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Abstract: The down-shifting (DS) process is a purely optical approach used to improve the
short-wavelength response of a solar cell by shifting high-energy photons to the visible range,
which can be more efficiently absorbed by the solar cell. In addition to the DS effect,
coupling a DS layer to the top surface of a solar cell results in a change in surface reflectance.
The two effects are intermixed and therefore, usually reported as a single effect. Here we
propose a procedure to decouple the two effects. Analytical equations are derived to decouple
the two effects, that consider the experimentally measured quantum efficiency of the solar
cell with and without the DS layer, in addition to transfer matrix simulations of the parasitic
absorption in the device structure. In this work, an overall degradation of 0.46 mA/cm’ is
observed when adding a DS layer composed of silicon nanocrystals embedded in a quartz
matrix to a silicon solar cell of 11% baseline efficiency. To fully understand the contribution
from each effect, the surface reflectance and DS effects are decoupled and quantified using
the described procedure. We observe an enhancement of 0.27 mA/cm? in short-circuit current
density due to the DS effect, while the surface reflectance effect leads to a degradation of 0.73
mA/cm? in short-circuit current density.

© 2017 Optical Society of America

OCIS codes: (310.1210) Antireflection coatings; (160.2540) Fluorescent and luminescent materials; (040.5350)
Photovoltaic; (040.6040) Silicon.
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1. Introduction

Down-conversion and down-shifting optical layers mounted on the top surface of solar cells
can enhance the short-wavelength response of single-junction solar cells. Poor short-
wavelength response is either due to high surface recombination losses as in silicon solar
cells, or due to parasitic absorption in window layers as in GaAs, CdTe and CIGS solar cells
[1]. Down-shifting (DS) layers convert high-energy photons into lower energy photons
targeted for more efficient carrier collection in the solar cell. In recent years, there have been
several experimental reports of coupling DS layers to the top surface of silicon [2—4], GaAs
[5, 6], CdTe [7] and CIGS [8] solar cells.

In addition to the DS effect, DS layers strongly influence the reflectivity of the front
surface. When designing DS layers, one therefore considers the optical properties of the DS
material such that it also acts as an anti-reflection coating (ARC). In a recent report, upon
adding a DS layer to a silicon cell, the efficiency increased from 15.2% to 17.2% under
AM1.5G illumination [9], an improvement of 2% absolute. However, the measured external
quantum efficiency (EQE) shows an increase in the 550 — 700 nm range, which does not
correspond to the absorption spectrum of the DS layer. This suggests that the improvement
was dominated by reduced surface reflection of incident photons into the cell, rather than
from the DS effect. In general, it is important to decouple the surface reflectance and the DS
effects; otherwise the results could be misinterpreted. To quantify the contribution from each
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effect, one should couple the solar cell to a non-emitting DS layer to solely account for its
surface reflectance effect. Coupling the solar cell to the DS layer will then result in the total
contribution, and since these two effects are linearly coupled, then the DS effect is the
difference between the two experiments. This has been experimentally achieved using an
undoped host material compared to a doped host material to activate the DS effect [8, 10].
However, the addition of a dopant to absorb preferentially in the short wavelength and emit at
a longer wavelength will change the complex refractive index since the real and imaginary
parts are related through the Kramers-Krong relations. When the dopant concentration is very
small so that the change in refractive index is negligible, changes to the surface reflectance
become negligible, thus allowing for a study solely on the DS effect. This procedure is
proposed to rely on a modelling perspective using a DS layer with a zero photoluminescence
quantum yield to account solely for reflectance effect [11, 12]. However, in other cases where
the refractive index changes significantly or when a DS layer is added to the top surface, as
the case in this work, there should be clear procedure to decouple the effects.

There have been a number of analytical models derived to decouple the reflectance and
DS effects [5], [12-16]. However, there are some limitations in these models such as not
accounting for multiple reflections and interference in thin-film layers and ignoring the
effects of parasitic absorption [5, 14, 15]. These limitations can lead to an inaccurate
evaluation of the DS conversion efficiency or the resulting internal quantum efficiency (IQE)
of the solar cell with the DS layer, which is important in decoupling the surface reflectance
and DS effects, as will be shown later.

In this work, an innovative procedure is proposed to decouple surface reflectance effect
and DS effects considering the cumulative knowledge base in the research community
addressing the issue. The procedure is based on measured quantum efficiency and optical
modelling of parasitic absorption based on a transfer matrix method. We demonstrate the
procedure by coupling a DS layer consisting of silicon nanocrystals embedded in a silicon
dioxide matrix to a silicon solar cell. Silicon nanocrystals are known to absorb strongly below
500 nm with a tunable emission profile in the range of 700 nm — 900 nm based on their size
[17]. While the analysis is focused on the DS process, it also applies to the more general
down-conversion process where multiple low-energy photons may be re-emitted for every
high-energy photon absorbed.

The paper is outlined as follows. Experimental methods in preparing the silicon solar cell
and the down-shifting layer are presented in section 2, including a description of the
experimental measurement setup and the measured external quantum efficiencies of the solar
cell with and without the DS layer. In section 3, analytical expressions for decoupling the
surface reflectance and DS effects are presented, followed by optical modelling of parasitic
and active region absorption in the device. These finally lead to the individual contributions
of surface reflection and DS effects to the short-circuit current density under AM1.5G
spectrum. Lastly in section 4, the DS conversion efficiency of the layer is estimated based on
the measured photoluminescence of the DS layer, outlining the effect of increasing the DS
efficiency on the EQE of the silicon solar cell, and hence on the performance of the solar cell.

2. Experimental
2.1 Sample preparation

Silicon solar cells were fabricated at the Carleton University’s microfabrication facility. A
300 pm thick p-type <100> silicon wafer was used as a substrate. The emitter was doped by
phosphor diffusion using an eight-stack Bruce Model BDF-8 furnace bank. The front grid
contact was made of Ti/Ag using standard photolithography techniques, while the back
contact is a plane evaporated aluminum layer. Titanium Silicate was deposited by spinning on
the top surface and used as an ARC. The optimum ARC thickness is 110 nm so that zero
reflection is achieved at 650 nm. The ARC thickness is measured to be 115 nm using a
variable angle spectroscopic ellipsometer.
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Silicon nanocrystals (Si-nC) embedded in silicon dioxide matrix were grown by plasma-
enhanced chemical vapor deposition (PECVD) system [18], and annealed at 1135 °C. Fused
silica Spectrosil 2000 UV coverslips (CFS-2525) from UQD Optics are used as a substrate
with thickness of 500 um. The Si-nC layer thickness is measured to be 484 nm thick using a
variable angle spectroscopic ellipsometer. The photoluminescence (PL) of the silicon
nanocrystals sample was measured, and a wide Gaussian distribution PL centered at 840 nm
is observed when excited with a laser at 325 nm at room temperature [19]. The Si-nC are
estimated to have an average diameter of 4 nm with average densities of 1.5 x 10" em™ [19].

2.2 External quantum efficiency and reflectance measurement

The external quantum efficiency and specular reflectance were measured using a Newport
IQE-200 system. The system uses a Xenon lamp as its light source. The monochromatic
modulated beam is obtained using a system consisting of an Oriel 1/8 m monochromator, a
chopper with a digital lock-in amplifier set at 87 Hz, order-sorting filters, and collimating
lenses. The system allows measurement of EQE along with independent measurements of
specular reflectance over wavelengths of 300 to 1800 nm. The detectors are calibrated using
NIST traceable calibration standards.

The double layer Si-nC/SiO; is placed on the top surface of the silicon solar cell with the
Si-nC layer directly adjacent to the solar cell, as depicted in Fig. 1(a). Since there might be
airgaps due to surface roughness, a refractive index matching liquid from Cargille was used
between the Si-nC and the silicon solar cell to eliminate the reflection losses associated with
the Si-nC/air interface.

The EQE and reflectance were measured for the reference cell and the solar cell with the
DS layer, as shown in Fig. 1(b) and (c) respectively. The poor UV response of the solar cell is
due in part to parasitic absorption in the ARC layer and the high surface recombination at the
silicon/ARC interface. The EQE increases gradually as the reflectance decreases with
maximum EQE in the 700 nm - 800 nm range.

Figure 1(b) shows an enhancement in the EQE from 480 — 680 nm and below 400 nm due
to the DS layer. A decrease in EQE is also observed in the range 400 — 480 nm, which is
believed to be due to the low PLQY of the Si-nC considering the reflectivity has decreased
due to the addition of the DS layer. Although the Si-nC absorb in this range (as discussed in
section 3.2), the PLQY is quite low and thus only a very small fraction of the re-emitted
photons reach the cell; this is discussed more in detail in section 4. However, there is
degradation in the EQE at longer wavelengths (> 680 nm) mainly due to the suboptimal
reflectivity after adding the DS layer (see Fig. 1(c)). When comparing surface reflectance,
there is nearly 10% degradation at longer wavelengths (~1000 nm) but a strong enhancement
at shorter wavelengths.

The short-circuit current density, J, is computed from the measured EQE using the
relation:

J.. =4[ §(2)- EQE(A)d A (1)

where @(}) is the incident photon flux, and EQE()) is the external quantum efficiency of the
solar cell. The solar cell without the DS layer (reference cell) has Jy e 0f 26.1 mA/cm?, while
the Jy1or for the solar cell with DS layer is 25.6 mA/cm® under the AMI1.5G standard
spectrum (1000 W/m?®). Thus an overall degradation in the short-circuit current density,
AJgcrot, Of 0.46 mA/cm?® is observed. At this point, surface reflectance and DS effects are
intermixed and the enhancement/degradation from each effect needs to be quantified. This
can be achieved by analyzing the EQE of the device combined with optical modeling.
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Fig. 1. a) A schematic of silicon solar cell with a double down-shifting layer on the top surface.
Measured b) EQE and c) reflectance of the solar cell with no DS layer (dashed blue line) and
the solar cell with DS layer (solid red line).

3. Decoupling down-shifting and surface reflectance effects
3.1 Theory

The measured EQE of the solar cell with DS layer, denoted as EQFE, can be linearly divided
into two components, accounting for surface reflectance and DS effects as:
EQE,, () = EQE, . (A)+ AEQE (1) 2

tot passive

where AEQFps is the change in the EQE due to the re-emission of photons from the DS layer,
accounting for the DS effect, and EQE, v is the EQE of the solar cell with the DS layer
applied to the front surface accounting for the surface reflectance effect only. In other words,
the DS layer is assumed passive with no re-emission of photons and thus acts solely as an
ARC. EQE,;sive can be expressed as:

EQE, ()= (=R, (1) = 4,(A)-IQE, (1) ©)

where Ry is the reflectance in the presence of DS layer, 4, is the parasitic absorption, and
1QE, s refers to the IQE of the reference solar cell. Here, it is important to note that the IQE is
defined as the ratio of the number of carriers contributing to the electrical current under short-
circuit to the number of photons absorbed by the active layer [20-22]. Therefore, IQE is
calculated from the measured EQE as follows:

EQE(A)

I0B(2) == %

“4)

where A,u(A) is the absorption strictly in the active layer of the solar cell as a function of
wavelength A. This is the same equation as in Eq. (3) where 4, = 1-R;,—Ap. It is critically
important to take into account parasitic absorption when calculating IQE for structures that
contain absorbing window layers, thick substrates, absorbing ARC, or in this case, DS layers.

3.2 Optical modelling

Determining the absorption in the active layer can be challenging in cases where there are
other parasitically absorbing layers in the device, and usually requires optical modelling to
relate experimentally measured total absorption to the absorption in each layer. The
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absorption in each layer cannot be independently measured due to interference effects.
Therefore, the transfer matrix method is used to calculate the relative absorption in each layer
as well as interference of reflected and transmitted waves at each interface in the device [23].
This method requires knowledge of the wavelength dependent complex index of refraction of
each material. The optical parameters for the ARC layer, Si-nC, and quartz substrate are
measured using a variable-angle spectroscopic ellipsometer [19].

The simulated parasitic absorption is shown in Fig. 2(a) along with the measured
reflectance and total absorption. The total absorption is derived from the measured reflectance
assuming negligible transmission at the back of the device, i.e. 4 = 1-R.

Rather than using the optical model to predict the active region’s absorption, which is the
main contribution to total absorption, the modeled parasitic absorption is subtracted from the
experimentally measured total absorption. By subtracting the parasitic absorption from the
experimentally measured data, the error due to mismatch between the optical model and the
measurements is reduced.

The optical modelling for the solar cell with the DS layer is shown in Fig. 2(b). Here, the
parasitic absorption includes the titanium silicate ARC absorption as well as the Si-nC layer
absorption. As can be seen in Fig. 2(b), most of the short-wavelength absorption is in the Si-
nC layer, with a significantly smaller absorption in the ARC. It can also be observed that it
extends to longer wavelengths (>600 nm) due to the relatively thick (~500 nm) nature of the
Si-nC layer, including a wide distribution of nanocrystals sizes [19]. The parasitic absorption
results will be used to compute the IQE of the solar cell with and without the DS layer, as will
be seen in the next section.

a) Reference cell b) Cell with DS
0.9 0.9
c c H
i) 0
a a
5 07 5 07
a2 ! — Total reflectance (exp.) 2
f H —— Total absorption (exp.) f
8 0.5 I‘:‘ === Parasitic absorption (sim.) 8 0.5
§ % ....... Active absorption § “/ Si-nC absorption (sim.)
g 03l 8 03 ¥ 3
= Gl = P
° ] \' & < ARC absorption (sim.)
0.1 0.1; AN
s \.~._
400 600 800 1000 1200 400 600 800 1000 1200
Wavelength (nm) Wavelength (nm)

Fig. 2. Measured total reflectance, total absorption ( = 1-Rtot), simulated parasitic absorption
and calculated absorption in the active layer as a function of wavelength of the a) reference
silicon solar cell with titanium silicate as an ARC and b) a silicon solar cell with titanium
silicate as an ARC coupled to Si-nC based DS layer.

3.3 Surface reflectance and DS effects

Once the parasitic absorption is accurately modeled, the EQE resulting from the reflectance
effect can be decoupled using Eq. (3), and the change in the EQE due to the DS effect is thus
calculated using Eq. (2). First, the contribution from the surface reflectance effect, AJg passive,

is quantified by calculating the short-circuit current density based on comparing the EQEs of
the reference and passive cell as:
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A‘]sc,passive = q_[ ¢(/1) ’ (EQEPassive (/1) - EQEre (ﬂ))dﬂ’ (5)

We can then identify the DS effect by subtracting the reflectance contribution (AJ passive)
from the total contribution (AJs ), Which is the difference between the short-circuit current
density of the cell with the DS layer (Jy.) and the short-circuit current density of the
reference cell (Jy ). Therefore, AJy. ps is calculated as:

A"]S(‘,DS = A'] - A‘jsc,pa&vive (6)

sc,tot

The calculated contribution solely due to the surface reflectance effect (AJg passive) 18 —0.73
mA/cm?, while the contribution due to DS effect (AJsps) is observed to be 0.27 mA/cnm?,
yielding the total degradation (AJi ;) of 0.46 mA/cm’. Decoupling the two effects gives us a
better understanding of each contribution and how the layer can be optimized. In this case, the
reflectance effect dominates the degradation in the solar cell performance due to the
suboptimal DS layer thickness.

The IQE for the solar cell with the DS layer is calculated using Eq. (4) and compared to
the reference IQE, as shown in Fig. 3. The IQE represents the efficiency of the active layer
(i.e. the Si pn junction) in collecting photogenerated carriers, where reflection losses are
excluded. Therefore, the two IQEs should be the same since the pn junction is the same.
However, the difference between the two reported IQEs demonstrates the influence of the DS
layer, which shifts photons from the short-wavelength region to the visible region, which is
evident for < 400 nm. However, the small difference between the two curves in the 600-900
nm wavelength range is due to the non-zero absorption in the Si-nC layer, as can be seen in
Fig. 2(b).

© o ©
IN o o™

Internal Quantum efficiency
o
R

o 4

400 600 800 1000 1200
Wavelength (nm)

Fig. 3. Calculated IQE of the solar cell with and without the DS layer.
4. DS conversion efficiency

Once reflectance and DS effects are decoupled, the DS layer’s efficiency can be determined.
The DS conversion efficiency is defined as the ratio of the number of photons that reach the
underlying solar cell to the absorbed photons by the DS layer. This is not to be confused with
the photoluminescence quantum yield, which is defined as the ratio of the number of emitted
to the number of absorbed photons. The DS conversion efficiency consists of the
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photoluminescence quantum yield of the DS layer as well as the fraction of the re-emitted
photons that reach the underlying solar cell.

The conversion efficiency of the DS layer can be estimated from the measured EQE of the
solar cell with the DS layer. The Si-nC emit a fraction of the absorbed photons at longer
wavelengths and most of these emitted photons reach the underlying solar cell whereas a
small fraction is lost through the front surface or reflected out of the cell from the
DS/ARC/solar cell interfaces. The EQE describing the DS effect can be expressed as:

AEQE 5 (2) = Aps(A)- 115 [ PLIA) - IOE,  (X)d X’ 7

ref
where Aps(4) is the absorption in the DS layer, nps is the DS efficiency, PL(4") is the
normalized photoluminescence of the DS layer. Substituting Eq. (7) in Eq. (2) and solving for
the DS efficiency we arrive at:

EQEtat (ﬂ') - EQEpassive (2’)
Apg (D[ PLQY)-IQE,  (A)d A"

Using Eq. (8) above, the conversion efficiency is estimated to be 3% at 325 nm, which is
the same excitation wavelength used in the PL experiment. This can be compared with the
PLQY measurement of the same sample with an integrating sphere, spectrometer and a 405
nm solid state laser operating at approximately 16 mW, where the PLQY is measured to be
1% [19]. The difference in results could be to the different excitation wavelength, where it
has been shown previously that the PLQY decreases with increasing excitation wavelength by
up to a factor of three [24]. However, the difference could also be due to other cumulative
errors found in this calculation such as the reflectance, EQE and PL measurements as well as
the absorption simulation. Thus, the DS efficiency estimated in this section should only be
used as a guiding value for the magnitude of the PLQY for a Si-nC based DS layer, and is not
meant to represent an accurate measurement.

The effect of having a higher DS efficiency can be examined by increasing the efficiency
in Eq. (7) while assuming the same layer thickness. Thus only the second term in Eq. (2)
changes while the first term, EQFE,.sive, Stays constant. For DS layers, the maximum
photoluminescence quantum yield is 100%. The escape cone loss for a DS layer with
refractive index of 1.9, as the Si-nC in our case is 7% [25]. The upper limit for the DS
efficiency thus is 93%. Figure 4(a) shows the calculated EQEs of the solar cell with DS layer
with different DS efficiencies (10%, 50% and 90%). Designing DS layers with higher
efficiencies enhances the short-wavelength response of the EQE and thus the short-circuit
current density of the solar cell.

The short-circuit current density is computed using Eq. (1) from the simulated EQE in
Fig. 4(a) to examine the effect of increasing the DS efficiency on the solar cell performance.
The total change in short-circuit current density, AJ., iS found by comparing the short-
circuit current density of the cell with a DS layer (Jy () With the short-circuit current density
of the reference cell (Js.rf). The total change in short circuit current density, AJgqqr, i then
decoupled using the procedure proposed in section 3 to quantify the reflectance and the DS
effects. The reflectance effect is assumed constant and it has an overall negative effect
because of the un-optimized DS layer thickness (AJpassive = —0.73 rnA/mz). Finally, the
short-circuit current density due to the DS effect (AJ,. ps) is calculated using Eq. (6).

The total change in the short-circuit current density and its components due to the
coupling of the DS layer are shown in Fig. 4(b). The high surface reflectance results in a
negative value of AJy ., Which then linearly increases as the DS efficiency increases. A DS
efficiency of 34% is required to balance the negative surface reflectance effect. For a 90%
efficient DS layer, the overall enhancement is estimated to be 0.95 mA/cm?, with a 0.73
mA/cm’ loss due to reflectance effect and a 1.68 mA/cm” gain due to the DS effect. Therefore

Mps A= (¥
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a 6.5% improvement to the short-circuit current density due to the DS effect yields only a
3.6% increase in total J.
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Fig. 4. a) Simulated external quantum efficiencies of the silicon solar cell coupled to DS layer
as a function of DS efficiency. The measured EQE (dotted black) of the solar cell with DS
layer is also shown for comparison. b) Calculated normalized short-circuit current densities
components as a function of DS efficiency.

5. Conclusion

In conclusion, we have presented a procedure to decouple the surface reflectance effect and
the down-shifting (DS) effect. The procedure involves measuring the external quantum
efficiency and surface reflectance of the solar cell with and without the DS layer, and in
parallel, performing optical modelling to calculate the optical absorption in each layer of the
device. We demonstrate the procedure using a DS layer composed of silicon nanocrystals
embedded in a quartz matrix and coupled to a monocrystalline silicon solar cell. Results show
that an overall degradation in short-circuit current density of 0.46 mA/cm® occurs when
adding the DS layer. The surface reflectance alone results in a degradation of 0.73 mA/cm?,
whereas the DS effect results in a small enhancement of 0.27 mA/cm’. The proposed
procedure also allows for extracting the DS efficiency, which in this case is 3%. The model
thus suggests that a DS efficiency of 34% would be required to negate the degradation arising
from the DS’s suboptimal ARC properties. This demonstrates a systematic approach of
decoupling reflectance and DS effects, which can be applied to any solar cell with down-
conversion or down-shifting layers when the optical properties of the complete stack are
known. Adopting this procedure would help to clarify many of the results that are published
on down-shifting and down conversion processes.
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