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Abstract

The casefor thin-film silicon as one of the main future options for cost-effectivephotovoltaicsolar cells is outlined. The
limitations of presentamorphoussilicon (a-Si:H) solar cells are briefly mentioned.Hydrogenatedmicrocrystalline silicon (p.c-
Si:H) depositedby PECVD (plasma-enhancedhemical vapor deposition at low substratetemperatugs (appox. 200 °C)
constitutesa new and additional possibility for solar cells. Propertiesof intrinsic w.c-Si:H layers depositedby PECVD at VHF
(very high frequency excitationfrequenciesre listed, togetherwith the necessargonditionsfor obtainingdevice-gradenaterial.
Performance®btainedso far with w.c-Si:H solar cells are given; the latter are compaed with estimatedimits for pn- and pin-
type deviceswith E,=1.1 eV. Finally, presentperformancesind future perspectivegor ‘micromorph’ (i.c-Si:H/a-Si:H) tandem

solar cells are discussed.
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1. Introduction

For photovoltaic (PV) solar enegy conversionto
becomea substantiakcontributorto the generalproduc-
tion of electricity a massiveincreasein moduleproduc-
tion volume over the presentvalue of appioximately
300 MW,,/year is needed.Indeed, it is only at world
production levels in the order of magnitudeof 100—
1000 GW,/year that PV solar moduleswill have a
noticeableeffectin the substitutionof fossil fuels or in
the replacemenbf nuclearpower stationson a global
level. This will take, even at the presentimpressive
growth rateof appioximately +40%,/ year appioximate-
ly 2-3 decadesnore (Fig. 1). In the authors’view, it
is, therefore, necessaryo choosea PV cell technology
that can cater to such a massive production volume.
Waferbasedcrystalline silicon, with its relatively large
requirementsof ultra pure monocrystallineor polycrys-
talline silicon basematerial (10-20 tons per MW, of
solarcells) andits relatively high enegy paybacktime
(severalyearsfor Central Europeanclimate9, hadly
seemsto be a viable candidate. Even though this
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technology presently accountsfor over 80% of PV
modulesproduced,and eventhoughit hasin the past
two decadegontributedto a substantiadeceasein PV
module prices, its further price reduction potential can
be consideed to be relatively modest.Indeed, at this
moment,pricesof PV modulesfabricatedfrom crystal-
line silicon wafersare stagnatingat a level of appoxi-
mately US $4/W,, (Fig. 1).

Ther is, therefore, growing interestin thin-film PV
technologies [1].

Amongstthese cadmiumtelluride (CdTe) andcopper
indium (gallium) diselenide(CIGS) constitutetwo thin-
film optionsthathavegivenriseto considerablénterest,
especiallyas the correspondingperformance®f small-
size (appox. 1 cn¥ surfacearea) laboratorycells made
from thesetwo materialshave,in recent years,undef
gone remarkableimprovementand now reach conver
sion efficiency levels in the 15-20% range. Mass
productionof correspondingmodulesis, however only
graduallytaking off, andthis becausef severakeasons:
(1) lack of adequateindustrial/technological experi-
ence;(2) so far low productionyields; (3) production
hazads (especiallyfor CdTe modules; (4) necessity
for productionprocessest relatively high temperatues
(400-500°C); (5) additional problemswith substrates



and transpagnt contacts,as neededfor thesecells; and
(6) difficulties in passingthe ‘damp heattest’ required
of PV modules(especiallyfor CIGS). Now, many of

theseproblemsmay be consideedto betemporary(with

the exception possibly of the high procesgemperatues
and of the hazadous,toxic raw materialsinvolved). In

the long run, however basic materialavailability con-

stitutesan evenmore seriousproblem.Table 1 givesthe
figuresfor materialavailability, for variousPV materials,
asusedin thin-film solarcells.

It is quite evidentfrom Table 1 that at a future world
PV module level of 100-1000GW,/year both CIGS
and CdTe technologieswill run into seriousproblems
w.r.t. (with respectto) raw materialavailability.

Thus, the motivation for developinga high-perform-
ance, viable thin-film solar cell technology basedon
silicon, canbe clearly perceived.

A first attemptat creatingsucha thin-film solar cell
technologywas basedon hydrogenated amorphous sili-
con (a-Si:H).

Amorphous silicon solar cells are relatively cheap
(presentmodulepricesare appox. $3/W,), accountfor
10-15%of the world PV solarcell marketand havean
almost total monopoly for low-power ‘gadget’-type
applications(calculatorswatchestc). Laboratorycell
record efficienciesin excessof 13% (stabilizedvalues,
after light-induceddegradation havebeenachieved3],
using a triple-cell configuration and involving amor

Table 1

Material presencen earth’scrust[2]

Element Concentrationlppm]
Si Silicon 282000

Ga Gallium 19

As Arsenic 1.8

Cd Cadmium 0.15

In Indium 0.25

Se Selenium 0.05

Te Tellurium 0.001

phous silicon—germaniumalloys (a-SiGe:H. Corre-
spondingcommecial moduleefficienciesare, however
only appox. 6-8%, which is rather low for many
enegy-relevantapplications Amorphoussilicon hasthe
advantageof being depositedat relatively low substrate
temperatugs (180-300°C); thus, it allows for the use
of very low-cost substratessuch as cheaperforms of
glass, stainlesssteel, aluminium, and especially poly-
mers (polyimide, possibly also PET [4]). Deposition
times are still relatively long (appox. 30-60min for a
full a-Si:H cell), but could be further reducedby the
use of newer deposition techniques,such as VHF-
PECVD [5].

An important newcomerin the field of PV cell
materialsis plasma-deposited hydrogenated microcrys-
talline silicon (wc-Si:H). First pc-Si:H layers were
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Fig. 1. Pastand estimatedfuture evolution of PV world productionvolume and of PV module prices (at current $/W,), from Shahet al. [1],

completedwith new data.



depositedby Veprek andMaracekin 1968[6]. However
it wasonly in the early 1990sthat actualu.c-Si:H solar
cells were fabricated[7,8].

Pioneeringwork was done at IMT Neuchatel by
Flickiger et al. [9], Meier et al. [10] and Torres et al.
[11], resultingwithin a shorttime in the fabrication of
pin (or nip)-type p.c-Si:H solar cells with fully stable
AM 1.5 conversionefficienciesin excessof 7% [12].

The purposeof the presentpaperwas four-fold:

® to discusgthe requirmentsof intrinsic wc-Si:H layers
for their incorporationinto efficient pin/nip solar
cells andto describeresultsobtained,with this goal,
by VHF-PECVD;

® to give an indication on the performanceso far
obtainedfor p.c-Si:H pin and nip solarcells;

® to indicateestimatedimits for suchcells; and

® to outlinethe perspective$or so-calledmicromorph’
tandemcells,i.e. tandemsnvolving a microcrystalline
silicon (wc-Si:H) bottom cell and an amorphous
silicon (a-Si:H) top cell.

2. Intrinsic pc-Si:H layers for pin/nip solar cells
2.1. General list of requirements

Forintrinsic p.c-Si:H layersto be usefulin the context
of pin (or nip)-type solar cells, the following require-
mentshaveto be fulfilled:

(@) The materialshouldbe ‘truly’ intrinsic, with the
Fermilevel position Ex at midgap,i.e.:

Ee= 3 (EE) @

wher E. and E, denote the enegy levels of the
conductionand valenceband-edgesiespectively

As usual, w.c-Si:H layers have a pronouncedn-type
behavior this type of ‘midgap’ materialcanbe obtained,
either by low-level doping [7,9], or else,preferably by
a reduction in the inherent oxygen content of the
material [13] to values below 10'*° atoms/cm?®. The
Fermi level position can be monitored either by meas-
uring the dark conductivity activation enegy E.
(shouldbe higherthan 0.5 eV) or the dark conductivity
0 qak itself (shouldbe lower than10~¢ S/cm).

(b) The grain boundariesand other defectsshouldbe
well passivatedy hydrogen,resultingin defectabsorp-
tion at 0.8 eV of lessthan 3 cm™2, but preferably
considerablylessthan1 cm™~? (seealsoFig. 7).

(c) The layer surface should be rough (standad
deviation,S.D. oy Of surfaceroughnessas measued
by AFM shouldbe atleastappiox. 15 nm, but preferably
highep.

(d) Thecrystallinevolumefraction ¢. shouldbe 70%
or more.

Using VHF-PECVD at plasmaexcitationfrequencies
of 70-200MHz, and subjectingthe input gas mixture
(SiH, andH,) to a SAES gettertype gaspurifier [14],
the following layer characteristicare routinely obtained
by our group [15]: E,>0.4 €V: 04<10"° S/cm;
a(0.8 eV) <3 cm Y, o e >10 nm; @ >70%, at gas
phaseratios [SiH,] / ([SiH,] + [H,]) of 5-7%.

2.2. [16,17]1Variety of microstructures observed in
PECVD-deposited c-Si:H

Unlike monocrystallinesilicon or evenunlike amor
phous silicon (a-Si:H), microcrystalline silicon is a
highly complexmaterialthat cantake on very different
microstructuralforms, dependingupon the exactdepo-
sition conditions.Only certainforms of microcrystalline
silicon are suitablefor solarcells. This hasalreadybeen
extensivelytreatedby the authorsin a previouspaperat
the E-MRS Symposiumin 1999 [16], where conditions
were detailedw.r.t. intrinsic devie-quality wc-Si:H as-
depositedby VHF-PECVD. Fig. 2 schematicallyindi-
catesthelarge microstructuralvariety observedIt would
seem that the best solar cells are (so far, a leas)
producedwith thoseintrinsic p.c-Si:H layers,which are
depositedat depositionconditionsnear the p.c-Si:H/ a-
Si:H phasetransition. Details of HR-TEM (high-reso-
lution transmissionelecton microscope observations
on p.c-Si:H layerscanbe found in Vallat-Sauvainet al.
[17].

Note that the type of wc-Si:H layers deposited
dependscritically on the underlying layers and/or on
the substrateused: microcrystalline layers depositedon
glass or an amorphoussilicon tend to have a larger
amorphousvolume fraction than those depositedon
underlying crystalline material (see, e.g. [18]). The
initial growth phaseof a microcrystallinelayer is espe-
cially delicateandis currently understudy [19].

3. Microcrystalline silicon (nc-Si:H) solar cells of
pin/nip-type

3.1. Results currently obtained

Fig. 3 showstypical J/V characteristicof a ‘good’
p-i-n type p.c-Si:H solar cell, as currently fabricatedby
our laboratory;Fig. 4 showsthe correspondingspectral
responsecurve, as compaed to the spectralresponse
curve of a typical a-Si:H solarcell.

The performanceof a wc-Si:H solar cell can be
characterizedby three solarcell key parameters:

® Short-cicuit current densityJsg,
® Open-cicuit voltage V¢, and
® Fill FactorFF.

At leastsix laboratoriesvorldwide are in the process
of producing,at present,'state of the art’ w.c-Si:H solar
cells:
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Fig. 2. Variety in microstructure of hydrogenated microcrystalline sili€ao-Si:H) VHF-PECVD, 70 MHz, samples deposited on gléfem

Shah et al[16] and Vallat-Sauvain et a[17]).

IMT Neuchatel(CH);
Forschungsanstalt JulidiD);
ECD (USA);

Canon(J);

ETL (J); and

Kaneka(J).

As for theshort-circuit current density Jsc, the values
obtained are in the range between 20 and 30/@#?,
depending upon i-layer thickness, and especially on the
light-trapping scheme within the solar cell also.

The open-circuit voltage Vo Of pc-Si:H cells had in
the first cells been approximately 350-400 mV, but

presently values between 520 and 560 mV are obtained

by virtually all laboratories mentioned abové/sc
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Fig. 3. TypicalJ/V curve for a microcrystallin€u.c-Si:H) single junc-
tion solar cell, as fabricated at IMT Neuchatel.

depends surprisingly, to a large extent, on the silane
hydrogen gas phase ratio used for i-layer depositions:
High Voc-values are obtained for cells deposited near
the wc-Si:H/a-Si:H phase transition boundatfig. 5):
This is, so far, a necessary but insufficient condition for
a high Voc. The p/i interface (through which light
enters into thewc-Si:H cell) is another critical factor.
Further research is under way hdsee alsd18,19).

Fill Factors (FF) currently obtained for begtc-Si:H
cells are between 70 and 77%. The fill factor FF is a
complex parameter: it depends essentially on three
quantities that can be identified in the electrical equiv-
alent circuit of a pin solar cellFig. 6):
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Fig. 4. Typical spectral responses of single-junction pin solar €als
Si:H andp.c-Si:H solar cell3.
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Fig. 5. Open-circuit voltag®, for a large number of single-junction solar cells

w.c-Si:H pin solar cells deposited at IMT Neuchatel, from Meier et al.
[20].
The laboratory record efficiency for a wafer-based

1. the series resistand®; should be minimized; high  crystalline silicon(c-Si) solar cell has been reported by
Rs values are caused by insufficiently doped p- and Green and co-worker22] under AM 1.5 illumination,
n-type layers, and especially by excessively resistive the following values have been obtained thus(feable
(transparent)contact layers: a highly conductive 2).
transparent oxid€TCO) is, indeed, definitely needed Note that it is generally accepted and can be theoret-
to obtain a low value oRg; ically confirmed (see also[23,24) that the values

2. the parallel resistancBs which is given by shunts obtained for c-Si laboratory cells are quite near the
— either at the edge of the cell or within the cell, theoretical limit which it is physically possible to
the latter type of shunts being presumably due to achieve with single-junction solar cells and a material
cracks in the intrinsicuc-Si:H layer (such shunts  having an energy gap of 1.1 eV. This means that Table
should be avoided to obtain higRe values which 2 indicates the potential for further improvement in the
are, in fact, what is needed in order to maximize the performance of.c-Si:H cells.
FF-value); and As can be seen from Table 2, there is relatively little

3. by additional recombination losses due to the (@n to be gained further, w.r.tVoc N and FF-values which
nip) solar cell configuration, symbolized by the are already quite near to those achieved for best c-Si

current sink/,.. in Fig. 6. cells.
Further research is needed to understand better the The largest scope for further improvement is clearly
limitations w.r.t. FF often encountered in practicalc- w.r.t. Joc If one wants, however, to keep cell thickness

Si:H solar cells as well as in ‘micromorph’ tandem solar reasonably low(in order to keep deposition time, and
cells and modules: One should analyze the ¢ells thus, also production costs reasonably Jpowhis can
modules carefully each time, by Variable Intensity Meas- only be done by optical means, i.e. bght trapping.
urements(VIM ) [21], so as to identify to which one of This is a complex optical problem: it requiresitably
the above quantitiea), (b), (c), the limitation of FF textured(i.e. rough layers andvery low optical absorp-
is due to in a given specific case. tion in all transparent layers.

With Jsc=30 mA/cm?, Voc=518 mV and FF=
70%, a 10.9% efficienf.c-Si:H cell becomes possible. 1. 5
Such a record-efficiency single-junctiomc-Si:H cell Comparison between record-efficiency c-Si anttSi:H single-junc-
has been reported by Saito et al. of Canon Inc., at thetion solar cells as obtained to date
12th International PVSEC Conference in Jéfiorea)

2001 (Table 2. ¢Si pe-SiH

Can the efficiency ofuc-Si:H solar cells be signifi-  Jsc 42.2 mA/cn? ~30 mA/cn?
cantly increased over 10%7? To answer this question oneVoc 706 mv 518 mv
m mpare the k rameterspaf-Si:H solar cell FF 82.8% 70%

ay compare the key parameterspaf-Si:H solar cells . 1700 10.9%

with those obtained with the best monocrystalline silicon
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Fig. 7. Typical curves for the optical absorption coefficient of photon
energy, for(monocrystalline silicon(c-Si), as well as for hydrogen-
ated amorphous silicofa-Si:H) and hydrogenated microcrystalline
(pc-Si:H) silicon thin-films. The low absorption region has been
measured with the help of PD&hotothermal Deflection Spectros-
copy) and CPM(Constant Photocurrent Methpdsee alsq25]).

3.3. Need for pin (or nip)-type configurations for pc-
Si:H solar cells

Crystalline silicon is a material with an indirect
bandgap, and therefore, the absorption coefficiehty)
for light wavelengths near the absorption edge-
values just slightly ovelE,) is very low, for all forms
of crystalline silicon(Fig. 7): we observe in monocrys-
talline silicon typical values of approximately 70 ¢
for hv=1.24 eV orA=1000 nm. A similarly low value
of a(hv) is observed inuc-Si:H layers, even though
the ‘effective’, as-measured value afhv) is slightly
higher here(approx. 200 cm?) due to surface rough-
ness of the layef25]. With such low values ofa,
photogenerated carriers will have to be collected from
the whole depth of the thin-film solar cell and not just

(as is the case for CIGS and CdTe solar cells, with their

direct bandgap from regions near the surface. On the
other hand, the minority carrier diffusion lengil;; of
doped pc-Si:H layers is (due to defects and grain
boundarie$ extremely small and can be estimated to be
less than 1 wm. This specific diffusion length can, in
fact, be considered, in a first approximation, to be
smaller or equal to the ambipolar diffusion length of
intrinsic wc-Si:H layers, the latter having been measured
by means of the surface photovolta@PV) and steady-
state photocurrent gratingSSPQ techniques, with
resulting values between 0.2 and approximately 0n8
[26].

As one definitely needs a solar cell thicknegs,

collection by diffusion alone, a&..;,> Lqi. Thus, clearly
pn-diodes, where the collection of the photogenerated
carriers is by diffusion,cannot be used forwc-Si:H
solar cells.

Therefore, in a similar manner as for a-Si:H, all
successful research groups have used the ferm-i-

p) configuration to fabricate.c-Si:H solar cells.

Here, the carrier generatiofphotogeneration is
almost exclusively within the intrinsi€i)-layer and the
carrier collection is by drif(Fig. 8).

Indeed, the drift lengttLy.; (or ‘Schubweg) can be
shown to be almost always higher than the diffusion
length L.

One has:

— . kT
Ly =y7-D, with D=—-p.
q

ie.
kT
Lgig =] — Q7 (2
q
wherew is the carrier mobility, and
Lyrie=p-7E; 3

whereE; is the prevailing internal electric field, and is
equal toVy;/d; for an ideal situation(no field defor-
mation and for short-circuit conditions, witly,, =1 V
(built-in voltage andd; is the i-layer thickness.

From Egs.(2) and(3), one can obtain the following
relation:

Lrite _ Y+ Laite (4)
Lt d,

V i* .
wherey = kb—]fl =40 forp.c-Si:H andT =25 °C.

This ratio becomes higher if the material is of better
quality (if Ly increases and also if the solar cell is
thinner (d; reduces. Even for a relatively unfavorable

I;oad
p-doped n-doped
layer layer H R

lEi Vi oad
electrons
«—

holes
TCO metal
contact intrinsic (i) region contact

higher than_ ]{Lm to abij"orb en_OUQh sunlight, one clearly Fig. 8. p-i-n Structure used in amorphous and microcrystalline silicon
sees that it is quite impossible to obtain satisfactory solar cells.
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beendifficult to confirm underwell-definedlaboratory
conditionswith a solarsimulator

At present,a whole rangeof R&D groupsare report-
ing stabilizedlaboratorytandemcell efficienciesin the
rangeof 10-12%,as withessedby many contributions
at the PVSEC-12Confeencein Korea (June2001).

For largersized modules,IMT Neuchatelreporteda
stabilized active area efficiency of 9% for a 4X8-cn?
mini-module [30]. Lately KanekaCorp. of Japanhas
successfullyfabricated a large area (appiox. 0.5 m?)
module, closely following IMT’s original micromorph
concept: stabilized apertue area efficiencies over 9%
are claimed [31]. Thesemodulesare now availablein
small quantitieson the Europeanmarket and the effi-
ciency claims of Kanekacould be partially confirmed,
at leastfor theinitial state.

4.3. Problems encountered at the moment with micro-
morph tandems

The problems presently faced fall into three

categories:

1. Interface and interdiffusion problems, especiallyw.r.t.
thecritical ‘tunnel (recombination junction’ between
the two partial cells. Theseare process-and reactor
dependentand not much can be said about them
here.

2. Thickness-related problems. Becauseof the light-
induced degradation(Staebler—\Wbnski effect) pre-
vailing in a-Si:H solar cells, the amorphousgop cell
hasto be keptthin (d,,,<0.3 um). In orderto avoid
prohibitingly long depositiontimes (of more than 1
h), the microcrystalline bottom cell has also to be
kept relatively thin (dyogom<2 wm), as long as
depositionratesfor device-qualityintrinsic p.c-Si:H
layers are not substantiallyover 10 A /s. Thus, the
short-cicuit densitiesobtainedare ratherlow.

3. Light trapping problems: It is especiallydifficult to
obtain effective light trappingfor the amorphous top
cell, unlessan ‘intermediatemirror’ (e.g. an inter
mediateZnO layer betweenthe top and the bottom
cell, could be successfullyused. This is one of the
reasonsvhy mostof the early micromorphtandems
have been top-cell limited. On the other hand, it
becomesamportantif one hasoptical pathsthat run
at a small angle through the solar cell (and havein
this mannerbeenconsiderablylengthened to keep
the optical absorptioncoefficient a(hv) in the TCO
layersvery low, otherwisea lot of light will be lost
through absorptionin just these layers. However
becauseof free carrierabsorption,t is very difficult
to attain a low absorptioncoefficient in the near
infrared region— a regionof the solarspectrunthat
is importantfor the microcrystalline bottom cell.

4.4. Module performance under field conditions

We haveso far referred to cell and module perform-
ance under standad test conditions (STO); i.e. with
light enteringvertically onto the cell/ module, for T=
25 °C cell/module temperatue and for the AM 1.5
spectrumat one sunintensity (appiox. 100 mW/cnv)

In actual field use, the light will be entering the
moduleat an angle(#90°), the temperatuz may go up
into the 60° to 80 °C range;the spectrummay shift in
the eveningtowars the orange(andin cloudy weather
towams the blue) and light intensitiesmay be substan-
tially lessthan100 mwW/cn?.

Work is underway to assesshe effectof thesefactors
on micromorph tandem modules and results will be
reportedlater. Preliminary datatendto showthat micro-
morph modulesfare relatively well under actual field
conditions, possibly quite a bit betterthan other types
of thin-film photovoltaic modules.

5. Conclusions

Solar cells basedon plasma-depositettydrogenated
microcrystalline silicon (w.c-Si:H) as well as ‘micro-
morph’ (nc-Si:H/ a-Si:H) tandemsolar cells — both
pioneeedby IMT Neuchatel— haveopenedip awhole
new field of investigationfor thin-film solar cell con-
cepts.Japanesidustrialreseach groupsare now espe-
cially active here. A stabilized commecial module
efficiency (total area efficiency) of 10% seemswithin
reachduring the next few years.

It can only be hopedthat EuropeanIndustrieswill
take up the challengeand also becomeactive in this
field, asthe micromorphtandemcell conceptmay well
constituteone of the most promising future avenuedor
mass-poduced low-cost photovoltaic modules. Low
temperatugs (=200 °C), possibility of very low cost
substrateqe.g. low-cost polymerssuch as PET, etc),
excellentmaterialavailability, absenceof toxic/hazad-
ous materialsand proven large-aeaprocessingcapacity
all concurto makethis option particularly attractivefor
the future.
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