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Abstract

Low pressure chemicalvapourdeposition(LP-CVD) ZnO asfront transparent conductiveoxide (TCO), developedat IMT, has
excellentlight-trappingpropertiesfor a-Si:Hp-i-n single-junctionand‘micromorph’ (amorphousymicrocrystallinesilicon) tandem
solarcells.A stabilizedrecord efficiency of 9.47%hasindependentlybeenconfirmedby NREL for an amorphoussilicon single-
junction p-i-n cell (;1 cm ) depositedon LP-CVD ZnO coatedglass.Micromorph tandemcells with an initial efficiency of2

12.3%show after light-soakinga stableperformanceof 10.8%.The monolithic seriesconnectionby laser-scribing for module
fabricationhasbeendevelopedat IMT aswell, for both amorphoussingle-junctionandmicromorphtandemcells in combination
with the LP-CVD ZnO technique.Mini-modules(areasbetween22 and24 cm ) with an aperture efficiency of 8.7% in the case2

of amorphoussingle-junctionp-i-n cells (independentlyconfirmedby NREL), and of 9.8% in the caseof micromorphtandem
cells, have beenobtained.Micromorph tandemcells with an intermediateTCO reflector betweenthe amorphoustop and the
microcrystallinebottomcell showan almoststableperformance(hs10.7%) with respectto light-soaking.
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1. Introduction

The capability of light-trapping of transparent con-
ductiveoxides(TCOs) is fundamentalfor theefficiency
of thin-film silicon solar cells. A high transparency, a
high electricalconductivityanda high scatteringability
are necessarymaterial parametersof a high quality
TCO. Owing to a goodTCO layer the effectiveoptical
absorption for amorphous (a-Si:H), as well as for
microcrystallinesilicon (mc-Si:H), can be significantly
increased,thereby, allowing a reductionof the absorber
thickness.In the caseof amorphoussilicon, this advan-
tage leadsto an improved stability, and in the caseof
microcrystallinesilicon to a reductionof the deposition
time.
The key role of theTCO for thin-film solarcellswas

the motivation for IMT to develop its own ‘in-house’
TCO, namelyZnO, preparedby the low pressure chem-
ical vapourdeposition(LP-CVD) techniquew1–3x. This
particular TCO has notable advantagesfor thin-film
solar cells in general.ZnO itself is an abundantand
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low-costmaterial.The LP-CVD depositiontechniqueis
a simple processwith depositionratesof over 2 nmys
makingupscalingto areasof 1 m easilyachievable.In2

addition, the LP-CVD processleadsdirectly to an as-
grown high surfacetexturingof theZnO films. Further-
more, the involved low process temperatures of
approximately200 8C are entirely compatiblewith low-
costsubstrates(inexpensiveglass,polymers,aluminium,
stainlesssteel, etc.) and the a-Si:H plasmaenhanced
chemical vapour deposition (PECVD) fabrication
technique.
In previous studieswe have already compared our

‘in-house’ ZnO with the best commercially available
SnO (Asahi U) in p-i-n configuratedsolar cells, both2

amorphous single-junction and micromorph tandem
devicesw4–7x. In this paperwe report on the further
progress of amorphousand micromorph solar cells
applying LP-CVD ZnO as front TCO. Due to the
excellentlight-trappingof ZnO the main focus was to
reduce the absorberthickness,while keeping a high
efficiencypotential.In combinationwith LP-CVD ZnO,
as front TCO, the laser-scribing patterning for mini-
modules has been developedfor both the very thin
amorphoussingle-junctionand the thicker micromorph
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Fig. 1. Comparisonof the reflectionbehaviour(from the glassside)
of amorphousp-i-n cells depositedon SnO (Asahi U), on LP-CVD2

ZnO andon LP-CVD ZnO with anAR-coating.TheAR reducesthe
reflectanceby approximately4%.

tandemcells. The performanceof state-of-the-artmini-
moduleswill be given.
In 1996 IMT introduced,the conceptof an interme-

diate reflector betweenthe amorphoustop and micro-
crystalline bottom cell w8x. This concept permits an
increaseof the a-Si:H top cell photocurrent due to the
differencein the refraction index of the interlayerand
the silicon absorbers.Thanksto the high infrared pho-
tocurrent potentialof themicrocrystallinebottomcell a
balance of the gained a-Si:H top cell current can
principally be achievedby increasingthe mc-Si:H cell
thickness. Applying this intermediate reflector layer
concept,Yamamotoet al. w9–11x haverecentlydemon-
strateda notable initial efficiency of 14.7% for a test
cell. Conversely, this interlayer allows a reduction of
thea-Si:Htop cell thicknesswhile maintainingmarkedly
high photocurrents, accordingly improving the overall
stability of the tandemcell. Resultsof such‘modified’
micromorph tandemcells obtainedby IMT are, also,
given in this paper.

2. Experimental

As front glasssubstrateAF45 Schottglasswasused
with a thicknessof 0.7 mm. The depositionand fabri-
cation of LP-CVD ZnO layershasbeendescribedand
reportedin previousstudiesw1–3x. TheZnO layersused
havea thicknessof approximately2.2mm andresult in
a sheetresistanceof 6–8 Vysq. For the optical proper-
ties of the appliedZnO films we refer to earlier work
w4,5,7x. The a-Si:H p-i-n and micromorph a-Si:Hymc-
Si:H tandemsolar cells were fabricatedby very high
frequency(VHF)-PECVD in a 8=8 cm substratesize2

laboratory reactor. The deposition rates for both the
amorphousand the microcrystalline intrinsic layers is
approximately 0.5 nmys. The principle of the a-Si:H
p-i-n cell fabrication,asdevelopedby VHF-PECVDat
IMT, is given in detail in earlier publications(w12,13x
andreferencestherein).
The patterningof test cells and the seriesintercon-

nectionfor the moduleswasdoneby the laser-scribing
techniquew14x. To avoid peripheral carrier collection
well-definedtest cells were cut by the laserof 532 nm
wavelengthto anareaof approximately1 cm . We have2

observedthat suchwell-definedcellsare quite represen-
tative for the extrapolationof expectedJ -valuesin thesc

caseof larger-sizemodules.Thesolarcellsandmodules
werecharacterisedusinganAM1.5 Globalsunsimulator
(Wacom WXS-140S-10). In addition, test cells were
analysedby quantumefficiency (QE) measurements.
The light-soakingof cells andmoduleswas performed
underAM1.5 closeillumination (1 sunintensityand50
8C device temperature) and open circuit conditions.
After the light-soakingexperimentsamorphoussilicon
single-junction p-i-n cells and moduleswere sent to

NREL (National RenewableEnergy Laboratory, USA)
for independentAM1.5 I–V andQE characterisation.

3. Results and discussion

3.1. Amorphous silicon p-i-n cells

In a recentstudywe reportedon the achievementof
high stable efficiencies of 9% for a-Si:H p-i-n cells
whenapplyingLP-CVD ZnO asfront TCO w4x. Due to
the possibility of keeping the full cell and module
fabricationtechnologyat IMT, we are able to addition-
ally improve the light-in coupling by applying an anti-
reflective (AR) coating.Consequently, before the ZnO
andcell deposition,the front glasssidewascoatedwith
a broadbandAR-layer. Such AR-coatingsare widely
appliedin the glassindustry w15x. It consistsof a multi-
layerdesign:glassyAyByAyB (AsTiO or Nb O , Bs2 2 5

SiO ). Fig. 1 revealsthe impact of the AR-coatingon2

the reflectivity of amorphousp-i-n cells in comparison
with non-coatedsubstratesof LP-CVD ZnO andSnO2
(U-type) from Asahi Glass reported in a previous
publicationw4x. While ZnO alreadyresultsin a reduced
reflectancecompared with SnO, the AR-coating in2

combinationwith ZnO allows, as expected,a further
reduction. Thus, the reflection loss reachesvery low
values of only 2.5–2.6% in the important absorption
spectrum of the a-Si:H p-i-n cell. The part of the
remaining2.5–2.6% is mainly due to the reflection at
the glassyZnO interfaceas the spectralanalysisof the
AR-coatedglasssubstratealonereveals.
Amorphousp-i-n cells prepared on AR-coatedZnO

glasssubstrateswere sentafter light-soakingto NREL
for independentcharacterisation.Fig. 2 independently
confirms the I–V characteristicsunder AM1.5 illumi-
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Fig. 2. I–V characteristics as measured by NREL of an a-Si:H p-i-n solar cell deposited on LP-CVD ZnO coated glass after light-soaking of 800
h. The glass substrate is covered on the front side by a broadband AR-coating as given in Fig. 1.

nation of a cell having a stabilized efficiency of 9.47%.
This p-i-n cell has an i-layer thickness of only;0.25
mm and reveals a very high level for the stabilized
short-circuit-current density(J ) of over 17.5 mAycm2sc

(initial )18 mAycm ). The cell showed an initial2

efficiency of 11.2%(measured by IMT, unconfirmed)
before light-soaking.
The spectral analysis of the photocurrent in Fig. 3

(measurement done by NREL) of the AR-coated cell,
shows a high QE even in the degraded state. The QE-
values reach a remarkable level of 94% in the important
part of the cell absorption. This fact indicates a high
transparency, and a high light-trapping capacity for LP-
CVD ZnO as front TCO resulting in high photocurrents.
The efficiency of 9.47% is to our knowledge the highest

independently confirmed for stabilized single-junction
a-Si:H devicesw16x.
In Fig. 4 the stabilization of this record cell is given

in function of the light-soaking time. The typical relative
degradation of cells having such a thickness is approx-
imately 15%, as previously reportedw5x.

3.2. Micromorph silicon tandem cells

Micromorph (a-Si:Hymc-Si:H pinypin) tandem cells
have been as well fabricated on LP-CVD ZnO as front
TCO. The thickness of themc-Si:H bottom cells were
in the range of 1.8–2mm, whereas the top cells in the
order of 0.25mm. Fig. 5 shows for the tandem cell a
high initial efficiency of over 12% combined with a
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Fig. 3. QE of the light-soaked 9.47% efficiency a-Si:H p-i-n solar cell
of Figs. 2 and 4(measurement by NREL).

Fig. 5. AM1.5 I–V characteristics of a micromorph tandem test cell
deposited on glassyLP-CVD ZnO in the initial state and after 1000 h
of light-exposure(1 sun at 508C). The mc-Si:H bottom cell has a
thickness of 2mm.

Fig. 4. Light-soaking performance of the a-Si:H p-i-n cell in Figs. 2
and 3. The stability experiment was performed under 1 sun AM1.5
close conditions and 508C cell temperature. After 800 h of light
exposure the cell was sent to NREL for independent characterisation.

Fig. 6. Impact of the intermediate TCO layer on the QE of the a-Si:H
top andmc-Si:H bottom cells. The dashed lines show the tandem
without the interlayer, the solid lines represent the one with the incor-
porated intermediate TCO layer.

high open circuit voltages of 1.4 V. After the light-
soaking stability test an efficiency of 10.8% could be
measured.

3.3. Intermediate reflector in micromorph tandem cells

As already mentioned, Yamamoto et al.w9–11x have
demonstrated that the concept of an intermediate reflec-
tor layer allows for an enhancement of the initial cell
efficiency of micromorph tandem cells, close to 15%.
IMT has observed that the intermediate layer between
the amorphous top and microcrystalline silicon bottom
cell allows an increase in the a-Si:H top cell photocur-
rent, at the cost of a reduction in the photocurrent of
themc-Si:H bottom cell. Nevertheless, the intermediate
TCO layer allows a reduction of the top cell thickness
while keeping a high top photocurrent. A reduced top
cell thickness, though, has the advantage of a better

stability. The impact of an intermediate TCO layer on
the QE of top and bottom cells is given in Fig. 6. Top
a-Si:H cells of 0.18mm thickness can easily achieve
similar photocurrents to top cells of 0.25mm thickness
without internal TCO layers applied. However, as in our
case, the bottom cell photocurrent is reduced. Nonethe-
less, at amc-Si:H bottom cell thickness of 2mm short-
circuit-current densities of over 11 mAycm can be2

achieved. The primary potential of this concept is
improved stability for comparable overall absorber cell
thickness. Fig. 7 gives the AM1.5I–V characteristics of
our most recent tandem cell with an intermediate TCO
reflector applied leading to an initial efficiency of
11.1%. The stability under light exposure of each new
device needs to be checked; however, our fabricated
micromorph tandems with intermediate reflectors reveal
a surprisingly high stable performance. As Table 1
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Fig. 7. I–V characteristics under AM1.5 of IMT’s most recent micro-
morph tandem cell with intermediate ZnO layer(initial state).

Table 1
Micromorph tandem cell with an intermediate ZnO layer between the
a-Si:H top andmc-Si:H bottom cell in the initial state and after 1300
h of light-soaking

Cell state V (V)oc FF (%) J (mAycm )2sc h (%)

Initial 1.378 73.6 10.5 10.65
Light-soaked 1.418 72.1 10.5 10.73

The bottom cell has a thickness of only 1.8mm.

Fig. 8. Typical light-soaking behaviour of an amorphous p-i-n single-
junction mini-module under 1 sun AM1.5 close illumination condi-
tions and 508C cell temperature.

reflects, there is no significant change inI–V character-
istics of a cell of a previous generation after a period of
over 1300 h prolonged light-soaking.
As the micromorph tandem cell in Table 1 is bottom-

limited, and as the a-Si:H top cell is in this case very
thin (-0.2 mm), the fill factor is principally given by
the stablemc-Si:H bottom cell and is, therefore, less
influenced by small light-induced alterations in the a-
Si:H top cell.
Our own experiments with the intermediate TCO

layer reveal the potential of high top cell photocurrents
of over 14 mAycm as demonstrated by Yamamoto et2

al. w9–11x. The mc-Si:H bottom cell thickness has,
however, in our opinion, to be increased beyond 2mm
to balance such high AM1.5 photocurrents. Further
investigations on tandem cells with different intermedi-
ate layers need to be completed in order to explore the
full efficiency potential of the micromorph thin-film
silicon solar cells. The chief question is to what extent
the efficiency of micromorph tandem cells with inter-
mediate reflectors can be enhanced while keeping the
mc-Si:H bottom cell sufficiently thin.

3.4. Amorphous silicon modules

In order to prepare modules with integrated monolithic
series connection, laser-patterned LP-CVD ZnO glass
substrates have been used for the deposition of amor-
phous single-junction p-i-n cells. Fig. 8 gives the AM1.5
I–V characteristics of a 11-segmented module with
22.31 cm aperture area in the stabilized state(1000 h2

of light-soaking). The measurement has independently
been performed at NREL and confirms a highly stable
module efficiency of 8.7%. The result of Fig. 8 shows
that a high quality front TCO as in case of IMT’s LP-
CVD ZnO can lead to a high efficiency potential even
for a simple device like the a-Si:H p-i-n cell. With
respect to mass production the concept of the a-Si:H
single-junction p-i-n solar cell and an efficient light-
trapping may lead to high module efficiencies as sophis-

ticated multi-junction devices based on amorphous
silicon and expensive silicon–germanium alloys. More-
over, the manufacturing aspect of such single-junction
cells seems to be less delicate compared to very thin
multi-junction solar cells with their many interfaces and
tuned absorber thicknesses. In terms of mass production,
this simplification should reduce the manufacturing costs
for the modules($yW ).p

As the dead scribe area loss of the module in Fig. 8
is approximately 3%, the 8.7% module efficiency
accords with our earlier results of a stable 9% test cell
technology for a-Si:H p-i-n cells(without AR-coating)
and LP-CVD ZnOw4x.
The characteristic degradation performance of such

an a-Si:H module is represented in Fig. 9 in the function
of prolonged light-exposure and correlates well with the
ones of a-Si:H p-i-n test cell devices(Fig. 4).

3.5. Micromorph tandem modules

Micromorph p-i-nyp-i-n tandem cell modules in com-
bination with LP-CVD ZnO as front TCO have been
fabricated. The AM1.5I–V characteristics of a 9-
segmented module in the initial and light-soaked state
(after 1000 h) are shown in Fig. 10.
The module has in the initial state an aperture effi-

ciency of 11% that confirms the high quality of the
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Fig. 9. I–V characteristics(AM1.5) as measured by NREL of an 11-segmented a-Si:H p-i-n single-junction module with LP-CVD ZnO as front
TCO (without AR-coating). The module was light-soaked for 1000 h(1 sun at 508C). The i-layer has a thickness of 0.25mm.

Fig. 10. I–V characteristics(AM1.5) of a micromorph tandem cell
module fabricated on LP-CVD ZnO-coated glass in the initial and
light-soaked state(1000 h under 1 sun and 508C). The mc-Si:H
bottom cell has a thickness of 2mm.

developed series interconnection. After light-soaking a
stabilized module efficiency of 9.8% has been obtained.
A further improvement in the micromorph module

efficiency is now clearly linked to an appropriate choice
of the implemented amorphous top cell.

4. Conclusions

Light-trapping plays a significant role in achieving
high efficiencies of thin-film silicon solar cells. As
demonstrated in this study LP-CVD ZnO applied as
front-TCO has an excellent light-confinement allowing
for high solar cell efficiencies. In the case of amorphous
silicon single-junction p-i-n solar cells a stabilized record
efficiency of 9.47% could independently be confirmed
by NREL. This result has been realized on account of
the broadband AR-coating applied on the front glass
side. QE measurements confirm the exceptional light-
trapping of the ZnO leading thereby to QE-values of
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94% in the important absorptionrange, even in the
stabilizedstateof the single-junctionp-i-n solarcell. In
thecaseof in-housefabricatedmini-moduleswith series
interconnecteda-Si:H single-junctioncells, a stabilized
aperture module efficiency of 8.7% could be obtained
aswell and is independentlyconfirmedby NREL.
Theseresultssuggestthat the combinationof a high-

quality TCO and a single-junctionamorphoussilicon
cell fabricationstepallows for a simplification of mod-
ule manufacturingcompared with amorphousmulti-
junctioncellswhile keepingahighmoduleperformance,
however, at reducedprocesstime and costs.LP-CVD
ZnO in combinationwith a simplesingle-junctiondep-
osition technology is a strong candidateto bring the
costof PV (in $yW ) down.Thegain in efficiencyduep

to an efficient AR-coatinghas to be checkedwith the
additionalinvolved costsof theAR.
In the caseof micromorph tandemcells, the useof

LP-CVD ZnO asfront TCO allows for the reductionof
the mc-Si:H bottom cell thickness to 2 mm while
maintaininga high efficiency of 12.3% in the initial,
and10.8%in the light-soakedstate.A successfulimple-
mentationof the monolithic seriesconnectionby laser-
scribing and the use of the LP-CVD ZnO technique
resultedin an aperture area module efficiency for the
micromorph tandemsof initially 11% and stabilized
9.8%.By improving both typesof cells andby perfect-
ing the seriesinterconnection,a further increasein the
stablemoduleefficiencyover 10%shouldbe possible.
Micromorphtandemtestcells with intermediateZnO

reflector layersbetweenthe amorphoustop andmicro-
crystalline bottom cell reveal a highly stableperform-
ance under prolonged light-exposure. We already
obtaineda high stableefficiency of 10.7% (without a
light-induceddecayof the efficiency), with a mc-Si:H
bottom cell thickness of 1.8 mm. Our most recent
micromorph tandem test cell with intermediateZnO
reflector resultedin an initial efficiency of 11.1%.This
result could be obtainedat a top cell thicknessof 0.18
mm anda mc-Si:H bottomcell of only 2 mm. A further
improvementto valuesabove12% should be possible
at reasonablecell thicknesses.
Low-cost, high-quality TCO layers and economical

mass-productionfabricationprocesses(suchasLP-CVD
ZnO and VHF-PECVD) are applicabletoday in thin-
film siliconmodules.Theyareessentialfor thereduction
of the high costsassociatedwith PV. Using LP-CVD
ZnOamorphoussingle-junctionandmicromorphtandem
solar cells with the highly reliable glassyTCOyp-i-n
configurationwill definitely lead in the near future to
the productionof moduleswith reasonablyhigh stabi-
lized efficiencies (f8 or 10%, respectively, for the

single-junctionand for the tandemcase); consequently,
this very combinationwill permita significantreduction
in depositionprocesstimesandin materialcosts,leading
to attractivelylow costsfor modulemanufacturing($1y
W becomesa realisticandattainablevalue).p

Acknowledgments

This work is supportedby the SwissFederalEnergy
Office underResearch GrantNo. 100045.We thankDr
W. Thoeni from Glas Trosch AG for supplying AR¨
coatingsfor our glasssubstrates.

References

w1x S. Fay, S. Dubail, U. Kroll, J. Meier, Y. Ziegler, A. Shah,¨
Proceedingsof the 16th EU PVSEC(2000) p. 361.

w2x J. Bauer, H. Calwer, P. Marklstorfer, P. Milla, F.W. Schulze,
K.-D. Ufert, J. Non-Cryst.Solids164–166 (1993) 685.

w3x R.G. Gordon, in: C.E. Witt, M. Al-Jassim,J.M. Gee (Eds.),
AIP ConferenceProceedings,vol. 394.NRELySNL Photovol-
taicsProgramReview, AIP Press,New York (1997) p. 39.

w4x J. Meier, U. Kroll, S. Dubail, S. Golay. S. Fay, J. Dubail, A.¨
Shah,Proceedingsof 28th IEEE PVSC(2000) p. 746.

w5x J. Meier, S. Dubail, S. Golay, U. Kroll, S. Fay, E. Vallat-¨
Sauvain,L. Feitknecht,J. Dubail, A. Shah,Sol. Energ. Mater.
Sol. Cells 74 (2002) 457.

w6x A.V. Shah,J.Meier, L. Feitknecht,E. Vallat-Sauvain,J.Bailat,
U. Graf, S. Dubail, C. Droz, Proceedingsof 17th EU PVSEC,
Munich (2001) p. 2823.

w7x J. Meier, J. Spitznagel,S. Fay, C. Bucher, U. Graf, U. Kroll,¨
S. Dubail, A. Shah,Proceedingsof 29th IEEE PVSC, New
Orleans(2002) p. 1118.

w8x D. Fischer, S. Dubail, J.A. Anna Selvan,N. PellatonVaucher,
R. Platz, Ch. Hof, U. Kroll, J. Meier, P. Torres,H. Keppner,
N. Wyrsch, M. Goetz, A. Shah,K-D. Ufert, Proceedingsof
25th IEEE PVSC,Washington,DC (1996) p. 1053.

w9x K. Yamamoto,M. Yoahimi,Y. Tawada,S. Fukuda,T. Sawada,
T. Meguro, H. Takata, T. Suezaki,Y. Koi, K. Hayashi, T.
Suzuki, M. Ichikawa, A. Nakajima, Sol. Energ. Mater. Sol.
Cells 74 (2002) 449.

w10x K. Yamamoto, A. Nakajima, M. Yoshimi, T. Sawada,S.
Fukuda, K. Hayashi, T. Suezaki,M. Ichikawa, Y. Koi, M.
Goto,H. Takata,Y. Tawada,Proceedingsof 29th IEEEPVSC,
New Orelans(2002) p. 1110.

w11x K. Yamamoto, A. Nakajima, M. Yoshimi, T. Sawada,S.
Fukuda,T. Suezaki,M. Ichikawa,Y. Koi, M. Goto,H. Takata,
T. Sasaki,Y. Tawada,Proceedingsof Third World Conference
on PhotovoltaicEnergy Conversion,Osaka,in press.

w12x R. Platz,D. Fischer, C. Hof, S. Dubail, J. Meier, U. Kroll, A.
Shah,Mat. Res.Soc.Proc. 420 (1996) 51.

w13x R. Platz,D. Fischer, S. Dubail, A. Shah,Proceedingsof 14th
EC-PVSEC(1997) p. 636.

w14x S. Golay, J. Meier, S. Dubail, S. Fay, U. Kroll, A. Shah,¨
Proceedingsof 28th IEEE PVSC(2000) p. 1456.

w15x H.J. Glaser, ‘Large AreaGlassCoatings’(1999) ISBN 3-00-¨
004953-3.

w16x S. Guha, Proceedingsof 13th SunshineWorkshop on Thin
Film SolarCells; TechnicalDigest,Tokyo (2000) p. 25.

7


	Potential of amorphous and microcrystalline silicon solar cells
	Introduction
	Experimental
	Results and discussion
	Amorphous silicon p-i-n cells
	Micromorph silicon tandem cells
	Intermediate reflector in micromorph tandem cells
	Amorphous silicon modules
	Micromorph tandem modules

	Conclusions
	Acknowledgements
	References


