 2D aggregation processes. island size distribution predicted from the dynamic scaling
The dynamic scaling assumption has been proposed tassumption is therefore

hold for a wide variety of aggregation processes, including

cluster-cluster aggregatidf,grain or bubble growttt® co- Ng(6)=6S"?f(s/S), ©)
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T T ] ' 7 Three regimes of growth are observed. Ber0.06 (growth
- i o regimg the number of islands increases, indicating that
B e % ) ! 4 i
: nucleation of new islands is occurring. In the range 0.06
| * .3 < #<0.17 (aggregation regimethe island density is ap-
proximately constant. Fof>0.17 (coalescence regimehe
island density decreases rapidly. The AFM images in Fig. 2
trace a particular part of the growing monolayer over about
3k - 40 minutes of growth as the fractional island coverage in-
° creased from 0.06-0.16. Since these images correspond to
R . N the aggregation regime, nucleation of new islands is quite
28 aseTe 2 8 45 rare and coalescence of islands has not yet become a signifi-
'9 cant factor. The dominant process is the gradual growth of
individual islands. The dynamic scaling approximation is ex-
FIG. 1. A log-log plot of the number density of islands per pected to be appropriate for this regime.
“site” (estimated at 0.25 nfnversus fractional surface coverage  From the full 2x2 wm? images we extract the fractional
showing the three regimes of growth as discussed in the text.  coveraged and the island density distribution per molecular
area. The total number of islands in each image was approxi-
where the functiorf(u) is normalized to unity. Expression mately 1600. To determine the size of submonolayer islands,
(3) therefore gives a concrete prediction which can be useit was found to be critical to account for the apparent enlarg-
to verify the dynamic scaling assumption sirfdg, 6, andS  ing effect due to convolution with the AFM tip. To perform
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can all be measured directly. an approximate deconvolution of the AFM tip size from is-
land size we examined the apparent half width at half maxi-
EXPERIMENTAL DETAILS mum of cross sectional profiles of the smallest observable

islands in both vertical and horizontal directions for use as an
Atomic force microscopdAFM) images were obtained upper limit. From these we established that convolution with
with a Nanoscope Il MMAFM(Digital Instruments, Santa this particular tip added approximately 7.0 nm to the radius
Barbara, CA in contact mode. In order to avoid surface con-at half maximum of an island. If one assumes a spherical tip
tamination duringin situ imaging the deposition solution and an island height of 2 nm, this implies a tip radius of 26
came into contact with only glass, PTFE Teflon, and a fluonm, which is within the typical range observed for these
ropolymer Kalrez o-ring(Duponi. Initially the liquid cell  integral silicon nitride tips. This number was used to correct
was filled with clean tetrahydrofurgifHF) and images were the size of islands as well as in the calculation of total cov-
obtained of the clean mica substrate.tAt0, solution con- erage. This was particularly important for small islands and
taining approximately 0.1 mM octadecylphosphonic acidlow coverages. The choice of the deconvolution size is the
(OPA), CHz(CH,);,PO(OH),—dissolved in THF—was al- most significant uncertainty in the experiment. We discuss
lowed to flow into the liquid cell as scanning continued overthe effect of varying this size in the discussion section.
a 2X2 um area. At various stages during monolayer growth, The island size distributions at three coverages within the
the scanned area was increased ¥055um to check that the aggregation regime are shown in Figag8 As one would
smaller initial scanning area contained no evidence of damexpect qualitatively, with increasing coverage the peak posi-
age due to scanning. Image analysis was performed usingpn gradually moves to larger island size and the distribution

NIH Image software. broadens considerably. Figuré3shows the same distribu-
tion plotted in the scaling form suggested by expres$g&n
RESULTS AND ANALYSIS The three data sets are shown to collapse onto a single func-

tion f(s/S)=S20"IN4(#), consistent with the dynamic scal-

Figure 1 shows the total island densftyas a function of ing assumption prediction. We emphasize that the quantities
fractional coverage# extracted from AFM images 2 used to scale these dathandS, were measured directly, not
X 2 um? in area. This density is normalized to a unit area ofvaried in order to “fit” the data. The small island side of the
0.25 nnf, the approximate molecular area on the surfacedistribution is often fit to a power law form based on empiri-

FIG. 2. Details of AFM images (500
X 950 nnt) showing the same region of a mono-
layer during growth. The annotations on the im-
ages represent the fractional surface coverage ex-
tracted from larger X 2 um? images.
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tion, power-law growth kinetics at early times do not neces-
sarily imply that the island size distributions will scale as we
have reported. In fact, it is generally quite difficult to explic-
itly verify the dynamical scaling assumption during epitaxial
growth, since processes other than simple 2D island growth
(such as 3D growth or dissolution/evaporajioften become
significant in the aggregation regime. Taken together, there-
fore the consistency between simulations and experiment of
both the early-time kinetics and the later-time morphology
suggests that quite simple models of epitaxial growth can
provide a useful description of the SAM formation process
through several regimes of growth. It will also be interesting
to compare the predictions of simulations for the late stages
O 8=0.06; S=690 of growth (coalescence and percolatjowith the actual
A 6=0.11;5=1188 structures observed in SAM's.
O 6=0.17,8=1978 The particular shape of the scaled island size distribution
is somewhat unusual. For 2D diffusion-limited cluster aggre-
gation, the distribution function is generally observed to be
fairly symmetrical abous/S=1 and extrapolates to the ori-
gin. A power-law behavior is observed on the low side of the
peak with an exponent equal to the critical nucleus minus
one, e.g., linear behavior indicates that the critical nucleus
S/S consists of two moleculeS:?® The exception to this is when
the critical nucleus is a single molecule, i.e., individual mol-
FIG. 3. Island size distributions during the aggregation regimegcules can become “stuck” and nucleate an island. In such
(@ Raw island size distributions. The number density of islandscases the distribution function is shown to extrapolate to a
containings molecules per “site”(estimated at 0.25 nfnis plotted 151,610 value for small island sizes and the function is
versuss. The annotations rc_aflegt the fr"’.‘Ct'onal coverajer e"’TCh monotonically decreasing. In our case, neither of these de-
data set(b) The same distributions as in pdd) when scaled in a e . . o
scriptions apply. There is clearly a peak in the distribution;

way suggested by expressi) in the text. The inset contains the L T .
fractional coverag® and the mean island sizéfor each data set. however, it is at a value significantly less than unity and the

The fact that all three distributions collapse onto the same functiofUnction does not extrapolate to the origin. We hypothesize
is an explicit verification of the dynamic scaling assumption. Thethat there may be a mixture of nucleation processes occur-
solid lines represent empirical “fitting functions” as discussed in ring, some involving the collision of two molecules and oth-
the text. ers involving the spontaneous freezing of individual mol-
ecules. Our previous kinetic studies in the growth redime
cal argument$>?®In this case, it is clear that the data do not were generally consistent with a critical nucleus of two mol-
extrapolate to the origin, so a simple power law dependencecules.
is not sufficient. The line drawn through the small island size Clearly the details of the deconvolution of the AFM tip
data corresponds to the functidi,,(s/S)=a;(s/S)'+b,,  size from the island size manifest themselves most strongly
wherea;=19+3, b;=12+1, andi=0.7+0.1. In a similar  in the small island size region of the distribution function. If
way, the large island side of the distribution is often ob-one varies the choice of tip deconvolution size, the details of
served to decay exponentially. The line draw through thghe island size distributions are subtly altered. For example,
large island data corresponds to the functibipy(s/S)  the exponent, which is used to fit the low side of the peak to
=a, ex{d —by(s/9)], wherea,=25+1 andb,=0.85+0.04. a power-law form, may range from about 0.5-0.9 for a rea-
sonable range of deconvolution sizes. However, the basic
conclusions are not altered by such a change in deconvolu-
tion size. For example, if the deconvolution size is used self-
The fact that the island size distributions, in the aggregaconsistently to calculate island sizes and fractional coverage,
tion regime, scale as suggested by expresépias shown the distributions are still observed to collapse onto a single
in Fig. 3(b)] is an explicit verification of the dynamic scaling function as in Fig. ). In addition, this scaled function
assumption. Such morphological scaling is also observed ifooks qualitatively the same in that it extrapolates to a non-
Monte Carlo simulations of epitaxial growth.These same zero value for small island sizes, is peaked at a valug $f
simulations predict power-law nucleation and growth kinet-that is less than unity, and the peak is strongly asymmetric.
ics for islands in the early growth regime which are consis- Another process one might consider in the aggregation
tent with those previously reported by us for this same SAMregime is Ostwald ripening, the growth of large islands at the
systen® The combination of short-time kinetics and later- expense of small islands. However, there is general agree-
time morphology is not trivial, i.e., the two do not necessar-ment that this process results in a distribution function that is
ily follow from one another. Dynamical scaling of the island asymmetric in the opposite way from the observed function
size distribution in the aggregation regime can occur in sysin this case, i.e., the peak is biased towards the large island
tems with various types of early growth kinetfdsin addi-  side of the distributio?? We therefore conclude that Ost-

DISCUSSION
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wald ripening is not significant on the times scale we ob-both consistent with Monte Carlo simulations of epitaxial
serve. growth, strengthening the link between experiment and
theory over several regimes of growth. The shape of the

CONCLUSIONS scaled distribution function differs from those observed in

. ) . . o simulations and is not completely understood. A qualitative

In situ atomic force microscopy permits a quantitative de-analysis of this function suggests that Ostwald ripening is not

scription of the surface morphology during various regimessignificant and that the critical nucleus<s2 molecules.
of self-assembled monolayer growth. The data are consistent

with a growth mechanism involving submonolayer island
nucleation, growth, coalescence, etc. In the aggregation re-
gime, where the number of islands is relatively constant, the
island size distribution scales in a way that is consistent with  We thank Mike Herman and Fereydoon Family for useful
the dynamic scaling assumption which has been used for discussions. This work was supported by the National Sci-
variety of aggregation processes. This morphological scalingnce FoundatioiGrant No. CHE-9614200and the Center

in the aggregation regime and earlier measurements dbr Photoinduced Processéfinded by the NSF and the
power-law nucleation and growth kinetics at short tifre®  Louisiana Board of Regents
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