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Abstract. Mixed composition monolayers of similar n-alkanethiols on Au{111} are
formed by self-assembly. While the average surface composition of these films
accurately reflects the composition of the deposition solution, scanning tunneling
microscopy and secondary ion mass spectroscopy measurements show that the
films phase separate on the nanometer scale. Scanning tunneling microscopy has
been used to follow molecular motions within these films. We discuss our
observations in terms of the formation and stability of the phase-segregated
domains, and their potential importance in nanoscale applications.

1. Introduction this self-assembled organic layer [1,2]. By varying the
functionality of these end groups, the physicochemical
As the applications of alloys and composite materials nature of the surface can also be varied. It is shown
extend into the realm of nanotechnology, an understandingbelow how the terminal functional groups used in this study,
of the properties and behavior of these materials _CH;, —-CO,CHs, —OH, and —CN, determine the structural
on the molecular scale will become of paramount properties and phase behavior of this system. The
importance. Critical aspects of these materials are thealkanethiols used—CHCH,)15SH, CHO,C(CH,)15SH,
determination of the nanometer-scale structures formedHOCH,(CH,);5SH, and NCCH(CH,).5sSH—have nearly
from multicomponent films and the extent to which these identical chain lengths and differ only in their terminal
structures can be controlled and stabilized. Here we functional groups. These slight variations result in the
address the issue of phase separation in mixed compositiorformation and growth of phase-segregated nanometer-scale
systems. To this end, we have studied two componentmolecular domains.
guasi-two-dimensional self-assembled monolayers (SAMs) Direct observation of phase segregation in Langmuir
of n-alkanethiols on A{l11}. films by techniques other than the scanning probe
Densely packed, crystalline SAMs efalkanethiols on  microscopies have previously been limited to macroscopic
Au{111} spontaneously form when a AlL1} surface is  domains [3]. Meyer and co-workers have used frictional
immersed in a solution containingalkanethiols [1]. These  force microscopy to study phase segregation in Langmuir—
quasi-two-dimensional organic monolayer films are formed Blodgett films in which two very different component
by covalently bonding the thiol S to the Au surface, while molecules are co-deposited [4, 5]. In a series of experiments
the alkyl chains interact through van der Waals forces they have shown how the domain shapes in these relatively
to form an ordered overlayer. The terminal functional mobile films (prior to deposition) depend on alkyl chain
groups of the alkyl chains define the exposed surface of length of one of the components [5]. More recently, Lieber
) . and others have used functionalized force microscope probe
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growth of these domains has been observed in time-lapseNCCH,(CH,)15SH, or a combination of two of these thiols
STM imaging [9]. at 1 nM total thiol concentration. In this study, pure
In a recent theoretical experimental treatment of solutions of each thiol and mixed solutions of pairs of
molecular phase segregation in mixed composition SAMs thiols were examined. At these concentrations, the thiols
of CH3(CH)1:SH and CH(CH,),1SH, Folkers et al are soluble in ethanol, and readily form homogeneous
concluded that, in general, a SAM in equilibrium with solutions. The substrates were immersed in the solutions
the deposition solution will be comprised of a single for four days at room temperature, after which the samples
phase of either a pure thiol or a heterogeneous mixture were withdrawn, rinsed extensively in ethanol, and dried
of the two thiols [10]. Folkerset al also pointed out under a stream of nitrogen. Mica-supported samples were
that if an exchange between the film and the solution analyzed using STM. Companion samples prepared on
is incomplete (i.e. the sample is removed from solution gold films on native oxide-covered single crystal Si(100)
before equilibrium is reached), then the film may form wafers (as described elsewhere [14]) were characterized
phase-separated islands [10]. This is certainly the situationby x-ray photoelectron spectroscopy (XPS), ellipsometry,
in our sample preparation. While the length of time and infrared spectroscopy (IRS) to verify the quality,
that our samples remain in the solution are an order of thickness and composition of the self-assembled films
magnitudelonger than typical immersion times, results [2,15]. Samples prepared on gold-coated Si wafers were
of imaging time-of-flight secondary ion mass spectroscopy also studied using TOF-SIMS in the static regime (low total
(TOF-SIMS) studies have shown that the rates of exchangeion dose). The imaging TOF-SIMS instrument has been
between the solution and the monolayer film are extremely described elsewhere [16]. These samples were analyzed
slow at room temperature [11]. In these studies partial immediately after removal from ethanol, rinsing, and
and complete monolayers have been immersed in solutionsdrying. The monolayer films were observed to be stable in
of different thiols and then the films have been analyzed air for the duration of the experiments with no evidence for
using SIMS. Only in the case where thiols from the initial the formation of sulfonates or other degradation products
exposure were not on the surface (e.g. where they had beeras shown by XPS, IR, and SIMS.
mechanically removed), were the thiol species from the The STM images were recorded in air using a
second exposure found in abundance [11]. Follatral microwave-frequency-compatible beetle-style STM [17].
[10] raised the deposition solution temperature to°€D All the samples were studied using DC tunneling current
to accelerate SAM-solution exchange in order to attempt to control the tip-sample separation. All images were
to reach equilibrium, but could not ascertain whether they recorded at tunneling gap impedances that ensured a large
had done so. In recent experiments, we have gone to highetip-sample separation, 102 [18]f. All STM images
temperatures and shown that although we could acceleratavere recorded in constant tunneling current mode and are
thiolate desorption and thus exchange, separated moleculapresented unfiltered. The tunneling current was 2 nA with
domains still do not reflect equilibrium distributions and a tip bias voltage of-2 V. The STM piezoelectric scanner

depend strongly on the processing conditions [12]. calibrations were performed by recording atomic resolution
We have also acquired evidence using TOF-SIMS that images of surfaces of known crystallography.
for some mixed composition SAMs the distribution of The mechanism that allows nominally insulating

neighbor molecules within the film are not random. This organic films to be imaged remains unclear. urig
is a natural result of phase separation—molecules are moreet al have conducted simultaneous STM and atomic
likely to be found near identical molecules than if they force microscopy (AFM) experiments on SAMs of
were mixed randomly (in which case the probabilities on HO(CH,)16SH on gold [19]. From these simultaneous
all length scales would be given by the surface density of measurements, they concluded that the pressure induced by
each molecule). the probe tip must play an important role in the ability of

In this paper we discuss the preference of these similar electrons to tunnel through these films. Other studies have
alkanethiol self-assembled systems to phase segregate. Thehown how the presence of ‘insulating’ adsorbates assists
presence of these phase-separated domains indicates that the the tunneling of electrons in the STM tunnel junction
equilibrium structures of these film compositions are phase without the need for compressing adsorbates [20].

separated on some length scale. We have previously shown how STM can be
used to determine the distribution of mixed compo-
2. Experimental section sition self-assembled films ofi-alkanethiol molecules,

CH3(CHy)15SH and CHO,C(CHy)15SH, on Ay11l

Substrates for this study were prepared by evaporation[7,8]. After imaging single composition films and charac-
of gold (99.999%) onto the surface of freshly cleaved terizing the features (such as point defects) found in STM

mica which was preheated in a vacuum +4e840 °C images, we imaged mixed composition SAMs with 1:3,
[13]. The base pressure in the chamber during evaporationl:1, and 3:1 ratios of the two thiols [7-9]. The most strik-
was < 6 x 1077 Torr.  After ~100 nm of gold ing features were the presence of nanometer-scale domains

was deposited, the substrate temperature was returned téhat were differentiated in topographic images. The two
<40°C while still under vacuum, then the chamber was molecular domains appeared at a height difference Af 1
back-filled with purified nitrogen, the substrates removed, t Since this work was done, it has been found that for SAMs of shorter
and immersed immediately into ethanolic solutions of either chains (CH(CH,)nS—, wheren < 12) at higher tunneling gap impedances
CH3(CH,)15SH, CHO,C(CH;)15SH, HOCH(CH,)15SH, (R > 10 Q), one can routlnely obtain molecular resolution.
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Figure 1. A STM image showing a 450 x 450 A area of a T T T . . ; ' ’
SAM of a 1:1 ratio of CH30,C(CH,)15SH and 705 710 715 720 725 730 735 740 745 750
CH3(CH3)15SH on Au{111}. The image was recorded in MASS (amu)
constant current mode at a tunneling current of 2 nA and a
tip bias voltage of —2 V. The vertical scale shows a 3 A Figure 2. Secondary ion mass spectra of mixed
range in topography. On the left side of the image is a composition SAMs of CH3(CH3)15SH and
monatomic height step in the Au substrate. The image is HO-CH2(CH,))15SH on Au for nominal mixtures of: (a) 9:1,
shown unfiltered. (b) 1:1, and (c) 1:9. The region shown once again includes

the ions composed of two thiolates and one Au atom. The
suppressed peak intensity of the central set of peaks in (b)
in constant current images at L@ gap impedance. In indicates that the thiolates are not randomly distributed

each case, the ratio of the areas of the domains was foundwithin the film as described in the text. The spectra are
to be equal to the ratio of the two thiols in the deposi- Offset for clarity.

tion solutions. Based on the analysis of the areas and the

strong correlation with the expected surface concentrations
we assigned these topographic features as domains of th
two thiolate species in the films.

'be ejected simultaneously from the collision cascade due
%o single ion impacts. The higher effective ‘resolution’

in this case results from the localization of the collision
cascade. Nearby adsorbates then are either desorbed bound

3. Results together or recombine in the gas phase in the vicinity of
. . the surface. Recent molecular dynamics simulations show
Figure 1 shows a STM image of a 45Q x 450 A that the lateral sensitivity in such a measurement28 A

region of a SAM of a 1:1 ratio of C§0O,C(CH;)15SH [16]7.
and CH(CH,)15SH on Aua The phase-separated domains Figure 2 shows the SIMS spectra for 9:1, 1:1, and 1:9
appear as regions with aA difference in height from the  mixtures of CH(CH,)15SH and HOCH(CH,)15SH in the
neighboring domains of the other thiolate moiety. From region where ions composed of two thiolate species bound
our previous studies of various composition ratios [7,8], to a single Au atom are found. Figure 3 shows the SIMS
we are able to assign the higher of the two domains to spectrafor 9:1, 1:1, and 1:9 mixtures of HO&BH,)15SH,
the methyl-ester-terminated molecule. These domains areand NCCH(CH,)15SH in the equivalent spectral region.
highly intertwined which results in them being long and As noted above, we interpret the presence of these ions
relatively narrow. This is discussed further in section 4 as being due predominantly to two thiolate species being
below. simultaneously ejected during the same collision cascade
As seen in the STM images, the distribution of from a single incidentGa") ion. By analyzing the areas of

molecules on the surface is clearly not random and thusthe mixed thiolate ions—the central peaks in the spectra—
should be evident in surface spectroscopies. To this end,we can determine the extent to which one thiolate is
we have explored the nanometer length scale distributionssurrounded by a purely statistical distribution of each thiol
by TOF-SIMS. The spot size of the ion beam used for or whether the surface is patterned on thig0 A length
imaging currently has a lower limit o500 A [16], scale.
too large to identify phase-separated domains of the size ) , o )

. . . 1 While the area of damage from a single ion impact has a radius of
S.hOWItl in figure 1. Inc_leed, no phase §eparat|on in these~50 A, in molecular dynamics simulations such as those described in
films is observed by direct TOF-SIMS imaging. Instead, [16], the directions of the ejected particles from a single ion impact are
we use the propensity of nearby adsorbed molecules tosuch that only particles ejected within20 A are likely to recombine.
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4 9:1 ratio film (spectrunu). By careful analysis of these

9016 integrated intensities we expect to be able to quantify the
fraction of the surface covered by ‘interface lines’ versus
the fraction covered by pure domains of one molecule.
Within the errors inherent in our analysis, the SIMS data

(a) AuS,(~CH,0H),"

34 indicates that the mixtures shown in figure 3 appear to be
consistent with randomly distributed molecules.
M. ArhAn Mixed composition SAMs show greatly reduced defect
50/50 densities compared with the single composition films
AUS,(~CH,0H)(~CH,CN)" that we have studied prepared under identical deposition

N

conditions [7]. We have tentatively assigned this to
the interface tension that is a consequence of the
differing intermolecular interactions. Thus, a quantitative
measurement of the fraction of the surface covered by
an interface would be an important parameter in the
preparation of nearly ideal films. We have shown elsewhere
) how these defects play a critical role in controlling film
structure, and in allowing the exchange and the insertion of
molecules into these films [12, 21].

NORMALIZED INTENSITY

Iy
i

AuS,(~CH,CN)," 10/90

T T T T T T 4. Discussion
740 745 750 755 760 765

MASS (amu) We have previously shown how molecules exchanging
Figure 3. Secondary ion mass spectra of mixed betvyeen doma|_ns Wlthlr_l the film can account for some
composition SAMs of HO-CH,(CH,)15SH and portion of domain formation and growth [7]. The observed
NC-CH>(CH,)15SH on Au for nominal mixtures of: (a) 9:1, time scale of this exchange is quite slow (about 1 exchange
(b) 1:1, and (c) 1:9. The region shown includes the ions per site per hour), but the actual growth rate is most likely
composed of two thiolates and one Au atom. The peak to be faster. This is explained by the initial stages of

intensities are in each case consistent with randomly . . . .
distributed molecules within the film. The spectra are offset the two-dimensional domain growth being at or along the

for clarity. interfaces which is much more rapid than the latter part of
the growth. Consider an initially random mixture within
. . i i . the film with the cross-interaction between adsorbates
For this analysis, we first determine the expected spatial A gnd B lower than that of either like intermolecular
distribution of molecules given by a random filling of 4iraction A—A or B=B. Such a system starts out in a high
adsorbate sites in the lattice. Then, using this distribution, energy configuration because it has a high total interface
we determine the propensity for observing the various length and thus a large contribution from the many A-B

pairs by estimating the combined ejection, ionization, and jneractions. It then evolves to lower energy configurations
detection probabilities. This is our detection efficiency for (towards thermodynamic equilibrium), by reducing the
_obs<_arving a particular molecula_r pair together in a cluster jhierface length and thus interface energy through the
ion if the two molecules are within the area of effect of oo\ of increasingly larger domains. Finally, the system
a single collision cascade. This step of determining the \,4\es relatively slowly through its final ‘annealing’ stage
detection efficiency remains the weak link in our analysis. \yhere smaller domains merge to form larger ones. This
Finally, by comparing the observed mass spectra with those onsymption of smaller domains results in a reduction of
predicted for the randomly distributed molecules given our e gyerall interfacial energy and has been observed in time
detec’Fion efficiency, we are able to determine the extent lapse STM imaging [7]. We have observed the reduction of
to which the molecules are separated on the surface. Foryomain curvature by molecular exchange between domains.
STM images with molecular lattice resolution we are able Thege ohservations lend support to the interfacial energy
to perform this same type of analysis where our ‘detection (o4, ction argument presented above.
efficiency’ is essentially unity [18] _ In the 1:1 samples we see that in STM images
Analysis of the SIMS data indicates that the mixtures e gomains are highly connected, but relatively narrow.
shown in figure 2 are patterned (separated) whereas), he 1:3 methyl-terminated to methyl-ester-terminated
those shown in figure 3 appear to be consistent with gamples the methyl-ester-terminated domains are also
a statistical distribution of thiolates. ~ The integrated oytended and nearly continuous. In the complementary
area of the mixed thiolate negative iA€H;(CH>)15S- 3:1 mixture, the majority methyl-terminated phase shows
Au™-S(CH,)15CH,0H) for the 1:1 ratio film in figure 2 4 annarent propensity to form extended domains. These
(spectrump) is reduced by a factor of 1.6 from what would  pyseryvations allow us to rank the relative strengths of
be found for a statistical distribution of molecules within 4 sampled interactions. The cross-interaction between
the film, and is reduced by a factor as high as 4.9 for & yethy|-terminated molecules and methyl-ester-terminated

+ This approach has been used for determining quantitatively the extent Molecules is lower than either of the like molecule
of separation effected by various processing conditions [12]. attractions. Further, the methyl-ester-to-methyl-ester
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intermolecular attraction is stronger than that for the
methyl-terminated molecules.
While the imaging scale of the SIMS instrument is

(4]

too coarse to observe the domains of phase-segregated
molecules, the much finer scale due to the collision cascade
can be used to determine the extent to which adsorbates [5]

are separated. This requires a careful calibration or a
detailed understanding of the detection efficiency of cluster
ions [22]. Once the details of the interface regions are
understood on the molecular scale, it may be possible to
use macroscopically patterned films such as those formed
by microcontact printing [23] for calibration of the detection
efficiency of molecular pairs.

5. Conclusions and future prospects

The techniques of STM and SIMS have allowed us to
probe the nanometer-scale structure and stability of mixed
composition SAMs ofr-alkanethiols on A{l11}. Using
these binary films, we have shown that mixed composition
SAMs of even very similar alkanethiols on gLL1} phase
separate into nanometer-scale domains of each componen
These observations aid in the development of a fundamental
understanding of the formation of nanometer-scale domains
and in the application of mixed composition SAMs to the
generation and stabilization of spatial patterns of adsorbed
molecules. We note that these naturally formed patterns

and structures can be used as a basis for further creation ofl 4

nanometer-scale structures [24].
We are currently attempting to create varying
nanometer-scale surface structures by changing our
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