
ABSTRACT 

 

GUSKE, JOSHUA TRAVIS. Modeling and Prediction of Surface Plasmon Resonance 
Spectroscopy. (Under the direction of Stefan Franzen). 

 

Surface plasmon resonance (SPR) is a spectroscopy that measures the response of a surface 

wave at the interface of a conductor and a dielectric, called the surface plasmon polariton 

(SPP). In the Kretschmann configuration, a thin film of the conductor is illuminated under 

total internal reflection via a prism. At the appropriate angle and frequency, an absorption is 

seen in reflected p-polarized light. This excitation is highly sensitive to the properties of the 

dielectric medium, the conductor itself, and the substrate material. 

Theoretical modeling is valuable in SPR, because of the high sensitivity and the large 

number of experimental variables involved. As the technology advances, increasingly 

sophisticated modeling techniques become necessary. In addition, with the aid of theoretical 

modeling, SPR may be used as a materials characterization tool, to study the properties of the 

conductors themselves. 

In this dissertation, several plasmonic systems were studied. First, in chapters 2 and 3, 

films of silver sandwiched between two layers of non-conductive aluminum-doped zinc 

oxide (AZO) on glass were considered. The films were prepared by reactive pulsed DC 

magnetron sputtering, and the silver thickness was varied. The films’ SPR response was 

measured in the near-IR in air. Theoretical modeling of Rp/Rs was performed by the 

multilayer transfer-matrix method, with the aid of a modified Nelder-Mead simplex 

optimization algorithm. The initial modeling results suggested that both the silver and AZO 

properties were significantly different from the bulk materials. In particular, the silver had a 

higher plasma frequency and high-frequency dielectric constant than bulk, and it was 

hypothesized that the AZO was contributing charge carriers into the silver layer. However, 

upon review it was determined that a miscalibration of the incident angles could also explain 

the results. 



Second, in chapter 4, films of silver sandwiched between two layers of AZO were 

deposited using pulsed laser deposition (PLD) onto both glass and CaF2. The film thicknesses 

were held nearly constant, and the AZO plasma frequency was varied by changing the Al 

doping concentration and oxygen pressure during deposition. The films’ SPR response was 

measured in near-IR in two separate instruments, in air for the films on glass and in water for 

the films on CaF2. In the theoretical modeling, which took place via the multilayer transfer-

matrix model, the bulk silver dielectric function was used, and the AZO dielectric function 

was approximated as a hybrid between a conductive Drude model and the ZnO bulk. Initial 

results were promising, but indicated that the system was limited by the accuracy of the film 

thickness measurements and the consistency of the deposition process. 

Third, in chapter 5, pure AZO films were assessed using SPR spectroscopy. The films 

were deposited using PLD in an oxygen environment onto CaF2. The SPR responses of the 

films were measured in both air, in the near-IR, and in water, in the mid-IR. A modified 

Nelder-Mead simplex optimization algorithm was used to determine the optical constants of 

the films in the Drude model. The high-frequency dielectric constant was consistent with 

literature values. However, the plasma frequency and damping constant suggested that the 

films had a higher free electron mass than is reported in the literature. In addition, the spectra 

in water were complex, which was explained as the result of interaction of the water 

molecular vibrations with the surface plasmon polariton in the mid-IR. This is believed to be 

the first reported observation of a mid-IR water-plasmon interaction in this fashion. 
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1. Introduction 

Many chemists and biochemists who read this dissertation will already be familiar with the 

concepts of surface plasmon resonance (SPR), due its popular applications: surface 

enhancement from localized SPR on metallic particles, and biosensing on planar metallic 

surfaces. However, the physics that cause these effects are often seen as arcane, and thus 

many scientists will spend their entire careers having used the effects of SPR without 

understanding the fundamentals. The theories are intrinsically useful, as they enable the 

accurate prediction and modeling of SPR responses. This is necessary in a surprisingly large 

number of cases: for example, in designing an SPR system that will operate at a particular 

angle and frequency range, in the extraction of information from SPR spectra, or in the 

search for new SPR-active materials. Moreover, as SPR devices become increasingly 

sophisticated and accurate, our ability to understand the spectra must grow accordingly. 

This introduction is intended to provide readers with a small foundation in SPR on thin 

conductive films (the so-called propagating surface plasmon), and the methods used to 

predict and model SPR responses on such films. It assumes some knowledge of chemistry, 

solid-state physics, materials science, and classical optics. It does not cover localized SPR on 

particles, the principles of surface-enhanced scattering, SPR in waveguide modes, or 

biosensing. Readers who desire more detailed coverage of these and other topics are referred 

to the following resources: 

 

Surface Plasmon Resonance: General Introductions 

[1] S. A. Maier, Plasmonics: Fundamentals and Applications, (Springer, New York, 2007). 

[2] L. Novotny and B. Hecht, “Chapter 12: Surface Plasmons,” in Principles of Nano-Optics, 

(Cambridge, 2006). 

[3] V. H. Pérez-Luna, “Surface plasmon resonance,” in Surfaces and Interfaces for 

Biomaterials, P. Vadgama, ed. (CRC Press, 2005), pp. 249-270. 
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Surface Plasmon Resonance: Physics, LSPR, and Advanced Topics 

[4] D. Sarid and W. A. Challener, Modern Introduction to Surface Plasmons: Theory, 

Mathematica Modeling, and Applications (Cambridge University Press, 2010). 

[5] J. M. Pitarke, V. M. Silkin, E. V. Chulkov and P. M. Echenique, “Surface plasmons in 

metallic structures,” J. Opt. A: Pure Appl. Opt. 7, S73 (2005). 

[6] V. M. Agranovich and D. L. Mills, Surface Polaritons (North-Holland, 1982). 

[7] S. I. Bozhevolnyi, Plasmonic nanoguides and circuits (Pan Stanford, 2009). 

[8] M. L. Brongersma and P. G. Kik, Surface plasmon nanophotonics (Springer, 2007). 

[9] R. Zia, M. D. Selker, P. B. Catrysse, and M. L. Brongersma, “Geometries and materials 

for subwavelength surface plasmon modes,” J. Opt. Soc. Am. A 21(12), 2442-2446 

(2004). 

Surface Plasmon Resonance: Biosensors and Other Applications 

[10] Jiří Homola, S. S. Yee, and G. Gauglitz. “Surface Plasmon Resonance Sensors: 

Review,” Sensors and Actuators B, 54 3-15 (1999). 

[11] Jiří Homola, “Present and future of surface plasmon resonance biosensors,” Anal. 

Bioanal. Chem. 377, 528–539 (2003). 

Publications by the NCSU Surface Plasmon Resonance Materials Group 

[12] E. Sachet, M. Losego, J. Guske, S. Franzen, and J. Maria, “Mid-infrared surface 

plasmon resonance in zinc oxide semiconductor thin films,” Applied Physics Letters 102, 

051111 (2013). 

[13] J. Guske, J. Brown, A. Welsh, and S. Franzen, "Infrared surface plasmon resonance 

of AZO-Ag-AZO sandwich thin films," Optics Express 20, 23215-23226 (2012). 
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[14] M. Losego, J. Guske, A. Efremenko, J. Maria, and S. Franzen, "Characterizing the 

Molecular Order of Phosphonic Acid Self-Assembled Monolayers on Indium Tin Oxide 

Surfaces," Langmuir 27, 11883-11888 (2011). 

[15] S. Franzen, C. Rhodes, M. Cerruti, R. Gerber, M. Losego, J. Maria, and D. Aspnes, 

"Plasmonic phenomena in indium tin oxide and ITO-Au hybrid films," Optics Letters 34, 

2867-2869 (2009). 

[16] R. Gerber, D. Leonard, and S. Franzen, "Conductive thin film multilayers of gold on 

glass formed by self-assembly of multiple size gold nanoparticles," Thin Solid Films 517, 

6803-6808 (2009). 

[17] M. Losego, A. Efremenko, C. Rhodes, M. Cerruti, S. Franzen, and J. Maria, 

"Conductive oxide thin films: Model systems for understanding and controlling surface 

plasmon resonance," Journal of Applied Physics 106, 024903 (2009). 

[18] S. Franzen, "Surface plasmon polaritons and screened plasma absorption in indium 

tin oxide compared to silver and gold," Journal of Physical Chemistry C 112, 6027-6032 

(2008). 

[19] C. Rhodes, S. Lappi, D. Fischer, S. Sambasivan, J. Genzer, and S. Franzen, 

"Characterization of monolayer formation on aluminum-doped zinc oxide thin films," 

Langmuir 24, 433-440 (2008). 

[20] C. Rhodes, M. Cerruti, A. Efremenko, M. Losego, D. Aspnes, J. Maria, and S. 

Franzen, "Dependence of plasmon polaritons on the thickness of indium tin oxide thin 

films," Journal of Applied Physics 103, 093108 (2008). 

[21] M. Cerruti, C. Rhodes, M. Losego, A. Efremenko, J. Maria, D. Fischer, S. Franzen, 

and J. Genzer, "Influence of indium-tin oxide surface structure on the ordering and 

coverage of carboxylic acid and thiol monolayers," Journal of Physics D-Applied Physics 

40, 4212-4221 (2007). 
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[22] C. Rhodes, S. Franzen, J. Maria, M. Losego, D. Leonard, B. Laughlin, G. Duscher, 

and S. Weibel, "Surface plasmon resonance in conducting metal oxides," Journal of 

Applied Physics 100, 054905 (2006). 

[23] S. Brewer, A. Allen, S. Lappi, T. Chasse, K. Briggman, C. Gorman, and S. Franzen, 

"Infrared detection of a phenylboronic acid terminated alkane thiol monolayer on gold 

surfaces," Langmuir 20, 5512-5520 (2004). 

[24] S. Brewer, and S. Franzen, "Indium tin oxide plasma frequency dependence on sheet 

resistance and surface adlayers determined by reflectance FTIR spectroscopy," Journal of 

Physical Chemistry B 106, 12986-12992 (2002). 

[25] S. Brewer, and S. Franzen, "Optical properties of indium tin oxide and fluorine-doped 
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1.1 Surface plasmon resonance 

Surface plasmon resonance (SPR) is, broadly, the phenomenon in which conduction 

electrons, usually in a metal or metal-like material, interact with light to produce an 

absorption instead of the usual reflection. The absorbed light is converted into a different 

type of electromagnetic wave, called a surface plasmon polariton (SPP, or informally, 

“surface plasmon”), which can be imagined as a wave of alternating polarization that is 

bound to the surface of the conductor (Fig. 1). In the case of a thin film, the SPP is able to 

propagate a short distance away from its point of excitation, and is therefore frequently called 

the propagating surface plasmon. Surface plasmon resonance is also observed on particles, 

but these polaritons do not propagate and the effect is thus given the name localized surface 

plasmon resonance (LSPR). The distinction is not trivial, as the physical conditions that 

enable the polariton to propagate are not present in colloidal particles. Since the vast majority 

of this work focuses on propagating SPR, this introduction will not cover LSPR, and the 

reader is instead referred to Maier, [1] Sarid, et al., [4] and Pitarke, et al. [5]. 
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Experimentally, we use the Kretschmann configuration, in which a thin film of a 

conductor that has been deposited onto a transparent substrate is exposed to light through its 

underside, and the reflected light is monitored. When a very particular angle and frequency 

are reached, an absorption is seen that is typically very intense. This absorption is very 

sensitive to the conductor’s geometry and composition, light angle and frequency, and the 

composition of the surrounding materials. Because of this sensitivity, the phenomenon is 

frequently used as a spectroscopy, most notably in the biosciences for label-free biomolecule 

detection. This section of the introduction will explore the physical causes of this 

phenomenon, and will discuss the setup of, and typical features seen in, an SPR experiment. 

 

Figure 1.1: Cartoon representation of a propagating surface plasmon polariton. Under 

the appropriate conditions, electromagnetic radiation striking a metallic film causes 

electrons to oscillate, which causes a wave of polarization to propagate in the x-

direction.  

SPR was first noted as an anomaly in light reflected from metal diffraction gratings by 

Robert Wood in 1902 [26], and was known as "Wood's Anomaly" until the 1960s, when it 

was recognized by Ritchie to be related to the surface plasmons observed in electron energy 

loss spectroscopy [27]. Key developments in this era were made by Otto [28, 29] and 
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Kretschmann and Raether [30], who engineered experimental geometries that are widely 

used today. 

1.1.1 The Drude model 

Plasmons are waves in conduction electrons. The key to understanding plasmons is the Drude 

dielectric function model. In a good conductor, the electrons are considered free to move, 

with a uniform, immobile, positive ionic background. When the electrons are displaced, they 

create a polarization that acts as a restoring force, and thus are a collective harmonic 

oscillator, the harmonic frequency of which is known as the plasma frequency ωp.  

As a first step toward understanding SPR, we derive an expression for the Drude model, 

i.e. the dielectric function of a generic electrical conductor, from first principles. The relative 

permittivity, or dielectric function, is usually defined as 1   , where   is the electric 

susceptibility. For real materials, however, Drude theory does not encompass every process 

that may contribute to the dielectric function. In particular, there is a nearly constant 

background contribution from the ionic core, and so the constant 1 is replaced by the high-

frequency dielectric constant,  :  

     .  (1.1.1) 

The electric susceptibility may be defined in terms of the polarization P , which is simply the 

total of the charge displacements:  

 0 neP E x    (1.1.2) 

 
0

nex
E




 .  (1.1.3) 

These electrons are behaving as harmonic oscillators, so we use the classical harmonic 

oscillator equation. In this case, the force is generated by the electric field from the charge 

displacements: 

 2

2
* d d

dtdt
e mF E x x   .  (1.1.4) 
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Here, the mass *m  is the free electron mass, which is typically a fraction of the vacuum 

electron mass em . As a solution to this differential equation, both the charge displacements 

and the electric field oscillate sinusoidally and in phase, which allows us to define the 

susceptibility in terms of the time-invariant amplitudes: 

 i te0x x    (1.1.5) 

 0
i teE E    (1.1.6) 

 0

0 0

nex
E




 .  (1.1.7) 

Taking the derivatives of equations (1.1.5) and (1.1.6), we can arrive at an expression for 0x : 

 * 2
0 0 0

i t i t i te e m e i eF E x x          (1.1.8) 

 * 2

e
m i

0
0

Ex
 





.  (1.1.9) 

Substituting this expression for 0x  into equation (1.1.7), we then obtain for the susceptibility: 

 
2

* 2 *
0

1ne
m i m


  

            
.  (1.1.10) 

Then, we can define the plasma frequency p  and the damping frequency  , both of which 

take units of rad/s in this convention: 

 
2

2
*

0
p

ne
m




   (1.1.11) 

 *m .  (1.1.12) 

Substituting these expressions into equations (1.1.10) and (1.1.1), the dielectric function may 

be expressed in its most common form: 

 
2

2
p

i


 
  

 
.  (1.1.13) 
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Lastly, the damping force constant   is defined, by examining the constant velocity case, 

using Ohm’s law: 

 2

2 0d
dt

x    (1.1.14) 

 d
dt en

Jx v    (1.1.15) 

 n eJ E E   .  (1.1.16) 

Here,   is the charge carrier mobility. We then have, for the velocity: 

 d
dt

n e
en

Ex E
  .  (1.1.17) 

Substituting equations (1.1.14) and (1.1.17) into equation (1.1.4): 

 0eE E    (1.1.18) 

 e  .  (1.1.19) 

This allows the damping frequency constant   to be defined in terms of materials 

parameters: 

 * *m e m   .  (1.1.20) 

Equations (1.1.11), (1.1.13), and (1.1.20) explain the optical properties of most metals and 

degenerate semiconductors at frequencies below their plasma frequencies to a high degree of 

accuracy. If deviations from this model are present, they will usually occur when an 

interband electronic transition exists in the appropriate frequency range. This is the case for 

gold above 14000 cm-1, and for silver above approximately 25000 cm-1 [18]. When it is 

necessary to account for these deviations, additional terms may be added to the dielectric 

function model, or the experimentally-determined function may be interpolated. 
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Figure 1.2: Example Drude dielectric function, silver in the near-IR. The model 

(black line) is shown compared to spectroscopic ellipsometry values from several 

sources. TG1: Acree Tech Inc.; Sopra: Sopra, S.A. Database; Ordal: Ordal et al. [31]; 

J&C: Johnson and Christy [32]. 

The Drude dielectric function for metals has now been derived and is shown in its final 

form in equation  (1.1.13), and we can explore some of its properties. For reference, the 

silver dielectric function, which fits this model very well in the near-IR, is displayed in Fig. 

1.2. This dielectric function has both a real part and an imaginary part, which can be 

separated and written as: 

 1 2i      (1.1.21) 

 
2

1 2 2
p

 
 

 
  (1.1.22) 

 
2

2 2 3
p


 




 
  (1.1.23) 

These equations can be solved for p  and  , in the fashion of Ordal et al. [31] to obtain: 
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 2

1


 




  (1.1.24) 

   2 2 2
1p         (1.1.25) 

If it is assumed that 1   , which is true at low frequencies relative to the plasma 

frequency, the precise value of   is not important, and it may be set as unity. In this 

manner, equations (1.1.24) and (1.1.25) can be used to quickly evaluate a material without 

the need for a nonlinear regression. 

At high frequencies, the real part 1  approaches   and inevitably crosses zero at some 

frequency; in ellipsometry and EELS experiments this is often called the “plasma 

frequency.” However, this empirical value does not necessarily equal that of equation 

(1.1.11). The two values are only equal in the ideal case: when 1   and 0 , and there 

are no interband transitions. In real materials, the zero crossing is almost always different 

than equation (1.1.11) indicates, as each of the conditions 1  ,  the presence of interband 

transitions, and 0 , contributes to 1 . Similarly, the imaginary part 2  approaches zero at 

 , but only when interband transitions are not present. In real metals such as Ag and 

Au, interband transitions give a significant amount of positive structure to 2  that the Drude 

model cannot simulate. In comparison, the transparent conductive metal oxides indium tin 

oxide (ITO) and aluminum zinc oxide (AZO) do not have interband transitions near their 

plasma frequencies, which make them nearly ideal in terms of the Drude model (this feature, 

combined with plasma frequencies in the near-infrared, also makes them transparent to 

visible light) [18]. 

The link to materials properties is evident when equations (1.1.11) and (1.1.20) are 

examined. The charge carrier density n, mobility μ, high-frequency dielectric constant ε∞, and 

free electron mass m* are all materials properties. Although the chemical composition of the 

material determines the overall range that these parameters may take, there are a number of 

materials, such as the conductive metal oxides indium tin oxide (ITO) and aluminum zinc 

oxide (AZO), in which their plasmonic properties can be directly controlled by their film 
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deposition parameters [17]. In particular, n and μ may be controlled over a modest range by 

such effects as the doping concentration, the concentration of oxygen vacancies, the film’s 

grain size, etc. This effect has been called “tunable plasmonics,” in accordance with the fact 

that a desired surface plasmon response can be engineered over a several thousand 

wavenumber range for a given material. 

1.1.2 Surface plasmons 

Our discussion of plasmons evolves in a similar fashion as in Stefan Maier’s book [1]. We 

begin by deriving the electromagnetic wave equations from Maxwell’s equations, then 

introduce a material boundary which will provide the necessary conditions for the surface 

plasmon polariton (SPP) to exist. In the absence of current and charge, Maxwell’s equations 

can be written as: 

 0E    (1.1.26) 

 0B    (1.1.27) 

 
t
BE 

 


  (1.1.28) 

 0 0 t
EB   


 


  (1.1.29) 

Along with the relations: 

 0 0D E E P       (1.1.30) 

 0 0 0B H H M        (1.1.31) 

Taking the curl of (1.1.28) and combining with (1.1.29), and vice-versa, and setting μ=1, the 

electromagnetic wave equations are obtained: 

 
2

0 0 2t
EE   


 


  (1.1.32) 

 
2

0 0 2t
BB   


 


  (1.1.33) 
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We introduce a vector identity: 

   2A A A      (1.1.34) 

Which may be used in (1.1.32) and (1.1.33) to produce: 

  
2

2
0 0 2t

EE E   


   


  (1.1.35) 

  
2

2
0 0 2t

BB B   


   


  (1.1.36) 

Recognizing that the speed of light   1 2
0 0c   

 , 

  
2

2
2 2c t

EE E  
   


  (1.1.37) 

  
2

2
2 2c t

BB B  
   


  (1.1.38) 

The time and space domains can also be converted to the Fourier domains of radial frequency 

and wavevector using a simple conversion: 

 ik   (1.1.39) 

 i
t







 (1.1.40) 

The wave equations become: 

  
2

2
2k

c
k k B B B

        (1.1.41) 

  
2

2
2k

c
k k E E E

      .  (1.1.42) 

One solution to these equations is a longitudinal wave, where 0k E   or 0k B  , which 

occurs only when 0 . This is the bulk plasma oscillation, which cannot couple to 

transverse electromagnetic radiation but may still be excited in EELS [33]. 
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The relevant solution for SPR is the transverse wave, where 0k E   and 0k B  . The 

wave equations become: 

 
2

2
2k

c
E E

    (1.1.43) 

 
2

2
2k

c
B B

    (1.1.44) 

These may be generalized as: 

 
2

2
2k

c


   (1.1.45) 

Equation (1.1.45) is a generalized dispersion relation for transverse waves in dielectric 

media. This equation is true for any non-magnetic medium without free charge or current, 

including conductors. We only need to substitute the dielectric function, given in equation 

(1.1.13), to obtain the radiative plasmon (RP) dispersion and discover that transverse waves 

are prohibited in metals at p  . Thus, a surface plasmon cannot exist in a bulk material. 

To form a surface plasmon polariton, it is necessary to introduce a boundary between the 

conductor B and a non-conductive medium A ( 1 0A  ), and look for solutions to Maxwell’s 

equations at this boundary. This boundary enables the plasmons to form a surface mode, 

which can take lower frequencies than ωp. To begin, the boundary is defined as existing in 

the x-y plane at z=0, with the conductor at z<0 and the non-conductor at z>0 (Fig. 1.3).  

 

Figure 1.3: Schematic of the coordinate system along with pictorial representations of 

the x and z electric fields of a surface polariton in media A and B. 
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The solution to Maxwell’s equations that we are interested in is the evanescent wave 

solution. The wave is defined as propagating in only the x direction at the interface, so that 

xk xk r  , and decaying exponentially into both +z and –z. Although expressions may be 

written for both evanescent waves with the electric field in the plane of the interface (“s-

polarized”) and waves with the magnetic field in the plane of the interface (“p-polarized”), it 

will soon become evident that only the p-polarized solutions will survive due to μ=1. 

Beginning with the s-polarized case, we can write expressions for the fields above and below 

the interface: 

  ˆ expA yA x zAE i t ik x k zE y       (1.1.46) 

    ˆ ˆ expA xA zA x zAH H i t ik x k zH x z        (1.1.47) 

  ˆ expB yB x zBE i t ik x k zE y       (1.1.48) 

    ˆ ˆ expB xB zB x zBH H i t ik x k zH x z      .  (1.1.49) 

Then, using equations (1.1.28) and (1.1.31) and evaluating the derivatives: 

 0 0ˆ ˆ ˆ ˆyA zA x yA A xA A zAE k ik E i H i Hx z x z        (1.1.50) 

 0 0ˆ ˆ ˆ ˆyB zB x yB B xB B zBE k ik E i H i Hx z x z        (1.1.51) 

 0 A
yA xA

zA

iE H
k

 
   (1.1.52) 

 0 B
yB xB

zB

iE H
k

 
   (1.1.53) 

The boundary conditions at any interface with no charge or current are: 

 0A B sD D       (1.1.54) 

 0A BE E 
 

  (1.1.55) 

 0A BB B     (1.1.56) 
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 0A B sH H J  
 

.  (1.1.57) 

Applying (1.1.55) and (1.1.57): 

 yA yBE E   (1.1.58) 

 xA xBH H   (1.1.59) 

 A B

zA zBk k
 

 . (1.1.60) 

For most materials with 0 , equation (1.1.60) cannot be satisfied, and thus s-polarized 

light cannot normally be used to generate an SPP. Creating materials with negative magnetic 

permeability is possible, however [34], and thus “magnetic SPR” is physically possible, 

albeit rare.  

Similarly, for the p-polarized case: 

  ˆ expA yA x zAH i t ik x k zH y       (1.1.61) 

    ˆ ˆ expA xA zA x zAE E i t ik x k zE x z        (1.1.62) 

  ˆ expB yB x zBH i t ik x k zH y       (1.1.63) 

    ˆ ˆ expB xB zB x zBE E i t ik x k zE x z      .  (1.1.64) 

Then, using equation (1.1.29) and evaluating the derivatives: 

 0 0ˆ ˆ ˆ ˆyA zA x yA A xA A zAH k ik H i E i Ex z x z         (1.1.65) 

 0 0ˆ ˆ ˆ ˆyB zB x yB B xB B zBH k ik H i E i Ex z x z       (1.1.66) 

 
0

x
zA yA

A

kE H
 

   (1.1.67) 

 
0

x
zB yB

B

kE H
 

   (1.1.68) 
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   (1.1.69) 

 
0

zB
xB yB

B

kE H
i 

   (1.1.70) 

With the same boundary conditions (1.1.54) through (1.1.57): 

 xA xBE E   (1.1.71) 

 yA yBH H   (1.1.72) 

 A B

zA zBk k
 

 . (1.1.73) 

Since kzA and kzB are both positive, (1.1.73) implies that εA and εB must have opposite signs, 

i.e. a surface plasmon polariton can only exist at the interface of a conductor and a dielectric. 

To obtain the dispersion relation of the SPP, the wave equation (1.1.43) may be used on 

the electric field expressions (1.1.62) and (1.1.64), giving: 

 
2

2 2
2zA A x A A Ak k

c
E E E

    (1.1.74) 

 
2

2 2
2zB B x B B Bk k

c
E E E

    (1.1.75) 

An equivalent operation may also be performed on the magnetic fields. Using equation 

(1.1.73), these may be combined to produce the surface plasmon polariton dispersion 

relation: 

 A B
SPP

A B

k
c

 
 




  (1.1.76) 

This wave has some unique properties that must be studied in more detail. First, we shall 

see that the SPP cannot be directly driven by light propagating through the material A that 

composes the interface. In order for this wave to be excited by light, it must be coupled with 

either an evanescent wave from total internal reflection, or via a grating. For an evanescent 

wave, the x-component of the wavevector is: 
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 sinev Ck
c


    (1.1.77) 

In a bulk material, light propagating through a material usually takes a dispersion relation of: 

 bulk Dk
c


   (1.1.78) 

These three dispersion relations, using air for εA and εD, indium tin oxide for εB, and BK-7 

glass at 60° for εC, are plotted in Fig. 1.4. The SPP dispersion relation (1.1.76) is separated 

into real and imaginary parts and is for a real material with significant damping, which is 

what causes the complex shape of kSPP. It is separated into three regions: 1) The upper 

radiative plasmon (RP) region. Here, ( ) 0Breal   , ( ) 0Bimag   , and so the material is 

simply behaving as a dielectric. 2) The middle quasi-bound mode (QBM) region. This mode 

only exists due to damping ( 0 ), and so vanishes for a hypothetical material with infinite 

mobility. 3) The lower surface plasmon polariton (SPP) region. It is clear in Fig. 1.4 that the 

wavevector of light propagating through air does not match the wavevector of the SPP at any 

frequency. This is true no matter what material system we choose; as long as A D  , a SPP 

cannot be generated. 
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Figure 1.4: Dispersion relations for: light propagating through air (small dashes), 

light at a BK-7 prism interface at 60° (large dashes), the imaginary component of the 

waves at the conductor/air interface (dots), and the real component of the plasmon 

waves at the conductor/air interface (solid). The real component of the plasmon 

waves is separated into regions radiative plasmon (RP), quasi-bound mode (QBM), 

and surface plasmon polariton (SPP). The dispersion relation for light in air never 

crosses the SPP line. 

On the other hand, kx for an evanescent wave can be controlled by the angle of incidence, 

and thus can be made to match the SPP wavevector. In Fig. 1.4, which is for a generic 

conductor with the properties of indium tin oxide and an evanescent wave from BK-7 glass 

with a 60° angle of incidence, this is seen to occur at approximately 7000 cm-1. Coupling can 

occur only at angles greater than the critical angle θc between εA and εC, where: 

  1sinc A C     (1.1.79) 

and εC > εA. Ignoring grating coupling, which is out of the scope of this discussion, the 

consequence is that SPR can only exist when total internal reflection is present. Thus, another 
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material, such as a transparent prism or a fiber optic wire, is required, and the localized 

surface plasmon resonance (LSPR) that is commonly seen for colloidal particles (for which 

A D  ) must be a different plasmonic mode. Indeed, it can be shown that the LSPR arises 

due to the particle geometry and not due to direct coupling to the SPP as shown here. For 

particles much smaller than the light wavelength, the light’s electric field can be 

approximated as quasi-static, which induces a dipole (or quadrupole, etc.) polarization over 

the particle’s surface. Further discussion of this effect can be found in Maier et al. [1, 35]. 

1.1.3 SPR experimental considerations 

Experimentally, there are two common configurations that make use of total internal 

reflection (TIR) to generate an SPP. One is the Otto configuration [29], in which a bulk metal 

is placed a short distance from the TIR interface, and the SPP propagates in the gap between 

the two. The other is the Kretschmann configuration (Fig. 1.5), in which a thin film of the 

conducting medium is deposited directly onto the TIR interface [30]. The Kretschmann 

configuration is significantly more popular than the Otto configuration, due to its ease of use. 

Most metal films are not difficult to deposit, using common methods such as magnetron 

sputtering or evaporation, although more specialized techniques may be required for different 

materials. Compared to the Otto configuration, the Kretschmann configuration also does not 

substantially limit the volume of the ambient medium. This feature is useful for biosensing 

experiments, as it permits devices like flow cells to be implemented with relatively few 

complications. The Kretschmann configuration is used in all of the experiments discussed in 

this dissertation.  
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Figure 1.5: A diagram of the main optical elements in a typical Kretschmann-

configuration SPR spectrometer. 

In practice, the Kretschmann configuration is usually achieved by deposition of the 

conductor onto a flat slide or chip of the substrate, rather than directly onto a prism. This 

slide is then adhered to a prism using an index matching fluid, which is a liquid mixture 

designed to have a refractive index (RI) approximating that of the substrate. The effects of 

the index matching fluid on an SPR spectrum are usually minimal, and thus the system can 

be treated as a continuous unit. Index matching fluids are commercially available for a wide 

variety of substrates and frequencies. However, organic liquids with an RI higher than 

approximately 1.6 are rare. Elemental sulfur can be suspended to increase the RI to 

approximately 1.8, and arsenic tribromide up to approximately 2.3, although the higher RI 

fluids tend to be chemically reactive, volatile, and toxic. Materials with an RI higher than 

this, such as silicon (transparent in the infrared with 3.7n  ), present a unique challenge to 

the Kretschmann configuration, as no liquids exist with such a high RI. For SPR on silicon, 

then, the films may be deposited directly onto the prism or the slide may be placed in direct 

contact with the prism [36, 37]. The latter is presumably only possible for exceptionally flat 

materials, as any air gap between the two would result in total internal reflection from the 

air/prism boundary.  
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The spectrometers used herein use simultaneous angle and frequency interrogation to map 

the k  space, which is accomplished by attaching a rotating θ-2θ stage to a spectrometer. 

A cartoon of some of the optics used in a typical Kretschmann-configuration SPR 

spectrometer are seen in Fig. 1.5. The prism, matching fluid, and substrate with film are held 

together in a mechanical assembly, and this assembly is mounted on a rotating θ-2θ stage. 

The light is routed through a linear polarizer before it enters the prism, and the data are 

collected as the ratio of p-polarized reflectance to s-polarized reflectance (Rp/Rs). This ratio is 

taken to eliminate many of the non-SPR related effects, since only the p-polarized light may 

generate a surface plasmon, and many non-SPR related optical effects are not polarization 

dependent. These instruments are almost always modifications of other instruments; Fourier-

transform infrared (FTIR) spectrometers are commonly used [20, 38, 39], as are Fourier-

transform variable angle spectroscopic ellipsometers (VASEs) [12, 36]. These instruments 

produce an entire infrared spectrum at a given angle, and may be referred to as FT-SPR. An 

example of the output is presented in Fig. 1.6. This example spectrum is for a 160 nm thick 

film of indium tin oxide (ITO), on BK-7 glass (nD=1.52), using air as the ambient medium. 

Two main features are seen in this spectrum: the surface plasmon polariton (SPP), and the 

quasi-bound mode (QBM), which have the same meanings as in Fig. 1.4. The SPP excitation 

wavenumber is seen to be angle dependent, which corresponds to the changing wavevector of 

the x-component of the total internal reflected light. The QBM wavenumber is seen to be 

independent of angle, which is expected from the dispersion curve. 
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Figure 1.6: Example spectrum from a typical FT-SPR instrument at varying angles. 

Two excitations are seen: the surface plasmon polariton (SPP), and the quasi-bound 

mode (QBM). 

There are a number of choices that become very important when designing SPR 

experiments. The simple presence of a conducting film on glass is not enough to guarantee 

that an SPR absorption will be seen. Factors that must be considered include: The film’s 

identity, composition, and physical structure, which determine its conductive properties; the 

film’s thickness, which must be within a certain range that depends on its conductive 

properties; and the refractive indices, transparencies, and dispersions of both the substrate 

and ambient materials, which determine the frequencies at which the wavevector matching 

will occur, and thus must be matched to the instrument’s angle and frequency range. This is a 

complex problem that is best solved using mathematical modeling of the SPR reflectance. 

1.2 Thin film optics 

Surface plasmon resonance is an optical phenomenon, and may be explained in great detail 

by relatively simple optical theories. In this section, we will use the label convention as in 

Fig. 1.3, with the physical substrate as layer C, the film system as layer(s) B, and the external 
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ambient as layer A. For multiple films, we will use B1, B2, etc. and label the interfaces with 

numbers (Fig. 1.7). In addition, it will be necessary to specify the incident and reflected 

waves with superscript positive and negative symbols on both E and H. 

 

Figure 1.7: Notation convention for a system of h thin films bounded by materials A 

and C. 

1.2.1 Fresnel equations for reflectance from a single thin film 

For a single thin film B, the conventional method to obtain the reflectance is to use the Airy 

equations, sometimes referred to as the Fresnel equations (not to be confused with the 

Fresnel coefficients on which they are based), for reflectance from a thin film. These 

expressions are derived in many textbooks [40-42], and so are presented here without 

derivation, for reference and comparison. We begin with the Fresnel coefficients for 

reflection r and transmission t amplitudes at the interface CB. For p-polarized light: 

 ,
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and for s-polarized light: 
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  (1.2.4) 

where θj is the angle of incidence, relative to the interface normal, in each medium j, and nj is 

the refractive index of each medium j surrounding the interface. Equivalent expressions can 

be written for the BA interface. The Airy equation is built algebraically from these, and 

follows: 
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where the appropriate Fresnel coefficient may be selected for p- or s-polarization, and where 

 cosB B B Bd n
c


  .  (1.2.6) 

and dB is the thickness of layer B. The reflected energy, which is the experimentally 

measured quantity, is the square modulus of the amplitude: 

 2R r   (1.2.7) 

Since conductive media have complex refractive indices, the angle θB is complex-valued. 

Although this is not a problem mathematically, some computer software cannot handle 

certain operations on complex angles. It is convenient, then, to express this angle in terms of 

the angle inside the first medium, which is real (the first medium is considered infinite in 

extent and therefore must be transparent for light to reach the conductor). Using Snell’s law, 

we can define a convenient admittance quantity γj which avoids the complex angle, and 

which is true for all layers j: 

  
1

2 2cos sinj j j j C Cn       ,  (1.2.8) 
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The combination of equations (1.2.1) through (1.2.8), along with the Drude dielectric 

function for the conductor εB given in equation (1.1.13), and the known dielectric functions 

of the substrate and ambient εA and εC, is used to produce Rp/Rs. This theory is sufficient to 

describe the SPR response of most single-film experiments. It is convenient for its simplicity 

and speed, and can be used for a large number of systems. However, when more than one 

thin film is involved, equation (1.2.5) is not applicable, and more complicated expressions 

must be derived, which quickly become cumbersome in their size and complexity. In that 

case, it is easier to use the transfer-matrix method, which is easily extendible to any number 

of films and is mathematically equivalent to the non-matrix forms of the optical equations. 

1.2.2 Matrix method for reflectance from a system of thin films 

For multiple films, we turn to a similar theory in which the reflectance is constructed from a 

series of 2×2 matrices. There are several references that discuss this matrix method for a 

system of thin films [41-43]. In addition, a software package for Matlab has been made freely 

available on the Mathworks File Exchange site [44]. First, the film system is defined as in 

Fig. 1.7, with h number of films on substrate C, bounded by ambient material A. At any given 

interface k, the boundary conditions must be satisfied, which are the same as in section 1.1.2: 

 0j kE E 
 

  (1.2.9) 

 0j k sH H J  
 

.  (1.2.10) 

For the tangential fields, we can write the expressions using the complex amplitudes (which 

contain the position- and time-dependent exponential components) as follows. For s-

polarized light, the electric field is in y and the magnetic field is in (-x,z), so that: 

 j j k kE E E E        (1.2.11) 

    cos cosj j j j k k k kn E E n E E          (1.2.12) 

Similarly, for p-polarized light, the electric field is in (x,-z) and the magnetic field is in y, so 

that: 
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    cos cosj j j k k kE E E E         (1.2.13) 

    j j j k k kn E E n E E      .  (1.2.14) 

Note that the sign change for the reflected waves indicates the phase change on reflection. 

These four equations (1.2.11) through (1.2.14) can be written in matrix form: 
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for s-polarized light, and 
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for p-polarized light. These equations may also be written as: 
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where the transfer matrix T has been introduced, so that we can write: 
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which, when evaluated, give: 
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Here, the definition of γj is the same as before: 

  
1

2 2cos sinj j j j C Cn       .  (1.2.23) 

Thus far, the phases of the fields have been incorporated into the complex amplitudes. The 

exact phase at the first interface is not important and can be left incorporated. However, the 

phase change as the radiation traverses from one interface to another must not be neglected. 

For example, accounting for the phase change across layer k produces, for the tangential 

components of the electric field: 

      exp expk k k k k kE d E i E i        (1.2.24) 

where the definition of δ is the same as before:  

 j j jd
c


  .  (1.2.25) 

This phase change can be generalized to any of the fields, as a phase matrix P: 
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The total field amplitudes are then obtained by repeated multiplication of the transfer 

matrices (1.2.21) or (1.2.22) with the phase matrix (1.2.26) for the total number of layers in 

the system:  

 11
01 1 12 , 1

11
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h h h
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EE
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 .  (1.2.27) 

The center product in (1.2.27) is a square matrix M known as the system transfer matrix: 

 11 12
01 1 12 , 1

21 22
h h h

a a
M T PT P T

a a 

      
 .  (1.2.28) 

The total reflected amplitude for the entire system is given from M by: 
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and the reflected energy is the square modulus of this amplitude, as in (1.2.7). For SPR this 

must be calculated twice, once for p-polarized light and once for s-polarized light, to obtain 

Rp/Rs. 
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Abstract:  Near-infrared surface plasmon resonance (SPR) spectra were 

collected of thin multilayer films of aluminum-doped zinc oxide (AZO) / 

silver (Ag) / AZO on BK-7 glass in the Kretschmann configuration in air, with 

the silver layer thickness varying from 5 nm to 50 nm. The SPR results were 

interpreted by modeling the reflectance with a five-layer transfer-matrix 

method, with the aid of a simplex algorithm. The model indicated that the Ag 

plasma frequency was significantly higher than the bulk value, possibly due to 

Schottky effect charge transfer from the AZO to the Ag layer. Continuous 

silver films were made as thin as 10 nm, indicating an inhibition of metal 

island formation for Ag deposited on AZO. 

2012 Optical Society of America 

OCIS codes: (240.0310) Thin Films; (240.6680) Surface Plasmons; (250.5403) Plasmonics; 

(310.0310) Thin Films; (310.6860) Thin Films, Optical Properties. 

2.1 Introduction 

Surface plasmon resonance (SPR) for biosensing has traditionally been performed on noble 

metal surfaces such as gold and silver. These have a few advantages over other kinds of 

metals: they display SPR bands in both the visible and near-infrared frequencies, their 

surface chemistry is well-characterized and they are easily functionalized, and films are 
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readily prepared by a variety of deposition methods. However, noble metal films suffer from 

a number of disadvantages. First, they are mechanically fragile and are easily degraded by 

handling. Second, they tend to form discrete islands, rather than a continuous film, when the 

film thickness is less than a critical value. Third, silver films tarnish rapidly in ambient 

conditions. Because of these problems, there has been a drive to produce SPR-compatible 

films that are chemically and mechanically robust. One alternative is to use new materials; 

SPR has been demonstrated on highly conducting indium tin oxide (ITO) [1-6], titanium 

nitride [7], various metals [8, 9], and transition metal silicides [10]. Several other materials 

such as graphene are under consideration [9]. Another alternative is to use layers of other 

materials to mediate the undesired behavior. Layers underneath the SPR-active film can 

reduce the onset of island formation [11, 12], and layers above can improve the chemical and 

mechanical stability [13-22]. The latter approach will be discussed herein. 

2.1.1 Sandwich thin films 

The thin films used in this study can be described as “sandwich” films, with an ABA layer 

structure. For typical sandwich films described in the literature, A is an insulating or weakly 

conducting transparent metal oxide or similar compound, such as ZnO, In2O3, ZnS, SnO2, or 

TiO2. Doped variants, such as ITO, are also used. The B layer is metal, typically Ag, Al, Au, 

or Cu. Films like these were originally developed for heat-reflecting transparent window 

coatings [23-30], where they provide greater heat reflection than single films of conducting 

metal oxides and greater transparency than single films of metals [31]. Sandwich films have 

also seen widespread use as transparent electrodes for electronic devices [32-41], where they 

provide a much lower resistivity than can be achieved with conducting metal oxides alone, 

while maintaining comparable transparency. Similar structures are also used for plasmonic 

waveguides [42, 43]. 

Another advantage of using the sandwich layer structure is in the prevention of island 

formation. Most transition metals, when deposited on insulating substrates, form a 

discontinuous film with an island-like structure when the amount of deposited material is less 

than a critical value. On bare glass substrates, silver does not form a continuous film less than 
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approximately 25 nm thick, but if an AZO base layer is included, silver can form continuous 

films as thin as 10 nm [11]. This behavior can be interpreted as the wetting or non-wetting of 

the substrate surface by the metal. Greater wetting (a lower contact angle) means the metal 

film will transition from island-like to continuous at lower coverage, so that continuous films 

can be made thinner. As a result, there has been a considerable amount of research 

concerning the conditions that favor wetting. For a given metal, wetting is improved on less 

insulating substrates [44]. More specifically, as the substrate's band gap (Eg) decreases, 

plasma frequency increases, and high frequency dielectric constant (ε∞) increases, the work 

of adhesion increases and wetting improves, most likely due to increased charge transfer 

between the metal and the substrate [45, 46]. Thus, metal island formation is inhibited on the 

low band gap, moderately high dielectric constant ZnO (Eg=3.3 eV and ε∞=4.1) compared to, 

for example, SiO2 (Eg=8.9 eV and ε∞=2.4), α-Al2O3 (Eg=8.9 eV and ε∞=2.9), and MgO 

(Eg=7.8 eV and ε∞=2.95) [44, 45]. Island formation is expected to also be inhibited on doped 

ZnO (e.g. AZO, GZO) compared to pure ZnO, as the dopants increase the plasma frequency 

[47]. Note that transition metal seeding can also improve wetting [11, 44, 48, 49], without 

increasing the film transmissivity. 

To date we have not found any reports of an SPR study on sandwich films. However, 

there are multiple reports of SPR with a single overlayer. Bao et al. [13] reported SPR 

sensing on 55 nm Ag films with variable thickness ZnO overlayers. Other kinds of overlayers 

have also been used for SPR sensors, including a silicon-carbon alloy [14], ITO [15], 

amorphous carbon [16, 17], antimony-doped SnO2 [18, 19], and silicates [20-22]. In addition, 

the approach we have taken to extracting information from the SPR spectra by modeling 

appears to be unique. 

2.1.2 Surface plasmon resonance 

Surface plasmon resonance (SPR) is a phenomenon in which electrons oscillate at the 

interface between a conducting and a dielectric medium. When this oscillation is driven by 

electromagnetic radiation, an electromagnetic wave called the Surface Plasmon Polariton 

(SPP) is generated, which can be understood as an electromagnetic wave that has been 
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confined to the conducting surface, decaying exponentially into both of the surrounding 

media. The wavevector of the SPP is highly dependent on the electronic properties of the 

conductor used, and on the refractive index of the material close to the interface. Because of 

this, SPR has been used in numerous applications that detect a change in the index of 

refraction of one of the two materials. The most prominent example is the use of SPR for 

biosensing, in which binding of biomolecules to the surface causes a small change in the 

refractive index of the dielectric medium near the interface, which can be detected by a 

change in the reflectivity from the metal surface. Several review articles and book chapters 

have been published on this topic [50-53]. 

In this paper, we have used Kretschmann's geometry [54, 55], in which a thin conducting 

film is attached to a glass prism, and the light strikes the film through the prism. This 

configuration is well-suited for biosensing work, as it permits a relatively high-volume flow 

cell to be attached on top of the SPR-active conducting material. However, the goal of the 

current study was not to demonstrate biosensing capability, but to assess the optical and 

material effects of the sandwich thin film configuration. 

2.2 Materials and methods 

2.2.1 Film deposition 

Three-layer films of AZO, Ag, and AZO were deposited on glass microscope slides 

ultrasonically cleaned in acetone for 5 min. prior to use. To achieve high quality thin Ag 

films it is beneficial to employ a seed layer. ZnO is well known as an excellent seed layer to 

promote the growth of adherent, crystalline films of Ag [12]. AZO was chosen instead of 

undoped ZnO for this work to facilitate sputtering. The top layer of AZO was included as a 

preventative measure against agglomeration of the Ag films into islands when exposed to 

atmosphere. 

The AZO films were deposited from a 99.99% purity metallic Al:Zn target (4% atomic 

Al) and the Ag films from a 99.99% purity Ag targets. Prior to all depositions the chamber 

base pressure was below 1×10-6 mTorr using a cryogenic pump. All layers were deposited 

without any heating of the substrate, other than what is provided by the sputtering process. 
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The microscope slides were rotated to achieve improved uniformity with the magnetrons 

positioned 5" from the substrate platen. The AZO layers were deposited using a 2" 

magnetron by pulsed DC magnetron sputtering at 50 W at a frequency of 200 kHz and 

positive pulse time of 1.6 µs with 5 mTorr Ar and 0.40 mTorr O2.  Four point probe and Hall 

Effect testing found the AZO films to be highly resistive for the thicknesses employed in this 

testing.  The Ag films were deposited from a 3" magnetron with 150 W applied DC power at 

5 mTorr Ar. A shutter in front of the substrate allowed both targets to be presputtered for >2 

minutes prior to film deposition. The layer thicknesses were estimated based on a 

combination of deposition rate measured by QCM, total thickness measured by profilometry, 

and optical modeling of individual films in TFCalc. 

2.2.2 SPR analysis 

The films were analyzed via a Kretschmann geometry SPR setup in the near infrared. The 

film substrate was attached to a 60° triangular BK-7 glass prism (nD=1.517; n=1.506 at λ=1 

μm) using index matching fluid (nD=1.520, Cargille Laboratories Inc.). The prism/film 

assembly was mounted in a custom-built SPR unit (GWC Technologies, Inc.) attached to an 

FTIR spectrometer (Thermo Scientific). The light from the instrument was routed through a 

CaF2 beamsplitter, through a linear polarizer, reflected by the film in the Kretschmann 

configuration on a θ-2θ stage, and detected by an extended-range InGaAs detector. Angle of 

incidence and polarization were controlled manually. The instrument software collected 32 

scans at 32 cm-1 resolution within the spectral range 4200 cm-1 to 11000 cm-1 wavenumber 

(2.38 μm to 0.909 μm wavelength) at each angle of incidence. The spectra are presented on 

the left side of Figs. 2.1 and 2.2 as p-polarized reflectance divided by s-polarized reflectance 

(Rp/Rs). No other spectral processing or manipulation has been performed on the 

experimental spectra. 
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Figure 2.1: Experimental (left) and theoretical (right) FTIR-SPR spectra from 4200 

cm-1 to 11000 cm-1 (2.38 μm to 0.909 μm) for (A) the 23 nm AZO / 5 nm Ag / 23 nm 

AZO film, (B) the 23 nm AZO / 10 nm Ag / 23 nm AZO film, (C) the 23 nm AZO / 

11.2 nm Ag / 23nm AZO film, and (D) the 42.0 nm AZO / 13.9 nm Ag / 22.4 nm 

AZO film. The summary for all films is shown in Table 2.1. 
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Table 2.1: Summary of fitted parameters for the AZO/Ag/AZO films. 

AZO/Ag/AZO 

thicknesses (nm) 

±standard deviation ε∞ 

ωp (cm-

1) Г (cm-1) εAZO 

23 / 5.0 / 23 ±5.0% 15.46 78932 1647 1.758 

23 / 10.0 / 23 ±2.5% 23.44 87588 436.1 1.489 

23 / 11.2 / 23 ±2.3% 26.02 88563 482.1 1.672 

42.0 / 13.9 / 22.4 ±1.8% 20.87 80906 564.7 1.340 

21.9 / 15.8 / 48.5 ±1.6% 29.04 83699 453.8 1.953 

27.5 / 20.0 / 27.1 ±1.3% 23.06 77634 492.5 1.543 

23 / 30.0 / 23 ±1.0% 39.57 94524 626.5 1.957 

23 / 50.0 / 23 ±1.0% 45.23 100918 498.2 2.297 

Average: 27.84 86596 650.1 1.751 

Bulk Ag: 3.158 72053 390.6  

 

 

 

2.3 Modeling 

2.3.1 SPR spectra 

Computer simulations of the spectra were performed in Matlab, using a multilayer transfer-

matrix formalism [56, 57] for reflectance from a 5-layer model (Glass / AZO / Ag / AZO / 

Air). The model assumes the layers are homogeneous parallel planes, and that there are no 

magnetic effects. The glass refractive index, as a function of wavenumber, was taken from 

the Schott, Inc. website, and interpolated with a cubic spline. The air refractive index was 

simulated as constant 1.000. The silver dielectric function was initially taken to be that of the 

bulk material, but the modeling results were poor, so the spectra were re-modeled using a 

Drude dielectric function: 
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This dielectric function (Eq. 2.1) has three adjustable constants: ε∞, ωp, and Γ, which were 

treated as unknowns in the modeling program. Finally, the AZO dielectric function was 

treated as an unknown adjustable constant (εAZO), without an imaginary component. Using 

the Drude model for AZO did not improve the modeling results. The relevant constants (ε∞, 

ωp, Γ, and εAZO) were adjusted according to a simplex algorithm that sought to minimize the 

variance between the experimental and theoretical spectra (Figs. 2.1 and 2.2). The 

experimental spectra were baseline corrected before this process took place. 
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Figure 2.2: Experimental (left) and theoretical (right) FTIR-SPR spectra from 4200 

cm-1 to 11000 cm-1 (2.38 μm to 0.909 μm) for (A) the 21.5 nm AZO / 15.8 nm Ag / 

48.5 nm AZO film, (B) the 27.5 nm AZO / 20.0 nm Ag / 27.1 nm AZO film, (C) the 

23 nm AZO / 30 nm Ag / 23nm AZO film, and (D) the 23 nm AZO / 50 nm Ag / 23 

nm AZO film. The summary for all films is shown in Table 2.1. 
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2.3.2 Bulk silver 

For comparison, the values of ε∞, ωp, and Γ were obtained from a Drude model fit to the bulk 

silver dielectric function (Fig. 2.3). Several data sources were used: ATI: Acree Tech Inc. 

spectroscopic ellipsometry data; Sopra: Sopra S. A. database; Ordal: Ordal, et al. [58]; J&C: 

Johnson and Christy [59]. These dielectric functions and their fit are displayed in Fig. 2.3, 

and the results are also listed in Table 2.1. For the fitting procedure, the Drude dielectric 

function (Eq. 2.1) was split into its real and imaginary components, such that ε = ε1 + iε2: 
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The fitting procedure for the bulk silver dielectric function used the same simplex algorithm 

as for the SPR spectra, and sought to fit both the real (Eq. 2.2) and imaginary (Eq. 2.3) 

components simultaneously. To achieve this, the following value (Q, Eq. 2.4) was 

minimized, based on the coefficient of determination (R2, Eq. 2.5) of the two fits: 
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In Eq. 2.5, iy  are the experimental data points, ˆiy  are the modeled data points, and y  is the 

average of all iy . Note that this definition of R2 is technically only valid for linear regression, 

and we have used it here only to produce an acceptable fit to the data. To avoid bias toward 

the data sets with higher populations, the fitting was done independently for each data source, 

and the results were averaged. 
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Figure 2.3: Complex dielectric function (ε = ε1 + iε2) for bulk silver from 4000 to 

11290 cm-1 wavenumber (2.5 μm to 0.886 μm wavelength), from the following data 

sources: ATI: Acree Tech Inc.; Sopra: Sopra S. A. Database; Ordal: Ordal, et al.[58]; 

J&C: Johnson and Christy[59]. Model: Drude model fit, using the means across data 

sources of the parameters ε∞, ωp, and Γ given by the method in the text. The reported 

R2 values are the averages. SPR: Average result from SPR modeling (cf. Table 2.1). 

2.3.3 Sensitivities 

The sensitivities of these films to refractive index changes were estimated by theoretical 

modeling, in a similar fashion as Homola et al.[50]. Due to the low refractive index of the 

BK7 glass used (nD=1.518), and the limited angle range accessible by our instrument, it is not 

possible to study the sensitivity directly on these films. Using the material constants obtained 

by fitting (Table 2.1), three of the sandwich films, corresponding to 10nm, 20nm, and 50nm 

Ag, were modeled on Schott SF10 glass (nD=1.728) in water. A 20nm silver film was also 

modeled without AZO layers. The dispersion of the water was taken into account by 

interpolating the complex dielectric function [60]. Modes analyzed included both angle 
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interrogation (with wavenumber fixed at 7600 cm-1), and wavenumber and wavelength 

interrogation (with angle fixed at 52.4°). The results are shown in Table 2.2. 

Table 2.2: Estimated sensitivities of the films to refractive index changes. Sensitivities expressed 

in units per refractive index unit (RIU): Sθ: angle interrogation, Sν: wavenumber interrogation, 

Sλ: wavelength interrogation. 

Film Sθ 

(degrees/RIU) 

Sν (cm-1/RIU) Sλ (μm/RIU) 

10 nm Ag 

Sandwich 

57.6553 -46325.3 12.040 

20 nm Ag 

Sandwich 

54.2281 -77312.8 13.359 

50 nm Ag 

Sandwich 

54.6001 -115443.8 14.276 

20 nm Plain Ag 58.0800 -118088.9 20.552 

 

 

 

2.4 Transmission 

Optical transmission spectra of the films were collected between wavelengths of 190 nm and 

1100 nm, by placing the films in a homemade sample holder placed in the beam of the 

spectrometer. The glass was not transparent below approximately 260 nm. The results are 

shown in Fig. 2.4. 
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Figure 2.4: UV-vis transmission spectra of the AZO/Ag/AZO films. 

2.5 Results 

The results from the FTIR-SPR measurements are shown alongside the results from the 

modeling in Figs. 2.1 and 2.2. In all but the 5 nm film, the spectral minima have strong angle 

dependence, which is characteristic of a typical SPR response in the film system. It is easy to 

show that this SPR response is due to the silver layer by modeling using a three-layer system 

omitting the AZO layers (Glass / Ag / Air), and using the bulk dielectric function for Ag. 

Such models do show some spectral features, and appear somewhat similar to the theoretical 

results for the five-layer model shown in Figs. 2.1 and 2.2, although the precise locations and 

intensities of the resonances do not match. In contrast, similar features are not seen for AZO 

alone, by any reasonable estimation of its properties. The five-layer theoretical model 

appears to accurately predict most of the spectral features for the films with Ag thickness 

greater than 5 nm. However, the experimental spectra have a curved background, with higher 

Rp/Rs at larger wavenumbers, that is not predicted by the model. This effect is possibly due to 

scattering losses in Rs from film roughness. The model assumes the films are perfectly 

smooth, and does not estimate scattering. In addition, plain BK7 glass in the absence of any 

film does not show this effect, indicating that the effect is not an instrumental artifact. To 

correct for this, the curved background was subtracted from the experimental results before 

calculating the goodness of fit. 

46 



 

The effects of changing the thickness of the Ag layer are readily apparent. For the 5 nm 

Ag film (Fig. 2.1(A)), no SPR features are present at any angle accessible by the instrument, 

and the spectra display a larger intensity variation than is observed for the other films. These 

effects are similar to what is observed in the SPR spectra of layer-by-layer deposited films of 

silver and gold nanoparticles on glass, when the density of the nanoparticles is not high, and 

is possibly indicative that the film is not electrically contiguous. As the Ag films are made 

thicker (Figs. 2.1 and 2.2), the SPR responses gain intensity, the peak widths narrow, and the 

sensitivity to angle of incidence increases. These effects are consistent with theory. Finally, 

when the Ag film is thicker than 30 nm (Fig. 2.2(C) and 2.2(D)), the SPR responses lose 

intensity due to damping. By 70 nm Ag, no spectral features are evident (not shown). 

The modeling results indicate that the values of ε∞, ωp, and Γ are significantly higher than 

for bulk silver for all films (Table 2.1 and Fig. 2.3). The experimental-theoretical match is 

good. In contrast, modeling using the bulk dielectric function of Ag produces poor results. In 

addition, the dispersion of the glass has also been accounted for, and the dielectric function 

of the AZO has been allowed to vary from film to film. Therefore, we believe that these 

values are the result of a real effect in the film, and are not simply due to a neglected aspect 

of the modeling. 

The estimations of sensitivity to changes in refractive index are shown in Table 2.2. 

Although the silver layer thickness plays a role in the sensitivity by wavenumber and 

wavelength interrogation, it is clear from the results that the plain silver film has the highest 

sensitivity for all interrogation modes. Although only three sandwich films were modeled, 

the sensitivities of the other sandwich films are expected to be comparable. Note that due to 

the water dispersion, the wavenumber and wavelength interrogation mode sensitivities are 

nonlinear with refractive index. 

The transmission spectra are presented in Fig. 2.4. As the silver layer thickness increases, 

the films become less transparent. For all but the 5 nm Ag film, the films show a maximum 

transmittance intensity between 360 and 500 nm, which blue-shifts as the thickness of the 

film increases. Also in these films, the transmittance decreases uniformly at wavelengths 

higher than 500 nm, due to increased reflection. In contrast, the 5 nm film transmittance 

47 



 

remains between 60 and 80% for all wavelengths higher than 500 nm, which is most likely 

an indication that the film is discontinuous and does not support planar SPR. For all films, 

the minima seen at approximately 265 nm (270 nm for 5 nm Ag) are most likely attributable 

to silver inter-band transitions. 

2.6 Discussion 

It is clear from the results that the optical properties of the silver are substantially different 

than bulk silver when in the sandwich configuration. While the higher damping constant is 

expected, the higher plasma frequency and high-frequency dielectric constant seem to 

contradict initial expectations; we would expect these values to be slightly lower, rather than 

higher, due to the inevitable imperfections of the deposition process. As explained below, 

one possible cause of the higher plasma frequency is the Schottky effect. If this is true, it 

could be a facile way to systematically engineer the plasma frequency in other SPR devices. 

First, the plasma frequencies of the films were observed to be higher than that of bulk 

silver. One possible explanation is that there is charge transfer from the surrounding AZO to 

the Ag layer (a band-bending or Schottky effect). This effect is related to the difference in 

work functions of the two materials, and would likely be small because the work functions of 

Ag and AZO are similar (4.14-4.46 eV for Ag, depending on crystal orientation, and 3.7-4.62 

eV for AZO, depending on doping) [61-63]. Unfortunately, there is not enough information 

to discern the magnitude of the charge transfer; even if work functions are chosen arbitrarily, 

the width of the transition region and the charge carrier density in the AZO must be known to 

discern the amount of additional electron density in the silver layer [64]. Additional 

experiments will need to be conducted to determine these parameters. 

Second, the damping constant (Γ) was also observed to be higher than that of bulk silver. 

This can be explained in terms of lower electron mobility (μ), to which Γ shares an inverse 

relationship: 

 e
m

  (2.6) 
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Here, m is the charge carrier effective mass, e is the elementary charge constant, and μ is the 

mobility. Note that the mobility is frequency dependent in visible frequencies. In turn, the 

low mobility can be explained by the silver having a finite grain size, which introduces grain 

boundaries that reduce the electron mean free path. This explanation is in itself not 

particularly remarkable, as grain boundaries are expected in a sputtered polycrystalline film. 

However, note that Γ increases dramatically for the 5 nm silver film, which could be 

indicative of islanding or a similar kind of discontinuity. In addition, Γ should theoretically 

decrease with the thickness of the Ag layer [65], which is not seen in our results. This 

inconsistency is yet to be explained. The damping constant may also be artificially higher 

due to beam divergence in the instrument, causing a slight spread in the incident angles. This 

effect has not been accounted for in the modeling. The fact that Γ remains relatively constant 

for films as thin as 10 nm supports that the films are continuous down to 10 nm, which is a 

direct consequence of the sandwich stack. 

Third, the high-frequency dielectric constant (ε∞) was also observed to be higher than that 

of bulk silver. The cause of this is currently unknown. Its effect on the Drude dielectric 

function is simple: it is an additive scaling term for the real part (ε1). Essentially, the higher 

plasma frequency causes ε1 to diverge significantly from the bulk value at lower frequencies, 

while the higher ε∞ brings ε1 closer to the bulk value at higher frequencies (Fig. 2.3). This 

could potentially indicate that the effect causing the higher plasma frequency is frequency-

dependent. 

In the modeling, the AZO dielectric function was modeled as constant, with no dispersion. 

Substituting a dispersive dielectric function (the Drude model, Eq. 2.1) did not improve the 

modeling results. However, if the AZO is made more conductive in the future, it may be 

necessary to use a conductive dielectric function model. 

The lower sensitivity of the sandwich films compared to plain silver (Table 2.2) can be 

understood as a consequence of the top AZO layer, which acts as a barrier, preventing the 

analyte from reaching the most sensitive region closest to the metal. This same barrier is 

anticipated to provide better chemical and mechanical stability to the films, though proving 

this will require additional experiments. 
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The observations of onset of a SPR response as a function of film thickness is predicted 

theoretically, but there have been limited means to study this effect experimentally. We 

recently demonstrated a similar effect for ITO thin films.[3] In the case of ITO the skin 

depth, which lies between 100 and 150 nm at wavenumbers less than 7,000 cm-1, is much 

greater than Ag, which has a skin depth of 23 nm between 6,000 and 12,000 cm-1. The skin 

depth correlates roughly to the thickness, which gives the onset of the SPR.  The SPR as a 

function of thickness is observed at ca. 120 nm for ITO [3]. Here, we can predict that the 

onset of SPR will be less than 10 nm for Ag. In both conducting materials a similar decrease 

in the SPR effect is also observed as the film thickness increased above twice the skin depth 

of the film.  The maximum effect is observed when the film thickness is approximately 25% 

greater than the skin depth. One of the significant differences between Ag and ITO is 

observed in the very thin films.  In ITO we have observed the equivalent of the localized 

surface Plasmon resonance (LSPR), which we have called the capacitive Plasmon resonance 

to indicate that charge separation is normal to the film.  This is observed at ca. 8900 cm-1 in 

highly conductive ITO.  Since the SPP of Ag is much higher and is outside of the spectral 

window of observation, no such effect is observed in ultrathin Ag films, in which the film 

thickness is significantly less than the skin depth. 

In conclusion, using non-conductive AZO layers to prevent islanding of an SPR-active 

silver layer in a sandwich configuration seems to be a viable method of fabricating a robust 

and transparent SPR device, but there are still experiments that need to be performed. First, 

the sandwich configuration could potentially offer a previously unrealized method of 

controlling the observed plasma frequency and high-frequency dielectric constant, and thus 

the SPR responses, of the silver layers. Characterizing the dependence of these properties as 

a function of AZO thicknesses, doping levels, and deposition parameters is a high priority. 

Second, we are interested in functionalization of the AZO in order to construct a device. In 

principle, functionalization could be easily performed with thiols, which are known to form 

high-quality self-assembled monolayers on AZO.[66] Third, in order to use a device in an 

aqueous environment with the current angle range of our instrument, it is necessary to 

deposit the film system on a material with a higher index of refraction. Lastly, it remains to 
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be determined whether the films are resistant to tarnishing, oxidation, corrosion, and 

scratching. Initial results are promising, but will require a long-term study compared to a 

control. 

2.7 Conclusions 

The films produced here are continuous down to 10 nm thickness of Ag. In contrast, films of 

silver on plain glass show islanding up to approximately 20-25 nm thickness. The 

surrounding AZO layers are able to inhibit islanding. 

The modeling process, using a five-layer transfer-matrix method in conjunction with a 

simplex algorithm, was able to extract the dielectric function of the silver layers. This process 

could be applied to other SPR-active materials, which would allow us to more accurately 

estimate the effects of thin-film deposition. 

In the ultra-thin Ag films studied using FT-SPR, the plasma frequency of the silver layer 

was demonstrably higher than its bulk value. If this can be shown to be due to the Schottky 

effect, it opens a technological door: film systems could be deliberately engineered to utilize 

this effect for SPR work. 
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3. Reassessment of data: Infrared surface plasmon 

resonance of AZO-Ag-AZO sandwich thin films 

3.1 Introduction 

When fitting SPR spectra, one must exercise caution in the interpretation of the results. There 

are many variables that must be accounted for, some of which can have very large effects on 

the spectra: the incident angles, the refractive indices of the glass and ambient environment, 

the film thicknesses, and the film dielectric functions, which may contain additional variables 

depending on the model used. Many of these variables are co-variant, meaning that they have 

similar effects on the modeled results, and thus there can be multiple sets of values that 

produce similar spectra. 

In the recently published article “Infrared surface plasmon resonance of AZO-Ag-AZO 

sandwich thin films,” [1] the modeling results suggested that the plasma frequency of the 

silver was significantly higher than the bulk value. Since plasma frequency is proportional to 

the square root of the charge carrier density, and the ZnO/Ag interface is known to form a 

Schottky barrier [2, 3], it was suggested that a charge transfer mechanism was responsible for 

the abnormally high plasma frequencies. When the work was performed, there were several 

modeling variables that were assumed to be known: The incident angles, which were taken 

from previous experiments, and the film thicknesses, which were reported to be known via an 

in-situ quartz crystal microbalance. In addition, the AZO dielectric function was taken to be 

constant. Since then, new information has been revealed, and it is necessary to assess 

whether or not our original conclusions are still valid. 

3.2 Experiment 

The film thicknesses were analyzed by X-ray reflectivity (XRR), producing some 

discrepancies between the previously reported AZO thicknesses and the ones obtained via 

XRR. For the XRR measurement, the films were scanned over θ-2θ, producing a complex 

interference pattern in the reflected intensity. The results were then fitted to a multilayer 
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transfer-matrix model. Assuming known sample composition, X-ray wavelength, and 

incident angles, the film thicknesses were extracted. The results of this procedure are 

displayed in Table 3.1, along with the previously reported thicknesses. In all of the new 

fitting attempts in this report, the new thicknesses from XRR have been used. Note that the 

XRR data was collected approximately two years after the films were initially fabricated. 

While AZO and Ag are known to both be slightly unstable in air, the films were stored in a 

desiccator and do not appear to have significantly altered optical properties. 

The fitting method was conducted in Matlab. To model the SPR spectra, the multilayer 

transfer-matrix method was used. For fitting the theoretical curves to the experimental data, a 

simplex algorithm was used to adjust the fitting parameters to attempt to minimize a 

combined sum of squares error (SSE), which was simply the sum of the SSE from each angle 

measured. The experimental data were background corrected before calculating the SSE. 

Because the fitting process is time-intensive, film G was chosen as a model film in order to 

compare the results of the different fitting parameters. 
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Table 3.1: Film thicknesses for the AZO-Ag-AZO sandwich thin films, as originally reported, 

and as measured by XRR. 

Film ID Previous Thicknesses 

AZO/Ag/AZO (nm) 

XRR Thicknesses 

AZO/Ag/AZO (nm) 

A 23 / 5 / 23 19.3 / 5.8 / 19.1 

B 23 / 10 / 23 16.4 / 10.0 / 17.4 

C 23 / 11.2 / 23 24.7 / 12.1 / 20.2 

D 42 / 13.9 / 22.4 17.7 / 14.0 / 32.5 

E 21.9 / 15.8 / 48.5 18.1 / 16.6 / 45.3 

F 27.5 / 20 / 27.1 22.5 / 20.1 / 26.7 

G 23 / 30 / 23 50.5 / 31.1 / 21.6 

H 23 / 50 / 23 58.7 / 52.3 / 23.0 

 

 

 

Several sets of fitting parameters were defined. In all cases, the film thicknesses were 

assumed to be those from the XRR experiment, and the dielectric function of air was 

assumed to be constant 1.000569. The BK-7 glass refractive index was assumed to be exactly 

as reported on the Esco, Inc. website [4], and was cubic spline interpolated. With these 

parameters set, there remain the AZO dielectric function, the silver dielectric function, and 

the angles of incidence to consider. 

The AZO dielectric function was allowed to vary one of several ways: according to the 

Drude model, set as bulk ZnO, or taken as scalar value. In the Drude model, there are a 

minimum of three variables to account for: ε∞, ωp, and Γ. Note that in the limit of ωp 

approaching zero, the Drude model is equivalent to the scalar-valued dielectric function ε∞, 

and thus fitting the scalar value is only useful for convenience, as it reduces the time required 

for optimization. Conduction electrons in AZO are generated primarily by two sources: 

oxygen vacancies, and aluminum substitutions. In these films, the AZO most likely has few 

oxygen vacancies, as it was deposited in oxygen in order to make the layers relatively non-
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conductive. However, the aluminum is still present, and thus it is still reasonable to expect a 

small amount of conductivity for the AZO, especially at low frequencies. Therefore, as with 

most conductors, the AZO layers may be modeled using a Drude dielectric function.  

The bulk ZnO dielectric function, which is the square of the refractive index, was 

measured in this frequency range by Bond et al. in 1965 [5]. Although ZnO is birefringent, 

our films are not expected to have a preferred orientation relative to the incident light, so an 

average was taken of the ordinary and extraordinary dielectric functions. The average bulk 

ZnO dielectric function is then linear, with an equation of ε1 = 1.93×10-5 ω (/cm-1) + 3.62. 

The silver layer dielectric function may also either be allowed to vary according to the 

Drude model or taken to be that of bulk silver. At these frequencies, bulk silver fits the Drude 

model very well, with constants ε∞=2.65, ωp=70619 cm-1, and Γ=399 cm-1. These values 

were previously obtained by a nonlinear regression fit of multiple sets of data, fitting both the 

real and imaginary components simultaneously, and then averaging across the data sets [1]. 

Finally, we consider the possibility that the angles reported in the article might be slightly 

inaccurate. The values were reported as the internal angles inside the BK-7 prism, and are the 

values that we have been reporting for several years. However, most of our previous work 

focused on conducting metal oxides like ITO, which are significantly less conductive than 

the silver sandwiches, and thus less sensitive to incident angle, requiring less precision. 

Moreover, angle calibration on an SPR device can be difficult, due to the custom nature of 

many of the instruments, and the high level of precision required. One option is to calibrate it 

with a standard, a sample of known composition and thickness, usually pure evaporated or 

sputtered gold on SF-10 or BK-7 glass. The results are then fit to the theoretical reflectance 

model, using the bulk values for the metal. This was attempted on our instruments with 

several samples: a standard 40 nm gold sample on SF-10, a 20 nm silver sample on BK-7, 

and a 50 nm silver sample on BK-7. However, the results were unpredictable and did not 

produce a good fit to any theoretical model for all three films. As a possible recourse, we 

may perform the angle calibration on our AZO/Ag/AZO sandwich films, and compare the 

consistency of the results for the entire film set. 
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3.3 Results 

3.3.1 Method 1: Drude AZO, bulk Ag 

In the previously published fitting procedure, the possibility that AZO was slightly 

conductive was considered by modeling the AZO layers with a Drude dielectric function. 

This method did not produce substantially better fits to the experimental spectra versus using 

a constant dielectric function (the limit of ωp=0), and thus was ruled out. We attempt it here 

again due to the adjusted thicknesses, using film G as a model case. 

Using literature value of m*=0.27me [3] and estimate of μ=10 cm2V-1s-1 (via Hall Effect 

on other AZO films), the damping (Γ=e/m*μ) can be set to 3457.7 cm-1. Then, the fitting 

process may be limited to only the AZO ε∞ and ωp. The values for ε∞ and ωp are expected to 

be highly covariant, as an increase in ε∞ causes ε1 to increase, while an increase in ωp causes 

ε1 to decrease. 

As can be seen in Fig. 3.1, the fitting parameters are highly covariant, as expected. The 

minimum is located at (ε∞=1.7859, ωp=2774.6 cm-1), with a sum squared error of 86.2. These 

values generate the SPR spectrum seen in Fig. 3.2, which is shown alongside the 

background-corrected experimental spectrum for comparison. 
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Figure 3.1: Contour map of sum squared error for film G, as a function of AZO 

Drude model parameters plasma frequency (ωp) and high-frequency dielectric 

constant (ε∞), using constrained value for the damping (Γ=3457.7 cm-1) and using the 

bulk silver dielectric function. The minimum of 86.2 is located at (ε∞=1.7859, 

ωp=2774.6 cm-1). 
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Figure 3.2: Left: The background-corrected experimental FT-SPR spectrum for film 

G. Right: Resulting theoretical FT-SPR spectrum at the SSE minimum of the AZO 

Drude model parameter space in Fig. 3.1 (ε∞=1.7859, ωp=2774.6 cm-1 Γ=3457.7 cm-

1), using the bulk silver dielectric function. 

3.3.2 Method 2: Bulk ZnO, bulk Ag 

The SPR spectra may also be modeled using the bulk dielectric function of ZnO. With the 

film thicknesses and angles set to their known values, and using the bulk silver dielectric 

function, there are then no adjustable parameters to fit, and only one SPR spectrum is 

possible, seen in Fig. 3.3, which is shown alongside the background-corrected experimental 

spectrum for comparison. The sum squared error by this method is 281.1. 
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Figure 3.3: Left: The background-corrected experimental FT-SPR spectrum for film 

G. Right: Resulting theoretical FT-SPR spectrum using the bulk silver dielectric 

function and the bulk ZnO dielectric function. With the angles fixed at their 

previously reported values, there are no parameters to optimize, and only one SPR 

spectrum is possible. The sum squared error by this method is 281.1. 

3.3.3 Method 3: Constant AZO, Drude Ag 

The spectra were then refit in the same manner as the original publication. The silver 

dielectric function was allowed to vary according to the Drude model, while the AZO 

dielectric function was set as a constant. In this manner there are four fitting parameters that 

must be simultaneously optimized: for silver, ε∞, ωp, and Γ, and for AZO, εAZO. The 

optimized values for film G are then (ε∞=32.90, ωp=9.386×104 cm-1, Γ=600 cm-1, and 

εAZO=2.360), with an SSE of 8.123. The SPR spectrum that results from these values is 

shown in Fig. 3.4 next to the background-corrected experimental spectrum. 
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Figure 3.4: Left: The background-corrected experimental FT-SPR spectrum for film 

G. Right: Resulting theoretical FT-SPR spectrum, returning to the original fitting 

method. The silver Drude model parameters (ε∞, ωp, and Γ) were allowed to vary 

freely, as was the AZO scalar dielectric function (εAZO). The SSE minimum in the 

four-dimensional parameter space is then 8.123, at (ε∞=32.90, ωp=9.386×104 cm-1, 

Γ=600 cm-1, and εAZO=2.360). 

3.3.4 Method 4: Free angles 

One possibility that has not yet been investigated is that the angles of incidence are 

incorrectly reported. Slight changes of angle are capable of producing extremely large 

changes in an SPR spectrum. Assuming that the relationship between the spectrometer’s 

micrometer position and the external angle is linear (i.e. the spacing between the angles is 

constant), there are only two parameters that must be adjusted: the starting angle (θstart), and 

the increment (θincr). The sum squared error (SSE) were plotted as a contour map vs. the 

fitting parameters in Fig. 3.5. There is one minimum, which is located at (θstart = 31.65°, θincr 

= 0.67°), with an SSE of 5.09. The SPR spectrum produced at this minimum is shown in Fig. 

3.6 next to the background-corrected experimental spectrum. 
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Figure 3.5: Contour map of the SSE for fitting film G in the angle space, with the 

starting angle on the x-axis and the angle increment on the y-axis. The minimum SSE 

of 5.09 is located at (θstart = 31.65°, θincr = 0.67°), which produces the SPR spectrum 

seen on the right side of Fig. 3.6. 

 

Figure 3.6: Left: The background-corrected experimental FT-SPR spectrum for film 

G. Right: Resulting theoretical FT-SPR spectrum, allowing angles of incidence to 

vary freely. The best fit is obtained by the parameters (θstart = 31.65°, θincr = 0.67°), 

and produces an SSE of 5.09. 
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3.4 Discussion 

We can quantitatively compare the different fitting methods using the sum squared errors 

(SSE), because all fits were performed on the same film G and the method of calculating the 

SSE was identical for all the fitting methods. The SSEs for the various fitting methods are 

shown in Table 3.2. We can identify two methods that produce a good fit to the experimental 

data: Method 3, which was permitting the Ag Drude parameters to vary, with AZO dielectric 

function as a varying scalar, and Method 4, which was allowing the angles to vary while 

keeping the materials parameters at their bulk values. 

Table 3.2: Comparison of fitting results, using the sum squared error, for each fitting method 

described. 

Method Name Description SSE Results 

Method 1 Drude AZO, Bulk Ag 86.2 Poor fit 

Method 2 Bulk ZnO, Bulk Ag 281.1 Poor fit 

Method 3 Constant AZO, Drude Ag 8.123 Good fit, similar 
results as original 

Method 4 Free Angles, Bulk ZnO, Bulk 
Ag 

5.09 Good fit, new angles 
similar to physically 
measured 

 

 

 

Method 3 is identical to the method used in the original paper, and produces similar 

results. In the original paper, the values produced by this method are (ε∞=39.57, 

ωp=9.452×104 cm-1, Γ=626 cm-1, and εAZO=1.957), and the new values are (ε∞=32.90, 

ωp=9.386×104 cm-1, Γ=600 cm-1, and εAZO=2.360). In both cases, the silver, ε∞, ωp, and Γ are 

all significantly higher than the values of bulk silver, and εAZO is lower than bulk ZnO. As 

before, this suggests that the materials have altered properties compared to the bulk, and that 

the silver is somehow gaining a significant amount of free electron density [1]. 
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Method 4 also produced an acceptable fit to the data, by allowing the angles to vary while 

holding the materials parameters at their bulk values. From a modeling perspective, this 

method is unconventional, since the SPR response is so highly angle dependent that many 

SPR spectra may be incorrectly “fit” by freely adjusting the angles without constraints. 

Because of this limitation, it is important to ensure that the fitting results are within a few 

fractions of a degree of the expected values. Working backwards from the previously 

reported internal angles, we may extract the external angles using Snell’s law, the known 

prism geometry, and the known prism refractive index at 6000 cm-1, which is the 

approximate center point of the surface plasmon polariton responses at these angles in ITO, 

the material used to produce the original values. We may also compare these angles to ones 

physically measured on the instrument. The external angles by all three methods are reported 

in Table 3.3. The fitting results are within a few tenths of a degree of the physically measured 

angle, and can therefore be considered acceptable. 

These two fitting methods therefore both produce acceptable results. Comparing the 

spectra of Fig. 3.4 to Fig. 3.6, it is clear that Method 3 produces a more accurate 

approximation of the resonance intensities, while Method 4 produces a more accurate 

approximation of the resonance frequencies. 

The plausibilities of these results are more difficult to assess, however. The results of 

Method 3 indicate that the silver has dramatically altered optical properties compared to bulk 

silver, and more specifically that it has a higher plasma frequency, high-frequency dielectric 

constant, and damping constant than bulk silver. As in [1], this could potentially be attributed 

to a Schottky effect charge transfer from the AZO into the silver. It is known that AZO and 

silver form a Schottky barrier [2, 3], but it is not precedented for this effect to have an effect 

on the optical properties of the layers. On the other hand, from Method 4, the calculated 

angles are not very different from either the physically measured angles or the angles back-

calculated via Snell’s law, which is significantly more plausible.  
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Table 3.3: Comparison of angles measured on the instrument, back-calculated using Snell’s 

law, and the fitting results from the free angle calculation. The fitting results are close to both 

the physically measured angle and the Snell angle, and thus can be considered acceptable. 

Stage Index Measured 

Angle (deg.) 

Snell Angle 

(deg.) 

Fitting Results, 

Film G (deg.) 

2.00 33.22 31.27 31.65 

2.25 33.83 31.84 32.32 

2.50 34.45 32.40 32.99 

2.75 35.06 32.96 33.66 

3.00 35.67 33.52 34.33 

3.25 36.29 34.08 35.00 

3.50 36.90 34.64 35.67 

3.75 37.51 35.20 36.34 

4.00 38.13 35.75 37.01 

4.25 38.74 36.30 37.68 

4.50 39.35 36.85 38.35 

4.75 39.97 37.40 39.02 

5.00 40.58 37.95 39.69 

5.25 41.19 38.50 40.36 

5.50 41.81 39.05 41.03 

5.75 42.42 39.59 41.70 

6.00 43.03 40.14 42.37 

6.25 43.65 40.68 43.04 

6.50 44.26 41.22 43.71 

6.75 44.87 41.76 44.38 

7.00 45.49 42.30 45.05 

7.25 46.10 42.84 45.72 

7.50 46.71 43.38 46.39 

7.75 47.33 43.91 47.06 

72 



 

Table 3.3 Continued 

8.00 47.94 44.45 47.73 

8.25 48.55 44.99 48.40 

8.50 49.17 45.52 49.07 

8.75 49.78 46.06 49.75 

9.00 50.39 46.59 50.42 

9.25 51.01 47.12 51.09 

9.50 51.62 47.65 51.76 

 

 

 

3.5 Conclusions 

With the new film thicknesses from XRR, the infrared FT-SPR spectrum of a model film, 

Film G, were re-fitted using a variety of techniques. The sum squared error between the 

experimental and theoretical spectra indicated that two of these techniques were superior: 1) 

Allowing the silver dielectric function to vary freely according to the Drude model, and 2) 

allowing the angles of incidence to vary freely while holding the dielectric functions at their 

bulk values. The first of these produced similar results to the initial results reported in [1], 

with the silver layer having higher plasma frequency, high-frequency dielectric function, and 

damping constant than bulk. The second of these produced angles that were comparable to 

both the physically measured angles and the previously reported angles. 

Although both of these modeling techniques produced an acceptable fit, it is more 

plausible that the angles of the instrument are slightly miscalibrated than that the silver layer 

is gaining enough electron density to change its optical properties. This conclusion, if true, 

will invalidate the conclusion of the previous paper that the silver is gaining free electron 

density from a charge transfer effect. To test this, we can scan the films on other FT-SPR 

instruments, and we can scan additional angle calibration standards in the existing 

instrument. 
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4. Trilayer AZO-Ag-AZO films for SPR deposited by 

PLD: Influence of AZO conductivity 

Abstract:  Trilayer films of aluminum-doped zinc oxide (AZO) / Ag / AZO 

were fabricated on calcium fluoride and BK-7 glass substrates using pulsed 

laser deposition (PLD). The films were analyzed via surface plasmon 

resonance (SPR) spectroscopy in two separate instruments with similar 

results. The AZO layers were fabricated with varying Al doping 

concentrations and in varying oxygen environments, which allowed control of 

the AZO plasma frequency. This allowed the AZO plasmonic quasi-bound 

mode (QBM) to be observed over a range of frequencies. The AZO plasma 

frequencies and damping frequencies were obtained from the theoretical 

spectra and were used to calculate the AZO resistivities, which were the same 

order of magnitude as the resistivities measured via four-point probe on pure 

AZO films. The highly angle-dependent silver surface plasmon polariton 

(SPP) mode was also observed, and was compared qualitatively to the 

theoretical models. For most films, the experimental-theoretical match was 

good, but could be significantly improved by minor adjustments to film 

thicknesses. Deposition rates from stylus profilometry had a high standard 

deviation, which gives validity to these adjustments. However, SPP results for 

two films were highly inconsistent with the theoretical models, even with 

extreme thickness adjustments. This indicated that additional confounding 

effects may be present, possibly from experimental variations in the film 

fabrication procedures.  

4.1 Introduction 

Silver and gold are well known as SPR-active materials and have been used for this purpose 

for as long as SPR has been known to exist. There are good reasons for using these materials: 

Their plasma frequencies are in the right range to observe plasmonic effects in the visible 
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spectral range, with sharp, intense peaks. They have mature functionalization chemistries for 

the construction of biosensors. The frequency of the SPP absorption is very highly angle 

sensitive compared to less conductive materials like the transparent conducting oxides 

indium tin oxide (ITO) and aluminum zinc oxide (AZO). In addition, gold is chemically 

inert, reacting only with very strong acids. 

However, there are a number of disadvantages of silver and gold. Both scratch easily, 

which limits the durability of SPR devices. Silver will tarnish and oxidize over time. Both 

have the tendency to form islands rather than a continuous film for ultrathin films less than 

approximately 20 nm thick. Unlike the transparent conducting oxides ITO and AZO, they are 

opaque. In addition, the bare films are somewhat less suitable for work in the infrared than 

the visible, because in order to obtain maximum SPR intensity in the near-IR, the films must 

be made thinner (30-35 nm) compared to the films used in the visible (50-60 nm). This 

broadens the plasmonic absorption dramatically. Lastly, gold and silver are not normally 

considered plasmonically tunable in the sense that AZO and ITO are considered tunable by 

simply controlling the oxygen and doping chemistry [1-3]. Instead, more sophisticated 

methods such as alloying [4] or the construction of nanoparticle composites [5] must be used 

to modify the plasmonic response of these noble metals. 

Every single one of these disadvantages can be mediated by surrounding the metal film 

with layers of other materials. For silver-based devices, the improved chemical and 

mechanical stability has been demonstrated for a number of overlayer materials [6-8], and is 

a very active area of research in the SPR community. In addition, SPR biosensor device 

sensitivity can be increased for angle interrogation modes when a dielectric overlayer is used, 

compared to a plain metallic film [6]. The islanding of deposited metal films is also reduced 

by using semiconductors or weak conductors like ZnO for adhesion and capping layers [9-

11]. Device transparency can be improved relative to plain silver or gold, by making a 

symmetric sandwich stacking, which creates an interference effect known as induced 

transmission [12-14] that has been used for many years for heat-reflective windows and 

transparent electrodes (cf. references 23-41 in the work reproduced in section 2.3 [15]). 
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Lastly, it can be demonstrated that the surrounding films can be used to modulate the SPR 

response. In Figs. 4.1, and 4.2, the SPR reflectances (Rp/Rs) have been theoretically modeled 

using the multilayer transfer matrix method, for a bare 30 nm silver film (left) and a 20 nm 

ZnO / 30 nm Ag / 20 nm ZnO multilayer film (right). In Fig. 4.1 the films are on calcium 

fluoride in water, using a 60° calcium fluoride prism, and in Fig. 4.2 the films are on BK-7 

glass in air, using a 60° BK-7 prism.  
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Figure 4.1: Theoretical SPR reflectance (Rp/Rs) showing the difference between a 

bare 30 nm silver film (left) and a 20 nm ZnO / 30 nm Ag / 20 nm ZnO film (right). 

Both films were modeled on calcium fluoride in water, using a 60° calcium fluoride 

prism. 

 

Figure 4.2: Theoretical SPR reflectance (Rp/Rs), as in Fig. 2.1 except on glass and in 

air, showing the difference between a bare 30 nm silver film (left) and a 20 nm ZnO / 

30 nm Ag / 20 nm ZnO film (right). Both films were modeled on BK-7 glass in air, 

using a 60° BK-7 glass prism. The “doubling” of the resonances is due to the glass 

dispersion, which causes the light’s wavevector to interact with the SPP wavevector 

at multiple frequencies. 
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The results are readily apparent: Surrounding the silver with ZnO causes a large shift in 

the frequencies of the resonances. This is an inherent effect caused mainly by the presence of 

the ZnO top layer, and is not caused by a change in the properties of the layers themselves, as 

the bulk dielectric functions have been used for all the layers. It can be described as the 

change in the surface plasmon polariton wavevector (kspp) arising from change in the 

dielectric function of the ambient medium at the SPR-active interface (εA), in the same 

manner that SPR biosensors operate. The relationship between kspp and εA is given in Eq. 

(4.1), where εB is the complex dielectric function of the conductor. The ZnO has a 

significantly higher dielectric function εA than either the water in Fig. 4.1 or the air in Fig. 

4.2, which shifts kspp and thus the resonances. The difference is greater in going from air to 

ZnO than from water to ZnO, and so the shifts in Fig. 4.2 are greater than in Fig. 4.1.  

 A B
SPP

A B

k
c

 
 




  (4.1) 

This simple explanation is only partially accurate, however, because there is a dependence 

on the thicknesses of the ZnO layers. The multilayer reflection model, introduced in section 

1.2.2 of this work, must be used to account for these effects. From the theoretical model, we 

can predict that the bottom layer thickness has very little effect on the SPR spectra until the 

thickness approaches the wavelength of the light, at which point interference effects begin to 

appear (Fig. 4.3A). In comparison, the top ZnO layer thickness has a much greater effect on 

the SPR spectra (Fig. 4.3B). Comparing Fig. 4.3B to Fig. 4.2, it is evident that the silver SPR 

wavevector can be tuned over a very large spectral range by controlling the thickness and 

composition of an overlayer material. 
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Figure 4.3: Theoretical FT-SPR spectra of (A): a 30 nm Ag film with an 800 nm ZnO 

underlayer, showing the onset of interference effects compared to Fig. 4.2, and (B): a 

30 nm Ag film with an 80 nm ZnO overlayer, showing the high dependence on the 

thickness of the ZnO top layer. Note that unlike previous figures, the angle ranges for 

the left and right sides of this figure are different. 

The plasmonic tuning and other benefits associated with these films are potentially very 

valuable to the SPR community, for the reasons already mentioned. Therefore, we are 

interested in the development of a reliable deposition method. The films’ SPR response, as 

the primary effect of interest, was used as the primary characterization metric, in addition to 

the usual thin-film characterization methods. 

Previously, pulsed DC reactive magnetron sputtering was used to deposit these sandwich 

structure thin films for use in SPR [15]. For the current work, the film deposition methods 

were developed via pulsed laser deposition (PLD) in a single-chamber process. PLD was 

used instead of another deposition process for a couple of reasons. First, the PLD system was 

capable of handling multiple targets, which eased development of the single-chamber 

process. This allowed the samples to be kept in vacuum between layers, which was believed 

to help prevent islanding of the silver films [15]. Second, it is known that high-quality ZnO-

based films (e.g. AZO, GZO) can be fabricated with ease via PLD with little or no substrate 

heating [16-23].  
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In this work, both BK-7 glass and calcium fluoride substrates have been used. Although 

the substrate material can certainly play a role in the crystallinity of ZnO-based materials [3, 

23-25], films for SPR need only be optically uniform on a micrometer-length scale. Similar 

results were observed on both substrates with good reproducibility. The substrate may 

become important for later work, however, as the deposition process is refined. 

4.2 Experiment 

4.2.1 Film depositions 

Targets of AZO and ZnO were fabricated using the sintered oxide method. Powdered ZnO 

(99.9%, Alfa Aesar) and α-Al2O3 (99.99%, Alfa Aesar) were mixed in the appropriate ratios 

and ball milled in ethanol for 1 hour. The mixture was separated and allowed to dry 

overnight. The powder was then die-pressed into 1.25 inch diameter pellets at 8000 psi, 

which were sintered in an oven at 1250-1350 °C for 3 hours, or 8 hours for the undoped 

target. Three targets were used for this study: undoped ZnO, 3at% Al-doped ZnO, and 4at% 

Al-doped ZnO. 

Film depositions took place via a single-chamber PLD process using a KrF excimer laser 

(248 nm wavelength, Coherent COMPex Pro 102F). The AZO or ZnO target of choice and a 

target of Ag (99.99%, Kurt Lesker, Inc.) were each pre-ablated for 1000 pulses at 7 Hz in 

low vacuum (~1×10-4 Torr) to remove contaminants before depositions. The sapphire 

window to the chamber was cleaned after each film deposition using aqua regia and UV 

ozonolysis. The glass, sapphire, and CaF2 substrates were cleaned using UV ozonolysis 

immediately before deposition. For both the AZO and ZnO layers, the deposition setting 

were as follows. The targets were rotated and a rocking mirror was used to raster the laser 

beam over as much of the target area as possible, in order to increase film uniformity and 

target consumption. The laser energy setting was 250 mJ, which produced approximately 180 

mJ inside the chamber as measured by a laser energy meter (Coherent LabMax TOP). The 

substrates were not heated during deposition. Background pressure was allowed to reduce to 

~2×10-5 Torr before each deposition. For the AZO and ZnO layers only, additional 

deposition parameters were as follows. The spot size on the target was a rounded rectangle 
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with dimensions of approximately 6.7mm×2.5mm, producing an energy density of 

approximately 1.1 J cm-2. The target-substrate distance was 10 cm. The films were deposited 

in an O2 environment that varied from 1 to 20 mTorr, which allowed the oxygen vacancies in 

the films to be systematically controlled. Oxygen vacancies are a major source of charge 

carriers in ZnO-based materials, which allows the conductivities to be systematically 

controlled. For the silver layers, additional deposition parameters were as follows. The spot 

size on the target was a rounded rectangle with dimensions of approximately 3.6mm×1.7mm, 

producing an energy density of approximately 2.9 J cm-2. The target-substrate distance was 6 

cm. The films were deposited in vacuum. 

Deposition rates were calculated on both monolithic films and multilayer films via 

measurement of film thicknesses with stylus profilometry. For the deposition rates, no 

statistical difference was found between the top and bottom layer films of AZO, nor between 

the films deposited individually for both AZO and Ag. In addition, O2 pressure did not have a 

statistically significant effect on the deposition rates of AZO. The rates were as follows: 

4at% Al:ZnO, 0.0314 nm/pulse ± 5.3%; 3at% Al:ZnO, 0.0305 nm/pulse ± 11.1%; undoped 

ZnO, 0.0266 nm/pulse ± 11.4%; Ag, 0.00879 nm/pulse ± 25.3%. The uncertainties in these 

values are high, and so it is likely that the reported thicknesses are moderately inaccurate. 

The use of varying Al doping concentrations along with varying oxygen pressures during 

deposition of the AZO or ZnO layers permitted systematic variation of the AZO or ZnO 

plasma frequencies and resistivities. A series of sandwich films were produced in this manner 

on both the BK-7 glass and CaF2 substrates to assess this effect on the SPR responses. Four 

(for CaF2) or five (for glass) deposition parameters were used, which are listed in Table 4.1. 

In addition, the resistivities of pure AZO films (in the absence of Ag) deposited by these 

methods were assessed by a four-point probe. The AZO / Ag / AZO film thicknesses were 

attempted to be held at 80 nm / 20 nm / 80 nm, but after repetitions of the thickness 

measurements by stylus profilometry, the averages of the deposition rates changed slightly. 
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Table 4.1: Methodology for the AZO / Ag / AZO sandwich films and sheet resistances for pure 

AZO deposited by the same method. 

Method / Figure 

Name 

Al doping (at%) O2 pressure (mTorr) 

A 0 20.0 

C 3 20.0 

E 4 10.0 

G 3 10.0 

I 4 2.0 

 

 

 

4.2.2 SPR analysis 

Two fourier-transform surface plasmon resonance (FT-SPR) spectrometers were used to 

analyze the films. In both, the Kretschmann configuration was used [26], in which the film 

was deposited onto a particular substrate material, which was then adhered to an equilateral 

prism of the same material using an index matching fluid. The choice of substrate and prism 

material and the external medium varied from instrument to instrument, according to the 

angle and frequency ranges that were available. 

Instrument 1 was comprised of a θ-2θ stage attachment (GWC Technologies, Inc.) 

connected to the external beam port of a Thermo Scientific FT-IR spectrometer. The 

substrate and prism materials were BK-7 glass, and the ambient material was air. The index 

matching fluid was Cargille Series M 1.52. The stage attachment used the light source, 

software, and CaF2 beam splitter of the spectrometer, but contained separate polarizer and 

extended-range InGaAs detector.  

Instrument 2 was a variable angle SPR accessory that was designed to fit inside the 

measurement chamber of a Bruker FT-IR spectrometer [27]. The substrate and prism 

materials were calcium fluoride, and the ambient material was water. The index matching 
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fluid was Cargille Series M 1.42. The accessory used the light source, software, CaF2 

beamsplitter, and detectors (liquid N2-cooled mercury cadmium telluride, and InGaAs) of the 

spectrometer, with a separate polarizer. 

4.2.3 Theoretical modeling 

The SPR responses were modeled using the multilayer transfer matrix method for 

reflectance, which is described in detail in section 1.2.2. A Matlab software package for SPR 

containing this method is available on the Mathworks File Exchange site [28]. The method 

computes the reflectance by considering the boundary conditions that govern the transfer of 

the electric and magnetic fields through each interface, and also the phase changes as the 

light traverses each material. The dielectric function of each material in the spectral region of 

interest is required, and the layers are assumed to be perfectly parallel, homogeneous, and 

non-magnetic. 

The AZO dielectric function was modeled as a hybrid between the Drude model and bulk 

ZnO dielectric functions, by replacing the high-frequency dielectric constant ε∞ with the bulk 

dielectric function εbulk: 

  
2

2
p

AZO bulk i


  
 

 
 

 (4.2) 

The ZnO bulk dielectric function was obtained by taking the average of the ordinary and 

extraordinary dielectric functions at each frequency, as measured by Bond [29]. The bulk 

ZnO dielectric function is then linear, with an equation of εbulk = 1.93×10-5 ω (/cm-1) + 3.62. 

The Drude parameters ωp and Γ in Eq. (4.2) were estimated from the experimental results of 

each film. The silver was modeled as bulk. In these frequency ranges, the bulk silver 

dielectric function fits the Drude model very well, with the values ε∞=2.65, ωp=70619 cm-1, 

and Γ=399 cm-1, which were obtained by the method described in [15]. The calcium fluoride 

dielectric function was obtained by spectroscopic ellipsometry and then cubic spline 

interpolated. The BK-7 glass dielectric function was obtained from the Esco Optics, Inc. 

website [30] and then cubic spline interpolated. The water dielectric function was obtained 
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from Segelstein [31], and the real and imaginary parts were cubic spline interpolated. The air 

dielectric function was assumed to be constant and real 1.000569. 
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Figure 4.4: AZO plasma frequency series for Instrument 1, for the films on BK-7 

glass in air, showing experimental results (left) and theoretical results (right). (A, B): 

Undoped ZnO, deposited at 20.0 mTorr O2. Thicknesses 91.8 / 25.0 / 91.8 nm. ZnO 

ωp=5000 cm-1, Γ=2000 cm-1. (C, D): 3at% Al AZO, deposited at 20.0 mTorr O2. 

Thicknesses 84.9 / 25.0 / 84.9 nm. AZO ωp=7000 cm-1, Γ=2000 cm-1. (E, F): 4at% Al 

AZO, deposited at 10.0 mTorr O2. Thicknesses 87.6 / 25.0 / 87.6 nm. AZO ωp=9000 

cm-1, Γ=2000 cm-1. (G, H): 3at% Al AZO, deposited at 10.0 mTorr O2. Thicknesses 

84.9 / 25.0 / 84.9 nm. AZO ωp=10000 cm-1, Γ=2000 cm-1. (I, J): 4at% Al AZO, 

deposited at 2.0 mTorr O2. Thicknesses 76.7 / 20.0 / 76.7 nm. AZO ωp=12000 cm-1, 

Γ=2000 cm-1.  Discrepancies between theory and experiment are most likely due to 

error in measured thicknesses. 
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Figure 4.5: AZO plasma frequency series for Instrument 2, for the films on CaF2 in 

water, showing experimental results (left) and theoretical results (right). (A, B): 

Undoped ZnO, deposited at 20.0 mTorr O2. Thicknesses 80.0 / 25.0 / 80.0 nm. ZnO 

ωp=4000 cm-1, Γ=2000 cm-1. (C, D): 3at% Al AZO, deposited at 20.0 mTorr O2. 

Thicknesses 84.9 / 25.0 / 84.9 nm. AZO ωp=6000 cm-1, Γ=2000 cm-1. (E, F): 4at% Al 

AZO, deposited at 10.0 mTorr O2. Thicknesses 87.6 / 25.0 / 87.6 nm. AZO ωp=8000 

cm-1, Γ=2000 cm-1. (G, H): 3at% Al AZO, deposited at 10.0 mTorr O2. Thicknesses 

84.9 / 25.0 / 84.9 nm. AZO ωp=11000 cm-1, Γ=2000 cm-1. 
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4.3 Results 

Figures 4.4 and 4.5 show the results of the experimental SPR measurements (left side) and 

theoretical modeling (right side) of the AZO plasma frequency series. The film deposition 

methods for Fig. 4.5 A-H correspond to Fig. 4.4 A-H. The figure names for the experimental 

measurements correspond to the method names (A, C, E, G, and I) in Table 4.1. 

Two primary features are seen in the spectra of Figs. 4.4 and 4.5. First, the highly angle-

dependent feature is the surface plasmon polariton associated with the silver. The 

experimental-theoretical match can be seen to be highly dependent on the sample. This 

variability will be addressed in the discussion section. Second, the broad angle independent 

feature that appears as the AZO plasma frequency is increased can be identified as the quasi-

bound mode (QBM) from the bottom AZO layer. In the theoretical modeling, the AZO 

dielectric function must be adjusted by the two parameters ωp and Γ in Eq. (4.2). The values 

of these parameters, which are listed in Table 4.2, were estimated by the experimental-

theoretical match of the QBM feature. These values can be used to calculate the film 

resistivities, using the relation: 

   1
2

0p

n e 
 

 
  .  (4.3) 

These calculated resistivities are listed in Table 4.3, along with the measured resistivities of 

pure AZO films deposited by the same methods. 
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Table 4.2: AZO Drude term parameters ωp and Γ for the AZO layers, in the right hand sides of 

Figs. 4.4 and 4.5. 

Figure Name BK-7 AZO ωp  

(cm-1) 

BK-7 AZO Γ  

(cm-1) 

CaF2 AZO ωp  

(cm-1) 

CaF2 AZO Γ  

(cm-1) 

B 5000 2000 4000 2000 

D 7000 2000 6000 2000 

F 9000 2000 8000 2000 

H 10000 2000 11000 2000 

J 12000 3000 N/A N/A 

Table 4.3: The AZO resistivities, as measured by four-point probe and as calculated from the 

optical parameters listed in Table 4.2. 

Method / 

Figure Name 

Measured AZO 

ρ  

(mΩ cm) 

Calculated 

AZO ρ, BK-7 

(mΩ cm) 

Calculated 

AZO ρ,  

CaF2 (mΩ cm) 

A / B Over limit 4.80 7.49 

C / D 8.91 2.45 3.33 

E / F 1.94 1.48 1.87 

G / H 4.31 1.20 0.991 

I / J 1.16 1.25 N/A 

 

There are also several less prominent features in the spectra. First, for the films on BK-7 

glass (Fig. 4.4), the experimental spectra have a substantially curved background that is not 

accounted for in the theoretical model. This curved background is believed to be caused by 

differences in detector sensitivity for the two polarizations. Second, for the films on calcium 

fluoride (Fig. 4.5), with the exception of Film G, there is a dramatic reduction in signal 

intensity at the two highest angles. This can be attributed to the sample geometry. At the 
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highest angles, which reach up to 85°, the light is at glancing incidence. Only a portion of the 

light ray actually makes it to the thin film, while the rest is reflected from the prism surfaces 

and the edges of the sample substrate. 

4.4 Discussion 

Before discussing the surface plasmon polariton features, we will discuss the AZO quasi-

bound mode (QBM) features. First, we note that the feature is due entirely to the bottom 

AZO layer. The top AZO layer does not contribute to this feature, and if the bottom layer is 

removed, the feature disappears completely. Second, we can identify this as the QBM, as 

opposed to a true surface plasmon polariton mode, because for each of the resonances seen, 

at the frequencies that the resonance appears, the AZO dielectric function εAZO is positive, 

which eliminates the condition necessary for SPP formation [32]. Third, the feature is related 

to the zero-crossing of the real part of the dielectric function, and so it tracks the AZO plasma 

frequency, and thus the material’s resistivity by Eq. (4.3). As seen in Table 4.3, the resistivity 

estimates by this method are the same order of magnitude as the measured resistivities. 

However, the relationship is imprecise. 

Next, we will discuss the silver surface plasmon polariton features. In Figs. 4.4 and 4.5, 

there is a wide range of variability in the experimental-theoretical matches. Due to this 

variability, the differences in the experimental setups between the BK-7 glass set and the 

CaF2 set, and the measurement artifacts of the curved background and the signal reduction at 

glancing incidence, any quantitative comparison of the spectra will add little value to the 

discussion. We therefore will limit the discussion to qualitative comparisons. 

When comparing experiment to theory, we first compare the frequencies of each 

resonance at each given angle, combined with the overall spacing between the resonances. 

Parameters that affect resonance frequency include the thickness of the AZO top layer, and 

the angles of incidence. Then, the intensities are compared. The relative intensities of the 

resonances to each other are more important than the absolute intensities, which may be 

reduced by other effects in the system such as scattering that the model does not consider. 

The primary factor affecting relative intensities is the thickness of the silver layer, although 
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the AZO top layer thickness also has a minor effect. Lastly, the widths of the resonances can 

be compared. Both the Ag and AZO top layer thicknesses contribute to the peak widths. 

There are several other parameters that can contribute to the spectra that can be 

eliminated. First, the silver dielectric function was assumed to be that of bulk silver. Any 

deviation from the bulk dielectric function would most likely arise from grain boundary 

scattering in the film, which is assumed to be polycrystalline, which would increase the 

damping constant for the silver ΓAg and cause the SPR resonances to become more broad and 

less intense. While it is likely that this grain boundary scattering is present in the silver layer, 

as a consequence of the assumed polycrystalline film, its effects on the SPR spectra are 

minor compared to the effects of the Ag thickness and AZO top layer thickness. Second, the 

dielectric functions of the semi-infinite materials (BK-7 glass, CaF2, water, and air) were 

assumed to be exactly as reported in section 4.2.3. Deviations from the reported values could 

conceivably arise for the BK-7 and CaF2 based on the manufacturing process. Although these 

deviations are likely to be small, these dielectric functions can have significant effects on the 

spectra, and so it may be necessary in the future to measure the dielectric functions for each 

film substrate. 

For the films on BK-7 glass (Fig. 4.4), we can make several comparisons of the Ag 

surface plasmon polariton resonances. First, the resonances of films C, E, and G are seen to 

differ in a number of respects from the theoretical prediction. Each is more narrow, has a 

lower absolute intensity, and is at slightly different frequencies than the theoretical model 

would predict. For film I, the measured resonances are slightly broader and the relative 

intensities are different than the model predicts. For these four films C, E, G, and I, the 

discrepancies between the experimental and theoretical results can be greatly improved by 

minor adjustments in film thicknesses. As an example, this has been performed for film C in 

Fig. 4.6, with the adjusted film thicknesses of 73 nm / 28 nm / 73 nm for AZO / Ag / AZO. 

Compared to the original thicknesses of 84.9 nm / 25.0 nm / 84.9 nm, the adjusted AZO 

thickness falls only 2.5 nm outside of the rate standard deviation of 11.1%, while the Ag 

thickness falls within the rate standard deviation of 25.3%. Similar results can be obtained for 

films E, G, and I, and this would lead us to naively conclude that the measured thicknesses 
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are inaccurate. However, this explanation is not satisfactory for film A (Fig. 4.7). The 

thicknesses required to match the theory B to the experiment A are 130 nm / 40 nm / 130 nm 

for AZO / Ag / AZO, which compared to the original thicknesses of 91.8 nm / 25.0 nm / 91.8 

nm are well outside the standard deviation range. In addition, at these thicknesses, artifacts 

begin to appear at high frequencies that are not seen in the experimental spectrum (Fig. 4.7). 

Adjustments to the incident angle are also not sufficient to explain the spectrum of film A. 

We conclude, therefore, that at least for film A and possibly for all the films on glass, the 

anomalous effects seen in the experimental spectra must be caused by some additional effect 

that has not yet been considered, possibly related to the film’s microstructure. 

 

Figure 4.6: The experimental SPR spectrum of Film C on glass (left), compared to 

the theoretical spectrum that is obtained when the thicknesses are adjusted to 73 nm / 

28 nm / 73 nm for AZO / Ag / AZO (right). 
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Figure 4.7: The experimental SPR spectrum of Film A on glass (left), compared to 

the theoretical spectrum that is obtained when the thicknesses are adjusted to 130 nm 

/ 40 nm / 130 nm for AZO / Ag / AZO (right). 

Similar conclusions can be drawn from the films on CaF2 (Fig. 4.5). As mentioned before, 

the dramatic reduction in intensity at high angles is due to the limitations of the sample 

geometry at glancing incidence. With the exception of this geometric effect, the theoretical 

spectra B, D, and F can each be matched very well to the experimental spectra A, C, and E 

by minor adjustments in the film thicknesses. However, for film G, the resonances seen at 

11000-12000 cm-1 cannot be explained by the simple theory. Unlike the film A on glass, 

however, the theory does not even come close to a satisfactory explanation. To test the film 

preparation methods, a duplicate of film G on CaF2 was synthesized, with different results. 

On the duplicate, no surface plasmon polariton resonances were seen at any angle, and only 

the AZO quasi-bound mode was observed. We conclude that some unreliability remains in 

the film deposition protocol. 

4.5 Conclusions 

Trilayer films of aluminum-doped zinc oxide (AZO) / Ag / AZO were fabricated on calcium 

fluoride and BK-7 glass substrates using pulsed laser deposition (PLD). As a research tool, 

PLD is a good choice because it allows good control over a large number of deposition 
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parameters. However, with more variables to control, the films that are produced are also 

more variable, as we have observed in these results. 

The films were analyzed via surface plasmon resonance (SPR) spectroscopy in two 

separate instruments with similar results. Because of the high sensitivity of SPR 

spectroscopy, this is notable. The instruments operated at very different angle ranges, with 

different substrate refractive indices, and very different ambient environments. The 

instruments operated in much of the same frequency range, however, and thus can be 

considered complimentary in many respects. For many of the films, good quality was 

observed on both the amorphous BK-7 glass substrates and the cubic crystalline calcium 

fluoride substrates. However, effects of the substrate on the films may become a concern as 

the deposition techniques are refined. In addition, ZnO-based materials are known to be 

moisture sensitive [33, 34], and while we have not observed significant degradation of the 

materials in these experiments, it could limit the durability or alter the SPR responses of the 

films over time. 

The AZO layers were fabricated with varying Al doping concentrations and in varying 

oxygen environments, which allowed control of the AZO plasma frequency. This allowed the 

AZO plasmonic quasi-bound mode (QBM) to be tuned over a range of frequencies. The AZO 

plasma frequencies and damping frequencies were obtained from the theoretical spectra and 

were used to calculate the AZO resistivities, which were the same order of magnitude as the 

resistivities measured via four-point probe on pure AZO films. In Table 4.3, we can see that 

the measured AZO resistivity bears only a loose correlation to the plasma frequency. The 

origin of the variability in these numbers is uncertain, but note that the film thickness is 

required to convert the sheet resistance, as measured by four-point probe, into resistivity, 

which may explain at least part of the variance. 

The highly angle-dependent silver surface plasmon polariton (SPP) mode was also 

observed, and was compared qualitatively to the theoretical models. For most films, the 

experimental-theoretical match was good, but could be significantly improved by minor 

adjustments to film thicknesses. Deposition rates from stylus profilometry had a high 

standard deviation, which gives validity to these adjustments. However, SPP results for two 
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films, film A on glass and film G on CaF2, were highly inconsistent with the theoretical 

models, even with extreme thickness adjustments. This indicated that additional confounding 

effects may be present, possibly from experimental variations in the film fabrication 

procedures. 
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5. Infrared AZO surface plasmon resonance: relation to 

material properties 

Thin conductive films of aluminum-doped zinc oxide (AZO) were prepared 

by pulsed laser deposition (PLD) on CaF2 substrates for an infrared surface 

plasmon resonance (SPR) study. The films’ SPR response in the Kretschmann 

configuration was studied in air in the near-IR, and in water in the mid-IR. 

Their charge carrier densities n and mobilities μ were determined via Hall 

Effect. Theoretical modeling of the air-environment SPR spectra enabled 

extraction of the Drude plasma frequency (ωp), damping constant (Γ), and 

high-frequency dielectric constant (ε∞), which were used to model the water-

environment spectra. A small degree of plasmonic tuning was observed by 

varying the oxygen pressure during deposition. The water-environment SPR 

spectra were complex, and showed multiple resonances. This effect was 

shown to arise due to interactions between the surface plasmons and the 

molecular vibrations of the water. Theoretical results for ε∞ matched literature 

values. However, the charge carrier effective masses m* required to match the 

Hall Effect results to the SPR results were significantly higher than literature 

values. 

5.1 Introduction 

Zinc oxide-based materials, such as aluminum-doped zinc oxide (AZO) and gallium-doped 

zinc oxide (GZO) have received a significant amount of attention in recent years [1]. As 

transparent conducting oxide (TCO) materials, they are promising as electrodes for 

applications such as light-emitting diodes, photovoltaics, and flat-panel displays. They could 

potentially replace indium tin oxide (ITO) for these applications, due to the rarity of In2O3 

[2]. Compared to ITO, doped ZnO-based materials have similar electrical characteristics. 

Charge carrier densities are typically ~1021 cm-3 (n-type), while typical Hall mobilities are 

~10 cm2V-1s-1. As with most TCOs, the mobility at high charge carrier concentrations is 
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limited by ionized impurity scattering [3, 4]. Zinc oxide also has many other interesting and 

potentially useful properties. In particular, it is strongly piezoelectric, easily forms wire-like 

nanostructures, and is luminescent [1, 5]. It can be deposited epitaxially on a variety of 

substrates, notably GaN, c-plane sapphire, and a-plane sapphire [5]. However, films can be 

water-sensitive [6, 7]. 

Thin films of ZnO-based TCOs can have been prepared using a wide variety of deposition 

methods [1-17]. Pulsed laser deposition (PLD) has been used for many years [18-26], and 

was the method of choice for this study. In PLD, a high-energy laser is used to ablate a 

target, coating a substrate with the desired material. One advantage of PLD over sputtering is 

the ability to independently control the ambient deposition environment, which in ZnO 

allows precise control over the oxygen chemistry without requiring postdeposition annealing 

steps [1]. In addition, PLD tends to produce smoother and more homogeneous films with 

lower deposition temperatures than sputtering. Elevated substrate temperature is known to 

improve the crystallinity of ZnO, causing an increase in grain size [20, 21, 24]. However, if 

the species at the substrate surface are sufficiently energetic, their translational mobility will 

be high enough to produce a crystalline film even at room temperature [11]. 

The doping mechanism in AZO is complex, with contributions from Zn interstitials, AlZn 

substitutions and interstitials, and oxygen vacancies [1, 4, 12]. However, it is well known that 

the charge carrier density can be varied by adjusting the oxygen content of the films, which is 

performed in PLD by varying the oxygen pressure during deposition [19-21, 26]. This effect 

opens the possibility of plasmonic tuning, as is seen in ITO [27]. 

Surface plasmon resonance (SPR) is an optical technique that measures the response of a 

surface wave, called the surface plasmon polariton (SPP), at the interface of a conductor and 

a dielectric [28]. This wave may only be excited by light when the momentum of the light 

exceeds that of a wave in vacuum, which is most commonly achieved by an evanescent wave 

from total internal reflection. In the Kretschmann geometry, a thin film of the conductor is 

prepared on a substrate of known refractive index, and the substrate is attached, film side out, 

to a prism using an index matching fluid. As the incident angle and/or frequency of the light 

is changed, the evanescent wavevector changes. When it matches the wavevector of the SPP, 
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the light excites a surface plasmon, which is seen as a reduction in the reflected intensity. 

This process only occurs for p-polarized light, so the ratio of reflectances Rp/Rs is used to 

eliminate most non-SPR related features. 

The great power of SPR is in its sensitivity to the materials. SPR has been used for many 

years on silver and gold films in the visible spectrum. With these noble metals, it is used for 

biosensing devices [29, 30] that operate by detecting a change in the dielectric refractive 

index when a biomolecule adheres to the film surface. However, SPR is also very sensitive to 

the properties of the conductor itself. By optical modeling of the thin film reflectance, the 

optical constants of the film can be determined. In this manner, SPR can be used to study 

novel plasmonic materials systems, including the surface plasmon resonances of conducting 

metal oxides. 

5.2 Method 

A target of ZnO doped with 4 at% Al was fabricated with the sintered oxide method. 

Powdered α-Al2O3 (99.99% metals basis, Alfa Aesar) and ZnO (99.9% metals basis, Alfa 

Aesar) were mixed in the appropriate mass ratio and ball milled in ethanol for one hour. The 

mixture was allowed to dry completely, and was die-pressed into a disc at 8000 psi. The disc 

was then sintered in an oven at 1250 °C for three hours. The resulting target was ground to 

the appropriate diameter and sanded to 400 grit. 

Film depositions were performed by pulsed laser deposition (PLD), using a KrF excimer 

ultraviolet laser (248 nm wavelength, Coherent COMPex Pro 102F). The beam energy at the 

source was kept constant at 250 mJ. Inside the vacuum chamber, this setting produced an 

energy of 175 mJ on average, as measured by a laser energy meter (Coherent LabMax TOP). 

The beam was rastered over the target using a rocking mirror, and the target was rotated to 

increase target consumption and film uniformity. The beam was focused to a spot size of 

approximately 6.7mm×2.5mm, producing an energy density of approximately 1.0 J cm-2.  

Three AZO films were produced. Before each deposition, the sapphire ultraviolet window 

to the chamber was cleaned in aqua regia and UV ozonolysis. The calcium fluoride substrates 

were also cleaned via UV ozonolysis immediately before use. The target-substrate distance 
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was 10 cm, and the substrates were rotated. The substrates were not heated. The vacuum 

chamber was allowed to pump down to 2.0×10-5 Torr before each deposition. The AZO films 

were deposited in oxygen, either at 1.0 mTorr O2 (for films A and B), or 5.0 mTorr O2 (for 

film C). Films A and B were prepared identically to assess method reproducibility. 

The deposition rate was measured with stylus profilometry (Veeco Dektak 150) by a 

series of depositions onto glass, which produced an overall rate of 0.0314 nm/pulse, ± 5.3%. 

Neither deposition onto calcium fluoride nor changing oxygen pressure were found to 

statistically alter the deposition rate. The AZO film thicknesses by this method were kept 

constant at 200 nm. This thickness was chosen as the theoretical optimum for SPR for this 

material at these frequencies. 

The films were then analyzed using surface plasmon resonance (SPR) spectroscopy. The 

SPR instrument was a custom unit designed to work as a modular attachment to an FTIR 

spectrometer, which has been described previously [31]. The SPR spectra were measured 

using the Kretschmann geometry, in which the substrate was attached to an equilateral CaF2 

prism using refractive index matching fluid (Cargille M-series 1.42). The spectra were 

collected as the ratio of p-polarized reflectance to s-polarized reflectance (Rp/Rs), over an 

angle range of 55 to 82 or 85 degrees incidence relative to the sample normal, with three 

degree increments per scan. Two experimental setups were used for each of the same three 

films. First, the films were measured in air, using a near-IR InGaAs detector, with 16 cm-1 

resolution. Second, a flow cell was attached and the films were measured in deionized water, 

using a mid-IR liquid N2-cooled mercury cadmium telluride detector, with 8 cm-1 resolution. 

Theoretical modeling of the SPR response as Rp/Rs was performed by a three-layer 

transfer matrix method [32], along with a simplex algorithm to match the theoretical model 

to the experimental data. The matrix method calculates the reflectance at each polarization by 

considering the boundary conditions at each interface along with the phase change as the 

light propagates through each material. This assumes that the interfaces are perfectly parallel, 

and that the materials are homogeneous and non-magnetic. A software package of this model 

has been made freely available on the Mathworks File Exchange website [33]. The AZO 

dielectric function (relative permittivity) was modeled using the Drude model: 
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In this equation, ε∞ is the dielectric constant at high frequency, which is the limit of the 

model as ω→∞. The units of frequency ω in this model are normally rad/s, but here are 

expressed as wavenumber (cm-1) for convenience. The constant ωp is the plasma frequency, 

which is related to materials parameters by: 
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where n is the charge carrier density, e is the elementary charge, ε0 is the permittivity of free 

space, and m* is the mass of the electrons, which is usually a fraction of the free electron rest 

mass me. The damping constant Γ is similarly related to materials parameters by: 

 *e m ,  (5.3) 

where μ is the charge carrier mobility. The CaF2 dielectric function was obtained via 

spectroscopic ellipsometry, and is displayed in Fig. 5.1. The water dielectric function was 

obtained from [34], and is also displayed in Fig. 5.1. The CaF2 and water dielectric functions 

were cubic spline interpolated for use in the model. The air dielectric function was modeled 

as constant 1.000569.  
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Figure 5.1: The dielectric functions of calcium fluoride, from spectroscopic 

ellipsometry, and water, from [34]. The water dielectric function has a significant 

imaginary component due to molecular vibrations. 

For the AZO, there are three adjustable parameters: ε∞, ωp, and Γ, which must be related 

to the experimental results. There are several ways that this may be performed. In this paper, 

two methods were chosen and the results were compared. First, the three parameters were 

adjusted freely, fitting the theoretical SPR spectra for the air environment to the experimental 

spectra as closely as possible. The parameters were adjusted using a modified Nelder-Mead 

simplex algorithm, which attempted to minimize the combined sum squared error of the 

normalized spectra for the first six angles of measurement. The numerical results of this 

method were then used to generate the spectra for the water experiment. Second, the 

parameters may be calculated using the materials properties in equations (5.2) and (5.3). The 

values of n and μ may be determined from van der Pauw method Hall Effect measurements, 

while estimates of m* and ε∞ may be obtained from the literature. In addition, the results may 

be validated using four-point probe sheet resistance measurements, since resistivity is related 

to n and μ by: 

   1n e  
   (5.4) 

For the Hall Effect, indium metal was used as the contact material, and the magnet was 0.510 

T. For both Hall Effect and four-point probe measurements, the measurements occurred at 
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room temperature, and film thicknesses were assumed to be 200 nm. Applied current varied 

but was kept near the ohmic maximum. 

5.3 Results 

The results of the air-environment near-IR SPR analysis are shown on the left side of Fig. 

5.2 for films A, B, and C, and the theoretical results are displayed on the right side. Two 

primary features can be seen in each of the spectra. First, the shallow dip at approximately 

5000 cm-1 can be identified as the surface plasmon polariton (SPP) of the AZO. Second, the 

large positive peak at 8000-11000 cm-1 is caused by a strong reduction in Rs that is believed 

to be related to the quasi-bound mode. Both of these primary features are seen to shift to 

lower frequencies for film C compared to films A and B, which is a consequence of a lower 

plasma frequency, the result of the higher oxygen pressure during deposition. Lastly, there 

are significant deviations from the theory at the highest angles. The large positive peak is 

seen to be significantly less intense than the theory predicts. This could possibly be due to 

some uncorrected background intensity in Rs, such that its value is farther from zero than the 

model predicts. In addition, a strong overall reduction in intensity can be observed at the two 

or three highest angles. This effect is believed to be due to the limitations of the sample 

geometry. At glancing incidence, the majority of the beam is scattered or reflected from other 

areas of the prism or substrate, and does not contact the thin film.  
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Figure 5.2: (Left side) Near-IR SPR spectra of the AZO films A, B, and C, in an air 

environment. (Right side) Theoretical modeling results for the same films. Films A 

and B were prepared identically, while film C was prepared in a higher pressure 

oxygen environment. 

The mid-IR SPR results for the same films, but using water as the ambient medium, are 

displayed in Fig. 5.3. These spectra are significantly more complex than the near-IR spectra 

in air. This is a consequence of the increased complexity of the water dielectric function (Fig. 

5.1) in the mid-IR, which is due to molecular vibrations. As in Fig. 5.2, at the highest angles 
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the experimental spectra Rp/Rs is closer to unity than the model predicts. This is due to 

limitations of the sample geometry, as described previously. 

 

Figure 5.3: (Left side) Mid-IR SPR spectra of the AZO films A, B, and C, in a water 

environment. (Right side) Theoretical modeling results for the same films, using the 

numerical results of the air-environment modeling of Fig. 5.2. Films A and B were 

prepared identically, while film C was prepared in a higher pressure oxygen 

environment. 
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The results of the Hall Effect and four-point probe measurements are displayed in Table 

5.1. The results overall are consistent with other reports of thin films of AZO [1]. The charge 

carrier density n is seen to decrease from film A to B to C. This was expected for film C, 

which was prepared in a higher pressure O2 environment and is so expected to have fewer 

oxygen vacancies as charge carrier donors. However, A and B were prepared identically, and 

so the difference is indicative of some variability in the deposition method. The charge 

carrier mobility μ is lower than many other reports of ZnO-based materials at the same 

charge carrier concentration, which can reach as high as ~50 cm2V-1s-1 [1]. 

Table 5.1: Results of the Hall Effect and four-point probe electrical characterizations of the 

AZO films used in this study. 

Film n (cm-3) μ (cm2V-1s-1) ρHall (Ω cm) ρ4pt (Ω cm) 

A 8.847×1020 7.011 1.01×10-3 1.14×10-3 

B 7.493×1020 7.306 1.14×10-3 1.24×10-3 

C 6.507×1020 6.242 1.54×10-3 1.6×10-3 

 

 

 

5.4 Discussion 

In Fig. 5.2, for the SPR results in air, the shallow absorptions at 4000-5000 cm-1 were 

identified as the surface plasmon polariton (SPP) of the AZO. It is much less intense than the 

SPPs of, for example, ITO [35] or silver [36]. This is primarily a consequence of the high 

angles: as the angle is increased, the x-component of the incident electric field is reduced, 

and so the magnitude of the SPP observed in Rp is reduced compared to other non-SPP 

features. In addition, the feature is seen to be only weakly angle dependent, which is also a 

consequence of the high angles. As the angle is increased, the SPP wavevector approaches its 

high-frequency limit, and becomes less angle dependent.  
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The numerical results of the AZO fits are also displayed in Fig. 5.2. The values for the 

high-frequency dielectric constant ε∞ are in good agreement with literature values, which 

range from 2.99 to 3.78 depending on the sample preparation [1]. Also in Fig. 5.2, the plasma 

frequencies of the films were seen to change from one film to another. Film C was deposited 

at higher oxygen pressure than films A and B. This caused a reduction in the number of 

oxygen vacancies in the film, each of which can contribute two electrons to the charge carrier 

concentration. Therefore, film C had a lower charge carrier density, and thus a lower plasma 

frequency, than films A and B. This is reflected directly in the Hall Effect results, and is 

indirectly observed in the four-point probe results (Table 5.1) and the SPR results (Fig. 5.2). 

Films A and B also had different plasma frequencies and charge carrier densities. Since their 

preparation was nominally identical, this difference is indicative of some process variation. It 

is uncertain what could be the origin of this variation, but one conjecture is that the samples 

were positioned slightly differently relative to the plasma plume. 

Several of the Hall Effect results (Table 5.1) warrant discussion. First, the mobilities μ are 

seen to be lower than many literature values for AZO at similar charge carrier densities [1]. 

Because the dominant scattering mechanism at these charge carrier densities is ionized 

impurity scattering [1-3], these mobilities could potentially be improved by further 

optimization of the Al doping concentration and the oxygen deposition pressure. Second, the 

Hall Effect results, along with the AZO charge carrier effective mass m* (expressed as 

fraction of vacuum electron mass me=9.109×10-31 kg), can also be used to calculate the 

optical parameters ωp and Γ via equations (5.2) and (5.3). This has been done in Table 5.2 in 

two parts for m*. First, an estimate of m*=0.30me was chosen, since literature values for m* 

are approximately 0.27me [37] to 0.32me [1]. Second, the values of m* were varied to 

produce plasma frequencies consistent with the results of Fig. 5.2. It is clear from these 

results that there is a discrepancy between the literature values for m* and the combined 

optical and Hall Effect results of this study. Although it is known that m* is a function of 

charge carrier density in TCOs [38], It is unclear if the unusually high effective masses 

reported in Table 5.2 are physically real, the by-product of some unascertained measurement 

error, or the result of a yet-unconsidered secondary effect. 
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Table 5.2: Optical parameters for the AZO films using the Hall Effect results and either a 

literature estimate of m*=0.30me or varying m* to reproduce the plasma frequencies in Fig. 5.2. 

Film m* (/me) ωp (cm-1) Γ (cm-1) 

A 0.30 16262 4439 

B 0.30 14966 4260 

C 0.30 13947 4986 

A 0.5496 12015 2423 

B 0.4794 11839 2666 

C 0.6142 9747 2435 

 

 

 

Lastly, the features seen in the water-environment mid-IR SPR spectra of Fig. 5.3 will be 

discussed in detail. These features appear to be significantly more complex than the air-

environment near-IR SPR spectra, but the features are easily explained by theory. All of the 

features are due to the surface plasmon polariton wave. The added complexity arises because 

of the molecular vibrations of the water, which contribute to the water dielectric function and 

thus change the surface plasmon dispersion. From the electromagnetic wave equations and 

the boundary conditions at the metal/dielectric interface [28], the surface plasmon polariton 

dispersion relation is: 

 m d
SPP

m d

k
c

 
 




,  (5.5) 

where εm is the dielectric function of the metal, given by Equation (5.1), and εd is the 

dielectric function of the dielectric material. When εd is nearly constant, as it is for air, this 

dispersion relation increases monotonically to the limit  1 2
SP p d     . For water 

however, the dielectric function (Fig. 5.1) has a significant amount of structure, which is 
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contributed to the SPP dispersion relation as seen in Fig. 5.4. The dispersion kev of an 

evanescent wave from CaF2 at 65° incidence is also displayed in Fig. 5.4. Where these two 

lines intersect, the SPP may be driven. It is clear from the figure that there are multiple points 

of intersection, and so the SPP is simultaneously being driven at multiple frequencies and 

wavevectors. The points specified by 1, 2, 3, and 4 in the dispersion relation can be related 

back to the SPR spectra, as shown in Fig. 5.5. 

 

Figure 5.4: Surface plasmon polariton (SPP) dispersion relation for AZO in water 

(kspp), showing real and imaginary parts and the added complexity from the molecular 

vibrations of the water. Also shown is the dispersion of an evanescent wave from 

CaF2 at 65° incidence, and points of intersection where the SPP may be driven. 

 

Figure 5.5: Theoretical SPR spectra for film A, with labeled regions corresponding to 

the labeled intersections in Fig. 5.4. 
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5.5 Conclusions 

Thin conductive films of aluminum-doped zinc oxide (AZO) were prepared by pulsed laser 

deposition (PLD) in oxygen environments on CaF2 substrates. Their charge carrier densities 

n and mobilities μ were determined via Hall Effect, and the Hall Effect results were validated 

with four-point probe resistivity measurements. No substrate heating was necessary to obtain 

films with sufficiently high charge carrier densities and mobilities. In the future, however, 

substrate heating could potentially be a valuable deposition parameter to explore. In addition, 

increases in mobility could potentially be achieved by further optimization of the Al doping 

concentration and oxygen pressure. 

The films’ SPR response in the Kretschmann configuration was studied in air in the near-

IR, and in water in the mid-IR. For the air-environment spectra, resonances for the surface 

plasmon polariton (SPP) mode were observed at approximately 5000 cm-1. A feature related 

to the quasi-bound mode was also observed at higher frequencies. For film C, which was 

prepared at slightly higher oxygen pressure than films A and B, the features occur at lower 

frequencies, indicative of plasmonic tuning by control of the oxygen vacancies in the film. 

The water-environment SPR spectra were complex, and showed multiple resonances. This 

effect was shown to arise due to interactions between the surface plasmons and the molecular 

vibrations of the water, which contribute significant structure to the water dielectric function 

and the SPP dispersion. This appears to be the first report of observation of this effect. 

However, the effects should persist in SPR on any conductor below 4000 cm-1 in which water 

is used as the ambient medium. Theoretical modeling of the air-environment SPR spectra 

enabled extraction of the Drude plasma frequency (ωp), damping constant (Γ), and high-

frequency dielectric constant (ε∞), which were used to model the water-environment spectra 

with satisfactory results. The values for ε∞ matched literature values. However, the charge 

carrier effective masses m* required to match the Hall Effect results to the SPR results were 

significantly higher than literature values. It is uncertain at this point what the cause of this 

effect might be. 
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