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With high photovoltaic efficiencies, low production costs, and long-term stability of single junction
cells, CdTe/Si four-terminal tandem solar cells are promising devices for surpassing single junction Si
solar cell efficiency limits. High sub-band-gap transmission in the top junction is crucial to reach high
efficiencies. Here, we study the impact of surface roughness on transmission using experiments and sim-
ulations, showing that the as-deposited texture both increases backscattering and parasitic absorption
compared to flat surfaces due to electric field concentration in mesoscale surface features. Adding the
ethylene vinyl acetate interlayer increases transmittance by reducing the index contrast at the back trans-
parent conductive oxide. We show that these roughness-induced losses can be overcome by including high
index optical coatings as additional interlayers, resulting in increased transmission through the CdTe cell
and Si bottom cell efficiency that is comparable to a flat reference device.
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I. INTRODUCTION

As single junction Si cells approach their performance
limits, tandem architectures are becoming increasingly
important in the drive for higher efficiencies [1-3]. Si
is an advantageous choice for the bottom cell, given the
technoeconomic benefits of the established Si photovoltaic
industry [1,4,5]. Cadmium telluride (CdTe) is a promising
candidate for the top subcell, as it is a proven material
with high efficiency and long-term stability and can be
mass produced for a low cost [6]. The band gaps of CdTe
and Si are 1.5 and 1.12 eV, respectively, which allows
near-infrared (NIR) light to transmit through the CdTe
subcell and reach the Si subcell. To improve cell perfor-
mance, CdTe is often alloyed with Se, which additionally
makes the absorber band gap adjustable between approx-
imately 1.38 eV (at approximately 40% Se) and 1.7 eV
(pure CdSe). The combined benefits give CdTe/Si tandem
cells advantages over other tandem systems like I1I-V/Si,
which have high production costs [4], and perovskite/Si,
which require improved stability and scalability [7]. For
successful implementation, the tandem architecture must
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exceed the performance of the single junction device.
Thus-far, CdTe solar cells epitaxially grown on Si cells
have only yielded relatively low efficiencies of 17% [8].
On the other hand, high temperatures and aggressive
chemistries involved in thin film CdTe device process-
ing make direct deposition of these materials onto Si cells
impractical [9—14].

Tamboli et al. predicted efficiencies in the range of
25%-30% if CdTe and silicon cells were electrically
separated in the four-terminal mechanically stacked con-
figuration schematically depicted in Fig. 1(a) [6]. This
configuration removes complexity from the tandem cell
electrical design, as the direct series electrical connection
of the cells, which is usually achieved through a tunneling
junction, is not required. Electrically separating the sub-
cells makes perfect current matching unnecessary, which
is a major design constraint for the two-terminal monolith-
ically integrated devices [15,16]. In particular, Isah et al.
[15] concluded that the maximum monolithic CdTe/Si tan-
dem efficiency was obtained with a CdTe layer thinned
down to 0.2 pm. Such thin absorbers tend to suffer from
pinholes and shunting, more so when deposited on stan-
dard textured Si cells, making practical implementation of
the design challenging [17]. Another disadvantage of the
monolithic two-terminal tandem that is eliminated by the
four-terminal mechanically stacked design is a strong sen-
sitivity of the current generated by the bottom subcell to
the incident solar spectrum. As a result, top and bottom
subcell currents can be matched well for some climates and
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FIG. 1. (a) Illustration of a CdTe/Si four-terminal tandem

solar cell (ARC is anti-reflection coating). (b) CdTe solar cell
experimental and simulated transmittance.

seasons, while the matching becomes suboptimal for other
climates and seasons, resulting in energy yield losses [18].

The optical challenges introduced with four-terminal
tandem devices, however, require strategic optical design
and photon management to achieve high efficiencies. Pho-
ton management is essential in tandem devices to best
utilize both semiconductor absorbers and achieve high
efficiencies and is especially important in four-terminal
tandem configurations. The strategic selection of conduc-
tive layer materials, surface texture for improved light
coupling, and thickness optimization to control absorption
and reflection become especially important with tandem
devices to minimize reflection and parasitic absorption
losses [15,19,20]. In the CdTe/Si four-terminal configu-
ration, sub-band-gap light not absorbed by the CdTe cell
must be transmitted through the transparent front and back
contacts of the CdTe layer, the encapsulant, and the top of
the Si cell before it can be converted into electricity by the
Si cell.

Achieving high transmission values therefore requires
the use of both transparent back electrodes and under-
standing of the impact of surface roughness on light
transmission. Previous studies on CdTe devices with trans-
parent back contacts were successful at improving the NIR
transmittance to about 70% [12,21,22], using relatively

flat CdTe topography. The CdTe film preparation tech-
nique impacts on the surface topography and microstruc-
ture. Common CdTe film deposition techniques for photo-
voltaics include vapor transport deposition (VTD), thermal
evaporation, close-space sublimation (CSS), and mag-
netron sputtering [9—12,22-29]. Among the techniques
most suitable for industrial applications, VTD and CSS,
VTD has key advantages, including high rates, low cost,
smaller source areas, and decoupled substrate and source
environments [9,11,23,25,28]. VTD produces high-quality
polycrystalline CdTe films, and the grain size can be
controlled by tuning the substrate temperature [28]. The
impact of treatments such as CdCl, and heat on the
electrical properties of CdTe cells is also well studied;
these treatments lead to morphological changes, such as
increased grain size and surface roughness, that affect NIR
transparency [13,14,29-33].

However, the importance of surface roughness in the
four-terminal device configuration, and the interaction
between the surface texture and transparent electrodes,
is not well characterized or understood. Here, we use a
combination of simulations and experiments to understand
and reduce roughness induced transparency losses in a
CdTe/Si four-terminal device, with special attention paid
to surface texture induced absorption enhancement in the
transparent back contact. We also offer strategies to miti-
gate these losses through high index optical coatings and
planarization.

II. RESULTS AND DISCUSSION

Figure 1(a) shows our assumed device configuration.
The CdTe cell is assumed to have a planar front transparent
conductive oxide (TCO); the absorber layer is comprised
of VTD deposited CdSe, Te;_,, with surface roughness on
the back interface; and a conformally grown back metal
oxide based TCO is included as a rear conductive layer. In
the full tandem configuration, this is followed by an encap-
sulant layer (ethylene vinyl acetate, or EVA) and a typical
Si cell underneath. The refractive index of each layer is
shown in Fig. S1 within the Supplemental Material [34].

CdSe, Te;_, solar cell samples are received from First
Solar Inc. without EVA encapsulation. The total sub-band-
gap transmittance is measured by UV-vis spectrophotome-
try and plotted in Fig. 1(b). Finite-difference time-domain
(FDTD) simulations are used to analyze the sub-band-gap
transmittance of the CdSe,Te;_, top cell in the proposed
CdSe,Te;_,/Si four-terminal tandem configuration. The
surface roughness of the CdSe, Te|_, layer is measured by
atomic force microscopy (AFM) and imported directly into
the FDTD simulations. Figure 1(b) compares the exper-
imentally measured and modeled sub-band-gap transmit-
tance through the top cell. The simulation and experiment
show reasonable agreement, with the FDTD simulation
underestimating the sub-band-gap transmittance. Some
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discrepancies are seen in the location of the transmission
onset and shape of the transmittance. These are hypothe-
sized to be due to a simplification of the refractive index
of the CdSe,Te;_, in the model, which does not account
for the graded CdSe doping at the front interface of the
CdSe, Te|_, absorber layer.

We compare three different roughness cases: one with
native texture, a planar surface, and an intermediate case
obtained by scaling the surface height of the as deposited
texture by 0.5. The transmittance from the simulations
without the EVA interlayer is shown in Fig. 2(a). The trans-
mittance spectrum of the planar device supports Fabry-
Perot modes that closely match transfer-matrix method
predictions. The rough surface has the least transmission,
but reducing the roughness of the CdSe,Te;_, surface
results in significant increases to transmittance. However,
the proposed four-terminal CdSe, Te;_, /Si tandem cell has
an EVA encapsulant interlayer instead of an air gap, so
we additionally perform calculations of transmittance into
EVA [Fig. 2(b)]. The two rough samples now show signif-
icantly greater transmittance, and the differences in trans-
mittance between the samples is less dramatic, indicating
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FIG. 2. CdTe solar cell transmittance into (a) air and (b) EVA.

that the roughness driven transmission decreases are miti-
gated via the inclusion of the EVA layer.

To understand the dominant transparency loss mecha-
nisms, we calculate the wavelength dependent absorption
and reflection for the three CdSe,Te;_, devices with and
without the EVA (Fig. 3). The power absorbed is calcu-
lated according to Eq. (1), where &” is the imaginary part
of the complex permittivity, and |E|? is the intensity of the
electric field:

Pas = —0.50|E|*¢”. (1)

These calculations are performed for the entire three-
dimensional (3D) simulation and the power absorbed in
each material is isolated, as described in Sec. IV. The front
contact of silicon is not included in these simulations, as
the focus is on increasing transparency into EVA or air
before the light reaches the silicon cell.

At wavelengths longer than the CdSe,Te;_, band gap,
the dominant loss mechanisms are reflection, scattering,
and absorption from the front and back TCOs. For all
samples, both the reflection and TCO absorption decrease
with the inclusion of the EVA interlayer, and the decrease
is most significant for the samples with higher rough-
ness. The reduced index contrast between the back TCO
and EVA compared to the TCO-air interface reduces both
specular reflection and backscattering, and therefore, also
front TCO absorption. Planarization of the surface texture
decreases both reflection and TCO absorption. Decreasing
the CdSe, Te;_, surface roughness reduces the total reflec-
tion because there is less backscattering at the back TCO
interface. The increased backscattering from the rough
back TCO also leads to increased front TCO absorption,
because more light is trapped in the CdSe, Te;_, cell sim-
ilar to the roughness induced light trapping utilized in
silicon solar cells [35-37].

To understand the roughness induced absorption
enhancement in the back TCO, Fig. 4 shows a vertical
cross section of the electric field intensity and absorption
at a wavelength of 1 um. As expected, absorption losses
are confined to the front and back TCOs. However, the
magnitude of the absorption losses varies significantly with
surface texture and inclusion of the EVA interlayer. The
electric field intensity figures show electric field intensity
localization surrounding the peaks of mesoscale (1-3 pm)
features on the rough CdSe,Te;_, surface. These intense
electric field concentrations are accompanied by photon
jets that extend into the air-EVA interface. Significant
interference patterns throughout the cell are due to the
superposition of the incoming, reflected, and scattered
plane waves.

To visualize the electric field localization and absorption
enhancement in the back TCO from a different perspec-
tive, we integrate the power absorption over the thickness
of the conformal back TCO, average the results from 950
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to 1300 nm weighted by the AM1.5 global solar spectrum,
and plot the lateral 2D projections in Fig. 5. It is impor-
tant to recognize that the back TCO thickness remains
constant at 150 nm, regardless of surface height. Compar-
ing these calculations to the surface height maps shows
that the surface morphology influences the local power
absorption in the back TCO: the locations with greatest
power absorption are regions of high surface height. This is
additionally illustrated in Fig. S2 within the Supplemental
Material [34]. At the apex of a mesoscale morphological
feature, there is a region of electric field intensity local-
ization and enhanced power absorption. Similar features
are seen in the sample with reduced surface roughness, but
with decreased magnitude of absorbed power, due to the
decreased feature height.

We attribute the electric field intensity localization and
absorption enhancement to a focusing effect dominated by
the mesoscale features on the CdSe,Te;_, surface. It is
similar to the nonresonant effect seen in previous studies
on dielectric particles and gratings, where light is local-
ized near the forward direction surface of the dielectric
material [3846]. The focusing effect is a function of
feature size and shape, aspect ratio, index contrast, and
wavelength of light. In our case, the average size of the

curved surface features is approximately 0.97 um, which
is similar in length to the wavelength range of interest
(see Fig. S3 within the Supplemental Material [34]). The
reflection and scattering of the injected plane wave off
these curved surfaces cause constructive interference that
focuses and localizes light around the apex of the sur-
face features. These features are not perfectly optimized to
focus the incoming light, but the collective local absorp-
tion enhancement leads to a global increase in back TCO
absorption by about 141% for the samples that inter-
face with air and about 65% for samples with the EVA
interlayer.

The EVA interlayer reduces the magnitude of the back
TCO absorption enhancement (and increases transmission)
because it reduces the index contrast at the rough surface.
Previous studies on dielectric spheres and particles demon-
strate that a reduced index contrast shifts the point of focus
forward into the lower index medium and creates more
forward scattering [39,40,43,44,46]. Similarly, the EVA
interlayer enhances forward scattering and decreases lat-
eral scattering, which diminishes the localized absorption
enhancement in the back TCO.

This poses the question as to whether further reductions
in index contrast could provide even greater enhancement
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(a),(d) Cross section of the real component of the refractive index; (b),(e) electric field intensity enhancement; and power

absorption in the CdTe solar cell with (a)—(c) air and (d)—(f) EVA. White lines are included in (b),(c),(e),(f) at material interfaces.

to CdSe,Te;_, cell transmittance. To investigate this,
two lossless constant refractive index optical coatings are
investigated with slightly different functionalities. First, an
n=1.7 optical coating is considered to provide a smaller

stepwise transition in refractive index from the back TCO
to the EVA interlayer. The second optical coating consid-
ered has a larger refractive index of n=1.9, which index
matches the back TCO at a wavelength of 1 pm.
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surface (d)~(f) and the rough surface x0.5. Back TCO power absorption is shown for cells with both (b),(e) air and (c),(f) EVA.
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The effects of including high index optical coatings on
the transmittance of a CdSe,Te;_, cell are summarized
in Fig. 6. The transmittance of the solar cell with only
EVA is also included as a reference. Semi-infinitely thick
optical coatings are first considered to view the effects
the coatings have on the unpolished cell’s sub-band-gap
transmittance without the additional coating-EVA inter-
face. As anticipated, the reduced index contrast results in
increases in transmittance beyond devices with the EVA
interlayer. The cells with the n=1.9 optical coating have
a larger transmittance than those with the n=1.7 coating
at shorter wavelengths, but their transmittance is compara-
ble at wavelengths greater than 1050 nm due to dispersion
in the refractive index of the back TCO, which disrupts
the index matching condition of the n = 1.9 coating. These
results indicate that substitution of the EVA interlayer
with a higher refractive index alternative, such as the
high refractive index polymers often used to encapsulate
light-emitting diodes [47—50], could be used to further
enhance the optical coupling in CdTe/Si four-terminal
tandem cells.

The effects of the additional coating-EVA interface
are also simulated with 1-um-thick optical coatings. The
coatings are assumed to optically “flatten” the back con-
tact by forming a planar interface with the EVA interlayer.
Unfortunately, the transmittance for the devices is reduced
due to reflection at the coating-EVA interface. The device
with the n = 1.9 coating has the largest reduction in trans-
mittance, decreasing below the CdSe, Te|_, device without
an optical coating at longer wavelengths due to its high
refractive index contrast with the EVA interlayer. The
CdSe, Te|_, cell with an n = 1.7 coating displays a smaller
reduction in transmittance and still outperforms the cell
without a high index coating at most wavelengths due to
its smaller stepwise transitions in refractive index.

The reflection losses at the coating-EVA interface can be
significantly reduced by applying an additional coating to
serve as an antireflection coating between the two layers.
The proposed two-layer optical coating is schematically

depicted in Fig. 6(c), consisting of a 1-um-thick n=1.9
coating to planarize the back contact followed byan=1.7
coating, the thickness of which, 147 nm, is selected to
serve as a quarter-wave layer. The two-layer optical coat-
ing outperforms devices with single-layer coatings at short
wavelengths. However, dispersion in the back TCO’s
refractive index causes poor index matching between the
n=1.9 optical coating and back TCO at long wavelengths,
causing the two-layer coating device’s transmittance to fall
below the cell with only an EVA interlayer at wavelengths
longer than 1100 nm.

After demonstrating improved transmittance through the
CdSe, Te;_, cell, we estimate the performance of the Si
cell implemented as the bottom subcell. For this estimate,
we assume an industrial p-type mono-PERC silicon cell
with an efficiency of 22%. The external quantum efficiency
(neqE) is sourced from the literature [51]. The short circuit
current density (Jsc) of the Si cell is calculated by

Jsc = q [ neQe(A) x T(A) x P (A)dA, (2)

where T is the CdSe, Te _, solar cell’s transmittance, ®,
is the spectral solar photon flux, and ¢ is the elemen-
tary charge. Equation (2) is integrated across the entire
AM1.5G solar spectrum, and the results are displayed in
Table 1.

The Jgc for the Si cell under an unfiltered solar spec-
trum is estimated to be 40.9 mA/cm?. The open circuit
voltage, fill factor, and efficiency of the silicon cell under
the CdSe,Te;_, device can then be calculated according
to methods described in the Supplemental Material [34].
The efficiency estimates assume that differences in sur-
face roughness are only influencing the optical properties.
Surface texture and other defects like lattice distortions,
impurities, and dislocations can impact the material prop-
erties, electrical performance, and solar cell efficiency
[52-56]. However, isolating the influence of the texture on
optics alone allows us to make meaningful performance
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TABLE I. Short circuit current density and efficiency of the
monosilicon passivated emitter and rear contact (PERC) solar
cell (ns;i) under different CdSe, Te;_, solar cell samples and inter-
layers. The estimated tandem cell efficiency is also included

(7).

Sample Jsc (mA/em?®)  7si (%) 17 (%)
Rough surface air 5.7 3.0 25.0
Rough surface x0.5 air 7.4 4.0 26.0
Planar air 7.7 4.1 26.1
Rough surface EVA 8.0 43 26.3
Rough surface x0.5 EVA 8.4 4.5 26.5
Planar EVA 8.4 4.5 26.5
Two-layer 8.2 4.4 26.4

comparisons between the planarized samples and the high
index optical coatings.

Both strategies increase the efficiency of the bottom
Si cell. Planarizing the back contact interface results in
an increase of 1.1% in silicon cell efficiency with no
EVA interlayer, and a 0.2% increase with the interlayer
included. Applying the two-layer high index optical coat-
ing also results in a slight increase in efficiency for the cell
compared to the cell with only EVA. We note that these Si
cell efficiencies are similar to those predicted by Tamboli
et al., and when combined with the CdTe cell efficiency
of 22% would exceed a single junction efficiency up to
26.5% [6,57].

ITII. CONCLUSION

CdTe/Si four-terminal tandem solar cells are promising
architectures that take advantage of the two most dom-
inant single junction technologies on the market. This
study characterizes the sub-band-gap transparency losses
in the CdSe,Te,_, top cell and investigates two methods
to increase top cell transmittance: reducing the rough-
ness and including high index interlayers. The loss in
the back TCO is increased by mesoscale features on the
CdSe, Te;_, surface that create a focusing effect and local-
ized absorption enhancement. Since this effect is related
to both the height of the surface features and the index
contrast, either planarization of the surface texture or the
inclusion of higher index optical coatings mitigates the
roughness induced optical losses and promote transmit-
tance. A two-layer coating provides a 2% 3% increase
in transmittance from 900 to 1000 nm compared to EVA
alone.

IV. METHODS
A. Samples

The solar cell samples are provided by First Solar.

B. Surface roughness characterization

Contact mode AFM measurements are performed with a
Bruker Dimension ICON atomic force microscope on the

back surface of a completed CdSe, Te;_, solar cell without
EVA encapsulation. The total scan area is 15 x 15 um?.

C. UV/vis spectrophotometry

Total transmission measurements are performed using
a Cary 7000 UV-vis spectrophotometer with a dif-
fuse reflectance accessory. During the measurement, the
CdSe, Te|_, solar cell is mounted on the integrating sphere
transmission port and a polytetrafluoroethylene reflectance
standard blocks the back port.

D. FDTD simulations

The simulated CdSe, Te;_, solar cell consists of a 330-
nm-thick front TCO on a glass substrate, a 3.3-um-thick
CdSe,Te;_, layer, and a 150-nm-thick back TCO. The
front and back transparent TCO contacts are multilayer
stacks with additional layer thicknesses between 10 and
40 nm thick. A 35-nm-thick ZnTe layer serves as a p con-
tact on top of the graded CdSe,Te;_, absorber. Surface
roughness data from the AFM measurements are applied
to the CdSe,Te;_, layer and all layers in the transparent
back contact. A simulation area of 10 x 10 um? with peri-
odic boundary conditions is found to be sufficiently large
to capture the surface roughness.

The optical simulations are conducted by injecting a
plane wave into the CdSe, Te|_, solar cell, starting with the
glass layer. A monitor in the air gap or EVA interlayer is
used to collect the transmittance through the device stack,
and 3D electric field monitors placed around the entire
device are used to calculate absorption. When comparing
the simulated transmission to experimental measurements,
reflection loss off the air-glass interface and absorption loss
through the 2.65-mm-thick glass substrate is added to the
simulation results in postprocessing. The reflection at nor-
mal incidence is estimated with Fresnel equations and is
about 4%, and the glass absorption estimated with Beer’s
law is about 2%.
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