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The circular dichroism of titanium-doped silver chiral
nanorod arrays grown using the glancing angle deposition
(GLAD) method is investigated in the visible and near in-
frared ranges using transmission ellipsometry and spec-
troscopy. These films are found to have significant circu-
lar polarization effects across broad ranges of the visible to
NIR spectrum, including large values for optical rotation.
The characteristics of these circular polarization effects are
strongly influenced by the morphology of the deposited ar-
rays. Thus, the morphological control of the optical activity
in these nanostructures demonstrates significant optimiza-
tion capability of the GLAD technique for fabricating chiral
plasmonic materials.

1 Introduction

Chiral metamaterials [1, 2] have the ability to rotate the
plane of polarization of electromagnetic waves while
minimally absorbing the light. These chiral metamateri-
als also selectively transmit left or right circular polarized
light. The significance of these optically active metama-
terials have increased since the prediction of phenomena
such as negative refraction and negative reflection [3].
Moreover, they find diverse applications like differentiat-
ing enantiomers in analytical chemistry [4], identifying
protein conformations in life sciences [5], bio-weapon
[6] and missile detection [7] in defense, etc.

Glancing Angle Deposition [8] (GLAD) is a vapor de-
position technique that proves to be a simple yet scal-
able method which can be used to fabricate arrays of
plasmonic nanostructures [9, 10]. Silver has the lowest
damping rate, taking into account the scattering due to
electron-electron and electron-phonon interactions and
lattice defects. Of all the known metal or metal-like ma-
terials, in the visible and near infrared region, silver is
one of the best candidates for plasmonic devices [11]. Sil-

ver, and noble metals in general, are difficult to use with
the GLAD technique due to the high mobilities of sur-
face adatoms, making it difficult to sculpt the materials
into asymmetric shapes necessary for chiral metamate-
rials. However, several techniques have recently been de-
veloped that enable the fabrication of chiral noble metal
nanostructures using GLAD. [12–15] Of these, titanium-
doped Ag helices are particularly interesting, as they are
among the simplest to fabricate and their morpholog-
ical properties are easily tuned. [16] Furthermore, they
exhibit intense circular dichroism in the visible region.
While the results for the visible region are impressive,
characterization of the chiral optical properties of the Ti-
doped Ag helices is incomplete, especially in the near-
infrared wavelength regions that are important for tele-
com and biomedical applications. This report investi-
gates the optical properties of Ti-doped Ag helices in the
visible and near infrared ranges using transmission ellip-
sometry and spectroscopy.

2 Experimental section

The morphological control of the optical activity in
these nanostructures demonstrates the significant opti-
mization capability of the GLAD technique. Silver chiral
nanorod structures [16] (CNS) have been grown using
a dynamic shadowing growth method, a type of GLAD
technique which is further explained elsewhere [8]. In
this method, quartz substrates were mounted inside
a vacuum deposition chamber on six independently
rotating holders, where each holder rotates azimuthally
at different speeds, producing six sets of chiral nanorods
with different morphological parameters. These samples
are labeled, CNS 1 – 6, where CNS 1 rotates the fastest
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Figure 1 Scanning electron microscope images of Ag:Ti composite chiral nanorod structures CNS 1 to 6. In each of the six images, the
upper portion represents the top view and the lower portion, the cross sectional side view of the samples. The scale bars in the top and
side views are 2 μm and 500 nm.

and CNS 6 rotates the slowest. The rotation direction also
alternates, CNS 1, 3 and 5 rotated in a clockwise manner
throughout the deposition, while CNS 2, 4 and 6 rotated
in a counter-clockwise manner. The Ag:Ti vapor flux,
obtained by dual-source electron beam evaporation, is
made to be incident on these substrates at a large angle
(�87°) with respect to the incident flux, where the vapor
incident angle is accomplished by tilting the substrate
holder. The vapor flux is maintained at a nominal 5% vol-
ume ratio of Ti to Ag throughout the deposition process,
and each of the fluxes are monitored by separate quartz
crystal microbalances. Due to slightly different positions
within the chamber, there are slight differences in the
Ti/Ag ratios at each of the holders, but these differences
are less than ±5% of the Ti/Ag ratio for holder number
3. The nominal five percent Ti atoms used in the vapor
mix serves as a barrier to prevent the surface diffusion
of silver adatoms, and therefore allows for the sculpting
of chiral nanorod arrays. Scanning electron microcopy
images of samples CNS 1 to 6 are shown in Fig. 1 with
both top and cross-sectional side views. As is evident
from the images, the dimensional parameters of the
samples such as density, radius of curvature, height,

pitch and the diameter of nanorod, vary with respect to
the speed of rotation of the sample stages.

The measured average values of these morphological
parameters for the CNS samples are listed in Table 1. In
general, the samples change from post-like structures
(CNS 1) to full helices (CNS 2) to partial helices (CNS 3
– 6) as the substrate rotation speed decreases. In other
words, the radius of curvature of the chiral structure is
indirectly proportional to the speed of the sample rota-
tion with CNS 1 having the smallest to CNS 6 having the
largest radius of curvature. On the other hand, the pitch
of the samples increases as the rotation speed decreases,
as expected. The density or the packing factor of the
nanorods, as measured through SEM analysis, do not
vary greatly except for samples CNS 1 and CNS 2 as there
are more bifurcations and coalescing of the nanorods.
Overall, the morphology is consistent with growth pro-
cesses where there is competition between surface diffu-
sion and atomic shadowing [17]. The absorbance spectra
of the CNS samples (obtained using J. A Woolam M-2000
ellipsometer) as seen in Fig. 2 indicate that the CNS
samples with faster rotation speeds (CNS1, CNS2 and
CNS3) have stronger local surface plasmon resonance
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Table 1 Morphological parameters of the chiral nanorod samples that vary with the sample stage rotation rate. The pitch and radius
of curvature increases from CNS 1 to 6 as the sample rotation rate decreases.

Height (nm) Diameter (nm) Density (1/μm2) Radius of Curvature (nm) Pitch (nm)

CNS 1 (fastest rotation rate) 160± 60 N/A 52 N/A N/A

CNS 2 110± 30 30± 10 37 90± 20 100± 5

CNS 3 240± 20 50± 30 18 260± 30 560± 50

CNS 4 200± 50 40± 10 13 540± 20 900± 200

CNS 5 200± 20 50± 20 19 1120± 90 1900± 200

CNS 6 (slowest rotation rate) 220± 20 40± 10 18 2000± 200 4200± 400

Figure 2 Absorbance spectra CNS samples indicating stronger lo-
cal palsmon resonance absorbances in samples with faster growth
rotation speeds (CNS1, CNS2 and CNS3) than those with slower
growth rotation speeds (CNS4, CNS5 and CNS6).

absorption modes than the samples with slower rota-
tion speeds (CNS4, CNS5 and CNS6). The absorbances
are averaged for each sample by rotating the sample
azimuthally.

Circular dichroism measurements were done us-
ing transmission ellipsometry (J.A. Woollam M-2000,
370 – 1000 nm) for the visible region and FTIR spec-
troscopy (Bruker Vertex70, 900 – 2000 nm) for the NIR
regions while averaging over different azimuthal orienta-
tions. Circularly polarized light obtained by sending light
through a holographic KRS-5 wire grid linear polarizer
(Thorlabs WP50H-K) followed by an achromatic broad-
band flat retardance (Thorlabs AQWP05M) quarter wave
plate in the FTIR sample compartment is incident on the
sample. Having the fast axis of the quarter wave plate at

+45 and −45° to the linear polarizer produced right and
left circularly polarized light respectively.

ORD measurements in the visible region were per-
formed by passing unpolarized light through a Glan-
calcite linear polarizer (Thorlabs GTH10M). The polar-
ized light, on passing through the CNS sample undergoes
a rotation of the plane of linear polarized light to var-
ious degrees depending on the radius of curvature and
the pitch of the CNS samples. The light was then made to
pass through an analyzer whose axis was orthogonal to
the polarizer. The angle by which the analyzer had to be
rotated to achieve a transmission minimum determined
the optical activity of the CNS sample. An Ocean Optics
(USB4000) and a Bruker Vertex 70 FTIR spectrometers
are used to simultaneously obtain the minimum angles
of rotation as a function of wavelength over the entire vis-
ible and NIR ranges.

3 Results and discussion

Circular dichroism was studied in these samples by em-
ploying transmission ellipsometry in the visible region
and Fourier Transform Infrared (FTIR) spectroscopy in
the near infrared (NIR) region. The transmittances of the
CNS samples are determined for right and left circular
polarized light separately for the NIR region. The Mueller
index (m14) can be measured directly using ellipsometry,
and it can also be extracted from the FTIR measurements
(Fig. 3) using the formula m14 = (Tright – Tleft)/2, where,
Tright and Tleft are the transmittances of right and left cir-
cular polarized light respectively through the CNS sam-
ples (Fig. 4). Note that both ellipsometry and FTIR mea-
surements only measure transmitted light, and therefore,
light that is either absorbed or scattered does not con-
tribute to the m14 spectra. The Mueller indices in the NIR
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Figure 3 Schematic of the experimental design to determine the Mueller index from the transmittances of the left and right circular
polarized light through the sample.

Figure 4 Mueller index extracted from ellipsometry (visible) and
FTIR (NIR) transmittances for CNS samples. The samples show a
bisignate responsewith CNS4 showing the highest circular dichro-
ism at �570 nm. The rectangular box indicates the overlapping
wavelength ranges. The NIR responses were individually offset by
adding a DC value to merge with the visible responses. The inset
shows the first derivative of the Mueller index for sample CNS6
indicating a good overlap of the visible and NIR regions with-
out the need for offsetting, thus confirming the DC nature of the
offset.

region required individual DC offsets to match the visible
data. The inset in Fig. 3 shows the first derivative of m14

for samples CNS 3 and CNS 6 as examples where there
is a smooth overlap between the visible and NIR regions
without the need for offseting indicating the DC nature
of the offset.

The Mueller index (m14) spectra are directly related to
the circular dichroism spectra of the CNS samples, and
it can be seen that the samples exhibit selective trans-
mittance of circular polarized light over the entire mea-
sured region with a high degree of selectivity. The left or
right handedness of the spectra alternate with the differ-
ent substrate rotation directions of CNS 1 – 6, as would
be expected, and the relative optical chirality scales with
the chirality of the structure; i.e., the post-like structures
have much smaller circular polarization effects than the
full and partial helices. In general, all of the spectra have
a broad, bisignate response, where one peak is centered
over the visible region and the other opposite peak is
centered over the NIR. The visible and NIR peaks have
roughly the same intensity in all CNS samples, but the
NIR peak does red-shift more strongly than the visible
peak for CNS samples with increasing radii of curva-
ture. The most remarkable features of the spectra are
the broad m14 peaks which are relatively flat over sev-
eral hundred nanometers in the NIR range, making these
films interesting candidates for optical components in
that important wavelength region.

In our previous work, [16] we describe a computa-
tional finite-difference-time-domain (FDTD) model that
captures this broadband optical response of the GLAD
helical films. The model assumes that individual helices
will couple with the incident light through plasmonic
resonances, and the polarization sensitivity and energy
at which these resonance occurs depends on their mor-
phology. [18, 19] In general, the circular polarization sen-
sitive resonances of the helices are similar to standing
waves, where the lowest energy mode has zero nodes.
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Figure 5 Experimental schematic to determine the angle of rotation of the linear polarization plane by the CNS samples. The sample is
placed in a closed polariscope. The angle by which the sample has to be rotated to once again obtain minimum transmission indicates
its optical activity.

The number of nodes increases in integer steps as the ex-
citation energy of the resonances increases. As described
above, the morphological parameters of the GLAD films
are statistically variable, and therefore, the measured op-
tical response of the film is actually an average response
of slightly differently shaped chiral nanostructures. By
using FDTD to simulate the individual chiral optical re-
sponses of helices having different parameters and then
averaging these responses, the computational model was
able to capture the broadband chiral optical signature of
the GLAD helical films. In particular, the model averaged
over the pitch number parameter because this parame-
ter best captures the competitive mechanism of GLAD
growth.

Since the CNS samples exhibit significant circular
dichroism as described above, it indicates that the
samples are also capable of rotating the plane of linear
polarized light passing through them. In fact, the circular
dichroism and optical rotation dispersion are related
through the Kramers-Kronig relations [20]. To investigate
the optical activity of the samples, an experiment was
designed which is akin to a polarimeter setup with a
slight modification to determine the angle of rotation
(Fig. 5). Optical rotation dispersion is obtained by deter-
mining the minimum angle by which the CNS samples
have to be rotated to obtain minimum transmission in
the closed polariscope setup. According to the polarime-
try measurements, the sample CNS 2 had the highest
rotation angle of all samples at −17° at �620 nm, which
is one of the largest optical rotations of linear polar-
ization reported for thin film samples [21]. Since these
structures are both chiral and linearly anisotropic, it
may not be possible to completely separate the different
contributions in the polarimetric measurements. For
example, the experimentally determined orientations
for linear polarization transmittance minima might
actually result from both linear anisotropy and circular

anisotropy since linear polarization can be described in a
circular basis. However, the effect of linear birefringence
property of the sample could be minimized by first rotat-
ing the sample with respect to the polarizer to maximize
the throughput. This ensured that the polarizer’s axis
was parallel to the sample’s apparent linear polarization
axis. The analyzer is then introduced such that its axis is
orthogonal to the polarizer’s. The optical activity is then
obtained by determining the smallest angle of analyzer
rotation which will yield minimum throughput.

In order to get a different and wider range perspective
of the optical rotation of the CNS samples, a numerical
Kramers-Kronig (K-K) transformation based on the
method by Ohta and Ishida has been applied to CD
data obtained from the m14 spectra of the CNS samples
over the visible and NIR wavelength regions. The exper-
imentally obtained ORD values conformed well with the
ORD obtained from K-K transformed Mueller index in
the visible and NIR regions (Fig. 6), except for sample
CNS3, the reasons for which are not clear yet. Individual
DC offsets are applied to the polarimetric ORD data to
show the conformity of the spectra. The good agreement
between these spectra is a strong corroboration of the
polarimetric experimental design. The results of the K-K
transformed Mueller index for the entire visible and NIR
region are plotted in Fig. 6. While an exact K-K trans-
formation would require integration of all wavelengths
and there appears to be some artifacts near the spectral
endpoints, the obtained optical rotation spectra are con-
sistent with what would be expected from the m14 mea-
surements. That is, the mostly achiral film, CNS 1, does
not exhibit significant optical rotation, and the opposite-
handed films rotate linearly polarized light in opposite
directions. According to the K-K transformations, CNS 2,
which is the full helical structure, rotates light the most
strongly of the CNS samples, with a large rotation angle
of approximately −17° at �620 nm. In general, optical
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Figure 6 Optical rotation dispersion (ORD) angles as a function
of wavelength for CNS samples. The ORD obtained by performing
the Kramers Kronig transformation of the Mueller index (m14) ex-
tracted from ellipsometry and FTIR spectroscopy is shown in red.
Individual DC offsets are done to show the agreement between the
optical rotation angles determined from the two experiments. The
reason for the deviation of data for CNS3 is not known yet.

rotation spectra of the CNS films contain multiple peaks,
with the peaks centered at wavelengths <1000 nm rotat-
ing light more strongly than the longer wavelength peaks.
Another interesting result is that for the one turn helix
(N � 1, CNS 2) and partial helices (pitch number, N < 1,
CNS 3–6), the longer wavelength peak broadens as the
pitch number decreases. The intensity of this peak also
decreases as the pitch number decreases. A similar effect
can be seen in the m14 spectra (Fig. 3) for the smaller
wavelength peak, but the effect is more pronounced in
the optical rotation spectra. Thus, for these helices there
appears to be an inverse relationship between the width
and intensity of optical rotation peaks.

4 Conclusion

Chiral nanorods grown using the scalable glancing an-
gle deposition method with self-shadow masking tech-
nique were shown to be highly dichroic to circular po-
larized light with significantly high optical rotation of
the plane of linear polarized light, where the specific
polarization response could be controlled by the mor-
phological parameters of the thin films. Notably, the ob-
served optical activity of the CNS samples extended over
wide regions of the visible and NIR spectrum. The ability
to tune the optical activity over the visible and NIR re-
gions by changing the morphological parameters of the
CNS samples makes them promising candidates for plas-
monic and nanophotonic substrates for biomedical and
electro-optic device applications.
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