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~

We investigate effects of several-hundred-micron thick luminescence down-shifting (LDS) films composed of sol-
gel glass with Zn-based nanoparticles (NPs) dispersed on characteristicsiof Si solar cells. Their internal quantum
efficiencies (IQEs) are successfully measured by separating contributions of downshifted photons in measuring
reflectance for 300-400 nm, wavelengths of incident photons absorbed by the NPs. We find that IQEs for this
wavelength range are more enhanced by employing thicker LDS films,i.e., LDS films with higher optical densities.
We also discuss relationship among the number density of NPs in LDS fikns, their optical properties, and IQEs
of cells. We observe a discrepancy between measured and ‘calculated IQEs and indicate escape of downshifted

photons across sides of LDS films as its possible origin:

1. Introduction
Given that photovoltaics (PVs)dare promising as renewable energy source, reduction of the
loss in conversion from solar em{gy to electricity is strongly requested. Luminescence down-
shifting (LDS)' or luminescence down-coversion (LDC)'*'?) are assumed to improve
the spectral response,(SR) of cells in ultraviolet (UV) region and reduce the loss in the UV
wavelength range since the.incident UV photons are absorbed, and the emitted visible photons
can penetrate more deeplyiinto the cells.!® UV-induced degradation in perovskite-based PVs
and ethylene vinyl acetate (EVA) films in PV modules can be suppressed by applying LDS or
LDC effects.'¥

Several'types.of .DS materials were applied for Si,!=® III-V,*> and perovskite®® single
and multi-junction” solar cells. Substances with a large Stokes shift, a high quantum effi-
ciency, an excellent photostability, and manipulable absorption and emission wavelengths are

preferable as LDS materials. Organic dyes> !> and rare-earth-doped complexes'->16-19) are

*Email: shigekawa @omu.ac.jp
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promising for LDS materials applied for solar cells. Semiconductor nanoparticles (NPs) are
also widely applied as LDS materials since their optical absorption and emission spectra’can
be tuned by varying their size and changing doped species. Cd and Zn-related,?*>? carbon=
related?® and perovskite?*>> NPs were utilized for improving the quantum efficiency of Si
cells. These semiconductor NPs were mainly synthesized by hot injection’ method.2®.. The
prepared NPs were hydrophobic, and were dispersed in organic solvents whenthey were used
as LDS materials.?”)

Thicker LDS films, i.e., LDS films with higher optical densities are preferable for more
markedly improving solar cell charcteristics. Several-hundred-micromthick LDS films are fab-
ricated by dispersing LDS materials in films made of EVA17-19.24) polym\ethyl methacrylate
(PMMA)'6-22 or silica glass.!® Organic solvents such as toluene were uséd in forming EVA
and PMMA films. Effects of such LDS films on solar cells were agrued based on their external
quantum efficiencies (EQEs) in the most of the forementioned works. This means that the
two types of contribution of LDS films—reduction in‘reflectance at the surface of fabricated
LDS films and the intrinsic LDS effects—were simultaneougly investigated. We previously
deposited Zn-based core/shell NPs on Si cells using the layer-by-layer (LBL) method.?® The
thickness of deposited films was ~ 100 nm: By, examining the internal quantum efficiency
(IQE) of cells, we directly observed the enhancement of their SR in the UV wavelength region
due to the LDS of NPs. An analytical model for the relationship between IQEs of cells and
optical densities (ODs) of LBL-based LDS films was proposed, and the results of calculations
were compared with measurements.

In this work, we investigated the intrisic effects of thick (> 500 ym) LDS films on SR
of Si cells in the UV wavelength\region as the first step for precisely grasping roles of LDS
films and enabling to design them. The LDS films were prepared by applying sol-gel process
of water soluble silica-based matrices and dispersing hydrophillic ZnSe/ZnS:Mn/ZnS shell-
doped NPs*” that/were synthesized using the hydrothermal method,*3? i.e., without using
organic solvents. It.is also notable that elements composing the NPs, Zn, Se, S, and Mn, are
abundant in the crust,*® and impacts on environment due to NPs are small. The wavelength of
downshifted pHotons emitted from the NPs was ~ 600 nm.?®-32:33) Their photo-luminescence
quantum yield (PLQY) was as high as 84%.?%) The ODs of fabricated LDS films exceeded
1 insthe UV wavelength region thank to thicknesses of films. This means that downshifted
photons unignorably contribute to the measured reflectance of cells in the UV wavelength
region, 'which must be precisely determined for extracting IQE from EQE. We explored a

method for removing the contribution of downshifted photons, and discussed the relationship
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among intrinsic characteritistics of cells and optical properties of deposited LDS films. The
measured results were compared with calculation using a model that we reported.” Welso
estimated the number density of NPs in the LDS films and discussed relationships among the

number density of NPs, optical properties of LDS films, and solar cell characteristics.

2. Experiments

We synthesized ZnSe/ZnS:Mn/ZnS shell-doped NPs with a diameter of. ~ 5 nm%> We
prepared two aqueous solutions with different NP concentrations. ODs at'the absorption peak
wavelength were measured using a cell with an optical path length of 10.mm. The ODs of the
two solutions were found to be 5 and 12, respectively. The density of NPs of each solution
should be proportional to the measured OD.

We deposited a sol-gel glass film with NPs dispersed on the surface of a glass plate by using
a reported process.?>3> For forming sol-gel glass, we prepared:6 ml sol-mixture composed
of DI water, NP solution, and 3-aminopropyltrimethoxysilane (APTMS). The volume ratio
was DI water:NP solution: APTMS = 4:42:1. The sol'was deposited on a glass plate, and was
dried under atmospheric condition to form gel. Sol-gel glass films made in combination with
sparse/dense NP solutions were referred to as, S2 and S3; respectively. Note that S2 and S3
should work as LDS films. We also deposited sol-gel glass without NPs on a glass plate, S1,
in which LDS should not occur.

We fabricated n-on-p Si cells by implantations of B and P ions to high-resistive p-Si
substrates and subsequent annealing.”® The area of emitters was 10 mm by 12 mm. Using
the same conditions for preparing S1-S3, we formed a sol-gel glass film without NPs, S1’,
and two types of NP-dispersed.sol-gel glass films, S2" and S3’, on Si cells. The number
density of NPs and optical properties of sol-gel glass films on Si cells were assumed to be
the same as those of films on glass plates. Thicknesses of sol-gel glass films d in S1-S3 and
S1’-S3” were found.te:be 500-800 um using a micrometer, as is summarzied in Table I. Using
Rutherford backscattering spectrometry (RBS), the concentration of Se atoms was estimated
to be 1.50 x 10 em=3.for S3’, the sol-gel glass film with a higher NP density. No significant
result for the concentration of Se was obtained for S2’.

We dnvestigated optical characteristics such as transmittance (7'), photoluminescence (PL)
spectra, the absolute PLQY and refractive index of sol-gel glass films. The T spectra were
obtained using a JASCO V-650 UV-Vis spectrophotometer with a spectral resolution of 0.5
nm. The PL spectra were measured with a JASCO FP-8300 spectrofluorometer with spectral

resolution of 0.5 nm. A monochromatic output of Xe lamp (4 = 325 nm) was used for PL
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Fig. 1. (a) Measurement diagram of EQE andwreflectance. Optical path for reflectance measurement (b)

without or (c) with short pass filter.

measurement. The absolute PLQY, or the ratio of integrated PL intensity to absorption of
incident light, was measured for thelincident light with A between 300 and 400 nm. A JASCO
ILF-835 100 mm integratingSphere system coupled with the spectrofluorometer was used in
PLQY measurement. The refractive index was evaluated by ellipsometric measurements.

We measured current-voltage (I — V) characteristics of S1’-S3” under the solar irradiance
of AM1.5G/one sun using an in-house solar simulator as well as their reflectance (R) and EQE
characteristics atroom temperature.  Si cells without sol-gel glass films were also charac-
terized as reference. In our facility for reflectance and EQE measurements, the reflected light
from cell surfaces was guided to the detector, as is shown in Fig. 1(a). We placed a short pass
filterwith 50% transmittance at ~ 385 nm (Sigmakoki UTVAF-50S-33U) on the top of cells
in measuring their reflectance for separating the contribution of downshifted visible photons
from the'reflectance in a UV wavelength region. The diagrams for reflectance measurement

without and with the short pass filter are shown in Figs. 1(b) and 1(c), respectively.
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Table . Nominal thicknesses of sol-gel glass films with or without NPs measured by micrometer.

Sample d (um) | Sample d (um)
S1 550+50 ST 520+50
S2 684+50 S2’ 803+50
S3 655+50 S3’ 510+50

100
< 80} ~
o !
c 60} {
g i
[= i
g 40 ] T
S ]
= i —(S1) w.o. NPs
201 ’,'\'." ------ (S2) with NPs
i - - ~AS3) withiNPs

300 400 500, 600 (700 /| 800 900
Wavelength (nm)

Fig. 2. T spectra of sol-gel glass films formed on glass plates, S1-S3.

3. Results
The T spectra of S1-S3 are shown in Fig: 2. T of the three samples was commonly > 80%
for visible photons with 4> 400y Their T was lower in the UV wavelength region. For
A<400nm, T of S1 was ~60%, and S2 and S3 revealed a smaller transmittance in comparison
with S1. T of S3 at 350nm was 5.2%. PL spectra of these sol-gel glass films are shown in
Fig. 3. We obseryed peaks at 600 nm in the PL spectra of S2 and S3. PL signal of S3 was
approximately twice as large as that of S2. PLQY spectra of S2 and S3 are shown in Fig. 4.
The PLQY of S2451.8% for 350 nm, was slightly lower than that of S3, 61.5% for the same
A. The refractive indices of S1-S3 are shown in Fig. 5(a). They are compared with those of
ZnS3®/and ZnSe’” in Fig. 5(b). The refractive indices of S1-S3 were close to one another,
andsthey were much smaller than those of ZnSe and ZnS.

Results of the transmittance measurements implied that the absorption of S1, sol-gel glass
film without NPs, was apparent for 4 < 400 nm. This means that both of the sol-gel glass and
NPscontributed to 7 of S2 and S3. The smaller T for 4 < 400 nm and stronger PL signal of
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Fig. 4. PLQY spectraiofS2 and S3.

S3 in comparison with those of S2 were attributed to the higher number density of NPs in S3.

Given that the optical preperties of a single NP in S2 and S3 were assumed to be the same,

the observed lower PLQY of S2 was likely to be attributable to the absorption of sol-gel glass,
which did not bting about LDS.

The I'=V characteristics of S1’-S3’ are shown in Fig. 6. Characteristics of reference cell are

also shown for comparison. Parameters extracted from the respective curves—short-circuit

current(Js. ), open-circuit voltage (V,.), fill factor, series and shunt resistances (Rg and Ry),

and'conversion efficiency (17)—are summarized in Table II. We obtained a larger Js. and a
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an uncoated cell (reference).are alsoshown for comparison.

I — V characteristic of S1/-S3” under the AM 1.5G/one sun solar irradiance. I — V characteristics of

higher 7 in S1’-S3’ in comparison with reference cell. The surface of S3’ was not entirely

covered by thesol-gel glass film, which might be the origin of its lower Jy. in comparison with
those of S1” and\S2’. V, and R, in S1’-S3’ ( 0.55-0.56 V and 2.84-3.55 Q - cm?) was close to
thatiof reference cell (0.55 V and 2.66 Q - cm?). The degradation in Ry, in S1’-S3” might be

related to possible damage on the sides of the cell introduced during depositing sol-gel glass

films."However, the reduced Ry, was still high enough and its impacts on cell characteristis

weremegligibly small.
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Table Il. Parameters of Si cell characteristics.

Reference S17  S27  S3

Jse (mA/cm?) 23.6 28.1 285 254
Voo (V) 0.55 0.56 0.56 0.55
Fill Factor 0.57 0.51 049 0.54
R, (Q - cm?) 2.66 3.13 3.55 2.84
Ry, (10° Q-cm?) 220 1.01 0.65 0.85
1 (%) 7.41 8.00 7.80 7.64

R spectra of S1’-S3’ measured without and with short pass filter are shown in Figs. 7(a)
and 7(b), respectively. Based on the assumption that optical properties of sol-gel glass films
on Si cells were same as those of films on glass plates, we calculated the reflectance of S1’-S3’
using the refractive indices and extinction coefficients of S}-S3 and Si.*® The extinction
coeflicients of S1-S3 were estimated using the step described in the next section. To consider
effects of the spatial fluctuation of thickness of sol-gel glass films, we varied d in the range of
+50 um, and averaged the calculation results over d.

The calculated R is also shown in these figures for comparison. R of S2” and S3’ measured
without using the short pass filter diverged for 4 < 350 nm because of the contribution of
downshifted photons. The measured,R using the short pass filter, in contrast, is stable and
close to the calculation, which suggests the validity of the approach employed in measuring
reflectance in the UV Wavelength\region. We also found that R of S1’-S3” was lower than that
of the reference cell in the entire wavelength region (not shown).

Figures 8 shows the.EQE spectra of S1’-S3" and a reference cell for A between 300 and
1200 nm. The enhanced,EQE of S1’-S3’ for 4 > 400 nm, which is the origin of increase
in Jg. (Table II), 1s explained using a scheme that the sol-gel glass films worked as anti-
reflection layers since sol-gel glass films with and without NPs brought about similar EQEs
for 4 > 400 nm.

Using the EQE and reflectance spectra (Fig. 7(a)), we extracted IQEs of S1’-S3” and the
referénce cell, which are shown in Fig. 9. We observed IQE enhancement for 300-400 nm in
S2' and S3” in comparison with IQE of S1’. The IQE of S3’ was approximately 16% higher
than thatof reference cell at around 350 nm. The difference in the IQE spectra for 4 > 400 nm

among cells was not apparent, in contrast to the difference observed in the EQE spectra.
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45 Fig. 8. EQE spectra of S1/2S3’. The spectrum for an uncoated cell (reference) is also shown for comparison.

1 4. Discussion

We discuss, relationships among the number density of NPs in LDS films, their optical
properties, extinction coefficient and OD, and IQE of cells in the UV wavelength region. We
4 startwith ealculation of the number density of NPs by using the following assumptions.

(1). All of Se atoms in sol-gel glass films are distributed in cores of NPs.

(2) Thediamater of ZnSe cores is 5 nm.

7 (3)ZnSe in the cores reveals the zincblende structure with the same lattice constant as that
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Fig. 9. IQE spectra of S1’-S3’. The spectrum for an uncoated cell (reference) isialso shown for comparison.

In the inset is shown the spectra for the UV wavelength region.

of bulk ZnSe crystals in literature (5.6687 A). R

(4) The densities of NPs in LDS films on glass plates are the same as those in films on cells
as aforementioned.
Based on the above assumptions, we obtained the,number density of NPs in S3 as 1.1
%10'® cm™3. The number density of NPs of'S2.was estimated to be 4.4 x 1013 cm™ based on
the OD of NP solutions and the mixing ratio,of materials in gel process.
The extinction coeflicient of S1-S3, k; for Si (i = 1 - 3), is given by
AIOD

k;'=
~ ! Ard

using the IOD (intrinsic QD). of each sol-gel glass film, which is defined as

In(10), (1)

IOD = —log,,(T/(15—R)). Noting that S1, a sol-gel glass film without NPs, also revealed
optical absorption in.the UV region, k due to NPs in S2 and S3, knp2 and knp 3, is given by

knp;i = ki — k1 fori = 2 and 3. )

It was reported that NPs were periodically aligned in LBL-based LDS films.>® The in-
plane and_out=of-plane separations between centers of 5-nm NPs are estimated to be 5 nm
and 5.5 nm, respectively, which means that the number density of NPs in a 140-nm thick
LBIs=based, LDS film, which we previously reported,”® is 6.0 x 10'® cm™3. Given that the
IOD of this LDS film was 0.07 at 350 nm, the extinction coefficient at 350 nm was 3.30x 1072.
The thickness, IOD, extinction coeflicient, and number density of NPs for each LDS film are

summarized in Table III. Relationship among these parameters are useful in designing LDS

10/16
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Table Ill.  Optical properties at 350 nm of LDS films. The number density of NPs estimated for the respective
films are also shown. Number densities of S2 and S3 are based on RBS measurement of S3’. That for

LBL-based LDS film is based on the nominal separation between centers of NPs in the film.

LDS film d IOD at 350nm  knp at 350nm  Number density of INPs
S2 684 um 0.88 5.76 x 107> 4.4x 10" cm™
S3 655 um 1.28 1.00 x 1074 1.1 x 10'%%em™
LBL-based?® 140nm 0.07 3.30 x 1072 6.0 x 10® cm™
40 T T T T T T T
_ ~
35} with NPs oo
Sl ™ w.0. NF_’s o ]
E & simulation
c 25} .
O \ql ~
B20} 1
[ 15} Refi * i
g eference
210} -
n y
S m PreVious work 28) 1
0 !81, L

00 02 04 06 08 10 12 14
Intrinsic.optical density at 350nm

Fig. 10. IOD-IQE relationships of Si cells coated with sol-gel glass LDS films, S1’-S3’, a cell coated with a
140-nm-thick LBL-based LDS film,”® and an uncoated cell (as reference). Calculated IQEs for coated cells are

also shown.

N

films. Although the number density of NPs hence the extinction coefficient of sol-gel glass
based LDS films, S2 and S3, are ~ 1/100 — 1/1000 of those of the LBL-based LDS film,
the sol-gel glass based films outperform the LBL-based film because of a large (> 1000)
difference in thicknesses.

The absorption crosssection for A of 350 nm was estimated to be 0.47, 0.33, and 0.20 nm?
for S2, S3, and the LBL-based LDS film, respectively, by combining the number density of
NPs and knp atthis wavelength. The difference in absorption cross sections among LDS films
might'be due_t0 more marked shadow effects of overlapping NPs in LDS films with higher
NP densities. It is also notable that the estimated cross section was ~ 1/100-1/40 of 19.6 nm?,
the cross'section of NPs with a diameter of 5 nm.?”

Figure 10 shows the relationship between IQE at 350 nm of S1’-S3” and 10D of S1-S3
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Table IV. Calculation of fraction of downshifted photons that reach to Si substrate for S2’ and S3’.
Cell type d Ny e
S2’ 803 um 1.53 -0.000014; 0.62
S3’ 510um 1.54 —0.000009; 0.62

at 350 nm. Results for Si cells coated with a 140-nm-thick LBL-basedsE2DS film are also
shown. Larger IQEs at 350 nm were observed for Si cells coated with LDS films with higher
ODs at this wavelength, i.e., LDS effects on solar cell characteristics weresmore enhanced
by increasing amount of NPs in LDS films. Reflections due to UV-photon at wavelengths of
300-350 nm were cut off by the filter, so the IQE enhancement derived from the emission of
the NPs was surely observed, i.e., the method for experimentally,investigating intrinsic effects
of high-OD LDS films on solar cells was established.

IQE of cells coated with LDS films in the UV wavelength region should given by the sum
of contributions of incident UV photons and downshiftéd phofons emitted from NPs, i.e., IQE

of cells coated with LDS films at 350 nm,dQE3s50 np, 1s expressed as?®)

IQE3s0.np =

T350 1350
X IQEs50 rer + (1's m) X PLQY X 17¢ X IQE ), (¢ rer,  (3)

1 = R3s0 1 -

using the transmittance of incident 350.nom photons across the LDS layer on Si, 7350, their
reflectance, R350, IQEs of uncoated cells at 350.nm and at A of downshifted photons, IQE350 ret
and IQE, . As we previously, reported,”® T3s50/(1—-R3s0) and (1-T350/(1-R350)) xPLQY
provide the ratio of the flux ofl 350-nm photons arriving at Si to the flux of 350-nm incident
photons penetrating into the LDSfilf, and the ratio of the flux of downshifted photons
emitted from NPs to the the flux of 350-nm incident photons penetrating into the LDS film,
respectively. The coefficient 7. (0 < n. < 1) represents the fraction of downshifted photons
that reach to the Si cell underneath. We set A of downshifted photons to 600 nm, or the peak
wavelength of PL spectra of sol-gel glass films. 1. was calculated using the complex refractive
index of air(Ny /= 1+.0j), sol-gel glass films (N1), and Si (N, = 3.93 —0.0185;3¥) at
600 nm. ;. at:600 nm and the obtained 7. for S2’ and S3’ are shown in Table IV.

The obtained values are compared with the measured IQEs at 350 nm in Fig. 10. The
caleulated IQE increased as the OD of LDS film increased in accordance with the results of
measurements. The calculated IQEs were, however, 13% larger than experimental results for
S2” and'S3’. We assume that the discrepancy might be due to escape of downshifted photons

acrossysides of LDS films (side escape loss), which was not considered in calculation, since
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their thickness was several hundred microns in S2” and S3’. Contribution of the side escape
loss is assumed to be quantitatively estimated by revising the process for calculating fg./The
side escape loss could be reduced by forming reflectors on sides of LDS films, or employing

thinner LDS films with higher densities of NPs.

5. Conclusion

We investigated intrinsic effects of high-OD LDS films on Si cells. Several-hundred-micron
thick LDS films were formed on glass plates and Si cells by depositing sol-gel. glass with
ZnSe/ZnS:Mn/ZnS NPs dispersed. By separating contribution of downshifted photons from
the reflectance in the UV wavelength region (1 < 400 nm), IQEs‘of cellsscoated with LDS
films for the UV wavelength were successfully estimated. Their IQEs were ~20% for 300-
400 nm by LDS effects. The obtained IQEs were larger than that for cells coated with a
thin (140 nm) LBL-based LDS film because of higher.ODs of sol-gel-glass based films.
We discussed relationship among IQE of cells, the extinction ceefficient and the density of
NPs in LDS films, which are useful in designing LLDS films. IQEs obtained by a numerical
analysis revealed a dependence on OD of LDS films similar fo that of the measured IQEs. The
discrepancy between measured and calculated IQEs(13%) might be due to the side escape
loss, or escape of photons across sides of the LDS films. Possible approaches for reducing the

side escape loss were also shown.
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