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Abstract

In this paper we analyse the capabilities and limitatiorsirdle layer index matching coatings for the gla€¥0 or TCQabsorber
interfaces in thin film solar cells. Optical models are usedvaluate the potential gain in celfieiencies with hypothetical ideal
matching materials to minimise losses due to reflectionstatnal interfaces. We suggest the range of desired ogticgkerties
of such materials, where a net gain in cdli@ency can be achieved, and discuss the commercial bengfitecb intermediate
matching layer. For some selected ternary and quaternasi ngides available, the potentiafieiency gain due to the inclusion
of an anti-reflective matching layer in a solar cell struetisrcalculated and compared with the case of ideal matchatgnls.
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1. Introduction cells however only the latter has any commercial signifieanc
SiO, nanoclusters are already commercially available and have
The potential of photovoltaic energy for addressing thegjose to ideal dielectric properties for broad band arftective
world’s growing energy demand is well known. However so-|ayers [5]. For this reason we will limit our discussion te@th
lar energy remains an expensive technology dfidiencies of  glasgTCO and TCQabsorber interface. For these interfaces,
commercial modules have not risen significantly in recent yearsyntjl recently [6], no direct anti-reflective interface &g are
One problem is the transfer of highlyfieient laboratory cell ysed by present day commercial thin film technologies. We
designs into a commercial production. Hence cost reductiojll show though, that one technology relevant to our discus
by upscaling the production and mori@eent material use has  sjon, that has gained a more widespread use — the roughening
been the driving force in the solar industry in recent ye@it®  the TCO surface — can be equivalent to an anti-reflectiver laye
fastest growing market segment is low cost, Id¥iceency thin  jn the low haze regime. Even a small roughness does lead to
films cells. These cellsfter greater output power for the same 3 reduction in the TC@bsorber reflective losses in addition to

costs, usually quantified i'®, [1, 2]. _ the more often discussed changes in the light path for a large
Slngle absorber thin film cells have rather Slmple Iayercstru roughness, enhancing the absorption in the active |ayé_|q]7_
tures, usually a front glass substrate, a TCO front conthet, In this paper we analyse thdfect of single layer dielectric

active p-n or p-i-n junction and a metallic back contact. Thecoatings on the reduction of unwanted interface reflections
choice of the active layer in such thin film cells is driven by thin film solar cells. We also analyse if the case for develop-
the production of good quality p-n junctions of a materiallwi - ment of novel TCOs with a matched refractive index has eco-
a band gap optimised for the potentidfigiency (Shockley-  nomic merits. For this we consider the cost implicationsdf a
Queisser limit [3]). Today, cells based on a-f¢-Si, CdTe, (ditional layers and compare these with benefits of the isaga
or CuIn(S¢S) active layers are used. Indium tin oxide (ITO), cell output. Only single layer coatings are considered arig o
aluminated zinc oxide (AZO), ZnO:B (BZO) or flourinated tin normal incidence ficiency improvements are calculated. Al-
oxide (SnQF, FTO) are used as transparent front contact mathough we will only present normal incidence simulatioms, t
terial. However only the latter three are suitable for lasgale matching layers will, in contrast to texturing, also keeetive

production, as ITO is too expensive [4]. _ at lower angles of incidence and the improvements in ¢&H e
Simple cell designs lead to reflective losses at the airsglas ciency for oblique illumination will be higher.

glass-TCO, and TCO-absorber interface which add to refecti
total losses of 15-20% of incident light at normal incidenae
oblique angles this amount further increases to 20-25% at 3@. Mathematical modelling
or 30-40% at 60° angle of incidence. For the/@ass inter-

face, concepts for reducing these losses do exist and melad 2.1. Multilayer calculations
ther a patterning or dielectric coatings of the front glassstly

composed of Si@nanoclusters. For low cost thin film solar We calculated the reflectance of a multilayer stack, usieg th

transfer matrix formalism [11, 12]. The stack for the solall ¢
used in our calculation is shown in Fig. 1. As thiéeets dis-
*Corresponding author cussed can be applied to a variety of absorber and TCO mate-
Email address: fleisck@tcd. ie (K. Fleischer) rials, we chose to model a relatively simple stack consistih
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e r— float glass efficiency gains is hence more problematic. However materi-
als to be used on both faces of the TCO layer are likely derived
from ternary or quaternary modifications of existing TCO enat

& rials. In our assumptioideal materials have the same electrical

S0 properties of the original TCO and thus the total TCO thicdae

i (drco+dta) and its resistivity are assumed to remain constantin

the modified stack. Fareal materials tested here, the changes

in resistivity for the matching material have been consgddyy

Al back reflector reducing the TCO thickness only so much as to obtain the same

sheet resistance of the combined TCO layge6 + da). In

this case the total thickness of the combined TCO layer will

Figure 1: Schematics of layer stacks used in simulation. ajetfleeence struc- increase with the addition of the anti reflective Iayer..

ture of a thin film solar cell consisting of the float glass state, TCO layer In order to evaluate the gain iffisiency it is not séficient to

(650 nm, Sn@F) and absorber (300 nm a-Si:H). b) stack including anfater  simply use the total increase in transmission, as light dith

layer between the TCO and the absorber, consisting of eshadditional di- o rant wavelength contributesfiirently to the electrical output

electric layer (marked TA) or a roughened interface leadirgrnixed interface . . .

layer. c) the stack including a glg$€0 anti-reflective layer (marked GT). of the cell. Instead we use a weighted integral, where an in-

crease in the transmission in regions with the highest qumant

efficiency of the absorber and maxima in the spectral irradi-
float glass, 650 nm Sy as TCO and 300 nm amorphous sili- ance of the incoming light are properly accounted for. We als
con as absorber. All media have been considered homogeneoasssume that other parameters, sucii@and serial resistance,
with abrupt interfaces. In some cases a rough f@bSorber in-  which influence the solar celfféciencyrorig remain unchanged.
terface has been modelled, treating the rough area afem e Essentially this concept is equivalent with the commonlgdus
tive medium mixture (Bruggeman, fill factor 0.5, [13]). Such assumption, that an antireflective coating primarily iases

an dfective medium approximation (EMA) can describe thethe short current densitys. [14, 16, 17]. Although the open

change in reflectance, caused by the presence of an interfacicuit voltage for an ideal diode does increase with andase

area with a dierent refractive index, due to the mixture of two in Jg (Voc ~ IN(Jsc/Jo — 1)), the dfect is typically small for an
different materials. This method is frequently used to describ@R coatings in thin film solar cells, as the maximum gairdin

the dtfective dielectric properties of antireflective coatings onis limited to the original reflective losses of 15-25%. Tha-<o

the front glass or for multiple component AR coatings on €rys sequent gain i, is hence even smaller and will be neglected

talline silicon cells [14, 15]. Our simulation does not mdé  in our discussion. This is substantiated by the experinhesta
increased scattering caused by such a rough/aB€arber in-  idence for numerous AR coatings studied on crystallineaili
terface. A more accurate treatment of rough interfacesldhou solar cells as well as AR coatings for the/glass interface,
also involve the analysis of haze values (ratio of totalgraéed  where increases idg. of up to 25% have been observed while
transmitted light to specular transmitted light). Thislgees is  at the same tim¥, only increases by 2%. [14, 18] Under these
outside the scope of this paper. assumptions the increasefiigiency of the optimised celjop

Within this work, we will not only describe the potential can then be directly calculated from the increase in trassmi
gain that could result from using hypothetidgaleal materi-  sion.

als, but also potential gains due to ternary and quaternary o

SnO,:F

Al back reflector Al back reflector

a) Reference b) TCOl/absorber (TA) C) glass/TCO (GT)

ide materials currently available. The hypothetical mater Mopt ng IQE(w) F(w) U(w) Top(w) dw 1
will be referred to asdeal TA-TCO andideal GT-TCO for the Torg [T TQE@) F(@) U (@) Torg(@) de (1)
TCO/absorber and Glag&CO interface respectively. The TCO 9
materials currently available will be referred to by theuatt \Where:
chemical composition (e.g. SnO;)).

IQE - IQE()/ [1QE() o @

2.2. Potential efficiency gain

] ) ) o is the area normalised internal quantuficéency of the ab-
Typical TCO layer thicknessdgco) in current thin film so- sorber and

lar cells are in the order of 500-2000 nm, depending on the

choice of TCO. The thickness of additional matching layers F = F(w)/ | F(w) dE 3)

at the TCQabsorber interfaced{a) and glas&CO interface

(dor) will be s_maII In comparison to th_at. The gIaL‘G:O """ is the area normalised spectral irradiance of the sun uniier A
terface layer is not a part of the electrically active layethe 1.5 conditions [19].

cell and an #iciency increase is correlated to an increase in One significant dierence from the description in terms of a

transmission. . . Js increase is the introduction of the utilisation factbfw):
For the TCQabsorber interface layer, a potential interface

resistance or higher serial resistance of the additioyarlean [ 1-(w-eVo)/w for(w > Eg) 4
affect the electrical losses of the cell. A direct calculatién o U= 0 for (w < Eg) “)
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and the use of the spectral irradiarfeastead of photon flugd. Best films of transparent oxides have been produced by
From a discussion ody; only it would not matter if an electron employing organic solvents (here methanol) and organts sal
was generated by a UV photow ¢ Ey) or by a photon with  [21, 23-25]. Zinc acetate dihydrate (Zn(6E0,), - 2H,0),
an energy close to the band gap+{ Ey) — increasing any of dibutyltin  diacetate  ((CECH,CH>CH,)>Sn(CHCO,),,
the two would increasés.. From a conversionficiency point DBTDA), aluminum acetyl acetonate (Al§E70,)3, AAA),
of view it is more beneficial to increase the number of eletro and magnesium acetate tetrahydrate ({C&,).Mg - 4H,0)
generated by photons with lower energies, as these will showere used as Zn, Sn, Al, and Mg source respectively. Anionic
lower thermalisation losses. We estimate the thermal $ofge  dopants have been introduced with ammonium flourideRH
each photon by assuming that only an energy equivalent of thend thiourea ((NH),CS) as F and S source.
open source voltageV,. can be used for each electron gener- The spray pyrolysis setup was developed in house and details
ated by an incident photon with ener@y> E4. In this way are given elsewhere [23]. The molarity of the solution v&rie
we account for the overall spectral dependence of the @attr depending on the type of materials. For ZnO based materials a
gain under illumination. This thermalisation loss is nolisna  0.1M solution of the Zn precursor in methanol has been used.
treated only in full device simulations. By using the abowe a The optimum growth temperature for plain ZnO was found to
alytic expression we can include thiffext already in simple be 350°C, however to improve incorporation of the co-dopant
optical models of a solar cell. The quantiQE F U represents  other temperatures where required for ternary materiats (e
a weighting function and it will be shown as reference in cal-480°C for ZnAIO with high aluminium content (Adn > 0.3)).
culated transmission curves in sections 3 and 4. Valuehér t We will label such ternary samples with the nominal atomic
internal quantum ficiency and band gagy of an a-Si:H ab- concentration of the additional element with respect to Zn i
sorber have been taken from [20], a typical open sourceg®Ita the solution. The actual incorporation of the replaced @amio
for a-Si:H cells ofV,.=0.9V was used in our calculations in cation in the material could beft&rent.
line with values found in real devices. This weighting fuant SnG, based materials have been grown in a 0.1M solution
is essentially a simplified energetic balance for a giveilodizs  of DBTDA in methanol at an optimum temperature of 450°C.
material, as it includes incoming powed¥); absorbable power Again the optimum growth temperature can vary for the tgrnar
(IQE) and the fraction of the absorbed power which can be usedompounds and the composition is given in nominal atomic
per photon by the devicéJ(). concentration in the precursor solution with respect to Sn.
Under these assumptions the potential gainfliciency will The dielectric function of the TCO and modified materi-
be Ay = (opnona) g0 o given solar cell geometry witfiyig als has been determined by ellipsometric measuremenisy usi
being the transmission into the absorber layer of the caigin & SOPra GESP 5 variable angle spectroscopic ellipsometer at
cell (see Fig. 1a)Tp the same for the modified cell layout three diferent anglesoof |nC|der_10e closg to the pseudo_BreW-
(Fig. 1b,c). Using the light transmitted into the absorbema Ster angle (55, 60, 65°). The ellipsometric data (see exampl

reference is the most accurate way to asses the potentral gaf 19- 28) have been fitted to a model dielectric function used f
However for an estimation of thefect of rough interfaces we bulk critical points [26]. The modelled dielectric funatiaises

can only apply a simulation based on reductions in the tota Single 3D bulk critical point (Snfderived material) and in
stack reflectancBq as will be discussed later fiiciency im- case of the ZnO derived materials an additional 1D bulkaaiti

provements based on this will be referred ta\as. point to account for the strong excitonic peak present isd¢he

In order to optimise the thickness of the anti-reflectiveiint sag}ples.z h ical d best fi del
face layer, a least square fit of the transmission of the stack . Igure 2 Shows two typical measurements an e;t I mode
Topi@) to the idealT = 1 was used. By weighting each point dlelectrlc function for a SnQand ZnO'sampIe. By using this
with the functionlQE F U, the thickness and other properties of analysis we can parametrise the optical response of the TCO

: . . o with a set of 4 values, namely the constant dielectric back-
any anti-reflective coating positioned between each lagezs Y

. . ; T . grounde.,, the oscillator strengtlA, the broadenin@’ and the
optimised to obtain the highest gain iffieiency as derived by band garE,. Such a parametrisation makes a systematic anal-

equation (1). The advantage of this approach is that AR sayer sis of modified TCO materials easier than using the raw data.

can be designed and assessed without the need for computa- : s . :
. . . ; ) or a detailed description of the physical meaning of these p
tional expensive device simulations.

rameters we refer to [26]

2.3. Materials and Experimental setup 3. Optimised TCO/absor ber interface layer

In order to demonstrate thefect of the proposed anti re-  Antireflective coatings in photovoltaic solar cells are-cur
flective layer at the glagBCO absorber interface, test samplesrently only employed at the dglass interface using SyQor
of glasgSnQ,:F, glasgZnO:Al and derived ternary oxides have TiO, nanospheres. The packing density of these spheres deter-
been grown in house by means of spray pyrolysis. This techmines the &ective dielectric function of such a layer and hence
nique allows for rapid testing of potential ternary and guat can be tuned by sphere size and preparation conditions. With
nary TCO modifications, as a wide range of materials can bair as filling material between the nanospheres and a seitabl
synthesised, only with a change in solution [21]. At the samesphere density, the dielectric constant of such a layer wifih f
time it can be upscaled for industrial type deposition [22]. the ideal antireflective material requirementmak = /Ngiass
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Figure 2: Representative result of the ellipsometric measents. a) shows Rbﬁ F,‘tj
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. . . . O PRI IS S S SO T S S T S S S S T S S T T EN S S S S S
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a simultaneous fit of measurements at 55, 60 and 65°, using a mditema b)
model for bulk critical points [26]. Sngbased samples are best fit using a 3D

bulk critical point, while ZnO based samples are best fit witbmbination of

a 3D and 1D bulk critical point to account for the strong excit absorption at

the band gap. 60

photon energy (eV)
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-------- Reference stack (R=20.1%) |
—TA-TCO, 28 nm (R =13.3%)
=-=-+20nm rms roughness, 28 nm (R=13.3%) |

[11, 27]. By employing more than a single AR layer at the top
interface, the total gain can be further enhanced [27], dhou
the net gain due to each additional AR layer decreases wéth th
number of AR layers present and hence it is not economically
viable for low cost cells.

The light loss at each internal interface is comparableab th
at the front surface, but to our knowledge modern thin filntscel
do not widely employ purposely made AR layers to minimise
these losses. Ideally, a matching layer at the Jab®orber 0
interface should have have a refractive indgx = +/MNanr. )
The refractive index of the TCQO) is typically featureless in
the spectral _reglon of interest for PV (see Flg_' 3a)'. The abl-:igure 3: a) shows the refractive indices for the TCO (8ROFTO, mea-
sorber layer in contrast, does show a strong dispersioncéien g eq), ideal AR-TCO layer (TA-TCO, simulated), a heavilypsur doped
it is unlikely that real materials can be perfectly matchethe  FTO (SnQ:(F, S), measured), a nanocrystalline silicon — silicon monoxide
|ine_shape of the dielectric function of the absorber. Timirs- mixed layer (nc-S$BiO: Bruggeman EMA, 85% nc-Si in SiO, tabulated val-

P ; ues from [28] and [29]), absorber (a-Si:H: amorphous silitaken from [30]),
mizing the reflectance over the whole spectral range is r®t po and a rough interface layer (a-Si$hQx:F EMA: Bruggeman EMA 50% a-Si:H

sible. However, by employing the weighting function during i, FTo). b) shows the calculated transmission into the alesdtds various in-
fitting, we minimize the reflectance predominately in the en-terface matching materials in comparison to the referencé stikout them.
ergy region where the absorber is maitogent. In this way the FfogesaChSmsatf\?/f ial the OP“TT]U“" thichkhesf and d)%gg%e tfageﬂni!f)ﬁhs range
; : . . of 1.5 to 3.5eV is given. The weighting functi as described in sec-
thlckness and dielectric parameters are _Cho,sen n awa;h'fhat. tion 2.2 is shown both in a) and b) to illustrate the importgreciral range.
maximum of the broad Fabry-Perot oscillation due to the thir) shows the total stack reflectance for the reference staskack including
additional layer coincides with the maximum in the quantumthe simulated ideal TA-TCO, and one with a rough interfacelgBruggeman

efficiency of the cell. A significant increase in transmission ca EMA 50% a-SiHin FTO)

4
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total stack reflectance
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be achieved even with a dielectric material having a fetgese  ing material has a thickness of 45 nm and consists of 85% nc-Si
spectral shape, similar to that of the TCO layer. Figure 3wsho and 15% SiO. The absolute value does strongly depend on the
the dfect of an optimised TC@bsorber interlayer on the trans- dielectric functions used in the calculation. Larger qitaa# of
mission into the absorber for a hypotheticddal TA-TCO and  SiO, in the meta-material would lower its refractive index too
some real materials. Using (1) the potentifiiciency gain of  much, while larger quantities of SiO or larger silicon cafst
such a layer can be calculated. For the ideal TA-TCO an inwould increase its absorption. Measurements of the réfeact
creaseAn of 14.5% can be achieved, while the overall changendex of Si rich SiQ grown by PECVD have shown this be-
in transmission is even higher, at 15%. haviour clearly [31]. The highest Si content investigateasw
The question remains, how such a material can be fabricate@0%, which only resulted in a refractive index-o®.1, too low
In the case of the glass front of solar modules, an almost idedor an gfective TCQa-Si:H antireflective coating material. This
dielectric AR coating can be composed of ianospheres shows that such an SiOneta-material is not an ideal choice
as discussed above. This approach can not directly be dpplielue to limitations in the achievable optical properties are
to an intermediate layer located at the T/@Rsorber interface. plains the relatively small measured increaseAgt2.3% as
Even though nanospheres of the TCO material can be synthesported in [6].
sised, it is questionable whether embedding them in the ab- A rough TCQabsorber interface frequently employed in thin
sorber material as required for an AR material is possibte anfilm solar cells does have afffect similar to the one described
compatible with current growth techniques and cell layouts  here [32, 33]. Any rough interface with feature sizes smalle
However we suggest that an alternative approach can ban the wavelength of the incident light acts as &edative
taken based on novel ternary and quaternary oxides. By addinedium interlayer, or graded interface. In this case the re-
tion of heavier elements into the TCO layer, the dieleciiock  flectance of the interface is reduced. Part of the light i¢-sca
tion of a given TCO can be modified. The dielectric functiontered though, which leads to affective reduction in the spec-
of such a material is most likely inferior to that of the id&@&A- ular transmission. In the case of the T@@sorber, interface
TCO shown in Fig. 3a. However if one incorporates our currenscattering is not problematic as any forward scattered &gt
best candidate, heavily sulphur doped FTO (&(f0S)), into  reaches the absorber. The change can even be desirable, as th
the reference structure as shown in Fig. 1b,c, using a thgkn optical path length within the absorber increases for tle-sc
of 37 nm, cell éiciencies are expected to increase by as muchered light [7, 34]. It is often reported, that the increasefh-
as An=4.5%. We hereby assume that any disimprovement irtiency for a rough TC@bsorber interface is caused by multiple
electrical properties of the cell is negligible. In fact,sbd reflections similar to the case of large scale textured fsomt
on the resistivity values for the modified TCO of 0@8m, a  faces or crystalline silicon textures [35]. For low haze ®CO
change in sheet resistance of the overall TCO stack due to thhe structure size is much smaller than the wavelength,enenc
thin high resistive AR layer would only be 0.3%. Other param-geometrical optics can not be applied [11, 36]. We suggest in
eters #fecting the cell performance, such as bafi$ets and stead that the increase iffieiency is caused by the introduction
changed serial resistance can not be estimated at present.  of an dfective medium layer at this interface in the same way
An alternative approach to modifying the TCO material toas nano structured glass textures can reduce reflectiontfram
match it to the properties of the absorber material is to modfront glass [15]. This idea is also supported by earlier nrume
ify the absorber material itself. Recently it was reportedtt ical simulations [37, 38]. A rough interface will be treatasl
including a thin SiQ layer grown at highly oxygen-deficient an dfective medium layer using the Bruggeman approximation
conditions can improve cell performance due to tifea de-  with fill factor 0.5. The thickness of the interfacial laysrrie-
scribed here [6]. The SiOsynthesised in these conditions is lated to the rms roughnesstag= V2 rms, corresponding to a
a meta-material consisting of n-type Si@nd Si nanoclusters. surface profile approximated by|ain(X)| line shape. Unlike
The material was embedded at the Zn@eASi:H interface in  the previous case, for a rough interface we have to base bur ca
thin film a-Si:Huc-Si tandem cells. Such a material is com- culations on the decrease in overall reflectance, insteaideof
patible with the production process, as it can be grown in ancrease in transmission to the absorber. This is requsatha
similar PECVD system as used for the absorber. However thisffective medium model results in an increased absorption of
meta-material can not be used with other thin film cells andhe light in the interface layer, which leads to a lowdiee-
furthermore due to the additional absorption of the nar®cry tive transmission into the simulated absorber. In a red| tted
talline silicon within the matrix it is not a good AR material light absorbed in the interface region is still collected,ad-
For comparison we included the results of a simulation basedorbing areas of the mixed medium are electrically congecte
on such a layer in Fig. 3b and Table 1 (n¢S80). A Brugge- to the absorber and hence still contribute to the performafic
man dfective medium mixture of silicon monoxide (SiO) and the cell. However, reliance on overall reflectance in thewal
nanocrystalline-silicon (nc-Si) was used to describe ikked-  lations introduces some systematiffeliences compared to the
tric properties of this particular matching material. Thek- use of transmission into the absorber. The latter assunags th
ness and EMA fill factor have been fitted for a maximisedthe absorber utilises all transmitted light, while the ferrdoes
transmission into the absorber layer in the same way as déaclude the fact that for a poor absorber, such as a-Si:Hg-a si
scribed above for our hypothetical modified TCO. Based on thaificant amount of light is reflected from the back metallizat
database dielectric function for nc-Si (4nm) and SiO takemf  and leaves the absorber again through the front window. The
[28] and [29], a gain oAp=7.8% can be achieved if the match- extent of that additional loss depends on absorber thickaed
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can be minimised by increasing it. The gains calculated tak-
ing into consideration the overall Reflectancey) are more
realistic than those calculated by the transmissiy | for a o
poor absorber, but in general the former method tends to un- [}
derestimate the full potential of anti-reflecting layersr Ex-
ample the simulation for the ideal TA-TCO shows an expected
gain of Ap=14.5% based on transmission into the absorber, but
only Anr=8.6% based on the reflectance of the whole stack.
The diference is due to a significant amount of light not being
absorbed by a 300 nm thick a-Si:H absorber used in our cal- i
culations. For a thick absorber or one with higher absomnptio 1.8
codficient (e.g.uc-Si, Culn$ or other chalcopyrites) the value ! ‘
of Ay andArg will be identical. i

Using Anr We predict an increase in celffigiency of 8.3% Y T Y T T T
and 7.7% for a rms roughness of 20 and 40 nm. It is notewor-
thy, that this is already close to the potential gain of araide
TA_TQO .(8'6%) USing the same reﬂ.eCtance basgd .mOdel' Al§igure 4: Measured optical constants of 2 _y) Ox layers with varying nom-
seep in Fig. 3a there is Ilttlefﬂe_rence m_ the r_efracm_/e mde)_( of inal AI/ZH ratio in the precursor solution. 'IEh_ey)dexcrease in the céfiaindex
the ideal TA-TCO and thefiective medium dielectric function  with growing Al content is obvious. In addition the literatwalues [41] for a
used to simulate the rough layer in the interesting energjpne  thin film MgAl 20, spinel and the hypothetical ideal GT-TCO are also shown.
of 1.5-3eV. The inset shows the reductionnrat 2.0 eV (620 nm) with the increase in/&Zh

For low haze TCO (roughness of 20-40 nm [39]) our Camu'ﬁﬂ%mﬁé gﬁﬁlzr:ﬁ::g‘rzencﬁgrlssig f:mlges%rz);ézesgltgtrgrf.Concemraﬂons orhe
lation is meaningful as a small range roughness does not sig-

nificantly change the light path through scattering. Newert

less small scale roughness has been reported to equakypser the material is the well known conductive ZnO:Al, with th@ty

cell efficiencies as high haze TCOs [33, 40]. In simple words,cal strong excitonic absorption peak close to the band §hge.

the comparisons between the results reported in literatit,e ~ microscopic structure of the films grown with higher alurnimi
those obtained from our model calculation, led us to corelud concentrations{10%) is currently not known, as no crystalline
that for low haze values, the gradinfijext is the main cause for phases are found. We therefore assume the material is amor-
the improvement in the cellfiéciency. For a large scale rough- phous, with local bond geometries changing from ZnO to those
ness (rms60nm) our model can not be applied though. Firstof Al,O3 with increasing Al content. The absolute atomic ra-

a better simulation would require a graded index layer [&5], tio of Al/Zn in the films is also not known at present time, as
model more complex than the Bruggeman approximation. Furthe actual incorporation is a complex function of known pre-
thermore the scatteringtect is important for an interface with cursor concentration and unknown parameter such as precur-
large roughness. In this case the light path is significamitly ~sor decomposition rates and sticking fiaments. The optical
tered by scattering, thus enhancing the chance for a photon properties have been measured on several films with thisknes
be absorbed. For these reasons our model underestimates trefween 300 and 500 nm. Variations between individual films
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gain for a large roughness. and systematic errors in the determinatiomdfom the ellip-
sometric measurements are indicated in Fig. 4 by error bands
4. Optimised glass'TCO interface layer Figure 5 shows the calculated increase in transmission for

stacks consisting of glg&nGy:F/a-SiH as a reference and
Using a similar approach of introducing additional elersent such using AlZnQ@, MgAl,O,, and the ideal GT-TCO at the
in the TCO lattice, the refractive index of the TCO material glasgSnQ::F interfae. Measured dielectric functions have been
can be lowered to create an index-matched material for thased for Sn@F and AlZnQ, while database dielectric func-
glasgTCO interface (GT). As this particular layer is not located tions have been used for MgAD, and a-Si:H [30, 41].
in the electrically active region of the solar cell, a mucldevi The calculation for the ideal GT-TCO is again based on a
range of materials can be discussed as non conductive oxidesodel dielectric function used for Sa® with a changed..,
can be equally used. The key problem is finding an ideally in-A, T, Ey, to maximise the transmission into the absorber. The
dex matched material with a very low absorbance. potential increase in transmission into the absorber l&yer
One candidate we have chosen, is the spinel M@Alas  AlZnOy with nominal A)Zn ratio of 0.67 (see Fig. 5 inset) is
its reported refractive index at 600 nmmf~1.7 is well suited comparable to the ideal GT-TCO, though the film is not con-
for the interface between glass £1.5) and the TCO materials ductive. This has implications for the potential cost reduc
(n ~1.95). tion details of which are discussed in the following sectibm
Secondly, we have prepared an amorphous test materittie ideal case an increase in transmission into the absofber
based on a modified ZnO:Al (AZO) We observe an increas€.3% is possible. If the weighting functid®E F U is consid-
in the band gap and lower refractive index with increasing al ered, this translates into affieiency gain of 1.9%. By using
minium content (see Fig. 4). For small quantities of Al (1)4% the materials MgAIO,4, AlZnOy (Al/Zn=1), and Ab4ZnpsOx
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Material | nar  dar (M)  Ad(%)  An(%)

‘i "Reference stack | (T = 68.3%) _ —
——  Ideal GT matching layer (T = 69.9%) | glasgTCO interface, transmission based Anj
§ Y ==+ AIZnO, matching layer (T= 68.9%)__ ideal GT-TCO 1.72 81 - 1.9
= F MgAI,0, matching layer (T = 68.7%) 1 MgAIl>04 1.8 78 12 0.6
2 [ 1 AlZnOy (Al/Zn: 1) | 1.68 82 12.5 1.1
é 60 E Alg4ZnpeOx (Al/Zn: 0.67) | 1.70 81 12.5 1.7
< I ] TCO/a-Si interface, transmission based An)
e} 1 ideal TA-TCO 2.8 28 - 14.5
g w0l ] SNO:S,F | 2.1 37 6 45
© 3 nc-Sysio | 2.2 45 7 7.8
£ TCO/a-Si interface, reflectance based Ang)
€ - ideal TATCO | 2.8 28 - 8.6
§ 20 ] rough TCO (20nm)| 3.4 28 - 8.3
= IQE FU % rough TCO (40nm)| 3.4 57 - 7.7
[ (arb. units) k 1
0 Lo I S W 1 Table 1: Front contact relative thickness increadéfor an original TCO thick-
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 nessd of 650nm ) vs. gain estimatiofiy for several glasg TCO and TCQO/
photon energy (eV) absorber antireflective layers. Also listed are the measuredtimated refrac-

tive index of the AR coating materiahfgr) at 525 nm, the calculated optimum
thicknesgdar for the particular material. The calculatefigiency gaimAn was
Figure 5: Transmission into the absorber for the referenaekstthe ideal  evaluated using Eq. (1). For comparison with rough intedatogr calcula-
matching material for the gladsCO interface (GT-TCOdar =81 nm), our best  tions, based on a minimisation of the overall reflection résylin systemati-
matched material available AlZnQiar =81 nm, and MgAdO4 dag =78 nm.  cally lower gain estimations are given as well (see textjce®).
The ideal thickness was determined by a full optimisation ef $tack with
respect to the maximumfticiency gain as given by (1) using the weighting

function indicated by the grey area. The number in brackethasaverage . . .
transmission between 1.4 and 3 eV is only slightly reduced to ensure the same sheet resistaince

the front contact as in the reference stack.

_ _ _ In table 1 we compare this increase in thicknadswith the
(Al/Zn=0.67) an @iciency gain of 0.6, 1.1, and 1.7% is pre- efficiency gainAz. Ad is based on an assumed original TCO
dicted. For these real materials the expectitiency gain  thickness of 650 nm used in all our calculations. According t
is reduced as the refractive index deviates further from thene Ad and An values, the addition of an anti-reflecting layer
ideal matched case (see Fig. 4). Although the introductfon oyl be more cost-icient for thicker TCO absorber layers,
glasgTCO matching layers does increase thiceency, the  asAd decreases. NevertheleAs approximates only the in-
gain is less significant, as the reflective losses at that-inte creasing costs of the overall TCO layer. As only a fraction
face are smaller compared to the losses at thglass and  of the total solar cell cost originates from the TCO depoaiti
TCQ/absorber interfaces. The measure can still be justified ifhe dficiency gainAn needs to be compared to the change in
the additional cost due to the insertion of the layer is smmall {otal system costs. Based on the calculated changes in total
comparison to the cost benefit arising from the improvéd e stack thickness all the currently available candidate riase

ciency as discussed in the next section. for the TCQabsorber interface would improve cos# if the
TCO layer contributes less than 75% of the total cell costs,
5. Cost structure while for the best glass TCO absorber interface materiatdou

so far (Ab.4Zno Oy, Al/Zn: 0.67) the inclusion is only helpful

We have shown that the employment of internal antireflectivef the TCO contributes less than 14%, based again on a 650 nm
|ayers can improve theﬁfiency of thin film solar cells. Usu- thick TCO |ayer. The situation at the gla'EQO interface would
ally the introduction of new layers complicates the proaurct improve if the matching layer itself would be conductive @s i
and increases material and equipment costs. We have demdhis case the will be no need to increase the thickness. Qopin
strated that the candidate materials for additional matctdy- ~ mechanisms for the amorphous AlZp@ith high Al content
ers can be grown using the same technique and precursor me currently under investigation in our lab.
terials as the TCO layers themselves. We can therefore expec
no significant diferences in equipment costs between chambers
used for TCO growth and those used for AR layers. The in6. Conclusion
creased material costs are hence directly related to thk-thi
ness of the grown layer. In the best case scenario oifdeet We have analysed the potentidlieiency gain of glaggCO
matching materials we also assume its resistivity is simida and TCQabsorber intermediate layers for thin film solar cells.
that of conventional TCOs. In that case the original TCOKhic Quaternary oxides derived from known TCO materials can
nessdrco can be reduced by the thicknedg of the matching  show the optical properties required for such layers. With t
layer, leaving the total thickness and costs constant. élére  materials AlZnQ and SnQ:S,F a relative ficiency gain of
ideal matching materials ara@ways economically beneficial. An=6.2% could be achieved if they were incorporated into an

For the non ideal material from the pool of known matchinga-Si:H thin film solar cell. A cell with e.gqig=9% would hence
materials, an increase in the total thickness of the TC@#tra  show an increasedfiiency ofr,x=9.6% by employing these
is required, as the TCO layer thickness remains unchanged amaterials. Further increases in gain could be achievedeif t
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materials with optimised optical constants as per our gteor

cal models became available. For sudéal matching materi-

als we predict #iciency gainsAn of up to 16%, or in absolute

terms an increase @fyig=9% t0nyn=10.4%.
We have furthermore demonstrated, that the reported gain of
rough TCQabsorber interfaces with low haze values, can bd?®!

explained by the anti-reflective properties of the rouglerint
face acting as anfiective medium with an refractive index be-
tween values of SngF and a-Si:H. In the latter case we have

neglected potential additional gains due to the changesieth
fective absorber thickness for the scattered light. In remtt
matching layers based on SiO and nc-Si are shown to be helpto]
ful, but by far, non-ideal matching materials.

Finally we have shown that if the cost of such ideal interface
materials is comparable to those of the TCO itself, the sioku
of such layers can not only increase the tofatéency but more
importantly reduce the relevant cAsf, of thin film solar cells.

Although we only analysed a relatively simple single absorb
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cell structure, the concept can be applied to any other type q23]
solar cells with glag3 CO or TCQabsorber interfaces.
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