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Intrinsic microcrystalline silicon by plasma-enhanced chemical vapor
deposition from dichlorosilane

R. Platza) and S. Wagner
Departmentof Electrical Engineering,PrincetonUniversity,Princeton,NewJersey08544

Microcrystallinesilicon (mc-Si:H) of truly intrinsiccharactercanbedepositedby plasma-enhanced
chemicalvapordeposition~PECVD! whendichlorosilane(SiH2Cl2) is added.A dark conductivity
of 1.631028 S/cmandanactivationenergyof 0.62eV areobtained.No specialgaspurificationor
microdoping is required.SiH2Cl2 in small amountshas the additional effect of enhancingthe
crystallinity andreducingtheoxygenincorporationby overa factorof 2. Sub-band-gapabsorption
spectroscopyindicatesa low defectdensity.
Microcrystallinesilicon (mc-Si:H) is of growinginterest
for device applications. p-i-n solar cells incorporating
mc-Si:H as the absorbinglayer producehigh photocurrent
and are stableagainstlight soaking.1,2 Thin-film transistors
~TFTs! with mc-Si:H channellayershavehigheron-currents
thanamorphoussilicon TFTs.3,4

mc-Si:H is deposited at substrate temperaturesof
200–300°C from strongly H2 diluted SiH4 by plasma-
enhancedchemicalvapor deposition~PECVD!. Becauseof
oxygen contamination5,6 mc-Si:H is strongly n type when
depositedwithout specialprecautions.Thesedonorsreduce
the electric field in part of the i layer in a solar cell and
therebyreducethe photocurrentcollection efficiency. In a
TFT, the unwantedoxygendoping causesundesirablyhigh
off-currents.

The oxygendonorscan be compensatedwith boron at
the ppm level ~‘‘microdoping’’ 1,7,8!. The needto tailor the
boron doping to the case-by-casecontentof oxygenand to
control the dopingwithin a very narrowwindow renderthis
methodunsuitablefor industrial production.Truly intrinsic
mc-Si:H has been obtainedrecently by purifying the gas
with anoxygengetterandby carefullycontrollingthereactor
condition.6 A morerobustdepositionprocesswhich doesnot
requireadditionalequipmentwould bedesirablefor thepro-
ductionof mc-Si:H on an industrialscale.

We havediscoveredthat mc-Si:H of intrinsic character
canbedepositedby PECVDfrom silane(SiH4) andSiH2Cl2
diluted in H2. Intrinsic materialis obtainedwithout any fur-
ther measureand the depositionprocessis very tolerant to
changesin reactorconditions.

All sampleswere depositedfrom SiH4 , SiH2Cl2 , and
H2 at a substratetemperatureof 210°C, unlessotherwise
stated.The depositionswere performedin a conventional
multi-chambersystemwith load-lock.Thehydrogendilution
ratio H2/~SiH41SiH2Cl2) was kept constantat a value of
;35. Pressureduring depositionwas 0.9 Torr. No special
precautionswere takenconcerningthe stateof the reactor,
suchasprebakingto reduceoutgassingfrom thewalls. After
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;30 min heatingin the load-lock,the substratesweretrans-
ferred to the depositionchamber,followed by deposition.
The basepressurebeforedepositionwas;131026 Torr.

Varying theSiH2Cl2 /~SiH2Cl21SiH4! ratio in theplasma
between zero ~pure H2-diluted SiH4! and 100% ~pure
H2-diluted SiH2Cl2! resulted in the dark-conductivitysd ,
dark-conductivityactivationenergyEact, and photoconduc-
tivity sph valuesof Fig. 1 for ;500 nm thick films.

The mc-Si:H sample depositedfrom pure H2-diluted
SiH4 exhibits a high sd of .1023 S/cm. Eact is ,0.2 eV
indicating doping by oxygen at high level. Adding only a
few percentof SiH2Cl2 producesa drop of sd by over five
ordersof magnitudeto 1.631028 S/cm,which is as low as
thevalueobtainedfor mc-Si:H madeby themicrodopingor
purifying technique.6,7 Eact is 0.62eV. sd andEact turn out to
bevery insensitiveto theSiH2Cl2 /~SiH2Cl21SiH4! ratio R in
thegasphaseoverthewide rangeof mixturesR from 0.08to
0.33.For ratios>0.5,thefilms grow amorphous~Fig. 2! and
exhibit sd valuesof ,10212 S/cmandEact of ;1 eV. The
sph of the mc-Si:H film depositedat R50.08 is 231026

S/cm; for films depositedwith higher amountsof SiH2Cl2,

FIG. 1. Dark-conductivity,dark-conductivityactivationenergyand photo-
conductivityasa function of the amountof SiH2Cl2 in the gasphase.
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sph decreasesgraduallyto 531027 S/cmat R50.33.
The growth rate is influenced only slightly by the

SiH2Cl2 /~SiH2Cl21SiH4! ratio andis ;1 Å/s for all samples
shown in Figs. 1 and 2, which were grown at the power
density of ;100 mW/cm2. Growth ratesof 1.8 Å/s have
been obtained by increasingthe power density to ;280
mW/cm2.

A pronouncedpeakin theultraviolet reflectionspectrum
at ;275 nm is a reliable indication for microcrystalline
material.9,10 Figure2 showstheheightof this UV reflectance
peak,normalizedto thepeakheightfor crystallinesilicon,as
a function of the SiH2Cl2 fraction. A small amount of
SiH2Cl2 in the plasmaenhancesthe crystallinity of the film.
Upon further increaseof SiH2Cl2, the crystallinity decreases
andeventuallythematerialbecomesamorphous.Raisingthe
temperatureenhancesthecrystallinity ~Fig. 2!, while sd and
Eact remain at their intrinsic values of ;1028 S/cm and
.0.6 eV, respectively.

Figure3 showstheopticalabsorptionspectrumobtained
from UV/visible transmissionand constant photocurrent
method~CPM! spectroscopyfor two 500 nm thick films de-
positedwith R50.08at 210and280°C, andthatof crystal-
line silicon. The sampledepositedat the higher temperature
absorbsmorestronglyin the red, indicatinga highercrystal-
line fraction,which confirmstheUV reflectancedataof Fig.

FIG. 2. Ultraviolet reflectanceat l5275 nm normalized to crystalline
silicon.

FIG. 3. Optical absorptionspectraas measuredby constantphotocurrent
method~CPM! andtransmissionfor two substratetemperatures.Crystalline
silicon is shownfor comparison.
2. The absorption coefficient in the low-energy region
(;0.8 eV! of the CPM spectrumis an indicationof the de-
fect density.11–13 The defectdensity in our material is low,
becausethe CPM spectrumis comparableto device-grade
mc-Si:H depositedwithout SiH2Cl2 .13

Addition of SiH2Cl2 reducesthe oxygen content of
mc-Si:H. Figure 4 showssecondaryion massspectroscopy
~SIMS! depthprofiles14 for a sampleconsistingof threelay-
ersof mc-Si:H depositedwith varyingamountsof SiH2Cl2 .
The top and bottom layersare a-Si:H encapsulatinglayers.
LayerA wasdepositedusingonly SiH4 andH2 . Theoxygen
contentco of this layer is as high as 831019 cm23, which
explainsthehigh valueof its sd of 4.131023 S/cm~Fig. 1!.
Layer B was depositedat R50.08 at the sameH2 dilution
ratio. In this layer, co is reducedby a factor of two to ;4
31019 cm23. The chlorinecontentcCl is 2 – 331019 cm23,
which is nearly as high as co. For R50.17 ~layer C!, co

decreasesfurther to 331019 cm23 and cCl increasesto
6 – 731019 cm23. Adding chlorine to the plasmatherefore
reducesco of the growing film whereasthe growth rate is
nearlyunchanged.It is not clearwhetherthe reductionof co

canaccountfor the intrinsic characterof the films deposited
with SiH2Cl2 or if othermechanismstakeplace,becauseco

dropsby a factor of 2 uponadditionof SiH2Cl2 whereassd

dropsby over five ordersof magnitude.
Incorporatingmc-Si:H:Cl in solarcells~Fig. 5! produces

Voc values of over 450 mV and red responseup to l
51000nm. Currentcollection,however,is stronglyvoltage
dependent,resulting in a low FF of 37%. We do not yet

FIG. 4. OxygenandchlorineSIMS depthprofile for mc-Si:H depositedon
a-Si:H and cappedwith a-Si:H. The mc-Si:H layerswere depositedwith
SiH2Cl2 /~SiH2Cl21SiH4! ratiosof 0 ~layerA!, 0.08 ~B!, and0.17 ~C!. Note
the oppositetrendsin Cl andO concentrations.

FIG. 5. I–V curveof solarcellswith mc-Si:H:Cl i layers~0.9 and1.8 mm!.
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know if the currentcollectionwill improvewith processop-
timization,or if it is inherentto the i-layer material.

In conclusion,intrinsic mc-Si:H can be depositedin a
PECVD processwhen chlorine is presentin the plasma.
Dark-conductivityandactivationenergyvaluesfor this ma-
terial are 1.631028 S/cm and 0.62 eV, respectively.The
depositionprocessdoesnot requireany gaspurifying or mi-
crodopingproceduresandis very insensitiveto reactorcon-
ditions. A small amountof chlorine in the gasenhancesthe
crystallinity of the materialandreducesthe amountof oxy-
genincorporatedinto the sampleby over a factor of 2. Sub-
band-gapabsorptionspectroscopyindicates a low defect
densityin this new material.First solarcells showgoodVoc

valuesbut so far unsatisfactorycurrentcollection.
Note addedin proof: The most recentsolar cell hasa

short-circuitcurrentdensityof .6 mA/cm2.
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