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Abstract

A low-energy atom diffraction study of the self-assembly of decanethiol on Au(111) is presented that includes
both the growth kinetics and the adsorption energetics for this model system of soft/hard interfaces. Initial dosing on
bare gold very rapidly forms the known low-density, lying-down, striped monolayer with a sticking coefficient close
to unity. Further dosing results in an intermediate state that lacks long-range order. After an initial ‘induction time’,
the final, dense, standing-up c(4×2) phase grows from this intermediate state with a growth rate that is about 500
times slower than that of the striped phase. Our data are consistent with the X-ray results of Eberhardt et al. (A.
Eberhardt, P. Fenter, P. Eisenberger, Surf. Sci., 397 (1998) L285) where the growth rate of the c(4×2) phase was
studied and found to depend linearly on the pressure at low pressures and high temperatures, changing to a quadratic
dependence at higher pressures and lower temperatures. At still higher pressures and lower crystal temperatures, we
find that the growth rate pressure dependence weakens substantially, becoming less than linear. In order to understand
this behavior, an investigation of the adsorption energetics of thiols on top of the monolayer surface at different
points during the growth is made. These results show that in the low-T, high-P regime, the c(4×2) phase grows
under a full cover of molecules physisorbed on top of the (decaying) striped phase. This explains the weakening in
the pressure dependence mentioned above since, at the limit of growth under a thick overlayer, the growth rate is
expected to become pressure-independent. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction very likely to occur at coverages that are higher
than that of the stripes, but lower than that needed
to produce the c(4×2) [11–14]. These lower-Self-assembled monolayers (SAMs) are pres-
coverage phases have been prepared both directlyently intensely studied as model systems for basic
by gas phase deposition, and by thermal desorptionresearch that should lead to a better understanding
of thiols from the densest phase [4].of the physics of soft matter in two dimensions

In contrast to their structure, the growth kinetics(including complex biological systems such as
of SAMs has not been investigated as thoroughlymembranes) and the nature of organic/inorganic
since it depends in a complex way on the crystalinterfaces [1–3]. They also receive considerable
temperature, the impingement rate and the cover-attention because of potential technological appli-
age. Until now, only a small area of this richcations such as corrosion resistance and the nano-
parameter space has been investigated. The recentfabrication of electronic components. Whether the
finding [15] that the growth rate, R, of the c(4×2)goal of the research is basic or applied science, a
phase increases linearly with the thiol impingementfirm understanding of the equilibrium SAM struc-
rate, P, in a regime of low P and high crystalture, along with an understanding of the structure
temperatures, T, but increases quadratically in aand stability of the intermediate phases that may
regime of high P and low T, is a further manifesta-be formed in the self-assembly process, is an
tion that the growth process in these systems is faressential requirement.
from trivial and requires careful investigation.The equilibrium low- and high-coverage struc-

In a handful of previous studies, growth hastures of alkanethiol SAMs on Au(111) is now well
been studied from solution [16–21]. Liu et al.established, although a certain amount of refine-
identify a lying down phase in the early stages ofment is still required. At low coverage, H, a phase
growth [19], whereas Georgiadis et al. identify, byis formed that is comprised of molecules lying
means of SPRS (surface plasmon resonancedown on the surface in a rectangular p×E3 unit
spectroscopy), three distinct growth phases with

cell, the length of which ( p, in units of the Au
different rates and solvent dependencies [20]. Here,

spacing of 2.88 Å) is chain-length-dependent and
as in a parallel study using grazing incidence X-ray

very close to twice that found in the corresponding diffraction (GIXD) [21], we have chosen growth
bulk phases of the molecule [4,5]. In this from the vapor as it allows us to follow the
phase, the molecules are believed to lie sulfur to molecular-level processes in situ using a structure-
sulfur, with the hydrocarbon chains stretching sensitive technique. Among the few studies
out in opposite directions. For decanethiol employing vapor phase deposition is a recent STM
[CH3(CH2)9SH, referred to as ‘C10’ throughout investigation [22] where detailed images of various
this paper], p is approximately 11, corresponding growth stages were provided. Although a complete
to a spacing of about 32 Å. This phase is referred analysis of the kinetics was not performed, on a
to as the striped phase, as the rows of ordered qualitative level, the evolution and appearance of
thiol chains appear as pinstripes in STM images the different structures seem to agree with the data
[6 ]. At high coverage, the thiols adopt a standing presented below. However, it is useful to note that
up phase with an average chain–chain distance of STM is sensitive to local conditions and, therefore,
5 (equal to E3×2.88)Å. However, not all the is also able to resolve poorly ordered structures,
molecules in the unit cell are identical, resulting in whereas helium and X-ray diffraction detect the
what is commonly referred to as c(4×2) super- average behavior of the whole system, making the
structure of a hexagonal (E3×E3)R30° lattice two classes of methods complementary.
[‘c(4×2)’ in short notation] [7,8]. Other saturation The present study focuses on low-energy atom
coverage hexagonal superlattices have also been diffraction (LEAD), which is a non-perturbative
reported, as well as a simple hexagonal phase [2,9– and non-destructive method with unique surface
12]. Other intermediate phases such as the (5E3× specificity. The scattering of the non-penetrating

helium beam yields direct information on the struc-E3)R30° phase have also been reported, which are
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ture of the uppermost surface at all stages of the passes via a skimmer into the second chamber
(Fig. 1) with a base pressure of 10−7 Torr wheregrowth. In contrast, using GIXD, it is more diffi-

cult to follow the initial stages of the growth (i.e. it strikes the crystal mounted on a manipulator.
The diffracted beam is detected by a rotatingthe formation of the striped phase and its decay),

but one can obtain at all times information on the bolometer that is thermally anchored to a 1.6 K
pumped helium cryostat. The detector/crystalmonolayer–substrate interface. Although this

paper is intended as a self-standing report of the assembly is located inside two concentric radiation
shields cooled with liquid nitrogen, which keepresults obtained from LEAD, it has to be seen in

connection with parallel work done in our group thermal radiation from warming the bolometer
(and its cryostat), and define an inner space thatwhere related issues were investigated using com-

plementary techniques, such as GIXD [21] and is very effectively cryopumped, keeping estimated
pressures of impurities as low as 10−12 Torr neartemperature-programmed desorption (TPD) [23].

A brief summary of all three investigations also the crystal when the helium cryostat is at 1.6 K.
In order to perform the present study, a series ofappears in the literature [24].

This paper is organized as follows. In Section 2,
we first introduce the LEAD apparatus and explain
the changes that were implemented for the present
studies. We then describe the experimental pro-
cedures employed for the investigation of the
growth. In Section 3, we present the experimental
results. In particular, we discuss the following:
$ The uptake curve of the molecules and the

monolayer structural evolution. The thiol
uptake is found to occur in two (or possibly
three) steps, each with its own characteristic
growth rate.

$ The dependence of the growth rates on pressure
and temperature.

$ The measurement of the adsorption energetics
of the molecules on the SAM surface at different
stages of growth.
A summary and conclusions follow in Section 4.

2. Experimental

2.1. The scattering apparatus

The general layout of the helium beam surface
diffraction apparatus has been described in previ-
ous publications [5,14]. Briefly, it consists of two
differentially pumped vacuum chambers. In the Fig. 1. Sketch of the inner part of the helium scattering appara-

tus with the newly implemented doser (RS: radiation shield;first, a helium beam is produced by supersonic
XL: crystal; BD: bolometer detector; MO: motor; RD: rotatableexpansion from a cold source into a background
doser shutter; MA: actuator magnet; TF: Teflonpressure of approximately 10−4 Torr. The source
spacer/insulator; DL: dose line, HB: incident helium beam; LR:

is usually at 70 K, but its temperature can be load resistor; RP: rotatable preamplifier.). The inner part of the
controlled to change the energy of the He beam, chamber is cryogenically shielded from the outer part and there-

fore also very effectively cryopumped.and thus the incident wave vector. The beam
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improvements were implemented, as described temperature/UHV-compatible, thereby allow-
ing for the rapid desorption of SAMs at 650 Kbelow (see also Fig. 1) [25]:

1. A heated dosing system was constructed with a several times during a single experiment and
making it possible to anneal the gold surface at0.60 mm nozzle located 11 mm from the center

of the crystal surface. Insulating Teflon spacers 750 K after sputter cleaning in situ.
6. The preamplifier for the bolometer signal wassupport the heated copper dosing line inside a

larger 77 K copper pipe, which shields the inner mounted on the neck of the helium cryostat, so
that it can rotate with the bolometer as achamber from the warm dosing line. A rotatable

shutter is also kept at 77 K and is actuated by diffraction scan is taken and the wires from the
detector were glued to the helium cryostat,means of a magnetic coil acting on small mag-

nets rotating with the shutter. The dosing line eliminating noise produced by wire movements.
7. The rotating wheel chopping the incident Heis fed from the outside by means of a bakeable

UHV stainless-steel manifold. The thiol flux to beam was made infra-red-transparent so that
the IR radiation reaching the bolometerthe crystal surface is varied by regulating the

temperature of the liquid thiol in an outside through the collimator is no longer modulated
and does not contribute to the a.c. signal ampli-reservoir controlling the pressure in the line.

2. Radiation shields (RS) were installed to protect fied by the lock-in. This eliminates signal contri-
butions that could interfere with diffractionthe 1.6 K liquid helium cryostat from thermal

radiation from the crystal, and collimating aper- peaks located near the specular signal due to
the reflection of IR radiation off the crystaltures were made for the bolometer. This allows

the bolometer to remain cold enough to take surface [26 ].
data at crystal temperatures well above room
temperature. The detection efficiency only drops
to 50% when the crystal is heated to 400 K,

2.2. Substrate preparationwhereas previously, useful data could not be
collected at crystal temperatures above 200 K.

During the course of this study, two routes ofThe increased radiation shielding also allows
substrate preparation have been followed. Beforefor smaller liquid helium consumption during
installation of the Ar sputter gun in the heliumexperiments requiring longer times at higher
scattering chamber, clean gold surfaces were pre-crystal temperatures.
pared in a separate UHV chamber. A Au(111)3. The He source nozzle, originally attached to
single crystal was cleaned by repeated cycles ofthe cold head of a closed cycle refrigerator, was
Ar+ sputtering and annealing to ~750 K. Oncemounted on the wall separating the source
the surface was confirmed to be clean and well-chamber and the scattering chamber by means

of a stepper motor controlled x–y–z translation ordered by observing the well-known 23×E3 sur-
face reconstruction peaks using LEED or by anstage. This lowered vibration-induced fluctua-

tions of the main beam from as much as 20% adequate specular reflection of a helium beam, the
crystal was first covered with a protective layer ofto less than 0.2%. The nozzle was then thermally

connected to the refrigerator by means of a C10 by backfilling the chamber to a pressure of at
least 5×10−5 Torr of C10 for at least 30 min, andcopper braid.

4. A saddle field ion argon sputter source was then removed from that UHV chamber. After
installing the crystal into the helium atom diffrac-mounted to the outermost radiation shield (with

the sputter gun also being kept at 77 K), tion chamber, the gold surface was cleaned by
desorbing the monolayer, i.e. heating the crystalmaking in-situ sputter cleaning of the gold

crystal possible. This crystal cleaning method to 650 K. During and subsequent to the desorption
of the monolayer, the crystal was maintainedwas employed in the later part of this project

(see also Section 2.2). within two concentric liquid-nitrogen-cooled
enclosures. The cleanliness and order of the gold5. The crystal mount was made high-
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surface was confirmed by helium atom diffraction. ature from −10 to 50oC, the flux at the crystal
face could be varied from less thanSurfaces were judged clean when:

1. the intensity of the specular reflection at 40 K 1014 molecules cm−2 s−1 [ less than 1 Langmuir
(L) s−1; for the conversion of flux to exposure; seewas at least 15% of that of the incident beam,

and the average value of the reflection coeffi- Section 2.3.3] to over 1016molecules cm−2 s−1
(more than 100 L s−1). The exposure was con-cient was about 20%;

2. a well-resolved first order Au(111) diffraction trolled through a combination of flux and exposure
time, the latter being controlled by opening thepeak was observed; and
shutter for a predetermined amount of time. As3. the 23×E3 Au surface reconstruction peaks
the shutter assembly was kept at 77 K along with(1st, 2nd, and 3rd order) were observed.
the entire inner radiation shield, thiols that didAs confirmed by these criteria, the crystal has
not adhere to the crystal surface were rapidlyroutinely been kept clean in our apparatus for a
removed, allowing exposure times to be controlledweek between experiments, provided that the crys-
to 0.2 s. Dosing fluxes were calibrated by the twotal enclosures are maintained at liquid nitrogen
following methods, the results of which agreedtemperature.
within a factor of 2:In the second route to substrate preparation,

Method 1: The specular reflection was monitoredfollowed after the installation of the Ar sputter
during the deposition of a partial layer of dec-gun, clean Au(111) surfaces were also obtained
anethiol on a clean gold crystal kept at 40 K,by means of sputter and annealing cycles, but
where the sticking coefficient could be assumedwithin the 77 K enclosures of the LEAD chamber.
to be unity. As the isolated organic moleculesAgain, the surface cleanliness was established with
scattered the impinging He atoms in randomrespect to the above three criteria.
directions, the resulting loss of specularity couldGrowths performed on crystals of varying
be correlated to the accumulation of thiol mole-degrees of cleanliness (specularity varying from
cules on the surface. This required an estimate of10% to 25%) resulted in consistent growth pro-
the scattering cross-section, which we obtain ascesses and growth times of the c(4×2) phase that
follows. According to Comsa and Poelsema’swere consistent with observed GIXD results
work with CO on Pt(111) [27], the radius of the[15,24].
molecule’s apparent cross-section (for a 6.0 meV
helium beam) is 7.5 Å, about 6 Å more than the

2.3. Procedures for in-vacuo monolayer growth
hard sphere radius of CO. This is larger than for
He scattered by CO in the gas phase, which is

2.3.1. Chemicals
believed to be due to the image charge in the

Decanethiol (purity: 96–99%) was obtained
conductive metal surface essentially doubling the

from the Aldrich Chemical Company. Pumping
molecule’s polarizability, thus increasing the

on the sample at room temperature, until the
effective attractive dispersive forces. We roughly

vapor pressure stabilized, was used to remove the
estimate the effective cross-section, S, of each

more volatile impurities (as confirmed by GCMS
C10 molecule in the initial stage of the growth

for similar chemicals after similar procedures.)
by adding this 6 Å ‘shadow’ around the approxi-

Impurities with lower vapor pressures contribute
mate 5×17 Å rectangle formed by the C10 mole-

little to the molecular flux at the crystal.
cule lying prone on the gold surface, and obtain
a value of about 460 Å2 (for 6.0 meV He atoms).
A random accumulation of molecules with a2.3.2. Molecular flux control and calibration

Growth experiments were carried out by density, n, and an effective area, S, on a clean
gold surface will cause the specular intensity, I,exposing the crystal to a molecular flux produced

by a nozzle at the end of the dosing line, which to drop as I=Ioe−nS, where Io is the specular
intensity of a clean gold surface. Writing the timewas fed by the vapor of decanethiol kept in an

exterior reservoir. By regulating the thiol temper- (t) evolution as n(t)=ft (with unity sticking
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coefficient), we can determine the flux, f, from is 1.26×1014 molecules cm−2, 27% that of the
former. 1 L s−1 (the exposure rate produced bythe 1/e decay time, t, i.e. f=(St)−1. With the

C10 reservoir at 0°C, we found t=0.176 s. This 10−6 Torr) of C10 at 300 K corresponds to a
molecular impingement rate of 1.55×gives a flux of 1.24×1014 molecules cm−2 s−1 or

0.8 L s−1. The flux is found to scale linearly with 1014 cm−2 s−1 [28] or only slightly more than one
striped monolayer s−1. Note that for all experi-vapor pressure, providing, for instance, a flux of

8.6 L s−1 when the thiol reservoir is kept at 23°C. ments, the nozzle of the dose line was always at
300 K (irrespective of the temperature of the thiolMethod 2: The flux was calculated using the

geometry of the dosing system and vapor pres- reservoir), and so the conversion factor (flux to
exposure in Langmuir) was a constant (the onlysures of C10. According to kinetic gas theory,

the flux of molecules (in molecules s−1) through exception was one experiment with the reservoir
and the nozzle at 330 K, which changed the conver-an orifice is [28]:
sion factor negligibly, as the flux depends on T

I=3.534×1022(PA) (MT )−1/2 s−1 , (1)
only as one over the square-root).

where P is pressure in Torr, A is the area of the
orifice in cm2, M is the molecular mass in a.m.u. 2.3.4. Interrupted growth

At elevated temperatures, thermal motionand T is the temperature in Kelvin. For C10 at
23°C (30 mTorr vapor pressure), this yields a flux causes a decrease in diffraction intensities (Debye–

Waller effect), which makes helium diffractionof 1.3×1016 molecules s−1. Taking into account
the geometry of the nozzle (the ratio of length to difficult to observe at room temperature for C10

and many other SAM systems. Therefore, a meth-radius is about 4) the flux on the surface of the
crystal, 11 mm away, is estimated to be odology of interrupted growth was used to measure

SAM growth rates. First the flux was calibrated3×1015 molecules cm−2 s−1, or 20 L s−1 [28].
The thiol pressure at the dosing aperture was by measuring the decay of the specular intensity

while depositing a monolayer of molecules atchecked as follows. With all cryogenic surfaces
at room temperature, vapors were run through 130 K. This layer was then brought to the desig-

nated growth temperature, the crystal temperaturethe dosing line into the chamber, and the pressure
rise was measured in the vacuum chamber. The was lowered to 40 K and a LEAD scan was taken.

Subsequent doses at the same flux were appliedproduct of the change in chamber pressure and
the pumping speed of the diffusion pump yields after the crystal was returned to the designated

growth temperature. The time necessary to coolthe flux out, which is equal to the total flux
from the dosing nozzle. The pressure rise in the the crystal to 40 K is 20 min, and that needed to

bring it back to about room temperature is 4 min.scattering chamber was consistent with the sample
vapor pressure as measured by a baratron. The In order to understand the initial growth process

of the striped phase on the bare gold surface, othergrowth rates determined on the basis of the above
calibration were found to agree reasonably well measurements were carried out. A bare crystal of

gold at a variety of crystal temperatures (from 268(see below) with those measured by XPS [24,29]
and X-ray diffraction [24]. Although the absolute to 300 K ) was exposed to a monolayer or a partial

monolayer of decanethiol. These measurementsvalue of the flux is only known with a 50%
accuracy, the consistency of the flux determina- verified a sticking coefficient of unity at all temper-

atures tested, for the decanethiol molecules on thetion among different LEAD runs and its stability
during a run is better than 10%. bare gold surface.

2.4. Diffraction geometry
2.3.3. Conversion of flux to exposure

With the c(4×2) unit cell containing four mole- All diffraction measurements are done using an
in-plane scattering configuration, i.e. the primarycules, its molecular density is 4.64×1014

molecules cm−2, whereas that of the striped phase helium beam, the surface normal, and the detector
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are all in the same plane. Diffraction patterns are
taken by measuring the intensity of the scattered
beam as a function of the polar angle as the
detector is rotated in the scattering plane (for
details see, Ref. [5] or [14]. The data in q-space
can be transformed into momentum space by the
use of the equation

Dk
d
=ki(sin hf−sin hi) (2)

where Dkd is the momentum transferred parallel
to the surface, qf is the detector angle, and ki and
qi are the incident wave number and angle, respec-
tively. Diffraction patterns were taken mostly
along the nearest-neighbor direction of the gold
substrate (hereafter referred to as the 11:0� direc-
tion). This is where the main peak of the c(4×2)
phase at Dk

d
=−1.45 Å−1 [indicating the Fig. 2. Evolution of the LEAD pattern for various exposure

hexagonal, (E3×E3)R30 thiol unit mesh] and the times of a flux of 17.4 L s−1 of C10 at a crystal temperature of
5°C. The striped phase (characterized by diffraction peaks atclearest pattern of the striped phase (diffraction
multiples of Dk

d
=0.198 Å−1) forms immediately at low expo-peaks corresponding to the long axis of the mole-

sures. At intermediate exposures, we observe no clear diffractioncules) can be found.
features, indicating the lack of long-range order. Upon higher
exposures, the c(4×2) phase with its most prominent main
peak at Dk

d
=−1.45 Å−1 evolves, and later, the superlattice

peak at Dk
d
=−0.55 Å−1. The measurement procedure is one

3. Results and discussion of interrupted growth, described in Section 2.3.4.

3.1. Structural evolution

Before we quantify the growth, we will first give
an overview of the structural evolution. Fig. 2
depicts several diffraction patterns from a crystal
obtained after increasing amounts of exposure,
showing the evolution of the monolayer from the
striped phase to the dense c(4×2) phase. All scans
have been taken along the 11:0� direction. The
striped phase is identified by diffraction peaks at
integer multiples of Dk

d
=0.198 Å−1 [4], and the

c(4×2) structure is identified by a large diffraction
peak at Dk

d
=−1.45 Å−1 (referred to here as the

‘main’ peak) and smaller superlattice peaks, for
instance at Dkd=−0.55 Å−1 [7]. The intermediate
scans show no diffraction and, thus, no long range

Fig. 3. Evolution of integrated peak intensities deduced fromorder, and we refer to this region as the intermedi-
the LEAD signals as a function of exposure under the condi-ate phase [24].
tions given in Fig. 2. C(4×2) main peak and superlattice inten-In Fig. 3, we plot the evolution of the different
sities are fitted to a Langmuir growth curve:

features as a function of exposure. The intensity I=A[1−e−(t−t
o
)/t] (Eq. 3). The stripes intensities are fitted to

(throughout the paper ‘intensity’ is to be under- an exponential decay: e−t/t yielding decay times (Table 1). The
specular data are simply connected by a line to guide the eye.stood as ‘integrated intensity’) of the second-order
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striped-phase diffraction peak at Dkd= where (Hhex) is the density of the hexagonal phase
−0.396 Å−1 (Fig. 2) is used as a measure of [nominally the same as the density of the c(4×2)
striped phase evolution, and the intensity of the phase; see Section 2.3.3)], and Hnuc is the density
c(4×2) main peak at Dkd=−1.45 Å−1 (Fig. 2) of the intermediate phase at the onset of nucleation
and superlattice peak are used to monitor the of the hexagonal phase (see Section 3.3.1). Unlike
c(4×2) evolution. The intensity of the specular the term ‘sticking coefficient’, ‘acceptance coeffi-
peak is, in turn, determined by the atomic flatness cient’ refers to the probability of a molecule to be
of the surface, by the amplitude of the potential chemisorbed into the forming SAM. The two terms
corrugation and by the amount of inelasticity may be thought of as the same for the initial
experienced by the He atom [27]. growth of the striped phase on bare gold.

One can see that the striped phase (shown as As stated before, the striped phase is found to
filled circles in Fig. 3) grows immediately on the grow with an acceptance (sticking) coefficient close
bare gold surface. Indeed, a full striped monolayer to unity. The subsequent decrease in the intensity
was reproducibly achieved with an exposure of of the striped phase diffraction peaks can be used
about 1 L of decanethiol. The intensity of the to estimate the subsequent thiol uptake. The inten-
striped pattern decreases and disappears with fur- sity of the striped phase peak can be fitted to an
ther exposure (typically on the scale of about exponential decay function, e−t/t, yielding the
100 L), correlated with a decrease in the specular decay time, td. This decay time represents the rate
intensity (filled squares in Fig. 3), indicating a of modification of the striped surface by thiol
greater degree of disorder in the intermediate molecules adsorbing on to it. Again, the flux of
phase. We infer that this greater disorder is caused adsorbing molecules equals (tdS)−1, where S is the
by additional molecules adsorbing non-uniformly cross-section of a molecule to a helium beam [27].
on or within the striped phase regions, yet still at A complication here is that the cross-section of a
coverages that are lower than those needed to newly incorporated molecule is not known, as the
nucleate the c(4×2) phase. Upon further expo- perturbation that it introduces may extend to its
sure, the c(4×2) phase (in Fig. 3, open and filled neighbors to some degree. If we assume a cross-
triangles for the main and superlattice peak, section of 4.2×10−14 cm2 (which is probably
respectively) grows out of the intermediate phase

known within a factor of 3), we can calculate theestablishing again the long-range order of the film
acceptance coefficient for the decay of the stripedand therefore producing a recovery of the specular
phase. Because of the uncertainty of the value ofintensity. The c(4×2) phase saturates after expo-
S, this acceptance coefficient is affected by thesures that, for the conditions of Fig. 3, are approxi-
same error.mately 2000 L.

Two recent studies have reported that theA Langmuir growth model fits well with both
striped phase grows from vapor deposition on thethe main and c(4×2) superlattice intensity evolu-
bare gold surface with approximately the sametion:
acceptance coefficient as subsequent growth,

I=A[1−e−(t−t
o
)/t ] (3) implying a single step, simple Langmuir growth

process [16,22]. This acceptance coefficient is onwhere to is the time before the onset of the growth
the order of 10−3. The above data (Figs. 2 and 3of the main peak. The characteristic growth times,
and Table 1) clearly show that the growth of C10t(main) and t(superlattice), and the thiol ‘acceptance
from vapor cannot be described with a single timecoefficients’ as determined by the growth of the
constant. In fact, the typical time scales for themain peak, obtained under several different growth
formation of the stripes and that for the c(4×2)conditions, are shown in Table 1. The average
differ by a factor of about 500 (for the conditions‘acceptance coefficient’ is the molecular uptake
of Fig. 3; see also Table 1). Our discovery of thisrate divided by the flux to the crystal surface:
two step growth process has been subsequently
confirmed by recent studies with XPS [24,29] and(Hhex−Hnuc)/t(main)

flux
,

GIXD [21,24]. In agreement with these experi-
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Table 1
Growth parameters of decanethiol SAM on Au(111). ‘t(main), measured’ and ‘t(superlattice), measured’ are the growth times measured from
fitting the area of the Dk

d
=−1.45 Å−1 c(4×2) main peak, and Dk

d
=−0.55 Å−1 superlattice peak, respectively, to the Langmuir

growth model. ‘t(main), calculated’ is the c(4×2) main peak growth time as predicted by Eberhardt’s growth model [15]. ‘t(stripes decay)’
is the time measured from fitting the area of the Dk

d
=±0.198 Å−1 stripes peak to an exponential decay model. Acceptance coefficients

are defined as the molecular uptake rate divided by the flux. The large error in the 300 K main peak growth times are due to the
fact that hexagonal peaks were not grown to completion because of the excessive amount of time required, which often resulted in
nozzle clogging. Fluxes are accurate to within a factor of 2 of the absolute value given. However, between experiments, the relative
error is less than 10%

Crystal temperature 300 K 278 K 268 K

Flux (L/s) (10% relative error) 1.6 17.4 4.7 17.4 4.7 17.4

t(main), measured (s) 12 000±4000 111 359±27 33.4±1.6 60.5±5.6 33.5±6.5
t(main), calculated (s) 10 000±1000 111 270±30 22.0±2.5 10.2±1.2 1.34±0.09
t(stripes decay) (s) 80±15 7.77±0.92 28.9±3.2 1.85±0.18 16.4±1.5 2.84±0.09
t(superlattice), measured (s) 111 111 341±98 33.4±3.0 51.3±32 111
Main acceptance coefficient (×105) 8.4±3.5 111 95±9 280±20 560±50 270±50
Stripes acceptance coefficient (×104) 13±2 12±1.4 12±1.4 47±5 21±2 32±2
Ratio of acceptance coefficient (main/stripes) 0.07 111 0.79 0.60 2.7 0.84

ments [21,24,29] only the final growth step – that Until then, the growing monolayer consists of a
single phase (in equilibrium growth) or a varietyof the c(4×2) standing up phase growing out of

the nucleation density intermediate phase – of different phases (in non equilibrium growth)
that change character as the layer matures. Theappears to follow a first-order Langmuir model as

demonstrated by the good fit of the growth curves stripes, intermediate phase, and c(4×2) have
different structures and offer a different stay timeto the Langmuir model. Possible reasons for the

apparent conflict between diffraction and STM to an additional molecule arriving at the surface
and different accessibility to the gold substrate.results [22] (in which, as indicated above, a single-

step, Langmuir model is used to explain the data) The stripes acceptance coefficient (which is cal-
culated from the speed in which the stripes turnare discussed in Ref. [25], and are the subject of

current investigations in our laboratory. into the intermediate phase, Table 1) and the
acceptance coefficient for the main c(4×2) peakAs the growth of the stripes is distinctly different

in nature and speed from the subsequent growth (which is connected with the intermediate phase
turning into the standing up phase) cannot beof the SAM monolayer, it is worthwhile to investi-

gate whether more subtle distinctions exist between compared with absolute precision because of the
uncertainty in the apparent size of an admolecule’sthe evolution of the intermediate phase and the

final growing of the c(4×2) phase that follows it. perturbation to the striped surface as mentioned
above. However, we can see that (and explainFirst-order Langmuir growth states that

dH/dt3(1−H), where H is the coverage. This why) the behavior of the two acceptance coeffi-
cients seems to respond differently to temperaturepresumes that (1) if a molecule strikes a site that

is not occupied, it stands a coverage-independent changes. While both the main peak and stripes
acceptance coefficients increase with a decrease inprobability of chemisorbing, and (2) if a molecule

strikes a site that is occupied, it must desorb. This crystal temperature from 300 to 268 K, the main
peak acceptance coefficient increases by well overis true only if the stay time of the admolecule on

the occupied site is much less than that required an order of magnitude more than that of the stripes
(see Table 1). This can be explained when onefor the admolecule to migrate to a free site. These

criteria are only met in the final stage of SAM considers two competing factors that are affected
by crystal temperature: (1) increased crystal tem-growth when a nucleation density intermediate

phase grows into islands of the standing-up phase. perature results in a loss in admolecule stay time
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and will tend to lower acceptance coefficients; and these ‘kinetic traps’, or local minima in the free
energy function, relates to results reported by(2) the increased thermal disorder to the stripes

layer with increased temperature increases the others [12], where vapor phase deposition was also
used. The fact that it was never observed usingprobability for admolecules to make contact with

the gold surface, increasing the acceptance coeffi- GIXD [21,24,29] might be connected to the
interrupted growth mode used in the present workcient, and therefore tends to counteract the effect

of the loss in staytime. However, the intermediate (see Section 2.3). According to our experience, the
growth is more likely to become kinetically trappedphase is shown by X-ray scattering [24] and STM

[22] to be largely disordered at room temperature at slow rates (i.e. high T and low P) and in the
presence of longer waiting periods at intermediateand by LEAD (in this work) to be disordered even

at 40 K. Therefore, increasing the crystal temper- stages. An effective technique for consistently
growing the full density, c(4×2), phase involvedature increases access to the gold surface more in

the case of the more ordered striped phase. With dosing a crystal (10–20 L s−1) while ramping the
crystal temperature from 240 to 300 K at aboutmuch less of the second of the above two competing

temperature effects, the rate of growth of the 10 K min−1 [25]. The success of this technique
implies that the nucleation of the c(4×2) phase isc(4×2) phase should have a stronger temperature

dependence, as is found experimentally. assisted by disorder and/or by an inhomogeneous
coverage with a large number of nucleation centers.For the sake of completeness, we also note that

in some cases it appeared impossible to grow a Although the study of kinetic traps is of substantial
interest, we did not pursue it systematically.c(4×2) phase even after extremely long exposures.

The result was typically an intermediate coverage Because of the importance of the nature, concen-
tration and distribution of defects in understandingstructure (Fig. 4) showing a striped like pattern

with a periodicity of 28.7 Å, or 11% shorter than kinetic traps, one would need in this case, a
combined diffraction/STM approach.that of ‘normal’ C10 stripes. The appearance of

3.2. Flux and temperature dependence of the
growth rate

A natural step towards a better understanding
of the processes involved in the growth is the
investigation of their dependence on the incoming
flux, P, and substrate temperature, T. As men-
tioned in the introduction, a GIXD study recently
found [15] that, under certain conditions (high
flux and low temperature), the growth rate of the
c(4×2) increases no longer linearly but quadrati-
cally with P. This rate, R (in s−1), is described by
Eberhardt et al. [15] as:

R=A
1
PeE

1
/T+A

2
P2eE

2
/T (4)

Fig. 4. Evolution of the LEAD pattern ending in a kinetic trap
withformed at a crystal temperature of 300 K and flux of
A1=7.4×10−10;17.4 L s−1: (a) after 110 L exposure, the striped phase (charac-

terized by diffraction peaks at multiples of Dk
d
=0.196 Å−1 ) is A2=2.7×10−43 s;

obtained; (b) after 1000 L exposure; (c) after 10 000 L exposure, E1=0.30±0.05 eV (corresponding to 3.48×
a 10% smaller periodicity striped pattern arises (characterized 103 K);
by diffraction peaks at multiples of Dk

d
=0.215 Å−1 ); (d) after

E2=2.15±0.22 eV (corresponding to 2.5×340 K anneal, peaks narrow (domain size increases) and Dk
d 104 K);increases by 3% to 0.219 Å−1 (average unit mesh shrinks further

by 3%). P=the impingement rate (L s−1); and
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T=the crystal temperature ( K). one might expect simply a further increase of R
governed by the P2 contribution, the measuredIn what follows, we will test the consistency of

this model with our LEAD data (see also Table 1) – growth rates for 268 K not only deviate strongly
from the prediction of Eq. 4, but the trend isconfirming the above growth rates in the linear

regime and the existence of the quadratic regime inverted, and an increase in P causes a decrease in
the c(4×2) acceptance coefficient, which meansin the pressure dependence of the growth rate, R.

Furthermore, we will also show that at lower that the growth rate increases less than linearly
with the flux. Fig. 5 aims at presenting a pictorialtemperatures, this trend is inverted in the sense

that R becomes weakly dependent on P. view of the situation showing the pressure depen-
dence (P0, P1 or PP2) of the growth rate of theAccording to Eq. 4, at 300 K and an impinge-

ment rate of 1.6 L s−1 (Table 1), the growth rate, c(4×2) phase in a plane where the coordinates
are the crystal temperature and the thiol flux. DataR, is well within the linear regime. Our data agree

quantitatively with the GIXD data [15,24]. points simply represent conditions under which
the growth of the c(4×2) phase has been moni-Furthermore, the rate of growth is linear with

pressure. Because of the very slow growth rate at tored by LEAD. The boundaries between regions
are not sharp, but should be thought of as trans-room temperature, the linearity of the growth rate

with flux has to be deduced from a comparison of ition regions. The P1–P2 transition has been well
documented by GIXD [15] and confirmed by thethe decay times of the striped phase under the two

different flux conditions. When the flux is increased present work. The P2–P0 transition is placed
between the two growth observations (at 268 K)by a factor of ten, the characteristic decay time

decreases by the same factor. In other words, the that defined the transition to a region where the
dependence of the growth rate on the decanethiolcorresponding acceptance coefficients are equal

within error. A decrease in T leads to an increase vapor pressure is less than linear. The slope of the
line has been drawn, assuming Arrhenius behavior,in the growth rate. For the two impingement rates

used in this study, a temperature decrease to 278 K to present a family of conditions under which a
full overlayer of thiols would exist over the growingputs R in the quadratic regime. Although the

278 K growth rates derived from our LEAD data intermediate phase (see below).
If the growth of a SAM is accomplished throughdo not agree exactly with those predicted by Eq. 4,

they clearly support the presence of a quadratic the assimilation of admolecules that are phy-
sisorbed on its surface, increasing the flux to thedependence of R on P. This can be seen from the

fact that when the flux is increased by a factor of surface increases the population of physisorbed
molecules, which increases the growth rate.3.7, the c(4×2) acceptance coefficient is also tri-

pled, and the characteristic growth time, t(main), However, once a full coverage of physisorbed
molecules on the surface of the forming SAM isdecreases by a factor of 10.7, which is close enough

to (3.7)2=13.7. Within error bars, the decay time attained, a further increase in flux cannot increase
the monolayer growth rates.of the striped phase also decreases by the same

factor at this temperature. A growth rate quadrati-
cally dependent on pressure may be explained by
the possible existence of a bimolecular process 3.3. Annealing and growth
such as dimerization of the thiols [8] or the forma-
tion of H2 through cleavage of the S–H bond. The 3.3.1. Annealing and phase coexistence

When P and T are varied over a large range soquadratic dependence could also be the result of
incident molecules interacting with the population that the growth behavior changes qualitatively, as

seen in Section 3.2), it is particularly important toof physisorbed admolecules, either increasing the
physisorbsion probability of incident molecules, or investigate whether a SAM grown under certain

conditions reflects an equilibrium or a kineticallyincreasing the stay time of physisorbed molecules.
It is very instructive to test the limits of the limited (non-equilibrium) structure. Annealing is a

way to address this issue, and here we discuss aabove scenario by further decreasing T. Whereas
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few effects related to the annealing at different the c(4×2) phase. Fig. 6 shows a layer grown to
intermediate coverage at 268 K with a clearstages of the growth.

X-ray measurements [24] have shown that, diffraction peak at Dkd=−1.45 Å−1 representing
the standing-up phase [10] coexisting with someunder equilibrium growth conditions, the phase

boundaries between the three phases in coverage stripes islands indicated by small stripes peaks.
After heating the layer to 300 K for 4 min (again,space are H~0.27 (stripes−intermediate phase)

and H~0.47 [intermediate−c(4×2) phase]. all LEAD scans were taken at 40 K), the intensity
of the main c(4×2) peak decreased, which, atFurthermore, using GIXD [24], a distinction can

be made between high-temperature and low-tem- 300 K, cannot be explained by desorption effects.
In this case, the layer was only annealed closer toperature growth conditions. In the first case, from

the beginning of the growth, the islands coalesce its equilibrium state (with molecules in the interme-
diate phase not contributing to diffraction peaks),with each other, and the domain size observed by

X-rays is limited only by the size of the gold indicating that the onset of the standing up phase
had been premature. It is interesting to note thatterraces. In the low-temperature case instead

(below 285 K ), the domain (island) size observed the decrease in specular indicates that in this case,
annealing to a lower energy state produces a moreby X-rays is smaller, and grows monotonically

with the coverage of the c(4×2) phase. ‘‘bumpy’’ surface. This is understandable when we
recognize that the intermediate phase is lessA typical non-equilibrium effect is the shifting

of phase boundaries, e.g. the appearance of a ordered than either the stripes or the c(4×2). We
believe that the mechanism for this prematurecertain phase at an excessively high or low cover-

age. Indeed, in several experiments at a lower onset of the standing up phase is related to the
fact that the density of molecules locally but nottemperature, we observed a premature onset of
globally exceeded the threshold value for the stand-

Fig. 5. Summary of the growth rate dependence on thiol pres-
sure (i.e. flux to the crystal surface). For a high T and low P,
the c(4×2) phase growth rate increases linearly with pressure,
whereas for a lower T and higher P, the growth rate increases
quadratically with pressure. Still lower T and higher P lead to
growth rates that are almost independent of pressure. The lines
separating these regimes (not to be confused with fits to the

Fig. 6. Example for non-equilibrium growth effects, where pre-data points) are not to be seen as sharp boundaries but as
indications of transition regions. The P1–P2 transition was well mature growth of the c(4×2) phase is obtained. (a) Pattern

produced by a layer deposited at 4.7 L s−1 for 120 s on a 278 Kdefined by GIXD growth data [15] and verified in the present
work. The data points plotted represent conditions under which crystal and cooled to 40 K. (b) The same layer after a 270 s

anneal at 300 K.SAM growth data were collected.
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ing up phase. This is a typical non-equilibrium
growth effect, where, due to limited mobility on
the surface, the flux of incoming molecules cannot
be appropriately accommodated.

3.4. Adsorption energetics and admolecule
residence times

In order to shed more light on the molecular-
level processes involved in the fairly complex
growth scenario outlined in the previous sections,
we set out to measure the energetics and character-
istic time scales of the adsorption of molecules
that may occur on top of layers with different

Fig. 7. Recovery of the specularly reflected He atom beam aftercoverages. For this, we employed the methods of
dosing 10 L of C10 on a striped phase monolayer at 258 K. Thespecular intensity recovery observation (SIR) and
rapid initial drop (at t=0) is related to an electronic perturba-also a kind of temperature-programmed desorp- tion at the beginning of the dose. From the time constant of

tion (TPD) measurement in which the surface the recovery after the end of the dose, we can obtain informa-
coverage was monitored by observing the changes tion on the adlayer energetics.
induced in the He atom reflectivity.

doses’) on striped or intermediate phase SAMs
3.4.1. Specular recovery result in negligible thiol uptake due to the small

The high sensitivity of helium scattering to acceptance coefficient (see Table 1). Therefore, the
changes on the surface was utilized to investigate specular recovery after a small dose is governed
the dynamic processes related to the growth. by desorption of admolecules, and the specular
During and after dosing of the thiols, the specu- recovers to its initial value. Higher doses (hundreds
larly reflected helium beam was recorded in real of Langmuirs) result in a substantial population
time. Typically, the signal dropped significantly of additional molecules incorporated into the
during the dose. After closing the thiol shutter, incomplete SAM indicated by a specular recovery
the specular signal recovered and asymptotically that does not reach its initial value.
leveled off to a new equilibrium value correspond- The results of a 0.2 L dose and a 300 L dose on
ing to the respective coverage. The half-time for a striped phase surface at 300 K are shown in
the specular recovery is characteristic for a given Fig. 8. The acceptance coefficient is about 10−3
coverage and temperature and contains informa- (see Table 1), so only the larger dose results in a
tion about processes like (partial ) desorption (e.g. substantial amount of thiol uptake (about 34% of
admolecules desorbing from the organic surface) a striped monolayer). The small dose results in a
or reordering/lateral diffusion of molecules that quick recovery ( limited by the 1 s integration time
did or will eventually chemisorb. Fig. 7 shows a of the lock-in amplifier), indicating the short resi-
typical SIR scan carried out at 258 K. We deter- dence time of the incident molecules on the surface
mine the time constant, tSR, of the recovery by under these conditions. The ordering time recorded
fitting to an exponential after the 300 L dose (after a quick initial rise) was

greater than 200 s, indicating a much longer timeI(t)=Io [1−e−(t−t
o
)/t
SR

] (5)
required for the freshly augmented layer to order.

Further analysis of the specular recovery afterOur attempts at determining which part of the
recovery is due to desorption and which part is a small dose indicates that desorption of newly

deposited molecules on the striped layer is notdue to reordering are described here below. Doses
of less than a single Langmuir of exposure (‘small first-order Langmuir desorption, because the spec-
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3.4.2. Temperature-programmed desorption
Specularity-detected TPD is another method to

determine adsorption energies (or, more precisely,
desorption enthalpies). The experiment is per-
formed by ramping the crystal temperature with a
heating rate, b while observing the desorption peak
temperature, Tm, by monitoring the derivative of
the specular reflection of the helium beam from
the surface. TPD is employed to measure the
adsorption energy of molecules on the surface of
the c(4×2) phase because in this case, the specular
recovery times were difficult to determine (as the
specular changes were small ). Layers were depos-
ited at 40 K on top of a full c(4×2) layer. Before
desorbing, these molecules ordered very well, pro-Fig. 8. Decoupling desorption and ordering. The top specular

recovery curve on a 300 K striped surface indicates the near viding excellent diffraction patterns. The ordering,
immediate (t<2 s) desorption of a 0.2 L dose after a 0.1 s expo- observed as a specular rise while heating, started
sure. After, a 300 L exposure on the same surface, considerable almost immediately at 40 K, but rose most rapidlyadsorption of admolecules results in an additional, longer

between 90 and 140 K. As the crystal temperature(t>200 s) recovery.
reached 232 K, the overlayer desorbed, leaving the
c(4×2) monolayer surface free. Note that because
the adsorbed overlayers are so well ordered, the

ular recovery cannot be fitted by a single exponen- desorption of the admolecules corresponds to a
tial, but seems to require several time constants decrease in the specular intensity [25]. The energy
[25]. Langmuir kinetics assumes that all adsorp- of desorption can be estimated by the Redhead
tion sites are equivalent. Therefore, the population equation [30]:
of these molecules, H, would decrease according
to: dH/dt=−kH (k is a constant), which would Edes=TmClnAvTm

b B−3.46D (6)
yield a specular recovery of a single exponential
(Eq. 5). Our data [25] imply that not all adsorp-

where, b is 0.04 K s−1. This yields a desorptiontion sites are equivalent – molecules that find
energy of 0.70 eV for Tm=232 K. At 40 K, thelower-energy configurations remain on the surface
surface of the overlayer is very regular, with afor a longer time, resulting in a longer recovery
specular peak height approximately eight timestime. This is relevant to monolayer growth because
that of the underlying c(4×2) surface, which,a longer residence time results in a better chance
together with high diffraction intensities, impliesof chemisorbing.
that the molecular overlayer is capable of healingThe temperature dependence of the recovery
away some of the defects of the underlying c(4×2)rates for small doses can be analyzed on the basis
surface. Further analysis of the structure of theof an Arrhenius relation [rate=n exp (−Ea/kT )].
overlayer is contained in the thesis of one of theHowever, due to the well-known problems related
authors (P.S.) [25].to a reliable determination of the pre-exponential

factor, n, and possible small differences in the state
of the underlying layer at different temperatures 3.4.3. Comparison of energies
[23,30], we consider our result for the activation Based on the measured energies (see Table 2),
energy, Ea, only as an estimate. Assuming, as the following picture arises. The bulk interaction
customary, n=1013 s−1, we obtain Ea=0.74 eV for energy of C10 is 0.67 eV (as deduced from the
admolecules on a stripes layer based on a 9 s heat of vaporization). For a C10 admolecule on

top of a c(4×2) SAM, the adsorption energy isrecovery time at 268 K.
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Table 2
Summary of interaction energies for C10 (see Section 3.4 for discussion)

E (C10 bulk condensation) 0.67 eV [31]
E (C10 on mature intermediate phase) 0.65 eV Present work
E [C10 on c(4×2)] 0.70 eV Present work
E (C10 on stripes) Ranges between 0.74 and 0.80 eV Present work
E [C10 on Au(111)], (physisorption) 1.10+−0.05 eV [23]
E [C10 on Au(111)], (chemisorption) 1.28+−0.05 eV [23]

0.70 eV. For C10 on a striped-phase SAM, we find of these boundaries is not that of a single
exponential.a slightly higher value of between 0.74 and 0.80 eV

(as discussed above, more than one time constant
is required to fit the specular recovery curves,
indicating the presence of sites of different energy),
which is understandable, given that a molecule on 4. Summary and conclusion
top of a striped phase layer is closer to the gold
substrate, so that the gold–overlayer interaction Using LEAD, we have performed a detailed

study of the kinetics and energetics of the growthhas to be taken into account. From the 0.2 s stay
time of admolecules on a mature intermediate of C10 on Au(111) by molecular beam deposition.

Exploiting the unique surface specificity of atomicphase (see Section 2.2), we can estimate an adsorp-
tion energy of 0.65 eV on the mature intermediate scattering, we followed the evolution of the various

phases: from the striped phase to the intermediatephase. In this series of Van der Waals-dominated
interactions, the strongest is, of course, found for phase to the c(4×2) phase. Clearly, this process

is not adequately described by only one timeC10 directly physisorbed on Au(111). Its high
energy of 1.1 eV is close to its (sulfur–gold) chemi- constant. We identify two and possibly three steps

with different acceptance coefficients and temper-sorption energy of 1.28 eV, as reported by Lavrich
et al. [23]. In fact, for only slightly longer chains ature dependencies. This complexity is ultimately

a consequence of the numerous degrees of freedom(C14), the physisorption and the chemisorption
energy are equal [23]. This explains the near unity of this archetypal self-assembling system with its

multiple interactions. The observation that theacceptance coefficient of C10 on the clean
substrate. initial growth of the striped phase proceeds much

faster than the subsequent growth [the decay ofWe presume that the longer an admolecule
resides on the surface, the greater the probability this phase and growth of the c(4×2) phase there-

after] may be understood in terms of the fact thatis for it to chemisorb directly to the surface or join
another molecule to chemisorb in a possible bimo- the subsequent growth occurs on a preexisting

organic layer that evolves with exposure until itlecular process. As the admolecule stay time has
an exponential dependence on the surface temper- reaches the critical density required for nucleation

of c(4×2) islands. The underlying striped or inter-ature, the crystal temperature should govern the
growth rate, R, and the locations of the boundary mediate phase layer both limits the admolecule’s

access to the gold surface and shortens the resi-between the quadratic and linear growth regimes
and the boundary between the quadratic and less- dence time of the admolecule on the organic

surface.than-linear growth regimes. However, as the crys-
tal temperature will also have other growth rate The P2 effect, i.e. the increase of the c(4×2)

growth rate with the square of the pressure at higheffects such as the rate at which physisorbed mole-
cules overcome the activation barrier to chemisorp- P and low T, (another complexity of this system

found recently by GIXD [14]) was confirmed,tion, the temperature dependence of the location
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