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1. Introduction

All photovoltaic (PV) technologies exhibit limited spectral re-
sponse to the wideband solar spectrum. This is mainly attribut-
ed to the limited absorption bands of the materials that are
used as the light absorbers in solar cells.[1] In dye-sensitized
solar cells (DSSCs), dye molecules are responsible for light ab-
sorption. The conventional dyes that are used in DSSCs show
a reasonably wide absorption band, but on the other hand,
a low absorption coefficient. This trade-off between the ab-
sorption width and absorption coefficient of dyes leads to an
optimum DSSC configuration in which thick mesoporous films
(>10 mm) compensate for the low absorption coefficient of
the dye. The problem is with DSSC applications in which uti-
lization of a thick mesoporous film is not possible, for example,
in solid-state DSSCs and flexible configurations.[2] In these
cases, dyes with high absorption coefficient have to be used.
However, the more intense light absorption comes at the ex-

pense of a narrow absorption band.[3] The high absorption co-
efficient of the dye can also result in lower cost of the device
by providing the chance of using thin TiO2 films.[4] To over-
come the spectral losses, photon management strategies have
been utilized[1a, 5] among which luminescence downshifting
(LDS) of the incident spectrum is a practical strategy that helps
to increase the light-harvesting efficiency by manipulating the
incident spectrum instead of interfering with the active materi-
al inside the cell.[1] In this approach the LDS layer, which can
be used in a transmissive or reflective configuration, absorbs
the high-energy photons (short wavelength) and re-emits
them in lower energies (long wavelength) at which efficient
dyes can absorb (shown schematically in Figure 1 and Fig-
ure 7 a). In the transmissive LDS (T-LDS) structure, the incident
photons pass through the LDS layer before reaching the solar
cell, but in the reflective LDS (R-LDS) structure, the incident
light irradiates the solar cell first.[6]

The appropriate LDS materials should possess a lumines-
cence spectrum that matches the absorption spectrum of the
solar-cell active layer. Besides, the excitation band of the LDS
layer should cover well the wavelength region in which the in-
cident photon-to-current conversion efficiency (IPCE) of the
solar cell is low. To avoid the losses due to reabsorption of the
emitted photons by the luminescent species in the LDS layer,
the overlap between the emission spectrum and the excitation
spectrum of the LDS material should be minimized. The LDS
material should also have a large quantum efficiency (QE),
good photostability, and low price[1] for practical applications.
Suitable candidates are inorganic quantum dots (QDs), organic
dyes, or inorganic phosphors. QDs exhibit a wide absorption
band, high emission intensity, and relatively good photostabili-
ty. However, reabsorption loss is a serious problem in using
QDs due to the large overlap between their absorption and
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emission bands.[1, 7] Organic dyes exhibit high absorption coeffi-
cients and high QE, but they usually have a narrow absorption
band with considerable overlap with their emission band, that
is, the absorption loss is a problem for organic dyes. Moreover,
the photostability of organic dyes is not usually good.[1, 7a] Inor-
ganic phosphors have almost all the required characteristics
for application in the LDS layer. They have good QEs, excellent
photostability, and low cost. They exhibit wide absorption
bands and there is usually a small or no overlap between their
absorption and emission bands. Nevertheless, they have low
absorption coefficient, which can be compensated by increas-
ing the concentration of material or the thickness of the LDS
layer.[1, 7a, 8] As a result of these characteristics, inorganic phos-
phors could be considered as suitable candidates for LDS ap-
plications. Herein, we study inorganic phosphors as R-LDS
materials.

Since 1979 when Hovel et al. reported the first application of
an LDS layer on top of PV cells,[9] several research works, both
experimental and modeling, have been devoted to applying
LDS layers in different kinds of solar cells.[10] These reports have
mainly used the T-LDS configuration in Si solar cells,[11] CdS/
CdTe solar cells,[7a,b, 12] and copper indium gallium selenide
(CIGS) solar cells.[13] There are a few reports on the application
of LDS or luminescent downconversion materials for DSSCs.
The reports were again mainly with the T-LDS configuration,
and no remarkable enhancement was observed mainly due to
inappropriate selection of materials or configuration.[14] Appli-
cation of an LDS layer in reflective configuration for Si, CdS/
CdTe, and CIGS solar cells seems not to be efficient because
high-energy photons will be totally lost before reaching the
LDS layer, mainly as a result of the unwanted absorption in the
buffer/window layer. Nevertheless, we recently demonstrated
that applying LDS materials in reflective configuration (R-LDS)
may considerably enhance the light harvesting of DSSCs.[6] This
was achieved by appropriate choice of a highly absorbing dye
in the red/near-infrared (NIR) region (squaraine: SQ1, Figure S1
in the Supporting Information) with spectrally matching phos-
phors.[6] Although an increase in the efficiency of the DSSC up
to 45 % was already gained, clearly a comprehensive optical
analysis of the LDS/DSSC device is required for understanding
the optical processes involved, thereby leading to more opti-
mum designs.

Herein, we present an optical modeling of the R-LDS/DSSC
structure based on the experimental data reported previous-
ly.[6] The model can successfully reproduce the experimental
external QE data. Detailed optical loss analysis of the R-LDS/
DSSC stack is presented to find the configurations with the
lowest loss/highest efficiency. The model provides insight on
how to achieve ideal conditions with more broadband selec-
tion of dye/phosphors. In the final part, we compare the R-
LDS/DSSC configuration with the T-LDS/DSSC configuration for
two devices with an identical LDS layer.

2. Results and Discussion

2.1. Optical Modeling and Experimental Validation

To calculate the optical response of the system a model is em-
ployed, by which we try to reproduce the IPCE of already fabri-
cated and characterized DSSC/R-LDS systems, as shown sche-
matically in Figure S2. The fabrication of DSSC devices and
IPCE measurements were reported elsewhere.[6] An R-LDS layer
was placed in front or at the back of the cell and covered with
an Al foil to reflect back the emitted light towards the DSSC.

Figure 1 illustrates the concept of an R-LDS layer coupled
with a DSSC. For the red–NIR part of the light (in which SQ1

shows strong absorption), the light is absorbed either in the
first passage of incident light through the DSSC or through the
back-reflected light from the LDS layer. The blue–green part of
the light is slightly absorbed by the dye, and is mainly down-
shifted by the LDS layer to red–NIR light, which returns back
to the DSSC and is absorbed by the dye. Some part of the
blue and green light is lost through diffuse reflection from the
LDS layer or through nonradiative processes in the LDS layer.

As the incoming photons (air mass 1.5 global (AM 1.5 G) solar
radiation) cross the DSSC before reaching the R-LDS layer in
this reflective configuration, the total IPCE contains the original
IPCE of the DSSC (without R-LDS layer) plus the improvements
made by the R-LDS layer. The contribution of the R-LDS layer is
either through back-reflection from the R-LDS layer or down-
shifting to low-energy photons. Therefore the IPCE of the
DSSC with an R-LDS layer can be simply calculated as [Eq. (1)]:

IPCER-LDS=DSSC ¼ IPCEDSSC þ IPCER þ IPCEEm ð1Þ

in which IPCEDSSC is the IPCE of the bare device and IPCER and
IPCEEm are the additional contributions generated by the re-
flected and emitted photons from the R-LDS layer, respectively.
In an ideal device with IPCEDSSC = 100 %, no transmitted photon

Figure 1. Schematic of the optical processes involved in the R-LDS/DSSC
configuration. A fraction of incident photons will be reflected at the air/
DSSC interface (1). Another fraction with wavelength in the absorption band
of the sensitizing dye will be absorbed by dye molecules (2). The transmitted
light from the DSSC will be either reflected back at the DSSC/LDS layer inter-
face (3) or absorbed by phosphor particles inside the LDS layer (4). The
phosphor particles then re-emit the absorbed photons at lower energies.
The emitted photons will go back to the DSSC again to be absorbed by dye
molecules either directly (5) or after reflection from the LDS layer/Al inter-
face (6).
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from the DSSC and thereby no reflected or emitted photon
from the LDS layer will exist to make a contribution to current
generation. This will ensure that Equation (1) will never have
a quantity greater than unity.

The distribution of reflected photons from the LDS layer
(SR(l)) can be calculated by using the initial solar spectrum
(Si(l)), diffuse transmission spectrum of the DSSC (DTDSSC(l)),
and diffuse reflection spectrum of the LDS layer (DRLDS(l))
[Eq. (2)]:

SRðlÞ ¼ SiðlÞ � DTDSSCðlÞ � DRLDSðlÞ ð2Þ

Therefore, the IPCER can be calculated as follows [Eq. (3)]:

IPCERðlÞ ¼ DTDSSCðlÞ � DRLDSðlÞ � IPCEDSSC=bðlÞ ð3Þ

in which IPCEDSSC/b is the IPCE of the bare DSSC device mea-
sured counter to the illumination direction of the measure-
ment of IPCEDSSC used in Equation (1). As the reflected photon
flux from the R-LDS layer illuminates the DSSC from the oppo-
site side of the initial incident photons, IPCEDSSC/b needs to be
used in the calculation of IPCER.

In the R-LDS/DSSC configuration, there is no requirement of
transparency for the LDS layer. Therefore, the thickness of the
R-LDS layer can be sufficiently high to fully absorb the incident
photons, which are all photons incident on the LDS layer and
not reflected by this layer. With this explanation, the distribu-
tion of absorbed photons by the LDS layer (SA(l)) can be calcu-
lated as [Eq. (4)]:

SAðlÞ ¼ SiðlÞ � DTDSSCðlÞ � ð1�DRLDSðlÞÞ ð4Þ

The number and distribution of emitted photons by the LDS
layer will be defined by the QE and photoluminescence spec-
trum (PL(l)) of this layer, respectively. Moreover, it is possible
to put a mirrorlike layer such as an Al foil at the back of the R-
LDS layer, which reflects back the emitted light in the R-LDS
layer. Therefore, theoretically all the emitted photons inside
the R-LDS layer can reach the DSSC either directly or after re-
flection from the Al foil. As the R-LDS layer is a diffuse trans-
mitter of light (due to the granular morphology), the side-
plane escape loss can be ignored. Thus, the IPCEEm can be cal-
culated as [Eq. (5)]:

IPCEEmðlÞ ¼

DTDSSCðlÞ � ð1�DRLDSðlÞÞ � QE �
Z

PLðl0ÞIPCEDSSC=bðl0Þdl0
ð5Þ

QE is the internal quantum efficiency of the R-LDS lumines-
cent layer and is defined as the ratio of the number of photons
emitted to the number of excitation photons absorbed. Pho-
tons of wavelength l are absorbed in the R-LDS layer and then
emitted at wavelength l’ with PL(l’) spectrum. The PL spec-
trum should have a good overlap with the IPCE of the DSSC so
that the downshifted photons can be readily converted into
current. The PL(l’) used in the above equation is the normal-

ized PL spectrum of the luminescent material used in the R-
LDS layer. Here, IPCEDSSC/b is used because of the opposite illu-
mination direction of the emitted photon flux from the R-LDS
layer relative to the initial incident photons.

The input for the optical model is the experimental data ob-
tained by characterization of individual DSSC elements, as well
as the LDS layer, presented in Figures S3 and S4. IPCEDSSC and
IPCEDSSC/b are the experimental IPCE of the DSSC without R-LDS
layer for different illumination directions. The transmittance of
the DSSC without an LDS layer (DTDSSC) can be either measured
directly by using an integrating-sphere setup for the DSSC
stack or calculated by using the experimental transmission
measurement of all DSSC components. DRLDS and PL spectra
are also the experimental spectra measured by using an inte-
grating sphere.

The optical model described above is used to calculate the
IPCE of a DSSC sensitized with SQ1 dye, on which the effect of
three different R-LDS layers with two illumination directions
was investigated. The simulation results are compared with the
experimental data reported in Ref. [6] . The R-LDS1, R-LDS2,
and R-LDS3 layers were made of CaAlSiN3 :Eu2 + , Ca2Si5N8 :Eu2+ ,
and CaZnOS:Eu2 + inorganic phosphors, respectively. The ab-
sorption spectrum of the sensitizer (SQ1 dye) and the corre-
sponding excitation/emission spectra of the three types of LDS
films are shown in Figure S4.

Figure 2 shows the results of the calculated IPCE spectra for
the three types of R-LDS/DSSC devices based on the optical
model, together with the experimental data[6] under illumina-

Figure 2. Calculated and experimental IPCE[6] spectra for a DSSC sensitized
with SQ1 without (W/O) and with R-LDS layers for illumination from a) the
WE side and b) the CE side. The symbols represent the experimental data
whereas solid lines show the data based on the optical model. The R-LDS1,
R-LDS2, and R-LDS3 layers are made of CaAlSiN3:Eu2 + , Ca2Si5N8:Eu2 + , and
CaZnOS:Eu2 + inorganic phosphors, respectively.
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tions from the working electrode
(WE) side and counter electrode
(CE) side. One observes that the
model can well reproduce the
experimental data. For all the R-
LDS devices, the enhancement
of IPCE is both in the short-
wavelength region (400–550 nm)
and long-wavelength region
(550–800 nm), as a result of
downshifting and scattering ef-
fects of the R-LDS layer, respec-
tively. A complete discussion
and comparison of the contribu-
tion of these two effects is pro-
vided in our previous report.[6]

The downshifting effect is the
dominant effect and the related
enhancement is dependent on
the R-LDS materials. The highest
performance was achieved on
the R-LDS1 devices under both
WE side and CE side illumination,
which led to relative enhance-
ments of 40 and 54 % in short-
circuit current density (Jsc), re-
spectively. The reason for the dif-
ferent results is related to the QE
of the R-LDS layers and other
spectral matching factors,[7a]

which are discussed completely in the Supporting Information.
QE seems to have a more significant contribution to the per-
formance of the three R-LDS layers used in this research, since
it is the only factor that differs considerably in these three ma-
terials (Figure S5). Because of the superior performance of the
R-LDS1 layer relative to R-LDS2 and R-LDS3 layers, the follow-
ing analyses presented herein are performed only on the R-
LDS1 layer.

2.2. Optical Loss Analysis of the R-LDS/DSSC Device

The QE loss in an R-LDS/DSSC system can be of electrical or
optical origin. In high-quality DSSCs the injection and collec-
tion efficiencies are close to unity, so one can ignore their elec-
trical losses. However, there are several optical loss channels in
this system, which are caused by the components of the DSSC
devices and the R-LDS layers. Understanding these loss chan-
nels helps find solutions to improve the PV performance of an
LDS-modified DSSC. The model introduced in the previous sec-
tion is employed here to discriminate between the different
optical loss channels.

Figure 3 displays the analysis for the R-LDS1/DSSC stack. The
reflection and transmission losses along with the absorption
share of each layer are calculated. By using the experimental
transmission/absorption spectra of each layer of the R-LDS/
DSSC stack, the absorption share of each layer on the incident
photons (Si(l)), reflected photons from the R-LDS layer (SR(l)),

and emitted photons from the R-LDS layer (SEm(l)) is calculated
separately and illustrated in different colors. The schematic
part in Figure 3 helps relate each absorption share on the
graph to the corresponding material. The distribution of re-
flected (SR(l)) and emitted photons (SEm(l)) from the LDS layer
can be calculated according to Equation (2) and Equation (6),
respectively:

SEmðlÞ ¼

½
Z

Siðl0Þ � DTDSSCðl0Þ � ð1�DRLDSðl0ÞÞ � dl0� � QE � PLðlÞ
ð6Þ

The reflection at the air/glass interface has been calculated
using the Fresnel equation for normal incidence. The reflection
from internal interfaces in the DSSC has been neglected, due
to the relatively close effective refractive indices of the materi-
als. Moreover, there is no interference between the forward
and backward traveling photons due to the incoherence
nature of light. Only photons absorbed by dye molecules in
the photoactive layer contribute to current generation (shown
in green in Figure 3), that is, all other absorption shares are
considered as loss channels. It is also clear that the highest
fraction of current is generated through the initially absorbed
photons by the photoactive layer. In the NIR region (l>
700 nm) the transmission loss is noticeable, as neither dye nor
the LDS layer absorbs light in this region, that is, almost all
photons in the 700–800 nm range are wasted in this structure.

Figure 3. Optical loss analysis of the R-LDS1/DSSC device for the WE side illumination direction. FTO= fluorine-
doped tin oxide.
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Moreover, the absorption by electrolyte and non-unity QE loss
are another two considerable loss channels. The light absorp-
tion by electrolyte is substantial in the short-wavelength
region (below 500 nm) and it blocks to some extent the excita-
tion light for the LDS layer. Non-unity QE represents the pho-
tons absorbed in the R-LDS layer, while emitting no lumines-
cent photons back to the DSSC. In the following sections,
some approaches will be suggested to minimize these losses.
The result of a similar analysis for the CE side illumination di-
rection is available in the Supporting Information (Figure S6).

Figure 4 displays the total loss contributed by the glass re-
flection, FTO, electrolyte, and Pt, as well as the QE and trans-
mission loss, for both CE and WE side illumination directions.

The green part represents the light-harvesting efficiency (LHE),
that is, the percent of the incident photons absorbed by the
photoactive layer at each wavelength. The LHE and IPCE are
related to each other by the relation: IPCE = LHE � hinj � hcol.
Here, hinj is the injection efficiency of electrons from dye to the
TiO2 mesoporous body, and hcol is the collection efficiency of
the injected electrons.

The transmission loss represents the part of light that is
transmitted through the DSSC/R-LDS structure and exits out
from the initial incidence direction without being absorbed. It
is actually the sum of the reflected and emitted photons from
the R-LDS layer, which are not absorbed by any layer of the
DSSC stack. Transmission loss, as well as reflection loss, is inde-
pendent of illumination direction (Figure 4). Reflection loss is

caused mainly by the air/glass interface at the first light inci-
dence, which is the interface with highest refractive contrast.

Figure 4 also shows that the optical loss by the electrolyte is
higher for CE side illumination than WE side illumination. Light
absorption by the electrolyte attenuates considerably the
amount of light that can be absorbed directly by the photoac-
tive layer for the CE side illumination, and that will also lead to
lower total efficiencies for this illumination direction. The
extent of the electrolyte absorption, which is mainly in the
400–500 nm range, is a considerable source of loss, and can be
up to 30 % at 450 nm. A low fraction of loss is attributed to Pt
absorption, and again for CE side illumination it is higher, as
the incident light passes first through the Pt layer. The LHE of
the DSSC/R-LDS (green part) is also higher for WE side illumina-
tion, which is attributed to lower loss channels in this illumina-
tion direction. The absorption losses in the FTO/glass sub-
strates in the visible region are negligible and independent of
the illumination direction.

2.3. Towards a Loss-Free R-LDS/DSSC Device

The focus of this section is to determine the potential en-
hancement in current density and thereby the efficiency of the
R-LDS/DSSC device, which can be obtained by minimizing the
optical losses. We propose some modifications to the device
configuration, described in Figure 5, and calculate the attaina-
ble enhancements in DJsc with each modification. The DJsc

values were calculated based on the spectral areas of LHE. In
an ideal device, injection and collection efficiencies can be
close to unity.[15] Therefore the IPCE of the device will be deter-
mined by the LHE. However, here we only estimate the relative
changes of DJsc based on the spectral changes of LHE with
each modification.

Figure 5 a presents the LHE after application of a few practi-
cal modifications. The relative increases of Jsc related to each
modification are also shown. Optical loss analysis of the R-LDS/
DSSC device after application of all modifications for WE side
illumination is shown in Figure 5 b. Similar data for CE side illu-
mination are presented in Figure S7. The first modification is
application of an antireflection coating (ARC) on the DSSC to
decrease the reflection at the air/glass interface. Here it is as-
sumed that the ARC can reduce the average reflection from 4
to 1 %.[16] The calculated enhancement made by the ARC is not
remarkable (Figure 5 a), that is, 3.1 % enhancement in Jsc.

Another possible modification is using electrolytes with
lower absorption in the blue–green region. As discussed earlier
(Figures 3 and 4), the iodine-based electrolyte causes relatively
high loss in the 400–500 nm range. Although we tried to use
the lowest possible concentration of triiodide in the electro-
lyte, still 41 % of the incident photons at 400 nm are absorbed
by the electrolyte for WE side illumination and 74 % for CE side
illumination. Here it is shown that if iodine-based electrolyte is
replaced with Co2 +/Co3 + electrolyte, which is more transpar-
ent,[17] the photon absorption at 400 nm will decrease to 30
and 54 % for WE and CE side illumination, respectively. The
total Jsc enhancement made by this new electrolyte (assuming
no adverse effect on the electrical characteristics) is 1.5 and

Figure 4. Total absorption by different layers of the DSSC in the R-LDS1/
DSSC stack together with the reflection, transmission, and QE loss share for
a) WE side illumination direction and b) CE side illumination direction.
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4.1 % for the WE and CE side illumination directions, respec-
tively. The enhancement is not significant, because replace-
ment of the electrolyte only affects the spectral region below
500 nm.

Figure 5 a shows that an appreciable improvement is made
by modifying the QE of the LDS layer. Optimization of the syn-
thesis process, as well as the right choice of phosphor material,
results in increased QE. In ideal conditions QE is unity and all
the photons absorbed by the LDS layer will be converted to
low-energy photons. Here, if the QE of the R-LDS1 (51 %) is as-
sumed to be increased to 100 %, then Jsc is improved by 11 %
for the WE side illumination direction. QE has the most pro-
nounced effect on the Jsc improvement.

Another possible modification is through decreasing the dif-
fuse reflectivity of the R-LDS layer. The part of light reflected
from the R-LDS layer makes no contribution to the lumines-
cence shifting signal. Changing the size of the R-LDS particles
or using refractive index matching between particles and
medium can be effective in reducing the diffuse reflection of
R-LDS layers towards zero. Figure 5 a shows that using an R-
LDS layer with zero reflection will not noticeably change the Jsc

values. The reason is that the R-LDS layer we used shows very
low reflection in the absorption range of the layer, thus
making little change in the overall performance.

The mentioned modifications totally result in 19 and 23 % Jsc

enhancement for WE and CE side illumination, respectively.
The loss analysis after these modifications, shown in Figure 5 b,
demonstrates a clearly improved LHE, in particular in the blue–
green regions (compared to manufactured devices: Figure 4).
One notes that there are still loss channels through Co electro-
lyte absorption, Pt absorption, and transmission loss.

The above estimations demonstrate that with the present
configuration of SQ1 dye and CaAlSiN3 :Eu2 + as the R-LDS
phosphor layer, no more than about 20 % efficiency enhance-
ment is possible, compared with the experimental values that
we had already reported.[6] Further improvement is possible by
changing the dye/LDS match in a way to increase the absorp-
tion range of the R-LDS/DSSC device. The spectral range of the
present configuration is almost below 700 nm. Therefore, we
tried to select possible dye and LDS materials to increase the
absorption range to 800 nm. For this purpose, VG5 dye is pro-
posed, which is a squaraine dye with absorption band around
600–800 nm,[18] and CaS:Yb2 + phosphor,[19] which has a good
spectral match with this dye. The chemical structure of VG5 is
shown in Figure S1. This selection is based only on spectral
matching considerations, not efficiencies. The absorption of
a TiO2 film sensitized with VG5 dye is shown in Figure 6 a
along with the excitation and emission spectra of CaS:Yb2+ in-

Figure 5. a) LHE (%) after application of some possible modification ap-
proaches. The contribution of each modification is presented separately, and
the total effect is also shown. The value of DJsc % for each modification is
displayed in the inset table. b) Optical loss analysis of an R-LDS/DSSC device
after application of all the mentioned modifications for WE side illumination
direction.

Figure 6. a) Absorption spectrum of VG5-sensitized TiO2 film together with
the excitation and emission spectra of CaS:Yb2+ phosphor.[18, 19a] b) Optical
loss analysis of an R-LDS/DSSC device with VG5 dye as the sensitizer and
CaS:Yb2 + phosphor as downshifting material. The QE of the phosphor is as-
sumed to be unity.
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organic phosphor.[18, 19] The absorption band of the phosphor
covers the region in which VG5 dye does not show good ab-
sorption, and its emission band shows a good overlap with the
absorption band of the dye. The optical loss analysis is per-
formed for this R-LDS/DSSC device, similar to the previous
cases. Here it is assumed that the QE of CaS:Yb2 + phosphor is
unity. Although the spectral match of this phosphor with VG5
dye is very good, there is no reported information on the QE
of CaS:Yb2 + , as far as we know. Nevertheless, many CaS phos-
phors are efficient luminescent materials and QEs of about
80 % or more are routinely possible for this phosphor with
many activators.[19b] Notably, not many phosphors fulfill the re-
quirement of having an excitation band in the visible and an
emission band in the NIR region.

The optical loss analysis of the R-LDS/DSSC device with the
new VG5/CaS:Yb2+ match (assuming QE = 1) is presented in
Figure 6 b. The same parameters used in the calculation of Fig-
ure 5 b are used here as well. The results show a remarkable
improvement in the NIR region, which will lead to increased Jsc

and thereby device efficiency. There is also an enhancement in
LHE in the low-wavelength region as a result of using this new
dye, which can be attributed to the high absorption by the
photoactive layer in this wavelength region. This is also the
reason for lower absorption loss by the electrolyte.

2.4. Comparing R-LDS/DSSC and T-LDS/DSSC Configurations

In common LDS configurations, the LDS layer is a transparent
layer that is placed on top of the solar cell, that is, the T-LDS
configuration. In the case of T-LDS, besides the difficulties of
making a completely transparent layer in the absorption range
of the solar cell, the reflection losses at the interfaces as well
as the escape cone loss are fundamental challenges, which are
not limiting issues in the R-LDS configuration. Here we demon-
strate an optical analysis of a hypothetical T-LDS/DSSC device
made from the VG5/CaS:Yb2+ dye/phosphor match. We con-
sider the LDS layer as a layer with unity QE, refractive index of
2.13, and no scattering/reflection effect. The Co electrolyte is
presumed to be used in the DSSC and other assumptions are
the same as those used in all calculations.

Figure 7 a shows the optical processes involved in a T-LDS/
DSSC configuration. The incident photons will be partly ab-
sorbed in the LDS layer while the rest will transmit and enter
the solar cell where they can be absorbed by the photoactive
layer. The LDS layer re-emits the absorbed photons at lower
energies. The emitted photons illuminate the solar cell either
directly or after reflection from the LDS layer/air interface. A
part of the emitted photons escapes from the front surface of
the LDS layer/air interface. It is assumed that the escape loss
from side planes of the LDS layer is negligible. The transmitted
photons from the LDS layer can be calculated as [Eq. (7)]:

STðlÞ ¼ SiðlÞ � ð1�R1Þ � e�aðlÞ�d � ð1�R2Þ ð7Þ

in which Si(l) is the incident photon spectrum (AM 1.5 G), R1

and R2 are the reflection at the air/LDS interface and LDS/glass

interface, respectively, a(l) is the absorption coefficient of the
LDS layer, and d is the LDS layer thickness. The thickness of
the LDS layer is supposed to be five times the penetration
depth of photons at 470 nm [d = 5(1/a(470 nm))] to make sure
all photons in the absorption range of the LDS layer can be ab-
sorbed by the luminescent material inside this layer. R1 and R2

are calculated from the Fresnel equations [Eqs. (8) and (9)]:

R1 ¼ ð
1�nLDS

1þ nLDS
Þ2 ð8Þ

R2 ¼ ð
nLDS�ng

nLDS þ ng
Þ2 ð9Þ

in which nLDS and ng are the refractive indices of the LDS layer
and glass substrate, respectively.

The rest of the incident photons, which are not transmitted,
are absorbed by the luminescent material in the LDS layer
(SA(l)). Then the LDS layer re-emits these photons at a longer
wavelength. The number of emitted photons can be deter-
mined by the luminescence QE. Having the normalized emis-

Figure 7. a) Schematic of optical processes involved in the T-LDS/DSSC con-
figuration. A fraction of incident photons are reflected at the air/LDS layer
interface (1). Another fraction with a wavelength in the absorption band of
the sensitizing dye are transmitted from the LDS layer and are absorbed by
dye molecules inside the DSSC (2). The high-energy photons are absorbed
by phosphor particles inside the LDS layer (3). The phosphor particles then
re-emit the absorbed photons at lower energies. The emitted photons go
back to the DSSC to be absorbed by dye molecules either directly (4) or
after reflection from the LDS layer/air interface (5). A fraction of photons
emitted by the phosphor particles escape out of the LDS layer through the
LDS layer/air interface (6). b) Optical loss analysis of a T-LDS/DSSC device
with VG5 dye as the sensitizer and CaS:Yb2 + as the downshifting material.
The LDS layer is considered a layer with unity QE, a refractive index of 2.13,
and no scattering/reflection effect. Co-electrolyte is presumed to be used in
the DSSC. The onset of LDS layer absorption is at 675 nm, which is the
reason for the presence of an artifact at this wavelength.
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sion spectrum of the luminescent material (PL(l)), the distribu-
tion of emitted photons (SPL(l)) can be calculated as follows
[Eqs. (10) and (11)]:

SAðlÞ ¼ SiðlÞ � ð1�R1Þ � ð1�e�aðlÞ�dÞ ð10Þ

SPLðlÞ ¼ ð
Z

SAðl0Þdl0Þ � QE � PLðlÞ ð11Þ

As was discussed earlier, not all the photons emitted by the
LDS layer have the chance to illuminate the solar cell. A frac-
tion of these photons will be wasted by escaping from the
front plane of the LDS layer. The final distribution of emitted
photons that have the chance to illuminate the DSSC is
[Eq. (12)]:

SPðlÞ ¼ ð1�R2Þ � ð1�bð1þ R2Þ � SPLðlÞÞ ð12Þ

Here, b is the fraction of photons emitted into the angles less
than the critical angle at the LDS layer/air interface [Eq. (13)]:[20]

b ¼ 1
2

1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 1

nLDS

� �2� �s !
ð13Þ

The new distribution of photons by which the DSSC will be
illuminated (Sn(l)) is the sum of transmitted photons from the
LDS layer (ST(l)) and the fraction of emitted photons that can
reach the solar cell (SP(l)) [Eq. (14)]:

SnðlÞ ¼ STðlÞ þ SPðlÞ ð14Þ

Having the new photon flux illuminating the DSSC (Sn(l)) to-
gether with the transmission (or absorption) spectra of differ-
ent layers of the DSSC, the absorption share of each layer can
be calculated. The results are shown in Figure 7 b, in which the
reflection, total transmission, and escape cone loss share are
also presented. By comparison with the similar results for the
R-LDS/DSSC (Figure 6 b), two significant differences are notice-
able. 1) Reflection loss is a severe problem in the T-LDS/DSSC
configuration compared with the R-LDS/DSSC configuration.
There is no easy way to reduce the reflection loss in this con-
figuration, as applying ARCs on the LDS layer will increase the
escape cone loss. 2) Escape cone loss exists only in the T-LDS/
DSSC configuration. This means some fraction of emitted pho-
tons in the LDS layer is inevitably lost from the air interface,
where the incident photons enter. In the case of R-LDS, the Al
foil on the back of the R-LDS layer guarantees that all the emit-
ted photons return to the DSSC and contribute to current gen-
eration.

Figure 8 compares the LHE (%) for the two configurations. It
shows that R-LDS/DSSC is a better device configuration than
the other, since there is no escape cone loss in this configura-
tion; in addition, the application of an ARC will help to de-
crease the reflection loss without affecting any other optical
processes. It is worth mentioning that this comparison is made
for an LDS layer with no scattering, which is a necessary condi-

tion for an effective performance of the LDS layer in the T-LDS/
DSSC configuration. If the LDS layer is even slightly scattering,
it leads to a large loss in the T-LDS/DSSC configuration, where-
as it will add functionality to the R-LDS layer and will let it op-
erate as a scattering layer as well as downshifting layer. The
maximum achievable Jsc values calculated with unity injection
and collection efficiencies are presented in the inset table of
Figure 8. VG5 is not a conventional DSSC dye and there is not
sufficient information on the injection efficiency. The maximum
achievable current density calculated here for the R-LDS/DSSC
configuration is in good agreement with the maximum current
density for a DSSC with absorption onset at 800 nm calculated
by Snaith,[21] which confirms that the R-LDS idea has potential
for compensating the absorption losses in DSSC devices.

3. Conclusions

We have presented a comprehensive optical model to simulate
the light-harvesting performance of LDS/DSSC devices in a re-
flective configuration. The optical model is validated by com-
paring the IPCE spectra of the simulated results with those of
the experimental data for three different LDS layers applied on
a DSSC sensitized with SQ1 dye. Quantified figures of merit of
R-LDS1, R-LDS2, and R-LDS3 layers were investigated to give
the major factors responsible for the outperformance of the R-
LDS1 layer relative to the other R-LDS layers. Optical loss chan-
nels were investigated for the R-LDS1/DSSC device under dif-
ferent illumination directions. Non-unity QE and light absorp-
tion by the electrolyte were shown to be the most significant
loss channels. Applying an ARC at the air/glass interface, using
Co electrolyte, optimizing the QE of the phosphor, and match-
ing the refractive index in the LDS layer were proposed as the
major modification approaches for performance improvement.
Our calculations showed that the proposed optical modifica-
tions will lead to enhancements in Jsc by 19 and 23 % for illumi-
nations from the WE and CE sides, respectively. A broader
light-harvesting feature of the device is achievable by chang-
ing the dye/phosphor match in the R-LDS/DSSC device. For

Figure 8. LHE (%) for the R-LDS/DSSC and T-LDS/DSSC configurations with
identical LDS layers and DSSC devices. In the inset, the estimated total cur-
rent density is reported, assuming ideal injection and collection efficiency
for the DSSC device.
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this purpose, the VG5/CaS:Yb2 + couple was selected as an effi-
cient dye/phosphor system for the optical modeling performed
for devices with the R-LDS and T-LDS configurations. Our simu-
lation results indicate that the device with an R-LDS configura-
tion attained a maximal Jsc value (22.1 mA cm�2) that is superior
to that with a T-LDS configuration (19.0 mA cm�2), which is at-
tributed to the presence of two important loss channels in the
T-LDS configuration, namely, reflection loss and escape cone
loss.

Keywords: dye-sensitized solar cells · dyes/pigments ·
luminescent down shifting · optical modeling · phosphors
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