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ABSTRACT OF THE THESIS 

 

Chemical Modification of Porous Silicon for the Detection of Explosive Gases 

by 

Danny Yuan Chan 

Master of Science in Chemistry 

University of California, San Diego, 2012 

Professor Michael Joseph Sailor, Chair 

 

 A thesis describing the construction and evaluation of optical sensors based on 

porous silicon rugate photonic crystals for the detection of explosive gases such as C2 

hydrocarbons and hydrogen. Useful properties of porous silicon for gas sensor 

applications include tunable pore size, large surface area, convenient surface chemistries, 

optical transduction of the sensing signal, and the potential for miniaturization. Chapter 

One introduces the fundamentals of porous silicon, including fabrication, sensing 

mechanisms, and sensor challenges. Additionally, the advantages and limitations of 

current point sensor technologies are briefly discussed. Chapter Two focuses on the 

evaluation of a carbon/porous silicon composite film for the optical detection of C2 

hydrocarbons. Porous silicon rugate photonic crystals are used as templates for the 

fabrication of glassy carbon nanofibers. The resulting carbon/porous silicon composites 

combine the strong adsorption characteristics of carbon and the optical signal 

transduction of photonic crystals to increase sensitivity. Chapter Three presents a new 

method for the fabrication of palladium/porous silicon composite films for the optical 
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detection of hydrogen gas. The two-step synthesis involves seeding of palladium by 

thermal reduction of palladium ions, followed by growth of palladium nanoparticles in an 

electroless plating solution. Compared to the previous method of immersion plating, this 

new method is able to deposit palladium nanoparticles deeper into the porous matrix, 

thereby increasing the sensitivity. 
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INTRODUCTION 
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1.1 Abstract 

Porous silicon nanostructures have many unique features which can be leveraged 

to produce sensitive and selective chemical and biological sensors. These features include 

tunable pore size and porosity, large surface areas, a variety of possible surface 

chemistries,1  and versatile incorporation of optically reflective nanostructures. For 

chemical gas sensors, small pore diameters and high surface area allow for pre-

concentration of gaseous analytes for increased sensitivity. When an analyte is adsorbed 

onto the pore walls, there is an increase in the refractive index of the porous matrix. For 

optical reflectance based sensors, this is detected as a red-shift in the optical spectrum. 

A variety of optical structures are possible for chemical gas sensing using porous 

silicon, including Bragg mirrors,2 Fabry-Pérot films,3 microcavities,4 and rugates.5 The 

porous silicon based sensors presented in this work are all rugates. A rugate structure 

consists of a sinusoidal variation in refractive index with depth.6 This results in a porous 

silicon photonic crystal with repeating layers of relatively high and low refractive 

indexes, where the photonic stop band is determined by the period, amplitude, and 

number of repeats of porous silicon layers. Sensing is achieved by monitoring the 

position of the stop band as an analyte is adsorbed onto the pore walls. Analyte 

adsorption changes the refractive index of the nanostructure, which is readily monitored 

in the optical reflectance spectrum as a shift in the stop band position. Advantages of 

rugates include the strong reflectivity of the stop band relative to Fabry-Pérot interference 

fringes, the ability to monitor sensing with the naked eye, and the ability to use the 

photonic crystals as optical filters in low power point sensors.7 
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Several key challenges facing porous silicon based point sensors include 

sensitivity, specificity, fouling, zero-point drift, and miniaturization. For gas sensors, 

sensitivity is mainly dependent upon effect adsorption of analytes onto the pore walls 

while selectivity can be imparted through various chemical or physical methods. 

Additionally, various environmental conditions can potentially foul the sensor or cause 

zero-point drift. Miniaturization is also an important factor to consider for point sensors 

since typical uses may include volume constrained settings or low-power applications. 

This chapter presents a brief overview of various methods employed to overcome these 

challenges as well as the limitations of current point sensor technologies. 

1.2 Introduction 

Porous silicon was accidentally discovered by Uhlir at Bell Laboratories in 1956 

while attempting to electrochemically polish silicon wafers for use in microelectronic 

circuits.8 The first reported application of porous silicon for sensing was by Tobias in the 

late 1980’s as a humidity sensor.9 Since then, various studies on the chemical, physical, 

and optical properties of porous silicon have appeared, leading to the development of 

sensors for both chemical and biological applications. These include the detection of 

volatile organic compounds (VOCs),2,10,11,12,13  polycyclic aromatic hydrocarbons,14 

explosives,15 toxins,16 proteins,17 DNA,18 and enzyme activity.19 

Some useful properties of porous silicon for sensing applications include tunable 

pore size, high surface area (typically several hundred m2 cm-3),20 convenient 

modification of surface chemistry,1 and the ability to tailor the optical spectrum.6 

Furthermore, porous silicon based optical sensors can be miniaturized for point sensor 

applications.7,11 Numerous sensing mechanisms are also possible with porous silicon 



4 

 

 

based sensors since the presence of molecules within the porous matrix affects the 

refractive index, photoluminescence, and dielectric constant of the porous film. Sensors 

based on capacitance,21 resistance,22 photoluminescence,10,23 optical interference,24 

elopsometry,25 MALDI, 26 and surface enhanced Raman spectroscopy (SERS)27 have all 

been reported. The main focus of this chapter is on porous silicon photonic crystals for 

optical sensing of various chemical species. 

1.3 Preparation of Porous Silicon 

Porous silicon can be produced by stain etching,28 photoelectrochemical etching,29 

or electrochemical etching29 of silicon wafers. The most common approach to fabricating 

complex nanostructures with porous silicon is by electrochemical etching. 

Electrochemical etching is achieved by applying an anodic current to single crystalline 

silicon in an electrolyte solution containing aqueous hydrofluoric acid (HF).20 Using this 

method, pore size, porosity and thickness of the porous silicon film can be controlled by 

HF concentration, the applied current density, the wafer dopant type, and dopant 

concentration. Pore formation proceeds along the <100> crystal orientation of the silicon 

wafer, allowing complex 2D nanostructures to be produced along this direction during 

etching. In general, porous silicon can be categorized by its average pore diameter as 

microporous (<2 nm), mesoporous (2-50 nm), and macroporous (>50 nm).30 

Since the discovery of porous silicon, several theories and mechanisms for 

formation of porous silicon have been proposed.20,30,31,32,33,34 A commonly reported 

mechanism for the electrochemical dissolution of silicon is depicted in Figure 1.1. First, 

etching is initiated when a current applied to the bulk silicon causes valence band holes 

(h+) to migrate to the silicon/electrolyte interface. The positive charge destabilizes a Si-H 
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bond, allowing nucleophilic attack by a fluoride ion resulting in a Si-F bond. The 

polarizing effect of fluorine allows another fluoride ion to attack the remaining Si-H 

bond. A molecule of H2 is generated and an electron is injected into the silicon substrate. 

The two fluorine atoms further polarize the Si atom, reducing the electron density of the 

Si-Si backbone. The remaining Si-Si bonds are attacked by more fluorine ions, resulting 

in the removal of Si in the form of SiF4 while the Si backbone left behind becomes 

hydride terminated. The SiF4 reacts with fluoride ions in solution to form a stable SiF6
2- 

ion. The process repeats itself, with preferential pore formation downward as hole 

carriers preferentially migrate to lower surface points due to accumulation of potential at 

the pore tips. Depletion of hole carriers from the pore walls protect them from further 

dissolution. The overall balanced equation for the electrochemical dissolution of silicon is 

as follows: 

2�� � 6�� � 2�	 
 ��� � ������ � 2�	 � 
�� �� (1.1) 
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Figure 1.1 Schematic of electrochemical dissolution of silicon to form porous silicon 
(adapted from reference 29)
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Various optical structures can be electrochemically etched into silicon since the 

current density applied during etching controls both the rate of silicon removal and the 

average diameter of the pores. A high applied current density results in high porosity and 

low refractive index, while a low applied current density results in the opposite. Some 

examples of possible optical structures include Fabry-Pérot films,3 Bragg mirrors,2 

microcavities,4 and rugates.5 Silicon etched at a constant current density produces straight 

pore channels with uniform porosity and refractive index. The resulting porous silicon 

film exhibits thin film interference and acts as a Fabry-Pérot interferometer. Light 

reflecting off the air/porous silicon and porous silicon/bulk silicon interfaces combine 

constructively and destructively, resulting in an interference pattern in the reflectance 

spectrum. Multiple Fabry-Pérot films can be etched sequentially to result in a multilayer. 

Each new interface produces additional interference patterns that superimpose on one 

another. Silicon etched with alternating high and low current densities results in layers 

with alternating low and high refractive indexes, respectively. This layered stack 

structure acts as a Bragg mirror, which displays a high reflectivity stop band in the 

reflectance spectrum. If two Bragg mirrors are separated by a defect layer, the resulting 

structure is known as a microcavity.  A microcavity has a high reflectivity stop band 

similar to a Bragg mirror, but containing a resonant dip in the reflectance spectrum 

somewhere within the stop band. Silicon etched with a smoothly periodic current density 

waveform also results in a layered structure with alternating refractive indexes. The 

rugate structure also contains a stop band feature in the reflectance spectrum;  the shape 

and position of the high reflectivity stop band is determined by the periodicity and change 

in refractive index of the porous layers. 
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Freshly etched porous silicon possesses a hydride-terminated surface that is 

generally unstable (readily oxidized in air) and does not provide good binding sites for 

organic vapors.13 Thus, freshly etched porous silicon is generally modified by a diverse 

chemical tool kit1 to provide more stable surfaces and to impart sensitivity or specificity 

for the intended analyte. One common modification is to thermally oxidize porous 

silicon35 to produce a more stable and hydrophilic oxide surface. Other chemical 

modifications can result in hydrophobic surfaces while chemical modifications are also 

available to immobilize proteins for use in biological sensing applications.36 

 Additionally, porous silicon films can be separated from the bulk silicon 

substrate, creating a “lift-off” porous silicon film. Removal of the porous film is achieved 

by electrochemically etching the porous layer in a low concentration of aqueous HF with 

a high current density pulse. Silicon removal at the porous silicon/bulk silicon interface 

occurs at a faster rate than pores can propagate, undercutting the porous layer and 

detaching it from the bulk silicon substrate. 

1.4 Sensing with Porous Silicon 

Optical sensing with porous silicon is achieved by monitoring the reflectance 

spectrum of the previously mentioned optical structures. As an analyte enters the porous 

matrix, there is a change in the refractive index of the porous film, resulting in a 

wavelength shift in the reflectivity spectrum. For example in Fabry-Pérot films, the 

change in refractive index results in a change in the optical thickness. The optical 

thickness (OT, in nm) is related to the refractive index (n) and thickness of the porous 

film (L, in nm) by the equation: 

�� � �� (1.2) 
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A fast Fourier transform (FFT) of the interference spectrum of the porous silicon film 

results in a FFT peak whose position is two times the optical thickness.3 A Gaussian fit of 

the FFT peak is performed to determine the peak position. Therefore, for a porous silicon 

Fabry-Pérot sensor, the sensor response at any given time point is measured by doing a 

FFT of the reflectance spectrum and a Gaussian fit of the resulting FFT peak to calculate 

the OT. For rugate films however, a FFT is not required because the resulting photonic 

crystal acts as a physical Fourier transform. The wavelength position in nm of the 

photonic stop band peak (λ) is related to the total refractive index  of the porous matrix 

��� and the thickness in nm of one period in the multilayered rugate structure (d) by the 

equation: 

� � 2�� (1.3) 

As with the FFT peak, a Guassian fit of the photonic stop band is performed to determine 

the peak position. Therefore, one advantage of porous silicon rugate films is that the 

sensor response can be measured without the need to perform an FFT. Figure 1.2 

demonstrates how infiltration of the porous matrix by toluene causes a red-shift of the 

photonic stop band of a porous silicon rugate. This is visualized by the naked eye as a 

change from green (in air) to red (in toluene). 

  



 

Figure 1.2 Sensing mechanism
Infiltration of the pores by an analyte causes an increase in the refractive index of the 
porous matrix relative to air, resulting in a red
Visualization of the shift in photonic stop band of porous silicon photonic crystals from 
in air (green) to toluene (red). 

 

 

 

Sensing mechanism for a porous silicon rugate photonic crystal. 
Infiltration of the pores by an analyte causes an increase in the refractive index of the 
porous matrix relative to air, resulting in a red-shift of the photonic stop band. 

ift in photonic stop band of porous silicon photonic crystals from 
in air (green) to toluene (red). Images obtained from reference 37. 
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for a porous silicon rugate photonic crystal. Top: 
Infiltration of the pores by an analyte causes an increase in the refractive index of the 

shift of the photonic stop band. Bottom: 
ift in photonic stop band of porous silicon photonic crystals from 
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 A standard approach for detecting low concentrations of analyte is by pre-

concentration of the sample. For porous silicon based sensors, there are two main 

mechanisms by which analyte concentration occurs. The first is by monolayer adsorption, 

where a gas phase analyte adsorbs onto the surface of the pore walls. Since the porous 

matrix has a high surface area, concentration occurs because a large number of molecules 

per unit volume can be expected to adsorb onto the pore walls based solely on surface 

adsorption effects. If the adsorption is reversible, this can be modeled by a Langmuir 

isotherm. The second method is microcapillary condensation where, even below its 

saturation pressure, vapors can spontaneously condense in a microporous (<2 nm 

diameter) material.38 At a given temperature, the smaller the pore size, the lower the 

partial pressure at which microcapillary condensation occurs.39 

1.5 Addressing Sensor Challenges 

Major challenges facing point sensors for the detection of gases in general include 

sensitivity, specificity, fouling, zero-point drift, and miniaturization. Ideally, a point 

sensor would be both sensitive as well as specific towards a target analyte. The sensor 

should also be robust to various impurities that can potentially foul and decrease 

sensitivity. Additionally, most point sensor applications would be for an unattended unit 

that would be expected to operate for long periods of time (days to months). Therefore, 

the sensor should be stable to changing environmental conditions, such as relative 

humidity (RH) or temperature. Lastly, miniaturization of the sensor is important for 

volume constrained environments and to decrease power consumption. To address these 

problems, Chapter 2 focuses on a carbon/porous silicon composite that leverages the 

strong adsorption characteristics of carbon to increase sensitivity. Chapter 3 focuses on a 
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palladium/porous silicon composite, where the palladium nanoparticles impart specificity 

towards hydrogen gas. 

1.5.1 Sensitivity 

The degree of spectral shift, and thus sensitivity, of a porous silicon sensor is 

determined by both the amount of analyte adsorbed and the refractive index of the 

analyte. For a liquid analyte, there is full infiltration of the porous matrix and the porous 

silicon sensor acts as a refractometer. However, for a gas phase analyte, the spectral shift 

of porous silicon is determined mainly by surface adsorption effects, which govern the 

amount of analyte adsorbed, rather than the refractive index of the material. An example 

of this is shown by the large difference in response of a thermally oxidized porous silicon 

sensor towards isopropanol versus heptane. Both analytes have similar refractive indexes 

but the response towards 500 ppm of isopropanol is ~9 times as large as the response 

towards 500 ppm of heptane.13 This is due to the surface of the thermally oxidized porous 

silicon sensor being modified from Si-H to Si-O-Si. This produces a more hydrophilic 

surface with much stronger binding sites for isopropanol than for heptane. Therefore at 

the same concentration of both analytes, a larger amount of isopropanol is adsorbed onto 

the pore walls relative to heptane. Thus one way to increase sensitivity of a porous silicon 

gas sensor is by chemical modification of the surface to provide stronger binding sites for 

target analytes. Another way to increase sensitivity of porous silicon gas sensors is to 

increase the surface area of the porous matrix. The increased surface area allows for more 

adsorption of analytes onto the pore walls to produce a larger response. One method to 

increase surface area is by decreasing the average pore size within the porous matrix. 
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This also has the added benefit of decreasing the partial pressure at which microcapillary 

condensation occurs, further increasing the amount of analyte adsorbed. 

1.5.2 Specificity 

Another major challenge for porous silicon gas sensors is the ability to identify a 

specific analyte from a complex mixture. While hydrophobicity can provide a means to 

discriminate against broad classes of analytes, a more selective method is required to 

accurately identify analytes. There are five main approaches that have been used to 

impart specificity for porous silicon gas sensors: 

1. A chemical reaction that is specific for a target analyte. Previous examples 

that employed porous silicon include palladium coated porous silicon for the 

detection of hydrogen gas,40 a copper catalyst imbedded in porous silicon for 

the detection of fluorophosphonate nerve agents,16 and amine-terminated 

porous silicon for the detection of CO2.
41 

2. An array of non-specific chemical sensors that mimics the mammalian 

olfactory system. An example of such an “electronic nose” consists of an 

array of chemically responsive polymers where the resistance of each sensor 

element varies depending on the analyte.42 Another example employs an array 

of dyes where the colorimetric response of each dye varies depending on the 

analyte.43 

3. A specific capture probe such as an antibody, aptamer, or complementary 

DNA strand.18,36  This is mainly used in porous silicon based bio-sensors to 

specifically bind a target analyte such as a protein. 
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4. A time-resolved physical method that identifies analytes based on small 

differences in physical characteristics such as size, mass, or charge. Examples 

using porous silicon include thermally cycled desorption/adsorption of 

analytes44 and time-resolved diffusion of analytes into stacked porous silicon 

photonic crystals.45 

5. A spectroscopic technique such as infrared (IR), Raman, or fluorescence 

spectroscopy. These “fingerprinting” methods identify molecules based on a 

distinct pattern in their spectral peaks. Examples using porous silicon include 

silver-plated porous silicon as a substrate for surface-enhanced Raman 

scattering (SERS).27, 46 

1.5.3 Fouling 

For porous silicon gas sensors, fouling generally occurs due to contaminants 

getting “stuck” within the porous matrix. These contaminants are generally large 

molecular weight molecules and cause in a shift in the baseline response as well as a 

decrease in sensitivity. For porous silicon sensors with a stable surface chemistry, these 

contaminants can generally be desorbed by heating the sensor in pure air or nitrogen. 

Another method involves the photo-catalytic generation of free radicals by TiO2 

nanoparticles embedded in porous silicon. The free radicals break down contaminating 

species so that they are more easily desorbed from the porous matrix.47 

1.5.4 Zero-point Drift 

Zero-point drift refers to changes in the baseline response of a sensor due to 

various environmental factors, such as relative humidity (RH) and temperature. One 

example to overcome changing RH is with an internally referenced porous silicon 
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double-layer.12 One layer is hydrophobic-functionalized while the other layer is 

hydrophilic-functionalized. By comparing the response of both layers relative to one 

another, the interfering effect of RH can be subtracted out. 

1.5.5 Miniaturization 

Porous silicon photonic crystal “lift-offs” can be created to produce millimeter-to 

micron-sized sensors known as “smart dust”.48 This allows for the miniaturization of a 

porous silicon based sensor by decreasing the size of the sensing particle. The following 

are two examples of miniaturized optical sensors based on “lift-offs” of porous silicon 

rugate photonic crystals. 

With a porous silicon rugate photonic crystal, miniaturization can be achieved by 

using an LED-phototransistor optical sensor system. Instead of monitoring the stop band 

peak over time, the voltage or current output of the phototransistor is monitored over 

time. This eliminates the need for a spectrometer that can capture the reflectance 

spectrum over a broad range of wavelengths as well as the need for a computer algorithm 

to calculate an FFT or to perform a Gaussian fit of a photonic stop band.  This is achieved 

by matching the photonic stop band of a porous silicon “lift-off” with the LED emission. 

The porous silicon “lift-off” is placed between an LED and a phototransistor. Under 

baseline conditions, the stop band and LED emission overlap and very little light is 

transmitted through. In the presence of an analyte, the stop band red-shifts, allowing more 

LED light to transmit through and reach the phototransistor. The detection and 

quantification of an analyte is achieved by monitoring the magnitude of the 

phototransistor response. An example of such a set up is shown in Figure 1.3. 
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A porous silicon photonic crystal can also be attached to the distal end of an 

optical fiber to create a senor that can be inserted into a volume-constrained space, such 

as the inside of a respirator cartridge.11 The photonic crystal “lift-off” can either be glued 

on or held in place by a porous metal cup. An example of such a setup is shown in Figure 

1.4. A beam splitter is attached to the opposite end of the optical fiber, allowing one end 

to be coupled to a light source and the other end to be coupled to a detector. The light 

source/detector combination can either be an LED/phototransistor or a white light 

source/spectrometer.  
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Figure 1.3 An LED-phototransistor optical sensor system utilizing a porous silicon 
photonic crystal; controlled by an Arduino microcontroller. The porous silicon photonic 
crystal “lift-off” is glued in front of the phototransistor. The photonic stop band of the 
“lift-off” overlaps with the emitted LED light and blocks light emitted by the LED from 
reaching the phototransistor. In the presence of an analyte, the photonic stop band red-
shifts, allowing more light from the LED to reach the phototransistor. The Arduino 
microcontroller processes the voltage reading from the phototransistor and triggers a 
tricolor LED warning light based on the magnitude of the sensor response. 

 

 

1. Phototransistor 

+ porous silicon 

“lift-off” 

2. Red LED 
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Figure 1.4 An optical fiber
particle is mechanically held in place by the porous metal cup surround
thermocouple is inserted to monitor the temperature. A beam splitter is attached to the 
other end of the optical fiber, with one end coupled to a light source and the other end 
coupled to a detector. The light source/detector can either be an LED/phototransistor or a 
white light source/spectrometer.

 

 

 

An optical fiber-mounted porous silicon photonic crystal. The “lift
cle is mechanically held in place by the porous metal cup surrounding

thermocouple is inserted to monitor the temperature. A beam splitter is attached to the 
other end of the optical fiber, with one end coupled to a light source and the other end 

pled to a detector. The light source/detector can either be an LED/phototransistor or a 
white light source/spectrometer. 
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1.5.6 Current Commercial Portable Sensor Technologies 

Current point sensor technologies aim to replace or supplement in-lab analysis of 

target analytes. Although in-lab analysis of samples can provide very accurate and 

reliable identification and quantification of analytes, it is often time consuming, 

expensive, and does not provide real-time results. Portable microsensors and point 

sensors hope to improve upon in-lab analysis techniques by providing rapid, cheap, and 

real-time results while also allowing for remote sensing applications. The following are 

brief descriptions of commonly used commercial point sensor technologies: 

1. Photoionization detectors (PID)49 rely upon a UV light source to ionize gas 

phase analytes and the resulting ions flow to a detector that measures the current 

output. Advantages of a PID include:  (1) low limits of detection (down to low 

ppm or high ppb levels for most VOCs); (2) non-destructive to the sensing 

element, since ionized analytes generally quickly revert to their original forms; 

and (3) the ability to detect a wide variety of molecules because the ionization 

energies of most target analytes of interest are less than the energy output of the 

UV light source. The smallest PID devices can be hand-held. One disadvantage of 

PID devices is that they do not discriminate between different analytes. A PID 

will detect a molecule as long the ionization energy of that molecule is lower than 

the energy output of the UV light source. Furthermore, the cost of a PID device 

can be quite high ($5,000+) compared to porous silicon. 

2. Metal oxide conductivity sensors50 can be produced from a variety of 

semiconductor materials and are very cheap (~$10 per sensing element). 

Detection limits down to the ppm level for a variety of gas analytes (such as CH4, 
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CO, CO2, and H2) are possible. However, some disadvantages of metal oxide 

conductivity sensors include: (1) a high level of cross-reactivity between different 

gases (low specificity); (2) a high operating temperature (up to a few hundred °C); 

and (3) the requirement for an initial “burn-in” period (pre-conditioning of the 

sensor at high temperature for a few days or a week). Therefore, while metal 

oxide sensors are inexpensive and easy to integrate into low-power sensing 

systems, they have a limited range of applications. 

3. Colorimetric sensors detect the presence of an analyte as a color change. One 

example is a CO sensor that can specifically detect CO using a molybdate-

palladium catalyst.51 The sensor is quite specific for CO, has a limit of detection 

in the low ppm range, and the response can be reversible if the sensor is left in air 

(time-scale of a few hours to days). Sensing is visualized as a color change since 

the catalyst is initially yellow and becomes dark blue/black in the presence of CO.  

4. Surface acoustic wave (SAW) devices52 operate on the principle of detecting 

changes in the frequency or phase of an acoustic wave as it propagates along the 

surface of a material, where the propagation of an acoustic wave is mainly 

affected by mass. Chemical vapor sensing is achieved by adding a polymer 

coating that adsorbs a variety of target analytes. The response of a SAW gas 

sensor thus depends on the change in mass due to adsorbed analytes. The 

sensitivity and selectivity depend upon the type of polymer coating and SAW 

vapor sensors are generally non-specific. Arrays of SAW vapor sensors with 

polymer coatings can be created to aid in analyte discrimination. 
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5. Fourier transform infrared (FTIR) spectroscopy devices read the IR signature 

of a sample over a wide range of wavelengths and can provide real-time 

quantification of multiple gas phase analytes with high sensitivity (ppb levels) in a 

complex mixture. However traditional IR light sources that employ gratings or 

prisms to tune the wavelength of the output light tend to be too large and heavy to 

be portable. While smaller and lighter tunable IR lasers53 are available and can be 

portable, they are also very expensive (~$35,000). Additionally, IR detectors with 

the necessary optical resolution for “fingerprinting” generally need to be cooled 

down to low temperatures. Therefore, of all the devices discussed so far, FTIR 

devices are the least feasible for low-cost, low-power point sensor applications. 

6. Non-dispersive infrared (NDIR) spectroscopy devices54 are also based on 

absorption of IR light by a molecule but are limited to a single wavelength and 

thus much cheaper than FTIR devices. NDIR devices first illuminate a sample 

with an IR light source and optical filters are employed after the IR light has been 

absorbed by the sample. The optical filters only allow a single wavelength to 

transmit through and reach the detector. This allows for cheaper devices since 

expensive tunable IR light sources and low-temperature IR detectors with high 

optical resolution are not necessary. However, since NDIR devices only measure 

IR absorption at a single wavelength, response of a target analyte can sometimes 

be masked if an interfering molecule also absorbs at that wavelength. Also, if the 

analyte molecules have very similar IR absorption spectra at certain wavelengths 

(such as is the case with hydrocarbons), NDIR devices are not highly specific. 
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CHAPTER TWO 

Carbon/Porous Silicon Composite Films for the Detection of C2 Hydrocarbons
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2.1 Abstract 

Carbon/porous silicon composite films are prepared by thermolysis of a 

poly(furfuryl alcohol) (PFA) precursor in a porous silicon photonic crystal template that 

results in a glassy carbon layer that coats the internal surface of the pores. The 

carbon/porous silicon composites are evaluated for their application as optical sensors for 

non-condensable, explosive gases. The porous silicon templates are prepared by 

electrochemical anodization of either highly doped (p++) or moderately doped (p+) p-

type silicon. The percent loading of carbon in the composites is varied and the change in 

reflectance spectrum and sensitivity monitored. Increased carbon loading corresponds to 

a decrease in the reflectance of the photonic stop band and an increase in sensitivity 

toward ethane. Sensitivity of the composites toward C2 hydrocarbons is also found to 

scale with increasing surface area, with p+ carbon/porous silicon composites having the 

highest surface area and being the most sensitive. Their detection limit at room 

temperature for C2 hydrocarbons is ~0.2% (by volume) in a N2 carrier gas, which is >10x 

below the lower flammable limits for C2 hydrocarbons. 

2.2 Introduction 

Liquid insulator oils used in electrical transformers can degrade, generating 

methane, C2 hydrocarbons, carbon monoxide, hydrogen, and other gases. These gases can 

be indicative of an electrical fault and are referred to as fault gases. When present at high 

concentrations, the gases present an explosion hazard.  However, it is important to detect 

fault gases even at concentrations well below their explosive limits, because their 

presence is indicative of degradation of the dielectric properties of the liquid insulator oil 

that can lead to catastrophic arcing within the transformer.  Currently, the gold standard 
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for detection and quantification of fault gases is the dissolved gas analysis (DGA) 

technique.55 Extracted samples of transformer oil are transported to an analytical 

laboratory and analyzed by gas chromatography. However, this method is time 

consuming and expensive. Therefore a need exists for a low cost, real-time monitoring 

system capable of detecting these fault gases below their lower flammable limits. The 

flammable limits for ethane, ethylene, and acetylene in air at STP are 3.0-12.5%, 2.7-

36%, and 2.5-100% (v/v), respectively.56 

Porous silicon photonic crystals have been used as optical sensors for a variety of 

different chemical sensing applications, including detection of volatile organic 

compounds (VOCs)2,10,11,12,13 and explosives.15 When an analyte adsorbs onto the inner 

pore walls of the porous matrix, there is an increase in the effective refractive index that 

results in a red-shift of the photonic stop band. Additionally, the surface chemistry of 

porous silicon can be modified in a variety of ways1 to provide better adsorption sites for 

hydrophilic or hydrophobic analytes. In the case of carbon/porous silicon composite 

films, the pore walls are coated with a layer of glassy carbon. This imparts a microporous 

(<2 nm) carbon surface that is a strong, non-specific adsorption site for analytes.57  

Porous silicon photonic crystals thus have the potential to provide an inexpensive, 

remote sensor system capable of real-time detection of target gases. Previously reported 

systems include porous silicon-based “smart dust”48 and optical-fiber-mounted porous 

silicon sensors.11 In this study, recently developed carbon/porous silicon composite 

films57 are evaluated for their sensitivity toward non-condensable, explosive gases. These 

films were previously tested for their application as VOC sensors and demonstrated 

greatly improved sensitivity towards condensable compounds such as toluene. 
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2.3 Experimental 

2.3.1 Preparation of Porous Silicon Templates 

Single-crystalline boron doped p-type silicon wafers with <100> orientation were 

obtained from Siltronix Corp. Both highly doped p-type (p++, ρ = 0.95 mΩ-cm) and 

moderately doped p-type (p+, 0.56 Ω-cm) silicon wafers were used in this study. The 

backside of the p+ silicon wafers were additionally sputter coated with aluminum on a 

Denton Discovery 18 Sputter System and annealed at 450 °C for 15 min in vacuum to 

provide an ohmic contact. Porous silicon was prepared by electrochemical etching of 

boron doped p-type silicon in a solution of concentrated aqueous HF (48%) and ethanol. 

Etching was performed in a Teflon etch cell using an aluminum foil back-contact and a 

platinum ring counter electrode. The current density applied was varied sinusoidally to 

producing a periodic rugate structure.5 The p++ samples were etched in 3:1 conc. 

aqueous HF (48%):ethanol (v/v) electrolyte solution with a current density waveform of 

10-100 mA cm-2, with a period of 8 s and 100 repeats. The p+ samples were etched in 3:2 

conc. aqueous HF (48%):ethanol (v/v) electrolyte solution with a current density 

waveform of 12.5-50 mA cm-2, with a period of 7 s and 120 repeats. 

2.3.2 Chemical Modification of Porous Silicon 

Thermally oxidized porous silica films were prepared by placing freshly etched 

porous silicon in a furnace at 800 ˚C (ramp rate: 10 ˚C min-1) for 1 h in air to yield a fully 

oxidized film.35 Carbon/porous silicon composites were prepared by carbon infiltration of 

porous silicon via thermolysis of a poly(furfuryl alcohol) (PFA) precursor.58 Freshly 

etched porous silicon was first lightly oxidized under ozone gas (1.5 SCFH) for 20 min. 

The ozone-oxidized samples were immersed in a 5.0 mg mL-1 oxalic acid (ACS grade, 
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EMD Chemicals) in furfuryl alcohol (98%, Aldrich) solution and the excess gently 

blotted off with tissue. The samples were then placed in a furnace at 70 ˚C for 16 h, 

where the furfuryl alcohol undergoes an acid-catalyzed thermal polymerization to form 

the PFA precursor. The PFA-infiltrated samples were then placed in a tube furnace. The 

furnace was first purged under flowing nitrogen gas (1 SLPM) for 30 min and kept under 

flowing nitrogen as the samples were heated to 700 ˚C for 5 h to carbonize the PFA 

precursor. The resulting carbon/porous silicon composites were allowed to cool to room 

temperature under flowing nitrogen before being removed from the furnace. 

2.3.3 Characterization 

Reflectance spectra of the carbon/porous silicon composites were acquired with a 

CCD spectrometer (Ocean Optics USB4000). Samples were illuminated by a tungsten 

halogen white light source (Ocean Optics LS-1). Samples were probed with a microscope 

objective lens coupled to the joined end of a bifurcated fiber optic cable, with the 

spectrometer and light source coupled to the split ends of the bifurcated cable as 

previously described.59 The reflectance spectra were normalized to a silver mirror (Rs ≥ 

96%, Newport Corporation). 

Nitrogen sorption isotherms were acquired at 77 K on a Micromeritics ASAP 

2020. Samples were weighed before and after dissolution of the porous layer, with the 

difference being the mass of the porous layer. Dissolution of the porous layer was 

achieved by either treatment with 1.0 M KOH(aq) for thermally oxidized porous silica 

films or by immersion in 4:1:1 (v/v) DMSO:conc. aqueous HF (48%):ethanol for 4 h for 

carbon/porous silicon composites. Scanning electron microscopy was performed on a FEI 

XL30 microscope equipped with a field emission gun and through-the-lens detector. 
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Images were taken at an accelerating voltage of 5 kV. FT-IR spectra were acquired on a 

Nicolet 6700 spectrometer (Thermo Scientific) outfitted with a Smart ATR attenuated 

total reflectance attachment. 

2.3.4 Gas Dosing Experiments 

Porous silicon samples were mounted on a resistive heater (Minco, 19 mm x 13 

mm, R = 15.7 Ω) within a custom-built Teflon gas flow cell. A K-type thermocouple 

(Omega Engineering) was attached to the top of the silicon chip, outside of the porous 

area, using copper tape. Reflectance spectra of the photonic crystals were collected 

through a glass window in the flow cell. The analyte gas was mixed with nitrogen as a 

carrier gas and flowed through the flow cell chamber at a total flow rate of 1 SLPM. Flow 

rates of both analyte gas and nitrogen were adjusted by computer-controlled mass flow 

controllers (Alicat Scientific) to attain desired dose concentrations. All gases used were 

ultra high purity grade (Matheson Tri-Gas). However, commercially available acetylene 

is sold in low-pressure cylinders containing acetone as a stabilizer. Therefore, additional 

steps60 were included to remove trace amounts of acetone before dosing with acetylene. 

The cylinder acetylene was first passed through a concentrated sulfuric acid trap to 

remove acetone.61 After the acid scrubbing, the acetylene was passed through a second 

trap containing 5 M NaOH(aq) to neutralize acid spray and any sulfur dioxide released 

from the acid. Lastly, the acetylene was passed through a column of activated molecular 

sieves (3 Å pore size) to remove moisture. The purity of the resulting acetylene gas was 

verified with a photoionization detector (ppbRAE Plus, RAE Systems Inc.) for the 

presence of acetone and with a relative humidity detector (RH-USB, Omega) for the 

presence of moisture. Before each dosing experiment, pure nitrogen was flowed through 
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the flow cell and the porous silicon samples were heated to 110 ˚C over 20 min to purge 

out the samples and flow cell. Samples then were allowed to cool to ≤25 ˚C before 

starting.  

2.4 Results and Discussion 

2.4.1 Optical Sensing with Carbon/Porous Silicon Composites 

Optical sensing was achieved by monitoring the peak wavelength of the photonic 

stop band over time. The peak wavelength is related to the total refractive index of the 

porous matrix ��� and the thickness in nm of one period repeat in the multilayered rugate 

structure (d) by the equation: 

� � 2�� (2.2) 

The peak wavelength was experimentally determined by a Gaussian fit of the stop band 

reflectance peak. The sensor response was measured as the ratio between the peak 

wavelength in the presence of analyte �������� relative to its value in pure nitrogen ���� 

according to the equation: 

��� !" #� $!� � �
%&'()*

%+
 (2.3) 

 Figure 2.1a shows the reflectance spectra at each step during fabrication of 

carbon/porous silicon composites, 1: freshly etched, 2: ozone oxidized, 3: PFA infiltrated, 

and 4: carbon infiltrated. Freshly etched porous silicon displays a broad photonic stop 

band at ~770 nm. Upon ozone oxidation and PFA infiltration, the peak wavelength of the 

stop band shifts due to changes in the effective refractive index of the porous matrix but 

the reflectance peak amplitude remains relatively constant (approaching 100%). 

However, carbonization of the PFA precursor results in a large decrease in the reflectance 
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of the photonic stop band to ~10% and the disappearance of Fabry-Pérot interference 

fringes. These spectral changes can be attributed to the high optical absorption cross-

section of the carbon infiltrate. The lack of interference fringes implies that light 

reflecting off the porous silicon/bulk silicon interface is absorbed before it can produce 

an interfering wave. Thus, optical sensing with the carbon-infiltrated composites was 

accomplished by monitoring the peak wavelength of the stop band. 

 FT-IR spectra for each step during fabrication of carbon/porous silicon 

composites are shown in Figure 2.1b. Numbering is the same as in the reflectance spectra 

of Figure 2.1a. Freshly etched samples display characteristic Si-H stretching modes at 

2120 cm-1 and 2088 cm-1. Ozone oxidation generates Si-OH species, as indicated by the 

appearance of a large band at 1025 cm-1, assigned to the Si-O stretching mode, and a 

second broad peak centered at ~3350 cm-1, assigned to O-H stretching modes.  

Additionally, there is a large decrease in the Si-H bands. These bands completely 

disappear upon PDA infiltration. Carbonization of PFA results in the loss of the O-H 

peak. 
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Figure 2.1 (a) Reflectance spectra (normalized to a silver mirror with Rs ≥ 96%) for each 
step during fabrication of carbon/porous silicon composites. 1: freshly etched, 2: ozone 
oxidized, 3: PFA infiltrated, and 4: carbon infiltrated. For the first three steps, the overall 
% reflectance of the photonic stop band remains relatively constant (approaching 100% 
reflectance). Carbonization of the PFA precursor results in a large decrease in the 
reflectance of the photonic stop band to ~10% and the disappearance of Fabry-Pérot 
interference fringes. (b) Attenuated total reflectance Fourier transform infrared (FTIR-
ATR) spectra at each step during fabrication of carbon/porous silicon composites. 
Numbering is the same as the reflectance spectra. The full spectra are shown in black. A 
portion of the spectrum (>1300 cm-1) is multiplied by the indicated amount and shown in 
grey. Peaks at 2120 cm-1 and 2088 cm-1 are assigned to Si-H stretching modes. The large 
peak at 1025 cm-1 and broad peak at ~3350 cm-1 are assigned to a Si-O stretching mode 
and O-H stretching modes, respectively.  
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2.4.2 Varying the Loading of Carbon 

  Due to the low reflectance intensity of the photonic stop band for carbon/porous 

silicon composites, there is increased uncertainty in determining the peak wavelength 

with a Gaussian fit. This results in increased noise in the sensor response that can 

potentially decrease sensitivity. Therefore, the amount of carbon loading was varied from 

10-100% for p++ carbon-infiltrated films and the signal-to-noise ratio of the resulting 

composites quantified. 

 The carbon loading was adjusted by changing the initial infiltration of furfuryl 

alcohol into porous silicon templates. Solutions ranging from 10-100% furfuryl alcohol 

(v/v) were prepared by diluting with 200 proof ethanol in 10% increments. 5.0 mg mL-1 

oxalic acid was dissolved in each of the resulting solutions. Ozone-oxidized porous 

silicon films were then immersed in the 10-100%  (v/v) furfuryl alcohol:ethanol solutions 

and used to fabricate carbon/porous silicon composites with varying loadings of carbon 

following the procedures outlined in the Experimental section. Figure 2.2a shows 

reflectance spectra of some of the resulting p++ carbon/porous silicon composites, 

demonstrating how increasing the carbon content causes a decrease in the reflectance 

maximum of the stop band due to the high optical absorption cross-section of carbon. 

Even at the lowest loading of 10% carbon, no interference fringes are observed in the 

spectra and the reflectance maximum is decreased to ~45%. As seen from Figure 2.2b, 

there is a large initial decrease in the reflectance maximum with increasing carbon 

loading, but minimal change from 30% carbon onwards. The signal-to-noise ratio for 

sensing was determined from the optical response (the signal) and its noise level when 

the sensor was exposed to 2% ethane (v/v) in a N2 carrier gas. Both the magnitude of the 
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signal and the magnitude of the noise increase with increasing carbon load.  The signal-

to-noise ratio obtained from the carbon-infiltrated composites follows a trend where 

increasing the carbon loading increases the signal-to-noise ratio, with 100% carbon 

having the highest signal-to-noise ratio. Thus, although the noise level increases with 

increased carbon loading, the sensor response increases to a larger extent with carbon 

loading and the overall result is that the 100% carbon loading composite exhibits the 

largest signal-to-noise ratio. 
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Figure 2.2 (a) Reflectance spectra (normalized to a silver mirror with Rs ≥96%) of p++ 
porous silicon/carbon composites with indicated carbon loadings. Increasing the carbon 
causes a decrease in the reflectance maximum of the photonic stop band due to the high 
absorption cross-section of the carbon. (b) The intensity of the reflectance peak 
maximum of the photonic stop band (left y-axis, gray squares) as a function of carbon 
loading. Dashed lines are included to guide the eye. After a carbon loading of 30%, there 
is minimal change in the reflectance maximum with increasing carbon. Here the percent 
carbon loading is defined as the mass percentage of furfuryl alcohol in ethanol loaded 
into the porous Si layer prior to pyrolysis. Overall, increasing the carbon content causes a 
decrease in the reflectance maximum of the photonic stop band and an increase in sensor 
response toward ethane.
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2.4.3 Characterization of Carbon/Porous Silicon Composites 

  The carbon/porous silicon composites were characterized by N2 

adsorption/desorption isotherms and cross-sectional SEM. Figure 2.3 shows the N2 

adsorption/desorption isotherms for carbon/porous silicon composites templated with p+ 

and p++ porous silicon compared to thermally oxidized porous silica films. Attempts to 

template carbon using a microporous silicon template (etched from lowly doped p-type 

silicon (p, ρ = 1-10 Ω-cm) were unsuccessful due to cracking and peeling of the porous 

silicon film off the silicon substrate during carbonization of the PFA precursor. Brunauer-

Emmett-Teller (BET) analysis of the isotherms was used to characterize the porosity of 

the samples; the results are summarized in Table 2.1. The pore size distribution is 

determined by the adsorption branch, while the desorption branch is more dependent on 

pore mouth constrictions and thus used to determine pore opening diameter.  The BET 

surface area is typically calculated as surface area per gram of material (m2 g-1) but a 

more relevant parameter in the study of adsorption on thin films is the BET surface area 

per geometric surface area (m2 cm-2). The alpha-S surface area is determined by 

comparing porous silicon isotherms with a non-porous fumed silica standard isotherm 

and is used to isolate the microcapillary condensation phenomenon from mono- and 

multilayer-adsorption.62 The difference between the BET and alpha-S surface areas gives 

a qualitative measure of the microporosity. 

  The effect of carbon coating the internal surface of the pores can be identified by 

comparing the organic vapor response of the carbon-infiltrated films with the thermally 

oxidized films. Carbon infiltration increases the surface area and microporosity while 

decreasing the porous volume, average pore diameter, and average pore opening 
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diameter. The differences are more pronounced in films etched from p++ silicon than 

from p+ silicon since p++ porous silicon has more mesoporous characteristics (average 

pore diameter of 16.8 nm and virtually no difference between BET and alpha-S surface 

areas) while p+ porous silicon has slightly more microporous characteristics (average 

pore diameter of 3.3 nm and the difference between BET and alpha-S surface areas is 

0.10 m2 cm-2) compared to the microporous carbon. 

 Additionally, the p++ carbon composites display an interesting bimodal feature 

in the desorption curve that is not seen in the other three samples. The p++ carbon 

composites can be described as a large and continuous distribution of mesopores with an 

average pore diameter of 8.5 nm, but with two families of pore openings.63 There are not 

two families of pores because otherwise the adsorption branch would be bimodal as 

well.64 The first set of pore openings have an average diameter of 7.6 nm while the 

second set have an average pore diameter <5 nm. A likely explanation for the two 

families of pore openings is that the carbon layer coating the internal surface of the pores 

is non-homogeneous due to the rugate structure of the porous silicon template. The 

bimodal desorption is not seen for p+ carbon composites because the carbon coating can 

be expected to be more homogeneous due to the much smaller average pore diameter (3.3 

nm) and smaller oscillations in the rugate structure of the porous silicon template. 
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Figure 2.3 Nitrogen adsorption/desorption isotherms of (a) p++ carbon/porous silicon 
composites, (b) p+ carbon/porous silicon composites, (c) p++ thermally oxidized porous 
silica, and (d) p+ thermally oxidized porous silica. The porous silicon/carbon samples 
reported here were prepared using pure furfuryl alcohol (not diluted with ethanol). The 
adsorption branches of the isotherms are shown as solid circles and the desorption 
branches are shown as open circles. The p++ carbon/porous silicon composites (a) 
display an interesting bimodal desorption curve that is missing from the adsorption curve. 
BET analysis of the isotherm describes the system as a large and continuous distribution 
of mesopores with two families of pore openings.
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Table 2.1 BET analysis of carbon infiltrated and thermally oxidized porous silica 
samples. 

Dopant 
Density 

Chemical 
Modification 

Surface 
AreaBET 
m2 cm-2 

Surface 
Areaalpha-S
m2 cm-2 

Porous 
volume 
cm3 g-1 

 Avg. pore 
diam. 
nm 

Avg. pore 
opening 
diam. 
nm 

p++ 
0.95 mΩ-cm 

Carbon 
infiltration 

1.11 0.70 0.336 8.5 <5, 7.6 

Thermal 
oxidation 

0.96 0.97 1.55 16.8 12.4 

p+ 
0.56 Ω-cm 

Carbon 
infiltration 

1.46 1.17 0.208 3.3 -* 

Thermal 
oxidation 

1.26 1.16 0.223 3.3 -* 

*Could not be accurately calculated from the data. 
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Figure 2.4a-d shows cross-sectional scanning electron micrographs of 

carbon/porous silicon composite films. From the cross-sectional images, the p++ 

composites have a thickness of 24.8 ± 1.2 µm and the p+ composites have a thickness of 

24.8 ± 1.2 µm (average ± one standard deviation of five measurements). Figure 2.4e 

shows a plan-view image of a p++ carbon/porous silicon composite used to determine 

pore diameter for comparison with the values calculated from BET analysis. Two types 

of pores can be seen from the image, non-constricted pores that are 9.2 ± 1.3 nm in 

diameter and constricted pores that are 4.5 ± 0.8 nm in diameter (average ± one standard 

deviation of 10 measurements). These values are in agreement, within error, as the 

average pore opening diameters calculated from BET analysis, 7.6 nm and <5 nm. 

Additionally, the overall pores in the image are 7.7 ± 3.8 nm in diameter (average ± one 

standard deviation of all 20 measurements combined). This value is also in agreement, 

within error, with the average pore diameter calculated from BET analysis of 8.5 nm. 

Therefore, the plan-view SEM image is consistent with the model of a large and 

continuous distribution of mesopores with two families of pore openings due to a non-

homogenous carbon layer coating the internal surface of the pores. 
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Figure 2.4 Cross-sectional scanning electron micrographs of (a,b) p++ porous 
silicon/carbon composites and (c,d) p+ porous silicon/carbon composites. Images 
obtained at an accelerating voltage of 5kV. Film thickness and periodicity of the photonic 
crystals are highlighted; average ± one standard deviation of five measurements. (e) Plan-
view scanning electron micrograph of p++ carbon/porous silicon composites showing 
two distinct types of pore openings. The average diameter of larger pore openings is 9.2 ± 
1.3 nm and the average diameter of smaller pore openings is 4.5 ± 0.8 nm; each is the 
average ± one standard deviation of 10 measurements. The overall average diameter of 
pore openings is 7.7 ± 3.8 nm; average ± one standard deviation of all 20 measurements 
combined. Results are consistent with the model of a large and continuous distribution of 
mesopores with two families of pore openings. 
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2.4.4 Sensor Response to C2 Hydrocarbons 

In order to determine the applicability of carbon/porous silicon composites as 

sensors for non-condensable, explosive gases, their response to ethane was evaluated 

relative to thermally oxidized porous silica films. Figure 2.5 shows the dose-response 

curves for the four different samples as a function of ethane concentration. The sensors 

were reset between each dose of ethane by purging with pure nitrogen for 10 min to 

return the sensor to its baseline value. The sensor response is expected to follow a trend 

of increasing response with increasing surface area for analyte adsorption. However, the 

sensor response increases in the order: p++ thermally oxidized < p+ thermal oxidized ≈ 

p++ carbon-infiltrated < p+ carbon-infiltrated. The response of the p+ carbon-infiltrated 

sample is ~10x that of the p++ thermally oxidized sample and ~2x that of the p+ 

thermally oxidized and p++ carbon-infiltrated samples. Based on its larger surface area, 

the p+ thermally oxidized sample might be expected to produce a larger response than the 

p++ carbon-infiltrated sample. However, the opposite is observed due to the strong 

adsorption characteristics of carbon that increases the sensitivity of the p++ carbon-

infiltrated sample relative to the p+ thermally oxidized sample. 

Figure 2.6 shows the dose-response curves for p+ and p++ carbon/porous silicon 

composites as a function of ethane (C2H6), ethylene (C2H4), and acetylene (C2H2) 

concentrations. Three separate samples were tested to demonstrate sensor reproducibility. 

For higher concentrations of the C2 hydrocarbons, the sensor response increases in the 

order: ethane < ethylene < acetylene. However, at lower concentrations near the limits of 

detection of the sensors, there is virtually no difference in response to the three different 

gases. The approximate limits of detection for p+ and p++ carbon/porous silicon 
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composites for C2 hydrocarbons are ~0.2% and ~0.7% (v/v), respectively. Thus, both p+ 

and p++ carbon/porous silicon composites are able to detect C2 hydrocarbons below their 

lower flammable limits. The flammable limits for ethane, ethylene, and acetylene in air at 

STP are 3.0-12.5%, 2.7-36%, and 2.5-100% (v/v), respectively.56 Carbon/porous silicon 

composites were also evaluated as sensors for methane and carbon monoxide; no 

response was observed even at concentrations as high as 10% (v/v) in N2 carrier gas. 
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Figure 2.5 Dose-response curves for the four different samples as a function of ethane 
concentration: p+ porous silicon/carbon composite (diamonds), p++ porous 
silicon/carbon composite (squares), p+ thermally oxidized porous silica (triangles), and 
p++ thermally oxidized porous silica (circles).  The porous silicon/carbon samples 
reported here were prepared using pure furfuryl alcohol (not diluted with ethanol).  
Dashed lines are included as a guide to the eye. The y-axis is the sensor response 
(λshift/λ0) calculated using equation 2.3. 
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Figure 2.6 Dose-response curves for p+ porous silicon/carbon composites (diamonds) 
and p++ porous silicon/carbon composites (squares) as a function of the indicated analyte 
concentrations. Dashed lines are included as a guide to the eye. The y-axis is the sensor 
response (λshift/λ0) calculated using equation 2.3. The error bars represent one standard 
deviation of the responses of three separate samples. 
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2.5 Conclusion 

We found that using p+ porous silicon as a template for carbon photonic crystals 

yields a material with greater sensitivity to non-condensable VOC analytes than a p++ 

porous silicon template.  The p+ template generates a composite with a larger surface 

area and a smaller average pore diameter compared with p++ porous silicon. The sensing 

modality involved optical reflection spectroscopy of the samples, which were prepared as 

1-dimensional rugate photonic crystals. The p+ porous silicon/carbon composites showed 

increased sensitivity for C2 hydrocarbons compared to p++ porous silicon/carbon 

composites and were able to detect C2 hydrocarbons at concentrations >10x below their 

lower flammable limits. The carbon/porous silicon composites showed no response to 

methane or carbon monoxide at concentrations up to 10% (v/v) in N2 carrier gas.  
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This chapter, in part, is a reprint (with co-author permission) of the material as it 

appears in the following manuscript submitted for publication: Chan, D.Y., Garcia Sega, 

A., Di Renzo, F., Cunin, F., Kelly, T.L., Sailor, M.J. Carbon/porous silicon composite 

films for the detection of C2 hydrocarbons. (Manuscript in preparation). The author of 

this dissertation is the primary author of this publication. 
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CHAPTER THREE 

Palladium/Porous Silicon Composite Films for the Detection of H2 



50 

 

 

3.1 Abstract 

Composite optical films consisting of palladium (Pd) nanoparticles embedded in a 

porous silica layer were evaluated as optical sensors for hydrogen gas.  The Pd 

nanoparticles were deposited in dielectric stacks of porous silica in a two-step process 

involving (1) seeding of Pd by thermal reduction of Pd2+, followed by (2) growth of Pd 

nanoparticles by electroless deposition.  Absorption of H2 into the Pd nanoparticles 

produces a change in refractive index that results in a red-shift of the photonic stop band 

of the dielectric stack. The detection limit at room temperature for H2 is 50 ppm in air, 

well below the lower explosive limit of 4% (v/v). 56 The response time of the sensor  

increased from seconds to minutes with increasing H2 concentration, but the recovery 

time (by purging with air) was ~5 min regardless of H2 concentration. The sensor is 

poisoned by exposure to CO; a dose of XX ppm of CO generated a red-shift in the stop 

band and an increase in the response/recovery times for H2 to > 3 h.  However, heating 

the sensor to 100 °C for 10 min in air and cooling back down to room temperature fully 

restored its ability to sense H2. 

3.2 Introduction 

Hydrogen is a colorless, odorless gas that is used in large quantities in many 

industrial processes and there is increasing interest in hydrogen as a clean, alternative fuel 

source for vehicles. Recent targets set by the Department of Energy for hydrogen 

sensors65 identified three main goals: (1) a minimum range of detection from 0.1 – 4% H2 

(v/v), (2) response times of 1 sec at 4% and up to 60 sec at 0.1%, and (3) resistance to 

various environmental conditions such as relative humidity, temperature, and the 

presence of other explosive gases or oxygen.  
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Elemental palladium is a promising candidate for use in hydrogen sensors due to 

its ability to selectively incorporate into its lattice structure.66 The Pd/H system is 

characterized by two separate PdHx phases. At room temperature, for concentrations 

≤0.3% H2, only the α phase exists. At higher concentrations, the α and β phase coexist. A 

key parameter of the β phase is that it undergoes a ~10% increase in lattice volume 

compared to the α phase. At H2 concentrations ≥60% H2, only the β phase exists. The 

pioneering discovery of a H2 sensor using a Pd-Ni alloy film resistor by Hughes and 

Schubert67 in 1992 Led to a variety of Pd-based H2 sensors, including planar68 or porous 

alumina-templated nanowire arrays,69 thin films,70,71 and Pd-coated porous silicon.40,72 

Most of these sensors transduce the H2 absorption event into an electrical or optical 

response. Optical sensors can be preferable for use in an explosive atmosphere. 

 Previously,40 an optical sensor consisting of a thin layer of Pd nanoparticles 

deposited on a porous silica Fabry-Pérot film demonstrated a limit of detection of ~0.2% 

(v/v) for H2 in N2. In this sensor, a change in the index of refraction of the Pd 

nanoparticle layer was induced by absorption of hydrogen, which was detected as a 

change in intensity of the interference spectrum from the Fabry-Pérot film.  In this prior 

work, the Pd nanoparticles were present as a thin film on the top surface of the porous 

silica layer, and the response of the reflectivity spectrum to H2 was susceptible to noise 

induced by light scattering and fluctuations in light intensity.  In the present work, the 

porous layer is constructed as a dielectric stack (rugate filter), and Pd nanoparticles are 

infiltrated throughout the porous layer.  In this configuration, H2-induced changes in 

refractive index are expected to influence the wavelength of the stop band of the rugate 
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filter, resulting in an optical sensor with a reliable and reproducible red-shift in the peak 

wavelength of the photonic stop band. 

3.3 Experimental 

3.3.1 Preparation of Porous Silicon 

Single-crystalline, highly doped (boron) p-type silicon wafers (p++, ρ = 0.95 mΩ 

cm) with <100> orientation were obtained from Siltronix Corp. Porous silicon was 

prepared by electrochemical etching in an electrolyte composed of 3:1 (v/v) aqueous HF 

(48%):ethanol. Etching was performed in a Teflon etch cell using an aluminum foil back-

contact and a platinum ring counter electrode. The current density applied was varied 

sinusoidally (12.5-50 mA cm-2) with a period of 12 s and 60 repeats to produce a periodic 

rugate structure.5 

3.3.2 Pd/Porous Silica Composites 

To preparte a Pd composite, freshly etched porous silicon was first thermally 

oxidized in a furnace at 800 °C for 1 h in air.35 A solution of 0.014 M PdCl2 and 0.14 M 

HCl in 1:1 (v/v) ethanol:water was then spin coated (2000 rpm, 1 min) onto the porous 

silica film to pre-seed the porous matrix with Pd2+. The pre-seeded film was air dried and 

placed in a tube furnace. The furnace was first purged with forming gas (5% H2 in N2, 1 

SLPM) for 30 min and then heated to 600 °C for 1 h with a constant flow of forming gas 

to thermally reduce Pd2+. An electroless plating was prepared by placing 18 mg PdCl2 

and 635 mg disodium ethylenediaminetetraacetic acid (Na2-EDTA) in 3.76 mL of 

concentrated ammonium hydroxide (NH4OH). Once fully dissolved, 110 µL of hydrazine 

(N2H4) and 6.13 mL of water were added to the solution. The resulting solution was 0.01 

M in PdCl2, 0.17 M in Na2-EDTA, 5.6 M in NH3, and 0.35 M in N2H4. The Pd-seeded 
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film was immediately immersed in this electroless plating solution for 15 min, removed, 

and rinsed with water and ethanol. 

3.3.3 Characterization  

Reflectance spectra of the Pd/porous silica composites were acquired with a CCD 

spectrometer (Ocean Optics USB4000). Samples were illuminated by a tungsten halogen 

white light source (Ocean Optics LS-1). Samples were probed with a microscope 

objective lens coupled to the joined end of a bifurcated fiber optic cable, with the 

spectrometer and light source coupled to the split ends of the bifurcated cable as 

previously described.59 The reflectance spectra were normalized to a silver mirror (Rs ≥ 

96%, Newport Corporation). 

Scanning electron microscopy was performed on a Phillips XL30 ESEM 

microscope equipped with an optional solid state Back Scattered Electron (BSE) Detector 

and Oxford EDX (energy dispersive x-ray) attachment. Images and EDX analysis were 

acquired at an accelerating voltage of 10 kV. 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) was 

performed on a PerkinElmer 3700 Optical Emission Plasma Spectrometer with AS90 

Autosampler attachment. Samples were weighted before and after dissolution of the 

porous layer, with the difference being the mass of the porous layer. Dissolution of the 

porous layer was achieved by treatment with 3:2 (v/v) HF:ethanol to remove the porous 

silica. The remaining residue was dissolved in a 1% HCl(aq) and 1% HNO3(aq) (v/v) 

solution and analyzed by ICP-AES to determine the amount of Pd that was deposited in 

the porous silica films. 

3.3.4 Gas Dosing Experiments 
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Porous silicon samples were mounted on a resistive heater (Minco, 19 mm x 13 

mm, R = 15.7 Ω) within a custom-built Teflon gas flow cell. A K-type thermocouple 

(Omega Engineering) was attached to the top of the silicon chip, outside of the porous 

area, using copper tape. Reflectance spectra of the photonic crystals were collected 

through a glass window in the flow cell. The hydrogen gas was mixed with a carrier gas 

and passed through the flow cell chamber at a total flow rate of 1 SLPM. Flow rates of 

both analyte and carrier gases were adjusted by computer-controlled mass flow 

controllers (Alicat Scientific) to obtain desired concentrations. Hydrogen gas was 

supplied by cylinders containing a 10% mixture of H2 in N2 (Airgas) and dry air was 

supplied by medical grade air cylinders (Praxair). Before each dosing experiment, dry air 

carrier gas was passed through the flow cell and the porous silicon samples heated to 100 

˚C over 20 min to purge out the samples and flow cell. Samples then were allowed to 

cool to ≤25 ˚C before commencing data acquisition. 

3.4 Results and Discussion 

3.4.1 Optical Sensing with Pd/Porous Silica Composites 

Optical sensing was achieved by monitoring the peak wavelength of the photonic 

stop band over time. The peak wavelength is related to the total refractive index of the 

porous matrix (�� and the thickness in nm of one period in the multilayered rugate 

structure (d) by the equation: 

� � 2�� (3.1) 

The peak wavelength was experimentally determined from a Gaussian fit of the stop band 

reflectance peak. The sensor response was measured as the ratio between the peak 
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wavelength in the presence of hydrogen �������� relative to its value in dry air ���� 

according to the equation: 

��� !" #� $!� � �
%&'()*

%+
 (3.2) 

Figure 3.1 shows the reflectance spectra at each step during fabrication of a 

Pd/porous silica composite: freshly etched, thermally oxidized, thermally reduced Pd 

seed layer, and electroless plated Pd nanoparticles. The freshly etched porous silicon 

sample displays a photonic stop band at ~710 nm and a series of Fabry-Pérot fringes due 

to optical interference between the top and the bottom of the porous silicon film. Thermal 

oxidation resulted in a blue shift of the stop band due to the decreased effective refractive 

index of the silica skeleton (n ~ 1.45) compared to the silicon skeleton (n ~ 3.8). Addition 

of the Pd seed layer resulted in a slight red-shift of the stop band. For the first three steps, 

the intensity of the stop band reflectance peak remained relatively constant (approaching 

100%, Fig 3.1). The final step in the process, electroless plating of Pd, resulted in a 

decrease in intensity of the stop band to ~30% and a loss of fidelity of Fabry-Pérot 

interference fringes. These spectral changes are attributed to the large extinction 

coefficient of Pd (4.42 at 659.5 nm). 73  
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Figure 3.1 Reflectance spectra (normalized to a silver mirror with RS ≥ 96%) for each 
step during fabrication of Pd/porous silica composites: (a) freshly etched porous Si rugate 
filter, (b) after thermal oxidation to porous SiO2, (c) after thermal reduction of Pd2+ to 
generate the Pd seed layer, and (d) after electroless plating of Pd. For the first three steps, 
the overall % reflectance remains relatively constant (approaching 100% reflectance). 
Upon electroless plating of Pd, the reflectance maximum decreases to ~30% and there is 
a loss of fidelity of the Fabry-Pérot interference fringes. 
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3.4.2 Characterization of Pd/Porous Silica Composites 

In order to determine the extent to which Pd nanoparticles are deposited into the 

porous matrix, samples were examined by scanning electron microscopy (SEM), energy 

dispersive x-ray (EDX) analysis, and inductively coupled plasma atomic emission 

spectroscopy (ICP-AES). Figure 3.2 shows cross-sectional and plan-view SEM images. 

Images of Figure 3.2 a-c were obtained with the back scattered electron (BSE) detector 

while the image of Figure 3.2d was obtained with the secondary electron (SE) detector. In 

the BSE cross-sectional images, the Pd nanoparticles show up as white clusters against 

the gray background of the porous silica layer. Additionally, the thickness and periodicity 

of the porous silica rugate structure is evident. The porous layer is 12.8 ± 1.0 µm thick 

with a periodicity of 220 ± 10 nm (average ± one standard deviation of five 

measurements). The Pd nanoparticles appear to be distributed in the top 2-3 µm of the 

porous film. The plan-view SEM images show that while some Pd nanoparticles are also 

deposited on the top surface of the porous layer, the pore openings remain visible 

underneath and are not clogged by Pd nanoparticles. 

Table 3.1 presents elemental analysis data for the Pd/porous silica composites. 

Semiquantitative EDX analysis of the Pd/porous silica cross-sections were consistent 

with the BSE cross-sectional images. The top 3 µm of the porous layer had 10% (w/w) 

Pd while the bottom 3 µm of the porous layer only had 0.5% (w/w) Pd. With the 

instrument used in the present work, the EDX measurements do not provide precise 

numbers for the elemental composition of the films. Therefore, the total amount of Pd 

deposited in the porous layer was determined by ICP-AES. The porous silica film was 

digested following the procedure outlined in the Experimental section and the resulting 
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residue dissolved in a 1% HCl(aq) and 1% HNO3(aq) (v/v) solution. ICP-AES analysis 

revealed a mass loading of 1.0 % Pd in the porous silica film. 
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Figure 3.2 (a,b) Cross-sectional scanning electron micrographs of Pd/porous silica 
composite films at two magnifications. Images taken using the back-scattered electron 
detector with an accelerating voltage of 10 kV. The Pd nanoparticles show up as white 
clusters against the gray background of the porous silica layer. Additionally, the periodic 
structure of the porous silica rugate can be seen in the images. As seen from (a), the Pd 
nanoparticles are only deposited within the top 2-3 µm of the porous layer. The thickness 
of the porous layer is 12.8 ± 1.0 µm with a periodicity of 220 ± 10 nm (average ± one 
standard deviation of five measurements). (c,d) Plan-view scanning electron micrographs 
of the same Pd/porous silica composite films. Image (c) was obtained using the back-
scattered electron detector while image (d) was obtained using the secondary electron 
detector. The pore openings are visible as the darker features in the secondary electron 
image (d). 
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Table3.1 Elemental analysis of Pd/porous silica composites 
 % Si (w/w) % O (w/w) % Pd (w/w) 

Top 3 µm [a] 41 48 10 

Bottom 3 µm [a] 67 33 0.5 

Whole film [a] 39 56 5 

Whole film [b] - - 1.00 

[a] EDX analysis of Pd/porous silica cross-sections. [b] ICP-AES analysis after 
dissolution of the porous layer. 
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3.4.3 Sensor Response to Hydrogen 

Figure 3.3 shows the dose-response curve and response time of Pd/porous silica 

composites as a function of H2 concentration. Three separate samples were tested to 

demonstrate sensor reproducibility. The sensor response was calculated based on 

equation 3.2. The sensors were reset between each dose of H2 by purging with dry air for 

15 min to return the sensor to a stable baseline value. The limit of detection at room 

temperature was determined to be 50 ppm H2 in air, with a response time of ~15 min. At 

dose concentrations of 0.3% (3,000 ppm) H2 and higher, the sensor baseline was red-

shifted after purging with air. This is attributed to irreversible deformation of the porous 

silicon layer resulting from the ~10% volume increase that accompanies the β phase 

transition of PdHx.
66 The sensor response time was also found to decrease at higher 

concentrations of H2, with a response time as low as 20 sec at 5% H2. As seen from the 

graph, there is a dramatic increase in sensor response time at concentrations below 500 

ppm H2. The increased response time at low concentrations is consistent with other Pd-

based sensors and is likely limited by the kinetics of H2 absorption.74 Also, although the 

response time of the sensors was found to vary depending on concentration, the recovery 

time of the sensor was ~5 min regardless of concentration. 
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Figure 3.3 Dose-response curve (black circles, left y-axis) and response times (gray 
squares, right y-axis) of Pd/porous silica composites as a function of H2 concentration. 
Dashed lines are included as a guide to the eye. The left y-axis is the sensor response 
(λshift/λ0) calculated using equation 3.2. The right y-axis is the sensor response time (sec) 
and ranges from 50 sec at 1% (10,000 ppm) H2 to 850 sec at 50 ppm H2. The error bars 
represent one standard deviation of the responses of three separate samples. 
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3.4.4 Sensor Poisoning, Heat Refresh, and Stability 

The Pd/porous silica film was found to be poisoned by carbon monoxide (CO). In 

the presence of CO (500 ppm) and H2, the sensor response time and recovery times were 

greatly increased (>5 h). CO is known to be a competitive surface adsorbant for Pd and to 

hinder hydrogen permeation,75,76 explaining the increased absorption and desorption 

times for H2. However, the sensor can be refreshed by heating to 100 °C for 20 min. 

Once cooled back down to room temperature (≤25 °C), the sensor response to H2 was 

completely restored, with the same response magnitude and response time as before 

exposure to CO. The heating presumably increases the desorption kinetics of CO and H2 

from Pd. Additionally, acetylene was found to red-shift the stop band of the optical 

sensor, but it did not inhibit the sensor response to H2. Ethylene showed no effect on the 

sensor response to H2 (data not shown). 

The environmental stability of the sensor was monitored for a one month period. 

Figure 3.4 shows the response of one Pd/porous silica film to 500 ppm H2 as a function of 

storage time (in air). For each instance, the sensor was heat-refreshed (100 °C, 20 min) 

prior to H2 dosing. Furthermore, on day 1 the sensor was exposed to CO, on day 25 to 

acetylene, and on day 28 to ethylene. The average response over all five days matches, 

within error, the dose-response curve for freshly prepared samples exposed to the same 

500 ppm H2 (Figure 3.3; responses correspond to 5.4x10-4 ± 6x10-5 and 5.5x10-4 ± 

1.8x10-5). 
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Figure 3.4 Response of one Pd/porous silica film to 500 ppm H2 as a function of storage 
time (in air). The y-axis is the sensor response (λshift/λ0) is calculated using equation 3.2. 
Responses measured on day 1 (black), day 9 (white), day 15 (medium gray), day 25 (light 
gray), and day 28 (dark gray). The average response over all five days matches the dose-
response curve for freshly prepared samples. 

 

 

 

 

 

 

 

 

 

 

 



65 

 

 
 

3.5 Conclusion 

Pd nanoparticles were successfully deposited within a porous silica substrate 

using a two step process involving the thermal reduction of Pd2+ to form a seed layer 

followed by electroless plating of Pd. The nanoparticles penetrated the top 2-3 µm of the 

porous layer, with an overall loading of ~1% (w/w) Pd. The Pd/porous silica composites 

were evaluated as H2 sensors and found to have a limit of detection of 50 ppm H2 in air 

with a response time of ~15 min. The response times decreased significantly at 

concentrations greater than 500 ppm H2, with a response time as low as 20 sec for a dose 

of 5% H2. Sensor recovery time was ~5 min regardless of H2 dose concentration. At dose 

concentrations of 3,000 ppm (0.3%) H2 and higher, the sensor did not return to baseline 

after purging with air. Exposure to CO poisons the sensors, but the sensors can be 

refreshed by heating to 100 °C for 20 min. 

3.6 Possible Future Improvements 

One way to potentially improve sensor performance is to increase the loading of 

Pd nanoparticles within the porous matrix. One possible method to achieve this would be 

by trapping pre-synthesized Pd nanoparticles through the oxidation of the porous silicon 

host. Previous work demonstrated that iron oxide (Fe3O4) nanoparticles were successfully 

loaded into porous silicon and trapped in place by the oxidation of the porous silicon 

host.77 A simple procedure to synthesize Pd nanoparticles in the size regime we are 

interested in is through the thermal decomposition of a Pd-TOP (trioctylphosphosphine) 

surfactant complex.78 The Pd-TOP nanoparticles could then be loaded into freshly etched 

porous silicon through van der Waals interactions between the hydrophobic Pd-TOP 

nanoparticles and the slightly hydrophobic silicon hydride terminated surface. Oxidation 
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of the porous silicon host can then be achieved either thermally or chemically to trap the 

Pd nanoparticles. This method could possibly be combined with the electroless plating of 

Pd to further increase the Pd loading. 
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This chapter, in part, is a reprint (with co-author permission) of the material as it 

appears in the following manuscript submitted for publication: Chan, D.Y., Garcia Sega, 

A., Wu, C., Sailor, M.J. Palladium/porous silica composite films for the detection of 

hydrogen gas. (Manuscript in preparation). The author of this dissertation is the primary 

author of this publication. 
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