Vol. 48, No. 16/15 August 2023/ Optics Letters 4197

Optics Letters

Luminescent solar concentrator efficiency versus

edge solar cell coverage
Xi Lu,

JINGJIAN ZHoU, MADHURI JASH, AND ILYA SYCHUGOV*

Department of Applied Physics, KTH — Royal Institute of Technology, Stockholm 11419, Sweden

*ilyas@kth.se

Received 1 June 2023; revised 14 July 2023; accepted 15 July 2023; posted 17 July 2023; published 2 August 2023

This Letter introduces an analytical approach to estimate
the waveguiding efficiency of large-area luminescent solar
concentrators (LSCs), where the edges are covered by a var-
ied number of mirrors and solar cells. The model provides
physically relevant description in the whole range of optical
(absorption, scattering) and geometrical (size) parameters
of rectangular LSCs. A 19x 19 cm? silicon quantum dot-
based LSC has been fabricated to verify the theory. Within
an experimental error, the predicted waveguiding efficiency
matched well the measured one. A critical LSC size, beyond
which a part of the device turns inactive, has been deter-
mined as N/a for N attached solar cells (one or two) and
LSC material absorption coefficient . This model provides
a straightforward waveguiding analysis tool for large-area
LSCs with different structural parameters relevant for both
high concentration ratio and glazing applications. © 2023
Optica Publishing Group

https://doi.org/10.1364/0OL.496595

Luminescent solar concentrators (LSCs) were first introduced
in the early 1970s and were based mainly on organic dyes
as fluorophores [1]. By waveguiding their sunlight-generated
photoluminescence (PL) inside the LSCs, the device concen-
trates light harvested by large surface areas to small edges
through PL total internal reflection. Recently, LSCs became
attractive again due to their semi-transparency, thus of potential
interest for a building-integrated photovoltaic (BIPV), com-
monly described as “solar windows” [2,3]. The number of
edges covered by solar cells (sc) versus mirrors varies depend-
ing on the device utilization: from a single solar cell in the
original concept to half or full perimeter coverage for solar
windows.

The main operational principle of an LSC is the total internal
reflection, where PL is trapped inside the device until it reaches
the solar cell at the edges. The toolbox of light-converting
fluorophores by now has expanded from organic dyes [4] to
semiconductor quantum dots [2], rare-earth ions [5], and metal
nanoclusters [6]. In addition to the performance of the chosen
fluorophore, i.e., photoluminescence quantum yield (PLQY) and
its reabsorption suppression (Stokes shift), the total efficiency
of the LSC device also highly depends on the waveguiding
efficiency. In fact, the waveguiding part is the most difficult
to evaluate for LSC efficiency prediction, as it is a complex
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function of different loss mechanisms (absorption, scattering,
etc.)

Many efforts have been devoted to estimating the waveguid-
ing efficiency of the LSC devices [7-9]. Ideally, one needs a
model that can accurately predict the waveguiding efficiency for
different area devices, in particular for large-area LSCs. The lat-
ter is not easy to measure experimentally due to the limitation
like the need of a correspondingly large solar simulator [10]. As
a result, it makes simple mathematical extrapolation from the
available small-area LSCs data not very reliable. From the the-
ory side, phenomenological models have mainly been employed
previously, such as a polynomial fitting to extensive Monte-Carlo
simulations [8,9,11]. Although useful as a first-order approxima-
tion, those are void of physical meaning and cannot explicitly
reveal transitions between different device operation regimes
with increasing geometries.

In this Letter, we introduce an analytical model to describe the
waveguiding efficiency of large-area LSCs, where the four edges
are covered by a varied number of mirrors and solar cells. These
full and simple analytical formulas are not only a straightforward
tool for waveguiding efficiency calculation, but also can be used
to evaluate the device performance in different material systems
for the whole range of L, where L (cm) is the device length,
and @ (cm™) is an attenuation coefficient (e.g., matrix absorption
coefficient «,,,). We discuss the physical meaning of the formula,
compare our model with the phenomenological expression from
[8], and outline reasons for deviations. Importantly, the model
predicts a linear dependence in the log-log scale for large oL,
which reveals a different waveguiding regime in large-area LSC
devices, corresponding to signal contribution from a limited
area. Explicit values for critical LSC device sizes before the
onset of this less favorable waveguiding regime are presented.
The model was experimentally verified by a set of measurements
on a 19x 19 cm? silicon quantum dot-based LSC, where all
relevant losses were quantitatively considered, validating the
theory without any fitting parameters.

We start by considering a rectangular LSC with two edges
covered with solar cells and two others with mirrors (Fig. 1,
inset). The key idea of this work is that for an isotropic light
emitter placed inside the slab, this geometry is equivalent to
two infinitely long solar cells, as far as the optical path is
concerned.

Previously, we have shown that the general expression for the
waveguiding efficiency of rectangular LSCs with full perimeter
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Fig. 1. Waveguiding efficiency for a rectangular LSC with two
mirrors from Eq. (2) (red line) and from the general formula [Eq. (1),
black dashes line, w = 50000 cm]. Inset shows device schematics.
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Fig. 2. Comparison of Eq. (2) (red line) with the phenomeno-
logical equation (1 + BaL)™', 8 = 1.4 (black dotted line). Correct
values of 8 are shown in the inset.

coverage by solar cells is [7]
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where L and w are the length and the width of the rectangular,
d=VL? + w? is the diagonal length, and k is a coefficient for 3D
geometry, which for the glass—plastic interface is k=~ 1.14 [7].
Equation (1) has been verified through numerical modeling by
other groups [9,11].

Then, for the infinitely wide device (w > L,w — o), one
can expand the general formula in Eq. (1) by a small parameter
L/w (see derivations in Supplement 1), and the waveguiding
efficiency becomes a function of a single parameter oL,
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where E is a special function called “exponential integral”. In
Fig. 1, we show that Egs. (1) and (2) are indeed equivalent for
a very wide LSC device, thus confirming validity of the derived
integral-free expression.

A simple expression of Eq. (2) allows detailed waveguiding
efficiency analysis. From Eq. (2), its trend for large L can be
immediately evaluated as fa,.., = 2/akLn (due to quickly decay-
ing exponential and exponential integral terms). It is indeed seen
as a straight line in the log-log scale in Fig. 1, and the same trend
was presented for large device in one of the original LSC reports
[12]. Itis also obvious from Eq. (2) that for L — 0, the function
Josc becomes unity, as expected for a no-loss scenario.

Now we can compare Eq. (2) with a phenomenological
expression (1 + BaL)™ with a parameter § ~ 1.4, obtained
by polynomial fitting of extensive Monte Carlo simulations [8].
In Fig. 2, this function is compared with Eq. (2) and devi-
ation at large aL is visible. Strictly speaking, the parameter 8
is not a constant, but depends on @L. By solving the equation
Sose(al) = (1 + BaL)™, the actual values of 8 as a function of
aL can be obtained (shown in Fig. 2, inset). It is seen that 3 sat-
urates for aL — oo at B, = kn/2 = 1.79, which is why a value
of 1.8 was suggested for this range in [8].

The main advantage of Eq. (2) is, however, not a more accu-
rate waveguiding efficiency description for «L — oo, but the
analysis facility. Indeed, for large values of «L, it is only the
area next to the solar cells that contribute to the waveguiding
efficiency, while the part in the middle of the device become
inactive (extinct PL). Then the useful area in such a case can be
estimated as 2a~'w (two rectangles close to solar cells), while
the total area is Lw. In general, the waveguiding efficiency is
proportional to the useful fraction of the total area, so it scales
here as 2/aL. Therefore, the analytical expression at large aL
range, fa,.o = 2/akLn reveals an inferior waveguiding regime,
where the central part of the device is no longer active (straight
line in the log-log scale).

Thus, it is important to identify a transition point where the
function f5,.(aL) turns linear in the log-log scale. From Fig. 1,
we can set a numerical limit for the LSC with two edges covered
by solar cells approximately at L = 2. Here the deviation of
the straight line from f,. is only approximately 5%, which can
be within experimental measurement error. So, for a typical
polymer/glass matrix (PMMA, OSTE, low-iron glass) with an
absorption coefficient of 0.04-0.05 cm™', the maximum mirror
length translates to the value L, = 40— 50 cm. This result
is not straightforward from the phenomenological description
method.

Now we turn to a rectangular-shaped LSC with only one edge
covered by a fully absorbing photodetector and the rest with mir-
rors. In fact, it was one of the initially proposed configurations to
enhance the collected light concentration about half-a-century
ago [12], for which efficiency limits are still being explored
numerically today [13]. From the same optical path arguments,
it can be shown that for one side solar cell and three side mirrors,
the geometry is equivalent to the case of two infinite solar cells
separated by mirrors with a length of 2L, fi,.(aL) = f>,.(2aL):

(l _ e—Z(YkL) (ﬂ' _ 2)6—211/1(L B 2akL
2akLn n i

E,(2akL).
©)
Thus, this formula, whose asymptote was shown in the origi-
nal work of Weber and Lambe [12], has never explicitly been
revealed until now. From Eq. (3), the asymptote for large aL
yields fi,.o = 1/akLn, which is two times lower than in the pre-
vious case. It can be understood simply from the fact that in
this regime, reflected light does not reach the detector and only

folaL) = 2
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Fig. 3. Transmittance, absorption, reflection, and haze spectra of
the used LSC device. Inset is a photo of the used 19 x 19 cm? LSC
device.

emitters close to the collecting edge contribute. So already at
aL =1 _some areas of the LSC in this design stop contributing.
For typical matrix materials introduced above, the maximum
mirror length for the proper LSC waveguiding regime is then
only L,,.. = 20 — 25 cm. Note that this is the upper limit, in the
presence of scattering and re-absorption, L,,,, will be even lower.
Thus, it becomes clear that the matrix absorption critically lim-
its useful mirror-LSC sizes, and materials such as ultra-low iron
glass (@ < 0.01 cm™) or fluorine-based polymers are needed
for large-area LSCs with mirrors. Other models based on math-
ematical extrapolation from the measured small-area LSCs data,
or polynomial fitting to simulations, cannot easily reveal such
variations in the waveguiding mechanism.

To complete the description, a rectangular LSC with three
side solar cells and one side mirror can also be considered. In
this case, the system is similar to a rectangle with fully covered
perimeter with a double length. Then the waveguiding efficiency
is not a function of a single parameter. It can be expressed from
the general formula of Eq. (1) as

Sase(@L, aw) = fi.aL, aw). (4)

After the theoretical basis has been established, we move on
to the experimental validation. A 19x 19 cm? LSC device
was fabricated to verify our analytical approach, following the
procedure which can be found elsewhere [ 14]. A 3-mm-thick off-
stoichiometry thiol-ene (OSTE) polymer interlayer uniformly
mixed with luminescent Si quantum dots (QDs; PL peak posi-
tion ~ 870 nm, as shown in Fig. S1 in Supplement 1, PLQY ~
50%) was embedded in between two 2-mm-thick glass sheets.
A photo and general optical characterization of this device are
shown in Fig. 3. Absorption, reflection, transmittance, and haze
were measured by a home-built integrating sphere setup. Short-
circuit currents and external quantum efficiencies (EQEs) were
measured with a large-area (25 x 25 cm*) AM1.5G solar simu-
lator, where EQE(A) is the ratio of generated electrons by the
edge solar cells to incident photons on the device top area.

To measure all the configurations mentioned above, the initial
device had three mirror-covered edges (attached by a polymer
without an air gap) and one solar cell-covered edge. Then the
mirrors (metal-coated plastic bars) were replaced by solar cells
one by one. “Roofs” (5-mm-wide black paper stripes) covered
the top of the device edges for preventing any direct illumination
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Fig. 4. Waveguiding efficiency of the device in the cases of differ-
ent numbers of edges covered by solar cells: 1,2, 3, and 4 edges (the
remaining edges are covered by mirrors). Lines are from Eq. (5) and
points are from the experiment [Eq. (6)]. Inset are external quantum
efficiency and short circuit current of the device.

on the solar cell. Ideally, only the portion of sunlight absorbed
by Si QDs should contribute to the generated electrons for an
intrinsic LSC performance evaluation. To verify this, EQEs were
measured. As can be seen in Fig. 4, inset, EQEs are indeed
close to zero above 650 nm, implying almost all the measured
photocurrent (I-V curves shown in Fig. S2 in Supplement 1)
is formed by the photons from the luminescent Si QDs, and
not from the direct light (EQE curve follows Si QD absorption
curve, cf. Fig. S1 in Supplement 1).

For more relevant comparison with theory, we note that in
practical situations, scattering, re-absorption and matrix absorp-
tion losses are all present. In this case, the waveguiding efficiency
for N solar cell coverage becomes [7]

f N,&L'(Q'mx + @ + as&‘)
1- M(l _stc(amx + @ + a’.rc))’

A+ Qe+

®)

8Nse =

where § is the probability to scatter into a waveguiding mode
(0.75 for glass/plastic slab in air) and QY is the PLQY. As
reported previously [14], the average matrix absorption coeffi-
cient @, is 0.045cm™"' for OSTE and of similar value for the
low-iron glass applied here in the Si QD PL range. Reabsorption
coeflicient at the PL peak for Si QDs a,, is 0.007 cm™, and the
scattering coefficient @, can be estimated by haze measurement,
which is 0.014 cm™ in our device. Experimental details of the
extinction coefficients can be found in Supplement 1 (including
Figs. S3-S5 in Supplement 1). Note that function g,,. depends
no longer on just one (L), but several independent variables
(the effect of each independent variable is analyzed in Fig. S6
in Supplement 1).
Finally, the short-circuit current can be presented as

I= (bALZ(S : QY * 8Nsc * EQESC : A’ (6)

where &, is the number of the absorbed photons (cm™s™')
(obtained from the measured absorption curve and solar pho-
ton spectrum), and EQE,. is the EQE of solar cells at the PL
peak wavelength of the Si QDs (~ 0.9). Here, A is the fraction
of active solar cell area (as shown in Fig. S7 in Supplement
1) to the entire edge area (~ 0.9). We used eight solar cells
each containing four p-n junctions connected in parallel for
every edge (KXOB25-03X4F, Anysolar). Experimental [Eq. (6),
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points] and theoretical [Eq. (5), lines] values of g, are plotted
in Fig. 4 for the 19 x 19 cm? device.

As seen, the experimental data match well with the predicted
values without any fitting parameters. However, there is still
a slight systematic error rendering all data points somewhat
below theoretical curves. In particular, compared with the 3sc
and 4sc cases, the measured waveguiding efficiencies of 2sc
and lIsc are further away from the theoretical predictions. We
have two hypotheses regarding this: the first one is because the
mirrors may not be reflecting completely or vertically to the
active layer leading to additional losses; the other possible rea-
son is that, in our device, there are some non-uniformities, such
as higher haze areas. This will cause a higher scattering loss
when the luminescence light propagates through those regions.
Moreover, the waveguiding efficiency in the 2sc case will be
affected by these two imperfections together. By contrast, in the
Isc case, the extinction loss is already high (due to the long light
path), while in the 3sc case, the mirror-reflected light contribu-
tion is minor. Therefore, the experiment error in the 2sc case
appears to be the most significant. We also note from Fig. 4
that for the 1sc case, the 19X 19 ¢cm? device indeed already
approaches its critical size (straight line regime in log-log
scale).

To conclude, we present an analytical model for the LSCs
for different solar cell edge-coverage. Compared with existing
models based on extrapolation of small-area LSCs experimen-
tal results, numerical simulations, or polynomial fittings, this
methodology is not only more accurate, but also contains physi-
cal information, making it possible to establish criteria for largest
meaningful LSC sizes with attached mirrors. This critical LSC
size can be expressed as L., = N/a for N=1 or 2 solar cells
covering the LSC edges for the absorption coefficient . The
proposed analytical approach was successfully verified by a
19x 19 cm? Si QDs-based LSC, with results confirming the
theory within the experimental error.
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1. Derivation of expression for the waveguiding efficiency of a rectangular LSC with two
edges covered with solar cells

Starting from Eq.(1), we consider an infinite slab with with w—oo, which corresponds to an LSC

with two mirrors and two fully absorbing solar cells at the opposite edges. Here we show that in
this case the general formula above can be replaced by an integral-free expression as a function
of only one parameter.

The first term in Eq.(1) can be simplified using L < w, w—o0, and d = w as

2(wak(l—e™™a) + Lak + e Foe—1) 2
k2Lwra? " kLna

The first integral /4 is negligible because d = w. Second integral can be expanded by small
parameter kL/x < 1 because only for those x this expression is different from zero:

o rhw 2 (0 1 kIN? 1 kL
I;=— | 1—(kL/x)*e%*dx ~ —f 1 —-(-) ——(—) — . Jemdx
kLm J,, 2 8

kLm kL X X

Taking these integrals and leaving only first-order terms for L:

_2ekL (g —2)e~%kL akL

12 + - El(akL)

" kLma s
where E is an exponential integral (a commonly encountered special function):
Eqi(akL) = j —dé¢

akL f

The factor for the second term comes from the converging series:

r(k—%) .
Sm-Tk+1)- (2k—1)

where I' is a gamma function.

Finally, combining with the expression for the first term the result is:

2(1—e o) (m—2)e=kL  akL
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2. Absorption and emission spectrum of Si QDs
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Fig. S1 UV-Vis absorption (black) and fluorescence (red) spectra of Si QDs in OSTE. The
fluorescence spectrum was obtained in an integrating sphere with an excitation wavelength of
440nm by Gaussian fitting to the measured curve.
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3. Photovoltaic Measurements
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Fig. S2 I-V characteristic curves and the fill factor(FF) of the LSC under standard one sun (1000
W/m? in irradiance)



4. Extinction coefficients measurements

4.1 Absorption coefficient

Matrix absorption coefficient was measured using a power meter, as illustrated in Fig. S3. A laser-
driven xenon plasma white-light source (Energetiq EQ-99) coupled with a tunable
monochromator (SP2150i, Princeton Instruments) was used as a light source. An incident filter
(FF01-650/SP-25) is used to remove half-wavelength peak for measurements above 700nm. All
the samples (glass and OSTE film) are slightly tilted to the incident beam fiber (a few degrees), for
directing two interface reflections away from the detector. The transmitted light was collected by
the optical power meter. To reduce noise, the average of multiple measurements is used.

Sample

Reflected light

- Transmitted light
Incident \ 9 detector

fiber

Fig. S3 Illustration of absorption measurement
If I is the incident light intensity, and I;,4, is the detected transmitted light intensity, then:

I trans

— R = exp(—amy - d)
Io

where R=r+(1-r) *ris the total reflection of double glass/air interfaces (~ 8%), the exact reflection
r can be calculated from matrix refractive index n; and n,. This method is valid in the absence of
scattering contribution to the total extinction (optically clear samples).

The measured absorption coefficient of several types of glass, OSTE, and PMMA is shown in [1] as
reported previously ( in supporting information).

- AN _
AOI ~ //\// \v af

Fig. S4 Illustration of light propagation in the LSC with a triplex configuration

In the triplex configuration of our LSC, the nanocomposite is laminated between two sheets of
borosilicate glass. As shown in Fig. S4, the light propagates through both glass and OSTE, therefore,
the effective absorption coefficient of the LSC can be estimated as:

A Ag—A
Amx = A_Oamx_OSTE + Ay Amx_glass



To conclude, the average matrix coefficient @, is around 0.045 cm™! at the PL peak wavelength
(870 nm) for used Si QDs embedded in a 3 mm OSTE layer between two 2mm thick glass layers.

4.2 Reabsorption coefficient

The reabsorption coefficient a,.. here is estimated as the absorption coefficient for Si QDs at 870
nm, corresponding to the PL maximum. Direct extinction measurements are difficult, because at
this wavelength for Si QD composites the matrix absorption and the scattering may also contribute.
So we used measurements in the visible range, where extinction is dominated by Si QD absorption,
to find QD concentration. Then, using known elementary cross-sections, we recalculated values
for the NIR range.

For optically thin sample (exponent can be expanded in Taylor series), the measured absorbance
can be defined as [2]:

Ae=are_QD-d= O"Cv'd

Where A, = — In(1 — f4ps) is absorbance with natural logarithm, f ;55 is the measured
absorption fraction corrected by blank OSTE as a reference, a,. ¢p is the re-absorption
coefficient, o is the absorption cross-section, C, is the volume concentration.

As shown in table S1, volume concentration C,, is calculated through the measured absorption
fraction at 450 nm, and confirmed by measured absorption fraction at 500 nm.

Table S1. Parameters used in the calculations of volume concentration with different incident
wavelength

Wavelength Absorption Absorbance Absorption cross Volume concentration
(nm) fraction faps Ae section o (cm?) Cy (cm3)
450 nm 0.51 0.71 2.4x10-16 9.9x10%°
500 nm 0.25 0.29 1.2x10-16 8.1x10%°

Absorption cross section at 870 nm of Si QDs similar in size to ours is around 1.9x10-® cm? [2],
which means that the reabsorption coefficient of our Si QDs with the volume concentration of
9x10'> is around 0.018 cm™.

Similar to the the matrix absorption coefficient, the effective reabsorption coefficient of the LSC
can be estimated as:

A Ag—A
Ape = A_Oare_QD + A—Oare_glass

Due to the absence of reabsorption in the glass (free from QDs), the reabsorption coefficient a,.
of used LSC is 0.007 cm™.



4.3 Scattering coefficient

The scattering coefficient is measured by a home-built integrating sphere for the whole device,
as illustrated in Fig. S5.

Device Device
Scattered light
. Optical fiber Optical fiber
Excitation =—— Excitation =——
o detector o detector
Transmitted light measurement Scattered light measurement

Fig. S5 Illustration of scattering measurement

The incident light at 870 nm was selected for scattering measurement, corresponding to the Si
QDs PL peak position. A flange at the back side is used to ensure that only scattered light at an
angle greater than 2.5° from normal was collected by the integrated sphere, then:

ISC

= exp(—ay ' d)

1 trans

Where I is the detected scattered light. I./I;,qns is also the definition of haze.

In contrast to the absorption and reabsorption coefficient, the obtained scattering coefficient is
already the average value of the device. As shown in Fig.3 the haze of our device at 870 nm is
around 1%, therefore the scattering coefficient a. is 0.014 cm™ in our device.

5. Effect of different types of waveguiding losses

We have illustrated how the waveguiding efficiency for Si QD device considered here will change
in case of doubling of different loss parameters. It is clear that the matrix absorption, Fig. S6 (b),

has the strongest limiting effect. QY does not have such a big effect here, which can be attributed
to low re-absorption in Si QDs.
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Fig. S6 Waveguiding efficiency of the device of different numbers of edges covered by solar
cells (red-4sc, green-3sc, purple-2sc, yellow-1sc) under different parameters. a) solid line -
PLQY = 50%, dashes line - PLQY = 90%. b) solid line - a,,,,, = 0.045 cm™!, dashed line - a,,,,
=0.024 cm™. ¢) solid line - a,., = 0.007 cm!,dashed line - a,, = 0.003 cm’!. d) solid line - a;,

=0.014 cm™',dashed line - agz. = 0.007 cm’!

6. Fraction of active solar cell area

The solar cell (KXOB25-03X4F, Anysolar) surface is illustrated in Fig. S7, the active solar cell
area is the full surface minus inter-solar cell gaps, top, side and bottom electrodes.

, 23 )

Fig. S7 Illustration of solar cell surface (mm)
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