
IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 9, NO. 2, MARCH 2019 397

Spectrally Matched Quantum Dot Photoluminescence
in GaAs-Si Tandem Luminescent Solar Concentrators
David R. Needell , Colton R. Bukowsky , Sunita Darbe , Haley Bauser , Ognjen Ilic, and Harry A. Atwater

Abstract—Luminescent solar concentrators (LSCs) can cap-
ture both direct and diffuse irradiance via isotropic absorption
of waveguide-embedded luminophores. Additionally, LSCs have
the potential to reduce the overall cost of a photovoltaic (PV) mod-
ule by concentrating incident irradiance onto an array of smaller
cells. Historically, LSC efficiencies have suffered in part from in-
complete light absorption and non-unity quantum yield (QY) of
the luminophores. Inorganic quantum dot (QD) luminophores al-
low the spectral tuning of the absorption and photoluminescence
bands, and have near-unity QYs. In a four-terminal tandem LSC
module scheme, visible light is trapped within the LSC waveguide
and is converted by GaAs cells, and near infrared light is opti-
cally coupled to a Si subcell. Here, we investigate the efficiency of
a GaAs/Si tandem LSC as a function of luminophore absorption
edge and emission wavelength for QD luminophores dispersed in
an LSC waveguide with embedded, coplanar GaAs cells. We find
that positioning the luminophore absorption edge at 660 nm yields
a maximum module power efficiency of approximately 26%, com-
pared with 21% for the non-optimized luminophore and 19% for
the bare Si cases.

Index Terms—III-V and concentrator photovoltaic (PV), lu-
minescent devices, Monte Carlo methods, quantum dots (QDs),
tandem PV.

I. INTRODUCTION

OVER the past few decades, there has been an increased
interest in luminescent solar concentrators (LSCs) as a

low-cost alternative to traditional geometric concentrators and
single-junction photovoltaic (PV) modules. LSCs, commonly
referred to as active concentrators, absorb incident sunlight
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Fig. 1. Two-dimensional schematic of an LSC in the (top) edge lining and
(bottom) coplanar orientations of the solar cell. Here, θc is the critical angle of
the escape cone.

isotropically via luminophores embedded in a planar waveguide.
The luminophores then radiate light at longer wavelengths into
the planar waveguide, and the emitted light propagates within
the waveguide, trapped via total internal reflection. This trapped
photoluminescence (PL) can then be concentrated onto solar
cells, which are arranged to either lie perpendicular to the plane
at the waveguide edge [see Fig. 1(a)] or in a coplanar orientation
parallel to the waveguide [see Fig. 1(b)] [1]–[3].

Despite growing interest in using LSCs for diffuse light sun-
light concentrator PVs [4], overall power conversion efficien-
cies (PCEs) of LSCs remain limited [5], [6]. Most notably, the
luminophore absorption only covers a portion of the incident
solar spectrum. Further, nonradiative recombination by the
luminophores and incomplete light trapping by the waveguide
can significantly decrease the number of photons incident on
the solar cell [7]. With such limited efficiencies, LSC applica-
tions have traditionally focused on multifunctional uses, such
as building integrated PVs [8].

In order to achieve higher PCEs, previous reports have ex-
plored various organic and inorganic luminophores and their
effect on LSC module optical efficiency (OE) [5]. While nu-
merous photoconverter species have been employed in LSCs,
many exhibit limited PL quantum yield (PLQY). To address
this, previous works explored the use of inorganic quantum dot
(QD) luminophores in active concentrators [8]–[17]. Core/shell
QDs have been demonstrated to exhibit large Stokes shifts and
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Fig. 2. Conceptual rendering of the tandem LSC/Si module (top) and its
cross section (bottom). The cross section shows a single unit cell of the full
tandem device architecture, and indicates electrical connections to the top and
the bottom cell.

maintain near-unity PLQY, where the choice of materials and
QD size can blue or red shift the absorption band edge and PL
emission peak [18].

We have shown in previous work that tandem-on-Si LSC de-
signs could allow for efficiencies beyond the Shockley–Queisser
limit for single junction Si PV devices [19]. However, the QDs
used in that design did not have optimal spectral absorption
and emission characteristics to enable the highest overall mod-
ule efficiency. Here, we treat the luminophore absorption and
emission wavelengths as variable parameters, and explore the
achievable efficiency limits that could be obtained by redshifting
the luminophore absorption and PL in an LSC optically coupled
to a flat-plate Si cell. This four-terminal (4T) tandem employs
a coplanar GaAs LSC top-cell configuration and a standard,
commercially available passivated emitter rear contact (PERC)
Si subcell. Fig. 2 shows the schematic of the tandem LSC/Si
device. Using a Monte Carlo ray tracing modeling tool, we sim-
ulate the overall module performance of such a tandem LSC/Si
device and explore the implications of further redshifting the
luminophore spectral features for a variety of PLQYs and QD
concentration within the polymeric waveguide.

II. TANDEM LSC MODELING

A. Monte Carlo Ray Tracing

As seen in Fig. 2, we configure an LSC top cell in tandem with
a Si subcell to use as a 4T device. By relying upon short wave-
length absorption in the embedded luminophores, re-radiated
light trapped within the polymer waveguide impinges upon the
higher bandgap GaAs embedded cell. Longer wavelength light
beyond the GaAs band edge propagates with low loss in the
LSC layer, and transmits through to reach the underlying PERC
Si cell.

For this coplanar LSC configuration, the geometric gain (GG)
can be determined by comparing the cell area, with length lsc(2) ,
and the waveguide aperture area lWG as shown in Fig. 1. This
geometry allows a given GG to be maintained for arbitrarily
large module areas, thus enabling the coplanar configuration to

have higher LSC photocurrents relative to an edge-lining cell
configuration [9], [19].

We simulate the IV performance of this 4T LSC/Si module
using a Monte Carlo ray tracing algorithm [19]. The stochastic
model traces incident photons through the layers, which are ini-
tialized to strike the top filter of the tandem stack. We calculate
contributions to photon propagation from scattering, reflection,
transmission, and absorption characteristics for each as func-
tions of photon wavelength and angle of incidence. We initial-
ize approximately 106 photons for a given simulation across a
wavelength range from 300 to 1100 nm, where we scale incident
photon power by the AM1.5 g spectrum.

To determine the luminophore absorption and PL excitation
rate, we apply the Beer–Lambert law, given a specific QD con-
centration within the poly(lauryl methacrylate) (PLMA) wave-
guide layer whose average index of refraction is 1.44 across
the visible spectrum. We generate PL profiles according to the
probability distribution of the photoconverter species, where the
PLQY determines the probability for radiative recombination.
Further information on the algorithm and the implementation
can be found in the supporting information (SI) for this paper.

Short-circuit current density (Jsc) is modeled by the Monte
Carlo ray tracing algorithm, taking into account the GaAs/Si
cell reflectance and internal quantum efficiency. We apply a
detailed balance model to calculate open-circuit voltage (Voc)
and fill factor (FF) for the GaAs and PERC Si cells. We include
radiative and nonradiative dark current density contributions for
each cell type, given by

Voc =
nkB T

q
ln

(
IL

I0

)
+

nkB T

q
ln(QERE)

where q is the electron charge, kB is the Boltzmann constant, T is
the cell operating temperature where we assume room tempera-
ture, IL is the simulated photocurrent under AM1.5 g spectrum,
I0 the dark current in the radiative limit, and QERE is the exter-
nal radiative efficiency [20], [21]. We model QERE following
literature procedures related to the external quantum efficiency
(EQE) of each cell. We assume a GaAs microcell of dimensions
400 by 400 μm and assume a GG of 50, yielding a waveguide
unit cell area of 8 mm. We apply periodic boundary conditions
to simulate a larger array.

B. Model Validation

We validate this Monte Carlo ray trace and detailed balance
model with experimental performance matching and literature
comparison. As a base case, we simulate a bare, zero-density
QD waveguide onto such a PERC Si subcell and match to 1-sun,
AM1.5 illumination of a measured PERC cell [22]. As a sec-
ondary base case, we compare the ray trace to measured GaAs
III-V cells under 1-sun, AM1.5 illumination [23]. Table S1 of the
SI details the simulation results’ agreement with experimental
measurements.

We also apply this ray-trace model to LSC studies, each
employing a filter/QD waveguide architecture with a trench
reflector for photon recapture [9], [19]. We find excellent agree-
ment for varying QD concentration within the waveguide with
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Fig. 3. Absorption (shaded blue) and PL (shaded red) spectra for varying red-
shifted QD luminophores, employing the same absorption and PL band edge
structure. The right axis corresponds to the AM1.5G spectrum.

respect to harvested photocurrent. We include literature base
case studies and Monte Carlo ray trace comparison in the SI for
this paper and show excellent quantitative agreement between
this Monte Carlo ray trace and prior work, as shown in Fig. S7
of the SI.

C. Spectrally Matched Luminophores

Inorganic QD luminophores span a wide wavelength range
of absorption and PL features [18]. For instance, CdSe/CdS
core/shell QDs typically exhibit absorption bands near 500 nm
in wavelength, and PL peaks centered near 650 nm, whereas
Cd1-xCuxSe QDs absorb further into the red, around 700 nm,
and emit around 900 nm [17]. Here, we model the effects of
spectrally-shifted absorption and PL bands on the overall mod-
ule efficiencies of the tandem LSC/Si device. Fig. 3 shows
the absorption and PL spectra for varying spectrally-shifted lu-
minophores, assuming a constant PL distribution and absorption
feature, for the sake of direct comparison.

We simulate applying top and bottom notch filters in this
waveguide geometry as shown schematically in Fig. 2 and spec-
trally in Fig. 4. Previous studies show increased OE of the LSC
component with the incorporation of such PL-concentrating
mechanisms [1], [5], [9], [24], [25]. Such a notch filter features
a high reflectance stopband centered around the luminophore
PL regime and passbands in order to allow for maximum QD
absorption (short wavelength) and PERC Si absorption (long
wavelength). We make no assumption about the material or
notch-filter design. However, we assume that the stopband of
the filter remains centered around the PL peak for all angles of
incidence. Such light-trapping filters traditionally derive from
alternating high/low refractive index material in the form of
a one-dimensional photonic crystal [26]–[28]; however, other
designs, such as high contrast grating metasurfaces, also show
promise as tunable notch filter designs [29]–[32].

Fig. 4 gives the EQE for both the embedded GaAs and un-
derlying Si cells, plotted against the AM1.5 g spectrum as well
as the simulated notch-filter reflectance.

Fig. 4. EQE of the embedded GaAs and underlying IBC Si cells, referenced
to the AM1.5G spectrum.

III. SIMULATION RESULTS

We investigate how the module efficiency of such an LSC/Si
tandem changes with varying luminophore absorption and PL
wavelength index. We find a peak in module efficiency and GaAs
Jsc/Voc under 1-sun illumination for luminophores exhibiting
increased absorption edges out to 650 nm and PL peaks centered
around 835 nm. Fig. 5 shows both the tandem PCE as well as the
breakdown of GaAs LSC and PERC Si bottom cell efficiencies
for the given PLQY of 0.98. As seen, we obtain maximum
module PCE when the GaAs LSC top cell produces more power
output than the PERC Si bottom cell.

Fig. 6 shows the Jsc and Voc for the GaAs LSC top cell and
PERC Si bottom cell with respect to varying QD absorption/PL
shifting. We note an approximate 2.5 factor increase in Jsc
of the GaAs microcell for an optimized spectral position 18.1
mA/cm2 relative to the unshifted CdSe/CdS case 7.09 mA/cm2.
We attribute such photocurrent increase because of increased
light absorption across the incident solar spectrum. For further
PL trapping, specifically to minimize photon loss through the
waveguide escape cone, we assume a notch-filter spectrum as
shown in Fig. 4, centered for all luminophore species around
the PL center. Fig. 6 additionally shows the Voc of each the
GaAs-embedded cell and the PERC Si subcell in this tandem
configuration with top and bottom notch filters. In addition to
varying the spectral features of the inorganic luminophore, we
vary the PLQY. We apply constant PLQY values of 0.50, 0.90,
0.95, 0.98, and 1.00 across the PL profile. Both Figs. 5 and 6
demonstrate the substantial impact of PLQY on LSC perfor-
mance. For values of 0.50 or lower, we find that further red-
shifted luminophore features result in degraded PCE as a result
of increased nonradiative recombination of incident photons by
the luminophore species.

We see increased concentration of photocurrent arriving and
collected by the GaAs microcell array, as shown in Fig. 7. With
greater absorption of sunlight by the photoconverter species, a
greater portion of incident sunlight is collected and redirected
to the embedded cell.
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Fig. 5. Effects of luminophore redshifting on (top) the tandem LSC/Si module
efficiency for varying PLQY and (bottom) the GaAs/Si individual cell efficien-
cies for the PLQY of 0.98.

IV. SUMMARY AND CONCLUSION

We have characterized the performance of a tandem LSC/Si
module design where spectral position of the embedded lu-
minophore absorption/emission is a design parameter. We rely
on an experimentally validated Monte Carlo ray tracing mod-
eling tool to estimate the overall power output for an LSC em-
ploying a PLMA waveguide with PL trapping, notch filters for
increased photocurrent collection. To match increased absorp-
tion edge features of the luminophore, we couple PL to GaAs
coplanar microcells in a dense array geometry of GG 50.

We find that for such an LSC design, there exists an ideal
spectral position of the emission/absorption bands that maxi-
mizes module efficiency. Further, we show that for all PLQY
values at or above 0.90, such a tandem device design benefits
from increased redshifting of photoconverters. From this analy-
sis, we conclude that tandem LSC devices exhibit strong PCEs
for use as a potential high-performance PV candidate under a
significant range of PLQY values.

Optimal performance characteristics result in a red-shifted
luminophore with a PL profile centered around 835 nm and a
Stokes shift of 100 nm. We find maximum PCE beyond 26%
with both radiative and nonradiative contributions to the Voc
and FF. We assume modeled PL-trapping notch filters encas-
ing the spectrally shifted luminophores with a stopband width

Fig. 6. Effects of luminophore redshifting on GaAs/Si (top) Jsc and (bottom)
Voc.

Fig. 7. Increase of collected photocurrent from the GaAs microcells of the
tandem LSC/Si for continual redshifting of the QD luminophores up until the
band edge.

of approximately 100 nm at normal incidence, here. This re-
sult demonstrates the applicability of LSC/Si tandems with use
of further red-shifted photoconverters in place of traditional
III-V/Si tandem technologies.
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