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Carrier transport properties of undoped polycrystalline sili¢paly-Si) thin films prepared by
SiH,—H, plasma at low temperature have been investigated. The ac-conductivity measurement
technique has been applied to poly-Silayers with ann-i-n junction structure in order to
characterize the electron conductivity along the growth direction. Furthermore, the hole
conductivity has been measured wjihi -p junction structures. The temperature dependence of ac
conductivity reveals that poly-Si films with relatively low crystalline volume fractiof50%)

exhibit intrinsic character, while the poly-Si films with highy (>50%) exhibitn-type character

with activation energies less than 0.15 eV. Based on these results, the relationship among
microstructure, carrier transport, and photovoltaic performance of poly-Si solar cells is
discussed. ©2002 American Institute of Physic§DOI: 10.1063/1.1527979

Low-temperature-grown polycrystalline silicgpoly-Si) Si/metal, however, one does not observe the simple linear
thin films produced by plasma-enhanced chemical vapo©hm'’s law in dc current—voltage characteristics due to the
deposition(PECVD) are currently attracting considerable at- presence of carrier depletion acting as a contact barrier at
tention as a low-cost and stable photovoltaic matéfiaRe-  metal/poly-Si interfaces. The ac-conductivity measurement
cently, several groups have reported that poly-Si films pretechnique has been proposed as a powerful tool for measur-
pared under various conditions in the PECVD process showhg the material conductivity with a sandwich electrode
a wide variety of microstructures from a crystalline- geometry In this letter, we report on the results of electrical
amorphous mixed state to an almost perfect crystalline statgonductivities due to electrons and holes in the poly-Si films
with different crystallographic orientatios:®> These struc- using the ac-conductivity technique. We show that the Fermi
tural changes directly affect the carrier transport propertyenergy level and photosensitivity in the poly-Si layer are

which plays a dominant role in determining the photovoltaicy,jjie sensitive to the film microstructure. Based on these

performance. Due to such complicated microstructures, howg.q it we discuss the relationship between electrical prop-

ever, it is not straightforward to explore the carrier transport, oo and photovoltaic performance of poly-Si films
properties of poly-Si films. Moreover, little effort has been The solar cells prepared in this work have a structure of

made to identify the effect of carrier transport on the phOtO'Ag-grid/ZnO/p-i-n/ZnO/Ag/gIass? Highly conductive mi-

voltaic performancé:’ crocrystalline silicorp andn layers that were deposited by a
For the case of the columnar grains oriented perpendicu- Y P Y P y

larly to substrate, which is often encountered220) pref- rf—PoE CVD system. The poly-Si layers were depos!ted at
erentially orientated poly-Si films, the carrier transport can180 C by anothgr F_)ECVD system with a very high fre-
be separated into two components; one is along thefitn- ql_Jency(VHF) _exutatlon source{l_oo MH2). A mixture of
allel) and another is along the growth directigperpendicu-  SiHs and H with a H, concentration of 4.5% was used for
lar). In this case, the parallel conductivity should be stronglythe growth of the poly-Si layer. The film crystallinity was
affected by the grain boundaries, whereas the perpendicul&f@nged by deposition pressure in VHF-PECVD proégss.
conductivity is affected very little. For the PECVD produced The crystalline volume fractionX., and crystallographic
poly-Si films, such an anisotropic electrical transport hasrientation were determined by Raman and x-ray diffraction
been reported by Kda et al® Concerning practicap-i-n  (XRD) measurements, respectively.
poly-Si solar cells, such carrier transport parameters as elec- The ac-conductivity measurement was performed on
trical conductivity of poly-Si films should be characterized in 2-um-thick poly-Sii layers with different sample structures
the form of sandwich electrode geometry, as in solar celconsisting of ZnO#-i-n/SnQ,/glass and ZnQi-i-p/
structure, because the perpendicular carrier transport clear§nQ,/glass. The flat ZnO and Spdilms were employed as
dominates the device operation, rather than the parallel tran§ont and rear side transparent electrodes, respectively. The
port. With the sandwich electrode geometry, e.g., metal/polydark ac conductivity was measured in the frequency range of
50 Hz-1 MHz under an applied ac voltage of 10 my/

dpresent address: National Institute of Advanced Industrial Science an§fInCe the .ac-conductlvr[y spectra involve the. effects of car-
Technology, Japan; electronic mail: t-matsui@aist.go.jp rier depletion at contacts and electrode resistance, the true
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FIG. 1. Short circuit current densityl{) and open circuit voltageM,,) of 1 2 3 4 5 6 7

poly-Si solar cells with different-layer crystalline volume fractions of, 1000/T (K'l)

~50% (closed and ~80% (open as a function ofi-layer thickness.

Dashed and solid lines represent theoretical plots calculated 3gth FIG. 2. Temperature dependence of dark conductivity of poly-Biyers
=10cm/s, Ngg=10%cm® (model A and Sgg=20cm/s, Ngg with different crystalline volume fractions of.~50% (circles and~80%
=10 cm™2 (model B, respectively. (squaresmeasured witm-i-n (closed andp-i-p (oper) sample structures.

film conductivity of poly-Sii layer can be determined at noted that poly-Si layers in then-i-n and p-i-p samples
frequencies where the relative permittivig,;, approaches are generally expected to be different due to the difference in
a proper value o .«(Si)=(Cd/e,S)~128 Here,C, d, &, the nucleation behavior on and p layers. Nevertheless, in
andS denote the capacitance corresponding to the imaginarthis series, no significant structural difference is found be-
part of measured admittance spectra, the sample thicknessyeen poly-Sii-layer deposited om layer and that orp
the vacuum permittivity, and the sample area, respectivelyayer from the Raman and XRD measurements. In Fig. 2, a
The photoconductivity was also measured under air massemarkable difference in the dark conductivity behaviors is
1.5, 100 mW/crf illumination through the glass substrate. observed for these two poly-8ilayers. For the poly-Si film
Figure 1 shows the short circuit current density, and  with X.~50%, the activation energies of the dark conduc-
open circuit voltageY,,., of poly-Si solar cells as a function tivity, €,, which is deduced from the Arrhenius plot in the
of i-layer thickness in the range of 1.0—-%ufn. In Fig. 1, the  higher temperature regim{800—400 K, are almost identical
results on poly-Si withX.~50% are compared to those on around 0.55 eV for botm-i-n and p-i-p samples. For the
poly-Si with X.~80%. Both series of poly-Si layers exhibit poly-Si film with X.~80%, on the other hand, for n-i-n
(220) preferential orientation.The solid and dashed lines in is much smaller than that fgr-i-p. These electrical proper-
Fig. 1 represent the theoretical fits which will be discussedies depending on sample structures can be interpreted as
later. Regardless of., J..linearly increases with increasing follows. For then-i-n sample, then/i interfaces should act
thickness up to the layer thickness of 3um. No significant as barriers for the hole extraction, and only electrons can
difference is found for the improvement dy. between solar  contribute to the current flow if the applied voltage is much
cells with X, of ~50% and~80%. HoweverJg rapidly  smaller than the barrier height impeding hole extraction. On
starts to decrease at the thickness aboveuB for X.  the contrary, thep-i-p sample permits only holes for the
~80%, whereasly. gradually increases at the thickness current flow. Since the activation energy of the dark conduc-
above 5um for X,~50%. On the other hand/,. signifi- tivity is a good measure of the Fermi energy from the band
cantly decreases with an increase in tHayer thickness. In  edge for the carrier transport, the result on the poly-Si film
particular, independent off-layer thicknessesyY,. for X,  with X.~50%, i.e., ¢,~0.55eV being independent of
~80% is always lower than that fot,~50%. It is evident sample structure suggests that the Fermi level locates at the
that the poly-Si layer withiX;~50% is advantageous as the center of the band gap. Thus, this material is almost intrinsic.
photovoltaic material in comparison with that witK,  For the poly-Si film withX.~80%, on the other hand, the
~80%. In fact, using the poly-Si layer with X,~50%, a small e, for electron transport and the largg, for hole
maximum  conversion  efficiency of 9.18% J{  transport provide strong evidence that the Fermi level is
=25.1 mA/cnt, V,=0.527V, fill factor=0.7) has been close to the conduction band edge. Thus, this material is
achieved with the-layer thickness of 2..um, by employing  type. Table | summarizes room temperatutg taken from
an appropriate light trapping structute. the Arrhenius plot shown in Fig. 2, together with the results
In order to elucidate the relationship between poly-Siof photoconductivity ¢,;) and photosensitivity /o).
microstructure and photovoltaic performance, electrical charin Table I, oy is less dependent on poly-Si crystallinity com-
acterization was performed on poly-Si films by the ac-pared tooy, implying thato, is determined by the number
conductivity technique. In Fig. 2, the temperature depenof photogenerated carriers under light illumination, rather
dence of dark conductivity &) measured for poly-Si than by the Fermi level at thermal equilibrium. Accordingly,
layers with different crystalline volume fractionX{~50%  op,/0y is predominantly determined byy. In particular,
and ~80%) is shown. Figure 2 also demonstratgsmea-  for the poly-Si films with X.~80%), o4 markedly varies
sured for then-i-n and thep-i-p samples. It should be with sample structure. As a resutt,,/ o for p-i-p is found
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TABLE |. Dark conductivity (4), photoconductivity ), and photosen- <~ v
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to be much higher than that fori-n, whereo /o4 differs

by four orders magnitude. This result provides additionalF!G- 3. Calculated carrier recombination rate profiles along the grain bound-

t that phot ted holes dominat inorit ._ary position, at short circuit conditio/(=0 V) and at forward biased con-
support that photogenerated noles dominate minority carrekg,, (V=0.43V). Dashed and solid lines represent the calculation results

transport in the highly crystallized poly-Si films. using Seg= 10 cm/s, Ngg= 10 cm~2 (model A and Sgg=20 cm/s, Ngg
It has been reported that the origin of earlier-mentioned= 16" cm™2 (model B, respectively.

n-type character observed in highly crystallized poly-Si films

is attributed either to intrinsic nature or to the e|eCtrica”yf0rward app“ed V0|tage is near|y close to open circuit con-
active oxygen-related compléx®~*?In general, it is widely  dition. In Fig. 3, model B reveals that the intensive carrier
accepted that the oxygen-related donors concentrate at graicombination takes place near tpéi interface whenV
boundaries in the poly-Si films,and oxygen contaminated =0.43V. Due to itsn-type character, the built-in electric
grain boundaries give rise to similar defect energy distribu<ield locally concentrates at/i interface. Therefore, carrier
tion as Si/SiQ interface” This idea of such an electrically density at this depletion region is dramatically increased by
activated grain boundaries with high donor concentration inthe forward bias application. Since the recombination rate is
the poly-Si films allows us to give clear explanations for thedetermined by the product of majority carrier density and
results of the thickness dependence of photovoltaic performinority carrier density, holes recombine with “majority”
mance shown in Fig. 1. The lines shown in Fig. 1 represenglectrons at the/i interface via the defective grain bound-
calculated results based on the two-dimensional grain boundgries. This effect would account for the finding thay, for

ary modet® in which uniform columnar grains in thelayer X.~80% is always lower than that fof,~50%.

with lateral grain size of 0.0um are assumed. Here, the In conclusion, we demonstrate that the ac-conductivity
dashed Iinet{model A: intrinsig indicate simulation results measurement with-i-n and p-i-p samp|e structures can be
calculated with the surface recombination VelOCity at grainapp”ed to determine the individual electron and hole con-
boundary ofSgg=10 cm/s and the effective donor concen- ductivities along the poly-Si growth direction. The poly-Si
tration at grain boundary dfigg=10'° cm™>. For the solid  fims with relatively low crystalline volume fractiorX,
line (model B:n type) Sgg=20 cm/s andNgg=10"cm™® 5094 exhibit intrinsic character, leading to the successful
are assumed. Preliminary studié¥' have suggested that high efficiency solar cell fabrication. In contrast, poly-Si
Scg should be lower than 100 cm/s in order to reproducefims with high crystalline volume fraction induce higher
recent experimental results of poly-Si solar ceNgg values  film conductivity with n-type character. This effect is pro-

given in models A and B are set as their macroscopic darlgosed to be responsible for the pronounced reductiafyin

conductivities to be identical with the measured dark con-

ductivities for X.~50% and~80%, respectively. Figure 3
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