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Substrate-polymer binding has long been considered a crucial issue 
in the field of composites. It has been established that the properties at 
the interface dictate numerous composite properties, and therefore, 
great emphasis is placed on the precise manipulation of interface 
chemistry. A common method of accomplishing desired surface 
adhesion between a polymer and substrate is through the use of silane 
coupling agents, a group of organic silicon-based molecules. Silanes 
are of particular interest given their resistance to hydrolysis, a problem 
that plagues many coupling agents, resulting in composite degradation 
and eventual failure due to atmospheric moisture (Knorr, Jaye, Fischer, 
Shoch, & Lenhart, 2012). However, silanes can interact in varying and 
complex manners with the interface, forming layers of various 
thicknesses and chemical compositions, thereby resulting in varying 
composite properties. For this reason, further research is required into 
the precise manipulation of silane deposition on a substrate. In this 
study, one silane, 3-aminopropyltriethoxysilane (APTES) was 
deposited onto silicon wafers, a model for many glass fibers used as 
composite reinforcements. Given that APTES hydrolyzes in water, pH 
was chosen as a manipulated variable to examine its effect on silane 
thickness and composition. Previous research has identified pH as a 
variable of interest, notably identifying a maximized silane thickness at 
the natural equilibrium pH of APTES in water, 10.6 (Naviroi, Culler, 
Koenig, & Ishida, 1984). In this study, we attempted to expand upon 
these findings by exploring deposition from water as a function of pH 
as well as deposition from various organic solvents that are commonly 
used in industry. 

Silicon wafers of approximate dimensions one by two centimeters 
were cut from larger wafers with a native oxide layer of around 530 
nanometers. Samples were blown dry with nitrogen gas and sonicated 
in both pure ethanol and toluene for 10 minutes. Afterwards, they were 
plasma treated at 28 mmHg vacuum for 3 minutes under a pure oxygen 
atmosphere at a supply pressure of 25 psi with a flow of 4 standard 
cubic feet per hour. 

Six different treatments as well as a control for each of the two 
different wafers from which samples were cut were created. These 
treatments were: pure toluene, 95% ethanol/5% water by volume, 90% 
ethanol/10% water by volume, pH = 11.9, pH = 10.6, pH = 1.7, wafer 
one control, and wafer two control, with each condition save the 
controls containing 1% APTES by volume. Acidic pH was achieved 
using hydrochloric acid and basic pH using sodium hydroxide, with

10.6 representing the equilibrium pH of APTES in water. Four wafer pieces 
were prepared at each condition: two to be used for x-ray photoelectron 
spectroscopy (XPS) analysis and the other two for ellipsometry, with one wafer 
from each set of two receiving a different post-treatment. Wafer pieces were 
placed two to a glass vial, with all non-control treatments receiving 100 mL of 
their respective solutions and being allowed to deposit for 24 hours, while the 
controls were placed in pure water for the same amount of time. 

Post-deposition, wafers were removed, rinsed with pure ethanol, and 
subsequently blown dry with nitrogen gas. One set of two wafers from each 
treatment was sonicated again in both ethanol and toluene for 10 minutes each, 
while the other was oven dried at 100 degrees Celsius for 75 minutes under an 
inert nitrogen atmosphere to prevent organic oxidation. 

Following all treatment, one of the two samples for each post-treatment per 
condition was analyzed via Phi VersaProbe II XPS for chemical composition of 
carbon, nitrogen, oxygen, silicon, and sodium. Three measurements were taken 
at random locations on the sample. The other sample was used in ellipsometry 
with a J. A. Woollam RC2 ellipsometer, measuring thickness and roughness in 
three locations, each 0.5 cm apart, along the central vertical axis.

toluene as having the highest ratio, with pH = 10.6 also displaying 
significant results as previously suggested. 

These trends are further supported by the ellipsometry data (see 
Table 1), with toluene ranking highest in the sonicated treatments. The 
opacity of the toluene wafer from the oven samples prevented data 
collection, likely due to thickness and porosity. The other organic 
solvents showed little APTES deposition when oven treated.

Using XPS and ellipsometry data, the effectiveness of various 
solvents of varying pHs used in the deposition of APTES onto silicon 
wafers was examined. Consistent trends showed toluene produced the 
thickest silane layers with evident chemical bonding. Of the three 
aqueous solutions, pH = 10.6 (natural pH) produced the thickest film 
in solution (sonication data), while the pH = 11.9 provided the thickest 
oven treated sample. Both ethanol-based solvents led to high 
deposition in the oven but low deposition after sonication, which 
indicates that APTES is largely physiosorbed on the surface in these 
solutions. Based on these trends, APTES deposition thickness can be 
tailored based on the choice of solvent and post-deposition treatment 
method. Further research could examine specific pH ranges or other 
solvent choices of varying polarities. 

Knorr, B. D., Jaye, C., Fischer, A. D., Shoch, B. A., & Lenhart, L. J. (2012). 
Manipulation of interfacial amine density in epoxy-amine systems as studied by 
near-edge x-ray absorption fine structures (NEXAFS). Langmuir, 28(43), 15294–
15304. doi.org/10.1021/la3033786

Naviroj, S., Culler, S. R., Koenig, J. L., & Ishida, H. (1984). Structure and adsorption 
characteristics of silane coupling agents on silica and E-glass fiber; dependence 
on pH. Journal of Colloid and Interface Science, 97(2), 308–
317. doi.org/10.1016/0021-9797(84)90301-1

XPS data was characterized by the atomic ratio of nitrogen to silicon, which 
should ideally be one in a sample covered completely by APTES, a molecule 
with a one to one nitrogen to silicon ratio (see Graph 1). Both control wafers 
were devoid of nitrogen, as expected, while all samples displayed higher ratios 
in the oven than sonicated treatment because the physiosorbed silane was 
removed from the sonicated samples, while it was incorporated into the APTES 
film in the oven treated samples. The trends from both post-treatments rank
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Graph 1 (above): The graph compares the average nitrogen and silicon composition (n = 3) 
for each treatment varied over the two post-treatments. Despite radically different values, the 
same trend is upheld for both post-sonicated and oven-treated samples.

Silane thickness of different treatments (nm)
Treatment Sonicated Oven
Toluene 40.667 ± 0.738 *

95% Ethanol 2.077 ± 0.089 45.495 ± 9.678
90% Ethanol 1.558 ± 0.410 66.568 ± 11.730
Basic: 11.9 1.502 ± 0.116 32.937 ± 3.074

Natural: 10.6 11.318 ± 0.820 11.995 ± 1.163
Acidic: 1.7 1.937 ± 0.134 6.295 ± 0.585

Table 1 (above): A table of values for the average thickness of three points of each 
wafer reported as average thickness plus or minus the standard deviation. 
*Toluene from the oven could not be measured due to its opacity.


