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vapor has been observed [63].  Control of humidity effects in solid state DNA-based sensing has 

been considered in some studies [53, 56], but the effect of water on chemiresistive vapor sensing 

has not been systematically studied.  As DNA is a highly polar molecule with ionized phosphate 

groups and multiple hydration shells [64-65], it is anticipated that humidity may have a 

significant effect on DNA-based absorptive sensors.  It is therefore imperative to measure the 

effects of humidity on such materials.  To show the effect of relative humidity on DNA gold 

nanoparticle vapor sensors, the sensors were exposed to organic vapors for testing in the 

presence of water vapor.  The difference in conduction mechanisms were also explored through 

impedance spectroscopy. 
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Figure 3.1 TEM images of 10 nm DNA-functionalized gold nanoparticles  

 

3.1.1.2 DNA-Functionalized Gold nanoparticles 

The attachment of thiol-functionalized DNA to gold nanoparticles was apparent from 

visual inspection.  For all sequences studied, DNA-functionalized gold nanoparticles were 

observed to maintain good dispersion in solution.  By contrast, addition of buffer solution to 

citrate-stabilized gold nanoparticles without DNA resulted in nanoparticle aggregation within a 

few hours.  A change in solution color from light red to light purple was an indication of 

aggregation.  These observations are consistent with superior stabilization of DNA-

functionalized nanoparticles in electrolyte solutions through synergistic electrostatic and steric 

mechanisms [5].  Gold nanoparticles with citrate capping alone are known to be less resistant to 

aggregation as they are predominantly electrostatically stabilized [6].  For SEQ 02, the 

fluorescence-based technique shows that surface coverage is 40 (± 6) DNA oligonucleotides per 

nanoparticle.  For 10 nm diameter particles, the surface density is 1.3 x 10
13

/cm
2
, which can be 



39 

 

compared with literature data: 5 x 10
12

/cm
2
 [7] and 3.7 x 10

13
/cm

2
 [8-9] for 25-mers, and  1.4 x 

10
13

/cm
2
 for a 15 mer [10].  Previous studies have shown that ss-DNA oligomers of 25 mer size 

are generally coiled structures that extend 0.7 to 1.0 nm from the particle surface [11-13]. 

 

 

Figure 3.2 Surface composition of nitrogen and phosphorus on DNA-functionalized gold 

nanoparticles compared to controls with citrate-capped gold nanoparticles; control samples have 

no P signal. 

 

Surface analysis was performed with XPS to verify that DNA is present on all gold 

nanoparticle films after drop-casting and drying.  Figure 3.2 shows measurements of nitrogen 

and phosphorous content for DNA-functionalized gold nanoparticles compared with control 

samples.  Nitrogen contents of all DNA-functionalized samples were within the range of 3 ~ 4 % 

and phosphorous was approximately 1 %.  Due to the minute amount of sulfur per molecule, no 

Sulfur 2p signals were observed on any sample [8].  The phosphorous signal from the DNA-

functionalized gold nanoparticle films serves as direct evidence of successful DNA adsorption 
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onto nanoparticles.  No phosphorous is measured on control samples.  There is a small N 1s 

signal from control samples that may originate from residual buffer salts, but the DNA samples 

have a 3× higher N 1s signal that is consistent with DNA coverage of the gold nanoparticles.  

Estimates of surface coverage for poly A, poly T, and poly C- functionalized gold nanoparticles 

are obtained by comparing XPS surface phosphorous percentages to SEQ 02 as a reference.  

Results are 42, 36, and 36 molecules per particle for poly A, poly T, and poly C, respectively.  

Other elemental signatures such as C and O were not useful for distinguishing DNA and control 

samples.   

 

3.1.2 Sensor Device Characterization 

SEM was used as the primary tool to look at deposited gold nanoparticle films on 

electrode surfaces.  The most useful information it conveys is the uniformness, continuity and 

location of deposited films.  As drop-casting was not intended as a monolayer deposition 

technique, the nanoparticle films were probably multilayers, and SEM was not an ideal tool to 

tell whether the nanoparticles had coagulated during drying and device aging.  It will be left to a 

later section of electrical measurements to provide more direct information of the quality of 

nanocomposite films formed. 

Due to macroscopic fluid mechanics effect and coffee ring effect [14], the films of 

nanoparticles deposited on sensor substrates are usually not of uniform thickness, as shown in 

Figure 3.3(a).  DNA-functionalized gold nanoparticles deposited on circular electrodes with 20 

µm gaps were examined with SEM and are displayed in Figure 3.3(b).  Independent of the DNA 

sequences being used, the nanoparticles were able to form a nearly continuous film structure 
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across the gold fingers on the substrates, covering most of the circular electrode area.  On certain 

parts of the electrode (<10% of total area) where nanoparticle coverage was very low, the 

electrode could be performing as an open circuit, thus not contributing to the total current.  

However, these “dead” areas were not observed to adversely affect the sensor performance.   

   

Figure 3.3 (a) Colored photo of a 20 µm gap sensor device with DNA-functionalized gold 

nanoparticle coverage and mounted on a chip carrier; (b) SEM images 20 µm gaps filled with 

DNA-functionalized gold nanoparticles 

 

 

3.1.3  I-V Curves 

I-V curves, or current-voltage characteristics, are usually the preliminary and one of the 

most important characteristics of any electrical devices.  They provide information on electrical 

conduction mechanisms and film structure.  Figure 3.4 shows the I-V curve of a 20 µm device 

with poly A DNA-functionalized gold nanoparticles collected with a pure N2 flow at 600 

cm
3
/min.  On the 20 µm DNA-functionalized gold nanoparticle sensor devices, the I-V curves 

are both approximately linear and are ohmic type, regardless the materials deposited on it.   

(a) (b) 
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Joseph et.  al.  conducted a study on the effect of layer number on the I-V curves with 

1,12-dodecanedithiol-functionalized gold nanoparticles [15].  He reasons that the nanoparticle 

film has a percolation threshold for electrical conduction.  When the film is very thin, the 

individual clusters of nanoparticles are far away from each other and the film is not conductive.  

When the film is close to the percolation threshold, large islands of nanoparticles are present.  

Within a large island, as the inter-particle distances are very small and the capacitances are also 

small, the entire island behaves like a resistor.  However, islands are separated by nanosized gaps 

of higher capacitance which are bottleneck junctions in the 1-dimensional percolation pathway.  

These bottlenecks are single-electron-charging barriers in the percolation pathways.  As these 

gaps dominate the charge transport, a tunneling-like I-V behavior is observed.  The origin of the 

non-linearity in the observed I-V curves can be explained by a multitude of bottleneck junctions 

whose capacitances are different within the film.  This assembly of tunnel junctions of varying 

energy barriers averaged out the Coulomb blockade behavior of individual junctions, thus giving 

rise to a smoothened S-shaped I-V curve.  When the nanoparticle layers become thicker, the 

percolation threshold is overcome.  A complete nanoparticle network with small inter-particle 

distances is formed, hence no bottleneck junction effect is absent.  The film behavior becomes 

purely resistive, resulting in a linear I-V curve. 

For DNA-functionalized gold nanoparticle sensors, the film nanoparticle films formed 

are of various thicknesses across the device surface, with certain areas covered by multiple layers 

of nanoparticles.  Therefore a well-interconnected nanoparticle network is dominates the 

electrical conduction and the I-V curve is typically linear.   
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Figure 3.4 I-V curves of a 20 µm device with poly A DNA-functionalized gold nanoparticles 

 

3.2 Vapor Sensing 

Vapor sensing experiments were conducted in a customarily designed vapor sensing 

chamber, a design universally followed by the vapor sensor community.  The most important 

parameters of any vapor sensing experiments are the sensing chamber volume and gas stream 

flowrates.  Together, they define the residence time τ, as 

 
  

 

 
 (3.1) 

where V is the volume of the sensing chamber in cm
3
, and q is the volumetric flow rate of the gas 

stream in cm
3
.  For a sensing chamber with a flow rate of 600 cm

3
/min, and volume for each 

sensor at 2 cm
3
, the τ = 0.2 seconds.  This is the time it takes for the atmosphere around the 

sensor to change from, for example, a clean N2 stream to one with a certain concentration of 

toluene vapor.  In a perfect sensor test system, a kinetically ideal sensor, which is one that is 

immediately saturated with the vapor analyte immediately, would reach a saturating response 

within 0.2 seconds.  In the real-time vapor sensing plot, longer time to reach equilibrium could 
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be the result of three effects.  First is the non-ideal vapor adsorption kinetics, one that arises from 

certain amount of time needed for the sensor to reach equilibrium with the environment.  Second 

is the non-ideality in the vapor stream boundaries.  Vapor analytes are diffusive within the 

flowing gas stream.  As there is no sharp boundary between a clean N2 and a vapor stream, there 

might be a delay of the onset of the set-point vapor concentration.  Third is the non-ideality of 

the vapor delivery system.  As the test chamber does not have the ideal geometry of a perfect 

small-volume flow path, some vapor dilution may take place initially, and a certain amount of 

time is needed for the vapor concentration in the chamber to reach equilibrium.  Therefore, it is 

common to observe a gradual increase in sensor response as vapor is introduced into the test 

chamber by switching of valves.  Sensor responses are expressed as the commonly used ΔR/R 

where R is the baseline resistance of the sensor at a given RH, and ΔR is the vapor induced 

change from the baseline.   

In this study, R/R0 is used to characterize the ratio of resistance at a specific RH to the 

resistance at RH = 0%, and R/R is used to characterize sensor response to analytes at fixed RH.  

Water vapor is not treated as an analyte, but as an environmental factor that modifies the baseline 

resistance of the sensor at a specific RH.  R0 is the sensor baseline resistance at zero RH or in a 

dry atmosphere.   

3.2.1 Vapor Sensing under Dry Conditions 

Responses of sensors with different DNA sequences were measured concurrently under 

each organic vapor to improve sequence-to-sequence comparability.  Figure 3.5 shows the 

response of 4 different DNA gold nanoparticle sensors to hexane at three vapor concentrations.  

The plots show a rapid response, good reversibility, and near-linear dependence on hexane vapor 
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pressure.  All four sequences show a response to hexane vapor, but there are clear sequence-

dependent intensity differences.  SEQ 02 and poly C have the largest response, while poly T has 

the smallest.  Positive ΔR/R values are indicative of a swelling-dominated behavior.  

 

Figure 3.5 Real-time response of 4 types of DNA-functionalized gold nanoparticle sensors on 

hexane vapor at RH = 0% with  p/p0 = 0.012, 0.024 and 0.036. 

 


