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Adsorption mechanisms, structures, and growth regimes of an archetypal self-assembling system
Decanethiol on Au„111…
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We present a study using several techniques of the growth of decanethiol monolayers deposited on single-
crystal gold surfaces. Through independent measurements of coverage, energetics, and structure as a function
of the growth rate and temperature, we provide a quantitative, in-depth description of themolecularprocesses
by which these aliphatic molecules ‘‘self-assemble’’ into highly ordered structures in the absence of a solvent.
We find that the multiple-energy scales present in these systems produce distinct adsorption mechanisms,
structures, and growth regimes, indicating a complexity that is likely to be a general characteristic of this broad
class of self-assembling systems.@S0163-1829~98!03019-7#
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Self-assembly is a widely observed phenomenon in n
ral systems,1 and is also a materials processing route
which materials with ‘‘predesigned’’ functions and leng
scales can be formed through the self-organizing tenden
of the molecular components.2 As such, it is a potentially
important method in materials science providing a flexi
alternative to lithography as a versatile technique for the c
ation of novel materials.3 Monolayers of long chain mol-
ecules self-assembled on single-crystalline surfaces~SAM’s!
~Refs. 4 and 5! are ideal systems to study the process
molecular self-organization from a fundamental perspect
This class of materials contains most of the characteris
common to other self-organizing systems, such as cell m
branes and Langmuir monolayers~e.g., asymmetric interfa
cial binding, a large number of conformational degrees
freedom, and the important presence of van der Waals in
actions!. At the same time, the presence of a crystalline s
strate provides the stability required for growth stud
where the system’s structure can be quantitatively charac
ized. While much is known about the many structures t
SAM’s adopt,4–8 relatively little is known at the molecula
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level about theassembly process.9,10 Equally little is known
about the degree to which these processes reflect therm
namic vs nonequilibrium behavior, since most previo
quantitative growth studies have used either ‘‘macroscop
or indirect ~i.e., spectroscopic! probes of the growth
process.11–15

In this work we synthesize the results obtained w
diffraction-based techniques, which provide a direct a
quantitative measure of the evolution of structure and ord
with independent measurements of coverage and adsorp
energetics to provide a comprehensive description of the
cesses involved in self-assembly. We have chosen to s
decanethiol@CH3~CH2!9SH, or C10# on Au~111! surfaces
since it is one of the most thoroughly characterized SA
systems,4,6,8,16,17and therefore represents one of the best
portunities for a quantitative understanding of the equil
rium and kinetic aspects of the self-assembly process.

We have chosen to grow the films in ultrahigh vacuum
vapor phase deposition7,8,10since this allows us to follow the
molecular-level growth processin situ with a range of
complementary techniques including grazing incidence x-
12 476 © 1998 The American Physical Society
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FIG. 1. ~a! The vapor phase deposition of decanethiol on Au~111! is shown through XPS, LEAD, and GIXD at 25 °C. The XPS da
(hn53136 eV) reflect both changes in the C10 coverage and the attenuation through the hydrocarbon layer~when the hydrocarbon chain
‘‘stands up’’ in the IP and C phases! through theS(1s) photoelectron peak (Eb52472 eV). The GIXD and LEAD data show the integrate
intensity of the striped andC(432) diffraction peaks found atQi50.40 and 1.452 Å21, respectively. The resulting structural evolution
shown in the schematic.~b! Evolution of the LEAD diffraction spectra vs exposure. The Bragg peaks noted byS ~striped! and C @C(4
32)# were used in~a!. No diffraction is observed in the LEAD data for exposures between;300 and;1000 L.
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diffraction ~GIXD!, low energy He atom diffraction~LEAD!,
He atom reflectometry~HAR!, and x-ray photoelectron spec
troscopy ~XPS!. The GIXD and XPS measurements we
performed at the X10B and X24A beamlines, respectively
the National Synchrotron Light Source. We use we
characterized single-crystal Au~111! substrates8,9 since we
are interested in understanding the intrinsic behavior of
system. The close similarity in the growth properties as
termined by the x-ray and He atom based techniques~the
latter beingentirely nondestructive! demonstrates that non
of the behavior discussed below is affected by x-ray ex
sure.
t
-

e
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To provide an overview of the growth processes, in Fig
we follow the evolution of a C10 monolayer adsorbed fro
the vapor phase~at room temperature!, through four orders
of magnitude of thiol exposures.18 XPS data of the evolution
of the S-K(1s) photoelectron yield@Fig. 1~a!# demonstrate
that the adsorption of C10 is well-described by a two-sta
process in which an initial monolayer phase is rapid
formed, followed by a much slower evolution to monolay
completion.19 Parallel measurements~not shown! of the evo-
lution of the Au-M v(3d5/2) photoelectron yield exhibit a
similar evolution, but in which the photoelectron yield d
creases at each of the two stages of growth. Together, t
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data clearly demonstrate that the observed adsorption pro
is driven by the evolution of molecularcoverageand is not
an artifact of changes in the molecular orientation or conf
mation. Fitting these data to a two-step Langmuir kinetics
the form A1exp(2t/t1)1A2exp(2t/t2), we find that t1
57.2 L andt253750 L.

Low-energy atom diffraction~LEAD! data in Fig. 1~b!
demonstrate that the structure following the first rapid
sorption process (t1) is that of a ‘‘striped’’ phase~having an
113A3 unit mesh!, which has been observed to be the sta
low coverage phase at room temperature.6,8 In this phase, the
molecular axis is believed to lie flat on the Au~111! surface,
having an ideal coverage of 0.27 ML (1 M
54.631014 mol/cm2). At higher exposures, both GIXD an
LEAD reveal that the second,;500 times slower, time con
stant (t2) is associated with the formation of the dens
~‘‘standing up’’! phase, aC(432) superlattice of the close
packed hexagonal (A33A3)R30° structure. This phas
nucleates and grows with a Langmuir-like evolution
completion (Q51 ML), as is evident in the XPS, GIXD
and LEAD data. It might be expected that theC(432)
phase would form for any coverage exceeding the id
striped coverage~0.27 ML!. Instead, the LEAD data clearl
show that the striped phase disorders as the exposure i
creased above;300 L, and that theC(432) phase nucle-
ates only for exposures of.1000 L. That is, adsorption be
yond the striped phase’s ideal coverage~0.27 ML!
apparently disrupts the molecular order of the stripes@as has
been independently observed with STM~Ref. 10!#, but is
insufficient to induce the nucleation of the denserC(432)
phase. This suggests that additional structures may coex
intermediate coverages between the striped andC(432)
phases,20 which, for simplicity, we refer to as the ‘‘interme
diate’’ phase~IP!.

There has been discussion in the literature concern
long term reorganization processes,21 in which it is believed
that the time scale formolecular organization~e.g., removal
of gauche defects from the hydrocarbon chains! is signifi-
cantly longer than the time scale foradsorption, as has been
reported for the longer chain length C22/Au~111! system. By
independently measuring both the coverage and struc
during monolayer evolution, we find that the evolution of t
system studied here, C10/Au~111!, is instead described as
series of well-definedtransitionsas a function of coverage
~see also the discussion of phase behavior below!. Conse-
quently, the coverage evolves through the coexistence of
crete phases, andnot through a continuous variation in th
local monolayer structure~e.g., the tilt angle!. Furthermore,
real-time kinetic measurements9 clearly show that the mono
layer evolution in the coverage range of 0.47<Q<1.0 ML
~where these long term reorganization processes are exp
to be observed21! can be described by a single temperatu
dependent growth rate~even at relatively fast growth rate
and low substrate temperatures, where it might be expe
that the rate of internal organization might become slow
than the adsorption rate!.9 Therefore, we find no evidenc
that long term reorganization is an intrinsic characteristic
the vapor phase growth of C10/Au~111!.

A key to understanding the monolayer evolution duri
growth can be found through the adsorption thermodynam
as a function of chain length,n. Using He atom reflectom
ess
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etry as a surface specific probe of the coverage as a func
of temperature, we have measured the systematic variatio
the physisorption and chemisorption energies~Eph andEch,
respectively! of thiols and alkanes on Au~111!.22 In Fig. 2~a!,
we show a typical HAR-detected thermal desorption sp
trum for C8/Au~111! in the low coverage regime. The da
clearly show two peaks demonstrating the presence of
distinct adsorption states. While a full description of the a
sorption thermodynamics will be presented elsewhere,22 the
systematic variation of these data as a function of hydroc
bon chain length@Fig. 2~b!# clearly shows that the higher
temperature desorption peak in Fig. 2~a! is independent of
the chain length@solid line, Fig. 2~b!# and therefore can be
associated with the strength of the S-Au bond of thechemi-
sorbedspecies. In contrast, the lower-temperature peak
pends linearly with chain length as expected for aphys-
isorbedspecies@dotted line, Fig. 2~b!#. This interpretation is

FIG. 2. ~a! Temperature programmed desorption~TPD! of C8/
Au~111! as measured by He atom reflectometry~HAR!. Upon ther-
mal desorption of an adsorbed molecule, the raw HAR signal
creases in a stepwise fashion~due to the high surface specula
reflectivity of the bare gold surface!. The data shown are the de
rivative of the raw HAR signal as a function of temperature, whi
are directly comparable to traditional TPD data. The data clea
exhibit two distinct desorption peaks atTph5310 K and Tch

5480 K, due to desorption of the physisorbed and chemisor
species, respectively.~b! The chainlength dependence of then-alkyl
thiol andn-alkane desorption energies@derived from data similar to
those in~a!#. The lines are a best fit to data for a range of cha
lengths ~2<n<22 for thiols and 6<n<12 for alkanes!. The
chemisorption energy is found to be constant over the meas
range, while the physisorption energy depends linearly upon
hydrocarbon chainlength,n. The full details of this technique and
the data processing are described in Ref. 22.



a

e
ge

e

e

em

re
rb
g
f
e
d

kl
e

t
e

de
e

a
x-
p

v-

tics
n
qui-
re-

he

this
’’

the
lly

(
e

ifi-

yer

se,
we

gth

he

ited
.
lar
b-
(
and
er

/

er

es

-

ge
of

ed

57 12 479ADSORPTION MECHANISMS, STRUCTURES, AND . . .
confirmed by the dashed line@Fig. 2~b!#, which is the mea-
sured dependence of the desorption energy for simple alk
molecules~which only physisorb!. For C10, we find that
these desorption energies areEph51.160.05 eV and
Ech51.2860.05 eV, which show that both of thes
molecule-substrate interactions are significantly stron
than the intermolecular interactions~e.g., the bulk heat of
vaporization is 0.68 eV!. They also demonstrate a uniqu
characteristic of this system: thephysisorptionenergy, which
is generally expected to be weak~and is proportional to the
hydrocarbon chainlength!, is actually comparable to th
chemisorptionenergy for chain lengths aboven510.

In view of the above, at the initial stage of growth (t1)
the physisorbed phase in contact with bare Au at room t
perature will quickly saturate, and therefore the coverage
physisorbed molecules will be insensitive to changes in p
sure and temperature. We believe that these physiso
molecules then convert to the chemisorbed state, resultin
the observed striped phase~see Fig. 1!. In the second stage o
growth (t2), using GIXD and LEAD we have found that th
formation of theC(432) phase is a physisorption mediate
process,9 which we believe is due to a second, more wea
bound, physisorbed precursor that exists in the presenc
the chemisorbed striped phase.

Having demonstrated that multiple phases are presen
the growth process, we now address the relationship betw
the equilibrium phase behavior and the evolution of or
during growth. A systematic exploration of the coverag
temperature (Q,T) phase diagram~see Fig. 3! can be ob-
tained using GIXD through bothequilibrium measurements
~as a function of temperature at a given coverage! and real-
time kinetic measurements~as a function of exposure at
given temperature!. In order to convert the experimental e
posure to coverage, we have made use of the simple pro

FIG. 3. The coverage-temperature (Q,T) phase diagram of C10
Au~111! derived by GIXD. The phases include the striped (S), the
intermediate~IP!, the C(432) (C), and the melted (L) phases,
respectively, with the vertical lines indicating the nominal cov
ages of the striped phase~0.27 ML!, the nucleation of theC(4
32) phase~0.47 ML!, and saturation of theC(432) phase~1
ML !. The filled squares and open circles denote the temperatur
which melting begins (T1) and is completed (T2), respectively, as
determined by melting experiments.T2(Q) is also determined
through the onset of theC(432) phase in kinetic real-time mea
surements~open triangles! during growth.
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tionality between the GIXD integrated intensity and the co
erage of a given phase@in this case theC(432) phase#,23

the observation of two-time constants in the XPS data~Fig.
1!, and the more extensive data on the adsorption kine
described elsewhere.9 We find excellent agreement betwee
the phase boundaries as derived through the kinetic and e
librium measurements, which implies that these results
flect theintrinsic behavior of the system.

From the (Q,T) phase diagram in Fig. 3, we see that t
coverage at nucleation of theC(432) phase is 0.47 ML.
Since the ideal coverage of the striped phase is 0.27 ML,
further supports the notion of an additional ‘‘intermediate
phase~s! prior to nucleation of theC(432) phase~see Fig.
1!. These data also show that the melting temperature of
C(432) phase depends strongly and nonmonotonica
upon the coverage: while the complete monolayerQ
51 ML) begins to melt at;90 °C, the melting temperatur
for coverages ofQ;0.5 ML is reduced to;20 °C. The
melting temperature of the striped phase (Q50.27 ML) has
also been investigated by GIXD, in which we find thatTM
510065 °C. These melting temperatures are all sign
cantly higher than that found for bulk decanethiol,24 TM
5226 °C, as well as other physisorbed alkane monola
systems.25

The existence of different stability regions has, of cour
important consequences for the growth process. In Fig. 4,
plot the evolution of the two-dimensional coherence len
~i.e., domain size! as a function of coverage~measured in
real time during growth with GIXD!. We find that there are
two distinct types of behavior that occur as a function of t
substrate temperature. In the high-temperature (T.15 °C)
regime, the coherence length saturates at a substrate-lim
;2000 Å almost as soon as theC(432) phase is observed
This behavior is indicative of a high degree of molecu
mobility during growth, and is characteristic of true equili
rium growth conditions. In contrast, at low temperaturesT
,15 °C) the coherence length increases monotonically
slowly during growth and saturates at a significantly low

-

at

FIG. 4. The domain size as a function of the C10 covera
throughin situ GIXD measurements during growth, for a range
temperatures and growth rates~inset!, where the growth rateR is
the inverse of the second time constant,t2 , described in the text.
The solid line is calculated assuming that growth is via a fix
number of islands whose size increases monotonically.
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value, which is instead indicative of a nonequilibrium grow
process. Surprisingly, the evolution of the coherence len
below 15 °C isindependent of the growth ratein the regime
studied~see Fig. 4!, which demonstrates that surface diffu
sion and/or molecular reorganization arenot rate-limiting
processes in this regime.

The observed domain size evolution below 15 °C is we
described by a model~solid line, Fig. 4! in which a fixed
number of islands grows monotonically in size. These obs
vations, coupled with the equilibrium (Q,T) phase diagram
in Fig. 3, suggest that these two growth regimes are du
the presence or absence of a melted phase during grow26

Above 15 °C the liquid phase provides a medium for m
lecular exchange between islands allowing the islands
grow ~e.g., through Ostwald ripening!, while below this tem-
perature no liquid phase is present, molecular exchange
tween islands is eliminated, and the islands are stable o
formed. Therefore, it is the (Q,T) phase behavior~and not
diffusion or internal conformational changes! that provides
the first deviation from ideal equilibrium growth behavio
The fact that the widely used room-temperature growth c
ditions are located in the higher temperature regime is p
sibly one reason that C10/Au~111! is a well-behaved, highly
ordered, ‘‘model’’ SAM system.

It is interesting to note that it is the coverage-depend
melting behavior,TM(Q) ~and specifically the large depres
sion of the melting point forQ,1! that makes it possible to
form highly ordered monolayerseven at room temperature.
That is, the intrinsic difference in thermodynamic stabili
between partially formed and completed structures allo
the material to remain ‘‘soft’’ and responsive until just prio
to completion, at which point it becomes more ‘‘rigid’’ an
locked-in, as has been observed in the viscoelastic prope
of the thiol/Au system.13 This thermodynamic behavior is
characteristic of many adsorbed systems@e.g., N2 /graphite,
whereTM(Q51)580 K ~Ref. 27!#, where the melting point
depression,TM(Q), has been shown to be related to th
entropy of the high-temperature phase. The overall simila
to the behavior shown in Fig. 3 suggests that entropic c
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tributions~e.g., from configurational entropy, and conform
tional entropy due to gauche defects! also play an important
role in the SAM thermodynamics, and may be related to o
observation of a liquid phase ofchemisorbedthiol molecules
at temperatures as low as;20 °C ~for Q;0.5 ML!. This
also suggests that it may be possible to ‘‘engineer’’ the th
mal response of these systems over a wide temperature r
through changes in the entropic contributions due to ‘‘rigi
ity’’ of the molecular axis~i.e., increasing rigidity should
result in increased thermal stability!.

In summary, we have found that the primary differen
between molecular self-assembly and the growth
‘‘simple’’ ~e.g., atomic! adsorbates is apparently in the mu
tiple energy scales present in this system~due to physisorp-
tion, chemisorption, and molecule-molecule interaction!,
which are then reflected in numerous adsorption mec
nisms, structures, and growth regimes. We expect that
detailed growth behavior will undoubtedly depend upon
range of variables such as the growth environment~e.g., with
and without solvent!, the molecular rigidity, and possibly
even the headgroup-substrate chemistry. Yet, we expect
the richness and complexity that we report here for vap
deposited monolayers should be indicative of thetypical be-
havior of this general class of materials, and underlines
need for molecular-level studies as the fundamental basis
understanding the growth processes in these systems.

Note Added in Proof. More extensive measurements o
the initial nucleation and growth of C20/Au~111! has been
performed with LEAD@P. Schwartz, F. Schreiber, P. Eisen
berger,and G. Scoles~unpublished!#.
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