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Abstract

We experimentally demonstrate photocurrent enhancement in ultra-thin Cu(In,Ga)Se;
(CIGSe) solar cells with absorber layers of 460 nm by nanoscale dielectric light scatter-
ing patterns printed by substrate conformal imprint lithography (SCIL). We show that pat-
terning the front side of the device with TiO, nanoparticle arrays results in a small pho-
tocurrent enhancement in almost the entire 400-1200 nm spectral range due to enhanced
light coupling into the cell. Three-dimensional finite-difference time-domain simulations

are in good agreement with external quantum efficiency measurements. Patterning the
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Mo/CIGSe back interface using SiO, nanoparticles leads to strongly enhanced light trap-
ping, increasing the efficiency from 11.0% for a flat to 12.4% for a patterned cell. Simula-
tions show that optimizing the array geometry could further improve light trapping. In-
cluding nanoparticles at the Mo/CIGSe interface leads to substantially reduced parasitic
absorption in the Mo back contact. Parasitic absorption in the back contact can be further
reduced by fabricating CIGSe cells on top of a SiO»-patterned In,O3:Sn (ITO) back contact.
Simulations show that these semitransparent cells have similar spectrally averaged reflec-
tion and absorption in the CIGSe active layer as a Mo-based patterned cell, demonstrating
that the absorption losses in the Mo can be partially turned into transmission through the

semitransparent geometry.

Cu(In,Ga)Se; (CIGSe) solar cells are promising thin-film candidates and have demonstrated ef-
ficiencies up to 21.7%.! One interesting aspect of CIGSe cells is that by varying the Ga/(In+Ga)
ratio the band gap can be varied between 1.0 and 1.7 eV,? which opens possibilities for tandem
devices. Currently, the standard thickness for CIGSe absorbers is 2-3 um, but in view of indium
scarcity and to enhance cell-manufacturing throughput it is favorable to reduce the thickness of
the absorber layer. However, this poses two problems: First, thinning down the absorber layer
thicknesses below 1 pum leads to strongly enhanced recombination at the back contact.® The
recombination can be reduced by increasing the [Ga]/([Ga]+[In]) ratio towards the back con-
tact (‘back Ga grading’), leading to an effective electron reflector.* Second, reducing the active
layer thickness below 1 um leads to substantially reduced light absorption. Figure 1 shows the
attenuation length of the CIGSe material used in this paper, which has a minimum band gap
near 1200 nm (1.0 eV). The attenuation length was calculated (loy = ﬁ, with A the free space
wavelength, k¥ the imaginary part of the refractive index) from the experimentally determined

optical contacts of the absorber material, which were extracted from reflection and transmis-

sion measurements on single layers deposited on glass.>® This graph shows that reducing the



absorber layer thickness to 1 pm leads to less than 1/e attenuation for all wavelengths above
1050 nm. Therefore light trapping is required, in which nanostructures are used to scatter the
incident light and thereby trap it in the absorber layer. The inset shows the general structure of
a CIGSe solar cell, consisting of Mo, CIGSe, CdS, i-ZnO, and Al-doped ZnO (AZO).

Metal nanoparticles have gained much attention for light trapping applications.’~'? They
exhibit plasmon resonances which leads to large scattering cross sections. However, these plas-
monic light trapping geometries also suffer from substantial absorption in the metal particles.
Furthermore, metals are not thermally compatible with the growth process of the solar cells.
Recently, dielectric nanoparticles have gained interest for light management in photovoltaic
applications. 31> Wavelength-sized dielectric particles exhibit geometrical (Mie) resonances,
with scattering cross sections comparable to those of metallic nanoparticles. -6 For a direct
comparison of the scattering properties of dielectric and metallic nanoparticles see also ref. '’
Dielectric materials with a relatively high refractive index and low absorption losses, such as
TiO,, AZO, and Sn-doped In,O3 (ITO), can be used to pattern the front side of the device. 18 Al
ternatively, lower-refractive index particles can be used at the rear side of the absorber layer, as

long as they have sufficient index contrast with the absorber layer. >

Extensive research has been done on light trapping in thin film Si and organic solar cells. }213-20-32
However, only a limited number of research groups have worked on light management in CIGSe

cellg3:33-36

and no experimental demonstration of light trapping in CIGSe cells has been pub-
lished. Light trapping in ultra-thin CIGSe cells is challenging because of the required stability
of the light trapping geometry during the high temperature growth process, the difficulty of ob-
taining conformal growth of the absorber layer on the scattering pattern, and parasitic optical
absorption in the Mo back contact. In fact, the absorption losses in the Mo back contact are a
substantial loss factor in ultra-thin CIGSe cells. Depositing the metal back contact on textured
glass, which is often done to achieve light trapping in thin-film Si cells, is not an option as it

would lead to even higher absorption losses in the Mo. Replacing Mo with a different mate-

rial remains challenging, due to the electronic quality of the contact and diffusion of the back



contact material into the absorber layer. It was found that W, Nb, and Ta could replace Mo as
a back contact material without affecting the growth of the absorber layer, but these materials
still lead to much higher parasitic optical absorption than, for instance, Ag and Al.>” CIGSe cells
can also be grown on ITO or SnO»:F (FTO) back contacts. Using transparent conductive oxides
leads to substantially lower absorption in the back contact and is interesting for applications in
multi-junction devices. It was shown that a very thin MoSe, layer in between the ITO and the
absorber layer, which facilitates carrier transport through tunnelling, could lead to high quality
devices by making a quasi-Ohmic contact.>8

In this paper we use dielectric scattering patterns to enhance absorption in ultra-thin CIGSe
cells with an absorber layer thickness of only 460 nm. The particles are printed using substrate
conformal imprint lithography (SCIL), in which a bilayer polydimethylsiloxane (PDMS) stamp
is used to print nanostructures.3? The stamp consists of a thick low Young’s modulus PDMS
layer, which allows printing over non-flat areas, such as metal grids, and of a thin high Young’s
modulus PDMS layer that holds the small nanostructures. The stamp is made from a Si master
that is produced by electron beam (e-beam) lithography. SCIL allows for large area fabrication
of nanopatterns with a resolution determined by e-beam lithography. Promising results have
been observed on roll-to-roll processes that focus on increasing throughput of this fabrication
method.*’ We study the influence of dielectric scatterers both at the front of the device and
at the interface between the absorber layer and the back contact. We found that both light
incoupling and light trapping are enhanced by the nanoparticles. Finally, we study the effect of
the light trapping patterns on cells with ITO back contacts, paving the way for high-efficiency

tandem architectures.
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Figure 1: Measured 1/e attenuation length as a function of wavelength of CIGSe absorber ma-
terial used in this work. The inset shows the general structure of a CIGSe solar cell geometry,
consisting of Mo/CIGSe/CdS/i-ZnO/AZO.
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Figure 2: (a) SEM image of cross section of an unpatterned CIGSe solar cell. The scale bar
indicates 500 nm. (b) AFM scan of the surface topography of the CIGSe layer.

Results

TiO, surface scattering patterns

Figure 2a shows an SEM image of a cross section an ultra-thin CIGSe cell. Some roughness is
observed at the CIGSe top interface, which also propagates in the CdS layer and flattens out in

the top layers. Figure 2b shows the topography of the CIGSe layer, measured by atomic force



microscopy (AFM) before the CdS/i-ZnO/AZO stack was deposited. Figure 3a shows current
density-voltage (JV) measurements for flat cells before printing nanoparticles on top (black)
and the same cells after printing periodic arrays of TiO, particles on top (red). The inset shows
a schematic of the cell geometry and the inset in Figure 3c shows an SEM image of the TiO»
particle array printed onto the completed solar cells. The square array geometry has a pitch
of 500 nm, particle radius of 120 nm, and particle height of 120 nm. JV measurements were
done using a WACOM dual beam solar simulator under 1 sun AM1.5 illumination. Data for
the flat and patterned cells are averaged over 4 cells. A slight increase in J. is observed for the
nanopatterned cell. The higher slope at negative bias for the flat cells (black) indicates a lower
parallel resistance for these cells. Figure 3b shows the electrical parameters extracted from the
JV-measurements. Differences in open circuit voltage (V,.) and fill factor (FF) are small between
the different cell types. For both cell types V,,. and FF are relatively low, indicating a suboptimal
quality of the active layers. Overall, the patterning does not significantly influence the electrical
parameters of the cell, indicating that SCIL printing is very well compatible with CIGSe solar
cells. This could be further confirmed by redoing the experiments with optimal-quality devices.

Figure 3c shows external quantum efficiency (EQE) spectra measured for flat (black) and
patterned (red) cells. The external quantum efficiency (EQE) was measured with a two-source
illumination system, consisting of a Xe and halogen lamp with a 1 mm spot size on the sample.
The setup was calibrated using calibrated Si and Ge diodes. The EQE for the flat cell (black)
shows oscillations at wavelengths above 500 nm that we attribute to Fabry Perot effects in the
CdS/i-ZnO/AZO layer stack. Similarly, the main peak near 1000 nm is attributed to a Fabry-
Perot interference in the CIGSe layer, since the absorption length exceeds the device thickness
at that wavelength (see Figure 1). At wavelengths above 650 nm the EQE decreases rapidly due
to poor absorption in the ultra-thin CIGSe layer. Compared to the flat cell, the patterned cell
(red) shows an enhanced EQE in the 500-1200 nm spectral range, with the exception of a narrow
wavelength band from 900-950 nm.

Three-dimensional finite-difference time-domain (FDTD) simulations, performed using Lumer-
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Figure 3: (a) JV-measurements for flat cells (black) and cells with a periodic array of TiO, par-
ticles on top (red). The inset schematically shows the cell geometries for the patterned cells,
consisting of a Mo/CIGSe/CdS/i-ZnO/AZO stack and TiO, nanoparticles. (b) Extracted param-
eters from the JV-measurements. (c) EQE measurements for the flat (black) and patterned (red)
cellsin (a). The inset shows an SEM image of the patterned front surface. The scale bar indicates
1 pm.

ical FDTD software, *! were used to study the optical performance of the devices in more detail.
The complete thin-film stack was taken into account and the topography of the CIGSe/CdS in-
terface as measured using AFM (Fig. 2b) was included by directly importing the AFM data in
the simulations. The topography of the CdS/i-ZnO interface was assumed to be identical to
that at the CIGSe/CdS interface with the height variations halved. The optical constants of all
layers except for the Mo layer were extracted from transmission and reflection measurements
on single layers on glass substrates as described in ref.>® Optical constants of the Mo layer
were determined by ellipsometry. A uniform 5 nm mesh was used over the entire simulation
volume; this mesh size was chosen after mesh convergence testing. Perfectly matched layers
were used at the top and bottom of the simulation volume and periodic boundary conditions

were used in x and y dimensions. Varying the box size of a cell without nanoparticles between

400 nm and 1 pm did not show significant differences in the simulated absorption, indicat-



ing that discontinuities at the boundaries, caused by the roughness at the CIGS/CdS interface,
do not significantly influence the results. Figure 4a shows the FDTD-simulated reflection and
absorption spectra for the different layers of the device for flat cells (continuous lines) and pat-
terned cells (dashed lines). The FDTD simulations create the possibility to study the absorption
in all layers of the device stack separately, which would not be possible experimentally. The ab-
sorption spectrum for the flat cell shows Fabry-Perot oscillations at wavelengths above 500 nm.
Compared to the EQE measurements in Figure 3c, these oscillations are somewhat more pro-
nounced, which we attribute to differences in roughness of the device between the experiment
and the simulation and to the fact that the simulation assumes full collection of carriers gener-
ated in the active CIGSe layer, while in reality this may not be the case. Furthermore, compared
to the experiment, the oscillations are slightly red-shifted in the simulation, which we attribute
to differences in the layer thickness between the experiment and the simulation. In particular
the CdS layer, which is deposited in a chemical bath, is susceptible to thickness deviations. In
the simulations we set the thickness of the CdS layer to 50 nm, which was the desired thickness
for this layer in the experiment. Similar to the trend in the EQE measurements, the patterned
cell (red) shows an enhanced response over almost the entire wavelength range. Overall, the
simulated absorption data agree well with the trends in the experimentally determined EQE
data.

Figure 4a also shows that absorption in the TiO, nanoparticles, averaged over the AM1.5
spectrum, is below 1%. Absorption in the Mo back contact (cyan) is large at wavelengths where
the device is not optically thick (> 800 nm). This poses a main limitation in the efficiency of
ultra-thin CIGSe cells. Patterning the cell at the front side leads to a small increase in the ab-
sorption in the Mo layer. Absorption in the CdS (blue) is a significant loss factor at wavelength
up to 550 nm and remains almost unchanged upon patterning the cell. Absorption in the AZO
and i-ZnO layers is relatively low and does not change significantly upon patterning the cell (not
shown). The simulated absorption spectra show that patterning the cell at the front mostly en-

hances the absorption in the CIGSe layer at wavelengths between 450 nm and 950 nm, whereas



the enhancement is small at larger wavelengths, where absorption in the CIGSe layer is weaker.
To distinguish between light trapping and anti-reflection effects of the nanoparticles, Figure 4b
compares the simulated absorption in thin cells (continuous lines) to cells with an infinitely
thick absorber layer (dashed lines). At wavelengths up to 570 nm, the absorption spectra for
thin and thick flat cells are similar; the same is observed when comparing thin and thick pat-
terned cells. At these wavelengths the CIGSe layer is still optically thick. At larger wavelengths,
the absorption in the thin cells starts to deviate from the absorption in the thick cells. Both the
thick and the thin flat cells show a dip at 700 nm, which is attributed to a Fabry-Perot effect
in the window layers, and in both cases patterning the cells leads to a similar absorption en-
hancement. We note the while the comparison in Fig. 4 is made against a flat cell, in reality
the unpatterned geometry has surface and interface roughness, as can be seen in Fig. 2. The
supplementary Figure S1 compares the absorption in CIGSe and CdS in flat layer stack and in
a layer geometry with roughness as in the SEM cross section in Figure 2. Interface roughness
leads to reduced absorption in the CIGSe layer in the blue spectral range, which is caused by
additional absorption in the CdS layer. The absorption in the CIGSe in the red spectral range
shows the same overall trend for the two geometries.

Overall, comparing results for thick and thin cells shows that the enhancement obtained by
patterning a thick cell on the front is very similar to the enhancement obtained when patterning
a thin cell. This indicates that patterning mostly results in an anti-reflection effect, and that light
trapping does not significantly contribute to the enhanced absorption in thin patterned cells.
This antireflection effect is due to preferential forward scattering of the light by the nanoparti-
cles, since the TCO layers below have a larger refractive index than air, as demonstrated earlier
for among others Si wafers and thin-film amorphous Si solar cells. 1141742 Eor reference, in
Figure 4b we show the simulated absorption for an optimized antireflection coating of 110 nm
MgF, for thin (continuous) and infinitely thick (dashed) cells; the performance of these cells is

comparable to the cells with dielectric front-patterns.
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Figure 4: (a) Simulated absorption in Mo (cyan), CIGSe (black), CdS(blue), TiO, particles
(green), and simulated reflection (red) for cells with TiO, particles (dashed) and flat cells (con-
tinuous). (b) Simulated absorption in CIGSe layer for flat(black), flat with 110 nm MgF, layer,
and patterned (red) thin cells (continuous lines) and infinitely thick cells (dashed lines). The
insets show the cell geometries for the thin cell (right) and infinitely thick cell (left). The dashed
line indicates the bottom PML boundary used in the simulation. (c) AM1.5 averaged absorption
enhancement in patterned cells with different combinations of particle radius and height and
an array pitch of 450 nm. (d) AM1.5 averaged light trapping enhancement for the same array
geometries as in (c). (e) AM1.5 averaged antireflection enhancement for the same geometries
asin (c) and (d).

FDTD simulations were used to optimize the array geometry for maximum AM1.5 averaged
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absorption enhancement in the CIGSe layer, defined by

ffm“}f Ap,thinAM1.5dA ~ [ fmm*‘" At thin AM1.5d )

S A nin AM1.5d A

with AM1.5 the photon flux in the AM1.5 spectrum, Ay, hin and Ag min the absorption in the
patterned and the flat thin cell, respectively, Apin = 350 nm and Apax = 1200 nm. To find the
best geometry, a parameter sweep was done over the particle radius, height and the array pitch,
using a square array geometry. Figure 4c shows the calculated absorption enhancement as a
function of particle radius and height for an array pitch of 450 nm. It shows that the geometry
with a particle radius of 125 nm and height of 150 nm results in the largest absorption enhance-
ment. To study the contribution of light trapping for different array geometries, we compare

the difference in enhancement between patterning a thin cell and patterning an infinitely thick

cell with the same array geometry. Figure 4d shows the light trapping enhancement, defined by

Amax Amax Amax Amax
[ S Ay i AM1.5d A~ [ Af,thinAMl.sda] - [ S Ay ik AML5AA = [ Ag i AM1.5dA

S A hin AM1.5dA

with Ap, tick the absorption in a thick patterned cell, and Ag wck the absorption in a thick flat
cell. Whereas the geometry with radius 125 nm and height 150 nm results in the largest overall
absorption enhancement, shown in Figure 4c, the contribution of light trapping is small for this
array geometry. The light trapping increases for larger particle radii, but increasing the radius
comes at the expense of the total absorption enhancement.

Figure 4e shows the antireflection enhancement, defined by

Amax Amax
f Ap thick AM1.5d A — f/lmm At thick AM1.5dA

/lmin

S Ag ihin AM1.5d A
which can be accessed via the enhancement upon patterning an infinitely thick cell, but

for comparison we normalized to the absorption of a thin flat cell. The trends observed in the
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antireflection enhancement for different array geometries are very similar to the trends in the
total absorption enhancement in Figure 4c, demonstrating that the absorption enhancement
in a thin cell mostly relies on the antireflection effect caused by the nanoparticles. The use of
particles with a large radius, which results in increased light trapping, but decreased total ab-
sorption enhancement, causes the antireflection enhancement to be negative, indicating that
transmission into the solar cell decreases upon patterning. Overall, Figure 4c—e show that max-
imizing the absorption enhancement of the patterned thin-film geometry relies on optimizing
the antireflection properties of the scattering pattern. We find the same trend as in Figure 4c—e

for different array pitches in the range 400-650 nm.

Si0, back scattering patterns

To achieve light trapping in ultra-thin CIGSe cells, we fabricated arrays of SiO, nanoparticles at
the Mo/CIGSe interface. Figure 5a shows an SEM image of a cross section of the device that was
made by breaking the cell after scribing the glass. The particle array is visible as the array of dark
hemispheres on top of the Mo layer. The CIGSe layer was deposited on top of the particle array
and conformally fills the gaps in between the particles, enabling good electrical contact. In the
subsequent layer deposition the pattern caused by the particle array flattens out, but significant
corrugation is still observed at the front-side of the device.

Figure 5b shows the JV measurements for flat cells (back) and patterned cells (red), both
cell types were produced in the same deposition batch; similar cells from the same batch show
very reproducible Js.. Data are averages of 6 cells. The patterned and unpatterned cells show
similar overall shapes of the JV-curves while the patterned cells show a clear enhancement in
Jsc. Figure 5¢c summarizes the electrical parameters for the different cell types. Patterning of
the cells leads to an enhancement in V,, from 583 mV to 592 mV and in J¢. from 28.6 mA/cm?
to 30.6 mA/cm?, the latter being directly the result of the enhanced absorption of the incident
light. A slight enhancement in FF from 67.4% to 68.2% is obtained upon patterning the cells.

Overall these data show that growing cells on top of SCIL-printed SiO; particles on Mo does
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not significantly deteriorate the electrical properties of the device. The SiO, particles may even
improve the V,. and FF of the device; the reduced area of the CIGSe/MO interface could lead
to reduced back recombination, but further experiments would be required to study this. It can
be noted that the flat cells presented in Figure 5 show higher efficiencies than the flat cells In
Figure 3, which is due to the fact that they were produced in different batches. These differ-
ences are due to different V. and FF values. The photocurrent, which is the parameter that will
be mostly affected by light trapping, is equal for the flat cells from the two different deposition
batches. The SiO- in the light trapping pattern has the advantage of being a thermally stable
material. The cells used in this paper were grown at a lower temperature than the record CIGSe
cell. A study of the thermal stability of geometries containing this SiO, pattern grown at higher
temperature is beyond the scope of this paper. However, high-efficiency CIGSe cells can also
be grown at low temperatures.*® Low-temperature deposition is even a research trend because
it allows for cell depositions on flexible substrates. Figure 5b shows the JV measurements for
flat cells (back) and patterned cells (red), both cell types were produced in the same deposition
batch; similar cells from the same batch show very reproducible Js.. Data are averages of 6 cells.
The patterned and unpatterned cells show similar overall shapes of the JV-curves while the pat-
terned cells show a clear enhancement in Js.. Figure 5¢c summarizes the electrical parameters
for the different cell types. Patterning of the cells leads to an enhancement in V. from 583 mV
to 592 mV and in Js from 28.6 mA/cm? to 30.6 mA/cm?, the latter being directly the result of the
enhanced absorption of the incident light. A slight enhancement in FF from 67.4% to 68.2% is
obtained upon patterning the cells. Overall these data show that growing cells on top of SCIL-
printed SiO, particles on Mo does not significantly deteriorate the electrical properties of the
device. The SiO; particles may even improve the electrical properties of the device, by reducing
back recombination, but further experiments would be required to study this. It can be noted
that the flat cells presented in Figure 5 show higher efficiencies than the flat cells In Figure 3,
which is due to the fact that they were produced in different batches. These differences are due

to different V. and FF values. The photocurrent, which is the parameter that will be mostly af-
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fected by light trapping, is equal for the flat cells from the two different deposition batches. The
SiO; in the light trapping pattern has the advantage of being a thermally stable material. The
cells used in this paper were grown at a lower temperature than the record CIGSe cell. A study
of the thermal stability of geometries containing this SiO, pattern grown at higher temperature
is beyond the scope of this paper. However, high-efficiency CIGSe cells can also be grown at
low temperatures.*® Low-temperature deposition is even a research trend because it allows for
cell depositions on flexible substrates. In addition, low-temperature deposition can facilitate a
high back Ga grading which is important to reduce back recombination in ultra-thin cells. We
also made well-performing devices with SiO, back patterns at a deposition temperature above
500°C; they did not show deterioration of electrical properties with respect to their flat coun-
terparts. However, the photocurrent enhancement we found for these patterned devices was
not as obvious as in Figure 5 due to high back recombination, due to the absence of a strong

Ga-grading.
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Figure 5: (a) SEM image of cross section of a CIGSe solar cells with a periodic array of nanopar-
ticles at the Mo/CIGSe interface. The scale bar indicates 500 nm. (b) JV-measurements for flat
(black) CIGSe cells and cells with arrays of SCIL printed SiO, particles at the CIGSe/Mo inter-
face (red). (c) Summary of the electrical parameters for both cell types. (d) EQE measurements
on the same cell types. (e) FDTD-simulated absorption for a flat cell (black), cell with the same
nanopattern as in the experiment (red), and with an optimized nanopattern (green).

Figure 5d shows the EQE measurements for flat (black) and patterned (red) cells. For wave-
lengths up to 550 nm the flat and patterned cells show a similar response, indicating that the

corrugation at the front-side of the devices, which is caused by conformal growth on the parti-
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cle arrays, does not significantly influence the incoupling of the incident light. For wavelengths
above 700 nm the EQE of the flat cells (black) decreases significantly due to incomplete ab-
sorption of the incident light in the ultra-thin-absorber layer. The patterned cells (red) show
a substantial enhancement in this spectral range due to light trapping. To exclude the effect
of inaccuracies in the determination of the surface area of these small cells (0.5 cm?) on the
determination of J, Jsc was also calculated from the EQE measurements (Figure 5c) and these
values were used to calculate the cell efficiencies. Overall, patterning the back contact of the
cell results in a significant increase in efficiency from 11.0% to 12.4%, calculated with the cor-
rected Jsc. values. It should be noted that these efficiencies are well-below the CIGSe record
efficiency (efficiency, 21.7 %; V¢, 746 mV; Jsc, 36.6 mA/cm?, FE, 79.3%).%* The CIGSe record
cell is significantly thicker and the device is fully optimized, whereas in this paper the empha-
sis is on demonstrating the light trapping concept. The difference in performance between
the ultra-thin cells presented here and the record cell are mostly in V,. and FE This gap is at-
tributed to both bulk and interface recombination, which can be reduced by optimizing the
deposition process, introducing KF treatment at the CIGSe/CdS interface*? and using a point-
contact structure at CIGSe/back contact.?® Optimization of V,. and FF is beyond the scope
of work in this contribution. Js is typically below 30 mA/cm? for bare ultra-thin CIGSe solar
cells ;>* we demonstrated a value beyond 30 mA/cm? using the dielectric back pattern. An ad-
ditional gain in Js of around 2 mA/cm? can be expected after coating the cell with an MgF,
anti-reflection layer, %6 which was also applied in the record cell. This substantially reduces the
gap in Js.. Further enhancement in absorption or Js.. can be achieved by replacing the Mo layer
by a less-absorbing back reflector and by replacing CdS by a high bandgap buffer layer, such as
Zn(0,8)."

It is interesting to reflect on the mechanical and thermal stability of the nano-imprinted cell
geometry. For the top-contacted geometries, the TiO, particles are evaporated onto the cells
and it is know that such evaporation leads to good adherence to the surface. The embedded

TiO, particles are conformally coated with the subsequently deposited layers, without voids,

16



and are thus in a mechanically robust environment. SiO2 (glass temperature above 1000 °C)
and TiO, (melting point 1843 °C) are known for high thermal stability and will easily survive at
the CIGSe growth temperatures beyond 500 °C. We note further that the cells used in our paper
were grown at a lower temperature (440 °C) than the record CIGSe cell. High-efficiency CIGSe
cells can also be grown at low temperatures.*® Futhermore, low-temperature deposition can
facilitate a high back Ga grading which is important to reduce back recombination in ultra-thin
cells. A detailed experimental study on the thermal stability of light trapping patterns in cells
grown at high temperature is beyond the scope of this paper.

To study the back-pattern geometry in more detail, FDTD simulations were performed. In
the simulations, the absorber layer thickness of the patterned cell was increased to compensate
for the volume excluded by the SiO, particles, so that the total absorber volume was the same
for the flat and patterned geometries. Figure 5e shows the simulated absorption in the CIGSe
layer for flat (black) and patterned (red) cells. The trends in simulated absorption are in good
agreement with the trends in EQE measurements. Up to 650 nm, the absorption spectra for
flat and patterned cells are similar. At larger wavelengths the patterned cell shows significantly
enhanced absorption. A clear absorption peak is observed near 1100 nm, which is also rudi-
mentary present in the EQE measurements in Figure 5d. In additional simulations, keeping
particle height and diameter constant and increasing the array pitch, we find the peak wave-
length increases with the array pitch. We attribute this peak to waveguide-mode coupling. >4
Finally, we optimized the array geometry by changing the particle radius and height and found
a further optimized absorption spectrum for the CIGSe layer (Figure 5d, green). The optimum
geometry has particles with radius 250 nm, height 250 nm, and an array pitch of 550 nm.

Figure 6a shows the simulated absorption in all different layers as well as the reflection for
the flat (continuous lines) and optimized patterned (dashed lines) cells. At wavelengths for
which cell patterning leads to enhanced absorption in the CIGSe layer (black), also a changed
reflection spectrum is observed. Overall the patterning leads to a reduced reflection. Further-

more, patterning also leads to a substantial reduction of absorption in the Mo back contact
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(cyan). Absorption in the AZO, i-ZnO, and CdS layers does not significantly change upon pat-
terning the Mo/CIGSe interface of the device (not shown).

Since absorption in the Mo back contact is a major loss factor in thin-film CIGSe cells,
growth of absorber layers on alternative back contacts is of great interest. Figure 6b shows the
simulated reflection, transmission, and absorption in SiO, patterned (dashed lines) and unpat-
terned (continuous lines) devices on ITO back contacts with a thickness of 200 nm. Whereas
the cells on Mo showed up to 40% absorption in the back contact (for the flat cell, at 1050 nm),
the absorption in the ITO layer of this geometry is always below 15%. The absorption in the
flat CIGSe cell on ITO (black, continuous line) rapidly decreases at wavelengths above 750 nm.
Compared to the geometry with Mo in Figure 6a the overall absorption in the CIGSe layer is

lower. The average reflection from the flat cell on ITO is similar to the reflection for the cell on

Mo.
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Figure 6: Simulated optical losses in thin-film CIGSe cells on (a) Mo and (b) ITO back contact.
Data are shown for flat cells (continuous lines) and patterned cells (dashed lines). Simulated
absorption is shown in the CIGSe layer (black), Mo layer (cyan), ITO layer (blue); simulated
reflection is also shown (red). In (b) the simulated transmission through the device stack (green)
is shown.

The layer stack shows increasing transmission at wavelengths above 550 nm, exceeding 40%

at 1120 nm. However, patterning the ITO layer with SiO, particles leads to a substantially en-
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hanced absorption in the CIGSe layer (black, dashed line) over the entire 600-1200 nm spectral
range. This absorption enhancement is mainly due to reduced transmission (green). Pattern-
ing also leads to a slight reduction in the reflection (red), and in the absorption in the ITO layer
(blue). For this optimized patterned ITO geometry, the AM1.5-spectrum-averaged absorption
is the same as for the patterned cell on Mo (61%). At the same time, the main losses in this
optimized ITO geometry are due to reflection, which is similar as for a patterned Mo cell (11%
averaged over the AM1.5 spectrum), and transmission rather than parasitic absorption as is the
case for the Mo cells. This is an important result and makes the ITO-based patterned ultrathin
CIGSe cells interesting candidates for semitransparent devices. Furthermore, in combination
with a flat Ag back reflector, which can simply be deposited at the rear side of the glass sub-
strate, the cell absorption in the CIGSe layer could be further improved. In tandem geometries
that consist of wide band gap chalcopyrite top cells (such as CuGaSe, with E¢ = 1.7 V) on nar-
row band gap bottom cells (like Cu(In,Ga)Se, with low Ga content, E¢ = 1.1 eV), the low sub-gap
transparency of the top chalcopyrite absorber has been identified as a bottleneck.*®*? A back-
patterned ultra-thin wide-gap chalcopyrite absorber is an interesting candidate to overcome
these limitations, since it combines light absorption enhancement above the band gap with

high sub-gap transparency.

Conclusion

We have fabricated dielectric scattering patterns on the front and back side of ultra-thin CIGSe
solar cells with absorber layer thicknesses of 460 nm. We showed that printing arrays of TiO»
nanoparticles at the front side of completed CIGSe solar cells results in a photocurrent enhance-
ment in the 550-950 nm spectral range, which is mostly due to an anti-reflection effect caused
by preferential forward scattering of light. Exploring different array geometries showed that the
array geometry of TiO, particles on the front side can be optimized for light trapping, but this

comes at the expense of the total absorption enhancement. We demonstrated that efficient light
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trapping can be achieved in these cells by using arrays of SiO, particles at the Mo/CIGSe inter-
face. This leads to efficient light trapping and does not deteriorate, and maybe even improves,
the carrier recombination properties of the device, resulting in a significant cell efficiency in-
crease from 11.0% to 12.4%. Whereas the dielectric scatterers lead to a substantial reduction of
the absorption in the Mo back contact, absorption in this layer is still a significant loss factor.
This can be avoided in a semitransparent geometry in which cells are grown on SiO, nanopat-
terned ITO, turning the absorption loss in the Mo layer into absorption loss in the ITO layer and

transmission.

Methods

CIGSe absorber layers (Ga/[Ga+In]=0.36, Cu/[Ga+In]=0.86) with a thickness of only 460 nm

were deposited by 3-stage co-evaporation process°%°!

on Mo-coated soda-lime glass substrates
at a relatively low substrate temperature of 440°C. The low temperature deposition enabled
preservation of the intentional deposition sequence of Ga-Se prior to In-Se in the first stage
and thus facilitated the formation of a higher back Ga/[Ga+In] grading and reduce back recom-
bination.* Subsequently a 50 nm CdS buffer layer was grown via chemical bath deposition in a
solution with 1.1 M ammonia, 0.14 M thiourea and 0.002 M cadmium acetate. This was followed
by magnetron sputtering of 130 nm i-ZnO and 240 nm AZO. The solar cells were mechanically
scribed to divide the cells into 0.5 cm? areas, exactly according to metal scales on the cells,
which are deposited through a mask by e-beam evaporation. This results in a high accuracy
of the cell area and leads to comparable cell areas for different cells. Metal grids, consisting of
10 nm thick Ni and 1 pm thick Al, were evaporated on top. Substrate conformal imprint lithog-
raphy (SCIL) was used to fabricate dielectric particles at the back and front side of the device.
To pattern the front-side, the sample was first spin-coated with a 550 nm PMMA layer and then

with a 70 nm sol-gel layer, and the sol-gel layer was then patterned with an array of holes using

SCIL.3% Reactive ion etching was used to break through the remaining sol-gel layer underneath
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the holes and subsequently to transfer the holes to the PMMA layer. This was followed by e-
beam evaporation of TiO,. Lift off of the mask was performed by dissolving the PMMA mask in
a 50°C acetone solution. To pattern the back side, SCIL was used to pattern a sol-gel layer on
top of PMMA on the Mo coated substrate followed by reactive-ion etching, e-beam evaporation
of SiO, and lift off of the mask. The Mo layer with dielectric nanoparticles was then used as a

substrate for deposition of the subsequent device layers.
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Light coupling and trapping in ultra-thin Cu(In,Ga)Se; solar cells using dielectric scattering pat-

terns
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500 nm

This SEM image shows a cross section of an ultra-thin Cu(in,Ga)Se; solar cell grown on top of
a dielectric light scattering patterning, consisting of SiO, nanoparticles. This scattering pattern
is used to efficiently trap light in the ultra-thin absorber layer and thereby enhance light ab-
sorption. The pattern is optimized to efficiently scatter the light into the absorber layer with
minimal optical losses in the pattern itself.
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