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Abstract. “Micromorph” tandem solar cells consisting of
a microcrydalline silicon bottomcell and anamorphousil-
icon top cel are consderedas one of the mog promising
new thin-film silicon sdar-cell conceps. Their promise lies
in the hopeof simultaneousy achieving high corverson ef-
ficienciesat relatively low manufcturingcosts.The concept
was introducedby IMT Neuchéel, basedon the VHF-GD
(veryhigh frequeng glow dischaige)depostion method.The
key elementof the micromorphcel is the hydrogenagd mi-
crocrystalline silicon bottom cell that opens new persgectives
for low-temperaturehin-film crydalline silicon technology
According to our preentphydcal undersanding microcrys
talline silicon canbe consideredto be much more complex
and very different from an ideal isotropic semiconducbr.
So far, stabilizedefficiencies of about12% (10.7% indepen-
dently confirmed could be obtained with micromorph sdar
cels. Thescopeof this paperisto emphaszetwo aspect: the
first one is the complexity and the variety of microcrystalline
silicon. The secand aspectis to point out that the deposition
parameteispaceis very large and mainly unexploited. Never-
theless, thereallts obtainedare very encouragig and confirm
that the micromorph concep hasthe potertial to come close
to therequiredperformancecriteriaconcerningprice and ef-

ficiency.

The justification of worldwide, intersified researchon thin-
film solar cells is not basedon a lack of successin the
efficiency performarce of wafer-basedsilicon or GaAstech-
nologies It is based on a lack of hopein the cog reducton
potenial of waferbasdtechnobgy. Indeedjn orderto ren-
der photovoltaics a competitve enegy sourcein future, it
is imperatve to adoptthe approachof low-cod solar cels.
However, the abandoningof the “safe” wafer, with its phe-
nomendly highdiffuson lenghsof hundredsf micrometrs,
hasso far been,without any exceptions always accompa-
nied by a significantloss in efficiengy. The efficiency drops
down to lessthana half, whencomparedo the recordeffi-
cienciesof 24% achieved with wafers[1]. Nevertheless,the
attraction of al thin-film concepsis basedon the factthatthe
(generdly expensve) semiconducbr can herebe deposted

directly onlow-costlarge-areasubstrateg-urthermoreijn all
thin-film conceps, the cel mug not be self-supporing and
its thicknes canthereforebe choseenbasd on the aborption
requremens.

Thin-film solar cels basd on compoundsemiconducbrs
suchasCdTeandCu(ln, GaSe (CIGS), have attractedmuch
attention in the pag due to the remarkabé work of mary
groups[2—4]; silicon-basd thin-film solar cells were until
recentlyexclusively limited to actiities relatedto amorph-
ous silicon (a-Si:H). Amorphoussilicon technologyhasnow
acheved an indugrial level [5,6] and is economcaly com-
petitive, contributing therehy to a reduction of the price per
Wp. However, a-Si:H has dways beenassaiatedwith low ef-
ficiencies and with further efficiency lossesduring operation
due to the Staeber-Wronski effect (SWE). Still, the low de-
postion temperaturef around200°C andthe applicationof
themonolithic seriesconnectiortechniqudor modulemanu-
facturing [6,7] were generdly consderedaskey featiresin
orderto obtain low manufcuring cods.

Pdysilicon materialdeposited at high temperaturesby the
CVD processis basicallylimited by the difficulty in finding
low-cod subdratesthat have, on onehand,the samethermal
expansion coefficiert as silicon, and on the other hard, do
notcontaminate the growing layer[8]. FurthermoreCVD or
PECVD processegor the deposition of thin crystalline sili-
con layerswill in general leadto layers with gap statesand
defecs at the grain-boundaryzones Thes gap statesact, as
recombinatiorcenters,and, furthermorethey screenthe in-
terral electricalfield necessaryor carrier calection within
p-i-n-type sdar cells [9]. In particular, for sdar cell appli-
caions theratio of collecion lengh to cel thicknes (given
by the absorption requremensg) mud beaslarge as possible.
Note thatdueto the mary grainsand grain boundarespresent
in crystalline thin-films this ratio appearsat first sight to be
less advantageougor polyslicon thanfor amorphoussilicon;
herebytheparicularly strongabsrption of a-Si:H overcom-
penstesthe poorelectronicquality of this material.

Hydrogenated microcrystalline silicon (pc-Si:H) was
originally introducedby Vepreket al. [10-12] andis nowa-
daysgenerdly obtainedby a PECVD procesusingamixture
of silaneandhydrogenDueto its efficient doping properies,
both for n-type aswell as p-type material,juc-Si:H was from
the beginning succesfully usedasohmic contactlayersin so-



lar cells and in thin-film trarsistors. To use microcrystalline
silicon alone asanactive absorber layerin sdar cellswas, due
to therea®nsmentonedabove, for mary yearsnot serioudy
taken into accountor solar cell applicaions

Recently threedifferentapproachesiave shovn experi-
mertally shown that microcrystalline silicon canindeedbe, if
suitably deposted, a veryinteresing acive absorbermaterial
for phobvoltaic solar cels:

1. TheVHF-GD (very highfrequeng glow dischaige)tech-
niguepioneereddy IMT Neuch&g¢l [13] was the method
which demanstratedfor the first time the deposition of en-
tirely microcrystalline cellsin p-i-n andinvertedn-i-p
structures with reasmable efficienciesat 200°C depos-
tiontemperatre[14—-21]. Usinga p-i-n structure AM1.5
efficiencies of 8.5% could recentlybe achiered [20,21].
A review on the state of the art and the milestonesof this
VHF approachformsthe objectivesof this article.

2. A further succesful approachon c-Si:H-basedsolar
cells was achieved by the researcherof KanekacCo.
Ltd. [22]; this groupusesa PECVD proces at subgrate
temperatiresof about500-550°C. Here,cell efficiencies
of 10.1% were recentlyreportedfor a 2-pum-thick thin-
film silicon cell.

3. The third approachfor jc-Si:H sdar cell deposition is
congtitutedby the catalytic CVD or “hot wire” techique.
However, sofar thesucces$erewaslimited at leastas far
asrealltson solar cels areconcerned23-25].

Thus, the VHF-GD processplays a favorale role in the
depogion of hydrogenatednicrocrydalline silicon at low
substratetemperaturesand this is presumably due to the fol-
lowing reasms:

1. At agivenpower dissipaied into the plasna, the peak-b-
peakvoltage at the electrodesis strongly reducedunder
VHF condtions as comparedto 13.56MHz. A lower
peakto-peakvoltage is alsoanindication of alowerion
peakenegy[26,27].n otherwords,thecritical threshold
enegy for defectformationin the growing Si-layer due
to bombardmenby Sit ionsor ionizedsilaneradicals, is
reduceddy the use of VHF plagnacondiions[28—30].

2. The higher electron dersity in the VHF plasmacauses
both enhancedsilane dissociation and higher hydrogen
dissociation;the latter givesrise to an increasedatomic
hydrogerexpoaureof thefilm surfaceand,by that, anin-
tendfiedgrain-boundarypasivation.

3. Theenhanceddepo#ion ratedueto the pronouncedlis-
scciation of silane allows a reduction of unwarted con-
taminansin thegrowing film [31-33].

In Sect.1 of this articlearematerialisstesand deposition as-
pectsof nc-Si:H summarizedSect.2 describeghe stateof
the art of pe-Si:H single-junction solar cells. Section 3 gives
the presnt state of researchon micromorphtandem cels
in comparism to other low-temperature-deposited crystalline
silicon-basedsolar cells.

1 Microcrystdline silicon thin films

1.1 Midgapmaterial (intrindc layerswith Fermi level Ef at
midgap)

As-deposited intrinsic microcrystalline silicon tends in gen-
eralto have a n-type characterThis was alreadydescribed
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Fig. 1. Correlation between the activation energy of the dark conductivity
and the oxygen concentration jire-Si:H thin films [15]

by Veprek et al. [34]. The origin of thig-type character
was attributed either to the large amount of defects or to
the large amount of oxygen incorporated in these films [34—
37]. However, by the addition of small quantities of boron
it was possible to compensate thisype character, and, to
push the Fermi level to midgap [14, 16,17, 35, 37], achiev-
ing thus, efficiencies 04.6% in a single-junctiorp-i-n solar
cell [14]. This technique was called the “microdoping” tech-
nigue; it was found to be technically extremely delicate, both
in its reproducibility with respect to obtain the desired midgap
character of the material. What is surprising, however, is the
fact, that theaddition of further impurities (boron) improves
the efficiency of the solar cell. One therefore has to conclude
that the midgap character of the base material is of primary
importance rather than the concentration of (certain) impuri-
ties. In order to check the origin of thetype character of
as-grownuc-SicH, in a further step the oxygen incorporation
was reduced by using a gas purifier during deposition (pu-
rifying technique [15, 31-33]). Thereby, layers with midgap
character could be obtained provided the oxygen contamina-
tion was low; this implies that the formation of defects that
cause an-type character in the growingc-Si:H layer is ei-
ther nonexistent or very low (at least foc-Si:H grown by the
VHF-GD).

Figure 1 summarizes these results [15]: The midgap char-
acter was monitored by measuring the activation en&:gy
of the dark conductivity (for midgap materi&lc; should be
half of the energy gap). The activation energy could be clearly
linked to the concentration of active oxygen impurities and
also to the efficiency of the solar cells (see also Fig. 6). Thus,
it can be concluded that the midgap character is one of the
key requirements fouc-Si:H absorber layers with respect of
carrier collection ofp-i-n solar cell.

1.2 Optical properties

For solar cell applications, as mentioned before, the collec-
tion length (i.e. the carrier drift anidr diffusion lengths) must

be larger than the thickness of the cell (the thickness of the
cell, being in its turn, determined by the penetration depth of
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Fig. 2. Apparent absorption ofic-Si:H in comparison with the absorption Fig. 3. X-ray diffraction pattern of layers deposited at a fixed dilution ratio

of a-Si:H, of monocrystalline Silicon (c-Si) and of multicrystalline silicon of 7.5% of silane into hydrogen plus silane. At a low VHF power level of 20

(mc-Si) [38] W the morphology is amorphous, but at higher VHF power we can clearly
see an onset of crystalline growth, according to [28]

light, particularly for photon energies close to the energy of

the gap). The typical absorption spectrum of microcrystallinéSEM (scanning electron microscopy) investigations [28]. The
silicon in Fig. 2, as measured both by PDS (photothermal demorphology of the films in terms of crystalline orientation
flection spectroscopy) and by CPM (constant photocurrerdould be modified in a wide range, by varying of deposition
method), shows clearly that the optical energy gapm$i:H  parameters, as shown in Fig. 3 for example. In another series
is somewhere arountleV. This observation gives rise to the of deposition, at a dilution &% silane in hydrogen, the [111]
conclusion that the absorption of microcrystalline silicon isdiffraction peak was found to be completely suppressed [28].

closer to that of wafer-based3i-[38] or to that of silicon We may conjecture that for solar cell applications the
on sapphire (SOS) and very different from that of amorphougleal case would be the total suppression of grain-boundaries
silicon (aSi:H). parallel to the substrate. In such a case the detrimental effect

VHF-GD-deposited microcrystalline silicon clearly has of internal barriers and potential fluctuations [9] which give
an enhanced apparent absorption as compared to wafer-bases to enhanced bulk recombination @adfield losses could
silicon or epitaxially grown silicon on sapphire (SOS). An be avoided. Looking at such a desired columnar structure and
explanation for this effect was given by Vanecek et al. [39]the results so far obtained, one may suggest that VHF-GD is
The enhanced apparent absorption of typical VHF-deposited suitable method permitting one to come close to this ideal
uc-Si:H layers is mainly due to the scattering of light at case.
the as-grown “rough” surface of the layers. In a more re- Figure 3 demonstrates, that in contrast to amorphous sili-
cent work [40], this scattering effect could be artificially con, microcrystalline siliconyc-Si:H) has a wide variety of
suppressed by a subsequent film polishing step; the reducedssible structural appearances. There is not just a standard
absorption of polishegic-Si:H thereby obtained is compa- form of pwc-Si:H, there is a large field of different forms of
rable to that of SOS material; thus this experiment can bec-Si:H materials to be explored. Today we are just beginning
considered as the proof that the enhancement of the appard¢atunderstand the nature of this semiconductor.
absorption is indeed mainly due to surface roughness. Note,
that this surface scattering effect is, in fact, crucial for thin-
film solar cells because an increase in apparent absorptidn4 Deposition rate of microcrystalline silicon
means that thinner-layers can be used; this has three ad-
vantages. First, the deposition time of the absorber layer i our initial statement it was argued that requirements of
reduced. Second, the material input is reduced. Third, a betrodern thin-film solar-cell concepts have to take into account
ter ratio between the collection length and the cell thickness isconomic aspects for device manufacturing rather than only
established. In other words, a thinner absorber layer has a diigh-efficiency objectives. Hence, already at the laboratory
ect impact on both cell efficiency and on the fabrication costsstage, a process with a high deposition rate is imperative. The
This fact lets hydrogenated microcrystalline silicon becomemportance of the deposition rate fpc-Si:H is illustrated
the bridgebetween two technologies: between conventionain Fig. 4. Note that &-pum-thick pc-Si:H solar cell requires
crystalline silicon technology and amorphous silicon largemore tharb h of deposition time if a conventional glow dis-

area thin-film technology. charge process d13.56 MHz is used (rate< 1A/s). This is
definitely too long at the throughputs needed for solar cell
1.3 Morphology manufacturing.

Different processes show promise that very high depo-
The preferential columnar growth along the [220] crys-sition rates for thin-film crystalline silicon can be achieved:
talline direction could be identified by X-ray diffraction and hot wire experiments revealed deposition rates of crystalline
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as generally used for PECVD. Other approaches using a:== / b4
discharges (plasma torches) also showed high depositicg 6 - 40 &';
rates [41]. However, such highly confined plasma discharge:= / 30 ;
are generally not directly transferable to large-area solar moE 4 =
ule manufacturing. Furthermore so far no solar cells with= : 120
rersonable efficiencies (not even small areas) have been cg 2 |- 4 IU_O_
tained at these high rates neither with hot-wire deposition nc
Using the VHF-GD technique it is also possible to achieve 3 25 2 15 1 05

high deposition rates farc-Si:H. In one approach, one can b) OES-ratio SiH*/H
use of the so-called metastable-quenching effect of argc..
in SiHs/H, plasmas; thus, an additional dissociation chan¥ig. 5. aDeposition rate of.c-Si:H as a function of the applied VHF power
nel can be opened and the deposition rate hereby increasgdiC B e o0 et E T ver. and the OES emission ine rato
up to lQA/S [42]' More recent experiments were base.d OrPith the phase Ltjransition 7from BiH th)) uc—éi:H [45]. The dilution ratio is
an earlier study by Matsuda et al. [43] who had pointediyeq at7.5% (ratio of silane into hydrogen plus silane)
out the beneficial role of enhanced plasma powerfor
Si:H formation. Using this approach, deposition rates upto
16A /s could be achieved at plasma excitation frequencie® Microcrystalline-silicon-based solar cells
of 130 MHz [28,44]. The underlying mechanisms are as
follows: 2.1 General statements

Using a high concentration of silane in hydrogen for the
deposition leads, on one hand, to amorphous silicon growtlin Sect. 1.1 it was pointed out that the midgap character of
on the other hand, more radicals are also available for théhe puc-Si:H absorber material constitutes a necessary condi-
rapid growth. At sufficiently high plasma power, a phasetion for obtaining “solar-grade” material. The link between
transition from aSi:H to pc-Si:H occurs (Fig. 5a). Hereby, the detected residual oxygen impurity level in the intrinsic
high-quality pc-Si:H could be obtained at high deposition layer and the spectral response of entigetySi:H p-i-n solar
rates [18, 28, 44]. Figure 5b shows the ratio of the OES (opeells is shown in Fig. 6. High oxygen concentrations give rise
tical emission spectroscopy) lines 8fH* (412 nn) and of to alossin the electric field sustaining carrier drift and by that
atomic hydrogen at666 nm) as a function of the dilution to an enhanced bulk recombination which can be observed
level and of the VHF power [28, 45]. It can clearly be seenas an accentuated decrease of the spectral response at long
that the effect of both dilution and of VHF power on the wavelengths. The techniques proposed in Sect. 1.1 for obtain-
a-Si:H/jc-SizH transitions can basically be monitored by theing midgap material (compensation and purifying) could both
SiH* to H, ratio. Apart from high deposition rates, the VHF- be successfully applied to improve the red-light photocurrent
GD process has, in contrast to the above-mentioned depoellection [14—17].
sition techniques, the advantage of being applicable also to Note that thanks to the smaller bandgapuofSi:H when
larger substrate sizes of up to 8@0 cm[46]. The implemen- compared to &i:H and due to the enhancement of its “appar-
tation of uniform deposition of thin-film silicon by VHF-GD, ent” absorption when compared to monocrystalline-silicon
onto even larger areas with higher plasma excitation frequerfe-Si)-based cellsuc-Si:H solar cells can generate, even
cies is an important R&D issue. at a thickness 0B.5um, photocurrent densities of around
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Fig. 6. Comparison of the spectral response (at zero bias voltage) of two erfig. 7. Comparison of the normalized efficiency of an amorphous and
tirely wc-Si:H cells: one produced with a feedgas purifier and one withouta microcrystalline silicon cell, which were light-soaked under extreme con-
a purifier. The thickness of both cells 288 um [15, 17] ditions [14, 17]

Table 1. Best values of the parameters of single-junctianSi:H solar cells IS on_e of the most |_mportant ?‘Sp_eCts. }mTSI:H cells an.d
obtained so far by IMT Neuchatel [20, 21] pc-Si:H-based cells; it has also its implications for the micro-

morph cells described below.

Quantity Celll Cell2 Cell3 Cell4 Cell5 Cell6 Cell7

2.2.2 Chemical stability.Individual pc-Si:H thin films may
rJz/"/r;mA/sz 2;; Zg-g 271; 2%-12 282-59 138-24 147-49 show as a function of the deposition conditions a pronounced
FSFC}% 679 682 711 68 698 305 418 post-oxidation [47_, _48] that gives rise to an increase in the lat-
Voc/mV 448 483 503 512 531 568 592  eraldark conductivity. However, such an effect could never be
observed in entire solar cells [19]. It can be assumed that the
doped layers in the solar cell configuration protect the intrin-
sic layer of the cell from such post-oxidation. Note, that even
26 mA/cn?, and this without fully optimized light-trapping. after more than one year of air exposurgquatSi:H cells no
The best results so far obtained at our at our laboratorgeduction in cell performance was observed.
with entirely pc-Si:H-based solar cells are summarized in
Table 1 [20, 21].
The Jsc data of Table 1 are consistent with the absorp-3 “Micromorph” solar cells
tion measurements of the material (see Fig. 2). Regarding the
open-circuit voltage, one has at present no clear experime3-1 General aspects
tal evidence for what exactly causes either the high values
of close to600 mV or the low values o850 mV. The inter-  The combination of an amorphous silicon top cell with a mi-
face passivation techniques that have been carried out, did naocrystalline silicon bottom cell to form a stacked tandem
allow us to develop so far a consistent model aboutMbe cell, is called the micromorph cell. In Fig. 8 a SEM cross sec-
limiting mechanisms inuc-Si:H solar cells. Nevertheless, as tion of a micromorph cell is shown.
Table 1 points outVoc values as high as 592 are basically The two different gap energies involved in the micro-
possible. On the other hand, the best fill factor values of abouhorph tandem cell of the top and of the bottom cell make
70% so far obtained (at loweYoc values) are quite satis- a striking difference to the well-known double-junction
factory. However, the different experiments that have been-Si:H/a-Si:H tandem cell. The concept of superposing two
carried out until now, could not furnish as yet a sample witha-Si:H cells is based on the reduction in the Staebler—Wronski
all solar cell parameters being optimized simultaneously. effect that can be obtained by keeping each individdayer
as thin as possible and not on a better utilization of the solar
spectrum.
2.2 Stability In Fig. 9 a comparison of the spectral response curves and
in Fig. 10 of thel — V characteristics of both types of tandem
2.2.1 Light-soaking. Entirely microcrystalline-silicon solar cells is represented.
cells are stable under light-soaking conditions [14,17]. Fig- Whereas the double-junction concept foSig- cells is
ure 7 displays the experimental conditions and the results oluseful for reducing light-induced degradation, one clearly
tained forc-Si:H solar cells, in comparison with those for an sees in Fig. 9 that the micromorph tandem cells offer fur-
amorphous silicon solar cell. Whereas the latter one degradéser the possibility of better utilization of the sun spectrum
under sodium light of 6-sun intensity by abd@®o, thepc- — a possibility that is also realized with %i:H/a-SiGeH
Si:H cell remains completely stable even under 10 suns. Thistacked cells, yet to a larger extent, as it is so far not possible
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Fig. 8. Scanning electron micrograph (SEM) of the cross section of a mi-F'g' 10. Comparison of thé — V characteristics of a double-stackedeH

cromorph tandem cell deposited GmCy-coated glass tandem cells and of a micromorph tandem cell [16]

1 via a new stable bottom cell into the thin-film silicon scenario,
I ] the stability of the amorphous silicon top cell remains still the
crucial topic.

For enhanced stability of the@iH cell many approaches
have been investigated in the past. The most promising of
them are the use of hydrogen dilution [49-51] and the hot
wire deposition technique [52, 53]. As an example for the use
of such approaches, Table 2 compares two micromorph tan-
dem cells with incorporating hydrogen diluted and undiluted
a-Si:H top cells afterl000 hof light-soaking.

The relative stability of the first type of top cell$if
dilution) is generally improved, but the reduced absorption
(higher band gap) of such hydrogen-dilutesiigd layers lim-
its the photocurrent of the top cell, and by that the current and

: R the stable efficiency of the entire micromorph tandem cell.
400 600 800 1000 The relative stability of the second type of top cell is gen-
Wavelength [nm] erally worse, but the enhanced absorption (lower band gap)
Fig. 9. Comparison of the spectral response of a double-stackgidHatan- increases the photocurr(_ant of the entire ta,”dem cell leading to
dem cell and of a micromorph tandem cell. Note that the red spectrabetter absolute stable micromorph cell efficiency.
response of the micromorph cell is strongly extended towards long wave- Table 2 summarizes the best results that were obtained
lengths [16] under outdoor conditions and compares them with measure-
ments performed at an independent calibration laboratory
(ISE-FhG).
to obtain low enough band gaps with device-quality amorph-
ous silicon—germanium alloys.

°©
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© ©
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Table 2. Parameters of stabilized micromorph tandem cellB0Q hlight-
soaked) measured at the ISE-FhG and under outdoor illumination of
93-95 mWj/cn? (clear sky conditions in Neuchatel at the 9th and 21st
of July 1997). The givenJsc values are normalized tb00 mW/cn? for
The stablgic-Si:H bottom cell contributes to a better stabil- comparison

ity of the entire micromorph tandem cell under light-soaking:
It could, in fact, be shown that the light-induced degradaQuantity Tandem cell A Tandem cell B
tion of the micromorph cell is due to the amorphous top cell
alone [17]. In a first attempt to a further increase in stable ef-

3.2 Stability and state of the art of the cell performance

ISE-FhG Freiburg outdoor &5°C  outdoor at25°C

ficiency, one can use a thicker bottom cell that could delivedsc/mA/cm? 11.9 12.6 135
an enhanced photocurrent without running itself into stabil-\F’gC/V 62-?“ 6%-343 6;-284
ity problems. However, due to the required current matchin%/% 107-£0.7 113406 120406
the thickness of the top cell must be increased as well, which

leads again to stability problems. Note that despite the fa® H,-diluted aSi:H top, 0.21 um
that the concept of a micromorph solar cell brings progres® undiluted asiH top, 0.32um



3.3 Tenperature coeficients of micromorph solar cels

For the assessmerdf new solarcell conceptsa furtherkey
quegionis: how mary kWh peringalled W, canbeobtained
by correponding solar modules throughoutthe lifeime of
the solar cell (the lifetime canbe assumedo be 20yearsfor
mod solar cell concepty. Becaus mod solar moduleshave
in practiceto operateatrelatively high temperatues,the tem-
peratrecoeficientis, besdethecel andmodukefficiencies
a key parameterThetemperatureoeficientsof c-Si (wafer
basd) cels, CIGD [54], and a-Si:H cellsaredocumentd.
Investigatingthe temperaturecoefiicient of pc-Si:H and
micromorphcels onefinds thatthe temperatire coefficient
of the Voc and Jsc values are quite similar to those found
in c-Si cells, whereaghe temperatureoeficientsof thefill
factor (FF) are clearly reducedfor micromorphand micro-
crystallinecells,in particdarfor those juc-Si:H cellsthathave
a high Voc vaue (> 500mV), as documergd in [20]. In
Figs 11a,bthetemperatre behaior of the differentsolar cell
parameterarenormalizedo thevaluesmeasureat25°C.

1.1

0.8

Values normalised to 25 °C

0.9

ADA

N normalised to 25 °C

micromorph

c-Si
L L L L Lo
20 40 60 80
Temperature [°C]
Fig.11ap. Temperature coefficient nomalized to 25°C of the parametes
of micromorph tandemcells in function of cell tenperaturein conpari-

son with those of crystalline and amorphoussilicon: a Jsc, FF, and Voc;
b Efficiency
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Based on Fig. 11bonecanconcludethat the temperatre
coeficientof themicromorphcell efficieng lies betweerthat
of c-Si andthatof aSi:H cells. The relatively low value of
this temperatureoefficient make micromorphcells a favor-
able cardidate for example for building integration of PV
thin-film sdar cells, especially in those caseswvhereno spe-
cial aerationof the facadecanbe providedto keepthe tem-
peratureof thecell relatively low.

4 Problemsto overcome and outl ook

As discussedabove, micromorph silicon sdar cellsare*real”
tandem cells consisting of two absaber materialswith two
differentgap energies.For all tandem solar cellsthe so-called
phobcurrentmatching betwveentop and botom cel isimper
ative, in orderto get the maximum power out of the cel. For
micromorphcels, however, thedifferencen gapeneigies be-
tweentop and bottom celsis pronouncedpamely about1 &/
for the uc-Si:H bottom cel and aboutl.7 &/ for the a-Si:H
top cell. Thus, the current-matchingroblem appearshere
underadifferentangle.

Due to the differencein gap eneies, the power gener
ation in amicromorphcell is by natureshiftedto the amorph-
oustop cell becauseof the differentopen-circuitvoltagesof
theindividualcels. Note, the powerfrom thetop cel islarger
by the ratio Voc(top)/Voc(bottom) (900mV/500mV) than
the power of the bottom cell. This is not anidealsituation be-
causethe top cell suffers from the StaeblerWronski effect,
whereasthe stable bottom cell sharesonly onethird of the
total generatedoower. In orderto achieve further improve-
merts of micromorph solar cells, the following conceps or
combination®f themmustberealized:

1. The Voc vaue of the bottom cell must be made as high as
possilde (such optimization, however, is “black art”).

2. An intermedate optical mirror betweentop and bottom
cell canbe implemented(seeFig. 12): this leadsto en-
hancedighttrappngfor thetop cel [55,56]. Thetop cel

17:” T T T T
s | g |
< 15 asi =
é r ]
_ 14F ]
c r .

Ut-’13: & /274/.
5 i ’V

S 12} / e
A = R |
o 11F ! ]
— [ [] a-Si pe-Si
7 1o o1 ;
© F a-éi pe-Si

97\\\

\Hu\HH\HH\HH\HH\HH\HH:

0 1000 2000 3000 4000
a-Si i-layer thickness [A]
Fig.12. Proof of conceptfor the implementation of an intermediate TCO
mirror betweenthe top and the bottom cell of a micromorph tandemcell.

Note that the current of the a-Si:H top cell can thereby be clealy in-
crea®d [55,56]



is therebykeptthinner(leadingto areducedSWE), but it
cangtill absorb enougHight, thanksto anopticalmirror.

3. Basically morestableamorphousilicon top cells should
be obtained— thisis asyet an unolved problemin spite
of intensie researcleffort.

4. Amorphougmicrocrystalline silicon (a-Si:H/pc-Si:H/
pc-Si:H) triple-juncion celscanbeimplemened; hereby
the currentmatching requremens over three individ-
ua cells shift the power gereratian towards the stabe
microcrystalline cells. Such triple-junction cells with
a dstable efficieney of 12% have been recently
demongrated[57].

The secand point congtitutesa promising new conce; first
resultscanbeseen.

All the above four points are the objecive of fur-
ther researchwork, and they contain in our opinion still
a lamge spacefor improvement in stable efficiengy. Fig-
ure 13 makes for exampke some preditions on efficien-
cies of micromorphcels if only the Voc of the bottom
cell is varied. The other solar cell parametersthat have
beenasumed for Fig. 13, are the following: Voc(top) =
900mV, total fill factor FF = 73% and a total Jsc of
26mA/cn?.

Figure 13 also summarkzesthe preent state of micro-
crystalline/amorphoussilicon tandemcell resarchactiity,
including both VHF-GD-deposited cellsaswell asplasmade-
postion methodscarried out at highertemperaturegup to
550°C) [19,22,57,58].

Apart from the corversionefficiengy of the solar cells,
obtaining a high deposition rate is another key isste. This
isste will decide whether the micromorph sdar cell might
come into a region where its marufactuing becanes cost-
competitivein termsof theproductionthroughpubr not; this
guestionhasto be clarified in the early stageof laboratory
work.

Lighttrappng is a further important issue for ary thin-
film solarconcepbecausé helpsto keepthetotalabsorption
of the cel but at reducedab®rberthicknes. Lighttrappng

- —
14 Micromorph
initial
tandem a-Si/poly-Sifpoly-5i
12 13mAjem 3 @ (initial-stable) |
- il ® Kaneka
S stable® | L
s = pe-Si:H _—"‘
10 | Y ]
z 1 o
=1 5 * o * s
% 8 * ® poly-Si SPC
E 3 (10um) Sanyo |
= : poly-Si"STAR" i
6 QZIn?f.-!snz {3.5um) Kaneka
4 | #: 10.7%, H -dil. top, confirmed ISE-FhG
- 12%, undiluted top, outdoor measurement
0.3 0.4 0.5 0.6
V,c of single / bottom cells [V]

Fig. 13. Projectedefficiencies of single-junction pc-Si:H and micromorph
tandemcells as a function of the Voc of the pc-Si:H bottom cells, assum-
ing atotal currentof 26 mA /e, afill factorof 73% and a Voc of 900mV
for the aSi:H cells (lines). Symbolsrepreent experimentally obtainedre-
sults [21]
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allows furthermore to reduce the deposition time required
andit improves the ratio betweencollectionlengthand cell
thicknes. All these feauresareat present far from being op-
timized for the enire micromorphtandemcel and requre
furtherintensifiedresearch

Besidethe“classical’micromorphtandenstructurethere
are yet other multiple-junction solar cell concegs that be-
come interestirg to implemert with the help of microcrys-
talline silicon. One concep is the triple-junction combination
a-Si:H/a-GeH/uc-Si:H. Another one is multiple junctions
connectectlectricallyin parallelratherthanin series,assug-
gegedby Green[59]. Thes conceps openfurthernew possi-
bilities for stimuating research

5 Conclusions

Microcrystalline silicon is not just an individual new ab-

sorber material for solar cells, it contains a large mor-

phological variety as de<sribed by the so-caled Thorn-
ton diagram [60,61]. If one looks at the morphobgy of

microcrystalline silicon the concep of an ideal isotropic
semiconducbr mus be abandonedNevertheless, by vary-

ing the growth condtions stable efficiencies of 10% can
be achieved at depogtion temperaturesround 550°C [22]

and of 8.5% a 200°C [20,21]. It trangires that the pa-
rameterfield for optimization of microcrystalline silicon,

as a function of its depogtion conditions (i.e. as a func-
tion of its postion in the Thornton diag.am) contains
not only one set of paramegrs but a large span of pa-
rameters.lt is a function of deposition temperature, pres-
sure, gas flows, the presenceand nature of the plasma
used for depostion. Photovoltaic resarchis at the mo-
mert just startirg to exploit thin-film crystalline silicon as
an absorbermaterial. Micromorph solar cells improve the
stable efficiency of amorphoussolar cels due to a bet

ter utilization of the sdar spectrum; stable efficiencies
of about 12% could be achieved with further potertial

for improvement. Nevertheless)aboratoryresearchhas al-

ways also to be aware of indudrial requremens, and
here the efficieng/ is only one of the issues All depos$

tion methods of thin-film solar cel conceps have to ful-

fill demandsfor large-areamanufacuring at low produc-
tion cods. Thereis indeedhope that the thin-film micro-

morph solar cell conceptdescribedin this papercan con-
stitute a link betweenhigh-efficiency silicon sdar cells in

form of wafers (that are too expensve) and the poten-
tially low-cog amorphousilicon technologywith presntly
low efficiencies.On can argue [62] that the micromorph
concepthas the potential to becomethe conceptfor the
next generaon of thin-film solar cels, in view of its po-
tential for high efficiency and low cod. One may also

menton in this context the requremens of high relia-

bility and of reduction in process energy and material
flow.
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