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Microstructure and open-circuit voltage of nÀ iÀp microcrystalline silicon
solar cells

J. Bailat,a) E. Vallat-Sauvain, L. Feitknecht, C. Droz, and A. Shah
Institut de Microtechnique,Universitéde Neuchaˆtel, RueBreguet2, CH-2000Neuchaˆtel, Switzerland

A seriesof microcrystallinesilicon n2 i 2p solarcells hasbeendepositedby very high frequency
plasmaenhancedchemicalvapordepositionat variousvaluesof silaneto hydrogensourcegasratio
and on two different substrate types. Relationships between microstructure and electrical
characteristicsof thesesolar cells are investigatedby transmissionelectronmicroscopy, atomic
forcemicroscopy, andI (V) measurements.A mixedphase~so-calledheterophase! layerconsisting
of amorphousplusmicrocrystallinematerialis observedat thebottomof thesolarcell andidentified
hereasoneof thekeymicrostructuralfeaturesof thedevice:therelationshipbetweenthecrystalline
nuclei densityandthe heterophaselayer thicknessis presentedaswell as its relationshipwith the
open-circuitvoltage(Voc). The effectsof substrateroughnessandof silaneto hydrogengasratio
usedfor the fabricationof the deviceon the heterophaselayer areevidenced.Theseobservations
underlinethe importanceof thefirst stagesof growthof the intrinsic ~i! layer for the fabricationof
high- Voc n2 i 2p microcrystalline solar cells.
I. INTRODUCTION

Microcrystallinesilicon (mc2Si:H) is a promisingma-
terial for thin-film (,10mm) solar cell applications.1 This
material is commonly preparedwith a plasma enhanced
chemicalvapordeposition~PECVD! processusingsilanedi-
luted with hydrogenin the plasmagasphase.Microcrystal-
line silicon is not a unique,well-definedmaterialbut a com-
plex mixture of amorphousand nanocrystallinesilicon plus
grain boundaries.2 The respective amorphous/
microcrystallinevolumefractiondependmostlyon thesilane
concentration(SC5@SiH4#/@SiH41H2#) usedfor the depo-
sition of the material. Despite the complexity in material
microstructure,performantphotovoltaic cells have already
beenfabricated,with electricalconversionefficienciesover
9%.3–5 Currently the bestdevicesareobtainedwith i layers
prepared under conditions close to the amorphous/
microcrystallinetransition,and thus SC is an importantpa-
rameter for device optimization.5–7 Furthermore,the sub-
strate,on which depositiontakesplace,plays a critical role
on microcrystalline growth,8–11 particularly at deposition
conditions close to the amorphous/microcrystallinetransi-
tion. Underthesedepositionconditions,the thicknessevolu-
tion of the material crystallinity also exhibits a transition
from amorphousto microcrystallinewithin the range0.5 –
1.5mm.8 However, anopenquestionthatremainsis to which
extent the material microstructureinfluencesthe electrical
characteristicsof the device.For this study, the materialas
incorporatedinto the active device has beencharacterized
with atomic force microscopy~AFM!, transmissionelectron
microscopy~TEM! andx-ray diffraction ~XRD!. Thesechar-
acterizationtechniqueshavebeenapplieddirectly to two di-
lution seriesof n2 i 2p solarcellsdepositedfor variousval-
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uesof SCs.The two serieswereobtainedby depositingthe
cells in the samerun on two differentsubstrates,namely, on
a glasssubstratewith a sputteredZnO layer andon a glass
substratewith a ZnO layerfabricatedby low pressurechemi-
cal vapordeposition~LPCVD!.

In the seriesof devicesstudiedhere, in contrastwith
Ref. 5, the amorphousvolumefraction is not homogenously
distributedover the whole devicethickness.Along the first
hundredsof nanometersthemicrostructureconsistsof a mix-
ture of conicalconglomeratesof crystallitesembeddedin an
amorphoustissue that will be called thereafter the het-
erophaselayer.

The density of crystalline nuclei and the height of the
heterophaselayer areidentifiedhereasthe dominantmicro-
structural parametersin the relationshipbetweenmaterial
microstructureanddeviceelectricalperformances.

II. EXPERIMENT

A. Cell fabrication

Two dilution seriesof n2 i 2p mc2Si:H solar cells
were depositedon glasssubstratescoatedwith transparent
conductiveoxide ~TCO! layers.A seriesof cells wasdepos-
ited on aluminum-dopedsputteredZnO, a rather flat TCO
~root-mean-squareroughnessof 4 nm!, whereasanotherse-
rieswasdepositedon boron-dopedLPCVD ZnO, which is a
much rougherTCO (rms560nm). The n2 i 2p cells were
depositedin thesamerun on bothTCOsat SCfor the i layer
of 5%, 5.5%, 6%, 6.5%, and 7%. The other depositionpa-
rametersof the i layer were a substratetemperatureof
250°C, apressureof 0.5mbar, aplasmaexcitationfrequency
of 130MHz anda powerof 30 W, andtheyweremaintained
constantin the whole series.Under theseconditions, the
thicknessof the i layer was approximately2.2 mm for the
cells on sputteredZnO and2.7 mm for the cells on LPCVD
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FIG. 1. ~a! AFM scanof the top layer ~p layer! of the solarcell with SC55% on sputteredZnO. Suchtopographyis representativeof all the cells of this
series.Thelateralsizeof thesurfacefeatures,measuredfrom theFouriertransformpowerspectrumof theAFM scanis 600nm. ~b! AFM scanof thetop layer
~p layer! of the solarcell depositedwith SC55% on LPCVD ZnO. This surfacemorphologyis representativeof all the cells of this series.Conglomerate
lateralsize,measuredfrom the Fourier transformpowerspectrumof theAFM scanis in the orderof 1000nm.
ZnO. The depositionparametersof the n andp layerswere
the samefor the whole seriesandwereoptimizedin sucha
way asto producehighly microcrystallinematerialon glass.

B. Characterization of the microstructure of the i
layer

XRD was usedon all the cells in order to evaluatethe
averagecrystallinity of the whole device. XRD was per-
formed on a Philips PW3020 diffractometer, using the
Bragg–Brentanogeometry(q22q scan!. An accelerating
voltageof 30 kV anda currentof 40 mA wereusedto pro-
duceCuKa radiationat a wavelengthof 1.5418Å .

TEM permitsto observethe microstructureof the vari-
ous~ZnO, n, i, andp! layerswithin thecell. A pieceof each
cell ~exceptfor cells depositedat 6% SC! waspreparedasa
cross-sectionsamplefor TEM examinationwith the help of
thetechniquedescribedin Ref.12.This techniqueconsistsof
gluing headto tail two piecesof thesamplein orderto obtain
a ‘‘sandwich.’’ Then, a corner with an angle between0.6°
and 0.9° is madeby mechanicallypolishing the sandwich.
Thelaststepof this technique,a shortion milling procedure,
is usedonly for samplecleaning.TEM observationswere
made on a Philips CM200 TEM microscopeoperatedat
200 kV.

AFM wasperformedon the top p layer of the devicein
order to evaluatethe root meansquareroughnessand the
lateralsizeof the plasma-exposedgrowing surfacefeatures.
Thesemeasurementswereperformedin thenoncontact~tap-
ping! modeon a Vista Burleigh Instrumentsscanningprobe
microscope.

III. RESULTS

A. Surface topography

In Fig. 1~a!, anAFM scanof the top surface,i.e., the p
layer, representativeof all the cells depositedon sputtered
ZnO is given.By comparingtheAFM andTEM micrographs
on the samesolarcell @cf. Figs. 1~a! and2~a!#, we cancon-
clude that conglomeratesof crystalliteswith an averagedi-
ameterof approximately600nm emergeat thegrowingsur-
faceof the p layer. In this dilution series,thereis no major
effect of SCon thesurfaceroughnessof thedevice,thelatter
is comprisedbetween20 and25 nm ~rmsvalue! ~Fig. 3!. It is
larger than the initial roughnessof the TCO (rms54 nm)
and it is similar to fully microcrystallinelayers of compa-
rablethicknessdirectly depositedon glass.2

FIG. 2. TEM dark-fieldmicrographsof the cells depositedat SC55% and
at SC57% on flat sputteredZnO, ~a! and~b!, respectively. Theheterophase
layer is barely visible in ~a! whereasit is much larger in ~b!. The highly
microcrystallinen layerclearlyappearsasa thin line madeup of shinydots
on top of dark sputteredZnO ~b!. TEM bright-field micrographsof cells
depositedat SC55% andSC56.5% on LPCVD ZnO, ~c! and ~d!, respec-
tively. Theamorphousphase~homogeneouslygray! in theheterophaselayer
is clearly visible in ~d!. Note the conical shapeof the conglomeratesof
grainsandthe enhancementof their lateralsize in ~c! and ~d! comparedto
~a! and~b!. AFM scansof thesurfaceof thecellspresentedin ~a! and~c! are
shownin Fig. 1.
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The surface topographyof cells depositedon top of
LPCVD ZnO consistsof cauliflower-like grains @see Fig.
1~b!#. By comparisonwith our TEM micrographof thesame
cell @cf. Fig. 2~c!#, we concludethat large conglomeratesof
crystallitesemergeat thesurface.The lateralsizeof thecon-
glomerates,as evaluatedfrom the power spectrumof the
Fourier transformof theAFM micrograph,is approximately
1 mm, i.e., almosttwice asmuchasthatevaluatedfor micro-
crystalline material grown on flat sputteredZnO. As sup-
portedby TEM micrographs~seebelow!, the enhancedlat-
eral size of the conglomeratesin cells grown on LPCVD
ZnO ascomparedwith that of cells grown on flat sputtered
ZnO can be explainedin termsof competitivegrowth pro-
moted by the surfaceroughnessof the substrate.The top
surfaceroughnessof the seriesof cells ~Fig. 3! depositedby
LPCVD ZnO increaseswith increasingSC, from values
close to thosemeasuredfor the cells on sputteredZnO to-
wardsthe typical valuemeasuredfor the LPCVD ZnO bare
substrate~rmsvalueof 60 nm!. Theevolutionof top surface
roughnesswith SC ~for a given substrate! is of importance
for light trappingpurpose.Indeed,accordingto thedefinition
and calculatedvalues in Ref. 13 for the optical scattering
factor, the lattervariesnotablyin therangeof rmsroughness
measuredhere~in Fig. 3!.

B. Bulk microstructure

A characteristicTEM micrographof ann2 i 2p cell de-
positedon sputteredZnO is given in Fig. 4. At thebottomof
themicrograph,theTCO appearsdark.It consistsof crystal-
lites ~averagediameterof about40 nm! emerging to thesur-
face with well definedbut short facets.On top of it, the n
layer appearscompact and strongly microcrystalline. Its
thicknessof about30 nm is constantover the field of obser-
vation. On top of the n layer, the i layer exhibits a more
complicatedmicrostructure.It consistsof threephases:the

FIG. 3. Rmsroughnessmeasuredon the p layer by AFM on both seriesof
cells.For thecellsdepositedon sputteredZnO, the top layer rms roughness
is larger thantheroughnessof theflat substrate~straightline at bottom!. On
the other hand, the rms roughnessof the cells depositedon the rough
LPCVD ZnO surfaceis equalto or smallerthanthe initial rmsroughnessof
the substrate.
conical conglomeratesof nanocrystals~the so-calledmicro-
crystallinephase,appearingwith the whole black andwhite
contraston themicrograph!, theamorphousphase~appearing
uniformly gray on the micrograph! and finally, in some
cases,cracks/voids.This mixedphaselayerwill thereafterbe
called ‘‘heterophaselayer.’’ It is within this layer that the
volumefractionof amorphousmaterialis higherthanwithin
the rest of the i layer. Such a heterophaselayer has been
observedin all thesolarcellspresentedhere.Above thehet-
erophaselayer, starting at the so-calledcontact threshold
wheremicrocrystallineconescoalesce,microcrystallinecol-
umnsgrow up to the top of the solarcell ~seeFig. 2!. Note
that the mediumresolutionTEM studiesconductedheredo
not permit to quantify the volume fraction of amorphous
material still presentabovethe heterophaselayer. We will,
therefore,focus our study on the modificationsof the het-
erophaselayer with SC and the substratetype, that are ob-
servablemodificationsof themicrostructureof the i layersin
the solarcells presentedhere.

In the aim of describingquantitativelythe evolution of
the microstructureand specificallyof the heterophaselayer
of the material incorporatedin the devices,two parameters
measuredon TEM micrographswill be usedin this paper:
the linear nuclei densitynd andthe heterophaselayer thick-
nessh. The linear nuclei density is the averagenumberof
nucleipermicrometer. By definition, the inverseof nd is the
meandistancebetweentwo nuclei. The heterophaselayer
thicknessh ~nm! is evaluatedas the averagethicknessat
which the conglomeratesof crystallitescoalesce,measured
on a vertical line from thetop of then layer in n2 i 2p solar
cells.

In theseriesof cellsdepositedon sputteredZnO,we can
observethat every conglomeratestartsgrowing from the n
layer. Thus, this dopedlayer plays the role of a nucleation
layer. Notethatin this series~asin thenextserieson LPCVD
ZnO!, no continuousamorphousincubationlayer separating
theunderlying~microcrystalline! dopedlayerandthemicro-
crystalline i layer can be observed,as had beenpreviously

FIG. 4. TEM bright-fieldmicrographof thefirst hundredsof nanometersof
an n2 i 2p solarcell. The i layer wasdepositedwith SC57% on a highly
microcrystallinen-layer on top of sputteredZnO. The i-layer microcrystal-
line phaseconsistsof conicalconglomeratesof nanocrystals,which areem-
beddedin an amorphousmatrix. The height at which conglomeratescoa-
lesce is defined as the thickness of the heterophaselayer h. On this
micrograph,the nucleationdensitynd is approximately5 mm21.
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reported for p2 i 2n solar cells.14 High resolution TEM
~HRTEM! observations of then2 i interface indicate that the
i-layer crystallites grow epitaxially on then-layer grains, as
already reported.15 The mean lateral size of the nuclei of th
i layer is of the order of then-layer thickness~i.e., 30 nm!
~see Fig. 4!. The gap between the nuclei is filled with amo
phous material. As growth proceeds, the conical conglom
ates of nanocrystals coalesce and finally result in comp
columnar microstructure. The influence of SC onnd and onh
is shown in Figs. 5~a! and 5~b!. The decrease ofh and in-
crease ofnd are in good agreement with the overall chan
of crystallinity as observed on XRD spectra~Fig. 6!. What
these XRD spectra do not indicate is the location of
amorphous fraction, which is shown by our TEM studies
lie mostly at the bottom of thei layer. Note that the evalua
tion of the crystallite size from these XRD indicates that,
both dilution series, the average crystallite size rema
within the limited range of 20 nm64.

On the other hand, the LPCVD ZnO coated glass s
strate is a rough~rms roughness of about 60 nm! substrate
consisting of regular tetrahedrons as previously describe16

TEM micrographs of the solar cells deposited on this s
strate are given in Figs. 2~c! and 2~d!. As we could deduce
from TEM micrograph of the cell deposited at SC57%
~shown in Ref. 10!, which is almost completely amorphou
~see XRD spectrum in Fig. 6!, then layer on LPCVD ZnO is
thicker on top of the tetrahedrons than in the valleys in
tween and not as compact as on sputtered ZnO. On top o
n layer, the nucleation ofi-layer is not homogenous over th
TCO, but occurs preferentially on the upper part of the Z

FIG. 5. ~a! Evolution of linear nuclei densitynd of the cells on sputtered and
LPCVD ZnO as a function of silane concentration.~b! Evolution of the
heterophase layer thickness on sputtered ZnO and LPCVD ZnO as a
tion of silane concentration. Heterophase layer thickness is significa
higher on LPCVD ZnO, as most of the material deposited in the valley
the TCO is amorphous. Note that bothh andnd , on both TCOs, follow the
same trend versus the silane concentration.
r-
ct

e

s

-

.
-

-
he

tetrahedrons. The lateral dimensions of the crystalline nu
are of the same size as for cells on sputtered ZnO.

Then the crystallites grow almost perpendicular to t
facets of LPCVD ZnO, forming large conglomerates, w
lateral dimensions comparable to the lateral sizes of the Z
tetrahedrons. In the first stage of growth these conglomer
are surrounded with amorphous material. When the coa
cence of the conglomerates occurs, i.e., after 200–350 nm
growth @Figs. 2~c! and 2~d!#, the heterophase layer ends d
pending on the height of the ZnO tetrahedrons. This ma
the thickness of the heterophase layerh a parameter, which is
very sensitive to the topography of the TCO. For this reas
we prefer to use as parameter the linear nuclei densitynd , in
order to compare the cells grown on TCOs with differe
topographies. We have plotted in Fig. 5 the variation ofh and
nd vs SC for cells deposited on sputtered ZnO and
LPCVD ZnO.

IV. DISCUSSION

A. Microstructure of nÀ iÀp cells

We have sketched the evolution of the microstructure
the i layer in solar cells deposited on flat sputtered ZnO
Figs. 7~a! and 7~b!. These sketches suggest an analogy
tween the shape of the conglomerates and a pencil bo17

Indeed, the conglomerates exhibit a cone-shaped end a
cylindrical or columnar body. Within this analogy, the tip o
the pencil represents the nucleus of the first grain startin
conglomerate. The other grains then join the first grain a
extend it vertically and laterally, forming the cone-shap
end of the conglomerate. The average opening angle of
cone as measured on the whole dilution series is 15°63°
~with respect to the normal to the substrate!. The conglom-
erates coalesce at the contact threshold, which correspon
the thickness of the heterophase layerh. The analogy of the
pencil box holds well for the sample deposited at SC55%
@Fig. 2~a!#, whereas for the solar cell deposited at SC57%

c-
ly
f

FIG. 6. ~a! Raw XRD spectraof the cells on sputteredZnO and ~b! on
LPCVD ZnO. Crystallinevolumewithin the solar cell evolvesas the total
areaunderXRD ~Si! peaks.Thedensityof nucleind decreaseswhenoverall
crystallinity decreases.
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some competitive growth between the conglomerates ab
the heterophase layer can be observed@Fig. 2~b!#, resulting
in noncylindrical bodies of the pencils.

In Figs. 5~a! and 5~b!, the inverse trend betweenh and
nd can be understood on sputtered ZnO by the observatio
an almost constant opening anglea of the cone-shaped be
ginning of the conglomerates. From basic geometry, one
deduce the following relationship between the heteroph
thicknessh and the nucleation densitynd :

nd51/@2h tan~a!#.

This simple relationship explains thath and nd should, in-
deed, follow an inverse trend. In Fig. 5, this inverse trend
also observed for cells on LPCVD ZnO.

In Fig. 5~a!, is also plotted the linear nuclei density fo
both types of substrate. Note thatnd is, within a factor of
two, lower on LPCVD ZnO than on sputtered ZnO. Wheth
this effect is due to the topography of the substrate or to
different n layer quality is still an open question.

Another characteristic of the microstructure of devic
deposited on rough TCO is the growth direction of the cr
tallites: they start growing normal to the facet of the LPCV
ZnO tetrahedrons.14,18 As growth proceeds, the direction o
growth changes towards the normal of the average subs
plane. The ZnO tetrahedrons, thus, promote a starting
like growth of the conglomerates@see Figs. 7~c! and 7~d!#.

FIG. 7. Sketches of the microstructure evolution with respect to silane
centration ~SC! for flat sputtered ZnO and rough LPCVD ZnO. The
sketches are drawn from the original TEM micrographs given in Fig.
Dark gray regions represent crystalline material whereas light gray reg
represent amorphous material. Voids/cracks are represented in white
homogeneously thickn-layer on flat ZnO is represented with a black straig
line on sketches~a! and ~b!. On the rough ZnO then layer is not homoge-
neous any longer, it is, thus, represented by inhomogeneous black
@sketches~c! and~d!#. One can see qualitatively how the heterophase laye
modified by the silane concentration SC on each of the two substrates
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This fan-like type of growth is accompanied by competiti
between the conglomerates, resulting in an increasing lat
size of the conglomerates emerging at the surface of grow
Indeed, a conglomerate shadowing by its fan-like growth
other conglomerate enhances its lateral size, whereas the
eral size of the covered conglomerate is reduced prog
sively to zero as the layer grows. As a consequence
conglomerate starting on top of a higher-than-average te
hedron will tend to win the competitive growth over th
other conglomerates. The result of this process is that
highest tetrahedrons of the substrate are still perceptible
top of the cell, as observed in TEM micrographs in Figs. 2~c!
and 2~d!. This effect can partly explain the high value o
surface roughness for cells deposited on LPCVD ZnO
high SC.

B. Open-circuit voltage Voc of nÀ iÀp cells

As previously observed, increasing SC towards valu
close to the transition to amorphous material deposition c
ditions increases the value ofVoc. In this region of the space
of deposition parameters, the changes in the microstruc
of the i layer observed in this study, occur mostly in th
heterophase layer. It is, thus, of interest to establish a r
tionship between the microstructural parameternd and the
value ofVoc.

In Fig. 8, we observe that the behavior ofVoc vs nd

exhibit the same trend on both substrates. TheVoc estab-
lished in cells on LPCVD ZnO is, however, lower than th
cells on sputtered ZnO; this result could be due to the diff
ent outcome of then-doped layers on the two substrates.

It is important to stress that we have not observed h
that the amorphous phase simply constitutes a continu
amorphous incubation layer over then layer. On the contrary,
the amorphous phase is observed to surround the microc
talline phase, insuring thus the passivation of the crysta
and/or conglomerate boundaries.

n-

.
ns
he

ots
s
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FIG. 8. Relationshipbetweenthe linear densityof nuclei nd andthe open-
circuit voltageVoc of the cells on sputteredandLPCVD ZnO. Note that nd

is evaluatedfor the unfoldedsurfaceareaof the underlyingZnO layer.
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Thelower thatnd is, the larger thath becomes@seeFigs.
5~a! and 5~b!# and, consequently, the larger the average
amorphousvolumefraction is within the device.This effect
is morepronouncedon theroughsubstrate,wherethevalleys
arefilled with amorphousmaterialandthe thicknessh of the
heterophaselayer is consequentlyincreasedcomparedto the
caseof aflat substrate~seeFig. 5!. Nevertheless,wehavenot
beenablehereto quantify themicrostructuralchangesabove
the heteorphaselayer. Beforeattributingthe observedvaria-
tion of Voc with SC solely to the heterophaselayer charac-
teristics(nd andh! oneshouldalsolook for any microstruc-
tural modificationsof the material above the heterophase
layer.

V. CONCLUSIONS

Our detailedinvestigationof the materialmicrostructure
asincorporatedin completeworking n2 i 2p devicesshows
that thesilaneconcentrationat which the i layer is deposited
hasa major effect on the bottom of the i-layer microstruc-
ture, the so-calledheterophaselayer. Indeed, in thesede-
vices,theamorphousvolumefraction is higherat thebottom
of the i-layer. In particular, the crystallinenuclei densitynd

andthe heterophaselayer thicknessh vary notablywith SC.
Furthermore,the substratetype ~hereflat sputteredZnO

androughLPCVD ZnO,bothon glass! influencesthemicro-
structureof themicrocrystallinematerial:it affectsthenature
of the n layer as well as the lateral sizesof the crystallite
conglomeratesandthe roughnessof the final devicelayer ~p
layer!. The latter plays an importantrole for the light scat-
tering propertiesof the device.

For both seriesof n2 i 2p cells a relationshipbetween
the microstructure~specifically, the linear nucleationdensity
nd) andthe open-circuitvoltageVoc of the deviceshasbeen
presented:the lower the nucleationdensitythe higher is the
resulting value of Voc. As a generalconsequence,techno-
logical controlof thefirst stageof growthof the i layer ~i.e.,
of theheterophaselayer! is of paramountimportanceto pro-
ducecells with a high valueof Voc.
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