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Abstract: The optical properties of periodic arrays of subwavelength
apertures in metal films on GaAs substrates are studied. Specifically,
geometric and material losses for these plasmonic structures are
characterized using angular dependent transmission, normal incidence
reflection, and angular dependent diffraction experiments, in addition to a
crossed-polarizer transmission experiment. The optical properties of the
samples as a function of engineered material losses are studied. Using this
comprehensive approach to the characterization of the plasmonic structures,
we are able to identify and isolate specific loss mechanisms, as well as
identify the effect of free carriers on the optical properties of the structures.
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1. Introduction

There has been a growing interest in the optical properties of subwavelength metallic
structures. By controlling the geometry of such structures, very strong and sharp optical
resonances can be achieved, leading to improved materials for sensing [1], display [2], optical
interconnects [3], beam steering[4] and medical applications [5]. In particular, periodic arrays
of apertures in metallic films have been shown to enhance the transmission of light at
wavelengths greater than an individual aperture’s diameter [6]. This phenomenon, referred to
as Extraordinary Optical Transmission (EOT), was first reported by Ebbessen, et al, and has
been studied for its clear contradictions with conventional aperture theory [7], as well as for
possible uses in applications such as chemical sensing [8] and display technologies [2].

It was initially argued that EOT is a result of light incident upon an aperture array
coupling to, and subsequently reradiating out of, surface plasmon polariton (SPP) modes at
the interface between the metal and the surrounding dielectric media. More recently,
theoretical studies have reinforced the SPP as the dominate mechanism in EOT, but have also
deepened the understanding of the phenomenon both by modeling the microscopic behavior
of light at these interfaces and by studying the interplay between various surface waves and
directly transmitted light on EOT gratings [9-11].

Much of the research in the field of EOT structures focuses on passive device schemes
designed for use in the visible or near-IR wavelength ranges. However, the mid-infrared
(mid-IR) wavelength range (3-20um) offers significant opportunities for the development of
plasmonic structures for sensing applications in the “fingerprint” regime of molecular
absorption [12] and for the steering of mid-IR radiation. In addition, the mid-IR offers a vital
test bed for plasmonic technologies at shorter wavelengths, as the longer wavelengths of the
mid-IR frequencies result in corresponding increases in the scale, and therefore the ease of
fabrication, of subwavelength structures.

An additional, powerful rationale for mid-IR plasmonic research is the potential
development of hybrid electronic/plasmonic structures. In the mid-IR, semiconductors are
transparent, while in much of the near-IR and visible wavelength ranges, propagation of SP’s

#104166 - $15.00 USD  Received 17 Nov 2008; revised 31 Dec 2008; accepted 31 Dec 2008; published 7 Jan 2009
(C) 2009 OSA 19 January 2009/ Vol. 17, No. 2/ OPTICS EXPRESS 667



at semiconductor/metal interfaces would not be possible due to interband absorption. Thus,
SP-based structures might well prove valuable for enhancing the coupling of free space
photons to and from mid-IR optoelectronic devices such as quantum well and quantum dot
mid-IR photodetectors [13, 14] and emitters [15-18]. Even more enticing is the possibility of
developing active plasmonic devices [19-21], where the SP resonance can be tuned by the
application of an electrical signal.

The complex dielectric of an n-type semiconductor, using the Drude approximation, can

be expressed as:

2
“ P )

[ 9] — >
o +iTo” gm’

g(w)=¢,(1- )
Where @, is the plasma frequency, n is the carrier concentration, e is the charge of an
electron, g is the background dielectric constant of the semiconductor, and m* is the effective
electron mass in the semiconductor. Significant shifts in the dielectric function of a
semiconductor can be realized by readily achievable shifts in the carrier concentration of the
material. Because the SP resonance frequency depends, in part, on the dielectric constant of
the dielectric material [9], the SP resonance can be tuned by controlling the carrier
concentration at the semiconductor/metal interface. In fact, a significant shift in the spectral
position of the SP resonance was recently demonstrated for EOT gratings fabricated upon
GaAs epilayers doped with varying concentrations [22]. Since the basis of modern electronics
involves the control of carrier concentration using an applied bias (the field effect transistor),
these results show the feasibility of developing active, voltage controlled SP devices.
However, in order to effectively develop both enhanced mid-IR optoelectronic devices,
and active plasmonic structures based on carrier concentration tuning, a thorough
understanding of the loss mechanisms for semiconductor SP structures is required. Moreover,
it would be unrealistic to presume that EOT is the only effect determining the optical
properties of a periodically patterned metal/semiconductor interface. In fact, there are
multiple effects contributing to the observed interaction of these gratings with incident light,
as will be demonstrated in the following pages. Thus, this paper describes a thorough
investigation into multiple loss mechanisms in semiconductor based plasmonic structures.

2. Experiment

In order to evaluate the loss mechanisms in EOT gratings, six samples were grown on semi-
insulating GaAs epi-ready substrates. The total epitaxial growth thickness for each of the six
samples was 1um, but the epilayer structures for each sample differed in n-type (Si) doping
concentrations and doped layer thickness, as shown in Table 1. Following growth, a standard
photolithography, metal deposition, and lift-off process resulted in patterned metal layers
(10/50nm Ti/Au) with a square, 3um period array of 1.5 pm diameter apertures, designed for
peak transmission near a wavelength of 10 um.

Table 1. Epilayer growth structures of samples studied.

Sample | Doping Concentration (cm™) | Doped Layer Thickness (nm)
A 0 NA
B 1E17 250
C SE17 250
D 1E18 100
E 1E18 250
F 1E18 500

Because the dielectric constant of GaAs varies significantly in the Mid-IR wavelength
range with free carrier concentrations, Eq. (1), identical EOT grating patterns on different
samples will show a spectral shift in their resonant transmission peaks as a function of the
carrier density and thickness of the doped layer. In addition, losses associated with free
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carrier absorption can be simultaneously evaluated, by noting the percentage of transmitted
light at the EOT resonant transmission spectral peak. Because the samples studied in this
work cover a wide range of doping densities and doping thicknesses, we are able to determine
the effect of carrier density and proximity to the metal/semiconductor surface on the optical
properties of plasmonic structures. Doing so will allow for the optimization of both active
and passive semiconductor/plasmonic structures.

A variety of experiments were utilized to characterize the samples studied in this work.
For each experiment, a Bruker Vertex70 Fourier Transform Infrared (FTIR) Spectrometer,
with flexible external optical configurations and various external detectors was used. First,
direct transmission measurements were conducted with an external liquid nitrogen-cooled
HgCdTe (MCT) detector. The FTIR’s broadband beam was focused onto the metal side of
the samples with a 250mm focal length Zinc Selenide (ZnSe) lens. The use of such a long
focal length lens was important as it served to minimize the range of photon k-vectors
impinging on the sample. Nonetheless, the focusing of the beam resulted in a variation of
incident photon angle of +5.5°, which contributed to a broadening of the collected spectral
features of the plasmonic structures studied. The transmitted signal was then collected and
refocused onto the detector with a pair of 75Smm ZnSe lenses. The direct transmission
experiments are the coarsest measure of the sample quality, offering information on total
transmission intensity and the spectral location of the peak.
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Fig. 1. Experimental set-ups utilized for full spectral and spatial analysis of EOT grating
structures. (a) Coaxial independent rotation of sample and detector, allowing for experiments
measuring normal transmission as a function of incidence angle and diffraction of normally
incident light as a function of detector position. (b) Dual detection experiment for
simultaneous measurement of transmitted and diffracted light. (c) Normal incidence reflection
experiment. (d) Crossed polarizer experiment, with inset showing polarizer and sample
orientations.

The direct transmission measurements, however, do not differentiate between non-
transmitted light absorbed, reflected, or diffracted from the sample surface. While losses in
EOT structures as a result of coupling to diffracted modes has sometimes been suggested as a
significant loss mechanism [23, 24] very few works attempt to measure such losses when
characterizing EOT structures. We constructed a custom-made co-axial rotational detection
system as shown in Fig. 1(a), similar to that used in [25]. Both the sample and detector are
mounted on coaxial automated rotation stages which allow for 360° rotation of the sample,
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and approximately 200° rotation of the detector and signal collecting optics. This
experimental setup allows for transmission measurements as a function of the angle of the
incident light, as well as transmission/diffraction measurements as a function of the detector
position. The latter set-up allowed for spectral measurements to be made over detector angles
ranging from direct transmission (0°) to approximately 45 degrees off of normal reflection
(135°). The angular dependent transmission and diffraction experiment allows for the study of
light, which while neither reflected or absorbed by the sample, is lost to standard grating
modes, or enhanced grating modes such as the Wood’s Anomaly [26]

Following the angular detection experiment, we utilize a dual-detection scheme, Fig. 1(b),
to focus on diffracted peaks identified at off-normal detector angles. In this experiment, the
FTIR simultaneously collects spectra from both the normally transmitted light, and light at
strong diffraction angles. By collecting two-channel spectral data, the relative strength of the
EOT peak and the diffracted mode (in our experiment, the Wood’s Anomaly) can be
compared without alteration of the experimental optics.

In addition, normal incidence reflection data was collected from each of the 6 samples. In
this experiment, depicted in Fig. 1(c), collimated light exiting the FTIR passes through a beam
splitter, and reflects off of the sample surface. The light then reflects from the beam splitter to
the collection optics. The sample reflection spectrum is then compared to reflection from a
flat gold surface for reference purposes.

Lastly, a crossed polarizer experiment [27] was conducted using the experimental set-up
shown in Fig. 1(d). The FTIR’s broadband beam is focused with a 250mm focal length ZnSe
lens through a wire grid polarizer which aligns the Electric field of the beam in the (1,1)
grating direction (+45°). After transmission, the EOT spectrum is passed through a second
wire grid polarizer oriented orthogonal to the first (-45°). Without the sample in place, no
transmission is seen through the orthogonal polarizers. With a sample in place, incident light
can couple to the (£1,0), (0, 1), and (%1, +1) SP modes. The second polarizer, however, will
block any light whose transmission is not polarized in the (£1,0) and (0, £1) directions,
effectively isolating the polarization-dependent contribution to the EOT phenomenon. In the
cross-polarizer experiment, the cross-polarizer (XP) transmission data is compared to parallel
polarizer (PP) transmission data, where the two polarizers are both positioned at +45°.

The sum of these experiments allows for a rigorous analysis of transmitted, diffracted and
reflected light. However, because we wish to understand the fate of all light incident upon an
EOT grating near the primary resonance, we must also consider the effects of absorption.
This is difficult, as the spectroscopic techniques employed in this work can only give a
quantitative signal strength for the directly transmitted light. For the diffracted light, our set-

[T}

up can only give a qualitative signal strength, as our detector only rotates around the “y” axis,
and diffracted light should be observed for detector rotation around both the “y” and “x” axes.
However, by measuring and comparing the diffraction, reflection and transmission spectra
from our samples near the primary EOT spectral peak, we can qualitatively characterize the
losses associated with each of these three phenomena, allowing for a better understanding of
the geometry-dependent losses in these samples. By comparing the different epi-grown
samples, into which we have engineered loss by the growth of doped epilayers, we can
determine the material-dependent losses in our samples. The combination of the material- and
geometry-dependent losses allows for a fuller understanding of the total losses in EOT
structures.

3. Results

For each experiment, we will show a characteristic transmission, reflection or diffraction
spectrum and when appropriate, compare this spectrum to the direct transmission spectrum of
the same sample. We use, for our characteristic spectrum of each experiment, the 1pum
undoped GaAs epilayer. If a significant variation in the spectral features as a function of
doping density or thickness is seen for any experiment, we will show spectrum from the
appropriate, more heavily doped material. However, for most experiments, the spectral
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lineshapes do not vary significantly between samples, and it is sufficient to simply show the
peak position of each phenomenon as a function of doping thickness and density.

Direct transmission through an EOT grating, as seen in Fig. 2(a), shows the well-
characterized Fano lineshape [28] for the primary transmitted peak, corresponding to the
(£1,0) SP modes. The inset of Fig. 2(a) shows the splitting of these degenerate modes as a
function of sample angle, resulting from the non-zero in-plane momentum of the off-normal
incident photons. Such transmission vs. sample angle plots can be used to generate the
dispersion relation for surface modes on EOT gratings [29].

While the direct transmission experiments provide information on loss and tuning
mechanisms in EOT gratings due to the dielectric of the semiconductor substrate upon which
the gratings are deposited (by simple comparison of the peak transmission of the various
samples studied), additional loss mechanisms can be identified by studying the light diffracted
from the EOT structure. For instance, it has been suggested that the asymmetrical Fano
lineshape of the EOT transmission spectrum could be a result of the spectral proximity of the
Wood’s Anomaly [23], the phenomenon in which the longest wavelength diffracted mode on
a grating structure is enhanced [26]. If, in fact, the Wood’s Anomaly affected the EOT
process, it would be expected that this would be more pronounced in the mid-IR, where the
large dielectric constants of metal increase the spectral proximity of the WA and EOT peaks.
By rotating the detector and detector optics around the EOT grating sample, we are able to
generate a plot of transmitted/diffracted light intensity as a function of wavenumber and of
detector angle. The results for this experiment are shown in Fig. 2(b). Here we see the
transmission of the (1,0) and (1,1) modes at detector angles close to 0° (direct transmission
through the sample). As the detector rotates around the sample, diffracted light from the
metal/air interface can be seen, as well as a strong diffracted peak at 90°, orthogonal to the
incident light beam. This peak is the only identifiable diffracted beam from the
semiconductor/metal interface, and is attributed to the Wood’s Anomaly.

For this reason, our dual detector experiment was designed to simultaneously measure
both the directly transmitted light, and that diffracted into the Wood’s Anomaly. The Wood’s
Anomaly is a surprisingly strong signal, considering that the size of our grating structures
(7mm x 7mm) requires this diffracted mode to travel through the semiconductor, near the
metal/semiconductor interface for at least 3mm. In addition, though the Wood’s Anomaly
spatial signal in Fig. 2 is rather broad (85° -95°), this is a result of the 1" collection optics used
in the detector rotation experiment. A more accurate spatial measurement of this diffracted
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Fig. 2. (a) Spectrum of normally incident light directly transmitted through an EOT grating
structure. The (%£1,0) and (%1, *1) transmission peaks are labeled. Inset shows the
transmitted light spectrum as a function of sample angle, demonstrating a clear splitting of
the degeneracy of the (1,0) and (-1,0) transmitted peaks. (b) Surface countour plot of
transmitted/diffracted light intensity as a function of wavenumber and detector angle.
Identifiable are the directly transmitted (1,0) and (1,1) EOT peaks, the air/metal diffracted
modes, and the Wood’s Anomaly. Data from 20-135° is scaled (x4) for ease of viewing.
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Fig. 3. Comparison of the EOT direct transmission and Wood’s Anomaly diffraction spectra
for (a) 1um undoped GaAs and (b) 500 nm, doped 10"8cm™, GaAs. Note the blueshift and
lineshape change of the EOT peak at higher carrier concentrations.

light (using a translating slit to spatially map the WA mode) confirms that the Wood’s
Anomaly mode is actually spatially quite narrow, and tied closely to the metal/semiconductor
interface.

The spectral comparison of the direct EOT transmission and the diffracted Wood’s
Anomaly, shown in Fig. 3, for all but the most heavily doped sample, show the diffracted
peak to coincide almost exactly with the EOT transmission minima on the high energy side of
the (1,0) peak. In the most highly doped sample (500nm, 1E18cm™), the increase in the
semiconductor doping leads to a significant shift in the peak position of the (1,0) EOT mode,
and the Wood’s Anomaly, whose spectral position does not shift appreciably, now sits on the
falling edge of the EOT transmission. For all of the samples studied, the intensity of the WA
peak is weaker, but within an order of magnitude of the direct EOT peak intensity. A more
quantitative measurement of the WA strength is difficult, as the detected WA signal could be
affected by sample processing defects far from the EOT grating (chipped sample edges, for
instance), total sample size (the border of the EOT grating), or the position of the incident
light on the grating surface, all of which would have no effect on the direct EOT signal, but
could degrade the WA signal.
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Fig. 4. (a) Comparison of the normalized Parallel and Crossed polarizer (PP, XP) transmission
spectra. While the PP spectrum shows the same lineshape and peak position as the EOT
spectrum for this sample, the XP spectrum is blue-shifted, sitting on the high energy falling edge
of the PP spectrum. Furthermore, the XP spectrum does not have a Fano lineshape, but instead
appears closer to a Lorentzian peak shape. While the plots are normalized, the weak signal to
noise ratio of the XP spectrum is indicative of the weaker signal associated with this
transmission. (b) Comparison of the normalized EOT and reflection spectra. The reflection data
shows two significant dips, the first at the peak EOT spectral position, the second to the high
energy falling edge of the primary EOT peak.
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In the cross-polarizer (XP) experimental set-up, the nonresonant transmission through the
grating is suppressed, while the transmitted light corresponds to polarization dependent
excitations in the EOT structure [27]. The XP transmitted light gives extremely weak and
noisy signals, even with significant averaging of the collected spectra. The ratio of the PP to
XP peak signal intensity is on the order of 15-25, depending on the sample studied, and for the
most highly doped sample, no XP signal was detectable. In addition, the spectral peaks of the
XP and PP transmission spectra are not coincident. The XP spectra, for every sample studied,
lies on the high energy falling edge of the PP transmission data. A representative XP
transmission spectrum is shown in Fig. 4(a).

Finally, normal incidence reflection data was collected for each sample. The reflection
spectra consistently show two minima in the reflected light. The first and strongest minima
corresponds to the transmission of the primary EOT mode, while the second sits, like the XP
transmission spectra peaks, on the high energy falling edge of the EOT peak. A representative
reflection spectrum is shown in Fig. 4(b).

4. Discussion

A clearer picture of the competing transmission, reflection, and diffraction phenomena on
EOT gratings can be obtained by plotting all of the spectra simultaneously, as shown in Fig. 5.
The EOT, the Wood’s Anomaly diffraction, and the XP transmission all peak at independent
spectral positions. By comparing the spectra in Fig. 5, we can not only determine the relative
spectral position of each phenomenon investigated, but we are also able make a qualitative
assessment of the strength of the coupling to, and loss associated with, each mode by
comparing the collected light for the phenomenon of interest to the reflected light at that same
wavelength. The relationship between fractional absorption (A), diffraction (D), transmission
(T) and reflection (R), R=1-(A+D+T), allows us to extract a relative absorption strength as a
function of wavelength. The reflection experiment shows two strong spectral dips, one at the
direct EOT wavelength, and the other at the wavelength of the XP transmission peak. At
these two wavelengths, the light that is not reflected must either be transmitted/diffracted or
absorbed. If the diffracted or transmitted intensity is weak at these wavelengths, it suggests
that significant light is absorbed by the sample. Thus, a strong dip in reflection, combined
with a weakly transmitted/diffracted signal (as is seen at the wavelength of the XP
transmission peak), indicates strong coupling to a high loss mode, since the light incident
upon the sample at this wavelength is not collected with a significant intensity in any of our
experimental configurations. However, the absence of a reflection signature, combined with a
relatively strong transmitted/diffracted signal (as is the case at the wavelength of the WA
peak), suggests weak coupling (since most of the light is reflected), but low loss (as the WA
signal is quite distinct). The qualitative determination of the coupling strength and losses of
each phenomenon are presented in the table included in Fig. 5.

Because we are able to spatially and spectrally collect a large portion of the radiation
interacting with the EOT grating, a complete picture of the grating-related losses can be
determined. However, in order to develop semiconductor-based plasmonic structures,
material losses must also be characterized. Fig. 6 shows the peak transmission intensity as a
function of both doping density (for a fixed, 250 nm thick doped layer) and doping thickness
(for varying epilayer thicknesses, each doped 1E18cm™). Both plots show a distinct decrease
in intensity as a function of increased doping.
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Fig. 5. Comparison of normalized EOT, WA, XP, and reflection (Ref.) spectra for sample A.
The reflection data has been vertically offset for clarity. The table (right) shows the relative
strength of the collected signal for each phenomenon (EOT, WA, and XP), compared to the
strength of the dip in the reflection spectrum at the peak wavelength of each effect (EOT, WA,
and XP). At the wavelength of the EOT peak, a strong dip in reflection is seen, suggesting
strong coupling, and low losses. The distinct WA peak has no corresponding reflection dip,
suggesting weak coupling, and low losses. Finally, the weak XP signal peak corresponds to a
noticeable reflection dip, indicating strong coupling, but high losses.
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Fig. 6. Transmission through EOT grating structure as a function of (a) Doping concentration,
for a doped epilayer of fixed width (250nm) and (b) Doped epilayer thickness, for a fixed
doping concentration of 1E18cm™,

In addition, we can track the peak position of the spectrum for each effect as a function of
doping thickness and carrier density. Clear shifts are seen in the peak position for the EOT,
XP, and Reflection spectra, but relatively little shift is seen for the Wood’s Anomaly peak.
The doping layers, even at their thickest, are still well within one wavelength of the surface.
This strongly suggests that the EOT and XP phenomenon are tightly bound to the
metal/semiconductor interface, as changes of doping, even within 100nm of the interface, can
induce strong peak shifts in these spectra. The Wood’s Anomaly, however, would appear to
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Fig. 7. Peak positions for EOT, WA, XP, and Reflectrion data as a function of (a) Doping
thickness and (b) Doping density. While the EOT, XP, and Reflection data each show
significant shifts with doping, as the dielectric constant of the semiconductor is tuned at the
metal/semiconductor interface, no such tuning of the Wood’s Anomaly is observed.

be more loosely bound, as doping near the interface does not strongly affect the WA peak
position. This result is reinforced by the strength of the WA signal, which, in the mid-IR,
would be strongly attenuated by free carrier losses, were it closely bound to the surface, and
traveling through many millimeters of highly doped material. Because the WA mode is
determined to be low-loss, the WA itself could not be tightly bound to the metal surface.

5. Conclusions

In summary, the spatial and spectral transmission, diffraction, and reflection of EOT gratings
with engineered material losses have been measured. In addition, the effects of Wood’s
Anomaly and the polarization dependent surface plasmon coupled portion of the EOT effect
have been isolated, measured, and compared. These experiments, on the one hand, allow us
to effectively track every photon incident on the EOT grating near the primary EOT peak. We
are able to qualitatively label the various modes as either high or low loss, and measure the
relative coupling strength to each mode. Moreover, by engineering losses in the dielectric
substrate upon which the EOT grating is deposited, we can better understand the material
losses associated with the gratings, and determine whether each phenomenon studied is tightly
or loosely bound to the metal/dielectric interface. Finally, by limiting the total number of
excess charge carriers employed for permittivity tuning, strong transmission with effective
peak shifting can be achieved for use in actively tunable EOT devices.
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