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Abstract: In this paper, we examine the optical loss mechanisms and
mitigation strategies in classical photovoltaic light trapping structures
consisting of diffractive gratings integrated with a backside reflector, which
couple normal incident solar radiation into guided modes in solar cells to
enhance optical absorption. Parasitic absorption from metal or dielectric
backside reflectors is identified to be a major loss contributor in such light
trapping structures. We elucidate the optical loss mechanism based on the
classical coupled mode theory. Further, a spacer design is proposed and
validated through numerical simulations to significantly suppress the
parasitic loss and improve solar cell performance.
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1. Introduction

Currently more than 90% of the global photovoltaic market is dominated by silicon solar
cells. One major challenge to achieve high efficiency silicon solar cell is the weak absorption
of photons near the band gap of silicon due to its indirect band gap nature. For example the
absorption length of silicon drastically increase from 10 um at the wavelength of 800 nm to 3
mm at 1100 nm. The poor light absorption at the long wavelength region becomes even more
severe in thin film solar cells targeting decreased silicon material cost. The solution to boost
optical absorption in photovoltaic cells involves design of structures that can strongly trap
light within the cell [1]. Various light trapping designs have been proposed and demonstrated
during the past few years [2—12]. In particular, periodic diffractive gratings integrated with a
backside reflector have been widely recognized as an effective light trapping configuration
that can offer absorption enhancement exceeding the classical 4n* Lambertian limit [13—15].
A metal backside reflector, such as a layer of aluminum, is a popular choice for solar cells,
although metallic reflectors suffer for parasitic optical loss due to metal absorption [16]. The
other commonly used reflector design is distributed Bragg reflector (DBR) made of
alternating high and low-index dielectric layers, which offers high reflectance over its entire
photonic stop band [17, 18]. Large index contrast is required for DBR to achieve near-unity
omnidirectional reflection, an essential condition for efficient light trapping [19]. Therefore,
high-index semiconductors that can be readily deposited into multilayers, such as amorphous
silicon (a-Si), are preferred materials for DBR fabrication [17]. Despite the extremely high
reflectance of planar DBRs, it was recently found that when gratings are integrated with a
DBR, the perfect translational symmetry of the DBR becomes discretized, resulting in zone
folding in the reciprocal space (k-space) which closes the DBR photonic band gap, thus
allowing light to be scattered into the DBR leading to parasitic optical loss [20].

In this paper, we offer a unified perspective to reveal the origins of optical loss in metal
and DBR backside reflector structures integrated with gratings. We start with analyzing the
loss mechanism based on the classical coupled mode theory and using DBR as an example.
An improved light trapping design is then proposed and numerically validated based on the
new insight to mitigate the parasitic loss in DBR, which contributes to further solar cell
performance enhancement. Finally, we extend the analysis to metal reflectors and show that
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the same design principle applies to suppressing optical loss induced by surface plasmon
polariton (SPP) modes.

2. Parasitical loss mechanism in DBR integrated with gratings

We note that the photonic zone folding mechanism proposed by Sheng et al. can be
equivalently accounted for using the classical coupled mode theory. In this new framework,
we treat the high-index layers in the DBR as coupled slab waveguides which support in-plane
(super) modes. Without gratings, these guided (super) modes can never be accessed from free
space as the (in-plane) phase matching condition cannot be satisfied regardless of the light
incidence angle. On the other hand, a grating can add integral multiples of its reciprocal
lattice basis to the in-plane wave vector of incident light via diffraction. Once the diffracted
light phase matches with a guided (super) mode, the light can be efficiently coupled into the
DBR and absorbed, which is manifested in the DBR absorption spectrum as a Guided Mode
Resonance (GMR) peak. Phase matching condition for the normal incident light is given by:

mx2rmw
A

=p,,.(me N) (1)

where A denotes the grating period and B,n is the guided mode propagation constant. To
validate the phased-matched coupling mechanism, we consider a simplified cell model where
the DBR only consists of one bilayer of a-Si and SiO, as shown in Fig. 1(a) inset. Since the
DBR contains a single high-index layer, the propagation constant of guided mode in the a-Si
slab can be analytically solved using classical slab waveguide theory. The wavelength-
independent refractive indices of c-Si and a-Si are assumed to be 3.5 and 3.6, respectively,
and the extinction coefficients are fixed to 0.1 and 0.01 for c¢-Si and a-Si, respectively. To
facilitate direct comparison with results derived from the zone folding pictures, model
parameters consistent with ones reported in [20] were used in our calculations and are listed
as follows. The period of grating is set to be 0.8 pm. The c-Si layer is 1.5 um thick, and is
topped with an anti-reflective coating (ARC) made of 70 nm silicon nitride (n = 1.8). The
DBR is designed to operate at a center wavelength of 800 nm, and the thicknesses of a-Si and
SiO, layers are determined by the quarter-wave condition (A/4n) to be 56 nm and 138 nm,
respectively. The numerical simulations are performed using the Rigorous Coupled Wave
Analysis (RCWA) method. A convergence study of RCWA parameters was performed to
ensure the numerical accuracy. When the number of harmonics is set to 5 with an index
resolution of 0.0125, numerical error of the simulated absorption values is within 1%. The
wavelength step is fixed at 1 nm for our simulations. Figure 1(a) plots fractional optical
absorption in DBR as a function of wavelength. The sharp absorption peak is unequivocally
assigned to phase-matched coupling into the guided mode in the DBR. The propagation
constant B of the guided mode was calculated to be 23.6 um™', which exactly matches 3 x 27 /
0.8 um™', the phase factor provided by the gratings’ third order diffraction.

3. Spacer design for parasitic loss suppression

Based on the k-space description of optical coupling discussed above, we propose an
improved back reflector design to minimize light coupling into DBR by inserting a low-
refractive-index spacer layer between the grating and the DBR. Even though the addition of
the spacer layer does not alter the guided (super) mode structures in the DBR, excitation of
these modes are suppressed since diffracted light phase-matched to the guided modes
becomes evanescent in the spacer layer (Bs,<Pgm). The rapid decay of evanescent wave in the
spacer layer away from the grating thus effectively prohibits excitation of the guided modes
in DBR. Figure 1(b) and 1(c) plot electric field intensity in structures with and without a
spacer when the phase matching condition is met. When the spacer is absent, strong coupling
into the guided mode is evident; however such coupling is diminished when a spacer is
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inserted. The principle is illustrated in Fig. 1(d). As shown in Fig. 1(a), the GMR absorption
peak is absent when a 2.5 pm thick spacer layer is added. The slightly higher optical loss
background (except the spike) in the structure with spacer is attributed to the formation of a
low quality-factor Fabry-Perot cavity between the grating and DBR: the standing wave Fabry-
Perot mode is also clearly identified in Fig. 1(c).

T ——

J. Bam =By > |Bsp

SN - Evanescent

Bgm > Fﬁrﬁ 3 B

DER absorption

"-“un €20 840 880 860 700 720 740
Wavelength (nm)

Fig. 1. (a) Optical absorption in the DBR with (green line) and without (magenta line) a spacer
layer between the grating and the DBR; (b) and (c) simulated electric field intensity
distribution in the cell structures (b) with and (c) without a spacer layer when the phase
matching condition is met; (d) schematic illustration of absorption suppression mechanism by
adding the spacer layer: the diffraction order phase matched to the guided (super)modes in the
DBR and hence responsible for excitation of the guided modes becomes evanescent in the low-
index spacer layer, and therefore rapidly decays away from the grating. Consequently,
coupling into the guided modes is minimized.
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Fig. 2. Influence of spacer layer thickness on integrated photon current (in the wavelength
range of 750 nm to 900 nm) and DBR absorption in the thin c-Si solar cell structure analyzed
in ([20]).

As an example to show the loss suppression efficacy of our spacer design, we implement
the design to further boost light trapping effect and energy conversion efficiency in thin film
Si devices compared to the optimized designs presented in [20]. Our simulated performance
of thin Si cells is identical to those presented in Fig. 4 from [20]. In our simulations, the DBR
consists of 10 bilayers of a-Si and SiO,, and the grating period and thickness are optimized
with different spacer layer thicknesses, but the DBR design and material constants remain
unchanged and are identical to the parameters used in Ref [20]. Clearly, as the spacer layer
thickness increases, parasitic absorption in DBR is suppressed, and the photo current Jy, in the
wavelength regime of 750 to 900 nm monotonically increases to 3.7 mA/cm®. The horizontal
green line in Fig. 2 represents the photo current in cells with lossless/perfect DBR, which is
stipulates the performance upper limit of our loss mitigation design. In comparison, the
optimum back reflector design in Ref [20] yields a J, of 2.9 mA/cm? in the same wavelength
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range. The significant 30% increase of J;, is primarily attributed to the reduction of parasitic
optical loss in the DBR layers, a trend shown by the magenta line in Fig. 2.

4. Optical loss reduction in planar, unstructured metal reflectors

We note that similar spacer structures were previously used to reduce optical absorption by
planar, unstructured backside metal reflectors taking advantage of light trapping by total
internal reflection [21-25]. However, unlike DBR, optical absorption in the metal reflectors
does not involve guided modes, as surface plasmon polariton modes typically cannot be
excited on an unstructured metal surface. Gjessing et al. [26] discussed a similar spacer
design to mitigate absorption in a back reflector consisting of a metal mirror and a top
dielectric grating, although, the authors only presented numerical simulation results without
explore on the underlying mechanisms. Holman ef al. [16] recently identified an interesting
case where SPP modes are excited on a planar dielectric-metal interface via evanescent
coupling through a thin low-index spacer layer. Their work also unravels the loss suppression
mechanism in such configurations.

o.14d @
[
%mz- ’
8 0.10+ 'MI T wio spager @ asi
B 0.08+ ) / Dieleatric layer
i 0.08 with spacer  Metal refiector

h W {1
0.04+ ]
0.02 ; : .
800 950 1000 1050 1100
Wavelength (nmy)

Fig. 3. (a) Optical absorption in the metal reflector with (green line) and without (magenta
line) a spacer layer between the grating and the metal reflector; (b) and (c) simulated electric
field intensity distribution in the structures shown in Fig. 3(a) inset (b) with and (c) without the
spacer layer.

Here we extend our analysis to planar, unstructured metal backside mirrors integrated
with dielectric gratings. Figure 3 shows a simplified model that only consists of gratings, a
low-index dielectric spacer, and a planar metal layer to analytically validate the phased-
matching condition to SPP modes on the metal-dielectric interface. Similar to Eq. (1), the
phase matching condition for SPP mode excitation is specified by the equation:

mx2rm _ Ypp:2_ﬂ sdxsm’(meN) @)
A » 20 gd+gm

where A denotes the grating period and P, is the propagation constant of surface plasmon
polaritons. &, and €, are the permittivity of the dielectric spacer and the metal reflector,

respectively. In the simplified example shown in Fig. 3, the complex refractive indices of

metal and dielectric layer are chosen to be n, :\/87 =1+10i and n, :\/g =1. The

absorption peak (magenta line) at 1.01 um shown in Fig. 3 corresponds to the excitation of
SPP mode by the gratings’ first order diffraction. According to the phase matching condition
(Eq. (2)), the coupling occurs at 1.01 pm wavelength, which perfectly matches our numerical
simulation result. Similar to the case of diclectric DBR, as the thickness of dielectric spacer
increases from 150 to 450 nm, SPP excitation is minimized, which translates to a major
decrease of the SPP absorption peak height (green line) as shown in Fig. 3. The mechanism is
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also clearly illustrated in the field distribution plots shown in Figs. 3(b) and 3(c). Unlike the
case of DBR, broadband absorption is always present in metal reflectors due to strong
material absorption, manifested as the absorption background in Fig. 3. This broadband
absorption accounts for the inferior performance of metal mirrors compared to DBR as we
will discussed next.

Figure 4 plots photo current enhancement similar to that shown in Fig. 2 when a spacer
layer is inserted between metal reflector and solar cell. The Si cell configuration shown in
Fig. 4 is identical to that presented in Fig. 2 except that the DBR is replaced with a planar
aluminum reflector. As the spacer layer thickness increases, photo current Jy, in the
wavelength regime of 750 to 900 nm monotonically increases by 33% from 2.7 mA/cm® to
3.6 mA/ecm®. It is worth noting that the spacer layer thickness should be optimized to
minimize optical absorption loss associated with Fabry-Perot resonant modes formed between
the grating and reflector as the spacer thickness increases in addition to the guided mode
absorption loss. The maximized photo current density (3.6 mA/cm?®) in Fig. 4 is still lower
than that of the optimal design presented in Fig. 2 where DBR is used instead of metal
mirrors. This observation indicates the inferior performance of real metal (in this case,
aluminum) compared to DBR due to the strong optical absorption in metals. Lastly, we note
that lossless/perfect DBR gives identical photo current density (3.83 mA/cm?) to from the
case of a perfect metal reflector, which suggests that DBR can indeed serve as a perfect
omnidirectional broadband reflector for photovoltaic light trapping.

4.0 1.0 §

......... Pefectmetal .. =

3.8 g.
< 3.6 al g2 ARC
g 3.4 \ ./ 2 @ csi
€32 ‘><'/ ' E® -
-;53.0- u \ spaceri L 0.8 E Si0,

. ‘\_Al/ ﬁ @ Auminum

2.8 ®

¥ E

2.6+ v T v v 0.7 o

0 20 40 60 80 100 =

Spacer thickness (nm)

Fig. 4. Influence of spacer layer thickness on integrated photon current (in the wavelength
range of 750 nm to 900 nm, green line) and aluminum absorption (magenta line) in the thin c-
Si cell structure schematically shown in the inset.

4. Conclusions

In conclusion, we identified phased-matched coupling into guided (super) modes and surface
plasmon polariton modes to be key loss contributors in backside dielectric or metal reflectors
integrated with diffractive gratings. A spacer design is implemented to minimize excitation of
the guided modes and thereby mitigate such parasitic optical loss. While the spacer design is
applicable to both dielectric DBR and metal reflectors, we show that DBR exhibits superior
light trapping performance given its low inherent material absorption, making it a preferred
solution for efficient photovoltaic light trapping provided that a cost-effective multi-layer
deposition method can be implemented. Last but not least, while our discussion in this paper
focuses on 1-D gratings, the spacer design is also applicable to 2-D gratings, which provide
significant light trapping enhancement for both polarizations.
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