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A B S T R A C T  

We have performed in situ x-ray reflectivity studies of the growth of octadecyltrichloro-

silane (OTS) monolayers on oxidized Si(111) from solutions in heptane.  We find that for all 

concentrations, the film grows through the formation of islands of vertical molecules.  The 

coverage follows a simple Langmuir form as a function of time, except for very low concentra-

tion solutions at early times, where a time offset is required to fit the curve.  We have also 

examined films removed from solution, and we find that rinsing removes molecules and causes 

the remaining molecules to tilt. Thus, samples studied using the �interrupted growth� technique 

are not representative of the actual growth process. 
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Introduction 

 Despite their technological promise and more than a decade of extensive research, many 

fundamental questions still remain concerning the growth of self-assembled monolayers (SAMs).  

Until recently, all of the studies of solution-grown SAMs that examined incomplete films were 

performed using an interrupted growth technique [1-14].  Substrates were dipped in solution and 

then after a certain amount of time, the growth was quenched.  The samples were then rinsed and 

characterized ex situ.  This method provides some opportunity for morphological changes in the 

film, as the local environment is radically altered during the growth.  Therefore, this technique 

may not reliably indicate what is actually occurring during deposition.   

 A number of different growth modes for SAM formation have been hypothesized.  The 

simplest cases are island growth and �uniform� growth (also called homogeneous growth).  

Island growth would proceed by formation of ordered islands of adsorbed molecules.  The 

structure of the islands could also change over deposition time, perhaps tilting over at first, and 

then becoming vertical later.  The other extreme is uniform growth, in which growth proceeds by 

formation of a homogeneous layer of physisorbed and chemisorbed molecules that tilt over to 

form a film of high density.  As the coverage increases, the molecules stand up to accommodate 

newly adsorbed molecules.  Another growth mode possibility could be randomly deposited, ver-

tically oriented molecules, which would proceed by adsorption of molecules from solution at 

random positions but without the (large) change in tilt over deposition time.  

 By performing interrupted growth experiments, some authors [6,8-12,15] have concluded 

that OTS grows in the form of islands.  Some of these experiments show islands surrounded by a 

�gas� of physisorbed molecules; other show these regions to be void of molecules. Other authors 

[1,3,4,16] have concluded that the preferential mode is uniform growth.  Growth may be a com-

bination of these two modes [8,15,17], the islands  may be composed of tilted molecules [5], or 

there may be some other growth mode [14].  Even more recent in situ studies [18-24] do not pre-

sent a consistent picture. 
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 Using X-ray reflectivity for growth studies has only recently become viable with the 

building of second and third generation synchrotrons.  X-rays produced by synchrotrons are 

particularly useful for probing internal interfaces in many cases.  First, measuring the reflectivity 

requires that a large number of photons be incident on the surface or interface at small incident 

angles, which requires a small beam spot at the sample; synchrotrons provide this  Second, the 

X-ray energy can be varied; using higher energies allows the X-rays to penetrate to an internal 

interface.  Third, X-rays are largely non-destructive and thus allow characterization of a process 

such as self-assembly without interrupting or affecting the process.  We show here how X-rays 

may be used to study the process of self-assembly directly at a substrate-solution interface. 

 

Experimental details 

The intensity of an electromagnetic wave reflected off an ideally sharp (step-function) 

interface can be derived straightforwardly from Maxwell's equations.  The result is called the 

Fresnel Reflectivity  
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that the reflected intensity drops very rapidly past the critical angle.   

 For any real system, there is some non-step-function electron density ρ(z), averaged over 

the x and y directions, that describes a film�s profile.  For x-rays to reflect, rather than to merely 
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is related to the Fresnel reflectivity by [25] 
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where ρ0 is the electron density of the semi-infinite bulk and <ρ(z)> is the electron density aver-

aged in the x-y plane over the X-ray coherence length.  This form explicitly shows that the 

reflection primarily occurs at interfaces, where the electron density gradient is large.  This 

expression also shows why in situ X-ray reflectivity is more difficult than the same experiment 

ex situ.  The density difference between an SA monolayer and air, and thus the density gradient 

in the z�direction, is much larger than those between an SAM and a solvent.  

 Fig. 1 illustrates the role of the solvent by comparing calculated reflectivity data from an 

uniform OTS SAM on silicon with three different solvents. Toluene has almost exactly the same 

density as OTS and thus the reflectivity is almost featureless.  Heptane has a slightly lower den-

sity than OTS and therefore the features are more clearly visible, although an ex situ sample (in 

air) would show much deeper minima. On the other hand, CCl4 has a higher density than OTS; it 

shows the clearest features of the three solvents considered (note that the locations of the minima 

in heptane are the locations of the maxima with CCl4; this is because the sign of the density gra-

dient has changed).  What is not included in this calculation, however, is the absorption and ran-

dom background scattering due to the solvent; CCl4 is more dense and so attenuates the beam 

and adds a higher background.  We found heptane to be well suited for these experiments, and 

the data reported below are all obtained with heptane as solvent.  We used an X-ray energy of 11 

KeV or higher to reduce absorption in the solvent.  In spite of these steps, our reflectivity data 

are indistinguishable from background by about 0.5 to 0.6 Å-1, while ex situ reflectivity studies 

can go to twice that or more.  Each reflectivity scan shown in this paper took 20-60 minutes to 

complete. 

 Because of the �phase problem� of x-ray scattering (one measures intensities rather than 

amplitudes), the electron density profile <ρ(z)> cannot be calculated directly from the reflectiv-

ity.  We have to assume a model for the profile  and then fit the reflectivity curve by varying 

model parameters.  A typical model is the Gaussian-step model [1], in which the regions between 

interfaces are assumed to be of uniform density, and the interfaces are modeled as error-func-

tions. 
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 The Si(111) substrates were cleaned with piranha etch, followed by RCA treatment for 

hydroxylation.  They are then rinsed with water again and stored under water until needed.  For 

self-assembly, OTS solutions are usually made in cyclohexane or toluene, but we used heptane 

as our solvent because it has a low electron density and it can be made very anhydrous. To 

minimize water vapor, all work was done in a glovebag filled with nitrogen.  The OTS solutions 

were made and kept in the glovebag in a presilanized, covered, glass, 100 ml container for a 

maximum of 4 days.  Solutions of varying concentrations were made, ranging from 0.1% (2.5 

mM) to 10-4% (2.5 µM) by volume.  No visible condensation of the OTS occurred at any con-

centration while the solution was being stored or used.  While care was taken to ensure control 

over concentration levels, reported concentrations should be taken to be only accurate to within 

± 30%.  The samples were at room temperature (not separately temperature-controlled). 

 The in situ cell is based on a design by You and Nagy [26].  Figure 2 shows a schematic 

diagram of the cell.  The central piece is a 5 mm thick Teflon slab that has a cut-out section.  The 

silicon substrate is held in place under tabs in the Teflon and by nylon screws.  The cut-out also 

provides a cavity for about 6 ml of solution.  The Teflon piece is sandwiched between two 0.01-

inch thick beryllium plates.  Beryllium is a very low-z material and so does not absorb x-rays 

greatly; the two Be plates together lower the intensity by about 5% at 11 keV.  This assembly is 

further sandwiched between two stainless steel pieces that provide structural support.  Windows 

in the stainless steel pieces allow x-rays to pass through, and are constructed to have a vertical 

acceptance angle of approximately 60°, and a horizontal acceptance angle of about 120°.  The 

windows measure 1 cm by 1 cm, and the substrate is positioned such that the surface is flush 

with the bottom of the window.  Solution is drawn into and removed from the chamber via 

Teflon inlet and outlet tubes in the inner Teflon piece using syringes with Luer lock connectors.  

Assembly of the cell and introduction of the solution were performed in the glovebag.  For in situ 

studies, the substrate was first examined under clean heptane to obtain a reference scan.  Then, 

the solution was introduced at time zero via syringe.   
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 After film formation, the samples were removed, either from the solution container or 

from the in situ sample holder.  Samples to be re-studied ex situ were rinsed several times with 

clean heptane, then rinsed repeatedly with methanol, and finally with ethanol.  Samples were 

removed from the glovebag while in ethanol, then blown dry with nitrogen.  All samples were 

hydrophobic after removal from solution as evidenced by large water contact angles.  

 

Results 

(i) in situ Growth Studies 

 Our earliest time-dependence studies were reported in Ref. 27  We used a 10-4% 

concentration (2.5 µM) of solution to slow the growth down to ~20 hours and get more than ten 

reflectivity scans lasting 45-60 minutes each during film growth.  This allowed us to treat each 

individual scan as close to a �snapshot.�  We found that (a) the thickness of the film always 

remained constant at the expected thickness of a complete monolayer; (b) the monolayer electron 

density increased continuously until it leveled off after ~20 hours.  Thus the molecules are 

always vertical when deposited, but the monolayer fills in with time.  This is different from the 

�uniform� growth model, in which the density of the incomplete film is close to that of the com-

plete film but the thickness increases with deposition time. When the film is in contact with the 

solution, interactions with the solvent presumably help to keep the adsorbed molecules vertical.  

We do not know why the uniform mode is observed in some interrupted-growth studies 

[1,3,4,16] but not in others [6,8-12,15] 

 We found no evidence for the existence of regions of different thicknesses (which would 

smear the reflectivity curves and make them difficult to fit with a simple density profile).  

 The small density gradient at the film-solution interface does not allow us to use the 

interface width parameter as a sensitive probe of monolayer uniformity; however, the fits are 

sensitive to large changes in the interface width (> 2 Å), which we do not detect.  This argues 

against a picture of randomly deposited molecules, which would require that a partially-depos-
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ited monolayer have a very rough monolayer-solution interface.  We therefore conclude that this 

system undergoes �island-type� growth, with domains of the same thickness. 

 Separately, we  made an attempt to find the in-plane diffraction peak, in the hope of look-

ing at its time evolution.  We put a sample into 0.15% solution for 15 hours, rinsed it, and 

scanned under helium from qxy = 1.3 to 1.7 Å-1 at qz = 0.1 Å-1.  Only a hint of a peak was 

observed at qxy = 1.5 Å-1, the height being only 3 error bars above background.  Figure 3  is the 

combination of 3 scans with 30 seconds per point.  A fit to a Lorentzian gives a FWHM of 0.049 

Å-1, corresponding to a correlation length of 40.5 Å, very similar to that found by Tidswell [4].  

We did not perform a qz scan.  Since this ex situ peak is so weak, we did not attempt to perform 

an in situ diffraction scan. 

 Most of the published work on the OTS/Si system was done with millimolar concentra-

tions. Thus it is possible to speculate that there could be a difference in growth mode between 

our low concentrations and those used by others.  For this reason, we made several in situ studies 

at various concentrations. By streamlining the alignment and scanning processes, and by reduc-

ing the number of data points and the collection time for each point, we have been able to follow 

the growth at higher concentrations [28].  In situ studies  were performed at various concentra-

tions, ranging from 10-1% to 10-4% by volume (2.5 mM to 2.5 µM).   All of the reflectivity scans 

showed similar behavior.  Figure 4 shows in situ reflectivity curves for a few samples, all at 

lower concentrations.  The high concentration samples (> 10-2%) grew so quickly that good fits 

to the curves could not be obtained until late in the growth when changes in the film morphology 

slowed.  Figure 4 also shows the coverage as a function of deposition time for these samples.  In 

each case, the density increases with time, while the thickness (not shown) stays constant. 

 One of the simplest and most common growth modes is Langmuir kinetics, in which the 

rate of coverage increase is proportional to the uncovered space on the surface. 

  
d
dt

F
θ

θ= −( )1  

which leads to  θ τ= − −1 e t /  
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where F is the adsorption rate, and τ is the growth timescale (=1/F).  In this model, the adsorbed 

molecules are assumed to be non-interacting, merely serving to block molecules in solution from 

landing of the surface. We attempted to fit Langmuir curves to our growth curves.  We converted 

the density to coverage using the equation 

  θ
ρ ρ

ρ ρ
=

−
−

film solution

complete solution
 

where ρsolution is 0.34ρSi and ρcomplete is found by fitting the density data to a modified Langmuir 

function.  The curves from the lowest concentrations show a deviation from a Langmuir shape at 

early times.  We cannot adequately fit these curves unless we exclude these points from the fit 

and allow for a time-offset before Langmuir kinetics begin.  If we do so, we get quite good fits to 

the rest of the data using the form 

  θ τ= − − −1 0e t t( )/  

where t0 is the time-offset.  Figure 4 shows some of these fits and lists the fitted parameters, and 

Table I contains the Langmuir fit parametersm for all samples studied.  The lowest concentration 

behavior [27] is not anomalous; rather, at all solution concentrations studied, the molecules are 

vertical during deposition.   

As is to be expected, as the concentration increases, there is a general decrease in the 

growth timescales (an increase in the growth rate).  However, we do not observe a monotonic 

decrease.  This is most likely due to the fact that we do not have adequate control over all the 

important chemistry parameters, such as substrate conditions, solution water levels, humidity, 

and temperature.  It is well documented that a variation in any of these parameters leads to a 

variation in the speed of film formation and in some cases, the quality of the film 

[5,8,11,15,16,31-36]. 

Because of our limited time resolution, we cannot discern why there is a deviation from 

Langmuir kinetics at early times at low concentrations.  We have at best two data points in this 

region, and the size of the error bars rules out any unambiguous complicated functional fit.  

There seems to be an inverse relationship between the required time-offset and the growth rate, 
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implying that the offset is due to a process that requires a certain number of molecules before 

switching to Langmuir kinetics.  This could be the initial nucleation of the film, which would 

presumably be slower with a lower impingement rate (concentration). 

 Except for deviations at short times, the growth does appear to follow Langmuir kinetics.  

However the saturated exponential form of Langmuir kinetics can be observed for more 

complicated interactions in limiting cases.  The adsorption rates (1/τ) that we find range from 4.4 

x 10-5 s-1 for the slowest growing sample (2.5 µM) to 4.5 x 10-4 s-1 for the fastest (0.15 mM).  

This compares favorably with the value found by Doudevski et al. [22] for octadecylphosphonic 

acid (OPA) on mica of 8.1 (± 0.5) x 10-5 s-1 for a solution concentration of 0.1 mM.  Vallant et 

al. in a recent paper [18] reported using in situ Attenuated Total Reflection Infrared 

Spectroscopy (ATR-IR) to study the growth on OTS on silicon and has also found that the 

coverage follows the Langmuir adsorption model.  The adsorption rate that they measure for a 1 

mM solution (with a water concentration of 2.2 mM) is 2.8 x 10-4 s-1, again very similar to the 

value we obtained (see Table I).  

In their study of a different SAM system, alkylthiols on gold, Eberhardt et al. also 

observe Langmuir growth after an initial delay [37].  In their case, this offset is due to an initial 

phase of lying-down molecules which does not contribute to the signal used to calculate the 

coverage of molecules in the fully formed film phase.  While we are insensitive to molecules that 

are lying down because of resolution constraints, we do observe that even at these early times 

some proportion of molecules are vertical, so it is unlikely that our system undergoes a similar 

phase transition as for the thiol/Au system. 

 

(ii) Comparison with ex situ  studies 

In order to address the inconsistencies between our in situ study derived island growth result and 

those interrupted growth studies that display uniform growth, a comparison between the structure 

of a film while in solution and when removed from solution was made in three ways.  The first 

procedure, also the simplest, was to compare the final in situ reflectivity curve with one taken 
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after the same sample was removed from the cell and rinsed and then placed under helium.   For 

the second procedure, a sample's growth was followed in situ and then the sample was rinsed and 

re-immersed in heptane and rescanned.  And the third procedure was the preparation of a series 

of "interrupted growth" samples by removing substrates from solution before complete 

monolayer formation could occur and then scanning under helium. 

The first procedure was performed numerous times with many different in situ examined 

samples.  In situ scans were usually taken until no change could be seen in the reflectivity curve, 

after which it was assumed that the growth was finished.  Then the samples were removed and 

rinsed.  In all cases, the fits to the reflectivity curve showed that the thickness and the density 

were lower after rinsing than during the last in situ scan [28]. 

 The second procedure was performed to determine what would happen after placing a 

quenched and rinsed sample back under solvent (Fig. 5).  After following the growth of sample 

S7 in situ until it appeared to be finished, the standard rinsing procedure was used.  Then, the 

sample was put back under heptane and examined.  Additionally, a sample, S8, that was prepared 

with the same solution and for the same amount of time but which had not been previously 

exposed to x-rays was treated in the same manner.  Figure 5 shows the reflectivity curves and the 

electron density profiles obtained by fitting.  It is clear that after rinsing, the thickness and den-

sity of the film decrease somewhat and that placing under heptane does not return the thickness 

to its previous value.  A fit to the reflectivity curve of S7 taken under heptane gives an electron 

density of 0.410 ρSi and a thickness of 23.64 Å compared to 0.438 ρSi and 24.44 Å for the final in 

situ scan.  It is also clear that the loss of material from the film is not an effect of x-ray damage. 

For the "interrupted growth" study, four clean substrates were placed into an OTS solu-

tion (2 x 10-3% by volume, 50 µM) and then removed one by one, allowing several hours to 

lapse between each sample removal.  The samples were rinsed in the standard way and then 

scanned under a helium environment.  We found that the minimum in the reflectivity shifts to 

progressively lower and lower q values, directly indicating that the film gets thicker over deposi-
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tion time, consistent with earlier reports [1,3,4,16,18,31].  Also, the minima get deeper, indicat-

ing that the film increases in density. 

The first two comparison methods show that quenching the growth before full film 

formation causes the thickness and the density to decrease.  Rinsing also appears to cause an 

irreversible process to occur, as re-immersion in solvent does not restore the film to its pre-rinsed 

thickness.  Combining these two findings leads us to propose that the solvent molecules help 

keep the adsorbed molecules vertical and that rinsing the film causes some of the non-cross-

linked molecules to be removed from the film, creating free volume.  Some of the molecules then 

tilt over, lowering the thickness.  Several studies have proposed that the OTS molecules do not 

fully cross-link until late in the deposition process [7,16,38,39], that the degree of hydrolysis 

depends on water content of the solution [40], and that even in a fully formed film, many silox-

ane groups are still present, indicating that not all of the molecular siloxyl groups have cross-

linked [16].  Furthermore, there appears to be only minimal direct attachment of OTS molecules 

to the surface [16,32,36,40,41], meaning that the molecules must attach to one another to form a 

complete film.  XRR is sensitive to the presence of both the chemisorbed and physisorbed mole-

cules and does not differentiate between the two if both species have similar tilt angles.  The act 

of rinsing an incomplete film may then remove the physisorbed molecules which are only held in 

place by hydrogen bonding to neighbors and possibly to the postulated water layer. 

 The interrupted growth study confirms our suspicions of the inconsistencies between our 

in situ results and the results of other groups' studies that report uniform growth.  Our in situ 

observation of island growth was not due to various unquantified differences between different 

groups in experimental conditions and procedures, but rather it is the act of quenching and rins-

ing that causes this discrepancy; the actual mode of growth while in solution is through the for-

mation of uniformly thick islands.  Substrate and solution water level differences, and tempera-

ture and cleanroom conditions, can certainly alter the film morphology and this may be partially 

responsible for some of the different growth mode observations. However, our study shows that 

even with the same growth conditions that give rise to island growth and the formation of well-



Pg. 12 

packed complete monolayers, removal from solution, rinsing, and drying does cause a change in 

the SAM. 
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Table I.  The time-offset Langmuir fit parameters (from ref. 28) 

 
S a m p l e  

Concentration 

(mM) 

t0 

(Hours) 

ττττ 

(Hours) 
S1 0.0025 2.02 ± 0.15 6.35 ± 0.22 

S2 0.0025 1.31 ± 0.13 2.70 ± 0.18 

S3 0.0025 0 2.23 ± 0.13 

S4 0.025 0 1.19 ± 0.03 

S9 0.15 0 0.54 ± 0.08 

S5 0.25 0 1.40 ± 0.16 
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FIGURE CAPTIONS 

Figure 1.  Simulated in situ reflectivity curves for a film with different solvents on top: heptane, 

toluene, and carbon tetrachloride.  Note the absence of sharp features for toluene.  Carbon tetra-

chloride would be a good choice of solvent because there is a large density contrast with an 

organic film; except that because it has a higher density, it will scatter more x-rays, increasing 

the background. 

Figure 2.  A schematic diagram of the in situ cell.  The innermost piece is a Teflon slab with a 

cavity cut into it to hold the substrate and about 6 ml of solution.  This is sandwiched between 

two beryllium plates that are nearly transparent to x-rays.  This assembly is further sandwiched 

between two stainless steel pieces that provide structural support.  The steel pieces have win-

dows cut into them to pass the x-rays.  The substrate surface is aligned with the lower edge of the 

windows. 

Figure 3.  An in-plane OTS monolayer diffraction peak, obtained under helium.  The solid line 

is a Lorentzian fit. 

Figure 4.  LEFT: All the in situ reflectivity curves we obtained for samples S2, S3 and S5, 

deposited from various solution concentrations as marked. RIGHT: Coverage vs. time for the 

same samples; the solid lines are fits to the time-offset Langmuir model (parameters as marked). 

Figure 5.  The re-immersion experiment.  Sample S7 was examined in situ, then removed from 

solution, rinsed, and scanned under helium.  Finally, it was put back under clean heptane and 

scanned again.  Sample S8 was in solution for the same amount of time as S7 and was not previ-

ously exposed to x-rays.  S8 was scanned under clean heptane.  The top graph is the reflectivi-

ties; the bottom is the electron density profiles. [From Ref. 28] 
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Fig. 1, Richter et al. 
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Fig. 2, Richter et al 
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Fig. 3, Richter et al. 
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Fig. 4, Richter et al. 
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Fig. 5, Richter et al. 
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