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Abstract: We demonstrate numerically that two-dimensional arrays of
ultrathin CdTe nano-cylinders on Ag can serve as an effective broadband
anti-reflection structure for solar cell applications. Such devices exhibit
strong absorption properties, mainly in the CdTe semiconductor regions,
and can produce short-circuit current densities of 23.4 mA/cm? a
remarkable number in the context of solar cells given the ultrathin
dimensions of our nano-cylinders. The strong absorption is enabled via
excitation of surface plasmon polaritons (SPPs) under plane wave
incidence. In particular, we identified the key absorption mechanism as
enhanced fields of the SPP standing waves residing at the interface of CdTe
nano-cylinders and Ag. We compare the performance of Ag, Au, and Al
substrates, and observe significant improvement when using Ag,
highlighting the importance of using low-loss metals. Although we use
CdTe here, the proposed approach is applicable to other solar cell materials
with similar absorption properties.
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1. Introduction

Cadmium telluride (CdTe) based solar cells have the lowest carbon footprint, production cost,
shortest cost recovery, and competitive performance when compared against their Si
counterpart [1]. CdTe is a direct band gap semiconductor material with the band gap energy
of 1.44 eV, similar to GaAs. While the required absorption thickness for direct band gap
materials is of the order of 1-10 micrometers, it is still advantageous to reduce the thickness
further to minimize cadmium content and tellurium usage per panel and improve carrier
extraction. In addition, absorption can be improved if the Fresnel reflection is reduced.
However, standard single layer anti-reflection coatings are ineffective for broadband
reflection reduction [2-4]. For this reason, light scattering of nano-patterned plasmonic
structures that enhance light trapping and hence absorption has been previously proposed to
improve solar cells performance [5-10]. However, most of the reported structures used nano-
patterned metal structures or plasmonic nanoparticles as scatterers [7, 11-23] to trap light in
the material where electron-hole pairs are generated.

In contrast the structure studied in this paper uses nano-patterned semiconductors as
scatterers on a continuous metal surface to enable surface plasmon polariton (SPP) excitations
which facilitate enhanced absorption and serve as an anti-reflection coating [11, 12]. In
particular, we aim to design ultrathin structured surfaces of CdTe nano-particles exhibiting
simultaneously broadband anti-reflection and strong absorption properties through surface
impedance matching to free space [5, 6, 11, 24-26]. We adopt a nano-patterned surface made
of CdTe nano-cylinders on Ag as shown in Fig. 1(a). Light reflection properties created by
this surface are controlled by the scattering properties of the nano-cylinders through size and
shape control. The scattered field of the nano-particles produces enhanced coupling to optical
modes in the structure and hence absorption enhancement [5, 7, 8, 11, 27-34]. Another
advantage of using nano-patterned [35] solar cells is to reduce defect concentration during
deposition or crystal growth [36, 37]. Defect creation induced by strain and lattice mismatch
is less likely when the area and growth thickness is reduced [38].

The paper is organized as follows. We introduce the proposed nano-patterned structure in
Sec. 2, where we show that the key absorption mechanism owes its origin to the SPP standing
waves residing at the interface of CdTe nano-cylinders and Ag. We then show in Sec. 3 that
most of the absorbed energy resides in the semiconductor regions, making the proposed
device appealing for solar cell applications. We eventually complete the photovoltaic circuit
by adding a second conducting electrode. Finally, we draw conclusions in Sec. 4.

2. Arrays of CdTe nano-cylinders as scatterers for SPP excitation and enhanced
absorption

The structure analyzed here is shown in Fig. 1(a) where an ultrathin (110 nm) CdTe film
placed on an optically thick continuous Ag film is patterned into a nano-cylinder array. We
found that this thickness is necessary to provide optimum scattering strength to couple the
external plane wave efficiently to the SPP. The nano-cylinders, with diameters of 340 nm, are
arranged in a square lattice with a period of 440 nm. Under normal incidence of x-polarized
light from air to the structure [see Fig. 1(a)], the reflectivity R, reported as a blue curve in Fig.
1(b), shows near zero values (about 7% on average) from ~0.85 pum (the onset of the band
edge) to ~0.45 um. Therefore, the absorption — obtained by calculating 1-R — is very close to
1 in a wide frequency band in the solar spectrum. In contrast, the reflectivity of an
unpatterned film in the same spectral region is much higher, as shown by the red curve in Fig



1(b). This corresponds to a much lower absorption in the same spectral band. The electric
field intensity pattern at the wavelength of 0.8 um obtained from full-wave finite-difference
time-domain simulations (FDTD Solutions by Lumerical Solutions Inc.) is shown in Fig. 1(c).
The CdTe dielectric constant used in simulation is obtained from the database of a J.A.
Woollam ellipsometer, whereas the Ag permittivity values are from Palik [39]. The enhanced
field patterns at the surface of the Ag/CdTe interface and at the air gap between nano-
cylinders suggest excitation of SPP induced by scattering of the CdTe nano-cylinder array.
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Fig. 1. (a) 3D schematic of an array of CdTe nano-cylinders on Ag substrate.
The CdTe nano-cylinders have a diameter of 340 nm and a height of 110 nm.
The periodicity is 440 nm. (b) Reflectivity spectrum of the nano-patterned
structure of CdTe nano-cylinders on Ag substrate (blue curve) and unpatterned
CdTe thin film with the nano-cylinders’ thickness (red curve) from normal
incidence plane waves. (c) Electric field intensity plots at the wavelength of 0.8
pm. The plot shows intense fields between CdTe nano-cylinders (dotted
rectangles) and also at the interface between the CdTe nano-cylinders and Ag
(white dash line). The intense fields at the interface of CdTe and Ag pertain to
SPPs.

In order to verify whether these modes on the CdTe/Ag interface are indeed SPP modes,
we compare the dispersion curves of these modes in two different situations, both shown in
Fig. 2(a): (1) CdTe nano-cylinders and (2) an unpatterned CdTe film, both on top of an Ag
substrate. First, each point on the dispersion curve for case (1) is obtained by determining the
in-plane wavenumber (k, ) of the SPP mode from the spatial separation of the field maxima

pertaining to a given excitation frequency. Field patterns of several excitation wavelengths are
shown in Figs. 2(b)-2(d). The dispersion curve is obtained by repeating this analysis for
different incident wavelengths and is shown by red dots in Fig. 2(a). Second, the dispersion
curve of the SPP for case (2) is instead obtained by using photonic bandstructure simulations;
the result is shown as blue diamonds in Fig. 2(a). The two dispersion curves are similar and
thus confirm that the field patterns on the CdTe/Ag interface are due to SPP excitations in



both cases. Hence, this shows the broadband coupling to SPP is provided by the scattering of
the CdTe nano-cylinder array.

a 0.5um )
1al @] g -
- 0 M )
= °
5§ 12f s
2
e
RS o
X 10t o
@
9.0
2 08f &
o
[
w
0.6 |-
T
1 2 3 4

Ky (x10% 1/cm)

Fig. 2. (a) SPP dispersion obtained from FDTD simulations of an array of CdTe
nano-cylinders on Ag substrate (red dots) and unpatterned CdTe thin film on
Ag substrate (blue diamonds). The red dots are obtained by extracting SPP
wavelengths from electric field intensity plots such as shown in (b-d). The dash
gray line represents the light line in air. (b)-(d) Electric field intensity plots at
wavelengths: 0.5 pm, 0.67 pm and 0.75 um. Color map of the field is as in Fig.
1(c).

3. Absorption spatial distribution: most energy resides in the CdTe semiconductor
regions

Next, we determine where the energy is being absorbed in the case of an array of CdTe nano-
cylinders on a metallic substrate. Again, using FDTD simulations, we place absorption
monitors in separate spatial regions: (1) the metal region, and (2) the CdTe region. The local
absorbed power density P, is computed from the field using Pas(X,y,2)=0.5we” [E(X.y,2)[,
where &'’ is the imaginary part of the absolute dielectric constant of the material, w and E are
the angular frequency and electric field respectively. For this simulation, we consider Ag, Au,
and Al substrates in order to show the importance of low-loss plasmonic materials, and the
results are shown in Figs. 3(a), 3(b), and 3(c), respectively. When considering the Ag
substrate, about 90% of the total absorption occurs in the CdTe region in the band ~0.40-
0.861 um as shown in Fig 3(a) (blue trace), whereas the Ag contribution accounts for only
about 10% of the total absorption, as represented by the green trace. The sum of these
absorptions [Fig. 3(a), red trace] is in good agreement with the total absorption obtained from
reflectivity calculations [Fig. 3(a), black trace] computed as 1-R. Replacing Ag with Au [Fig.
3(b)] or Al [Fig. 3(c)] reduces the absorption in CdTe considerably. Au and Ag have similar
plasma frequencies and hence the overall reflectivity responses of the two structures are
similar. However, since Au has larger losses than Ag as indicated by a larger &', more energy
is absorbed in Au. Regarding Al, which has a different plasma frequency and a strong
absorption feature around 0.8 um, the reflectivity response and the ratio of the absorbed
energy in CdTe and metal are very different from the case of Ag. Therefore, low-loss metals
enable stronger field enhancements in CdTe and hence stronger absorption and
simultaneously smaller loss in the metal. Based on these CdTe absorption spectra, we
computed the short-circuit current densities [40] using the AM1.5 solar spectrum in the
wavelength range from 0.4 um to 0.861 pum for Ag, Au and Al as plasmonic material and
obtained 23.2, 20.6 and 18.8 mA/cm? respectively. This is a significant increase from the
short-circuit current density of 15 mA/cm? from an unpatterned CdTe film on Ag and is
comparable to the theoretical maximum of 29.5 mA/cm? [4]. Moreover, we stress again that in
our structure we obtain these current density values with ultrathin nano-cylinders.
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Fig. 3. Absorption spectra of arrays of CdTe nano-cylinders on (a) Ag, (b) Au,
and (c) Al substrates. The contribution from CdTe (blue), metal (green), and
total absorption (red) are separately shown. As expected, the total absorption in
red is identical to that obtained from 1-R (black).

We then show the spectral and spatial distribution of the absorption in the CdTe material.
As mentioned before, the field energy is concentrated near the CdTe/Ag interface and hence
strong absorption takes place near the Ag surface. The location of field maxima in the CdTe
changes with incident excitation wavelength. Figure 4(a) helps to visualize this concept; we
assemble a series of field intensity profiles at different wavelengths spanning the x-coordinate
in a unit cell, at a distance of 10 nm from the CdTe/Ag interface cutting through the nano-
cylinder. We can clearly see from Figs. 2(b)-2(d) that a standing SPP wave pattern is created
inside the CdTe nano-cylinder. As the wavelength is decreased, we see in Fig. 4(a) that higher
order modes supporting 4 antinodes start to emerge. The SPP mode disappears at wavelengths
shorter than 600 nm. This is due to strong damping of the SPP as its frequency approaches
a)p/\/(gw+ngTe), & and a, are the DC dielectric constant and angular plasma frequency of Ag
respectively, and &cqre iS the dielectric constant of CdTe. In such cases, the SPP wave is
localized and strongly damped at the edge of the nano-cylinder and is unable to establish
standing wave inside the nano-cylinder. This suggests standing wave patterns play a key role
in the enhanced absorption mechanism. The local energy map can be created by evaluating
the P,y expression described earlier and is shown in Fig. 4(b). As mentioned, the low-
wavelength cut-off is due to strong damping resulting in weak field enhancement. Here, we
also see the high-wavelength cut-off is due to the band gap of the CdTe material where ¢ is
small.
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Fig. 4. (a) Field intensity enhancement versus wavelength and x-coordinate in a
unit cell at a distance of 10 nm from the CdTe/Ag interface cutting through the
nano-cylinder. The x-axis spans one period (440 nm) of the structure. (b)
Similar to (a), showing the spatial absorption contour. It is evident that most of
the absorption resides within the CdTe nano-cylinders. The white dash line
shows the location of the CdTe band edge.

Finally, to complete the photovoltaic circuit, a second conducting electrode is
implemented by a planar layer of a conductive oxide [e.g. indium tin oxide (ITO)] and
insulating oxide (e.g. SiO,) films between the nano-cylinders on top of the Ag substrate with a
total thickness of 20 nm as shown in the inset of Fig. 5. The inset in Fig. 5 is a simplified
version of the structure and is not intended to depict an actual electronic device. If a device
were to be built, an n-doped material such as CdS should be introduced between CdTe and
ITO. This configuration provides electrical contact only on the curved lateral surface of the
CdTe nano-cylinders. For the sake of computing the short-circuit current density accurately,
the conductive and insulating oxides are considered as lossless dielectrics with indices of
refraction of 1.6 and 1.4, respectively. These additional films modified the optimal nano-
cylinder design, which now requires a diameter of 360 nm and a height of 170 nm, producing
a short-circuit current density of 23.4 mA/cm?, comparable to the value relative to the design
in Fig. 3(a) because of the larger CdTe absorption at larger wavelengths in Fig. 5, and still
significantly larger than what can be achieved using an unpatterned CdTe film on Ag.

Similar to what was done in Fig. 3, we plot in Fig. 5 the absorption spectra in the CdTe
and Ag regions of this structure. Because the conductive film is very thin, the resistivity of
this material is higher than the value needed for efficient conduction, which is typically 10



Qcm. However, it may be possible to trade optical transmission for lower resistivity with
higher tin concentration in the ITO since this material is not directly in the light path. In
addition, while photocurrent is the main target of this research, the photovoltage of a cell is
also an important parameter. The loss of voltage encountered in small and thin solar cells has
been mainly attributed to edge effects, increased dark currents, and surface recombination
[41]. Nonetheless, it has been shown that careful engineering of the passivation in thin films
can lead to comparable levels of voltage as their thicker counterparts [42].
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Fig. 5. Absorption spectra as in Fig. 3(a) for a complete photovoltaic circuit
obtained including a second conducting electrode implemented with insulating
SiO; and conductive ITO as shown in the inset. Here, ITO and SiO, are treated
as lossless dielectrics.

4. Conclusion

In summary, we have shown that nano-patterned CdTe nano-cylinders on metallic substrates
can lead to broadband, strong absorption throughout the solar spectrum. Low-loss metals like
Ag lead to better absorption performance. We further identified the key absorption
mechanism through the coupling to the standing SPP mode inside the CdTe nano-cylinders.
Most of the energy is absorbed within the CdTe regions, leading to larger short-circuit current
densities than what is achievable in an unpatterned structure on Ag. These results provide
guidance to enhance solar cell performance of CdTe or other materials with similar properties.
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