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The performance of colloidal CulnS,/CdS nanocrystals as
phosphors for full-spectrum luminescent solar concentrators
has been examined. Their combination of large solar
absorption, high photoluminescence quantum yields, and only
moderate reabsorption produces the highest projected flux
gains of any nanocrystal luminophore to date.

Luminescent solar concentrators (LSCs) collect and concentrate
solar energy through absorption of incident photons by luminophores,
followed by emission into a waveguide that directs the emitted photons
onto photovoltaic (PV) cells.'? LSCs can be made in a variety of

configurations,”’

the most common of which comprises a two-
dimensional planar waveguide with edge-mounted PVs.>® LSCs have
the potential to reduce the cost of solar energy by allowing replacement
of expensive large-area PVs with cheaper solar-harvesting antennae
coupled to small PVs."” LSCs may also allow integration of solar
technologies into other existing architectures, such as windows, without
compromising their primary function.”> Different applications will
demand different tailored luminophores, but the achievement of
commercial viability in any LSC configuration still requires new
luminophores that are bright, stable, and do not reabsorb their own
luminescence.”’

Semiconductor nanocrystals (NCs) are a promising class of LSC
luminophore due to their tuneable absorption spectra, solution

processability, photostability, and high photoluminescence (PL)

quantum yields.*'® Unlike molecular luminophores, which often have

6. 8 :
1718 semiconductor NCs absorb

relatively narrow absorption bands,
broadly at all energies greater than their (tuneable) band gap. Such
broad absorption is advantageous for applications seeking to capture as
much of the solar spectrum as possible. Most NCs suffer from
their

we demonstrated

significant
89,11

overlap between absorption and PL
that NCs

luminescent impurities exhibit very small reabsorption losses at

spectra,

however. Recently, containing

application-relevant optical densities (e.g., OD = 1 across the device
thickness) and photon-transport lengths (e.g., up to 1.2 m) because
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dopant-centered emission in these NCs occurs at much lower energies
than the band gap of the host NC.'" Quantitative measurements'®
showed that doped NCs have smaller intrinsic reabsorption losses than
heterostructured NCs with large apparent Stokes shifts.">'*'"” Of the
NCs investigated, Cdye90Cuo001Se NCs were identified as the “best in
class” luminophores for full-spectrum LSCs because of their large solar
absorption and small reabsorption losses, but their relatively low PL
quantum yields (np, < 0.4) still limit their overall performance. Here,
we use the experimental and theoretical tools developed in our previous
study to quantify the LSC performance of high-quantum-yield
CulnS,/CdS core/shell NCs (17, = 0.86), and compare these NCs to the
leading heterostructured and doped NC phosphors examined previously
for full-spectrum applications. The high PL quantum yield and large
solar absorption of CulnS,/CdS NCs lead to exceptionally high
projected flux gains for planar LSCs coupled to Si PVs, exceeding
those of Cdyg.990Cug.001Se NCs by over a factor of two at all LSC length
scales. Routes for further improvement are discussed.

To maximize the flux gain of an LSC based on CulnS,/CdS NCs,
we aimed to synthesize bright CulnS,/CdS NCs with absorption and PL
spectra that have maximal overlap with the solar spectrum and the
external quantum efficiency (EQE) spectrum of a crystalline Si (c-Si)
solar cell, respectively. CulnS,/CdS NCs were synthesized following
literature procedures®® with minor modifications (see SI for details).
Figure 1A shows the absorption spectrum of a concentrated solution of
CulnS,/CdS NCs measured over a 1-mm pathlength and a PL spectrum
of the same solution diluted by a factor of 100. These CulnS,/CdS NCs
have their first absorption peak centered at Agresn = 570 nm, a broad PL
spectrum centered at 765 nm, and 7np, = 0.86 + 0.02. Their Cu:In:Cd
ratio is 1.00:1.06:1.23 as measured by inductively coupled plasma
atomic emission spectroscopy, and their average diameter is 3.1 + 0.5
nm as measured by TEM (see SI for details). Based on these
measurements, the thickness of the CdS shell is ~0.3 nm and the
diameter of the CulnS, core is ~2.5 nm, which is consistent with the
average crystalline domain sizes of 2.6 and 3.4 nm estimated from the
line-widths of powder X-ray diffraction spectra of the CulnS; cores and
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CulnS,/CdS core/shell NCs,
previously,” CulnS,/CdS NCs made by this method are reproducibly

respectively (see SI). As reported

bright for a range of band gap energies down to that represented in
Figure 1A. For example, absorption and PL spectra of another
CulnS,/CdS NC sample that has 1, = 0.87 + 0.02 but a larger band gap
(Mhresh =
focus on the CulnS,/CdS NCs of Figure 1A, which have the same high

Npy, absorb 11% more solar photons (as calculated by the overlap

530 nm) are shown in the Supplementary Information. We

integral of the absorption spectrum and the AM1.5 solar spectrum), and
also still have their entire PL spectrum between 480 and 1000 nm,
where the EQE of a c-Si solar cell exceeds 95% (Figure 1B).”'
CulnS,/CdS NCs with band gaps narrower than in Figure 1A (ie.,
larger diameters) absorb even more solar photons but re-emit a
significant fraction of these photons beyond 1000 nm, where c-Si is less
sensitive (see below). Narrowing the PL band could, in principle,
ameliorate this issue, but the PL line width in Figure 1A derives
primarily from strong electron-phonon coupling in the luminescent

excited state and is likely close to its homogeneous value.
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Fig. 1. A Absorption (solid line with shading) and PL spectra of CulnS,/CdS
core/shell nanocrystals dispersed in tetrachloroethylene. The absorption
spectrum was collected over a 1 mm pathlength. Inset: Projected absorption
spectrum of the same nanocrystal solution over a 1-cm pathlength. The PL
spectra in both plots were taken of a 100-fold dilution of the solution used to
obtain the absorption spectra. B PL spectrum of the CulnS,/CdS NCs from A (red
solid line) plotted with the external quantum efficiency (EQE) spectrum of a c-Si
solar cell from ref. 21 (gray circles). The vertical dashed lines indicate the region
of the EQE spectrum where EQE > 95%.

The relatively large difference in energy between the absorption
and PL peaks in Figure 1A is due to deep trapping in the luminescent

excited state,?*?*%*

a process closely related to that in dilute activator-
doped semiconductor phosphors. Despite this large separation, the
broad widths of these absorption and PL bands still lead to significant
overlap and hence reabsorption losses. The absorption/PL overlap
becomes more obvious over longer optical pathlengths, for example the
1 cm pathlength of Figure 1A, inset. Our aim here is to assess the
impact of such overlap on the performance of these NCs as LSC

luminophores.
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The probability that an emitted photon will be reabsorbed over a
given photon transport distance in an LSC can be predicted from a

luminophore's absorption and PL spectra using equation 1.'°
R = [ PLygrm(D)(1 — 107 4nerm 1) g (1a)

_ LoD,
Tt

l (1b)
Here, PL,,m(A) is the PL spectrum normalized by area, 4,,.(4) is the
absorption spectrum normalized at Auesn, and / is the reduced pathlength
defined in equation 1b by the photon transport distance, L, the
transverse optical density of the LSC at Awwesh, OD;, and the device
thickness, ¢'® Use of a reduced pathlength allows comparison of
predicted reabsorption probabilities with experimental luminescence
attenuation values measured under different conditions (e.g., different
luminophore concentrations or LSC configurations).

Figure 2A plots the predicted reabsorption probability, R(/), versus
reduced LSC pathlength, /, calculated for CulnS,/CdS NCs using the
spectra from Figure 1A (note the inverted y axis). For comparison,
Figure 2A also plots R(/) values predicted for the leading doped
(Cdp.999Cug001Se) and heterostructured (CdSe/CdS core/shell) NC
luminophores.'®
pronounced in the CulnS,/CdS NCs than in the other two NCs shown in

At small /, the effect of reabsorption is more

Figure 2A, which both display more monotonic increases in R(/) with
increasing /. Notably, however, the slope of R(/) is smallest for the
CulnS,/CdS NCs at large /, causing R(/) for these NCs to eventually
cross both the CdSe/CdS core/shell and Cdg.999Cug001Se R(/) curves (at /
= 164 and 1234, respectively, see SI). A useful metric for quantifying
reabsorption is the parameter R, defined as the reduced pathlength at
which R(/) = 0.5."® Ry, provides a concise summary of the curves
shown in Figure 2A and is useful for comparing reabsorption across
NCs, albeit with obvious sacrifices in insight. Ry, = 43 for the
CulnS,/CdS NCs, compared to R, = 320 and 92 for the Cdg.999Cug o01Se
and CdSe/CdS NCs, respectively.'

To test the predictions of equation 1, the solution of CulnS,/CdS
NCs used to obtain the absorption spectrum in Figure 1A was loaded
into a 120-cm liquid waveguide that is fiber-coupled to a spectrometer
at one end, and PL was measured as a function of the distance (L)
between the collection end of the waveguide and a translatable 385-nm
LED excitation source. This one-dimensional liquid waveguide device,
or “1D LSC”, has a total thickness of 1.65 mm (1 mm liquid and 0.65
mm quartz) and, once loaded with the CulnS,/CdS NC solution, an OD,
= 1 at Apresn =
CulnS,/CdS NCs measured at various excitation distances in the 1D

570 nm. Figure 2B shows PL spectra of these

LSC. The apparent red shift in the PL spectra with increasing L
demonstrates how reabsorption primarily attenuates the higher-energy
luminescence. To approximate the PL spectrum at L = 0 in the 1D LSC,
we measured the PL spectrum of a 100-fold diluted solution of
CulnS,/CdS NCs (i.e., OD; = 0.01) at L = 1 cm and scaled it such that
its intensity matched the intensity of the PL spectrum for the OD, = 1
solution at L = 1 cm from 850-1050 nm, where reabsorption losses are
negligible. This projected L = 0 spectrum is the purple spectrum in
Figure 2B. Figure 2C plots the spectrally integrated PL intensity versus
L for the CulnS,/CdS NCs measured here and previously reported data
for Cdog9eCuoo01Se and CdSe/CdS NCs.'® The data in Figure 2C are

normalized at L = 0 and corrected for waveguide losses to focus
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specifically on the properties of the phosphors. The uncorrected data
are qualitatively similar to the corrected data, and are shown in the SI.
The remarkable qualitative similarity between the experimental data in
Figure 2C and the predicted curves in Figure 2A demonstrates the
predictive power of equation 1. To compare the curves in Figure 2C
quantitatively, we define the parameter L, to be the excitation distance
L at which the integrated PL intensity is 50% of its value at L = 0.
Similar to the trend in R, the CulnS,/CdS NCs have a smaller L,
value (L;», = 9 cm) than both Cdyg9eCugo0iSe (L1, = 42 cm) and
CdSe/CdS NCs (Li» = 12 c¢cm),'® but the integrated PL intensity of
CulnS,/CdS NCs is still significant at L = 120 cm.
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Fig. 2. A Reabsorption probability, R, calculated from eq. 1 and plotted versus
reduced pathlength, /, for CulnS,/CdS (solid red line), Cdo.g9sCUoo01Se (dashed
green line), and CdSe/CdS (dashed blue line) NCs. B Two-dimensional plot of PL
intensity versus wavelength and excitation distance overlaid with PL spectra of
the CulnS,/CdS NCs collected at various excitation distances in the 1D LSC. C Plot
of spectrally integrated PL intensity corrected for waveguide losses and
normalized at L = 0 versus excitation distance (L) for CulnS,/CdS (filled red
triangles), Cdo.g99CUo001Se (open green diamonds), and CdSe/CdS (open blue
squares) NCs. The dotted lines are guides for the eye. Data for Cdg95CUg 0015
and CdSe/CdS core/shell nanocrystals shown in A and C are taken from ref. 16
and included for comparison.

In addition to reabsorption, the overall performance of an LSC
luminophore is also governed by its ability to absorb solar photons and
its PL quantum yield. All three properties contribute to the flux gain
(FG) of an LSC device. The flux gain is the factor by which the LSC
increases the output of a particular PV cell or set of cells.'” Equation 2
defines the flux gain of our experimental 1D LSC device coupled to c-

Si PV cells at each end, as a function of length, L."
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FG = Gooo(L)sc 1o mpy 2285 ¥ 1,y (L)dL @
Npy Sol,PV

In equation 2, Gg.(L) is the geometric gain, 7y is the fraction of
emitted photons not lost to the waveguide’s escape cones defined by
Snell’s law, nb5 and nal'™® are the efficiencies of a ¢-Si PV illuminated
by the PL of the NCs and AMI1.5 solar radiation, respectively, Ag,;nc
and As,,py are the incident solar photon flux absorbed by the NCs and
PV, respectively, and 7p,(L) is the experimental integrated PL intensity
measured at excitation distance L in the 1D LSC. For our 1D LSC
device, ngc ~ 0.5 due to the presence of both horizontal and vertical
escape cones,'® and the ratio nhb /nay*5 ~ 1 since the reference c-Si PV
cell has a reported external quantum efficiency > 95% from 480 to 1000
nm (Figure 1B).>' For the CulnS,/CdS NCs reported here, n,, = 0.86
and Agpne = 9.2 % 10%° photons/m2s. Agorpy = 24.8 % 10%° photons/mzs
for a c-Si solar cell. Equation 2 was previously verified by a direct

measurement of the flux gain of our 1D LSC under natural sunlight.'®
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Fig. 3. Flux gains for CulnS,/CdS NC LSCs coupled to c-Si photovoltaics and
illuminated with AM 1.5 solar irradiation. Flux gains are plotted versus LSC length
and side length, respectively, for A the one-dimensional measurement device
(calculated using eq. 2 and experimental data from Figure 2B) and B hypothetical
square planar LSC devices. Results for Cdgg9sCUgg0:Se and CdSe/CdS core/shell
NCs taken from ref. 16 are included for comparison. The dotted lines in A are
guides for the eye.

Figure 3A plots the flux gain calculated from equation 2 versus
LSC length for the 1D LSC containing CulnS,/CdS, Cdy.999Cuy.00:1Se, or
CdSe/CdS NCs. Of the three NCs shown here, the CulnS,/CdS NCs
have both the largest 7, (0.86 compared to 0.27 and 0.68 for
Cdo.999Cug001Se and CdSe/CdS, respectively) and absorb the most solar
photons (9.2 x 10* photons/m’s compared to 8.9 x 10*° and 3.3 x 10>
photons/mzs for Cdog99sCupooiSe and CdSe/CdS, respectively). These
two properties compensate for larger reabsorption losses, and lead the
CulnS,/CdS NCs to produce the greatest 1D flux gains at all length
scales.

With these results in hand, it is now possible to project the flux
gains for square "2D" LSC devices made from these CulnS,/CdS NCs
with £ = 1 mm, OD, = 1, and c-Si PVs attached to all four edges. 2D

flux gains were calculated using methods described previously,'® with
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the same luminophore and PV parameters used in eq. 2. Figure 3B plots
the projected 2D flux gain versus LSC side length for CulnS,/CdS,
Cdp.999Cug001Se, and CdSe/CdS NCs. These curves exhibit the same
qualitative trends as the 1D flux gain curves shown in Figure 3A.
Importantly, the projected flux gain for a 120 cm x 120 cm device
containing these CulnS,/CdS NCs is 33, which is 3.3 times larger than
the projected flux gain for the same device containing Cdg.999Cug o01Se
NCs.' Since np, is a factor 3.2 larger for CulnS,/CdS NCs than for
Cdy.999Cug001Se NCs, and As,;nc for these two materials is very similar,
most of the difference in their projected LSC performance can be
attributed to the difference in 1p,. We note that the projected 2D flux
gain for CulnS,/CdS NCs does not approach a maximum value even at
unrealistically large sizes (80 m x 80 m, see SI), due to zero
reabsorption of the lower energy part of the PL spectrum (Figure 1A).
The performance of large-area LSCs containing these CulnS,/CdS NCs
will therefore be limited by losses due to imperfections in the
waveguides themselves that are not included in our model. Importantly,
these CulnS,/CdS NCs are very small (d = 3.1 nm), so losses due to
Rayleigh scattering by the NCs should be negligible.

The results presented here point to possible improvements in
CulnS;-based NCs for LSC applications. Given the asymmetry of
overlap between the CulnS,/CdS NC absorption and PL spectra, most
of the photons that make it to the edge of a high-gain LSC containing
CulnS,/CdS NCs will be from the lower energy half of the PL spectrum
(Figure 2B). If this part of the PL spectrum lies beyond the peak of the
solar-cell EQE spectrum, then the overall performance of the LSC
device could be diminished. Preliminary simulations suggest, however,
that marked improvements should be possible by narrowing the CulnS,
NC band gap to ~670 nm because, down to this band gap, the gains in
solar absorption are predicted to be greater than the performance losses
due to reduction in overlap between the PL and Si EQE spectra.
Unfortunately, experimental CulnS,-based NCs with narrower band
gaps have so far shown only substantially smaller 7, values (e.g., np, <
~0.3 for CulnS; NCs with Agyesn > ~600 nm),2°’25 but improvements in
surface passivation or development of entirely new synthesis methods®®
may offer opportunities to reach this goal. Among CulnS,-based NCs
reported to date, the CulnS,/CdS NCs shown in Figure 1 have close to
the best balance of performance parameters attainable.

The results presented here also provide motivation for developing
copper-doped nanocrystals with higher 7,,. Cd,.,Cu,Se NCs like those
described in ref. 16 (and summarized here) but with n,, like the
CulnS,/CdS NCs described here would show even greater flux gains
than these CulnS,/CdS NCs because of their substantially smaller
reabsorption losses. The synthesis of copper-doped nanocrystals with
such high n,, remains a challenge.
= 0.86) CulnS,/CdS NCs have been

demonstrated to be attractive phosphors for high-gain full-spectrum

In summary, bright (np,

LSC applications. Their broad solar absorption and high PL quantum
yields combine to outweigh their moderate reabsorption losses, and lead
CulnS,/CdS NCs to outperform Cdye99Cug.001Se NCs that have smaller
reabsorption losses but much lower PL quantum yields. High-gain
planar LSCs based on these CulnS,/CdS NCs are currently under
development. More generally, these results further validate the use of
both the 1D LSC device and
probabilities

the calculation of reabsorption
using equation 1 for rapid assessment of critical

performance characteristics of new LSC luminophores. By specifically

41 J. Name.. 2012. 00. 1-3

focusing on quantitative assessment of new luminophores, such
approaches may help accelerate the development of next-generation

luminophores for use in a broad variety of future LSC technologies.
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