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Absence of carrier recombination associated with the defect pool model
in intrinsic amorphous silicon layers: Evidence from current—voltage
characteristics on p—i—n and n—i—p solar cells

J. Deng, J. M. Pearce, R. J. Koval, V. Vlahos, R. W. Collins, and C. R. Wronski®
Center for Thin Film Devices, the Pennsylvania State University, University Park, Pennsylvania 16802

(Received 20 December 2002; accepted 7 March 003

Forward bias current—voltage characteristidg V) were studied for botlp—i—n (superstrate
andn—i—p (substratg (a-SiC:H p)/(a-Si:H i) solar-cell structures having differepti interface
layers and different thickness-layers. Contributions of thep/i interfaces to theJp—V
characteristics were separated, and the dependence on the thicknesislaf/ére was established.
Equivalence was observed in a comparison of the characteristigsiefn andn—i—p cells. The
variousJp—V characteristics are found to be consistent with uniform densities of defects in the
i-layers, and thus inconsistent with the spatially varying large densities of defects predicted for
solar-cell structures by the defect pool model. 2003 American Institute of Physics.

[DOI: 10.1063/1.1571985

The performance and stability of hydrogenated amorbias, dark-current—voltagel—V) characteristics op—i—n
phous silicon &-Si:H) solar cells are expected to depend onandn—i—p a-Si:H cells. In Ref. 5, it is claimed that three
the intrinsic {)-layer densities of states in the band gap; theobservations, the constant diode quality factors between 1
i-layer recombination kinetics and mobility gaps; the prop-and 2 over extended regions of voltage, the absence of a
erties of doped layer, including their DOS, recombination,thickness dependence, and the nonequivalence of the charac-
and mobility gaps; the properties of the interfaces betweetteristics in a comparison gf-i-n andn—i—p cell structures
the doped and-layers; and the front and back contacts. can be attributedolelyto spatially inhomogeneous densities
There have been numerous studies addressing these depefdefects associated with the defect pool model.
dences, in particular, the effects of the recombination kinetics  In this letter, we report a study dfi,—V characteristics
and the nature of the defects in théayers for bothp—i—n for p—i—n and n—i—p cell structures having different
(superstrateandn—i—p (substratgcells. The inherent com- i-layer thicknesses, in which the contributions of the recom-
plexity of a-Si:H and its solar-cell structures has made itbination in thei-layers and at the/i interfaces have been
difficult to interpret measured device characteristics in adentified and separated. No evidence is found for inhomo-
straightforward manner. In fact, the analysis is generally cargeneous densities of defects in the intrinsic layers as reported
ried out by computer modeling, which involves large num-earlier® The contributions of recombination at tipéi inter-
bers of parameters, many of which have yet to be establishefdces to thel,—V characteristics were identified by control-
reliably from experiments. As a consequence, various modelthg such recombination with intrinsia-Si:H having differ-
have been suggested to describe the carrier recombination #ht band gaps in a 200-A region adjacent to fhtayers.
the i-layers ofp—i—n andn—i—p cell structures based on Such an approach has been utilized in the systematic im-
proposed differences in the nature and densities of defectsrovement of the 1-suNoc in p—i—n cells®
(DODs), not only in the bulk, but also at botp/i andn/i The a-Si:H solar cells were fabricated by rf plasma-
interfaces:” Conflicting proposals have been made, wherebyenhanced chemical vapor deposition at a substrate tempera-
in one model, the-layer is considered in terms of a homo- tyre of 200 °C under conditions described previodsiging
geneous distribution of defects, whereas in the other, a sp&iH, diluted with H, such that the dilution ratioR
tially nonuniform DOD is invoked as a consequence of the=[H,]/[SiH,] is set at values from O to 40 for the interfaces
defect pool modet:* According to the defect pool model, the and bulki-layers. Thep—i—n cell structures consisted of
thermodynamic equilibration in the density of dangling bondspecular Sng/p a-SiC:H (250 A)f  a-Si:H/n uc-Si:H
defects in the-layer depends on the position of the Fermi (350 A)/Cr, and the n—i—p structures consisted of
level, Er. The proximity ofE to the conduction and valence glass/Crh a-Si:H (350 A)fi a-SiH/p a-SiC:H (250 A)/
bands near the andp contacts, respectively, results in spa- |T0. R=0 andR= 10i-layers were incorporated with thick-
tially varying higher densities of charged defects, relative tohesses ranging from 0.2 to n. The 200-Aa-Si:H inter-
those of the bulki-layer, whereEg is near midgap. This  face layers consisted 6=0, 10, and 40 films whose band
results in an asymmetry in defect distribution betweengalos @000 Were 1.80, 1.86~1.95eV respectively. To
p—i—n andn-i-p cell structures. Evidence for such non- minimize the contributions of shunts, cell structure areas of

uniform defect distributions has been recently presented by 02 and 0.05 chwere used. Fop—i—n cells these areas
Kroon and Van Swadljbased on their results for the forward were defined by reactive ion etching of thewc-Si:H lay-

ers. Due to the low conductivity of the Sig-layers, how-
dElectronic mail: crwece@engr.psu.edu ever, it was possible to obtain leakage currents
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FIG. 2. TheJp—V characteristics op—i—n cell structures with 0.4-, 0.8-,

_10 2 . . . . and 1.5um-thick a-Si:H bulk i-layers and 200-A-thickR=40 a-Si:H
<10 Alem? in the n—i P cells even without etChmg' A i-layers incorporated at th@/i interface. Shown in the inset is the opposite

four-probe technique was used to eliminate any extraneougend in the currents with thickness, when carrier transport is determined by
series resistance effects. Care was taken to ensure that ttt rather than diffusion.

equilibrium currents were measured at low biases and that no
defects were introduced by double injection in the high for-  The Jp—V characteristics just discussed can be ex-
ward bias regions. The measurements were carried out in 5flained by diffusion/recombination transport in accordance
mV increments at 25 °C on cells in their annealed states afterith the work of Lip$ and by the Shockley—Reed—Hall
heating for 4 h at 170°C. They were highly reproducible(SRH recombination mechanisth without invoking the
over the entire voltage range, apart from occasional shuntingresence of large DODs in thidayer close to the/i inter-
contributions at the very low biases. face. In the SRH mechanism, whereby the electransand

The contributions of thé-layers toJp—V could be es- holes (p) recombine through states in the gap, the recombi-
tablished clearly from the results obtained on structures denation rater depends on the concentrationsand p, the
signed to reduce recombination at thé interface by wid-  nature of the gap states, and their densities. Bo#mdp in
ening the band gap of thee Si:H there. This is illustrated by thei-layer, as well ag, increase exponentially with applied
Fig. 1 wherein theJp—V characteristics are shown for forward biasV,. For the case of the/i interface, the re-
p—i—n cell structures with 0.4:m-thick R=10 i-layers. combination is determined by defect states at the interface
The Jp—V characteristics up te-0.8 V in Fig. 1 are consis- rather than in the bulk angd>n. Consequently, the recom-
tent with carrier transport attributed to the injection of elec-bination current depends solely on the valuenpfand its
trons and holes from thie and p contacts, respectively, fol- exponential increase is determined by the entire voltage ap-
lowed by their diffusion and ultimate recombination. In this plied across thé-layer. Thus, the effective diode quality fac-
voltage regime, the recombination currents exhibit an expotors are close to one as in the caserdf=1.2 in Fig. 1. In
nential dependence on bias before becoming limited by théact, the precise value can be attributed to a variety of factors
injection of carriers from the contacts as well as by a transirelated to thep/i interface recombinatiott. Because botim
tion from diffusive to drift transpof.Several features of the andp vary exponentially across thelayer, the dependence
Jp—V characteristics in Fig. 1 can be identified, as the re-of the recombination currents in the bulk &f is more
combination at the/i interface is reduced and the contribu- complex, particularly in the presence of a continuous distri-
tion from thei-layer becomes prominent. In the case of thebution of states that act as recombination centers. It is well
cell with R=0 p/i interface, the large interface recombina- established that the diode quality factor is 2 in the case of
tion results in the high currents that exhibit an effective dioderecombination through single defect level.
quality factorm™* =1.2. Reducing this recombination results The recombination currents in the bultayer are domi-
in strikingly differentJp—V characteristics with lower cur- nated by the region where the highest recombination rate
rents over extended voltage regions, and a highealue of  r ., is located. The width of such a region is inversely pro-
1.4. In the case of th&=10 p/i interface,m=1.4 in the portional to the electric field. It has been shown analytically
region up to~0.5 V. ForV>0.5V, m decreases to a value by Berkel et al!? that an exponentially increasing distribu-
closer tom* before being limited by carrier injection from tion of defect states versus energy away from midgap results
the contacts. Further reduction of the recombination at thén a constant diode quality factor that is reduced from the
p/i interface with theR=40 layer extends the region with value of 2. The extent to which this decrease occurs depends
m=1.4 to higher voltages. Evidently, the extension of theon how rapidly the densities of gap states increase versus
region dominated by recombination in the bulk is due to theenergy above and below midgap. Defect distributions that
reduction of recombination at th@i interface, as previously also increase rapidly, but of nonexponential form, have a

observed by Pearaet al’® similar effect and lead taon<2 over an extended voltage
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102 of p—i—n andn—i—p solar cell structures. No such effect is
102l found, however, in the cells deposited in this study. These
e include cells havindR=0 andR=10i-layers and in addition
§ 104} cells having differenp/i interface layers. This is illustrated
= 10| in Fig. 3, where the results are shown for cells with Q.-

% " thick R=10i-layers andR= 10, 40p/i interface layers.

S 107 By clearly separating the/i interface and bulk contri-

% 107 ¢ ® p-i-n R=40/10 | 1 butions to thelp—V characteristics ofi-Si:H cell structures,

O qoe} n-i-p R=10/40 | ] it has been possible to characterize the recombination in the

3 v p-i-n R=10 i-layers. An increase in recombination currents is found by
10° ---- n-i-p R=10 3 increasing both the thickness as well as the densities of gap

10-10 s . ; A ‘ - states in the-layers. The variousdp—V characteristics are

03 04 05 06 07 08 09 10 consistent withi-layers having continuous distributions of
Voltage (V) states versus energy across the gap as well as homogeneous

densities of defects versus position across the device struc-
FIG. 3. TheJp-V characteristics op—i—n andn—i—p cell structures with  t;re, This finding, along with the observed equivalence be-
%ﬁé‘?’ R=10i-ayers, and wittR=10 orR=40a-SiH atthep/i inter- o0 the characteristics pf-i—n andn—i—p cells, points
to the absence of any large and spatially varying distributions
. o of defects, as predicted by the defect pool model. This has
region. The value oim=1.4 observed in Fig. 1 between jmportant implications for the characterization, control, and
~0.2and 0.7V can be explained by the increasg,fydue  jmprovement othin a- Si:H-based solar cells as well as cor-

to a sharp increase in the density of gap states as, for €¥a|ations of device properties with the corresponding intrin-
ample, with Gaussian distributions that occur over regions of;c thin-film materials properties.

~0.3 eV above and below midgap.

The absence of very large DODs in the region of the  The authors acknowledge research support from the Na-
i-layer near the/i interface, the region that dominates,,, tional Renewable Energy Laboratory under subcontract NDJ-
is clearly established from the “elusive™34i-layer thick-  2-30630-01.
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