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Defect density and recombination lifetime in microcrystalline silicon
absorbers of highly efficient thin-film solar cells determined by
numerical device simulations

T. Brammer® and H. Stiebig
Institute of Photovoltaics, ForschungszentruntichuGmbH, D-52425 Jiich, Germany

(Received 21 October 2002; accepted 9 April 2003

The absorber layers of microcrystalline silicon thin-film solar cells \piibn structure deposited by
plasma-enhanced chemical vapor deposition at 200 °C are characterized regarding the defect density
and the recombination lifetime. The characterization is based on a comparison of experimentally
determined solar cell characteristics with results from numerical device simulations. Evaluation of
the dark reverse saturation current indicates a strong dependence of the recombinationdiéetime

the hydrogen dilution during the deposition. Close to the transition region to amorphous growth,
where the highest solar cell efficiencies are observeds maximum within the crystalline
deposition regime and equals around 80 ns. The aspect of a spatially varying defect density within
the absorber layer is also addressed by numerical simulations. The results from the analysis of the
dark current are compared with electron spin resonance data determined on single layers, which
allows conclusions to be drawn regarding the capture cross section of the dominant recombination
site in microcrystalline silicon. €2003 American Institute of Physic$DOI: 10.1063/1.1577813

INTRODUCTION grain boundaries and partly porous structure qic-Si:H
films. Most of the conventional characterization techniques
The preferred deposition techniques for thin-film micro- (Hall effect, photo/dark conductivilyanalyze the transport
crystalline silicon uc-Si:H) are plasma-enhanced chemical properties perpendicular to the growth direction of the layers.
vapor deposition(PECVD) and hot-wire chemical vapor |n solar cells, however, the relevant direction regarding
deposition. Both approaches have proven to yield solar celransport and recombination is the growth direction. Addi-
efficiencies of about 9% in single junction célfsand above tionally, the growth and, consequently, the material proper-
10% in combination with an amorphous solar cell forming aties depend strongly on the substrate matéréa,that mate-
tandem solar cefl-> The process gases for CVD are silanerial properties determined on single films deposited on, e.g.,
(SiHy) and hydrogen(H,). The ratio of the two gas fluxes glass or metal, do not necessarily match the properties of
termed silane concentration SESiH,J/([SiH;]+[H2]) is  films implemented in devices. A process usually neglected in
crucial for the microstructure of the deposited silicon film. work on wc-Si:H is the recombination of charge carriers at
Previous investigations showed that films deposited at 9%he silicon/air interface via unsaturated surface states. This
MHz (VHF) are highly crystalline but porous when depos-would strongly affect the mobility-lifetime product as mea-
ited at small SG<3%). At medium SC, below the transition gyred by all photoconductivity experiments. Finally, there are
region to amorphous growttB%<SC<6%), the films are o reports on recombination lifetimes or capture cross sec-
more compact, and for a high value of 366%), amor-  tions of defects inuc-Si:H as implemented in devices.
phous growth conditions prev&ilNote that the dependence To summarize the current knowledge @uc-SiH, a
of the microstructure on the SC value varies with the depogyantitative modeto correlate electronic material properties
sition conditions (substrate material, deposition pressure,and solar cell performance has not been established. Some
VHF power, frequency, and substrate temperats that  explanations have been propo$éd.The reason why the
the values for SC mentioned here might deviate for othehjghest solar cell efficiencies are achieved close to the tran-
deposition conditions. The highest solar cell efficiencies argjtion region to amorphous growth is of particular interest.
achieved when the absorber layetayer is deposited in the  Therefore, it is the goal of this work to determine material
medium SC range, close to the transition region to amorproperties from a comparison of experimentally determined
phous growtH. This is an indication that the electronic ma- giode properties with the results of numerical device simula-
terial properties also vary considerably with SC. Howeveryions. |n other words, we use numerical device simulations as
measurements of electronic material properties such as thg, analysis tool to extract quantitative values for the elec-
mobility-lifetime productur or the Hall mobility face many  ronic material properties, namely, the defect density and the
problems, since straightforward material characterizationecombination lifetime, ofuc-Si:H absorber layers. In that
methods are not applicable due to the anisotrépiumnar 4y the intention of this work differs from that of other
growth), heterogeneouscrystalline and amorphous phase, gimylation studies onuc-Si:H, in which general aspects,

e.g., doping of the absorber layér?the grain sizé?3the
dElectronic address: t.brammer@fz-juelich.de band gap discontinuities at the grain boundatfés,and an
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a-Si:H layer in front of theuc-Si:H p layer® were investi- 102
gated. Tarettcet al. also compared the results from simula-
tions with experimental data in order to determine the grain
boundary defect density. These simulations were restricted,
for mathematical reasons, to grain sizes gfrh. However,
the diameter of the columnar grainsrc-Si:H films is typi-
cally smaller than 100 nri.

The structure of this paper is as follows. First, the dark
I/V curves as a function of SC are presented. After introduc-
ing the main features of our device simulation program, we symbols: JscVoc pairs
discuss the effect of the defect density in tHayer and the lines: dark J(V)
mobility on the darkl/V curves under small forward bias. 0.0 0.2 0.4 06 08 1.0
Using these insights from the numerical simulation studies, Voltage (V)
we analyze the darkl'V curves ofuc-Si:H diodes in order to
determine the effective defect density and the effective ref'C: 1- Darkl/V curves(lines) and Jsc-Vsc pairs (symbol§ of uc-SiH

. . e . . . solar cells withi layers that were deposited with different silane concentra-
combination lifetime as a function of the microstructure of

’ tions SC. Also plotted is the dail{V curve of an amorphous silicon diode
the absorber layer, i.e., SC. with the same layer thicknesg1 um).

SC=1.5%

Curmrent Density (mA/cm2)
=Y
n

EXPERIMENTAL DETAILS

The puc-Si:H p-i-n solar cells (glass/ZznO/ lifetime 7in the center of thé layer. The dark/V curves are
p-i-n/ZnO/Ag) examined in this study were deposited by shown in Fig. 1(lineg). In the highly crystalline deposition
PECVD at 95 MHz, at a substrate temperature of 200 °C andegime (small SC valug the current density is relatively
a deposition pressure of 300 mTérThe i layers with a  large. With increasing SC value, the dark current density
thickness of lum of thep-i-n diodes were deposited for SC decreases by several orders of magnitude. The dark satura-
values between 1.5%highly crystalline deposition regime tion current densityly (the current density at the intersection
and 7.2%(amorphous growth regimeThe preparation con- of the extrapolated/V curve with the ordinajereaches a
ditions for the doped layers with a thickness of about 20 nmvalue of around 10° mA/cn? for SC=5%, where the high-
were kept constant. More details concerning the depositioest efficiency is achieved within this SC seriééyt=520
conditions and material properties, particularly Raman datanV, FF=70%). Increasing the SC value beyond 5% leads to

as a function of SC, are given in Refs. 7, 18, and 19. further decrease idy. Shunt paths by, e.g., cracks in the
layer as a reason for the increaselJiwith a decreased SC
EXPERIMENTAL RESULTS value can be excluded, since these would cause a lli¥ar

) - characteristic, in contrast to the typical exponential diode
The effect of the SC value during the deposition of thepanavior as shown in Fig. 1.

absorber laye(i layen on the efficiencys, open-circuit volt- For comparison, the daikV curve of an amorphous Si
age Voc, fill factor FF, and short-circuit currenisc Was  (a.Sj:H) p-i-n diode with the same absorber thickneds
previously demonstrated by Vettest al. for solar cells with ) s included. The comparable geometric properties allow
an n-i-p deposition sequencesee Fig. 6 in Ref. JI the  girect comparison of the current densities of diodes made of
efficiency is small in the highly crystalline deposition regime uc-Si:H and a-Si:H. The smallJ, of the a-Si:H diode is

but increases as the transition region to amorphous growth [hainly caused by the larger mobility gdp, and the there-
approached. Before the transition to predominantly amortqre smaller intrinsic carrier concentration due to (see,
phous growth(SC=5%) the efficiency is maximum. A fur- e.g., Ref. 23

ther increase in the SC value leads to a decreasg ithe

same dependence is found for solar cells wif+&n depo- nizocexp(_ E,/KT). (1)

sition sequence. A comparable dependence of the solar cell

parameters on the SC value is also reported by other authofdso plotted in Fig. 1 arélsVc pairs for diodes that were

for VHF PECVD?*?! radio-frequency PECVDB,and hot- measured by varying the illumination intensity by more than

wire CVD.?2 This fact shows that the behavior is not only seven orders of magnitudéor clarity, plotted only for SC

characteristic for a particular deposition system or process-1.5%, 5%, and 6.5% The divergence of thésc V¢ pairs

but is a general property gic-Si:H solar cells. No major and the darkl/V curves forJ>1 mAlcn? is caused by

effect of the texture of the ZnO substrate on the electroni®©hmic series resistance mainly due to the ZnO layers. For

properties ofuc-Si:H was observeda correlation between smaller current densities thig Vo pairs and the dark/V

the substrate texture and the electronic propertigsmBi:H  curves match well. This shows that the electrostatic potential,

is proposed by Nasunet al?). the region of the dominant recombination site of injected
This work focuses on the quantitative analysis of thecarriers, and the transport ppc-Si:H diodes are not strongly

current-voltage behavior in the dark, particularly for forward affected by the illumination intensity. Hence, the region

bias smaller than 0.1V, as a function of the SC value. As willwhere most of the recombination of injected electron-hole

be shown later, these data allow conclusions regarding thgairs occurs is similar for operation in the dark and under

effective defect densiti\}; and the effective recombination illumination®*
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FIG. 2. Density of states as assumed in the numerical model. The peaks of ) L .

the neutral and positively charged defects are located in the middle of th&!C- 3- T?e spatially resolved profiles in thelayer of different defect

band gap. A positive correlation energy of 0.2 eV is assumed so that théensitiesNy(x) as implemented in the simulations. Tpelayer (n layen

peak of the negatively charged defects is located above midgap. extending from 0 to 20 nnf1020 to 1040 nmare not shown. Profiles that
are constant within thé layer are plotted with bold linesN};= 10", 10"
cm3). The thin dashed line depicts the profile with a defect-p¢hinter-
face which extends 100 nm into thdayer (N§"=100x Nj=10' cm3).

NUMERICAL MODEL Plotted with the thin solid line is the inhomogeneduig(x) with the comb-

. . . . like profile. The corresponding average defect density i &>, Note
We used a numerical simulation progr%?rwmch solves that the abscissa is interrupted between 200 and 980 nm.

the semiconductor equations by the finite-difference method

in one dimensior® I;tz\évas previously used for modﬂiGng

a-Si:H a'f‘d |t.s alloys**as well as for.'“C'S"H diodes.* . this assumptiori® From these data it is also concluded that

Recombination and thermal generation are calculated indi- S
. . . : . the capture probabilities for electrons and holes in intrinsic

vidually at all discrete points from the density of recombina- N .

. ) . o ... uc-Si:H layers do not differ largely.

tion centers, their capture cross section, the position withid*

the band gap, and their Fermi level dependent state of

cha_rge. Recombination ce_:ntédefects_ are ass_umed to be of DEVICE SIMULATION

positive, neutral, or negative charge if occupied by zero, one,

or two electrons, respectively (amphoteric defect This section deals with the simulation of ddvk/ curves

statistic€®*° for dangling bonds as applied farSi:H). The  of p-i-n diodes for which the above described numerical

defect distribution in the bandgap pfc-Si:H is expected to  simulation program is used. In this study the mobilityand

be fairly broad or even constant with the defect peak close tthe defect density in thielayer, Ny, are varied. The electron

midgap or slightly shifted to the valence batid?Hence, in  mobility was set tque=1 and 1000 crfiV 1s L. These val-

the numerical simulations the standard deviation of theies were chosen to cover the range known fa@i:H?’3°

Gaussian function for the defect distributions is set to 150 se=1-10 cnfV *s™%) andc-Si*® (ue>100 cnfV 1s™?).

meV (a value also used for amorphous siliz@nd the neu- The magnitude oN} (10", 10'°, and 16® cm™3) was cho-

tral and positive defect peak position is located in the middlesen such that the simulatel is in the range of the values

of the band gap. Figure 2 shows the density of states a®und experimentally foruc-Si:H diodes(see Fig. 1 The

implemented in the numerical simulations. The negative devalues forNy appear small in comparison to the spin densi-

fect peak is elevated by the positive correlation energy of 0.2ies, which are in the range of ¥0cm™3. This is probably

eV above the neutral and positive defect peak as found fodue to the overestimation of the capture cross sections in the

a-Si:H.3%34The capture cross section of neutral stateg)(  simulations, which will be discussed later. The general state-

is assumed to be 18° cn?. The capture cross section for ment, however, is not affected by this discrepancy.

capture of carriers into defects of opposite chasge(elec- The effect of an inhomogeneous defect density varying

tron (hole) captured by a positivel{negatively charged spatially on a nanometer scale is also addressed. The moti-

statg is assumed to be I0° cn?. The factor of 10 between vation for this study is the heterogeneous microstructure of

oc and oy is based on data foa-Si:H where Coulombic uc-Si:H. The corresponding comblike defect density profile

attraction is made responsible for the increased capture prols plotted in Fig. 3(thin solid line. Ny=5x 10" cm™2in the

ability into defects of opposite charge. Band details are connarrow peaks with a width of 3 nm. The defect density in the

sidered in the simulation program but they have little effectremaining region with a width of 12 nm is set to{@m3

on the analysis presented in the following. The effective denso that the average defect density in itayer is 13° cm 3.

sities of states at the band edges as found in crystalline $ilso shown in Fig. 3 is the case of a defect-rich region near

(c-Si) were used? Throughout this work the hole mobility the p/i interface with a thickness of 100 niithin dashed

was assumed to be smaller by a factor of 0.3 as approxiine). The defect density near th@i interface is 100 times

mately found inc-Si”® anda-Si:H*"**where a ratio between larger than the defect density in the remainingyer (N3’

0.1 and 0.3 is used. Published values for the mobility-=10'"cm™3 Nj=10"cm 3). The average defect density in

lifetime product of electrons and holes jnc-Si:H support  thei layer is consequently 1410 cm™3. For comparison,
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FIG. 4. Simulated dark/V curves for different constant defect densities FIG. 5. Net volume recombination ratéin the dark at 0.1 V forward bias.
(Nj=10" 10 10'® cm™3), an inhomogeneous defect densityolid

squarey and a defect-riclp/i interface. Mobilities ofu,=1 (dashed lines

and 1000 criV ~*s™! (solid line9 were assumed.

Next, the effect of a defect-rich/i interface onJ is
investigated, since a spatial dependence of the defect density
on a large scaldin contrast to the variation oy within
Panometers as investigated abpweas detected by, e.g.,
Svrceket al*” As a consequence of the defect-righ inter-
face, n decreases under large forward bias. &Mer0.1 V,

' ' ) however, the dark/V curve is almost identical with the
[/V curves can usually be fitted with the function curve forNi,= 10% cm 2 without a defect-rictp/i interface.
qVv Extrapolation of thel/V characteristics for small forward

ex;{ kT) 1|, (2)  bias shows thaly is in fact not affected by the quality of the
p/i interface. This means thdt can be regarded as a mea-
with Jq called the dark saturation current densitythe ide-  sure of the defect density in the center of tHayer, since it
ality factor,q the elementary chargk Boltzmann’s constant, is not affected by the properties of the interfaces of the doped
and T the device temperature. The parametgysandn are  layers.
used in this work to describe the observed change of the A similar observation is made for the effect of the mo-
simulatedl/V curves upon variation of the input parametersbility w« on the|/V characteristic§compare the solid and
such asu and Nd Deviations of a certaif/V curve from a  dashed lines for one value blfd in Fig. 4). J, is independent
simple exponential law are considered to be due to changesf u; only n changes. Variation of within thei layer due to,
of n with V (n=n(V)) while J, is always assumed to be e.g., varying microstructure, will in consequence also have
constant. We want to stress, however, that we did not use Eqo effect onJ,.
(2) but the software described in the previous section to ob-  The simulated spatially resolved recombination tatis
tain the darki/V curves discussed next. plotted in Fig. 5 in order to explain the impact of a variation

The focus of this paper is on the dafkv curves for in Ny, NP" andu on the dark current at small forward bias.
small forward bias {V<0.1 V). The most important result of Thep layer is located on the left and timdayer on the right.

Fig. 4 is that in this bias rangé decreaseglinearly) with A voltage of 0.1 V was chosen sindeandU equal zero at 0
decreasind\y . Additionally, it is of no relevance if the de- V because of the detailed balance prevailing at thermal equi-
fects are homogeneously distributéy(x)=cons) or if librium, so that no conclusions can be drawn fr&hi0 V).
Ny(x) varies on a nanometer scale. This is shown by a comitegratingg x U(x) yields the current due to volume recom-
parison of dard/V curves for diodes with an average defectbination (this relationship follows from the continuity
density of 18° cm3. For the diode with the inhomogeneous equatiof?®). These integrals change linearly witt}, which
defect densﬂyNd(x) has a comblike profile as shown in Fig. explains the earlier mentioned linear dependencdy0bn
3 (thin solid ling. The corresponding dark'V curve (solid Ny. It should be noted here that this relationship is valid
squarep coincides well with the curve folNy(x)=const only for Jo>10"° mA/cn?. Below this level, interface and
=10 cm 3. Hence, despite the heterogeneous compositiogontact recombination become relevant, which changes the
of uc-Si:H, which varies within tens of nanometeifer a  dependence af, on Ny .
schematic picture of the microstructure see Fig. 2 in Rgf. 7 The characteristic shape &f(x) with the peak in the
a simplified approach for the spatial defect distribution cancenter of tha layer (note the logarithmic scalés due to the
be used because the dark curve of auc-Si:H diode is not comparable number of electrons and holes injected from the
sensitive to the precise defect distribution on a nanometen layer and thep layer in this region. Close to and in the
scale. It is therefore appropriate to regatfi as the average interface regions, the large difference in the density of holes
of the true defect density, which might vary within dimen- and electrons reducésby several orders of magnitude. This
sions small in comparison to thidayer thickness. is the reason for the insensitivity of the current at small for-

Fig. 3 also shows the profiles of constant defect densitie
with Niy=10" cm™2 (bold dashed lineand 13° cm™2 (bold
solid line).

The simulated dark/V curves are plotted in Fig. 4. Dark

J(V)=J,
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ward bias to the propertigg.g., defect density, as shown in 107
this work, or mobility gap, as shown in Fig. 5 in Ref.)1&
the doped layers and the region close to them.

The defect-richp/i interface causes a second peak in A

U(x) near thep layer. The area underneath the curve, and 1073 A u
hence the additional current, is negligililess than 4%in
comparison with the contribution from recombination in the
center of tha layer. Only under large forward bias, when the
minority carrier density(electrons near and in the layen B ESR(Ng)
approaches the majority carrier denditples near and in the A Jo- Num. Simulations (Nd)
p layern, does this region become relevant regarding the dark A
current densitynot shown. The effect of a defect-ricivn 104 +— : — . . ——
interface is even smaller due to the smaller mobility of holes o2 _3 4 5 . 6 70 8 9
in comparison to the mobility of electrons. Silane Goncentration, SC (%)

U(x) for inhomogeneous defect densitgomblike pro-  FIG. 6. Defect density in thelayer as a function of the silane concentration
file) is not plotted in Fig. 5 because its large spatial variation$3C as derived from a comparison of experimental data and results from
by two orders of magnitude would obscure the other recom?suonlri‘gl%?:afg;g'fa;'gvr\‘lﬁ‘;figrmgg'eh Also plotted are the spin densities
bination rate profiles. It is, however, worth mentioning that '

U(x) for an inhomogeneous defect density varying on a na-

nometer scale equals on averaggx) for the case of a con- ity similar material properties. However, there is no estab-
stant defect density. In consequence, the diode currents afignaq physical parameter to characterize-Si:H layers.
identical for these two different defect density profiles, In the highly crystalline deposition regim@mall SC
which have the same integral defect density as shown i@alue) Nij is above 16 cm™3. With increasing SC the tran-
Fig. 4. , o sition region to amorphous growt}$C=5%) is approached

The effect of decreasmge from lOOO(sohd ||ne§ to 1 and Nid decreases by two orders of magnitude. For$S@s,
o’V 's * (dashed Ime)sonLiJ(x) |55alscigllustrated INFI9.  \where amorphous growth conditions prevail, photothermal
5 (for clarity, shown only fo'Ndzlql cm ). Between 200 yefiection spectroscop§DS gives a hint of an increase of
and 800 nm the dashed. and solid lines lie on top of eachhe effective optical band gap® The mobility gap E,
oyhe'r..U decreases only in the doped layers. Thls does noétrongly affect:; [see Eq(1)] and, consequentlyl,, a lin-
S|gn|f|cantly affectd due to the extremely small in these proportionality betweed, andn, was found by numeri-
regions. cal device simulatiori? so that the analysis of the darkv

Summarizing the simulation study, we conclude Wat ¢ rves for which a mobility gap of 1.12 eV was assumed
of wc-Si:H diodes with ari layer thickness of Jum is con- might not be applicable for SE5%.

trolled solely by the effective defect density in the central Next, the evaluated defect densities determined by nu-
region of thei layer. The diode current is not sensitive t0 & yarical simulations are compared with electron spin reso-
spatial variation of the defect density if the distance betwee'?]ance(ESR) data. ESR detects the paramagnetic states in a
the recombination sites is much smaller than the thickness Qfhiconductor. Baia Nett al. determined the spin densities
the |7Layer. Jo_is also independent of the mobility 3o N of powder samples of intrinsic layers that were deposited
>10 mA/gmz. Interface related effects such as defect-richy 5jyminum foil in the same deposition system as the solar
p/i-andi/n interfaces do not influencé, but can play an g5 investigated her®These spin densities are also in-
important role under large forward bias. This is also valid for | ,ded in Fig. 7(closed squargsNs decreases with increas-
fche case of an increased mot_)ility gap of tHayer at thep/i _ing SC value(also reported by Fukawet al*%. This is at-
interface due to a large portion of amorphous phase duringinted to an improving defect passivation. The difference
the initial growth as shown by Zimmet al. betweenNg(SC) and Ni;(SC) of about one order of magni-
Based on these simulation results, the ddfkcurves at e might occur for several reasons. One reason might be an
small voltages ofuc-Si:H p-i-n diodes deposited with dif- ,erestimation of the capture cross section for capture of
ferent silane concentrations during the deposition of ithe .4 riers into states of opposite charge, =105 cm™2, in

layer are analyzed in the next section. the simulation program, since further simulations have

Density (cm™)

10" 7

DEVICE ANALYSIS Py

i i i ' Y > L 22
In this section the experimental results of Fig. 1 are ana- & >y < (9*‘ @ 000
lyzed to obtain an effective defect density;, and an effec- & ¥ S S
tive recombination lifetimer. By a combination of the ex- | | | | “___.,

perimental data in Fig. 1 and the simulation results in Fig. 4, r T 105 s 104s 10046  Ams
Nl is evaluated. The result is plotted in Fig.(6pen tri- ins ns nsoMe T “
angles. We used SC as the abscissa even though this is only Recombination Lifetime,

a t_eChnC'lOgical parameter_t_hat mighf[ _deViate for Ot_her d?pOFIG. 7. Comparison of the recombination lifetime in Si fabricated by dif-
sition systems and deposition conditions that achieve filmserent technologies.
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shown that]y depends on the product of- andNy. Note  distributions from 150 to 1.5 meV. With this adjustment the
that no established data are available regarding the captudefect density, now termel;, was again varied to find a
cross sections of defects jmc-Si:H. Also, ESR measure- match with the experimental datkV curves of Fig. 1. De-
ments are relative only to a certain standard, which can caugermining N, in this manner, one finds a value that is only
a deviation from the true spin density by a constant factor. about a factor of 3 smaller than the previously obtained value

Provided thatNg(SO) represents the true defect density, for Ny. Using this new value folN, and settingo=o¢
a comparison of the data from ESR and the dark current10 '° cn?, since the capture into charged states domi-
analysis can be used to determine the dominant capture crosates, Eq(3) yields 7. For SC=5%, where the highest solar
section. A capture cross section of aboxt B0 ®instead of  cell efficiencies are achievedwas found to equal 80 ns. In
10" **cm 2 as used in the simulations would result in similar the highly crystalline deposition regime is smaller than
values forNg(SC) and Ny (SO for SC<5%. 1 ns.

Due to the uncertainty in the capture cross section and The value forr of 80 ns derived here allows a compari-
the absolute magnitude of the reported spin densities, thgon with other Si technologies as shown in Fig. 7. Plotted are
gradients ofNy(SC) and Ng(SO will be discussed rather recombination lifetimes reported for high temperature CVD
than the absolute values. For $8% Ny(SC) and Ng(SO) (HT-CVD) Si on glas$? liquid phase epitaxialLPE) grown
change similarly with SC. For 3%SC<5% Ng(SO) is al-  Si on monocrystalline S string ribbon grown St/ multi-*®
most constant whildN!,(SO) varies by a factor of approxi- and monocrystalline S£°° The graph shows thatin crys-
mately 5. For S&5% the gradients oINid(SC) andNg(SC)  talline Si as used for solar cell applications is three to four
deviate considerably. For this SC range, the previously mererders of magnitude larger than jac-Si:H absorbers for
tioned uncertainty im; caused by the large amorphous vol- thin-film solar cells deposited by VHF PECVD.
ume fraction is the likely reason for the different dependence
of Ny(SO and Ng(SC) on SC. The general question also
arises as to how far the electronic properiiggin densities DISCUSSION
determined on chemically treated powder samples of layers | the following, several aspects of the analysis of the
deposited on aluminum foil can be compared with the propyark current to evaluattl; and 7 are addressed. The terms
erties ofi layers in completed diodes that were deposited Oneffective” defect density and “effective” recombination
a (doped uc-Si:H layer. Additionally, ESR detects only |ifetime were introduced since we used a one-dimensional
paramagnetic stateslangling bonds occupied by a single model. Microcrystalline silicon is, however, a heterogeneous
electron, hence neutral stated shift of the Fermi level aterial so that a three-dimensional model would be re-
could consequently affetls. Compensative doping experi- gyired to model the transport and recombination precisely.
ments were carried out as reported in Refs. 7 and 41, and gt |ittle is known about, e.g., the location of the states that
was proved that the conductivity is minimum without addi- gye detected by ESRiccording to various reports the defects
tional doping, so we conclude that the Fermi level of theyre |ocated at the grain boundaffes3, the electronic prop-
intrinsic layers is close to the midgdpeglecting the possi-  grties of the coherent domains and their boundaries, the grain
bly different effective densities of states at the band edgespoundaries, and the internal surfaces due to voids within the
However, the exposure to air and chemical treatment of thgyyer, While more insight into these properties is necessary to
ESR powder samples might shift the Fermi level near thechieve a detailed microscopic picture, the simulations with
surface due to, e.g., surface reactions. an inhomogeneous defect densisolid squares in Fig. )4

As an alternative to ESR, the absorption coefficient ajroyed that the one-dimensional model gives a reasonably
0.8-0.9 eV as determined by PDS is often used to determingoog  picture of wc-Si:H despite its heterogeneous

the density of the defect states. However, no correlation eXmicrostructure.
ists between the absorption coefficient and the spin density Tnhe derivation of Eq(3) includes the assumption that
for our sample$? Stress and the uncertainty in the amor-he excess charge carrier concentrations are much larger than
phous volume fraction might be responsible for the difficultne equilibrium carrier concentrations. Fopa-n diode this
quantitative evaluation of the optical propertfés. assumption is valid only for the center of thiayer. It is not

The recombination lifetimer can be calculated by as- y4|id in and close to the doped layers due to the in-diffusion
suming a single defect level in the middle of the band gag,s charge carriers from the doped layers. In consequence,
with a density ofN; instead of the broad defect distribution yerived in this work is the lifetime in the middle of the
with densityNy . The real defect densiti; is, hence, con-  |ayer of ap-i-n diode. It corresponds to the lifetime in an
densed on a single level. According to the Shockley-Readngividual i layer as used for, e.g., measurement of the
Hall statistics(see also, e.g., Ref. 44, pp. 295, 43®e re-  steady-state photoconductivity, steady-state photocarrier
combination lifetime for holes and electromsn the center grating, or time of flight(neglecting the effect of the asym-
of thei layer is then metric effective density of states at the band eglges

=2l 4Ny, &) Th_e simulations showed that thg change in the dqu cur-

rent with different SC can be explained by a change- of

where vy, is the thermal velocity (10cm/9 and o is the  the center of theé layer. A qualitative analysis was carried
dominant capture cross section of the defect. In the numerieut by assuming a broad Gaussian defect distribution with
cal simulations a single defect level was realized by reducinghe peak of the neutral and positive states in the middle of
the standard deviation of the Gaussian function for the defedhe band gap. The assumption of a broad defect distribution
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with a peak located close to midgap is based on ESRlemonstrated using numerical device simulations. It was
studies’>*? These studies, however, give only a preliminary shown that the defect density and the recombination lifetime
picture of the defect distribution imc-Si:H, since Poruba in the intrinsic layer of microcrystalline silicon solar cells
et al. propose that the peak of the singly occupied danglingcan be deduced from the dark diode characteristics at small
bond states is located 0.3—0.35 eV above the valenceandvoltages, since the device is then fully controlled by recom-
Additionally, possible changes of the defect peak level with eination in the absorber layer. The derived defect density has
variation in SC have not been investigated in detail. Hence, ito be regarded as an effective parameter since it is of no
cannot be excluded that the defect peak varies with SC. Theelevance for the diode current if the recombination sites
defect peak location affects the recombination tatén con-  vary on a nanometer scale. The diode current is also not
sequence, the dark current also varies with the defect pealfected by the material properties of thiayer close to the
level. If the defect peak level varied with the SC value, thedoped layers. Under large forward bias, however, these re-
derivation of Ny from the dark current as a function of SC gions become important. Comparison with experimental data
would be erroneous. The derivation efrom the dark cur- shows that the effective defect density of microcrystalline
rent, however, is not affected by the uncertainty in the defecsilicon decreases as the growth conditions shift from the
peak level. highly crystalline deposition conditiorismall SC valugto-
Temperature-dependent measurements in the range froward the transition region to amorphous growtedium SC
250 to 350 K were carried out in order to determine thevalug, where the highest solar cell efficiencies are obtained.

activation energ\e, defined as The spin densities of powder samples show a similar quan-
E titative trend in the highly crystalline deposition region, but a

JO(T):JOOeXF{ - k_;‘_) (4) considerable deviation is found close to the transition region

to amorphous growth. Near the transition region the amor-

The result is comparable with the measurements by Meiephous volume fraction is probably not negligible but not pre-
et al:> E, increases from about 0.5 eV in the highly crys- Cisely known. This causes an uncertainty in the intrinsic car-
talline deposition regim¢SC=2%) to about 0.7 eV where rier concentration which can lead to an erroneous defect
the highest efficiency is achievé8C=5%). For higher SC  density by a misinterpretation of the dark/ curves. Com-
values,E, approaches 1 eV. Provided th&t, is constant bining ESR data and the analysis of the dark current density,
(SC<5%) the increase oE, with increasing SC indicates the capture cross section of the dominant recombination cen-
that the operation conditions of the diode shift from highter is estimated to be 810 '® cm 2 For state-of-the-art
level injection(recombination takes mainly place in the cen- PECVD uc-SitH solar cells, the effective recombination
ter of thei layen to low level injection conditiongrecombi-  lifetime in the absorber is about 80 ns.
nation occurs mainly in and close to the doped lay&ts’
This supports the results shown in Fig. 6. However, we wanACKNOWLEDGMENTS
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