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Summary

In this report we present the status of three tasks of this research project:

1. Amorphous Silicon Solar Cell Characteristics and Modeling

2. Photocarrier Drift Mobility Measurements in a-Si:H and CIGS

3. Hole-Conducting Polymers as p-layer Materials for Amorphous and Crystal Silicon Solar Cells

In particular for the first project, we have published fairly extensively; see the references [
-






] and the associated web-links at the end of this report.

Solar Cell Characteristics & Modeling

The most important finding of our work is that the efficiency of contemporary a-Si:H solar cells is largely governed by the hole drift-mobility; the appropriate exceptions and details are summarized below. This finding is certainly surprising in the context of the field's longstanding focus on dangling bonds as the limitation. Much of this report will be a summary of the experiments which led to this finding, but we first take the liberty of discussing its implications for further improving the efficiency of a-Si:H based solar cells.

There is an interesting "desert" between the best values of the hole drift mobility in a-Si:H (hole drift mobility about 10-2 cm2/Vs) and in nc-Si:H (hole drift-mobility about 100 cm2/Vs); in both a-Si:H and nc‑Si:H, the valence bandtails associated with disorder are the root cause of the low hole mobilities compared to crystalline silicon. It seems likely that a‑Si:H materials can be grown in this desert that would permit better initial-state solar cells than at present. It is also fairly clear that such materials are not readily achieved. The "triode" materials prepared a decade ago at ETL have never been reproduced, and are the only occupants of the desert known to us.

Presuming that better initial-state cells can be fabricated by optimizing the hole drift-mobility further, would these cells have better efficiencies following light soaking? As will be described below, we believe that light-soaking in a-Si:H is "self-limiting" in contemporary materials. By this phrase, we are suggesting the perspective that dangling bond creation under solar illumination is arrested once dangling bonds become significant competitors to the valence bandtail as photocarrier recombination centers. This hypothesis is certainly not tested as rigorously as our findings regarding the initial-state efficiency. Nonetheless, it implies that materials with improved hole drift mobilities would possess improved properties in their light-soaked state.

What would be the use of such "improved" materials, if indeed they can be created? Presuming that the optical properties of a-Si:H were unchanged, improved electronic properties simply mean that the layer thickness of a-Si:H within the solar cell could be usefully increased. This capability would probably not improve current triple-junction cells, for which the a-SiGe:H layers are the critical ones. We don’t presently know whether the ideas of mobility-limitation and self-limitation of light-soaking are valid for a-SiGe:H. On the other hand, improved a-Si:H cells could be quite valuable in "micromorph" and other tandem cell designs, which require thicker component cells and use larger photocurrent densities.

By way of introduction, we now list the principal findings of our work on United Solar Ovonic Corp. single-junction a-Si:H solar cells:

(i) The hole drift mobility is the main electronic property of a-Si:H that determines the power density of as-deposited cells Pmax [1,2]. Electron drift-mobilities are larger, and nearly irrelevant to the cell’s performance. Remarkably, the parameters describing recombination processes are fairly unimportant – even though recombination is the ultimate fate of photocarriers that don't contribute to power generation. Recombination parameters weakly affect the cell’s efficiency through its open-circuit voltage.

(ii) Dangling bonds, which could certainly have reduced the power density below the hole-mobility limit, do not appear to have a strong effect on the as-deposited properties of the cells under solar illumination. 

(iii) The power density from light-soaked cells is (of course) noticeably reduced below the as-deposited values. In agreement with previous work, we find that the fairly modest decrease in power is primarily due to the increase of the dangling bond density with light-soaking. However, the photocarrier processes in the light-soaked cells appear to be roughly equally affected by the low hole mobility and by the dangling bond density; the dangling bonds don't dominate the light-soaked state for cells under solar illumination [2,6].

(iv) The time-dependence of light-soaking for the open-circuit voltage is consistent with a reasonable extension of the "hydrogen-collision" model, and appears to be inconsistent with the older approach (often associated with Stuzmann, Jackson, and Tsai) that attributes the time-dependences to changes in photoconductivity kinetics as light-soaking advances [5].

Drift Mobility Measurements on CIGS & a-Si:H

The principal experimental work in the last year has actually involved CuIn1-xGaxSe2 (CIGS). We have been able to estimate the hole drift-mobility in CIGS using photocarrier time-of-flight methods. For cells prepared by the Noufi’s group at NREL, the hole drift-mobility has the magnitude 10-1 cm2/Vs, and is not strongly temperature-dependent. This work is an interesting complement to that of Dave Cohen's group, which measured hole mobilities using capacitance methods. Photocarrier time-of-flight measures mobilities in the relatively insulating, front portion of the cell. The capacitance techniques developed by Cohen's group measure hole mobilities in the back portion of the cell , and found a magnitude of 101 cm2/Vs. We suspect the difference is due to vertical inhomogeneities in the CIGS materials of the cell, but this needs to be confirmed.

This work does have some potentially interesting implications for CIGS solar cells. Presuming that the electron drift-mobilities, which have never been measured, are lower than the hole values, CIGS cells are also likely to be mobility-limited in their conversion efficiency.

Our measurements of hole drift mobilities in microcrystalline silicon solar cells from Forschunszentrum Jülich were recently published in Applied Physics Letters [4]; this work has been described in the previous annual report. We found that the hole drift-mobility was about 1 cm2/Vs near room-temperature. Interestingly, this value appears to roughly account for the optimum thickness of microcrystalline solar cells (using the same hole-mobility limited picture just described for a-Si:H cells).

In two different papers, we have reviewed the overall picture for hole and electron drift-mobilities in amorphous and microcrystalline silicon [1,7]. One interesting result is that the “world champion” hole drift-mobility values are presently reported for “polymorphous” a-Si:H [1].

Polymer p-layers

Hole conducting polymers are an interesting alternative to silicon-based p-layers for a-Si:H. In principle, one can obtain highly variable bandgaps and band alignments relative to a-Si:H. Our hope in these studies has been to demonstrate high open-circuit voltages in heterostructure a-Si:H cells using polymer p-layers, which would be of fundamental interest (in establishing VOC device physics), and could conceivably be of technological significance. The use of heterostructure p-layers has been quite successful for c-Si HIT cells, and, technically speaking, the present microcrystalline Si and a-SiC:H p-layers used for a-Si:H based solar cells are heterostructure devices.

Our own experimental work in the last year has explored doped polyaniline, cast onto the Si layer, as the hole-conducting polymer. We had hoped this material would be preferable for casting onto Si, since it uses a non-aqueous solvent (typically xylene) and might yield thinner oxide layers near the interface than polymers using water as the solvent. While we are able to fabricate decent diodes this way, the open-circuit voltage remains at least 0.1-0.2 V below values with conventional, inorganic p-layers. Furthermore, except for a particular variety of highly conducting polyaniline obtained from Ormecon, Inc., the illuminated diodes have poor photocurrent densities.

In work reported in previous annual reports, we have obtained open-circuit voltages in a-Si:H n/i/polymer cells up to 0.73 V using “PEDOT:PSS,” which is a commercially available hole-conducting polymer. This value is below that obtained with conventional p-layers. Interestingly, an NREL/Arizona collaboration has shown that hot-wire a-Si:H cells deposited onto PEDOT:PSS in the pin sequence have achieved VOC's of 0.88 V, which is comparable to the value obtained for this material with the best conventional inorganic p‑layers. However, unlike the inorganic p-layer, the polymer p-layer did not require an a-SiC:H buffer layer to achieve this performance. We did contribute the device modeling to this work, which was recently published [3]. The modeling illustrated the role of the conduction band offsets at the p/i interface in accounting for the success of both buffer layers and of the polymer p-layer.

Returning to the polyaniline diodes, we cannot distinguish between the two possibilities of poor alignment of the polymer’s valence band with that of Si, or the formation of an interface region with completely unknown properties. However, it is fairly clear that polyaniline is unlikely to form a good p‑layer for a-Si:H and c-Si based solar cells, and we plan to evaluate additional polymers in the coming year.

Characterization & Modeling of a-Si:H Solar Cells

1. Introduction

The device physics of pin solar cells involves – at a minimum – three different materials as well as the interfaces between them. Since the invention of hydrogenated amorphous silicon (a-Si:H) pin solar cells about thirty years ago, an enormous effort by scientists around the world has generated a correspondingly large number of papers detailing the optoelectronic properties of the materials. There have also been a number of pioneering efforts to integrate this information into models for the device physics of the cells [
-




]. The task of achieving useful insight when models have dozens of relevant parameters is daunting, and it is probably fair to say that there is no consensus understanding about how the cells work.

In this paper we first describe the hole-mobility limit of the efficiency for pin solar cells with absorber layers. Such a limit, which typically applies when hole drift-mobilities are less than around 1 cm2/Vs, is implicit in any of the device models for a‑Si:H, but has been little explored since seminal work of Crandall [9]. The remarkable aspect of the hole-mobility limit is that it depends quite weakly upon processes that might seem more important, including photocarrier recombination and electron mobilities (which are assumed to be much larger than the hole mobilities).

For intrinsic a-Si:H, we summarize the many measurements of hole drift-mobilities; these mobilities are very low (typically less than 10-2 cm2/Vs), although there have been promising reports of better mobilities. These mobility measurements are sufficient to establish a “hole mobility limit” for single-junction cells with an a-Si:H intrinsic layer, and we show that a-Si:H nip solar cells prepared at United Solar Ovonic Corp. have achieved solar conversion efficiencies that are very close to the hole mobility limit. This achievement is a remarkable one. It implies that dangling bond densities have been kept low enough that they do not dominate the drift of holes, and that the n and p layers are good enough to act as nearly ideal electrodes to the cell.

These conclusions apply to the “as-deposited” state of the cells. In use, a-Si:H based solar cells are light-soaked. Plausibly, the dangling bond density in the cells rises sufficiently to reduce the output power below the hole-mobility limit. The saturated degradation is about 30% for thick single-junction cells that lack optical enhancements such as back reflectors and texturing; the decline is less in optimized cells. The conclusion that the as-deposited cells are near their hole mobility limit then creates a puzzle, for it seems an unlikely coincidence that the light-soaking process should saturate just when cells show noticeable (30% or less) degradation. We therefore speculate that the light-soaking process is “self-limiting” in the cells we have studied, and we discuss an obvious – but insufficient – mechanism for self-limitation in the concluding section.

2. Hole-mobility Limit for pin Solar Cells

Perhaps the most elementary model for a pin solar cell assumes uniform photogeneration G  in the intrinsic layer, and describes transport and recombination in this layer using only hole and electron mobilities p and n and an interband recombination coefficient bR. For sufficiently low hole mobility p << p, and ideal n and p layers, this model yields a fairly simple approximation for the maximum power density from a thick cell [
]:


[image: image1.wmf](

)

(

)

(

)

(

)

4

1

3

2

3

3

2

eG

V

P

h

OC

e

m

=


(1)
where the open-circuit voltage VOC is given by:
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EG is the bandgap of the material, NC and NV are the bandedge densities-of-states, e is the fundamental charge, k is Boltzmann’s constant, and T is the temperature (in Kelvins). ( is the permittivity of the absorber (SI units); we use the value ( = 1.05(10-10 C2/N-m2 that is typical of a-Si:H.
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The expression for VOC is independent of the carrier mobilities. This aspect is important, and is fairly readily understood from the perspective that eVOC reflects the splitting of the electron and hole quasi-Fermi levels EFn and EFp in the intrinsic layer [15]. By definition, 
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; a similar relation holds for EFn. These expressions are not directly related to mobilities. The same perspective accounts for VOC’s logarithmic dependences upon bR, NC, and NV.

The expression for the power density P depends directly only on the ¼ power of the hole mobility p and the ¾ power of the generation rate G. It has a weak dependence upon recombination parameters through VOC.

These analytical expressions are based on an approximate analysis that neglects the roles of diffusion. It is thus important to confirm them using a full numerical study of the same physical model. The black lines in Fig. 1 illustrate calculations of P done using the AMPS-1D computer code [12] for G = 3.3x1020 cm-3s-1, which was selected because it has the same magnitude that solar illumination makes in a-Si:H. Results are shown for three values of the interband recombination coefficient bR [
]; the value for a-Si:H is around bR = 10-9 cm3s-1. The gray line is the analytical approximation (eq. (1)) for bR = 10-7 cm3s‑1. Eq. (1) gives a good approximation to the full computer simulation over this range of hole mobilities. For larger values of h, the power is larger than expected from eq. (1); the increase reflects the increased importance of ambipolar diffusion, which was neglected in deriving eq. (1).

Fig. 2 presents profiles of the “collection efficiency” 
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 (R is the recombination rate at a particular position x) and of the electric field as they were calculated for the maximum power point using the AMPS 1-D code. The simulations were done for very thick absorber layers (30 m); photocarrier collection is only significant in the p/i interface region that is illustrated. The profiles on the left-hand side are calculated for a low hole mobility 0.003 cm2/Vs. These graphs illustrate that the electric field is confined to a fairly narrow region (width dC) near the p/i  interface. In addition, the photocarrier collection efficiency is only significant within this “collection width,” from which one draws the inference that the field-assisted drift of holes dominates the cell. 
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This conclusion is consistent with the small magnitude of the ambipolar diffusion length 
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. The two profiles on the right side of the figure illustrate the solutions for a much larger hole mobility 3 cm2/Vs. For the smallest recombination coefficient bR = 10-9 cm3s-1, photocarrier collection is dominated by ambipolar diffusion. The low-mobility behavior is restored for bR = 10-7 cm3s-1, as can also be inferred from Fig. 1.

3. Hole Drift-Mobilities in a-Si:H

Fig. 3 shows the drift-mobility of holes near room-temperature for five a-Si:H samples. ECD94  is a plasma-deposited sample prepared around 1989; its hole drift-mobility is about the same as was reported for other samples prepared in the 1980’s [
]. BP03 is a plasma-deposited material prepared fairly recently that used hydrogen-diluted silane as the source gas [
]. Eindhoven05 was prepared using the expanding thermal plasma method [
], and Palaiseau03 is a “polymorphous” sample [
]. It seems apparent that hole drift-mobilities in a-Si:H have increased in the last decade. It is not clear at present how each of the changes in deposition procedures (hydrogen dilution, pressure, reactor design) has contributed to this improvement.

For solar cell applications, the most significant aspect of this graph is that the magnitudes of the drift-mobilities for recent samples range from 6x10‑3 to 2x10‑2 cm2/Vs. Casual inspection of Fig. 1 indicates that the maximum power densities for cells with such mobilities are roughly the same as for a‑Si:H single-junction solar cells; simplified cells that do not exploit “optical engineering” (light-trapping and advanced back reflectors) typically have an initial power density of 7 mW/cm2 under a solar simulator [
]. We show results from a more accurate model for a-Si:H in the next section.

We digress briefly to discuss the construction of Fig. 3. It is not common to present drift-mobilities for different materials and from different laboratories on a single graph. The reason for this is the “dispersive” property of hole drift in a‑Si:H and most other low-mobility semiconductors. Measurements of the photocarrier “time-of-flight” tT yield estimates of a drift-mobility through the expression:
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where d is the sample thickness and V is the bias voltage used in the measurement [
]. Experimentally, these drift-mobility estimates depend significantly upon the voltage that is applied; although rarely performed, the estimates also depend upon thickness. It isn’t obvious how to compare different materials except using the cumbersome approach of arranging for samples of identical thickness measured at some particular voltage.

This voltage-dependence of d does not imply that photocarrier transport is nonlinear with electric field E. The displacement x(t) of a sheet of carriers over a time interval t does (usually) depend linearly upon E. The voltage dependence is instead a consequence of “dispersive transport” [
], which is evidenced in the power-law decays of the photocurrent transients used to measure the transit times. It can be shown fairly generally that the drift-mobility d depends only on the “displacement field ratio” L/E [
]. Different materials can thus be compared – even in the presence of dispersive transport – at common values of L/E, and this was done to prepare Fig. 3 [
].  The lines shown in Fig. 3 are actually best-fits to the temperature-dependent hole drift-mobilities over the range of temperatures illustrated.
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4. Amorphous Silicon nip Solar Cells: Solar Illumination

In order to account for the strongly temperature-dependent and dispersive character of hole drift-mobilities in a-Si:H, a model incorporating an exponential valence bandtail has long been used [
]. The bandtail states act as traps for holes and as recombination centers; such bandtail states are provided for by the commonly used modeling codes including AMPS-1D [12] and ASA [
]. The simplest version of the [image: image27.wmf]10

-1

10

1

0.84

0.86

0.88

0.90

0.92

0.94

0.96

0.98

4.0x10

20

5x10

19

3.5x10

20

 

 

Open-circuit voltage (V)

Light-soaking time (h)

2x10

21

 cm

-3

s

-1

valence bandtail model requires two additional parameters beyond those already introduced. These are the width of the bandtail EV, and the valence bandtail trapping coefficient bvp that describes capture of mobile holes by these traps.

	Table I: a-Si:H Solar Cell Modeling Parameters [28]. Solar cell performance is mainly sensitive to the boldfaced parameters.

	p
	0.3 cm2/Vs
	Band-mobility of holes.

	Ev
	0.04 eV
	Width of exponential valence bandtail.

	Nv
	4(1020 
cm-3
	Valence band effective density-of-states.

	bvp
	1.3(10-9 cm3s-1
	Trapping coefficient h+→V0 (valence bandtail).

	Eg
	1.74 eV
	Electrical bandgap.

	bvn
	1.0(10-9 cm3s-1
	Trapping coefficient e-→V+ (valence bandtail).

	n
	2 cm2/Vs
	Band-mobility of electrons.

	Ec
	0.02 eV
	Width of exponential conduction bandtail

	Nc
	4(1020
cm-3
	Conduction band effective density-of-states.

	bcn
	1.3(10-9 cm3s-1
	Trapping coefficient e-→C0 (conduction bandtail)


In Fig. 4 we present a numerical calculation (AMPS-1D code) of the dependence of the power density of a-Si:H solar cells upon the thickness of the intrinsic layer for solar illumination. The electronic parameters of the model are presented in Table I; they have been published previously [
]. The hole transport parameters p, Ev, and bvp are consistent with two samples in the middle of the range of Fig. 3. The bandtail recombination parameter bvn = 10-9 cm3s-1 has been taken from two independent high-intensity photoconductivity measurements [
,
]. The valence bandtail density at the bandedge 
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 cm-3eV-1 is not independent in the present model [15,28], but is required for actual calculations. The bandedge parameters NC and NV were chosen to be consistent with measurements of the temperature-dependent open-circuit voltage measurements. The bandgap EG and the optical absorption spectra were consistent with direct optical measurements. Electron mobility parameters are given for completeness, but the calculations are insensitive to the precise values shown.

For the present calculations, the apparent “hole mobility limit” is the saturated value of the power found for very thick cells, which is about 7 mW/cm2 for the present calculation. As it does for the simpler model of section 2, the value of the recombination parameter bvn does have a slight effect on the calculation; decreasing bvn by a factor 10 increases the saturated power by 6%. This percentage, calculated for white light illumination, is a bit misleading, since strongly absorbed green and blue photons are collected very readily. For red illumination, and more homogeneous absorption, reducing bvn tenfold increases the power for thick cells by 13%. Increasing the hole band mobility p tenfold increases the power for red illumination by 95%. These values are reasonably consistent with the results for the simpler model of Fig. 1 and a typical mobility parameter p = 10-2 cm2/Vs (cf. Fig. 3 at T= 295 K).”

Device-makers are sometimes surprised by the prediction of a saturated power for larger thicknesses in these models, since working cells can show a decline in power for larger thicknesses. While this issue has not been definitively studied, calculations with highly reflecting back contacts do show a peak power for some optimum thickness, and a decline for thicker cells [
].

The experimental measurements of Fig. 4 are for a series of a-Si:H single-junction nip solar cells prepared at United Solar Ovonic Corp. [21]. The cells are deposited directly onto stainless steel substrates, which has a fairly low reflectivity. Production cells that are deposited onto textured, highly reflecting back contacts have larger power output. On the other hand, these simpler cells are fairly well suited to comparison with model calculations, and as can be seen in the figure, the “as-deposited” cells agree reasonably well with the calculation. The light-soaked cells were exposed under open-circuit conditions for the unusually long time of 30,000 hours, and of course have lower power output than the as-deposited cells.

5. Amorphous Silicon Solar Cells: Uniformly Absorbed Illumination

In this section, we present temperature-dependent measurements and analyses for a series of a-Si:H nip solar cells prepared at United Solar Ovonic Corporation that indicate that the efficiencies of these cells at [image: image28.wmf]250
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solar intensities are mostly determined by the hole mobility of the intrinsic layer. Essentially the same conclusion (of mobility or space-charge limited photocurrent) was reached recently for polymer-fullerene blend solar cells [
] Temperature-dependent measurements are useful for exploring hole mobility effects in a-Si:H solar cells because the strong temperature-dependence of the hole drift-mobility in a-Si:H gives a fairly distinctive temperature-dependence for the cell efficiency. The statement that the efficiencies are near the hole mobility limit implies that the density of deep levels is sufficiently low that it has a minor effect on the efficiency, and that the p/i and n/i interfaces are sufficiently good that they are behaving nearly ideally.  We also present measurements for the light-soaked state, where deep levels do have a clearly measurable effect; the mobility-limitation idea remains roughly applicable. We conclude that improved efficiencies of a-Si:H solar cells will likely require further improvements in the hole drift-mobility.

For these experiments, six a-Si:H nip solar cells were deposited at United Solar Ovonic Corp. using RF glow discharge on stainless steel substrates. The n and p layers were the same in all depositions; the deposition time for the intrinsic layer was chosen to give intrinsic layer thicknesses from 185 nm to 893 nm. The cells were not optimized for the best efficiency, and in particular do not have a highly reflecting back contact. Special attention was paid to the hydrogen dilution in the intrinsic layer to maintain a good material quality throughout the entire intrinsic layer and to avoid nanocrystallite inclusion. Details of the deposition procedures have been given elsewhere [
]. As-deposited properties of the cells were measured under a solar simulator; for the thickest intrinsic layer (893 nm) a typical cell had an open-circuit voltage (VOC) of 0.982 V, a short circuit current density (JSC) of 14.4 mA/cm2, a fill factor (FF) of 0.559, and a maximum power density (PMAX) of 7.9 mW/cm2.

Further studies were done using a 30 mW, near-infrared (685 nm wavelength) laser. We chose to use this laser because its wavelength is absorbed fairly uniformly throughout the intrinsic layers of the cells, which simplifies modeling of the measurements. In Fig. 1 we present the temperature-dependent normalized maximum power density PMAX (T)/Js(T) and VOC(T) for four cells with differing intrinsic-layer thickness. Js is the photocurrent density measured at –2 V, which is a good approximation to the saturated reverse-bias photocurrent over most of the temperature-range. The measurements were done at constant laser flux. The average photogeneration rate at 295 K was G = 3.3(1020 cm-3s-1; G does vary with T due to the temperature-dependent bandgap of a-Si:H.

As has been reported by most previous workers, VOC is nearly thickness-independent. PMAX/Js declines markedly with thickness, which indicates that photocarriers generated deep inside a thick cell are likely to recombine instead of contributing to power generation. The solid lines in Fig. 1 represent computer calculations (AMPS-1D code12) using what we consider to be the simplest reasonable model for an a-Si:H nip solar cell. The crucial electrical parameters describe hole transport in the intrinsic layer. The code uses the exponential valence bandtail trapping model [
,
] to describe hole transport. The parameters we used are given in Table I; as described elsewhere [
], they have been chosen for consistency with hole drift-mobility (“time-of-flight”) measurements [
]. The electron parameters are given in Table I for completeness, but the calculations are fairly insensitive to them. This is expected because electron drift-mobilities are hundreds of times larger than hole drift-mobilities in a-Si:H [35,15] Deep levels were not included in the calculations of Fig. 1. We used idealized p and n layer parameters for which the precise values have little effect on calculated cell properties; prior experiments indicate that doped layers and interfaces are not limiting VOC in contemporary cells [
] The temperature-dependent photogeneration rate G(T) was determined from the measured, temperature-dependent photocurrent under reverse bias for the thinnest cell (186 nm). The temperature-dependent bandgap EG(T) was determined from measurements of the electroabsorption spectrum that are not shown here; this method [
] gave results consistent with earlier reports [
].
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As can be seen from the figure, these calculations give a good account for the temperature-dependent magnitudes of VOC and PMAX/Js. The near thickness-independence of VOC and its increase with decreasing temperature may be roughly understood using the model that equates eVOC (e is the electronic charge) to the separation of electron and hole quasi-Fermi levels in the intrinsic layer [34,35] For the thicker samples, the decline in PMAX/Js with decreasing temperature is a consequence of the rapid decline in the hole drift-mobility with temperature in a-Si:H [35]. As the hole drift-mobility declines, the region from which holes can be collected shrinks, and leads to reduced power from a thick cell [15] At the highest temperatures, there is evidently a discrepancy between the model and the PMAX/Js measurements; we believe that this reflects the onset of the effects of deep levels (dangling bonds).

Modelers generally include deep levels when they study a‑Si:H solar cells[12,14] but we do not believe that deep levels dominate the values of PMAX and VOC of the as‑deposited cells studied here. One reason for our view is that the measured drift mobilities of holes in a-Si:H essentially establish the largest values of PMAX that can be obtained from the cells, and Fig. 1 indicates that the actual power from cells is close to these maximum values. If the densities of deep levels were large enough, they would lower PMAX and VOC noticeably below the calculated values of Fig. 1. A second reason for believing that a density of deep levels is not dominating VOC and PMAX is illustrated in Fig. 2, where the dashed line is a calculation of PMAX/Js based on the assumption that deep levels do dominate hole trapping. PMAX/Js calculated using deep levels decreases as the temperature T increases; both the measured PMAX/Js and the calculation based on hole mobilities increase with T.

For the deep level calculation in Fig. 6, we set the bandtail trap densities to zero. We used a donor-type (0/+) deep level that was electrically neutral in the dark. The coefficients for  hole and electron capture by the deep level chosen to be bdp = 7.5(10-9 and bdn= 4(10-8 cm3s-1, respectively. Given (p = 0.3 cm2/Vs, they are consistent with hole deep-trapping experiments [
]. We neglected the slight temperature-dependences. The defect density Nd is 5.7(1016 cm-3 for Fig. 2, which fits the measured power at 230 K.
While deep levels do not seem to have a noticeable effect on the as-deposited state of these cells, a growth in deep-level density during illumination is the most plausible mechanism for the degradation of a-Si:H based solar cells during light-soaking [
]. In Fig. 7 we present the measurements for VOC and PMAX/Js for an 893 nm cell before and after 200 hours of light soaking at 295 K (G = 3.3(1020 cm-3s-1). The PMAX measured at 295 K degraded about 30%, which is comparable to the saturated degradation of thick cells after long-term exposure to solar illumination.[21] It is interesting that there is little difference in the light-soaked and the as-deposited states when measured at 230 K. This convergence of the two states at lower temperatures has not, to our knowledge, been noted in previous solar cell studies.

We were able to account for the convergence effect using the modeling procedures described above. For the light-soaked state, we added a density of deep levels to the bandtail traps that were used to calculate the properties of the as-deposited state [
]. The deep level trapping coefficients bdp and bdn were noted earlier; the density of defects ND was adjusted to 2(1016 cm-3 in order to fit the measured value of VOC at 295 K after light-soaking. This calculation gives a satisfactory account for the magnitude of PMAX /Js (no parameters were further adjusted), as well as for the temperature-dependences of VOC and of PMAX/Js. The measurements of VOC at lower temperatures are somewhat smaller than the calculated values. We speculate that this effect is due to a non-ideal p-layer.

Heuristically, the convergence effect may be understood from the splitting of the electron and hole quasi-Fermi levels in the intrinsic layer. This splitting increases as T falls (as evidenced by VOC(T)). While the density of deep levels is constant, the density of bandtail states between the two quasi-Fermi levels increases with this splitting – thus accounting qualitatively for the increased importance of bandtails at lower T.

6. Light-Soaking Kinetics of the Open-Circuit Voltage

Introduction

The metastable degradation of the optoelectronic properties of a-Si:H has been actively studied for more than 25 years. Important progress has been made by many researchers, but a fully satisfactory picture for the effect has never emerged. The difficulty of the metastability problem may, at least in part, be ascribed to the fact that there are probably two difficult, linked problems that must be understood simultaneously. First, it is likely that photocarrier recombination drives metastability, but - even for a single light-soaking state of an a-Si:H sample - no consensus viewpoint on these recombination processes has emerged. Second, even if one accepts the role of recombination in mediating metastability, there is no consensus viewpoint about how recombination leads to degradation by defect generation or other metastabilities.

The present section exploits the close connection between the open-circuit voltage VOC measured in an nip solar cell and photocarrier recombination in the bulk, intrinsic-layer material. In particular we report a series of measurements of the time-dependent degradation of VOC in United Solar cells under near-solar illumination. In recent work [
] we reported the temperature-dependence of VOC at solar illumination intensities. We concluded from these studies that, for their as-deposited state, the recombination traffic in our samples flowed predominantly through the valence bandtail states. For the stabilized, light-soaked state recombination traffic appears to be split fairly evenly between the valence bandtail and defects. We emphasize that these conclusions apply to our materials, under near-solar illumination, and near room-temperature; these are, of course, the conditions of greatest practical significance for solar cells.

Using this recombination model as the starting point, we have been able to account for the time-dependent decay of VOC using a straightforward extension of the hydrogen-collision model [
] for defect generation; the extension assumes that mobile hydrogen is generated by bandtail recombination. For our materials, we can also exclude the best known alternative model [
].

There is at least one implication of this perspective on metastability that deserves further investigation. It appears that there is a coincidence of two time-scales: (i) the time at which crossover between bandtail and defect recombination occurs, and (ii) the time at which a stabilized state of the sample is achieved. The coincidence suggests that defect recombination may mediate light-induced annealing.
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Measurements

As-deposited properties of the cells were measured under a solar simulator. This paper emphasizes results for the thickest cells, for which the white-light VOC averaged 0.98 V and the white-light fill factors averaged 0.66.

The present measurements were done using a 30 mW, 685 nm wavelength near-infrared laser. We chose to use this laser because its wavelength is absorbed fairly uniformly throughout the intrinsic layer of the cells, which substantially simplifies modeling of the measurements. We were able to achieve photocurrent densities in the cells that were comparable to solar illumination.

Measurements of the decline of the open-circuit voltage VOC are presented in Fig. 8. The different symbols indicate measurements for four different laser intensities. We used four different cells on the same substrate for these measurements; the cells had very similar initial properties under white-light. The average photogeneration rates G for each experiment are indicated in the figure; these were calculated from the measured photocurrent density Jp at Vr = ‑2 V using the expression 
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, where e is the electronic charge and d is the thickness of the intrinsic layer. The measurements for the highest intensity are most comparable to solar illumination (saturated photocurrent density was 18 mA/cm2 with the laser, and about 15 mA/cm2 with the solar simulator). We monitored the sample temperature during these measurements, which was maintained at 294.5 K to within better than 0.1 K.

An interesting feature of the measurements is that the onset of degradation occurs for later times at lower photogeneration rates. If we define an “onset time” when VOC has declined by 0.01 V, it is evident in Fig. 1 that this onset time increases by more than 1000 over the range of photogeneration rates in the figure. For the largest photogeneration rate it appears that VOC is approaching a saturation value within this time window; saturation at longer times is fairly well-established in earlier work on solar cell parameters, defect density, and other optoelectronic properties of a-Si:H.

A Modified H-Collision Model

We presented temperature-dependent measurements on the open-circuit voltage for a-Si:H cells from the same substrate used for Fig. 8. These measurements for the as-deposited and the light-soaked states are consistent with the following model. For the as-deposited states of a-Si:H, the photocarrier recombination traffic is predominantly through the valence bandtail (through the process of electron capture by a bandtail-trapped hole). Light-soaking then has a surprisingly modest effect: the defect-density rises until recombination traffic is fairly evenly split between the bandtails and the defects.

One important fact that has been established in several light-soaking experiments [46-,
,
,
] is that the defect density increases as about the 1/3 power of the light-soaking time: 
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 essentially from the onset of illumination until a saturated state is achieved. The original “SJT” explanation [46] for the t1/3 form made two assumptions. First, recombination traffic through the bandtails Rt generated defects:
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Second, for times at which the t1/3 form applied, most recombination traffic went through defects 
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. The particular model that was proposed had the property that the fraction of the recombination traffic through the tails obeyed:
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(SJT recombination) (2)
where G is the carrier photogeneration rate and Nd is the density of defects. With this assumption, one obtains the form usually found by experiment:



[image: image14.wmf](

)

3

1

3

2

3

,

t

G

C

G

t

N

SW

d

=

 . 
(3)

At least for the samples we have studied, SJT-recombination does not apply over a significant time-regime. Recombination traffic mostly passes through the bandtail states (
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) in the as-deposited state, and falls only modestly even for the saturated, light soaked state. Although we have not studied the growth of the defect density during light-soaking with these particular samples, the near-universality of the observation of the t1/3 form for Nd(t) suggests that we seek an alternative to SJT-recombination for the kinetics of light-soaking.A similar situation also applies to light-soaking with intense pulses. Bandtail recombination is completely dominant, but defect growth shows a sublinear dependence on illumination time [
].
The principal alternative to the SJT approach is the “hydrogen-collision” model [45], which assumes the existence of an illumination-induced mobile hydrogen density Hm obeying:
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GH is the rate at which light generates mobile hydrogen, and it has been assumed that the recombination traffic of hydrogen mostly flows through dangling bonds (density Nd). Rarely, mobile hydrogens “collide” to form a stable, paired hydrogen complex. Such a collision leaves 2 metastable dangling bond that are not present in the initial state; the defect generation rate obeys the “hydrogen-collision” proportionality: 
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(hydrogen-collision) (5) 
Note that the empirical “G2/3t1/3” form for Nd(t) (eq. 3) obtains if we assume that 
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The assumption 
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 is arguable; several experiments [
] suggest that defect generation is mediated by photocarrier recombination, and not by direct optical processes as is suggested by this assumption. Given our conclusion for our samples that 
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 is of order unity through most of the light-soaking process in our samples, we have chosen to explore the modified form for the hydrogen-collision model:
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or, collecting several proportionality constants together as CSW:
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(modified H-collision) (6)
We have indicated that Rt depends upon the defect density; of course, for Rt = G the usual behavior of equation (3) obtains.

Bandtail+Defect Calculations

In another paper in these proceedings [44] we present the parameters and procedures of a “bandtail+defect” calculation of the open-circuit voltage; the calculation used the AMPS-1D computer program (©Pennsylvania State University). In Fig. 1 we have presented (as the four lines) the corresponding calculations for VOC(t) based on eq. (6). Assuming a spatially uniform defect density Nd, we used the bandtail+defect calculation to obtain the dependences of the bandtail recombination rate Rt and of the open-circuit voltage VOC upon the defect density Nd. These results are illustrated in Fig. 2. We then used the function Rt(Nd) to numerically integrate eq. (6) to obtain Nd(t); we used the value CSW = 101 cm‑3s that is typical of direct studies of the defect generation during light-soaking [47,48]. Once Nd(t) has been computed, VOC(t) is obtained from Fig.2 
Experimentally, VOC only declines about 0.04 V (to the value denoted “measured saturation”). As may be inferred from Fig. 2, a decline by 0.04 V implies that most of the photocarrier recombination traffic still flows through the bandtails. 

corresponds to a fairly small difference between RT and G. For the four intensities, the agreement between the experimental measurements and the calculations is fairly good through the initial stages of the decay of VOC. For longer times the measured values for VOC fall much more slowly than predicted by eq. (6), which undoubtedly corresponds to the onset of the “light-induced” annealing effects reported previously for defect-density measurements [
].
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For our experiments, we used laser illumination that was nearly uniformly absorbed; this choice was part of an effort to simplify modeling and to avoid a non-uniform density of defects. Nonetheless, our assumption of a spatially uniform value for Nd as it grew under light-soaking was not self-consistent with the spatial profiles of Rt that were calculated. For the larger values of the density Nd, the bandtail recombination traffic was reduced in a zone about 100-200 nm from the p/i interface compared to values in the middle of the cell. We used Rt values from the middle to do the numerical integration of eq. (6). For full self-consistency we would have needed to allow for a profile of Nd. The profile would have a reduced density of defects as the p/i interface was approached from the middle. A rough analysis indicates that inclusion of this effect would improve the agreement between the calculations and the measurements slightly, but we have not pursued non-uniform distributions for Nd further.

Discussion

As noted earlier, the modified H‑collision model, in conjunctionwith the bandtail+defect recombination model, predicts some deviations from the t1/3 form for the dependence of the defect density upon the light-soaking time. We did not do simultaneous measurements of the defect density during light-soaking of the present solar cells. In Fig. 3 we show the predictions of the defect density from numerical integration of eq. (6) that corresponds to the highest photogeneration rate we used for experiments.

The calculations show the expected t1/3 form for the earlier times. There is a softening that occurs around 10 hours, which corresponds well to a change in the recombination mechanism. For lower defect density, the majority of the recombination traffic goes through the bandtail; for larger densities, the majority goes through defects. A t1/5 form is a good fit at longer times. Experimentally, after about 10 hours VOC  begins to show saturation behavior (cf. Fig. 1), which we attribute to some “light-induced annealing” process. At least for the present samples, it appears that the long-time saturation effect would obscure direct observation of the t1/5 regime.

It is an interesting coincidence that the crossover time between the two recombination regimes and the time at which light-induced annealing sets in are so similar in the present sample. This apparent coincidence is the reason offered by the present viewpoint for the fact that open-circuit voltages decline only modestly during light soaking (roughly by the thermal voltage kBT/e = 0.025 V), as well as for the fact that most direct experiments on the kinetics of the defect density are reasonably consistent with the t1/3 form.

It is unlikely that two entirely independent processes would appear on the same timescale. We therefore speculate that the mechanism underlying light-induced annealing is photocarrier recombination through defects.

Polyaniline heterojunction diodes

We have been studying heterostructures consisting of hole-transporting polyaniline that is spin-cast onto n-type crystalline silicon to form a np heterostructure diodes, or onto ni a-Si:H structures to form nip. We believe that such junctions have the potential for superior properties compared to their inorganic counterparts. HIT structures formed by depositing a-Si:H layers onto c-Si are examples of the potential for improved solar cells from heterostructures. Hole transporting polymers have a larger range of bandgaps and potentially useful interface properties than do a-Si:H doped layers. In a previous annual report we have shown that nip a-Si:H structures formed using PEDOT:PSS polymers as the doped layer give open-circuit voltages larger than 0.7 V. While hardly competitive with the inorganic doped layers, these earlier results indicated that the fundamental idea of polymer/silicon heterostructure diodes is not unpromising. In still earlier work, Sailor, et al. [
] had demonstrated VOC > 0.6 V in polymer/c-Si heterostructure solar cells.
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The figure below illustrates the values of VOC that we've measured for a large number of polyaniline/c-Si heterostructure diodes. The values were measured using very intense tungsten-halogen illumination.; future work will use more conventional values. The primary distinction between the various diodes is the resistivity of the polyaniline. We found that the resistivity of the polyaniline films prepared using a polymer dispersion in xylene could be varied substantially by simply diluting the dispersion with more xylene. We also used a highly conducting dispersion obtained from Ormecon. As the figure illustrates, the best values for VOC are slightly greater than 0.5 V. We think this value is at least 0.1 V less than could be achieved from the c-Si substrates we used. One substrate, obtained by courtesy of Hahn-Meitner Institute in Berlin, was reported to us as yielding VOC > 0.6 V when prepared as a HIT cell.
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The figure allows us to largely exclude one model for the saturated value VOC ~ 0.5 V, which is a small value for the built-in potential across the diode. For large values of the resistivity ρ, this mechanism is probably involved. VOC declines as (kBT/e)ln(ρ), which is what would be expected if the increasing resistivity is due to an increasing separation of the Fermi energy and the valence bandedge for the polyaniline. However, since VOC is nearly unchanged for the more conductive polyaniline films (over a resistivity range of 103), this mechanism does not appear to be a likely explanation for the saturated value.

Interestingly, a-Si:H shows a purer pattern of VOC being controlled by the resistivity of the PANI (and presumably by its Fermi level); there is no evidence of saturation at lower resistivities. Assuming that the valence band lies at nearly the same level in a-Si and c-Si (relative to vacuum), the result indicates that hole quasi-Fermi levels do not approach as close to the valence bandedge in a-Si as they do in n-type c-Si.

In Fig. 13 we show the dark current density vs. voltage for five of these diodes. The measurements are reasonably consistent with the model that the built-in potential of the diodes with highly resistive polyaniline layers is small, so the forward-bias current density is larger for the more resistive diodes. The lowest resistivity film (from Ormecon) has larger current –densities than the lowest resistivity film based on Aldrich material., which is inconsistent with this pattern, perhaps because the underlying polyaniline dispersions are quite different.

In Fig. 14 we show the illuminated J-V curves for these diodes. Only the diode fabricated with the Ormecon polyaniline has a reverse-bias photocurrent comparable to that anticipated from the photogeneration in the c-Si; however, there is very little photocurrent (Jdark-Jilluminated)for V > VOC. For the diodes fabricated from the Aldrich polyaniline, there is very little photocurrent (relative to the photogeneration) at any bias. For these diodes, most of the reverse bias must be dropped in an interface layer near the interface (and not in the c-Si). We have not found an elementary model for these effects.

We would like to understand these properties better, primarily to suggest ideas for finding polymers, or finding polymer application procedures, that would yield more ideal diodes. Based on our measurements, doped polyaniline is not a promising contact material to c-Si.
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Fig. 12: Open-circuit-voltage of a-Si:H:P/a-Si:H/PANI diodes vs resistivity of sister polyaniline films deposted on glass. The light intensity of the tungsten-halogen illuminator was 1.71 W/cm2. The legend indicates the source of the polyaniline dispersion and the code for the n-type c-Si substrate. The larger resistivity data were obtained using xylene-diluted dispersions as the source for the films.
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Fig. 8: Decay of the open-circuit voltage with time at four different intensities; the average photogeneration rate in the intrinsic layer is indicated. The symbols denote the experimental measurements in four cells (893 nm i-layer thickness, laser wavelength 685 nm) on the same substrate. The lines represent calculations for the “extended hydrogen-collision model” described in the text.
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Fig. 6. Temperature-dependent calculations for PMAX/Js of an a-Si:H nip solar cell based on a deep-level model are shown as the dashed line; the intrinsic layer thickness is 893 nm. The corresponding experimental measurements (symbols) and valence bandtail based calculations from Fig. 1 are also shown for reference.
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Fig. 5. Temperature-dependent measurements of VOC and the PMAX/Js for four as-deposited a�Si:H nip solar cells with varying intrinsic layer thickness are indicated by the symbols. Measurements were done at constant laser flux; the average photogeneration rate G at 295 K was 3.3x1020 cm-3s-1. The lines indicate corresponding calculations for a model based primarily on hole drift-mobility measurements.
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Fig. 1: Calculations of the power density from a thick pin solar cell as a function of the hole mobility for uniform photogeneration 3.3x1020 cm�3s-1. Numerical calculations for three values of the recombination coefficient bR are shown as black lines; the gray line is from an analytical expression (eq. (1) of the text) using bR = 10-7 cm3s-1.
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Fig. 4: Power output of a-Si:H nip solar cells for varying i-layer thicknesses (AM1.5 illumination). The symbols represent measurements on cells made at United Solar Ovonic Corp. [� NOTEREF _Ref112903506 \h ��21�]. The line is a computer calculation that illustrates the maximum power consistent with hole drift-mobility measurements (see text).
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FIG. 14. Current density vs. Voltage for illuminated c-Si/PANI diodes. The legend indicates the resistivity of co-deposited PANI films on glass. The lowest resitivity film was obtained from Ormecon, Inc., and is the only film that gives an appreciable photocurrent density. The other films are based on a polyaniline dispersion obtained from Aldrich; the differing resistivities were obtained by modest dilution of the dispersion with additional solvent.
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Fig. 3: Hole drift-mobility measurements as a function of temperaturefor five a�Si:H samples evaluated at a displacement-field ratio L/E = 2x10-9 cm2/V. Definitions of the sample codes are given in the text.
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FIG. 11. Open-circuit-voltage of polyaniline/c-Si diodes vs resistivity of sister polyaniline films deposted on glass. The light intensity of the tungsten-halogen illuminator was 1.71 W/cm2. The legend indicates the source of the polyaniline dispersion and the code for the n-type c-Si substrate. The larger resistivity data were obtained using xylene-diluted dispersions as the source for the films.
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Fig. 2: Calculations of the profiles for the photocarrier collection efficiency � EMBED Equation.3  ��� and the electric field for a simple model of a pin solar cell; G= 3.3x1020 cm-3s-1. Graphs on the left side of the figure are calculated using a hole mobility of 0.003 cm2/Vs; the three curves show these profiles for 3 values of the recombination coefficient bR. Note that a factor 100 change in bR has little effect on the profiles. The graphs also illustrate the field-assisted collection length dC and the ambipolar diffusion length Lamb for bR.= 10-9 cm3s-1; the small effects of bR and the inequality Lamb < dc are important characteristics of the low-mobility limit. Graphs on the right side illustrate similar calculations for a cell with a higher hole mobility (3 cm2/Vs) for which the low-mobility characteristics are less evident.
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FIG. 13. Dark I-V characteristics of PANI/c-Si diodes. The three highest resistivity samples were made by diluting the polyaniline dispersion received from Aldrich (0.35 Ωcm); the lowest resistivity sample used a dispersioni obtained from Ormecon.
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Fig. 7. Symbols indicate temperature-dependent measurements of VOC and PMAX /Js for an 893-nm thick cell in its as-deposited and light-soaked (200 hours at 295 K) states. The calculated line through the as-deposited measurements is from the hole drift-mobility based calculation of Fig. 5; for the light-soaked state, the calculation also includes a density of deep levels.








� EMBED Origin50.Graph  ���


Fig. 10: Calculated growth of the defect density during light-soaking (photogeneration rate 2x1021 cm�3s�1); the calculation was based on the hydrogen-collision model of defect generation (CSW = 10 cm-3s) and the bandtail+defect recombination model. The calculation shows a cross-over from t1/3 to t1/5 kinetics when recombination traffic switches from the bandtails to the defects.
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Fig. 9: Bandtail recombination rate Rt and open-circuit voltage VOC calculated as a function of defect density Nd using the bandtail+defect code. The photogeneration rate and defect recombination rate are also shown. The initial experimental value of VOC corresponds to Nd = 1x1015 cm-3, and we have suggested a saturation value. Note that bandtail recombination is comparable to G throughout this range of defect densities.
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