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Photon-upconverting thin films are combined with bifacial c-Si solar cell technology to harvest
energy of transmitted IR photons, which increased short-circuit current density of the cell by 3%.



Abstract

We have fabricated luminescent (Er,Ho).0s thin films by atomic layer deposition (ALD) and studied
their capability to enhance the performance of state-of-the-art single-junction c-Si bifacial solar cells.
The films convert IR photons (e.g. 1523 nm) by three- and two-photon upconversion process to emit
visible-light in the 400-700 nm range. When the films were coupled with solar cells, ~3%
improvement in the short-circuit current density (620+5 to 638+5 mAcm2) was recorded under a
simulated solar excitation equivalent to 16 suns. These findings highlight a potential of ALD for the

design and fabrication of luminescent coatings for practical solar cell devices.

Introduction

A majority of the mainstream solar cell technologies rely mainly on the visible portion of the solar
spectrum, the exact wavelength range depending on the bandgap of the semiconductor they are
based on. The high-energy photons are missed as thermalization losses, which are up to 33% for a
single-junction Si solar cell [1]. On the other hand, about 19% losses originate due to poor utilization
of the low-energy (infrared, IR) radiation by Si, hence named transmission losses. These combined
loss mechanisms are the major obstacle to the further improvements of solar cell efficiencies, limiting
the performance to the Shockley—Queisser (SC) limit (~30% for c-Si PV cells), particularly in the single-

junction solar cells [2].

The performance of Si PV cells could be enhanced by integrating in them components capable of
converting high and/or low energy photons into visible (Vis) light, thus extending the range of usable
solar light. Computational studies have indeed predicted up to 47.6% efficiency for c-Si PV cells
coupled with IR-to-Vis upconverters, under non-concentrated sunlight [3]. Upconversion (UC) is an
anti-Stokes process in which two or more low-energy photons are sequentially absorbed via an
intermediate long-lived excited state, resulting in a higher excited state that emits a higher energy
photon. On the other hand, the high-to-low energy photon-conversion can be categorized as
downconversion or downshifting. In downconversion, a UV photon is absorbed to emit at least two
low-energy Vis photons, whereas in downshifting, absorption of a UV photon leads to emission of a

single Vis photon. Downconversion in solar cells was theoretically shown to lead to a conversion



efficiency of up to 39.6% [4], whereas downshifting can effectively enhance the overall conversion

efficiency of the Si solar cells, by ca. 10% [5].

Trivalent lanthanide ions (Ln3*) make the most promising class of luminescent (up- and down-
converting/shifting) materials for enhancing solar cell performance owing to their ladder-like energy
levels and stable emission under relatively low excitation power density [6]. In early works, UC
NaYF4:Er®* microcrystals were used to boost the efficiency of bifacial c-Si solar cells [7-9]. A bifacial c-
Si cell was placed above a 20% Er3*-doped NaYF4 UC layer; when illuminated by a 6 mW 1523 nm
laser, a maximum external quantum efficiency of 3.4% was measured [9]. Fischer et al. attached a UC
layer of B-NaYF4 doped with 25% Er®* embedded in the polymer perfluorocyclobutyl to the rear side
of a bifacial Si solar cell [10], and recorded an increase of the short-circuit current density (lsc) of 13.1
mAcm due to the UC of sub-band-gap photons, under a solar concentration of 210 suns.
Upconversion through Ho®*,Yb®* co-doping has been studied in a fluoroindate glass placed at the rear
of a bifacial Si solar cell [11]. The efficiency enhancement due to the UC was determined to be
0.003%. Later, preparation of Ln-based upconverting nanoparticles (UCNPs) through wet-chemical
techniques emerged as a superior approach. For example, the energy conversion efficiency of organic
solar cells could be enhanced by ca. 13% (under AM1.5 G illumination of 100 mWcm=2 and a 980 nm
laser) by NaYF4:Yb®*,Er3* UCNP coatings [12]. For perovskite solar cells, even more significant
enhancements have been reported [13]. Most recently, Guo et al. recorded 15.7% increase of
efficiency for their perovskite solar cells containing tri-doped (Yb3*,Er3*,Sc3*) UCNPs [14]. In the case of
dye-sensitized solar cells, Ho%*,Yb** based UCNPs have contributed to a 37% improvement of the

overall energy conversion efficiency, under AM1.5G light [15].

The aforementioned cases point to the lower performance improvements so far achieved for the Si
solar cells in comparison to the various wide-bandgap PV devices, i.e., perovskite, dye-sensitized and
organic solar cells [16]. This is predominantly due to the narrow bandgap (1.1 eV) of Si which allows it
to absorb well up to ca. 1100 nm. The commonly employed Ln ions, Yb** and Nd®*, absorb strongly
around 980 nm and 808 nm, respectively, but this wavelength range is already well absorbed by Si
itself; hence, incorporation of these ions into UC materials is not much beneficial for c-Si solar cells.
Instead, by selecting Ln dopants with absorption >1100 nm, e.g. Er** and Ho®*, could possibly be more

useful because these ions absorb in the 1450-1580 nm and 1150-1230 nm ranges, respectively [17].



Emission bands are mostly in the Vis range: Er®* emits strong luminescence at 980 nm, 540 nm, and
650 nm, and Ho3* at 910 nm and 650 nm [18]. The ¢-Si solar cells exhibit high spectral responses
towards these IR wavelengths. Hence, a combination of Er®* and Ho®" ions in an UC material intuitively
fits the needs of Si based solar cells. Moreover, applying the UC material as a high-quality conformal
coating, would offer an additional benefit to realize the maximal improvements for the c-Si PV cells.
The challenge with the use of conventional Ln-doped materials is that their application as thin films
either requires suitably index-matched matrix materials (in the case of powder materials)[10] or spin
coating, spray drying or electrodeposition methods (for UCNPs) [19], which leads to poor control over
the film thickness and conformality. Thus, alternate approaches to prepare UC thin films/coatings are

desired.

Atomic layer deposition (ALD) is the state-of-the-art industrial thin film technology for advanced
inorganic thin films [20]. In ALD, mutually reactive gaseous/vaporized metal and co-reactant precursor
molecules are sequentially pulsed into the reactor chamber; this enables — through self-limiting gas-
surface chemical reactions — the fabrication of high-quality thin films with atomic level accuracy. The
thus grown thin films are precisely thickness-controlled, conformal, uniform over large-area and
complex substrate surfaces, and free from solvent impurities. Most importantly, the technique has
been used to deposit Ln-based thin films showing interesting photoluminescence [21-27] and photon-
upconversion [28-30] properties. The examples of UC thin films prepared by ALD remain scarce,
despite the potential that the ALD technique promises for the material fabrication. Here, we
introduce ALD-fabricated luminescent Ln-based thin films, which when coupled with a bifacial c-Si

solar cell, result in ca. 3% increase in the short-circuit current density.

Materials and methods

Our luminescent (Er,Ho).03 thin films were composed of 95% Er®* and 5% Ho®*. To obtain these mixed
(Er,H0)203 films, we employed in-house synthesized Er(thd)s and Ho(thd)s (thd = 2,2,6,6-tetramethyl-
3,5-heptanedione) precursor powders, which were mechanically mixed at the desired ratio and
thoroughly homogenized in a mortar and pestle. Ozone (O3) was used as the source of oxygen. The
thin-film depositions were carried out in a commercial flow-type hot-wall ALD reactor (F-120 by ASM

Microchemistry Ltd.) at 300 °C deposition temperature. The reactor pressure was maintained



between 3-6 mbar and nitrogen (>99.999%; Schmidlin UHPN 3000 N. generator) was used both as the
purging and carrier gas. The mixed Er(thd)s/Ho(thd)s precursor powder was kept in an open glass
crucible inside the reactor at 130 °C, while Oz was pulsed at room temperature. The pulse/purge
lengths for the mixed Ln precursor were 1.5s/2s, while for Oz 2.5s/3s. The process parameters were

obtained from previously known Ln-oxide thin films produced by ALD [31].

The films were deposited on Si(100) substrates (4x4 cm? and 15x15 mm2). They were characterized
for crystal structure by grazing incidence X-ray diffraction (GIXRD; X’Pert Pro MPD, PANalytical; Cu K;
step size 0.02°, 16.5 s time per step). The thickness of the films was verified with X-ray reflectivity
(XRR; X’Pert Pro MPD, PANalytical; Cu Kq; step size 0.050°, 3.5 s per step). The UC measurements were
carried out using AvaSpec- HS-TEC CCD spectrometer and Optical Fiber Systems IFC-975-008 NIR laser
(6 W, 974 nm). In the excitation path, a 900 nm long-pass filter (Edmund Optics) was used to cut off
wavelengths lower than NIR. The emitted light was collected at 90° angle to the excitation and
directed through a 900 nm filter (Newport, 10SWF-900-B) to exclude the scattered excitation
radiation. An optical fiber with 600 pum diameter was used as an emission light path between the

sample compartment and the detector. All spectra were measured at room temperature.

Results and discussions

The UC films of different thicknesses, i.e. 30, 45 and 60 nm, were fabricated using ALD. The crystal
structure of the films and film thickness were confirmed by GIXRD and XRR. Figure 1a indicates that
our polycrystalline (Er,Ho)20s films were of the cubic Ln2Os phase, as expected [30]. The film growth
rate expressed as the GPC (growth per cycle) value was found to be ca. 0.28 A/cycle, which matches
with the literature values for ALD-grown Ln20s films [31]. Hence, a deposition performed using 2000
ALD cycles resulted in ca. 60 nm thick film for which the density and surface roughness values

obtained by fitting the XRR curve (Figure 1b) were found to be 8.022 gcm= and 0.6 nm, respectively.
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Figure 1. (a) GIXRD (Miller indices for the cubic Ln,O3z phase) and (b) XRR patterns for a representative ALD
grown (Er,Ho)20s thin film.

Since the mixture of Er®* and Ho®** ions could be expected to produce UC emission [32], we performed
upconversion luminescence measurements to check the luminescence emission from our (Er,H0)203
films. The NIR absorption bands of Er3* are peaked around 980 nm and 1523 nm. Our actual interest
for the practical application is in the absorption in 1523 nm range. However, due to the lack of the
1523 nm laser source, we selected a 974 nm laser as an excitation source to only confirm the IR
absorption of the films. Upon excitation at 974 nm, our (Er,H0).0s film showed green and red UC
emission that appeared green to the naked eye. Figure 2 shows the emission spectrum for a 45 nm
thick film, and a suggested mechanism of the energy transfer processes, which is in accord with the
literature.[32] Emissions at 525, 548 and 660 nm correspond to Er*:2Hi1/2 = *l1ss2, Er¥*:*Sz/2 = *liss2 +
Ho%":55,(°F4) = Sls, and Er®*:4Fg/2 > 4l15/2+ HO**:5F5 - Slg transitions, respectively. However, because
no signal was observed at ca. 750 nm, where the ®l,-°ls and 5S2,5F4->°I7 transitions of Ho®** should be
present, it seems that the contribution of Ho%* is either small or non-existent in the UC emission
spectrum with 974 nm excitation. This does not rule out the fact that Ho®* could participate in the UC
excitation process. In addition to green and red emission, the films also emitted blue photons, peaked

around 410 nm due to the Er3*:2Hg/> - “l15/2 transitions.
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Figure 2. Left: Emission spectra of the (Er,H0).Os thin films under 974 nm NIR laser excitation. Right: Suggested

photon absorption, energy transfer and UC photon emission mechanism.

We determined absorption properties of our test c-Si bifacial solar cell by measuring its transmission
spectrum (Figure 3a). The cell clearly starts to suffer from significant transmission losses at
wavelengths >1000 nm. Figure 3(b) shows the external quantum efficiency (EQE) of the cell measured

from the rear side.
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Figure 3. (a) Transmission spectrum of the state-of-the-art bifacial solar cells that shows energy losses due to

poor absorption by the cell in the IR region. (b) EQE of the bifacial solar cell measured from the rear side.

We then coupled our (Er,H0)203 thin films of the different thicknesses (30, 45 and 60 nm) with the
solar cell, as illustrated in Figure 4, to study the improvement in short-circuit current density (Jsc) of

the cell. Since the solar cell was primary designed for one sun operation, we used I for the evaluation



of the different thin film structures. We assumed linear dependence between Isc values and incoming
photon flux, which is a valid assumption for high quality solar cell materials. The thin film substrates
were placed underneath the c-Si solar cell at a distance of 1.0 mm. The backside of the cell was only

partially illuminated. The total backside area for illumination was ca. 14 mm x 8.3 mm (1.16 cm?).
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Figure 4. (a) Schematic diagram showing the physically coupled thin film on Si substrate, to a c-Si bifacial solar
cell. (b) Current density-voltage plot of the c-Si bifacial solar cell 30, 45 and 60 nm thick (Er,Ho).0s films, as well
as bare, reference Si substrate.

Figure 4(a) illustrates the physically coupled UC thin film and bifacial solar cell. The IV-characteristics
were measured using commercial steady-state CPV solar simulator (7 kW TriSol system from OAl
Corporation). The spectrum fits closely to ASTM G173-3 AM1.5D (1000 Wm-?) standard. For the
measurement, fixed concertation of approximately 16 suns was used. We did not observe any change
in the lsc under nonconcentrated or less concentrated conditions. Figure 4(b) shows the Js.-V curve of
the solar cell when coupled with the thin films. The short-circuit current density of our c-Si bifacial
solar cell increased by 0%, 1.5% and 2.8% for films of 30, 45 and 60 nm thickness, respectively.
Standard deviation for the short circuit current values was estimated to be +/- 1 percentage points. If
it would have been technically possible to measure the solar cell with the full backside illumination,
0%, 2.6% and 4.8% enhancements could be expected with the corresponding film thicknesses, the
busbar coverage (0.0174 cm?) on the backside was taken into account. This proof-of-concept study

clearly demonstrates advantage that our ALD (Er,Ho)20z3 thin films offer to the existing solar cell



technology, without requiring any alteration of the solar cell architecture. We want to note here that
the grid design and the heat conduction (only free air convection cooling) was not optimized for 16
suns. These factors reduce the fill factor and open circuit voltages of the c-Si solar cell significantly.
We believe that the improvement in the I is linked to the UC luminescence emission form the
(Er,H0)203 films, towards the rear of the bifacial Si solar cell. Further studies related to the complete
optimization of the ALD thin-film fabrication process, angle and powder dependent UC emission and

detailed investigation of the performance improvement is currently being performed.

Conclusions

We fabricated high-quality polycrystalline luminescent (Er,Ho).03 thin films by ALD. The films emitted
blue, green and red photons upon excitation by 974 nm NIR laser irradiation. When these films were
combined with c-Si bifacial solar cells, a ~3% increase in the Is; of the cell was recorded. These findings
hold a great promise for other solar cell materials as well, such as perovskite and dye-sensitized solar
cells, which tend to suffer greater transmission losses. The conformal, solvent-free growth of Ln-

based UC thin films by ALD can unlock unique features and benefits for practical solar cell devices.
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