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Abstract:  We propose a design to confine light absorption in flat and
ultra-thin amorphous silicon solar cells with a one-dinienal silver
grating embedded in the front window of the cell. We show nricadly that
multi-resonant light trapping is achieved in both TE and Tlapizations.
Each resonance is analyzed in detail and modeled by Fabot-Reso-
nances or guided modes via grating coupling. This appraageneralized

to a complete amorphous silicon solar cell, with the addédladdegrees of
freedom provided by the buffer layers. These results couideggthe design

of resonant structures for optimized ultra-thin solarsell
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1. Introduction

Thin film solar cells are a promising solution to reduce therall cost of photovoltaic cells and
increase production rates. In particular, remarkable r@sgjhas been made in amorphous sili-
con (a-Si:H) solar cells technology leading to stable epeomversion efficiencies of 10% with
250 nm thick a-Si:H [1]. Reducing further the absorber lajckness towards ultra-thing(
100 nm) a-Si:H solar cells should improve the collectionwfent in the cell [2] as well as the
stability against light-induced degradation [3, 4]. Howgwadvanced light trapping strategies
are needed to overcome the poor light absorption in thin@@mdiuctor layers. Conventionally,
random texturing of the interfaces [5, 6] is used to enhaheeoptical path length but is in-
compatible with ultra-thin absorber layers. Numerous wdrve been done on light trapping
through periodic nanopatterning of the back contact of tlg[¢-11]. However, the growth of
amorphous silicon on textured substrates leads to a rexuatithe open-circuit voltage of the
device because of the formation of cracks [12, 13]. Metalioostructures have also been in-
tegrated at the front surface of the cell to scatter lightrystalline [14—16] or amorphous [17]
silicon solar cells, or to realize partially transparemiotdodes [18].
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To achieve efficient a-Si:H photovoltaic devices, our otijecis to design a light trapping
scheme that would allow flat and very thig (LO0 nm) a-Si:H absorbers. In a previous work,
we have proposed a design based on an array of 1D silver wirksdded in an anti-reflection
coating layer deposited on an ultra-thin amorphous silimalhwith a silver back mirror [19].
We proposed to use the nanopatterned metallic front layan adternative to the conventional
transparent conductive oxide (TCO) front contact in orderetduce the absorption losses at
short wavelengths. A theoretical short-circuit currenisity of 14.6 mA/cn? was numerically
demonstrated at normal incidence for a 90 nm-thick a-Siy¢rdawith low polarization and
angle dependencies. In this design, broadband absorpios $rom multi-resonant light trap-
ping. The absorption spectrum can be tuned by varying ttierdiit parameters of the structure.
The origin of each absorption peak still needs to be caretuiberstood.

Here, we provide an in-depth analysis of the resonances/iedan the multi-resonant light-
trapping mechanism. We first consider a simple three-laymtahbased on a TCO/a-Si:H/Ag
stack with a 1D silver grating embedded in the top TCO layenmirical simulations were
performed using an exact RCWA method [22—-24]. For TM pokian (magnetic field parallel
to the wires), a semi-analytical treatment is used for theutation of the fields and the absorp-
tion [25]. The role of each key parameter of the structure@T&yer thickness, a-Si:H thickness
and grating period) in the absorption is analyzed. We agp$ymulti-resonant approach to the
design of a complete solar cell with two buffer layers givendditional degrees of freedom
to optimize further the absorption in the cell. This work dengeneralized to other thin-film
materials in order to conceive ultra-thin solar cells wigsanant light trapping designs.

2. Design of 1D plasmonic nanostructures for ultra-thin a-8H solar cells

We consider a simplified three-layer structure, see Fig). 1{ght confinement is achieved
with a 1D metallic grating (widthw, pitch p, metal thicknes$y,) deposited on an amorphous
silicon absorber layer (thicknes$g) and a metallic mirror as a back contact. In amorphous
silicon solar cells, the TCO layer is conventionally madadfum tin oxide (ITO) or aluminum
doped zinc oxide (ZnO:Al). In the following, we consideretlZ Al only. The top ZnO:Al layer
(thicknesdh;) is used both as an anti-reflection coating layer and as & ¢mrtact. We define
a structure based on an a-Si:H absorber layer with a thichkRe®90 nm and a patterned silver
layer (hm= 20 nm) embedded in a TCO laydn € 60 nm). The corresponding metallic grating
consists of silver wires witiv= 80 nm ando= 200 nm. This structure will be used as a reference
for the analysis developed in the following.

The refractive index of silver is taken from Ref. [26]. Théragtive indices of a-Si:Hrs)
and ZnO:Al fi1) have been measured by ellipsometry.

The calculated optical response of the reference struetunermal incidence is shown in
Fig. 1(b). Broadband absorption is achieved for both TE akidight polarizations. Remark-
ably, despite the strong anisotropy of the structure, higitigpmance is achieved for both po-
larizations. This is due to the presence of six resonanbesgfor each polarization) that are
judiciously combined by the design. The main absorptiorkpédentified in this structure are
Ape=476 Nm A =631 nmAc.=687 nm for TE and\a, =430-550 nmAg,,=537 nm Ac,, =649
nm for TM light polarizations. In the following section, waayze the physical origin of the
resonances.

For the sake of simplicity, only the total absorption spatiis analyzed in section 3. Note
that it enables to show resonances that would not contribukes generation of current because
they are below the energy bandgap. The absorption fractieacéh layer of the stack is detailed
in section 4 for a complete amorphous silicon solar cellhtives that the same peak positions
are obtained for the absorption in each part of the cell.
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Fig. 1. (a) Schematic of the simplified structure made of a 2AMa-Si:H/Ag stack. A
1D silver grating (widthw, pitch p, metal thicknes$y,) is deposited on the a-Si:H layer
(thicknesshs) and embedded in a ZnO:Al anti-reflection coating layercighessh;). (b)
Spectra of the numerically computed total absorption ofréfierence structure under TM
(orange) and TE (green) polarized light at normal incideiite parameters of the metallic
grating arep=200 nm,w=80 nm anch,,=20 nm. The total absorption spectrum of a planar
ZnO:Al (50 nm)/a-Si:H (90 nm)/Ag structure is shown with thleck dashed curve for the
sake of comparison.

3. Analysis of the multi-resonant absorption mechanism

In this section, we provide a physical analysis of the m@senant mechanism. To do so, we
numerically study the evolution of the total absorptionctpem as a function of three important
design parameters (ZnO:Al and a-Si:H thicknesses and titingrperiod) and we propose a
simple analytical model to fit the numerical results.

3.1. Absorption resonances in the top ZnO:Al layer: resamesix & Am

Let us consider the absorption peaks observed at short eraytbls (resonancesAand Ay).
We first study the evolution of the absorption spectrum winenthicknes$ of the ZnO:Al
layer varies from 20 to 170 nm. Fbg= 20 nm, the ZnO:Al exactly fills the grooves. Figure 2
displays the total absorption spectrum in the structurefas@ion of the ZnO:Al layer thick-
nessh;. At long wavelengths)X > 600 nm), absorption bands independertipére attributed
to resonances@B Cg, By and Gy as shown with orange dashed lines in Figs. 2(b) and 2(c). At
shorter wavelength3\ (< 600 nm), the TE and TM absorption diagrams exhibit two altsmmp
bands (black dashed curves) that strongly depend on theAlitgyer thickness.

We consider the top ZnO:Al layer as an asymmetric Fabry4Pesonator withp, andg the
phase shifts induced by reflection at the ZnO:Al/Air and ZAla-Si:H interfaces as depicted
in Fig. 2(a). The influence of the metallic grating is negéekcas a first approximation. In the
Fabry-Perot model, the resonance condition in such a ceaitybe written as
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Fig. 2. Study of the short wavelengths resonances (AE) and (Ay) (TM). (a) Sketch

of the asymmetric Fabry-Perot resonator model used to fitineerical calculations. The
influence of the metallic grating is neglecteg. and ¢ are the phase shifts induced by
reflection at the ZnO:Al/Air and ZnO:Al/a-Si:H interfaceth, c) Total light absorption
spectrum in the simplified structure depicted in Fig. 1 asrtion of the wavelength
and the ZnO:Al layer thickneds;. Excitation at normal incidence light in (b) TE and (c)
TM polarizations. The position of the absorption bands Wat dependence oh; can

be attributed to resonances BCg, By and Gy as shown with orange dashed lines. The
resonance positiom = f(A) given by the Fabry-Perot model (Eq.( 1)) is shown with black
dashed curves far=0,1.

g2y (1)

B 2n1( 21

with n; the refractive index of the ZnO:Al layer argdan integer. The total phase shiftis
defined by$ = @ + @. From numerical calculations, we find that and ¢ vary slowly in
the vicinity of the resonances. Thus, we use a constant Yafug in the Fabry-Perot model
(¢ ~ -1.89 rad). The corresponding curdes= f(A) obtained from Eq. (1) witly = 0,1 are
shown in Figs. 2(b) and 2(c) with black dashed curves. Therlatmarkably well predict the
absorption bands of the structure. The resonangeand Ay can thereby be attributed to the
lowest order modeg(= 0) of the Fabry-Perot resonances in the cavity Air/ZnO:Aiad. Note
that the Fabry-Perot resonance occurs in the ZnO:Al layelelwls to absorption in the active
a-Si:H layer.

At short wavelengths (450-500 nm), the metallic grating &amsinor effect on the optical
response of the device in TM polarization, giving rise to bttapg of the resonancéy. As
shown in Fig. 2, the error in the spectral position of the peakh respect to the Fabry-Perot
model increases with the wavelength.

h1

3.2. Absorption resonances in the a-Si:H layer: resonariBe& By

The nature of resonancesg Bnd By is now investigated. Figure 3 displays the evolution of the
predicted total absorption under (b) TE and (c) TM polai@a as a function of the absorber
layer thicknes#$,. We first note thahs has only a minor influence on the absorption bands dis-
cussed in section 3.1, in agreement with the Fabry-Peretgretation of Air/ZnO:Al/a-Si:H
resonances. On the contrary, according to Figs. 3(b) andtBé&absorption peaks correspond-
ing to Bg and By have a spectral position and an intensity that both strodgfyend orhs.

We thereby consider an asymmetric Fabry-Perot resonaerHjg. 3(a)) and we can adapt the
resonance condition of Eq. (1) with = hs andn; = ns. As in the previous subsection, the
influence of the metallic grating is neglected and we use ateonvalue fog (¢ ~ -1.82 rad).
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Fig. 3. Study of the resonancesgB(TE) and (By) (TM).(a) Sketch of the asymmetric
Fabry-Perot resonator model used to fit the numerical cationls. The influence of the
metallic grating is neglectedp and ¢ are the phase shifts induced by reflection at the
a-Si:H/ZnO:Al and a-Si:H/Ag interfaces. (b, c) Total lighthsorption spectrum in the sim-
plified structure depicted in Fig. 1 as a function of the wawmgth and the absorber layer
thicknesshs. Excitation at normal incidence light in (b) TE and (c) TM pokations. The
resonance positiohs = f(A) given by the Fabry-Perot model (Eq.( 1)) whih = hs and

Ny = ns, is shown in black dashed lines fqr= 0, 1, 2, 3. (d,e) Electric field intensity
maps for a 1D silver grating wittv= 80 nm, p= 200 nm,hy= 20 nm for an excitation at
(d) A= 631 nm under TE polarized light and (&3,,= 649 nm under TM polarized light.

The corresponding curvég = f(A) are plotted in Figs. 3(b) and 3(c) with black dashed lines
for different values of the integey. For both B: and By resonances, the Fabry-Perot model
is in qualitative agreement with the RCWA calculations./Babsorption peaks can thereby be
attributed to Fabry-Perot resonances within the a-Si:ldd@émode withg = 0).

Figures 3(d) and 3(e) display the spatial distribution efelectric field intensity between the
silver strips when the structure is exciteda631 nm (TE, resonance8andA =649 nm (TM,
resonance R). In TE polarization, the field maximum is located within #&i:H layer with a
low field intensity in the metal. In the case of the resonangélie effect of the metallic grating
is thereby negligible. In TM polarization, there is a fielcafiation on the edges of the silver.
Consistently, there is a much larger difference betwagnand the wavelength predicted by
the Fabry-Perot model.

3.3. Absorption resonances induced by guided modes: resesdg & Cy

The last resonance contributing to the absorption in thetd8yer in TE polarization, called
Cg, involves a different mechanism. We have investigated rifiaénce of the angle of inci-
dencef (plane of incidence perpendicular to the wires) and theirgyaieriod p on the ab-
sorption spectrum of the structure. The results are showigs 4(a) and 4(b). The absorption
peak corresponding to the resonangei€the only one exhibiting a dispersive character as
vary 6 and p. Figure 4(c) displays the spatial distribution of the aliecfield intensity for an
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Fig. 4. Study of the long wavelength gCresonance for TE polarization. (a) Total light
absorption spectrum as a function of the wavelength andribke af incidence (plane of
incidence perpendicular to the wires). (b) Total light apsion spectrum as a function of
the wavelength and the grating period at normal incidenbe.absorption bands attributed
to resonancedg andBg are shown in orange dashed lines in Figs. 4 (a) and (b). (¢} Ele
tric field intensity map for an excitation ag_= 687 nm for a TE polarization at normal
incidence.

excitation at wavelengthc. in TE polarization. The grating efficiently traps light besa of
the excitation of a waveguide mode supported by the a-Sikrlas shown in previous studies
on a-Si:H solar cells with periodic patterns [7,9]. Indetbe, grating supplies an extra momen-
tum so that the coupling of the incident light with a diffradtmode of ordem could satisfy
the conservation of the in-plane momentum and excite ameigde of the TCO/a-Si:H/Ag

waveguide:
2n

E Re(netf) = |/\2T:sin 0+ mZ—;T| (2)
with m a relative integer andg ¢ the effective index of the waveguide mode. Equation (2) is
valid provided that one neglects the effective index chandaced by the silver grating.

We consider the mode resulting from the coupling to the aiffied ordem= -1 and guided
in the ZnO:Al/a-Si:H/Ag waveguide under TE polarizatiorsikly Eq. (2), we have plotted the
0 = f(Ac) curve for the structure witp=200 nmin Fig. 4(a) (white dashed line). It agrees well
with the shift ofAc. predicted by the RCWA calculations 8sncreases. We have also plotted
the curvep = f(Acz) given by Eq. (2) at normal incidence for -1. The result displayed in
Fig. 4(b) (black dashed curve) fits well with the spectraliff@s predicted by the numerical
calculations. An additional peak resulting from the conglof the guided mode to a higher
order diffracted modenf= -2) appears for a grating perigoover 425 nm as shown in Fig. 4(b)
(black solid line).

The attribution of the resonance-@ an eigenmode of the ZnO:Al/a-Si:H/Ag waveguide
also explains the evolution of the total absorption spectwhen the a-Si:H layer thickness
hs varies. Indeed, the effective index of the guided mode eee with the thickness of the
guiding layer, leading thereby to a shift a¢. towards higher wavelengths. This is in good
agreement with the spectral shift observed in Fig. 3(b).

Finally, it is worth noticing that the absorption peakiat 770 nm for TM polarization, la-
belledCy, can also be attributed to a guided mode supported by the-Heier. This resonance
involves surface plasmons propagating at the a-Si:H/Agriate thereby leading to parasitic
absorption in the metallic mirror. As shown in Fig. 1, it lsad an absorption peak at an en-
ergy below the electronic bandgap of the absorber matémighe following, we show that this
resonance can be shifted by the addition of a ZnO:Al buffgeddetween the absorber layer
and the back mirror and hence contribute to the generatiphatocurrent in the structure (see
subsection 4.2).
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Fig. 5. Numerically computed optical absorption in eacheriat of an ultra-thin a-Si:H
solar cell for an excitation under TE (a, left) and TM (b, ttigholarizations at normal inci-
dence (red curve: absorption only in a-Si:H; blue curvepgitson in a-Si:H and the ITO
and ZnO:Al spacing layers; grey curve: total absorptiorije Bandgap of amorphous sili-
con is shown in grey. Inset of Fig. (a): Sketch of the strueiavestigated: solar cell made
of a SEN4(AQ)/ITO/a-Si:H/ZnO:Al/Ag stack with a 90 nm-thick p-i-n-8i:H absorber
layer. A 1D silver grating (thickness=20 nm, width=80 nm gediod=200 nm) is embed-
ded in the front §N4 layer. Other geometrical parameters aggN) =60 nm, firo=10 nm,
hzno:a=15 nm.

4. Application to ultra-thin amorphous silicon solar cells

4.1. Description of the complete cell

A complete photovoltaic cell is described in the inset of.FEHfp). The a-Si:H active layer is
composed of a p-i-n junction, the influence of the doping @ré#iractive index of the material
is neglected in this analysis. Two additional spacing layee inserted above (ITO) and below
(ZnO:Al) the a-Si:H layer to prevent metal diffusion in thesarbing layer. As shown in section
3 for the simplified structure, the use of the 1D silver gmgtieads to a multi-resonant and
broadband absorption spectrum. The top ZnO:Al layer isaegd by a non-absorbing material
(silicon nitride, S§N4). The top contact is then formed by the ITO spacing layer badrtetallic
grating, resulting in a reduction of optical absorptionhie top layers of the structure at short
wavelengths.

4.2. Design rules and influence of the ZnO:Al buffer layer

In section 3, we have identified the role of each geometriaedmeter of the structure in the
absorption resonances. This analysis provides guideiarebe design of the complete solar
cell depicted in the inset of Fig. 5(a), as summarized in @dblThe top anti-reflection layer
(SizNy) thickness is set at 60 nm for a resonance at 450-500 nm. Tdle#ss of a-Si:H layer
is 90 nm and contributes to absorption enhancementin thé60tim wavelength range. With
a period of 200 nm, the grating leads to the excitation of gdichodes in both TE and TM
polarizations at a wavelength close to 700 nm.

We now investigate the influence of the two additional spatayers. The influence of the
ZnO:Al layer thickness on the absorption in the a-Si:H lagedisplayed in Fig. 6(a) for T™M
polarization. In Ref. [27], Haug et al. reported that the ZAlbuffer layer between the a-Si:H
absorber layer and the back silver mirror could have a beakétfect on the absorption in
the active layer. Let us compare the resonance lab€jeth Fig. 1 to the absorption peak, at
A =709 nm in Fig. 6(a). Figures 6(b) and 6(c) display the eledield intensity maps corre-
sponding to these two peaks. In both cases, the maximum figdddity is located within the
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Table 1. Influence of the geometrical parameters of the tstrecshown in the inset of Fig.

5(a).
Geometrical parameter Resonance type Spectral rf,mge
Anti-reflection layer thickness  Vertical Fabry-Perot nesoce in the top layer ~ 450-500 n
a-Si:H layer thickness Vertical Fabry-Perot resonance@tld layer ~ 600-650 nm
Grating period Excitation of guided modes 650-750 n
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Fig. 6. (a) Evolution of the absorption in the a-Si:H layertlee complete cell as a function

of the ZnO:Al layer thicknestazo for a TM polarized light at normal incidence. (b, c)

Electric field intensity maps for an excitation/a, = 770 nm (simplified structure)(b) and

Ag= 709 nm (complete cell)(c) at normal incidence for a TM piatation.

absorber layer. This agrees with the attribution of thes&kg#o a low energy guided mode ob-
served under TM polarization. Besides, adding a low inddfeblayer leads to a decrease of
the effective index of the guided mode. This is consistett Wie shift towards shorter wave-
lengths observed in Fig. 6(a) whbp,oa increases. The thickness of the buffer layer allows us
to tune the spectral position of the peak correspondingdgtfided mode G. However, increas-
ing hznoar induces a decrease of the absorption intensity-=a635 nm because of increased
absorption losses in the buffer layer, as evidenced in Fig. 6

Therefore, the buffer ZnO:Al layer thickness is fixed to thé&re of 15 nm in order to achieve
an optimal broadband absorption spectrum favored by a Iswectral position of the peak
while limiting the fraction of incident photons absorbedhe buffer layer. Finally, the thickness
of the ITO spacing layer between the metallic grating andatt&:H layer is chosen to be as
low as possiblel{to=10 nm) to avoid parasitic losses in this layer.

The optical response of the resulting structure is shownigs.F(a) and 5(b). The multi-
resonant absorption spectra are very similar to thosermdaddor the simplified reference struc-
ture described in section 2. The absorption peaks at shedlergths § < 700 nm) are due
to Fabry-Perot resonances in thgl$j layer and a-Si:H layers. At long wavelengths, close to
the a-Si:H bandgap, sharper peaks corresponding to reses@n (TE) andCy (TM) of the
simplified structure (see subsection 3.3) are evidenced.
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4.3. Predicted performances of the cell

In section 3, the analysis of the multi-resonant mechanis® performed by considering the
total absorption in the whole structure. In Figs. 5(a) arlg) 53¢e show the absorption fractions
in each material constituting the solar cell for TE and TMapiations. For the absorption
peaks atA= 636 nm and 709 nm in TM polarization, perfect absorptiondsieved in the
structure: the critical coupling condition is achievedtfoese two resonances [28]. However, as
shown in Fig. 5(b), there are non negligible parasitic apon losses in the metallic grating
in TM polarization.

We used the absorption spectrum in the a-Si:H active layer ¢urve) to calculate the the-
oretical short-circuit current density of the cell, assognthat all photogenerated carriers are
collected [19]. AJsc of 14.6 mA/cn? is predicted for a cell with a 90 nm-thick a-Si:H ab-
sorber layer. In order to evaluate the global performanédseocell, we used state-of-the-art
values [7] for the open-circuit voltage §¢=0.88 V) and fill factor (FF= 0.7) leading to a the-
oretical conversion efficiency of 9%.

5. Conclusion

In summary, we have studied the multi-resonant absorptiechanism achieved in ultra-thin
a-Si:H solar cells with a patterned metallic front contatte three resonances observed for TE
and TM polarizations are analyzed by simple models, anibatéd to Fabry-Perot resonances
in the ZnO:Al and a-Si:H layers, and the excitation of guideztles via grating coupling. This
detailed analysis is a powerful tool to optimize a desigrhait exploring the whole param-
eter space. We have generalized this approach to a comp&itel golar cell. An additional
ZnO:Al buffer layer is used to tune the absorption spectrmch i@duce the parasitic losses in
the metallic parts. This multi-resonant approach is brpagiplicable to other thin-film solar
cell materials such as GaAs or CIGS. This work could guideoiitical design of solar cells
with multi-resonant light trapping schemes.
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