
Interpreting Inorganic Compositional Depth Profiles to 
Understand the Rate-Limiting Step in Vapor Phase 

Infiltration Processes 

Journal: Physical Chemistry Chemical Physics

Manuscript ID CP-ART-04-2023-001517.R1

Article Type: Paper

Date Submitted by the 
Author: 02-May-2023

Complete List of Authors: Balogun, Shuaib; Georgia Institute of Technology College of Engineering, 
Materials Science and Engineering
Ren, Yi; Georgia Institute of Technology, School of Chemical & 
Biomolecular Engineering
Lively, Ryan; Georgia Institute of Technology, School of Chemical & 
Biomolecular Engineering
Losego, Mark; Georgia Institute of Technology, Materials Science and 
Engineering

 

Physical Chemistry Chemical Physics



Interpreting Inorganic Compositional Depth Profiles to Understand the Rate-
Limiting Step in Vapor Phase Infiltration Processes 

Shuaib A. Balogun1, Yi Ren2, Ryan P. Lively2 and Mark D. Losego1,*

1School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, GA, 
USA
2School of Chemical and Biomolecular Engineering, Georgia Institute of Technology, Atlanta, 
GA, USA

*electronic mail: losego@gatech.edu 

Abstract

Vapor phase infiltration (VPI) is a post-polymerization modification technique that infuses 
inorganics into polymers to create organic-inorganic hybrid materials with new properties. Much 
is yet to be understood about the chemical kinetics underlying the VPI process.  The aim of this 
study is to create a greater understanding of the process kinetics that govern the infiltration of 
trimethyl aluminum (TMA) and TiCl4 into PMMA to form inorganic-PMMA hybrid materials. 
To gain insight, this paper initially examines the predicted results for the spatiotemporal 
concentrations of inorganics computed from a recently posited reaction-diffusion model for VPI.  
This model provides insight on how the Damköhler number (reaction versus diffusion rates) and 
non-Fickian diffusional processes (hindering) that result from the material transforming from a 
polymer to a hybrid can affect the evolution of inorganic concentration depth profiles with time.  
Subsequently, experimental XPS depth profiles are collected for TMA and TiCl4 infiltrated 
PMMA films at 90 °C and 135 °C.  The functional behavior of these depth profiles at varying 
infiltration times are qualitatively compared to various computed predictions and conclusions are 
drawn about the mechanisms of each of these processes.  TMA infiltration into PMMA appears 
to transition from a diffusion-limited process at low temperatures (90 °C) to a reaction-limited 
process at high temperatures (135 °C) for the film thicknesses investigated here (200 nm).  While 
TMA appears to fully infiltrate these 200 nm PMMA films within a few hours, TiCl4 infiltration 
into PMMA is considerably slower, with full saturation not occurring even after 2 days of 
precursor exposure.  Infiltration at 90 °C is so slow that no clear conclusions about mechanism 
can be drawn; however, at 135 °C, the TiCl4 infiltration into PMMA is clearly a reaction-limited 
process, with TiCl4 permeating the entire thickness (at low concentrations) within only a few 
minutes, but inorganic loading continuously increasing in a uniform manner over a course of 2 
days. Near-surface deviations from the uniform-loading expected for a reaction-limited process 
also suggest that diffusional hindering is high for TiCl4 infiltration into PMMA.  These results 
demonstrate a new, ex situ analysis approach for investigating the rate-limiting process 
mechanisms for vapor phase infiltration.
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1. Introduction
Vapor phase infiltration (VPI) occurs by exposing an organic polymer to an inorganic 

chemical vapor that sorbs into, diffuses throughout, and eventually becomes “entrapped” within 
a polymer. Entrapment occurs by the inorganic precursor reacting with the polymer or losing its 
volatility after reacting with a co-reactant.[1] Competitions between diffusional processes and 
reaction or transient binding to polymer functional groups influence the overall rate kinetics of 
the VPI process.  Infiltration of trimethylaluminum (TMA) into PMMA to form AlOxHy-PMMA 
hybrids has been extensively studied and has been shown to improve the chemical stability of 
various polymers.[2] Additionally, TMA has been used in combination with other polymers and 
block co-polymers to add photoluminescence, photovoltaic, antireflection, filtration and oil 
sorption properties.[3-10]  Fewer studies have focused on the vapor infiltration of titanium-
containing precursors into polymers.  However, existing reports suggest that vapor infiltration of 
TiOx into polymers can improve chemical separations, mechanical strength, and lithographic 
patterning.[7, 11, 12] 

The loading, binding, and temporal mass uptake of inorganic material into the parent 
polymer has been extensively studied in the TMA/PMMA polymer system. The current 
understanding is that at low temperatures (< 100 C), a reversible adduct forms between the 
TMA precursor and the carbonyl functional groups of PMMA, but a primary chemical bond does 
not form readily. At higher temperatures (> 100 °C) a reaction occurs between TMA and the 
carbonyl groups to form C-O-Al bonds between the organic and inorganic components. [13-15]. 
TMA infiltration into PMMA is thought to be a diffusion-limited process, [2, 16-18] although 
prior work has shown a change in the activation energy of effective diffusivity above process 
temperatures of 100 °C, and it has been suggested that this change in activation energy is a 
consequence of increased reaction rates. [16] Infiltration of most precursors into most polymers 
is also thought to occur via a diffusion-limited process, although many of these studies focus on 
TMA. The knowledge of controlling VPI growth through a diffusion-limited process can be used 
to create complex oxide structures involving multiple metal oxides [2, 4, 7, 9, 17-26]  

Further studies of fundamental infiltration kinetics in various precursor/polymer systems 
are needed to build a better understanding of how precursor and polymer chemistry combine to 
influence the various processes of sorption, diffusion, and reaction and thereby affect the total 
VPI process kinetics. Compared to TMA, far fewer studies exist on the fundamental process 
kinetics of TiCl4 infiltration into PMMA.[27, 28]  Sinha et al. demonstrated that TiCl4 diffusivity 
in PMMA increases with increased process temperatures but posited that as TiCl4 loading 
increased, complexation between TiCl4 and PMMA creates “blockages” that begin to hinder the 
diffusivity in a non-Fickian manner.[28] Peng et al. hypothesized PMMA nanodomains in PS-
PMMA block co-polymers serve as reaction sites for the TiCl4.  These researchers observed 
decreases in TiCl4 diffusivity with each cycle, supporting this non-Fickian binding and hindering 
hypothesis.[27] These studies have suggested that TiCl4 diffuses into PMMA and may react with 
PMMA, but the extent of loading and rates of diffusion are lower than those for TMA in PMMA. 
However, the full process kinetics are still not understood for this system.

Recently, a reaction-diffusion model was proposed in an attempt to capture the complex 
interplay of the processes—sorption, diffusion, and reaction—that occur during vapor 
infiltration.  [29].  This model is based upon Fick’s second law and incorporates a second-order 
chemical reaction term to account for immobilization of infiltrated precursors due to their 
reaction with or semi-permanent binding to chemical functional groups on the polymer.  This 
model also includes a non-Fickian diffusional hindering term that alters the precursor’s 
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diffusivity as precursor-polymer reactions occur and the material transforms from a polymer to a 
hybrid.  When reduced, the reaction-diffusion model reveals several dimensionless parameters 
including , the Damköhler number (Da), and the hindering factor ( ).   

𝐶𝑠

𝐶𝑜
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝐾′ ∙ 𝐶𝑜
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝐶𝑠

𝐶𝑜
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

describes the ratio of equilibrium surface concentration of physically sorbed precursors to the 
amount of polymer functional groups that would react with the precursor. This ratio can be 
adjusted experimentally by varying the precursor partial pressure above the polymer, as this 
partial pressure is directly correlated to the equilibrium surface concentration of physically 
dissolved precursors, such as via Henry’s Law.  The Damköhler number (Da) represents the ratio 
of the chemical reaction timescale (reaction rate) to the transport phenomena rate (diffusivity) 
occurring in the system. A high Da signifies a diffusion-limited process in which the reaction 
rate is much faster than the diffusion rate, while a low Da signifies a reaction-limited process in 
which the diffusion rate is much faster than the reaction rate. Finally, the hindering factor, 𝐾′ ∙

, accounts for the reduction in diffusivity of sorbed species as a function of immobilized 𝐶𝑜
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

precursor.  Ren et al. demonstrated that this model could successfully explain and predict the 
infiltration kinetics for the TMA/PMMA system. Additionally, Jean et al. showed how this 
model could be used to predict and quantify the effects of TMA exposure pressure on the 
infiltration kinetics and inorganic loading of PIM-1. [30]

In this study, we apply the outputs of this reaction-diffusion model to better understand 
the rate-limiting mechanisms for VPI of TMA and TiCl4 into PMMA based upon inorganic 
compositional depth profiles collected ex-situ after infiltration.  To our knowledge, this is the 
first time that these mechanisms are being determined for a VPI process by comparing the 
outputs of this model to experimental compositional depth-profile measurements.  Specifically, 
we show how different functional features of the compositional depth profile are indicative of 
various process mechanisms, including Damköhler number and diffusional hindering.  This 
demonstration provides a new tool for assessing the kinetic mechanisms of VPI processes and 
demonstrates the differences in mechanism for the TMA and TiCl4 infiltration processes at 
varying temperatures. 

2. Experimental Methods

PMMA Films 
Polymethyl methacrylate (PMMA) was purchased from PolySciences Inc. (~75 kDa molecular 
weight) and made into a 5 wt.% solution in toluene (anhydrous, 99.8%, Sigma-Aldrich). This 
solution was spun cast onto silicon substrates at 3000 RPM for 30 s to give films of 160 – 200 
nm nominal thickness. All films were then placed on a hot plate heated to 150 C for 1 h to 
remove any remaining solvent.  

Vapor Phase Infiltration
PMMA films were infiltrated in a custom-built reactor having a 28 L chamber and operated with 
decision-tree-based control software.[29] PMMA was infiltrated at process temperatures of 90 
C and 135 C for TMA and TiCl4. Both precursors were infiltrated with overpressures of ~ 1 
Torr. All pressures in the reaction chamber were measured with a Baratron capacitance 
manometer.  All VPI processes used a single precursor / co-reactant cycle with a static hold 
scheme. The general process sequence performed was (1) ultrahigh purity N2 gas was flowed 
into the reactor to purge the system for 5 min, (2) the system was pumped down to base vacuum 
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(30 mTorr) for an hour to remove most water, (3) the chamber was isolated, (4) the precursor 
valve, which is connected directly to the chamber, was opened for 3 s for TMA or 5 s for TiCl4 
to reach a vapor pressure of about 1 Torr of precursor (both precursors sources are at room 
temperature), (5) the precursor was then held in the chamber for between 1 and 48 hours, (6) the 
system was then pumped to base vacuum for 5 mins, (7) the water co-reactant valve, which is 
also connected directly to the chamber and held at room temperature, was opened for 1 s to give 
a vapor pressure of 1.8 Torr in the chamber, and, (8) the water was held in the chamber between 
1 – 24 hours before purging the system for 60s and venting to atmosphere. 

X-ray Photoelectron Spectroscopy (XPS)
XPS was performed using a Thermo K-alpha system using a monochromatic Al-K X-ray 
source (1486.6 eV) with a 60 incident angle and a 90 emission collection geometry. Survey 
scans were conducted at a pass energy of 200 eV and for binding energies from -10 to +1350 eV. 
For the elemental analysis, the following elements at the following binding energies were 
collected: Ti 2p (448–475 eV), O 1s (525–545 eV), C 1s (279–298 eV), Cl 2p (190–210 eV) and 
Si 2p (95–110 eV). Films were etched over a raster size of 400 x 400 mm with a monatomic 
argon ion gun at a voltage of 2000 V and a high current for 65 seconds, yielding an approximate 
rate of 25 nm per etch level. At each level the elemental analysis and survey scan was performed. 
A Shirley background subtraction was used for determining atomic percentages.

Spectroscopic Ellipsometry. 
Film thicknesses were measured with an Alpha-SE spectroscopic ellipsometer (J.A. Woollam) at 
a 70 angle over a spectral range of 340 to 900 nm. The refractive index was fit to a Cauchy 
model.

3. Results and Discussion

Calculated Predictions of Spatiotemporal Inorganic Concentrations from the Reaction-
Diffusion Model

The reaction-diffusion model calculates the spatiotemporal distributions of infiltrated 
precursors inside the polymer during VPI.  Specifically, the model outputs concentrations for 
two different populations of infiltrated precursors species: (1) precursors that have “reacted” with 
the polymer functional groups (Cproduct) and (2) precursors that are dissolved and freely diffusing 
in the polymer but have yet to react with the polymer (Cfree).  The sum of these two 
concentrations is the total concentration of inorganic precursors within the polymer (Ctotal).  

Fig. 1 schematically illustrates these concentrations for diffusion-limited and reaction-
limited processes. Note the starting conditions here assume a fixed concentration of polymer 
functional groups ( ) with which the precursor could react and a solubility limit for 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟
dissolution of the inorganic precursor into the polymer (Cs), which is assumed to be the dissolved 
concentration at the surface at all times.  Upon infiltration, precursors either remain dissolved 
(lighter green) or bind/react with the polymer functional group (dark green), consuming the 
polymer functional groups.  Note that both routes achieve a similar final state (“fully infiltrated”) 
but follow different spatiotemporal distribution pathways to achieve that state.  Note that as 
reactions occur, the remaining concentration of unreacted polymer functional groups is denoted 
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as Cpolymer such that the initial concentration of unreacted functional groups  = Cpolymer + 𝐶𝑜
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

Cproduct, thus denoting the extent of reaction.

Fig. 1: Schematic illustration of diffusion- and reaction-limited pathways in a vapor phase infiltration process. 

Before considering each process path individually, let us define what “saturation” can 
mean in this system.  Two types of “saturation” can be considered: (1) reaction saturation occurs 
when the infiltrated inorganic precursor has reacted with all of the available polymer functional 
groups, Cproduct =  [reaction saturation] and (2) full saturation occurs when both all of the 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟
functional groups are reacted and the polymer/hybrid has reached its saturation limit for 
dissolution of freely dissolved inorganic precursors, at which point, Cproduct =  and Cfree 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟
= Cs throughout the entire polymer, such that Ctotal =  + Cs [reaction + dissolution 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟
saturation].  As depicted in Fig. 1, full saturation nominally occurs during process completion 
when a precursor overpressure is present to keep precursors dissolved, while reaction saturation 
is expected to be the condition if dissolved species are permitted to fully desorb prior to 
introduction of the co-reactant.
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Fig. 2: Depth profiles of inorganic concentrations at varying precursor exposure times (  ) using the 
𝑫𝟎𝒕

𝒍𝟐

reaction-diffusion mode where x/L is a normalized infiltration depth given that L is the film’s thickness.  Here, 
four different representations of the inorganic concentration are presented for the exact same process 
conditions: (a) the concentration of reacted inorganic product, Cproduct, (b) the concentration of freely 
dissolved inorganic precursors, Cfree, (c) the sum total of reacted and freely dissolved precursors, Ctotal, and 
(d) the ratio of the concentration of reacted precursors to the total concentration of possible reaction sites, 
Cproduct / .  For these calculations, Da = 100, Cs = 1,  = 10 and K’ Copolymer = 0.5. 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝐶𝑜
𝑝𝑜𝑙𝑦𝑚𝑒𝑟 ∙

Fig. 2 plots the outputs of the reaction-diffusion model for a diffusion-limited case (Da = 
100).  This figure explicitly plots the different types of inorganic concentrations that can be 
calculated from the model: (a) Cproduct, (b) Cfree, and (c) Ctotal.  Note that the dimensionless 
exposure time ( ) represents a ratio between the characteristic diffusion length ( ) and the 

𝐷0𝑡

𝑙2 𝐷0𝑡

film’s thickness ( , and thus a value of 1 represents a characteristic time for most precursors to 𝑙)
diffuse to the depth of the film’s thickness assuming Fickian behavior.  Here, we have set Cs = 1 
and  = 10 such that the non-dimensional parameter   is 0.1, the maximum 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟
𝐶𝑠 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟

Page 6 of 16Physical Chemistry Chemical Physics



Cproduct is 10 (Fig. 2a), and the maximum Cfree is 1 (Fig. 2b).   was set to 0.5. To 𝐾′ ∙ 𝐶𝑜
𝑝𝑜𝑙𝑦𝑚𝑒𝑟

create more general plots, these concentrations can be normalized to a relevant reference 
concentration, as was done in Ren et al. [29], but the unnormalized plots are instructive in 
understanding the behavior of the different populations of infiltrated inorganic.  For example, 
Cproduct in Fig. 2a resembles a moving boundary case – albeit not entirely abrupt – in which all 
functional groups behind the boundary are reacted and all polymer functional groups beyond the 
boundary are unreacted.  In contrast, Cfree in Fig. 2b resembles a purely Fickian diffusion 
behavior with the surface concentration fixed at the solubility limit and no other depth reaching 
saturation until completion.  Fig. 2c is the linear addition of Cproduct and Cfree, with a saturation 
value of Cs +  = 1 + 10 = 11.𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟
For physical experiments, like the ones presented subsequently, precursor infiltration can 

be followed by a long "purge" step in which the inorganic precursor overpressure is removed, 
and the freely diffusing precursors (Cfree) are permitted to out-diffuse and desorb.[2]  In the ideal 
case, this physical experiment should leave a compositional depth profile similar to just the 
Cproduct population.  This Cproduct can be normalized with respect to the concentration of polymer 
functional groups,  to quantify the percentage of reaction saturation achieved.  This 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟
normalized compositional profile is plotted in Fig. 2d and will be the concentration profile used 
in subsequent model calculations because of its physical relevance to the data presented here. 
Note that its functional form is identical to Fig. 2a.

Fig. 3: Depth profiles of inorganic concentration calculated at varying precursor exposure times (  ) using 
𝑫𝟎𝒕

𝒍𝟐

the reaction-diffusion model for (a) a system with a Damköhler number of 100 (diffusion-limited) and (b) a 
system with a Damköhler number of 0.01 (reaction-limited).  Cproduct/  is the concentration of functional 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟
groups in the polymer that have reacted with the infiltrated precursor, with a value of 1 representing 100% of 
the polymer’s functional groups having reacted with an infiltrated precursor.  x/L is the normalized infiltration 
depth, where L is the film thickness. In all cases, the diffusion hindering, K’ , is set to be 0.5∙ 𝐶𝑜

𝑝𝑜𝑙𝑦𝑚𝑒𝑟

Next, we return to the two different rate-limiting pathways introduced in Fig. 1.  Fig. 3 
compares computed results of spatiotemporal inorganic loading for a diffusion-limited (Fig. 3a, 
Da = 100) versus reaction-limited (Fig. 3b, Da = 0.01) case.  These results are nominally 
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identical to what was first published by Ren et al. [29], except that they describe the 
unidirectional case rather than the bidirectional diffusion case.  The mass uptake is again 
normalized to the number of functional groups available in the polymer as was done in Fig. 2d 
such that reaction saturation occurs when this ratio equals 1.  This figure demonstrates the 
distinct difference in spatial concentrations of reacted inorganics for a diffusion-limited (Fig. 3a) 
versus reaction-limited (Fig. 3b) infiltration process.  While the diffusion-limited process 
exhibits a sigmoidal-type of profile that marches deeper into the polymer depth with time, the 
reaction-limited condition exhibits a nearly constant concentration of reacted species into the 
film depth.  For the simulation conditions chosen here, this uniform concentration requires a 
significant amount of time to rise above zero (  > 2.2) before then monotonically increasing 

𝐷0𝑡

𝑙2

to the same reaction saturation concentration as the diffusion-limited process, as was illustrated 
in Fig. 3 (same end state). 

Fig. 4: Depth profiles of inorganic concentration calculated at varying precursor exposure times (  ) using 
𝑫𝟎𝒕

𝒍𝟐

the reaction-diffusion model for reaction-limited systems (Da = 0.01) with varying diffusional hindering 
parameters: (a) K’ Copolymer = 5, (b) K’ Copolymer = 15, (c) K’ Copolymer = 25, (d) K’ Copolymer = 50.  Cproduct/Cpolymer ∙ ∙ ∙ ∙
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is the concentration of functional groups in the polymer that have reacted with the infiltrated precursor, with 
a value of 1 representing 100% of the polymer’s functional groups having reacted with an infiltrated 
precursor.  x/L is the normalized infiltration depth, where L is the film thickness. 

A second mechanism that can alter the spatiotemporal composition profile during 
infiltration is non-Fickian diffusion.  In the reaction-diffusion model the use of a concentration-
dependent hindering parameter attempts to capture some of this non-Fickian transport resulting 
from changes in diffusivity as the polymer transforms to a hybrid material.  Specifically, in the 
reaction-diffusion model, the diffusivity is set to be a function of the concentration of reacted 
precursors, Cproduct, such that  Note that Cproduct is a function of time,  

𝐷
𝐷0

= exp ( ―𝐾′ ∙ 𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡). 
increasing as more of the infiltrated precursor reacts with the polymer’s functional groups.  
Nominally, this concentration-dependent diffusivity could even be used to capture changes in 
diffusivity for subsequent infiltration cycles if a multi-cycle process were to be used.

 To better understand how this hindering may affect compositional depth profiles, Fig. 4 
presents computed profiles at varying hindering parameters (K’ Co

polymer values from 5 to 50) ∙
for a reaction-limited process (Da = 0.01). At low hindering (K’ Co

polymer = 5, Fig. 4a) ∙
concentration profiles are uniform at all times. However, as the hindering factor increases, 
concentrations deviate from this uniform depth profile.  While short exposure times still exhibit 
uniform spatial loading, longer exposure times lead to a rise in concentrations near the polymer’s 
surface. These results suggest that hindering effects may also be detectable in spatiotemporal 
inorganic compositional profiles of VPI treated materials.

Experimental Results for TMA and TiCl4 Infiltration into PMMA films on Silicon
XPS with ion sputtering is used to collect inorganic compositional depth profiles for 

PMMA films on silicon substrates that are vapor phase infiltrated with TMA or TiCl4 at varying 
precursor exposure times.  Subsequently, these compositional profiles are qualitatively compared 
with the profiles computed from the reaction-diffusion model, as presented above.  Several 
limitations are recognized in this experiment-to-model comparison.  First, we assume that the 
profile of reacted species stays constant with subsequent process steps including purging and co-
reaction with water.  Further, measurement errors are likely introduced from sputter damage 
during depth profiling.  However, as will be shown, the experimental results are largely 
consistent in functional form to the phenomenological predictions of the reaction-diffusion 
model and appear indicative of the mechanisms that are rate-controlling infiltration in these 
system.  
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Fig. 5: XPS depth profiles collected from PMMA films infiltrated with TMA + H2O at (a) 90 °C processing 
temperature and (b)135 °C processing temperature at varying exposure times of the inorganic precursor, 0 to 
30 mins for the 90 °C process and 0 to 120 min for the 135 °C process.  All films are nominally 200 nm thick, 
but depth is normalized to the silicon substrate signal (not shown for clarity). 

Fig. 5 presents Al 2p XPS depth profiles for TMA infiltrated into 200 nm PMMA films on 
silicon at 90 °C (Fig. 5(a)) and 135 °C (Fig. 5(b)) at varying infiltration times.  The ordinate axis 
has been normalized to the total film thickness based upon the silicon substrate signal to improve 
comparisons amongst each film. The thickness normalization can be reviewed in Fig. S1; in 
general films varied by less than 10% in thickness. TMA infiltration into PMMA occurs quite 
readily at the process temperature of 90 °C and 135 °C, on time scales of just a few minutes (0 to 
5 mins). Noticeable here is the marked difference in the functional form of the concentration 
depth profiles between the two process temperatures. At 90 °C (Fig. 5(a)) the inorganic 
concentrations resemble diffusion-limited profiles, with maximum inorganic concentration at the 
surface at all infiltration times and a sigmoidal decline into the material bulk.  This decline 
reaches near zero at the silicon interface for low infiltration times but raises towards the 
maximum concentration with increased infiltration times.  This behavior approximates the 
diffusion-limited spatiotemporal concentrations that the reaction-diffusion model predicts in Fig. 
3a. This observation of diffusion-limited behavior is also consistent with prior reports for TMA 
infiltration into PMMA. [2, 15, 17-21, 29] Note that for these conditions, saturation of ~ 25 at% 
aluminum is achieved after only 10 min of TMA exposure.
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In contrast, at 135 °C (Fig. 5b), we observe different functional forms for the spatiotemporal 
inorganic profiles and, hence, an apparently different rate-limiting mechanism. At low 
infiltration times the Al concentration is relatively uniform through the film thickness. While this 
uniform concentration deviates some at longer hold times (30 and 120 min), we suspect this has 
more to do with measurement limitations or possible hindering rather than a change in 
mechanism.  Interestingly, this uniform compositional profile behavior resembles the reaction-
limited profile of Fig. 3(b).  At first, this result may seem somewhat surprising; it suggests that 
the TMA diffuses through the entire thickness before reacting, which seems to contradict other 
known reports.  This result suggests that diffusion occurs rather quickly in this system but the 
“reaction” necessary for entrapment of the TMA species within the PMMA films is much 
slower.  It is known that at higher temperatures TMA forms a permanent covalent bond with 
PMMA’s carbonyl rather than just the adduct formed at lower temperatures. Therefore, it is 
possible that due to the higher energy needed to form the covalent bond the mechanism of 
infiltration changes from diffusion-limited to reaction-limited [2, 15, 19-23].  A second 
possibility to consider is that PMMA’s glass transition temperature is ~105°C and this transition 
from a glassy to rubbery state may enhance diffusivity, leading to a reaction-limited process at 
higher temperatures.  What is clearly consistent between the observations made here and those 
reported previously is that a change in mechanism occurs for processes below and above about 
100 °C. [16]

Fig. 6: XPS depth profiles collected from PMMA films infiltrated with TiCl4 + H2O at a) 90 °C processing 
temperature and (b)135 °C processing temperature at varying exposure times of the inorganic precursor.  (a) 
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TiCl4 infiltration was carried out at 90 °C at hold times varying from 0 to 2880 mins.  (b) TiCl4 infiltration was 
carried out at 135 °C for hold times varying from 0 to 2880 mins.  All films are nominally 200 nm thick, but 
depth is normalized to the silicon substrate signal (not shown for clarity). 

Next, we turn to examine the behavior of TiCl4 infiltration into PMMA.  From the atomic 
layer deposition (ALD) literature, TiCl4 is known to be less reactive towards oxidants than TMA, 
often resulting in reaction-limited processes. [31, 32] Fig. 6 presents XPS depth profiles for Ti 
2p  at TiCl4 infiltration temperatures of 90 °C (Fig. 6(a)) and 135 °C (Fig. 6(b)) into 200 nm 
PMMA films at varying precursor exposure times.  At 90 °C, minimal titanium (< 2%) is 
infiltrated into the films at all exposure times up to 2880 min (2 days).  Note that these 
timescales are significantly longer than those explored in Fig. 5 for TMA infiltration into PMMA 
(maximum of 120 min).  This difference in times is indicative of the much slower infiltration 
kinetics for TiCl4 compared to TMA. As TiCl4 exposure time increases (0 to 2880 mins), the 
surface concentration of titanium increases (0 to ~4 at%), however the sub-surface concentration 
increases much more slowly. At 60 mins of TiCl4 exposure, no titanium exists beyond about 
20% depth from the surface (~40 nm). As exposure time increases, we begin to detect Ti 
throughout the entire depth.  However, the low concentrations relative to experimental noise 
make it difficult to determine the functional forms of these depth profiles.  Arguably TiCl4 
exposure times of 60, 720, and 1440 min appear to have decreasing concentrations resembling a 
diffusion-limited profile while the 2-day exposure resembles somewhat uniform loading with 
depth.  However, clear conclusions on mechanism cannot be made.  What is clear is the 
significantly slower overall VPI process kinetics for TiCl4 versus TMA infiltration into PMMA, 
consistent with what has previously been reported.[27, 28]    

At the higher infiltration temperature of 135 °C, shown in Fig. 6b, TiCl4 does infiltrate into 
PMMA within reasonable process times.  At this higher temperature, inorganic depth profiles 
show relatively uniform concentrations throughout the film thickness that increase monotonically 
with exposure time, especially from 0 to 60 min of infiltration.  This uniform depth profile is 
indicative of a reaction-limited infiltration process, as illustrated in Fig. 3b.  It is notable that 
although total infiltration kinetics are slow in this system because the process is now within a 
reaction-limited regime, the titanium is detected throughout the entire depth even at only 2 min 
of TiCl4 exposure time – diffusion is clearly not the limiting factor.  This result is consistent with 
prior studies that report rapid sorption of TiCl4 into PMMA via in situ quartz crystal 
microbalance (QCM) gravimetry, indicative of a high diffusivity that is not hindered by 
reaction.[27, 28] At 1-day and 2-days of exposure, concentration profiles deviate from 
uniformity within the near surface region where inorganic concentration rises.  We attribute the 
development of this increased near-surface concentration to diffusional hindering effects.  As 
illustrated in Fig. 4b-d, hindering can lead to increases of near-surface concentrations of 
inorganics for reaction-limited processes as exposure time increases, and we interpret this feature 
at these longer exposure times as indicative of this phenomenon.   We postulate that TiCl4’s 
larger molecular size than TMA may be causing this increased hindering, although further 
studies are warranted to understand this phenomenon more directly.

Summary and Implications of Results
These experimental results demonstrate how differences in chemistry and process 

temperature alter the VPI process kinetics and how the reaction-diffusion model can be used to 
interpret experimental results.  Understanding the fundamental chemical kinetics is important in 
process scale-up, but as shown in this study, these differences in process kinetics can also 
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influence the final spatial distributions of inorganics in the resultant hybrid material.  For 
example, the diffusion-limited profiles (like TMA infiltration into PMMA at low temperatures) 
can produce near-surface loaded inorganic compositions at low process times, while reaction-
limited conditions (like TiCl4 infiltration into PMMA at high temperatures) can produce uniform 
inorganic loading throughout the entire sample’s depth, with monotonically increasing 
concentration over extended exposure times.  These differences in inorganic distribution could 
be important depending upon the material’s specific application.  For example, these differences 
in spatial distribution could have direct implications for controlling ceramic nanostructures that 
can be formed via pyrolysis of the infiltrated hybrid materials [24, 26, 33].  It is also worthwhile 
to note that the kinetics of the infiltration process will continue to change if subsequent 
infiltration cycles are used.  The continued change in the infiltrated materials’ chemistry will 
likely continue to affect diffusivity and reactivity of the infiltrating precursors.  Furthering the 
understanding of infiltration process kinetics will continue to provide new insights into how this 
process can be used to control the chemical structure of infiltration-synthesized organic-
inorganic hybrid materials.

4. Conclusions
Combining the reaction-diffusion model outputs with experimental ex situ compositional 

inorganic depth profiling data provides insights into the mechanisms of vapor phase infiltration 
processes.  Specifically, we demonstrate both computationally and experimentally that diffusion-
limited VPI processes will have sigmoidal depth profiles while reaction-limited VPI processes 
will have uniform concentrations of inorganic throughout the polymer’s depth.  These inorganic 
concentration profiles can be further altered by non-Fickian diffusional hindering that results 
from changes in the material’s diffusivity as it transforms from a polymer to a hybrid material. 
This paper has specifically examined TMA and TiCl4 infiltration into 200 nm thick PMMA films 
at two different temperatures, 90 °C and 135 °C.  TMA appears to transition from a diffusion-
limited process to a reaction-limited process at this film thickness as the process temperature is 
increased.  In contrast, TiCl4 infiltration into PMMA is incredibly slow at 90 °C, with less than 2 
at% Ti infiltrated into the film’s bulk within even 2 days of precursor exposure, making it 
difficult to make any conclusion about process mechanisms. At 135 °C, while still significantly 
slower than TMA, the TiCl4 process is clearly reaction-limited, exhibiting inorganic 
concentration profiles that are uniform with depth.  Interestingly, because the process is reaction-
limited and diffusion is presumably fast, Ti is detected throughout the entire film’s depth (200 
nm) after only 1 min of precursor exposure.  However, the infiltrated concentration continues to 
rise for up to 2 days of TiCl4 exposure.  Eventually, deviations from composition depth 
uniformity emerge, indicative of diffusional hindering.  These results demonstrate how an 
understanding of process mechanism can be used to create different spatial profiles of inorganics 
in a polymer using an infiltration process.  This control over spatial distribution is an important 
tool in the chemical design of these hybrid materials. 
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