ERBIUM-DOPED UP-CONVERTERS ON SILICON SOLAR CELLS: ASSESSMENT OF THE POTENTIAL
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ABSTRACT: Erbium-doped up-converters are expected to lead to an increase in efficiency of silicon solar cells by
utilising the low energy region of the solar spectrum. This paper focuses on two host-materials, YF; and BaCl, both
doped with Er** and therefore absorbing at about 1.5um and BaCl, co-doped with Er*" and Dy**, and therefore
absorbing at about 1.3um. The number of photons that can be absorbed by each up-converter has been calculated and
is in the range of 0.1 - 0.7 x 10%° photons / m” s. The front and rear anti-reflection coatings of a silicon solar cell have
been adapted to show the maximum gain from the up-converters. Using these results, the efficiency enhancement due
to the application of an up-converter to a bifacial cell is calculated for both the standard and the adapted cell design.
The result is an enhancement in absolute efficiency between 0.05 - 0.12 % for the standard cell and between 0.07 -
0.16 % for the adapted cell. The efficiency improvement due to the up-converter is calculated as a function of the
product of up-converter efficiency and the concentration of the incoming sunlight.
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1 Introduction

Up-conversion is one approach in the frame of the so
called Third Generation Photovoltaics first proposed by
M.A. Green in the year 2002 [1]. Third Generation
Photovoltaics unites different approaches to use the
energy incident on a solar cell more effectively. Up-
conversion refers to processes whereby two or more
photons with energy less than the band gap of silicon are
combined to produce a photon with energy higher than
the band gap of silicon. Detailed balance calculations
have shown that application of an up-converter increases
the efficiency limit of silicon solar cells from 31% to
37.4% [2,3]. Since low energy photons are transmitted
through silicon solar cells, the up-converter should be
placed on the rear (Figure 1). This has the advantage of
avoiding complications associated with light coupling
into the cell. The up-converter should be electrically
isolated from the solar cell to avoid additional
recombination via the energy levels of the up-converter.
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Figure 1: Bifacial cell with the up-converter on the rear
side. The up-converter is electrically isolated from the
bulk to provide recombination.

The experimental proof of the occurrence of spectral
response at 1.5um of the silicon solar is already done by
Shalav et al. [4] using NaYF4Er'"(20%).

Up-conversion has been demonstrated in many
systems, mostly consisting of active ions (for example
rare earth or transition metals [5,6]) in a host material.
For silicon solar cells trivalent Erbium is a good choice
for the active ion, because it absorbs at wavelengths
lower than that wavelength, which corresponds to the
band gap of silicon (1.1lum) and emits within the
absorption range of silicon. The width of the absorption
range and the up-conversion efficiency both depend
strongly on the host-material. We have focused on two
host-materials YF; and BaCl, and the two dopant

materials  trivalent Erbium (Er'") and trivalent
Dysprosium (Dy*"). With an Er''-dopant Ohwaki and
Wang [7] have shown experimentally that YF:Er®* has a
broader absorption range than BaCl,:Er*" (Figure 2). This
is explained by the different Stark splitting of the energy
levels in the Er'* that are excited in the up-conversion
process. In both systems the absorption is centred at
about 1.5um. Ohwaki and Wang have also demonstrated
that BaCl,:Er’" is more efficient than YF3:Er3Jr due to
fewer non-radiative relaxations [7].

Co-doping of BaCl, with Er*" and Dy3Jr has been
shown to result in absorption at 1.3um, which does not
occur in the single-doped systems [8]. The emission
spectrum of the co-doped system shows the
characteristics of trivalent Erbium (emission at about
0.44pm, 0.55pm, 0.66pm 0.81pm with the most intense
emission at about 0.98um).
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Figure 2: Excitation spectra of the three different up-
converters used in this paper. These results were obtained
at a fixed emission of 0.55um (after [7,8]).

This paper evaluates the potential of the three up-
converters YF;:Er'*, BaCl,:Er*" and BaCl,:Er**, Dy*".
The front and rear reflection coatings of a silicon solar
cell have been modelled and adjusted to each up-
converter. We have also calculated the optimal electrical
properties of a general up-converter. The increase in cell
efficiency for the three real up-converters with a cell
adjusted to the up-conversion is then calculated and
compared with the enhancement due to the up-converter
applied on a conventional cell. At only one-sun
intensities, we did not expect the efficiency
enhancements to outweigh the losses caused by adjusting
the cell to the up-converter. Our aim was to determine
how the cell design should be changed to optimise the
effects of the up-converter. This is especially important



in the early stages of this work, since the effects of the
up-converter are expected to be very small.

2 PHOTON NUMBERS

As mentioned already, the effectiveness of the up-
converter depends on the absorption range and the
efficiency of the up-converter. We have calculated the
number of photons within the absorption ranges of the
chosen up-converters based on the AMI15G spectrum.
The results are shown in Table I. The calculations were
made using the specific absorption behaviour of the three
up-converters measured by Ohwaki and Wang [7,8]
(Figure 2) and setting the peak absorption to 100%. Even
with this optimistic assumption, the number of photons
that are available for up-conversion is relatively small.
The co-doped system BaCl,:Er’", Dy*" has the highest
number of photons in the absorption range.

It is important to note that the photon numbers in
Table I do not take into account the efficiency of the up-
converter. Measurements of absolute intensity or
efficiency are very challenging, which means most of the
experimental data concerning this important property are
quoted in arbitrary units. Only a few comparative
measurements have been published. One such
measurement was done by Ohwaki and Wang [7], who
measured an efficiency of the 0.55um green emission of
BaCl,:Er’" 43 times greater than that of YF5:Er*'. To the
authors knowledge, no data is available concerning the
relative efficiency of Er*'-Dy*" co-doped and single-
doped up-converters.

Photon numbers ~ percentage  current

(s'm?) (%)  (mA/cm?)
Upconvertable ~ 13.0x10%° 48 20.8
Shiftable to Er**  6.9x10% 26 11.1
Shiftable to Dy**  3.3x10% 12 52
YF;:Er" 0.4x10% 1.5 0.6
BaCl,:Er** 0.1x10% 0.6 0.3
BaCl:Er’", Dy*"  0.7x10% 2.4 1.1

Table I: Photon numbers in the wavelength ranges of
the various up-converters. In the second column the
percentage relative to the number of photons accepted by
a silicon solar cell are given. In the last column the
corresponding currents are listed.

The number of photons that may be up-converted is
limited by the absorption range of the up-converter and
the efficiency of up-conversion. If the absorption range
of the up-converter can not be increased, one possibility
of enhancing the number of photons accepted by the up-
converter is to use photoluminescence to shift photons
with wavelengths longer than the band gap of silicon and
less than the absorption range of the up-converter into
this absorption range of the up-converter. For BaCl,:Er**
26% additional photons (compared to the number of
photons accepted by a silicon solar cell) are available in
this intermediate range (Figure 3). The shifting could, for
example, be achieved using semiconductor quantum dots,
some of which demonstrate a band gap that leads to
emission at 1.3 or 1.5um. Another possibility is
luminescent material such as lamp phosphors, which
absorb in the IR. The literature on this topic is currently
limited due to a perceived lack of application [9].
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Figure 3: Photon flux of the AM15G solar spectrum.
The silicon band gap is indicated by the vertical line. The

hatched part assigns the region between the band gap and
the absorption range of BaCly:Er’".

3 OPTIMUM PROPERTIES OF UP-CONVERTERS

It is interesting to determine the properties of an ideal
up-converter. We have modelled the up-converter using a
three-level system — the band gap Eg, and an
intermediate energy level in the middle. It is assumed
that all photons with at least half Eg,. will be absorbed
by the up-converter and the emission occurs at
wavelengths that correspond to Eg,. This model of the
up-converter is combined with a cell as described in [10].
The number of transmitted photons with an energy higher
than Eg,/2 assuming an AM15G spectrum as input, was
calculated using SUNRAYS [11]. The number of photons
was then halved (2-photon up-conversion was assumed)
and used in PC1D simulations to illuminate the rear side
of a bifacial cell. This leads to an optimum band gap Eg,.
of 0.62eV (2um) for the up-converter and corresponds to
an enhancement in the cell efficiency from 18.8% to
22%. The improvement in the cell efficiency is mostly
due to the enhanced short circuit current (from 38.3 to
44 4mA/cm?). As expected, there is only a small change
in open circuit voltage 635-639mV. These results are
further discussed by C. del Caiiizo ef al. [12].

4 ADJUSTMENT OF THE OPTICAL PROPERTIES

At this time, to the authors knowledge, no up-
converters with the optimum energetic properties
described in section 3 exist. For existing up-converters it
is of interest to determine the possible efficiency
enhancements.

To maximise the number of photons that reach the
up-converter on the rear side of the cell, the thickness of
the antireflection coating on the front side, on the rear
side and the refractive index of the up-converter have
been optimised. The design of the rear side should not
only lead to maximum transmission of the 1.5 or 1.3um
photons, it must also have a high transmittance for the
up-converted photons. To find the optimum thicknesses
for SiN, antireflection coating, the following expression
for the transmission into the bulk was used:

T = Tes Tio ue'Tuc Ttrom ue



As shown in Figure 4, the total transmission is a
function of the transmissions through the front side (Tks),
through the rear side into the up-converter (T, ) and
from the up-converter into the bulk (T o). These terms
were calculated on the basis of Crooke [13]. The
influence of the up-converter is incorporated in the term
Ty This includes both an emission at 0.98um and a
halving of the number of photons. This is equivalent to
assuming two-photon up-conversion.
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Figure 4: Model of the cell with an up-converter on the
rear side. The ARC on the front and the rear has been
optimised to maximise the total transmission through the
cell into the up-converter and back into the cell.

It may be possible to choose, to some extent, the
refractive index of the up-converter. We therefore made
calculations using the known refractive index of the host
material (1.7 for BaCl, [14] and 1.5 for YF; [15]) and
determined the optimum refractive index n., and
thickness dRS pair for the rear side ARC. Adjusting the
refractive index of the up-converter had only a small
effect on the amount of light transmitted: an
improvement of between 1.7% and 2.9% was found for
the different up-converters. In Table II the results for the
adapted front side thickness dFS, the adjusted refractive
index ny, and the optimum thickness of the rear side dRS
are shown. In the last column the corresponding
transmission (including the halving by the up-converter)
is listed.

have this additional signal, even if it leads to an overall
reduction in the cell efficiency.

SiN, dFS Moyt dRS T
(nm) (nm) (%)
YF;:Er* 191 1.3 142 46.8
BaCly:Er** 192 1.3 142 46.7
BaCl,:Er**, Dy** 162 1.2 137 483

Table II: Results of the adjustment of the optical
properties of the cell to the up-converter. The percentage
of transmission includes the halving of the photon
numbers. The related current densities are equivalent to
the additional number of electrons neglecting electrical
losses.

Table IV shows the gain in current due to the up-
converter. As expected, at one-sun illumination, the loss
is much higher than the gain from up-converter.

There is, however, a substantial increase
(approximately 36-40%) in current at the wavelength
ranges used by the up-converter when the cell is adjusted
to the wup-converter. For investigations of the
performance of various up-converters it will be useful to

SiNy gain loss
(mA/cm?) (mA/cm?)
YF;:Er" 0.08 5.99
Ba(3:12:1~:r3+ 0.04 6.00
BaCl,:Er**, Dy 0.09 5.35

Table IV: Gain and loss in current density due to the
adjustment the optical properties to the up-converter.

5 PC1D MODELLING

Using the results obtained in section 4, the maximum
current density produced by each up-converter was
calculated, converted to wattage at 0.98um and used in
PCI1D to illuminate a cell from the rear side (AM15G on
the front side). For front and rear antireflection coatings
we used both the existing standards and the anti-
reflection coatings adapted to the up-converters as
discussed above. The cell design is shown in Figure 5.
The cell is n-type with a bulk resistance of 30Qcm. There
is a 60 Q/sq-Phosphorus-emitter and a 90 Q/sq Boron
back surface field (BSF). The surface recombination
velocity (SRV) of 20000 cm/s on the emitter and 1500
cm/s on the BSF relates to SiO,-passivation. Since these
values were maintained also for application of SiN, as
ARC, the results of optical adjustment are not fully
adapted to the cell used in the PC1D simulations. This
could be amended including a SiO,/SiN,-stack.
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Figure 5: Schematic drawing of the cell the PC1D-
simulations are based on. The n-type cell is illuminated
with the AMI15G-spectrum at the BSF-side. The up-
converter is located on the emitter-side of the cell. This is
the most efficient arrangement.

Due to the different SRV on the emitter- and BSF-
side, the illumination of the BSF with AM15G leads to
higher efficiencies than the illumination of the emitter.
For monochromatic illumination with 0.98um this
situation is reversed and it is more efficient to illuminate
the emitter. Both sides of this cell can therefore be
illuminated with the light source for which it is most
efficient. The cell results with and without the up-
converter are shown in Table V.

For the simulations the internal reflectance was set to
95%, what is not realistic for untextured cells.

In section 4, we showed the current increase due to
the up-converter assuming a peak efficiency of 100%.
For the results shown in table V, the efficiency of the up-
converter can easily be included. In addition, the
influence of concentrated sunlight can also be included
by multiplying the efficiency of the up-converter with the
concentrating factor.



nuc:O Voc Jsc ncell
(mV) (mA/em®) (%)

Standard ARC 6423 359 17.67
adapted to the up-converter
YF;:Er" 635.6 302 14.73
BaCly:Er’" 635.6 302 14.73
BaCl:Er*", Dy** 6363 308 15.02
‘rluc:l 00% Voc Jsc T]cell
(mV) (mA/em?) (%)
Standard ARC
YF;:Er* 642.5  36.1 17.78
BaCly:Er*" 6424  36.0 17.72
BaCly:Er**, Dy** 6425  36.1 17.79
adapted to the up-converter
YF;:Er* 636.0 305 14.88
BaCly:Er*" 6358 303 14.80
BaCly:Er**, Dy** 636.7  31.1 15.19

Table V: Results of the PCl1D-simulation with and
without application of an up-converter.

To make it more comparable the maximum
transmitted current calculated in section 4 corresponds to
Nu=100%. From Table V it follows that adapting the
optical properties of the cell to the up-converter leads to
losses in the cell efficiency of about 2.7-3% for
Nuc=100%. Although the gain due to the up-converter on
the adapted cell is very small (about 0.01-0.05%
efficiency), the percentage increase of the effect of the
up-converter is 33% to 42%, which corresponds to a
relative enhancement of the current found in section 4.

The losses due to the adaptation of the cell to the up-
converter are very high at one sun, but at some point the
product of the efficiency and the concentration of the
sunlight mean that the cell will operate more efficiently if
adapted for the up-converter. In Figure 6 the dependence
of the cell efficiency on this wattage of the up-converter
for the three up-converters is shown. There is a pair of
lines for each up-converter. The lines with higher initial
cell efficiency correspond to the cell with a standard
ARC. The cross-over point of each pair indicates the
point at which the cell will operate more efficiently when
the antireflection coatings are designed for the up-
converter. For BaCly:Er’*, Dy*" the cross-over point
occurs at 6300% which corresponds to 63 suns assuming
100% up-conversion efficiency or 6300 suns assuming
1% up-conversion efficiency. Ideally, the operating
concentration and the efficiency of the up-converter
should be known. Once this is the case, the anti-
reflection coatings may be optimised for the real cell.

SUMMARY

The efficiency enhancement due to the application of
any of the existing up-converters is expected to be very
low. The performance of the up-converters is limited by
both the absorption range and the efficiency. Both of
these properties must be improved before a significant
effect of the up-converter on cell performance will be
seen. We have shown that an adjustment of the cell
design to the up-converter enhances the gain due to the
application of an up-converter by about 35%. Adjustment
of the cell to the up-converters was found to be necessary
under high concentrations.
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Figure 6: Dependence of the cell efficiency on the
product of up-conversion efficiency and concentration of
the incoming light for the three up-converters. The upper
line of each pair (starting at nearly 18% cell efficiency)
corresponds to the cell with standard ARC, the steeper to
lines starting at approximately 15% cell efficiency
correspond to the cell designs adapted for the up-
converter. The junction of the two lines indicates the
point at which the performance of the up-converter is
sufficiently high that the ARC thicknesses will be
dominated by the requirements of the up-converter.

ACKNOWLEDGEMENTS

This work has been carried out in the framework of
the CrystalClear Integrated Project. The EC is gratefully
acknowledged for financial support under Contract
number SES6-CT_2003-502583.

7 REFERENCES

M. A. Green, 29" IEEE PVSC (2002) New Orleans

T. Trupke et al., J. Appl. Phys. 92(2002) 4117

M.A. Green, Third Generation Photovoltaics (2003)

A. Shalav et al., 3 WCPEC (2003) Osaka

D.R. Gamelin et al., Top. Curr. Chem. 214 (2001) 1

F. Auzel, Chem. Rev. 104 (2004) 139

J. Ohwaki et al., Jpn. J. Appl. Phys. 33 (1994) L334

J. Ohwaki et al., Appl. Phys. Lett. 65 (1994)129

A H. Kitai, Solid State Luminescence (1993) 346

] A. Moechlecke et al., 1st WCPEC (1994) 1663

]1R. Brendel, 12" EPVSEC (1994) 1339

] C. del Caiiizo et al., this conference

] A.-W. Crook, J.Opt.Soc.Am. 38 (1948) 954

1J. D’Ans, E. Lax, Taschenbuch flir Chemiker und
Physiker, Vol. 3 (1998) 322

[15] Datasheet “Optical Coating Materials”, Testbourne

LTD (2005)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


