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L. Introduction

L.1. General introductory remarks

The growing world populatiou and, at the same time, the continuous development of
most countries results in a growing demand for energy. It is by now generally recognized that
in the future a considerable amount of energy has to be covered by renewable sources. The
limits of classical energy sources, such as coal, oil, gas, uranium, but increasingly also
environmental questions account for the growing understanding in most countries of the
urgency of this question. 1t is, however, not clear today which form of renewable energies
will be able to economically provide considerable amounts of power. Wind, bio-mass and
nuclear fusion energy among many others are currently being discussed and research is being
undertaken. Most grobably, a mix of several technologies will have to replace step by step
fossil encrgy sources.

Solar cnergy has the advantage of its abundance and availability all over the globe. The
world energy demand is currently on the order of 357 EJ per year [1] (1 EY= 10'® 1y, which is
only 0.013 % of the 2.8 million exajoules [2] of solar energy received every year on the
earth's surface in the form of sunlight.

Phatovoltaic (PV) solar energy conversion has the advantage of providing energy directly
as electricity, which is for many applications the most valuable and versatile form of energy.
Photovoltaic energy conversion is thercfore oue of the most promising and realistic
technologics for at least partial coverage of the energy demand in the future. Already today,
PV energy is of growing interest for special applications, though not yet economically

competitive with conventional energy sources.

I.1.1. Solar energy conversion using solar cells

In a solar cell, free electric carriers are created by the absorption of light within a solid-
statc semiconductor. Light-generated electron-hole pairs are separated by the electric field
preseat in the solar cell, This internal electric field can be established by either a p-n homo-
or hetero-junction or a Schottky barrier type (imetal-semiconductor) junction.

The conversion efficiency of a solar cell is determined by

a) its capability to absorb sunlight, which determines the current of the solar cell. The
absorption coefficient of the absorbing material in a solar cell determines the maximum
achievable current density. In semiconductor materials, the bandgap defines the minimum
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‘photon energy that is required to generate an electron-hole pair. Photons with lower energy
than what corresponds to this bandgap energy are not absorbed in the solar eell.

b) The energy level, at which charge carriers can be extracted from the solar cell, which
determines the voltage of the cell.

¢) The amount of carriers recombining, within the solar eell, on their way to the eontacts,
being thercfore lost to the current generation. Such losses are refleeted in the so-called fill
factor of the solar cell (see section 1.4.1).

Solar cells are - in gencral - optimized for maxirum conversion efficiency with respect
to the solar spectrum. Figure ) shows the power density distribution available in the global
normal radiation spectrum on the earth’s surface, This so-called AM 1.5 solar spectrum gives
the energy distribution of the sunlight after 1.5 passes (AM stands for air mass) through the
earth’s atmosphere, corresponding to a solar zenith angle of ~48°. The solar spectrum outside
the atmosphere (AM 0} corresponds, roughly, to the radiation of a black body at ~6000 K, i.e.
the temperature of the sun's surface. The global AM 1.5 spectum integrates to a power
density of 965 W/m?, i.c. ~1000 W/m?, which is generally taken for solar cell efficiency

measurements.

As stated above, semiconductors absorb the solar spectrum up to wavelengths
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Figure 1: AM 1.5 solar spectrum and power density

AM [.5-Ef(hv) (shaded areas) for semiconductor
materials with different bandgaps. The power density of
the solar spectrum is reduced by EJ/hv, the excess energy
is lost due to thermalization af the carriers to the band
edges.
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corresponding to their bandgap emergy. The maximum energy at which carriers can be
extracted (which is related to the maximum voltage of the solar cell) depends on the bandgap
of the absorbing semiconductior material. Therefore, the “smaller the bandgap of the
semiconductor material, the higher the achievable current density within the solar cell. The
excess energy of the photons {= photon energy minus bandgap energy}, however, is lost due
to thermalization of the carriers to the band edges.

The shaded areas in Figure | illustrate the power potential for semiconductor materials of
different optical gap. Multiplying the power distribution of the solar spectrum by Eg/(hv)
takes into account thermalization losses, and integraticn over all wavelengths yiclds a power
density [W/m?]. This power density would be achieved if all photons were absorbed and the
carriers could ke extracted without losses af a voltage Egfe. In reality, however, the voltage of
a solar ¢ell has, for physical reasons, 10 be considerably lower than Egfe, We show as an
example in Figure 1 the cases for hydrogenated amorphous silicon (a-Si:H, By~ 1.75eV),
hydrogenated amorphous silicon germaninm (a-3iGe:H) alloy of E;-145eV and
hydrogenated microcrystalline silicon (pe-SirH) with 2 bandgap energy that is approximately
comparable to crystalline silicon {E; ~ 1.05 V).

An gptimum bandgap for single-junction solar cells is thecretically expected: the current
density increases with decreasing gap of the absorbing layer in the solar cell while the open
circuit voltage, ie. the energy level at which carriers are collected, decrzases at the same
time. Semi-empirical models predict this maximum to lie around 1.5eV {3], which is
considerably higher than the value for crystalline silicon (~1.1 €V) and slightly lower than the
standard valpe for a-Si:H (~1.75eV). GaAs (~1.43 eV) matches the optimym value quite
well, however its high cost makes this material not suited for large-scale PV production and
restricts its application 16 some niches.

The utilization of the energy that is available in the sclar spectrum can therefore be
optimized by splitting the solar spectrum and absorbing light of different wavelengths in solar
cells with different bandgap because the energy lost due to thermalization can be minimized.
In other words, the surface nnder the solar power distribution can be “filled” with less lost
area. Light transmitted through a large-gap cell can be absorbed in a cell with a lower gap and
then possibly a third cell can convert the remaining red light. In a-Si:H based solar cells this
division of the absorbing layer into two or more thinnet layers additionally helps the stability
of the solar cell against light soaking, as will be discussed in section [V.1.

I.1.2. The case for amorphous silicon

In planning for the future scaling-up of photovoltaic power generation it is important to
carcfully choose the semiconductor material of which the solar cells are to be made.
Important criteria for the choice are, on the one hand, the maximum achjevable efficiency,
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but, on the ather hand, also economical and ecological aspects. These become even more
important if one considers in fulure 10 cover large areas with solar modules. The availability
of the raw material as well as the nature of the production technology used are important
criteria determining the feasible minimum cost of solar cells. Considering only materials
which are abundantly available in the ecarth’s crust, which are non-toxic and which have
already reached technological maturity, one is left with silicon as the only realistic medium-
term candidate for semiconductor photovoltaic solar cells [3]. Silicon is perhaps the best-
known semiconductor material and the technology for handliog silicon is certainly very well
developed.

Crystalline silicon (c-Si) photoveltaic technology undoubtedly is mature, yielding high
efficiencies and excellent stability, proven through long-term field use. At present, however,
high production costs of c-Si selar cells, essentially linked fo the use of wafer processing,
constitute a major barrier to the widespread use of PV energy conversion. Thus, there is a
very strong motivation for developing a viable thin-film silicon solar cell technology.

Unfortunately, ¢-Si is a semiconductor with an indirect optical gap. This has as
consequence that its absorption in the interesting spectral range of maximum solar power is
relatively poor. Thus, solar cells made from c-Si have to be relatively thick (30pm of
monocrystalline silicon to absorb ~80 % of the sunlight without additicoal light-trapping). In
order to make crystalline silicon a competitive altemative for large-area photovoltaic energy
generation, technologies have to be developed to deposit (multi-) crystalline silicon of good
quality on low-cost substrate materials. Additionally, suited light-trapping structures have to

105
104 |
105 ¢
102 |
101 |

100 -

absorption coefficient fcomr!]

10+ : . - :
0.5 1 | I 2 25
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Figure 2: Absorption spectra of c-5i, GaAs, a-Si-H and
pc-Si-H as a function of photon energy.
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be advanced.

A very favorable candidate for thin-film solar cells is hydrogenated amorphous silicon
(a-Si:H) which has fundamentally higher absorptionl(d'ue lo'lt'he structural disorder of the
material, the quantum mechanical selection rules for optical transitions do not act in the same
way), Practically, it has an absorption in the "useful” spectral range (¢f. Figure 2) that is
higher by an order of magnitude than c-Si. Therefore a-Si:H can be used as a "true” thin-film
solar cell material, with thicknesses dowan to < 1 pin, provided one has suitable light-trapping

stracture.

Amorphous silican can be deposited at relatively low temperatures of around 200°C from
the gas phase in a plasma enhanced chemical vapor deposition (PECVD) process. This allows
the depositioun directly on suited substrates of considerable size. The most commonly used
substrate is glass, however more and more interest and work is focused on alternative
substrates such as stainless steel and polymers, allowing for cheap, light-weight and flexible
substrate materials. A further advantage of the a-Si:H technology is the monolithic series
connection during the production process and the possibility of alloying with other group IV
elements. The optical bandgap (section 1.3.1.2} can be varied aver a wide range (<1.4 eV up
to >2 eV) by germane or carbon alloying, i

Amorphous silicon solar cells always use a p-i-n diode structure in contrast to the
classical p-n diede structure used in virtually all crystalline solar cells so far. Although there
are technological reasons for using a p-i-n structure in the case of a-Si:H (difficulty of
doping, decrease of layer quality with doping), the p-i-n structure also offers some basic
advantages with respect to collection, Collection is not a major problem for wafer-based c-Si
solar cells. The minority carrier diffusion length Lag is usually sufficiently large so that
minority carriers are transported by diffusion to the junction, where the actual separation
between holes and electrons takes place, due to the intemnal field in the depletion region. This
depletion region is usvally much thinner than the total cell thickness and the electric field
extends only over this very thin region. a-Si'H, in contrast, has relatively poor transport
properties, i.e. low carrier mobilities y and short carrier lifetimes 7. The diffusion length,
which is a function of the diffusion constant D and the lifetime, and which can be writien as

kT
Ly =+/D1 =1‘—-”—,uf
e

is therefore small (on the order of 100 nm). Hence, collection certainly is a major

Equation 1

problem in a-Si:H based solar cells; diffusion alone is not sufficient as transport mechanism.
In order to avoid that the major part of the generated free carriers recombines within the
a-Si;H solar cell, it is imperative to have drift-assisted transport, based on an internal electric
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field F extending over most of the cell, i.e. over the whole i-layer. The dnift length Lasn in an
intrinsic layer is given by

Eguation 2
¥
Lup = ueF = pr—5

i
Vi is the built-in voltage and d; the thickness of the i-layer. If we define x by setting

d; = K Lgsin we obtain with ¥y ~ 1 V (Vy; depends on the gap)

Lap _ [ Vo L f40
Ly VkgTie x Vx &

For x £0.5 (i.e. i-layer thickness less than half of the drift tength, which is certainly not

Eguation 3

unreasonable in order to obtain satisfactory collection) one obtains that the drift length is
ronghly a factor of 10 larger than the diffusion length. Therefore, all a-Si:H solar cells consist
of a p-i-n structure (Figure 3). The doped layers are very thin and serve only to establish the
electric field in the i-layer. Carriers generated in the doped layers recombine instantly due to
the high density of impurities and defects in amorphious doped layers and do therefore not
contribute to the current generation. a-Si:H solar cells can be made in two differcnt
configurations. The most commonly used approach is to deposit the solar cell structure in the

Snd 2 ITQ or Zoy
*+ a-SIC:H n*a-SikH

5

'f

-]

y

glass Intrinsic a-S1:H -

~

Figure 3: Schematic cross-section (top) and
band diagram (bottom) of an amorphous
single-junction p-i-n solar cell.
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p-i-n sequence on top of glass covered with transparcnt conductive oxide (TCO). In order to
enhance the optical path in the solar cell, this TCO layer is textured. The back contact is
usually made of sputtered indium tin oxide (IT'0) or zinc axide (ZnO) and a highly reflective
metal (silver or aluminum) layer. An altemative concept, which is continuously gaining in
interest, is to deposit the solar cell in the n-i-p sequence on top of a non-transparent substrate
such as stainless steel or polymers. The top p-layer is then contacted with ITO in order to
establish the front contact. All solar cells in this work are of the p-i-n (or "superstrate”)
structore.

LL.3. Background and ontline of this work

Prior to the present work, a well-established technology for a-Si:H solar cells had already
been developed at IMT. The amorphous doped layers had been intensively studied and the
intrinsic i-layer (deposited from undiluted SiH,) allowed for quite satisfying initial solar cell
efficiencies with values exceeding 10 %. It had been shown that the VHF plasma excitation
technique, i.e. plasma excitation by a very high frequency (VHF) source, leads to initial cell
efficiencies that are comparablie to those obtained with the more conventional standard
13.56 MHz industrial frequency.

At this point in lime, the stabilized efficiency had become the most impertant issue in the
optimization of a-Si:H solar cells. In fact, shontly after the invention of the a-Si:H solar cell in
1976 [4], Staebler and Wronski discovered that the photo-conductivity of the material
decreased under illumination (5], an effect which was found to be reversible upon annealing
at high temperature. This so-called Staebler-Wronski effect was found to be duc to a
reversible increase in the defect density of the material {metastabifity), which also affects the
conversion efficiency of an a-Si:H solar cell. Since then, stability against light-induced
degradation is one of the most important issues in the optimization of a-Si:H solar cells.
Different approaches to reduce degradation - or at least its consequences on the solar celi
performance - are being undertaken and are also key points in this work: A) More stable
intrinsic material resnlts in enhanced solar cell stability. B) The question for stabilized
efficiencies also inchrdes design considerations such as application of buffer layers, tandem
cell structures or variation of the optical bandgap for maximum utilization of the solar
spectrum.

This work focuses on the variation of the optical gap of a-SiC:H alloys and unalloyed
a-Si:H with a special emphasis on the material stability. Thronghout the work, the close
connection of material and device study is emphasized. A peculiarity of this work is therefore
the optimization of material needed for a given solar cell application, rather than an academic
material study where the incorporation into a solar cell is only a final, separate tool. This
explains the structure of the work:
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2-SiC:H alloys were investigated with the goal to make high-voltage solar celts by using
this material as the i-layer. Once a suitable material had been obtained, further optimization
of the material was done within the solar cell.

During the course of this study hydrogen dilution of the silane plasma to deposit
unalloyed a-Si:H has shown to yield Vo values which were — in the degraded state —
comparable to those obtained with a-SiC:H solar cells, yet with considerably higher fill factor
and cument values. In comsequence, and in parallel with the developments in other
laboratories, the focus was shifted towards these materials and solar cells incorporating H,
diluted i-layers.

The upcoming interest in a-Si:H/pe-Si:H (micromorph) tandem cells again partially
changed the focus of this work. First, here also, the enhanced stability of H; diluted a-Si:H
cells, later on combined with different kinds of buffer layers, seemed to be the key to an
enhanced stabilized efficiency of the micromorph cell. Later on, we came to the conclusion,
that the optimum top cell for a micromorph tandem cell would need to be a cell which
provides a high current density within a relatively thin intrinsic layer, which made the
development of low-bandgap a-Si:H necessary. Furthermore, as a reduced optical gap can
most appropriately be obtained through an increased deposition temperature, a p-i-n solar celt
technology was developed for the deposition p-i-n solar cells at comparatively high

temperatures.
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1.2. Sample preparation

1.2.1. The deposition systems

Most samples described in this work (i-layers and cotnplete p-i-n or stacked solar cells)
were deposited in a single-chamber reactor with load lock using the very high frequency glow
discharge technique (VHF-GD) at 70 MHz. The a-SiC:H material study was performed in a
similar reactor, however withont load lock. The RF input power is coupled capacitively to the
plasma. Power values given in this work are measured by a power meter between the
generator and the matching network. The substrate size is 8x8 cm’, the substrate is fixed on
the grounded electrode and the distance to the powered electrode is 1.6 cm. The deposition
system is described in more detail in [6].

The depositico pressure was, unless otherwise staied, 0.35 mbar for the standard SiH,
plasma and §.5 mbar when H; dilution was applied. For the deposition of the amorphous p-
layer we used silane (SiHy), methane (CH,j and diborane (B;Hs). Intrinsic layers were made
from $iHa with or without hydrogen (H,) dilution. a-SiC:H i-layers were deposited from SiH,
and CHas with varying H; dilution ratios. Amorphous and microcrystalline o-layers were
deposited by adding ghosphine (PH3) to a H; diluted SiHa plasma. -

The substrate temperatures given throughout this work are calibrated values and
correspond to the true substrate temperature during deposition. Even though the substrate is
in close mechanical contact with the heated electrode, its temperature is always considerably
Jower than the electrode temperature, Calibration was performed by measuring the
temperature on the substrate surface under conditions (i.c. gas flow, pressure) identical 10
those during deposition, however without plasma. In our VHF-system, the lower (powered)
electrode temperature was set to 130°C and the value of the upper electrode with the substrate
mounted on it could be varied.

Another deposition system, used for some of the samples described in this work, is a
three-chamber 'S-900° system with load-lock available at Princeton University. This PECVD
system, built for Solarex by Innovative Systems Engineering, was originally designed for the
use of direct current (DC) plasma excitation. In this case, the powered electrode (cathode) is
biased negatively with respect to the grounded substrate (anode) The system can, however,
also be used for deposition using 13.56 MHz plasma excitation, A more detailed description
of the deposition system can be found in {7].

We incorporated some data on RF-deposited films in this work. Those samples have been
deposited by the group at the Forschungszentrum Hilich, using 13.56 MHz plasma excitation.
Deposition conditions for films deposited using DC and RF plasma excitation are listed in
section I1.2.3. I
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1.2.2. Layers

Samples for optical, eleetronic and structural characterization were grown on glass
substrates (Schott AF45 and Dow Cotning DC 7059) for optical and transport measurements
and erystafline silicon wafers for infrared absorption measurements. The glass substrates
were cleaned prior to utilization using a eommercial detergent and several steps of rinsing in
de-ionized water. After loading of the substrates into the load lock and pump down, the
substrate holder was transferred info the deposition chamber. We allowed for at least 30
minutes for heat-up in the deposition chamber. When strong Ha: dilution was used for the
deposition, we pumped after loading over night before performing the depoesition. Directly
prior to the deposition, the mixture of gases used for the film growth was flown during 10
minutes before igniting the plasma in order to stabilize the gas flow and the substrate
temperature. The gas fluxes were calibrated from time to time in order to keep track of a
possible drift of the mass flow controllers. We deposited samples in a single-chamber reactor
for the a-SiC:H study. In this case, the snbstrates were loaded into the reactor followed by
pump-down and heat-up of the eleetrodes. Once a base pressure of 10°® mbar was obtained, a
pre-flow as described above was applied, followed by deposition.

1.2.3. Solar cells

Most solar cells were deposited on Asahi U-type TCO (Sn0Q,). The cell structure is p-i-n,
i.e. the p-layer is deposited directly onto the TCO, followed by i- and n-layer. Magnetron
sputtered ZnO or ITO followed by thermally evaporated silver was deposited onto the n-layer
as back contact. The ZnO or ITO layer, together with the highly reflective metal surface, acts
as an interferometric layer, which enhances the red response of the solar cell duc to
wavelength-selective reflection. Anti-reflecting coatings on the front-side of the cells have
not been employed. Solar cells were annealed for 20 minutes in nitrogen atmospherc at
180°C.

Some of the top cells for micromorph tandem cells {chapter IV) have been deposited on
CVD-deposited textured ZnQO, which combines high conductivity with execellent light-
trapping properties.
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1.3. Material characterization

The film thickness was measured nsing an «-Step profiler. A suited step was obtained
either by using scotch-tape to remove the film partially and leaving a well-defined edge, by
scratching with a cutter blade or by etching in KOH, The growth rate was determined by
dividing film thickness by growth time.

1.3.1. Optical characterization

1.3.1.1. Absorption spectrum from transmission and reflection

Transmission and reflection spectra were measured using a Perkin Elmer Lambda 900
spectrometer. The samples were mounted with the film surface towards the incoming beam.
To obtain the absorption cocfficient ¢t as a function of the wavelength, two methods can be
applied.

The method proposed by Hishikawa et al. [8], which has been nsed in this work, uses the
transmassion (T) and reflection (R) spectra as well as the film thickness d in order to
determine & according to the following formula. Interference fringes are eliminated because
both, transmission and reflection spectra, contain maxima and minima at the same

wavelengths:
Equarion 4

d |1-R(A)

Another method, introduced by R. Swanepoel [9], nses only the transmission spectrum.
The index of refraction as well as the film thickness is determined using the minima and
maxima in the transmission spectrum. The index of refraction can thent be used to calculate
the reflection which yields, together with the transmission spectrum the absorption

a(ﬂ_) = _l.]r{.._.]lj;)_.]

coefficient.

1.3.1.2. Determination of the optical bandgap

There is no unique technique for determining the optical bandgap of a-Si:H and its alloys
from the a{A) curve. The optical bandgap is used for amorphous semiconductors becanse no
real gap is present in this case (Figure 3), there are states in the whole energy range. Most
commonly, a method proposed by Tauc et al. [10] is applied. The procedure assumes
parabolic band edges for direct semiconductors. The optical bandgap Efay is obtained by
extrapolation of the linear region in a JaE(E) plot, Erae being the energy value at the
intersection of the fit with the energy axis. The method yields good results for materials close
to "standard" a-5i:H. However, when applied for a-8i:H alloys or materials deposited under
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uncommeon conditions, it is not always simple and unambiguous to determine a linear region
in the plot. As a small variation in the slope of this linear region results in considerable
changes of the Erac values, this method results in some uncertainty conceming the proper
determination of the bandgap.

We therefore nse throngbout this work as optical gap the quantity Egs, defined by
(Egq) = 10* em™. This value has no direct physical meaning, however the determination of
the value on the absorption curve is straightforward and therefore less susceptible to errors
due to the determination of a linear region in the Tauc plot. Interference fringes in the
absorption curve are a certain source of error, depending on the optical gap and the thickness
of the film.

Ey, [eV])

1 1 1 I

17 1.9 2.1 2.3 25

Erouc [eV]

Figure 4: Comparison of values obtained for the optical
gap Eoq in comparison to values obtained for Tauc's
optical gap Erau.. The second line corresponds to

Eou = Erae

Figure 4 compares Eqwe and Egy values for a-SiC:H samples deposited under various
conditions. The figure indicates that both values scale linearly with each other, Eos being
about 150 meV higher than the Ery,, values. Therefore, in order to compare the values given
in this work to other reselts, the following relationship shoeld give a good approximation:

Equation 5
Ey = Ep,, +0.15eV



[) Introduction 13

L.3.1.3. PDS/CPM .

Transmission and reflection measurements allow 1o determine the absorption coefficient
for large values of ¢ (nd 2 1, i.e. for o> 10°em” withd=1 pm). For smaller values of ¢,
ie. the absorption coefficient in the sub-bandgap region, other techniques have been
developed. Photothermal deflection spectroscopy (PDS) {11] measures the deflection of a
laser beam due to the change of the index of refraction of a liquid around the a-Si:H sample.
Manochromatic light is shined on the sample, the absorbed light heats the sample and the
heat is transferred to the surrounding liquid. Absolute values are obtained by calibrating the
spectra in the high-energy range to the absorption spectram obtained from
transmission/reflection measurements.

Another way to obtain the absorption spectrum in the sub-bandgap region is the constant
photo-cutrent method (CPM) [12]. Optical transitions excited by photons with energies
smaller than the optical bandgap result in transitions from localized to extended states. Free

carriers in the extended states can then be measnred as a photo-current.

log N(E)
valence band tail
conduction band
defects
I¥a
77
Ey Ep Ec E

Figure 5. Schematic density of states distribution
in a-Si:H.

Both methods, PDS and CPM, thercfore yield information on the distribution of states
within the optical bandgap (Figure 5).

A typical sub-bandgap absorption spectrum of a-Si:H (see, e.g., Figure 18, section
11.2.2.1) shows two regions of the absorption coefficient. For small energies (< 1.2 V) the
absorption coefficient is determined by optical transitions between the defect states and the
extended states {Figure 5). The absorption coefficient in this region is therefore a measure of
the density of defects in the material. For higher photon energies, the absorption coefficient
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increases exponentially, reflecting transitions between the band tails and the extended states.
This part of the absorption spectrum is determined by the valence band tail, due to the fact
that the valence band tail is much shallower than the conduction band tail. The inverse slope
of the absorption spectrum in the exponential region is called Urbach energy (Ey). The
Urbach energy (representing the valence band tail slope) is a measure for the disorder in the
material.

L.3.2. Electrical characterization

1.3.2.1. Photo- and dark-conductivity

The steady-state cooductivity 6 of an isotropic material is, according to Ohm’s law,
connected to the current density i due to an electric field F by

Equation 6
i=oF, o=e(ny, +pu,),
n and p are the densities of free electrons and holes and pq, pp are their mobilities. The
dark-conductivity Gq follows an exponential increase with temperature

-E
g, =0'0cxp{ . ;’}
8

Eaqt is the dark-conductivity activation energy which is the energy difference between the
Fermi level and the band edge of the cumrent-transporting band. In the case of undoped a-Si:H
current transport by electrons in the conduction band is the determining transport mechanism,
E.q in this case is the energy difference between the conduction band edge and the Fermi
level.

Equation 7

Conductivity measurements were executed nsing coplanar aluminum contacts of 10 mm
length with a gap of 0.5 mm. The samples were heated up to 180°C and afterwards slowly
cooled down. 64(T) was then used to extract values for the room temperature (25°C) dark-
conductivity and the dark-conductivity activation energy.

The photo-conductivity opy is defined as

Eguation 8

O, =eGlu,t, +u1 y=eGurt,,
Ha» Mp are the effective mobilities of electrons and holes and 1, T, their lifetimes. G is the
generation rate. The photo-conductivity was measured under an intensity of 100 mW/em?
which comresponds to 2 generation rate of ~10°' cms’'. Let us note that the photo-
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conductivity is not necessarily a good measure for the quality of a-Si:H. The pt product (i.e.
the lifetime 1) of the majority carriers depends on the Fermi level. Especially in as-deposited
a-Si:H samples, the Fermi level is above midgap. E.g. oxygeh contamination can shift the
Fermi level further towards the conduction band edge resulting in increased photo-
conductivity values which are, however, not due to improved material quality. The problem is
discussed in more detail in the following section.

1.3.2.2. Light soaking and |t,T, product

In order to study the stability of a-Si:H agaipst light-induced degradation (Staebler-
Wronski-effect), a reliable degradation procedure as well as a parameter is needed which
reflects "true” electronic transport properties. As already indicated above, measurement of the
photo-conductivity alone yields values which are directty influenced by the Fermi level and
therefore do not necessarily reflect the material quality. Measurement of the ambipolar
diffuston length, t.e. the pt product of the minority carriers yields additional information but
is also influenced by the Fermi level position. Figure 6 illustrates the Fermi-level dependence
of the electron and hole ut product. As will be seen in chapter 1T of this work, a Fermi-level
independent quality parameter become$ even more important when dealing with un-
intentionally doped films. E.g. oxygeri contamination of the film results in a pronounced n-
type doping leading to high photo-conductivity.

N. Beck et al. [14] developed therefore at IMT the material quality parameter pgTo. This
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Figure 6: Electron and hole p T product as a function of b,
i.e. as a function of the Fermi level. Variation of the Fermi

level position is obtained by degradation of micro-doped
samples. The figure is taken from ref. 13.
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mobility lifetime product combines the pt prodact of the majority carriers (from photo-
conductivity measurements) and information on the minority pt product (from the steady-
state photo-carrier grating, SSPG, technigue) to a Fermi-level independent Wt product:

Equation 9
o, 1
P L
HoTy G z
the correction factor z is defined as
Equation 10
Sy 1an 50

P 2
==t 4]+ - =
n 57 p S,

n and p being the density of free electrons and holes, respectively, and S the captore cross
sections of the dangling bonds. n and p are determined by measoring Gy and Lamp on the
same sample whereas certain assumptions have to be made for the capture cross sections. The
Hotp product corresponds to the pT product that would be measored by photo-conductivity
measurements if all defects were neuntral. The poTo product is especially required for samples
where the Fermi level does not lie exactly at midgap, as is nsually the case for as-deposited
a-Si:H. pgto furthermore has been demonstrated to correlate with the performance of a-SitH
p-i-n solar cells {14,15]. The experimental error connected to the determination of the pgto
product is estimated 10 be £50 % in the initial and +20 % in the light-soaked state {16).

Intrinsic films were degraded to their satorated light-soaked state by a combination of
pulsed dye laser degradation and HeNe laser illumination as described in more detail in
reference 17. The procedure has been designed so as to reach a stabilized degraded state, a
state that corresponds to the state reached after 1000 h degradanon with AM 1.5 light of
100 mW/em® intensity.

RF-deposited films (section 11.2.3) were light-soaked for 600 h using white light of
100 mW/em? intensity and characterized by photo-conductivity and defect density (from
constant photo-current method, CPM) measurements [18].

1.3.3. Structural characterization

Infrared (IR) absorption measurements can be used to gain informaticn on the matenial
structure and chemical bonding configuration. Measurements were performed using a
Perking Elmer FT-IR 1720X spectrometer. IR absorption spectra of a-Si:H samples can be
nsed to determine the hydrogen content in the films by integration of the 640 cm™' absorption
peak in the IR absorption spectrum, using {19]
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Figure 7: IR absorption spectrum of an a-5iC:H sample {40 %CH4, H;
dilutien ratio 10) and assignments of the most important absorption peaks.
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If the thickness of the sample is below ~1 um, the absorptien of the sample is aver-

C,pla1.%] =

estimated due to multiple reflections in the layer. Maley et al. [20] have proposed to correct
the hydrogen content using the following formula (d < 1 um):

Equation 12
wncorerisd
corrected _ Cx i
" 1.72-0.7  d[um)

Figure 7 shows a typical IR absorption spectrum of an a-SiC:H sample together with
assignments of the major absarption bands, accerding to [21,22]. Information on the bonding
configuration of hydrogen or, for alloyed fiims carbon or germanium, in the amorphous
network can be deduced from the spectrum (Figure 7). Of special importance is the region
around 2000-2100 em™. The $i-H stretch mode for singly bound hydrogen lies at 2000 cm™,
whereas Si-H,, vibrations or Si-H on inner surfaces are measnred at 2080 cm™. The latter is
the fingerprint of hydrogen that is bound in voids and therefore an indicator for a porous
network. Therefore the so-called microstructure factor R is a useful parameter to describe the
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mechanical density of an a-Si:H sample. It is defined as the ratio of the integrated 2080 cm’!
peak 1o the sum of the 2000 cm’ and 2080 cm peaks:

Equation 13

- ]KGO
Toogy + T g
Good correlation between the microstructure factor R and the performance of solar celis

both, in the initial and the light-soaked state, has been reported by Guha et al. [23].
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1.4. Characterization of solar cells

1.4.1. I-V measurements

The basic characterization method for a solar cell is the measurement of the current-
voltage curve under illumination. “This was done at 25°C and using a double sonrce Solar
Simulator (Wacom WXS-140S) which provides light of 100 mW/cm® intensity with a
spectrum close to the global AM 1.5 solar spectrum (standard test conditions). A schematic
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Figure & Schematic I-V curve of an a-5i:H solar
cell under illumination.

I-V curve for an a-Si:H solar cell under illumination is given in Figure 8.

Vo and I are open circuit voltage and short circuit current density, respectively. Vi, and
1, are voltage and current at the maximum power point. The maximum power point is the
point on the -V curve where the output power, i.e. the product of voltage and current is
maximal. The fill factor FF is defined as the ratio of Vi'lm and Ve Le:
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Equation 14

Ly
FF=_nn
IKVW

The solar cell efficiency 71 is the maximum electric output power density (=Vp-Iy)
divided by the power density of the illumination which is usnally taken to be 100 mWicm?’,
corresponding to the AM 1.5 intensity:

Equation 15
4V, FF

Ih‘;ln

I.4.2. Spectral response measurements

The spectral response (SR} measures the probability for an incident photon to create a
free carrier that reaches the contacts and contributes te the cell current. The spectral response
value corresponds to the probability that a photon is absorbed within the solar cell, times the
probability that a light-generated carrier reaches the extemal contacts without recombining
within the i-layer. At large negative bias voltages virtually all light-generated carriers reach
the contacts due to the large intemal eleciric field. Therefore the effects of carrier generation
and collection can be separated. By normalizing the spectral response curve under I
conditions or at small forward voltages to the spectral response at, €.g. —3 V, one can obtain
qualitative information on the distribution of the clectric field in the solar cell (see, e.g.,

spectral response

0 'l 1 'l 1
450 S00 550 600 650 700 750
wavelengtbh [nm]

Figure 9: Measured spectral response curves for solar
cells of 130 nm and 450 nm i-layer thickness and optical
gaps of ~1.88 eV and ~1.92 eV.
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section 111.4.3).

Spectral response measurements between 350 nm and 00 nm were performed using a
probe beam spot smaller than the cell surface. As the number of photons within the probe
beam is measured with a reference detector, the integration of the measured curve can be
used to determine the cell current independently of the effective cell surface. The SR value
obtained in our measurements is the product of internal quantum efficiency and optical losses
due to reflection, ransmission of glass, TCO and p-layer, and absorption at the back contact.
Multiplication of the measured SR curve with the solar spectrum (number of photons per
wavelength) and integration over all wavelengths yields the same current density that would
be measured by an I-V measurement with an ideal solar spectrum. Most values for the L.
current density given throughont this work are determined by integration of the SR curve
rather than by I-V measurements where the exact active cell area is rather difficalt to
determine.

The influence of the aptical gap of the i-layer on the solar cell current can be studied in
spectral response measurements. The optical gap on the one hand and the i-layer thickness on
the other hand mainly influence the decrease of the SR curve in the red wavelengths region
(Figure 9). A variation in the optical gap for constant i-layer thickness leads to an almost
parallel shift of the SR curve in the red. The decrease of the SR shifts, for all i-layer
thicknesses, to shorter wavelengths with increasing optical gap of the intrinsic layer. An
increase in the i-layer thickness, in contrast, leads to a changed slope of this decrease. The
linear fits for a given optical gap can be thought to intersect in a common point; increase in i-
layer thickness leads to "clockwise tum" of the SR decrease around this point.

I.4.3. Solar cell degradation

Solar cells were light-soaked at 50°C and under open circuit conditions for 1000 h.
Photo-luminescence tubes with a near-daylight spectrum were used as light sources. The
intensity for the solar cell degradation was adjusted to 100 mWicm?, corresponding to
AM 1.5 intensity. In some early experiments with a-SiC:H solar cells we used Na high
pressure lamps with 100 mWi/cm? intensity.
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I1. Intrinsic material

IL1. a-SiC:H

I1.1.1. Introdunction

Hydrogenated amorphous silicon has been developed rapidly since the discovery of
doping by Spear and LeComber in 1975 [24] and of the a-Si:H solar cell by Carlson and
Wronski in 1976 {4]. Early on, Spear and coworkers [25] also reporied experiments on the
alioying of a-Si:H with carbon and germanium. Carbon alloying was found to increase,
germanium alloying to decrease the optical gap of the resulting alloy. The amorphous
network allows for a continuous variation of the carbon content in the material; thereby one
can obtain, in principle, every value between that of a-Si:H and that of amorphous carbon.
Unfortunately, a-SiC:H prepared from conventional glow-discharge deposition exhibites
opto-electronic properties which deteriorate rapidly with increasing degree of carbon alloying
[26,27). Matsuda and coworkers discovered that H; dilution of the plasma resulted in a-5iC:H
material with considerably improved photo-sensitivity [28]). Since then glow-discharge
deposited a-$iC:H has been studied in many laboratories [e.g., 29-39].

In solar cells, a-SiC:H alloys are used for different purposes. In all cases, one makes use
of the fact that alloying with carbon increases the optical bandgap of the resulting amorphous
material. A-SiC:H alloys were first applied in the p-layer of "superstrate” type p-i-n solar
cells [40-44]. Carriers generated in the heavily doped p-layer can not contribute to the photo-
current in the cell. Widening of the p-layer bandgap by carbon alloying reduces the light
absorption and thereby the current loss due to absorption in the p-layer. Therefore, the current
in the cell is remarkably enhanced when the p-type doped a-Si:H layer is replaced by an
a-8iC:H window layer.

Soon after, the insertion of a thin (so-called buffer-) layer with increased optical gap at
the pfi-interface was found to increase the open circuit voltage of the solar cell [45,46]. The
increased optical gap of this buffer layer compared to the intrinsic, active layer of the solar
cell was obtained by carboa alloying. The current understanding of the mechanism leading to
the Vo enhancement is that the band-offset at the conduction band edge between the wide-
gap a-8iC:H-layer and the intrinsic layer prevents electrons from diffusing back to the p-layer
and recombining instead of drifting to the n-layer. Such back-diffusion takes place mainly
close to V-conditions where the electric field within the i-layer is very small. Enhanced

recombination in or close to the p-layer, in its tum, affects the V. of the solar cell.
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a-81C:H alloys can also be used as active layers in pri-n solar cells [31,47-52]. The
widening of the optical bgndgap in the absorbing layer redf:clcs the amount of absorbed
photons and therefore the current, but increases the voltage of the device due to a higher
built-in veltage. Such high-bandgap salar cells are mainly interesting as top cells of tandem
or triple stacked solar cells.

In this work, the last-mentioned applications, i.e. the application of a-SiC:H alloys for
buffer layers (I1L4.2) and as active layers in p-i-n solar cells are discussed (IIL.2}. After an
agsessment of the material properties of VHF-deposited a-SiC:H alloys, the behavior of such
layers is studied in the device with a special emphasis on the stability against light soaking.

Let us finally note that the application of a-SiC:H alloys in the context of a-Si:H solar
cell technalegy is only a small aspect of this highly versatile material which is used in many
other fields in modem technology. Applications which are in some relation to the werk
described here are, among others, light-emitting diodes [e.g. 53] or PV-driven electrochromic
windows [34,55].

I1.1.2. Material study

Intrinsic layers of amorphous hydrogenated silicon carbon alloys were deposited from
silane ($iHg) and methane (CHy) as feadstock gases. The choice of methane was motivated
by the fact that the best material reported in the iiterature is made from CH, with H; dilation
[33,35]. Furthermore, CH, was readily available in the laboratory. Most other laboratories
also use methane as carbon precursor gas. Yet other carbon sources such as ethylene (C;Hy)
[56], acetylene (C;H;) [39,57], di- and trisilylmethane [35,58,59], which are both not
commerciafly available, or aromatic carbon sources [32] have also been studied. However,
none of the altemative carbon precursor gases has proven to result in material quality superior
to a-SiC:H made from CHy and SiH, with H; dilution. In the present study, the methane
fraction in the gas phase (= [CHa)/([SiHs]+[CH4])) was varied between O and 90 %,
Hydrogen dilution of the deposition gases was varied between no dilution and a dilution ratio
(= [H)A[SiH4)+[CH4])) of 20. Gas fluxes were between five and 20 scem for SiHs and CHy
and up to 100 scem for Hy. The intrinsic films grown for the material study were made in a
single-chamber reactor without load-lock. The input power (as measured by a power-meter
between the generator and the matching network) was 30 mW/cm? in most cases. Some films
were deposited with 60 mW/em® in order to study the influence of a variation of the
deposition power. Substrate temperature and deposition pressure were held constant at 235°C
and 0.4 mbar, respectively. Table 1 gives an overview on the different sample series, which
were deposited and characterized within this material study.

The purpose of this study of intrinsic a-5iC:H material was to investigate some basic
material parameters and to compare our data obtained with VHF deposition to results
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Dilution Power density Svmbol
Hp/(CHy+SiHs) |  [mWrcm?] ym
0 30 [ ]
5 30 ]
10 30 .
10 60 A
20 30 v

Table I: The sample series investigated in
this work, The symbols are used throughout
this wark to refer to the series.

reported in the literature. Once we had a promising process window, further optimization of
the intrinsic material was done in the solar cell (section II1.2) rather than as an extensive

material study.

I1.1.2.1. Opticaf properties

In order to study the influence of various methane fractions in the gas phase on the
optical gap of the resnlting a-SiC:H layers, we varied the methane fraction in the gas phase
between zero (unalloyed a-Si:H films) and 90 %. Additionally, different hydrogen dilutions
of the gas (dilution ratios 0, 5, 10, and 20) were applied in order to study its influence on the
material quality.

E,, [eV]

methane fraction [ %)

Figure 10: Optical gap Epq as a function of the methane
fraciion in the gas phase for the sample series of Table 1.
Symbols are explained in Table 1.
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The optical bandgap Eos increases for all sample series with increasing concentration of
methane in the gas phase (Figure 10}. The increase in the optical bandgap is relatively
moderate for CH, fractions of up to ~40 %. For higher methane fractions in the gas phase, the
increase in the optical gap is much more pronounced. The influence of H; dilution is different
in the two regions. Below ~40 % CH; fraction, the optical gap increases with H; dilution for
constant CH, fraction. Even for unalloyed films (0 % CH,), the optical bandgap Egy incteases
from 1.9 eV (standard a-Si:H) to ~1.95 eV upon H; dilution. This very interesting point will
be discussed in more detail in section 11.2.2.1 of this work. When the CH, concentration ia
the gas phase exceeds ~30 %, the influence of the H; dilution on the optical gap is opposite:
for a given CH, concentration the optical bandgap decreases with increasing H; dilution ratio,
Increasing the power density to 60 mW/cm® at a H, dilution ratio of ten does not influence
the optical bandgap for fiims deposited from pure SiH, and for films deposited with a small
CH; fraction. For higher CHy fractions (230 %), however, the values for the optical bandgap
of this series join that of the films deposited without dilution at lower power. We therefore
conclude that deposition power and H; dilution have opposite effects on the optical properties
of a-SiC:H films, 1.e. an increase in power density has the same effect as a reduction of the H;
dilution ratio. This observation fits with the current understanding of the mechanism of H;
dilution. Hydrogen is believed to enhance the mability of impinging species on the growing
surface on the one hand and to etch the surface during growth on the other hand. Both effects
result in a more ordererd and deunser structure [28]. Deposition at higher power and hence
higher growth rate leave less time for the growing surface to arrange in a highly ordered way
and result therefore in a "more amorphous” film. In Figure 10 we observe two regions: up to
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Figure 11: Carbon contenr in a-SiC:H films deposited with a H; dilution ratio of ten as a
Sunction of the methane fraction in the gas phase (left). Values from the literature are given
Jor comparison. A: Schmidr et al. [62], B: Matsuda et al. [28], C: Zedlitz et al. [61], D:
Vincenzoni et al. [63]. Optical gap Egq as a function of the carbon content for the same fiims
(right). Error bars indicate an estimated experimental error of 20 %.
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a CHy fraction of 30-40 %, the increase in the optical gap is moderate, indjcating 2 low
degree of alloying. Hydrogen dilution results, as in the case of a-8i:H (section I1.2.2), in a
moderate increase of the optical gap. For CH, fractions exceeding 30-40 %, the optical gap
increases strongly, which indicates enhanced carbon-incorporation.

This is confirned by measurements of the carbon content of a few films by X-Ray
Photoelectron Spectroscopy (XPS) measurements (Figure 11) [60] and comparison to data
from the literawure. First, one observes that the carbon content in the film is much smaller
than the methane fraction in the gas phase. Even the film deposited with %0 % CH, in the gas
phase contains less than 50 % carbon. In fact, it has been stated that in a low-power RF
regime CH, is not directly disscciated in the plasma but via excited SiH," radicals [37,61]
limiting thereby the carbon content t¢ 50 %. Our data are quite consistent with data from the
literature, taking into account different experimental conditions and various measurement
techniques. Schmidt et al. [62], Matsuda et al. (28], and Zedlitz [61] all report carbon
contents below 20 at. % for methane fractions in the gas phase up to 60 %. Vincenzoni et al.
[63] report carbon content as high as 73 at.%. In their case, deposition is performed ir a high-
power regime, the excitation power of 300 mW/em? is, e.g. ten times the power generally
used in this study. The shape of the curve in Figure 11 (left) is quite similar to the Ep (CHa)
curves plotted in Figure 10 with a very moderate increase for small CH, fractions and a
steepening of the curve for larger amount of CHy in the gas. Plotting Eys as a function of the
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Figure 12: Hydrogen content {at. %] in the a-SiC: H films
for various H, dilution ratios as a function of the optical
gap Eps. The values were obtained from integration of the
640 crr! (Si-H} IR absorption peak and do therefore not
take into account hydrogen bonded to carbon,
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carbon content in the matenal one obtains a rather linear depcndency as shown in Figure 11
(right). Let us aote that the maximum in the optical bandgap is usually obtained for a carbon
content of ~60 % [64,65]. For even higher carbon content in the material, the optical gap

decreases.

We have determined the hvdrogen content in the films by integrating the 640 cm™ IR
absorption peak. The hydrogen comtent increases with increasing optical bandgap energy
(Figure 12). There is no consistent tendency for the hydrogen content for different H; dilution
ratios, bat a general trend of increasing hydrogen content in the samples grown with an
increased CHa/SiH. ratio and therefore an increased optical gap. Integration of the 5i-H IR
absorption peak does not take into account hydrogen bonded to carbon. One would have to
sum up the portion of H bonded to Si and to C in order to obtain the exact hydrogen content
in the material. The amount of H bonded to C is, however, found to be small for samples with
optical bandgaps up to 2.0 eV [22], corresponding to Egs~2.15 V.

11.1.2.2. Material quality and hydrogen dilution

For the application of these a-SiC:H alloys in opto-electronic devices, such as solar cells,
the material certainly needs to fulfill other requirements than only a desired value for the
aptical gap. The opto-glectronic quality of the material and especially the stability against
light soaking are very impartant criteria. A good tool for a first assessment of the material

. quality is IR absorption spectroscapy. A necessary, but certainly not a snfficient requirement
for good a-SiC:H material is a low value of the so-catled microstructure factor R (section
1.3.3). Experience tells that 2 material with a strong 2080 cm’* absorption peak can directly be
discarded because its as-deposited and light-soaked material quality does not qualify for the
application in solar cells. In contrast, additional information and especially light soaking
experiments are required for material with a laow value of the microstructure factor in order to
judge on the suitability of that given material.

Figure 13 shows the IR absorption spectra in the 2000 cm’' region for sampies deposited
with 40 % CH, in the gas phase and H; dilution ratios of 0, 10 and 20. Clearly, the peak at
2020 cm™ is predominant in the case of the a-SiC:H material deposited without H; dilution.
This peak decreases while the peak at 2000 em’ increases when the H, dilution ratio is
increased, indicating a denser structure of the material. Carbon alloying, however, causes a
shift of the Si-H stretch mode vibration from 2000 cm”! o 2080cm” due to the
electronegativity of the carbon substituent. [22,66]. This resnlts in an increase of the
2020 ¢t absorption, which in this case is not entirely due to SiH, clusters. In consequence,
the value of the microstructure factor of a-SiC:H aliays is slightly overestimated. Yet, the
importance of the effect is believed to be relatively small at low C concentrations [67,62] and
we can conclode from Figure 13 that H; dilution clearly results in lower values of the
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microstructure factor for a-SiC:H alloys. Let us note, however, that H; dilution results in a
slight decrease of the optical gap from 2.05 eV for the sample deposited without dilution to
2.03 eV for the films deposited with dilution ratios of 10 and 20. The beneficial effect of H;
dilution is therefore reduced to some extent as slightly more carbon would have to be
incorporated for the diluted films in order 1o obtain the same optical bandgap.

Another eniterion for an evaluation of the matertal quality is the slope of the valence band

600

5001

400}

3001

2001

abs. coeff. [cm1]

100

0 v .
1900 2000 2100 2200
wavenumber {cm-1]

Figure 13! IR absorption spectra in the 2000 em™ and
2100 e region for three samples deposized from 40 %
CH, and hydrogen dilution ratios zero (Egq = 2.05 V), 10
(Egs = 2.03 eV) and 20 (Eg; = 2.03 V).

tail ("Urbach energy"). The Urbach energy is a measure for the disorder in the material and is
determined by measurements of the absorption coefficient for emergies smaller than the
optical bandgap, such as PDS or CPM. Here again, a small value for the 1ail slope is a
necessary but not a sufficient condition for material of good quality. With increasing values
of the optical bandgap, an increase in the Urbach energy, as determined here from PDS
spectra, is observed. H, dilution results in considerably reduced values of the Urbach energy:
for samples prepared with a Hz dilution ratio of ten, the Urbach energy remains, in contrast to
undiluted sampies, well beiow 70 meV for bandgap energies of up to 2.1 eV (Figure 14),
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Figure 14: Urbach energy as determined from the PDS§
absorption spectrum as a function of the optical gap Eps
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Figure 15: Photo- and dark-conductivities as a function of
the bandgap energy Epy for two series, deposited without
hydrogen difution and with a hydrogen dilution ratio of
10. For comparison we show values reported by Mohring
et al. {33] for (AM i} photo-conductivity and dark-
conductivity (dashed lines).
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We included in Figure 14 values reported by Mohring ¢t al. (University of Stuttgar) [33]
which to our knowledge are the best values reported in the literature to date as well as data
for a-SiC:H material made by Li (Solarex) [47] which has been incorporated into p-i-n solar
cells with quite encouraging results. The optical gap was converted into Egy values by adding
150 meV to the reported values of the "optical” gap, as justified in Figure 4 (section [.3.1.2),
Urbach energies for our VHF-depasited H; diluted a-SiC:H material are slightly higher than
the astonishingly low values for the DC-deposited material of the Stuttgart gronp, but are
comparable to values obtained by Solarex with H; dilution. Urbach energies for samples
prepared without H; dilution are much higher.

Figure 15 shows photo-conductivity and dark-conductivity values for two sets of
samples, one deposited without H; dilution and one deposited with a dilution ratio of 10, as a
function of the optical bandgap Esq in the as-deposited state. The photo-conductivity is
measured under the white light of a tungsten lamp with an intensity of 100 mW/cm® and is
not corrected for generation rates. The decrease in photo-conductivity with increasing optical
gap is therefore parly due to a reduced generation rate. Hydrogen dilution yields slightly
higher values of the photo-conductivity. The dark-conductivity decreases strongly with
increasing optical bandgap due to the exponential dependence of the dark current on the
bandgap energy. The films deposited with Hz dilution exhibit dark-conductivities which are
about two orders of magnitude higher than for films of the same bandgap but deposited
without dilution. Most probably, n-type doping due to oxygen incorporation into the films
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Figure 16: Infrared transmission spectra measured ar different times after
deposition for films deposited with a Hy dilution ratio of ten (left) and without
dilution (right). Shown is the region around the Si-Q absorption peak a
~1000 em’’.



1) Intrinsic material 31

deposited with Hy dilution is the reason. Note that the a-SiC:H films have been deposited in a
single-chamber reactor without load-lock, a fact, that certainly favors oxygen contamination,
The increase in Gpn With Hy dilution may therefore be partially due to a shift of the Fermi
level because of oxygen doping as indicated by the increase of the dark-conductivity. Figure
15 includes data for the Siuttgart a-SiC:H material. Eq values are again obtained by simply
scaling Eqy values by 150 meV. The AM 1 photo-conductivity values reported are, within
experimental error, comparable to our data, the dark-conductivily, however, is 2-3 orders of
magnitude lower, even for the undiluted samples, resulting in a higher photo- to dark-

conductivity ratio.

Samples deposited without H; dilution with a high carbon content reveal a post-
deposition_oxidation of the layers. A sample deposited with 90 % CH, and no H; dilution
shows a strong increase of the Si0) IR absorption peak at 1000 em™ with time after deposition
(Figure 16, right). This indicates an open void structure of the material, which, in
consequence, allows oxygen to penctrate. Similar observations are reported in [22]. Samples
prepared with the same CH, fraction but employing hydrogen dilution do not show this
feature (Figure 16, left). For samples prepared with lower CH, fractions in the gas phase, no
oxidation was observed, even when no H; dilution was applied. This is further evidence
indicating that hydrogen dilution of the plasma results in denser material structures for
material deposited with a large amount of CHa.

The deposition rate is remarkably increased for the VHF deposition technique compared
to conventional RF plasma excitation. There is little information on growth rates for DC
deposition in the literature; Zedlitz et al. [6]] repont growth rates of 2.3 Afs for DC at
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Figure 17: Deposition rate as a function of the CH,
fraction in the gas phase for the sample series of Table 1.
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50 mW/cm® and 17 Afs at 180 MHz excitation frequency with input power of 45 mW/cm?
and using H; dilution. We observe an increase in the deposition rate with increasing methane
fraction (up to 40 %) for samples deposited without H; dilution, which is in contrast to RF
deposition. A power density of 30 mW/cm? yields a deposition rate of £.6 A/s for 40 % CH,
when no H; dilution is employed. The decrease for higher CH, fractions can be explained by
the fact that the density of excited SiH,” ions, which are responsible for the decomposition of
CH, in the plasma, decreases with increasing CHy4 fraction. Hydrogen dilution reduces the
deposition rate strongly. For a H; dilution rate of 10 and 40 % CH., the deposition rate is
1.6 Ass for otherwise same conditions. In the case of H, dilution during the growth, the
deposition rate decreases monotonically with increasing methane content in the gas. For those
samples, the growth rate decreases for a given CH, content with increasing H, dilution ratio.

I1.1.3. Discussion and conclusions

Our material study did not reveal any significant difference of a-SiC:H material deposited
at 70 MHz compared to "typical" RF- or DC-deposited a-SiC:H reported in the literature. The
only exception is a higher growih rate for comparable values of the plasma excitation power
for VHF compared 10 RF. Previous studies of VHF excitation for a-8iC:H deposition [61,69]
suggested, however, that the VHF-deposition technique slightly increases carbon
incorporation in the layers.

Hydrogen dilution of the process gas increases the optical gap for films deposited with a
low methanc fraction (<30 %) and reduces the gap for material deposited with higher CHy
fraction {exceeding 30 %). H; dilution at the same time considerably improves the maierial
quality. The beneficial effect on the material quality is most striking in terms of the Urbach
energy. Values between 80 meV and 100 meV without diluiion are reduced to values
between 50 meV and 65 mcV with H; dilution, depending on the CH, fraction. H; dilation
also yields lower values of the microsimicture factor when materials with the same methane
fraction in the gas are compared. However, as H; dilution reduces the optical gap for CH,
fractions exceeding ~30 %, the improvement in the microstructure factor is slightly reduced
when comparing maierials with the same optical bandgap.

In conclusion, we could confirm that CH, as carbon source together with Ha dilution
results in a-SiC:H material of reasonably good quality as long as the material contains a
relatively small amount of carbon, i.e. as long as the optical gap is only moderately increased.
The quality of such a-SiC:H material is, however, already for a small degree of alloying
considerably reduced compared to state-of-the-art a-Si:H. For samples with a gap larger than
2.0-2.1 eV the material propertics deteriorate very rapidly, even when strong H» dilution is
employed.
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Most probably, the investment of additional research on snch a-SiC:H alloys could result
in material with further improved electronic guality. Our goal was, however, to proceed, after
a first assessment of the a-SiC:H deposition by means of thie VHF technology, rapidly
towards the fabrication of a-SiC:H solar cells. Further optimization has therefore been done
within the solar cell, as will be described in section IIL2 of this work. In conclusion to this
material study, we choose a material deposited with 40 % CH. and a Hs dilution ratio of 10
(resulting in an optical gap Eps of about 2.03 eV) as the starting point for our solar cell

research.
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I1.2. a-Si:H

IL2.1. Introduction

The search for an a-Si:H material with improved stability against light soaking has ever
been going on since the first report of the Staebler-Wronski-effect in 1977 [5]. Even though
considerable amounts of money and time have been invested to understand the exact
mechanism, many questions remain unanswered today and the number of models trying to
explain the metastability exceeds the number of a-Si:H solar cell producers by far. On the
other hand, the a-SitH solar cell technology has leamed to “live with the effect”.
Technological approaches such as the stacked or tandem a-$i:H based seclar cell {(chapter IV}
or the paossibility to make the solar cells thinner due to highly efficient light-trapping have
largely coniributed to today’s increased stabilized efficiencies.

Until very recently, many groups limited their research to the development of intrinsic
2-Si:H material without ever making a solar cell. The choice of a suited material parameter
for the optimization, however, is quite problematic, because a solar cell is an ambipolar
device, i.e. hoth types of charge carriers have to be taken into account. Measurement of the
UgTo parameter together with a controlled degradation procedure [70] is believed to yield
reliabte information on the light soaking behavior of a new material in a solar cell. We
therefore based the characterization of the stability of our a-SitH materials on the
measurement of this Ty parameter in a saturated light-soaked state obtained by pulsed-lascr
degradation.

Many different approaches to obtain a-Si:H material of enhanced stability have been
reported in the literature. However, the only technelogy which has proven to result in a-Si:H
with enhanced stability against light soaking and whicb is mature for application on the
production level is the hydrogen dilution technique. Guha and coworkers first reported in
1981 [71] that H; dilution of the SiHs plasma resulted in a-Si:H with improved stability.
Since then the technique has become widespread and is today employed by most major
a-8i:H solar cell manufacturers [e.g., 72,73] and many research laboratories. Hz dilution
fulfills a double role in the achievement of higher stabilized efficiencies of a-Si:H solar cells.
Beyond the fact that material deposited with Hi dilution is more stable against light-induced
degradation, H; dilution allows the deposition of a-5i:H at lower than standard deposition
temperatures without deterioration of the material quality. Increased values for the optical
gap and thereby enhanced Vo values can thus be obtained.

In the following sections, the effect of H; dilution oo the film properties is described for
the case of our VHF plasma excitation at 70 MHz, We investigated the material properties for
various substrate temperatures and Ha dilution ratios to provide a gencralized picture of
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a-Si:H deposition using the VHF technique, with special emphasis on the optical absorption
and the stability as the key issues for solar cell applications. Finally, we directly compare
VHF plasma excitation to §tandard RF (13.56 MHz) plasma excitation and deposition using a
DC plasma. The question as to whether an interdependence between stability and growth rate
exists is of special interest in this context.

I1.2.2. Hydrogen dilution and influence of the snbstrate temperature

It has already been mentioned above (section 1I.1.2.1) that H, dilution results in an
increase of the optical bandgap of a-3i:H layers for a given substrate temperature during
deposition. The optical bandgap Eos increases for unalloyed films from ~1.9 eV (standard
a-Si:H) to ~1.95eV when a H; dilution ratio of ten is applied to the plasma at standard
temperature (Figure 10). The initial motivation to investigate Hz dilution was therefore to
obtain p-i-n solar cells with increased Vi, when employing Hi dilution for the i-layer. We
furthermore secked an answer to the question as to whether the enhanced stability observed
for RF deposition [71] could be reproduced also for the VHF deposition technique.

11.2.2.1. Optical properties and hydrogen content

The substrate temperature during deposition influences the optical absorption properties
of the resulting a-Si:H material. The optical bandgap of the material decreases with
increasing temperature of the substrate during deposition. Figure 18 shows absorption spectra
as a function of the photon energy for intrinsic a-Si:H deposited at substrate temperatures
between 195°C and 300°C without H, dilution. Indicated temperatures are calibrated
temperatures as determined by direct measarement on the substrate for conditions
corresponding to those during deposition, however without plasma. The absorption spectra
are determined from transmission and reflection measurements in the high-energy range and
from PDS measurements in the low-energy range. One obscrves that the absorption curve is
shifted in a parallel manner over the whole range of photon energies, except for the defect
absorption, when the subsirate temperature is increased from 195°C to 360°C. For a given
phaton cnergy, the absorption coefficient increases with increasing deposition termnperature.
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Figure 18: Absorption spectra as measured by
transnission/reflection (hv > 1.8 eV) and PDS
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Figure 19: Absorption spectra as measured by
transmission/reflection (kv > 1.8 eV) and PDS
(hv < 1.9 eV) for three substrate temperatures T, with a
hydrogen dilution ratio of nine (right). Note that the
sample at T, = 300°C shows partially microcrystalline
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IT) Intrinsic material 37

Hydrogen dilution of the process gas during deposition decreases the optical abserption
of the resulting films. Figure 19 shows as an example thé absorption spectra of films
depasited with a H» dilution ratio of 9 for the same substrate temperatures as in Figure 18.
Here also, the absorption coefficient increases with increasing substrate temperature.
However, for the same substrate temperature, the absorption coefficient is lower for the
diluted films than for the films deposited without H; dilution. E.g., the absorption coefficient
for material deposited at a temperature of 195°C decreases from 3.6.10° cm™ without dilution
to 1.5-10° cm™ at a H; dilution ratio of 9 for the photon energy of 1.8 eV. The absorption
spectrum in Figure 19 (H: dilution ratio of 9) for the film deposited at 300°C indicates that
this particular film is microcrystalline. In fact, high substrate temperatures favor
microcrystalline growth and reduce the amount of H, dilution necessary to obtain
microcrystalline films. At standard substrate temperature of 235°C, the onset of
microcrystalline growth appears only for Hs dijution ratios of about 13-15.

Figure 20 shows the optical bandgap Eq: as a function of the H; dilution ratio for a larger
set of substrate temperatures. The optical bandgap increases with increasing Hj dilution ratio
and decreases with increasing substrate temperature. The increase in the optical bandgap is an
approximately linear function of the Hj dilution ratic. H, dilution reduces the opticai bandgap
considerably. A Ha dilution ratio of 9-10 results in about the same increase in the optical
bandgap as a reduction of the substrate temperature by 100-150°C.

The optical bandgap of our VHF samples is correlated with the hydrogen content in the
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Figure 20: Ep; values for substrate temperatures between
140°C and 280 °C as a function of the hydrogen dilution
ratio. Ervor bars indicate an estimated experimental error
of 20.01 eV.
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amorphous network as determined from the 640cm™ absorption peak in the infrared
spectrumn. The hydrogen content increases with increasing Ha dilution and decreasing
substrate temperature (Figure 21). The determination of the H content in the films by
evalnation of IR absorption spectra contains some sources of experimental error. The
subtraction of the transmission baseline, the fit of the absorption peak with a ganssian
distribution, and the determination of the film thickness account for an estimated ervor on the
order of 2 at.% absolute. However, the general tendency is very clear. A high hydregen
conlent in the film correlates with a high optical gap of the sample. The same tendency had
already been observed in the context of a-SiC:H samples (section I1.1.2.1 of this work). This
correlation is demonstrated in Figure 22.

Taking into account the experimental error for both, optical gap and hydrogen content, a
roughly lincar relation between optical gap and hydrogen content can be postolated. This
linear dependency is valid for all temperatures and H; dilution ratios investigated within this
work. The fit yields an increase of ~B meV in the optical gap per at.% hydrogen content in
the film.
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Figure 22: Optical gap Ege as a function of the hydrogen
content, plotted for the films of Figure 20 and Figure 21.
The linear fit for all temperatures and H; dilution ratios
yields a slope of ~8 meV/iat. %.

I1.2.2.2. Deposition at low substrate temperatures

Hydrogen dilution plays an important role in the context of a-Si:H deposition at low
substrate temperatures. There are different reasons why one would consider to decrease the
deposition temperature for a-Si:H below its "standard” value of aronnd 200°C. Firstly, the
deposition at lower substrate temperatures yields material with increased optical gap. This
can be interesting when one wants to obtain i-layer material for p-i-n solar cells with a high
open circuit voltage. In fact, the highest Vo values obtained using H: dilntion and low
subsirate temperature for the i-layer deposition {1.04 V) exceed those obtained with a-SiC:H
solar cells [74]. Secondly, more and more work is being done in the field of deposition on
subsirate materials other than glass or stainless steel. Especially polymer substrates are
continuously gaining in interest due to their potentially low cost, their lightweight and
mechanical properties [75]. However, most polymers do not withstand temperatures of 200°C
and therefore necessitate the deposition of a-51:H at lower substrate temperatures.

When decreasing the substrate temperature below the optimum temperature, the quality
of a-Si:H genecally strongly decreases. Figure 23 shows the IR absorption spectra in the
2000 cm™ and 2080 cm™ wavenumber region for films deposited at a substrate temperature of
140°C. Clearly, the film depositcd without H» dilution shows a high microstructure factor of
0.37, i.e. a strong absorption peak at 2080 em’, indicating a large void fraction in the
material. When adding H; to the deposition plasma, films with considerably improved
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Figure 23: Infrared absorption spectra for a-8i:H layers
deposited at 140°C and different Ha dilution ratios. The
spectra ave shifted by 500 em™ with respect to each other.
Vertical lines at 2000 cm'® and 2080 em™ indicate the
silicon mono- and polyhydride absorption frequencies.
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absorption curves.

microstructure can be obtained, as shown in Figure 23, The 2080 em’! peak decreases with
increasing H; diludon. The films deposited with a H. dilution ratio of four shows a
reasonably Jow microstructure factor of 0.28, close to what is obtained for “standard”
deposition temperature without H; dilution.

The fact that H, dilution increases the quality of a-Si:H deposited at lower than standard
substrate temperatures is also confirmed by the material guality parameter iigfgy (section
1.3.2.2). Figure 24 shows the Jl,t, product in the as-deposited state for the sample series
deposited at 140°C as a function of the H; dilution ratio [76]. 3T, increases with Hy dilution
ratio and clearly correlalcs with the microstructure factor. At a H: dilution ratio of four the
gain in W, is roughly a factor of four compared to the undiluted film. A pgyt, value of
2-107 cm?/V, as obtained by using H, dilution four, can be considered to be a value for
material of reasonably good quality in the as-deposited state [70].

11.2.2.3. Deposition at enhanced snbstrate temperature

It has been shown above that the optical gap of an a-Si:H film is directly influenced by
the substrate temperature. A higher substrate temperature results in a lower optical gap. This
statement has been found to be valid for all H; dilution ratios. A smaller optical gap yiclds
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enhanced optical gbsorption which is interesting for solar cell applications. The higher
cusrent generation enphances the totally available current density in a solar cell andfor allows
for generation of a given current density within a thinner intrinsic layer. Furthermore, the
stability of a-8i:H deposited without H. dilution increases with increasing deposition
termperature as will be shown in section 11.2.3.4 below (Figure 32, page 52). Both effects, the
enhanced stability of the material together with a higher absorption coefficient and therefore
the potential to make thinner cells, bear potential to increase the stabilized efficiency of solar
cells. The insertion of intrinsic layers deposited at high temperature in a p-i-n device,
however, causes considerable technological problems as will be discussed, together with
possible solutions, in section II.4.2.2. Solar cells with intrinsic layers deposited at
moderately increased ternperature are reported in section II1.3.2.

11.2.2.4. Stability

Hydrogen dilution has been shown to increase the stability of RF-deposited intrinsic
a-5i:H films [71] and also of solar cells due to enhanced stability of the i-layer against light
soaking [77]. The correlation between the stability, i.e. electronic properties of the i-layer
material and the performance of a p-i-n solar cell as an entire device has always been a
controversial point of discussion. At IMT, the pgty parameter has been developed as a
material parameter which is directly connected to the cell performance in the initial and light-
soaked state [14]. This parameter could be shown to be a valuable tool for the evaluation of
the material quality. The 11Ty parameter combines information on the minority carrders (in an
a-81:H solar cell usnally the holes) and the majority carriers {usnally the electrons) providing
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thereby a quite satisfying image of the electronic transport, both in the layer and the solar cell
(see section II1.3.1.2). In particular, this assessment is more or Jess independent of the Fermi
level position in contrast to measurements of photo-conductivity and ambipolar diffusion
length alone.

Samples of VHF-deposited intrinsic a-Si:H layers, deposited at different temperatures
and with various H: dilution ratios, have been light-soaked to their stabilized state using
pulsed-laser degradation as described in section 1.3.2.2. Measurement of the [15To parameter
in the light-soaked state yielded the results shown in Figure 25 as a function of the Hs
dilution ratio. The pgty product for the samples deposited without H dilution increases
slightly with increasing substrate temperature. We observe a considerable gain of roughly a
factor of two for the samples deposited with a H; dilution ratio of two compared 10 the
samples deposited without H; dilution. The value of g% for the samples deposited with
dilution two is independent of the substrate temperature in the investigated range between
195°C and 280°C. Increasing the H; dilution ratio to a dilution ratio of nine does not increase
the stabilized poTo product further. We conclude therefore, that for VHF-deposition also, H;
dilution of the SiH, plasma results in intrinsic material with enhanced siability against light
spaking, i.e. improved electronic transport properties in the light-soaked state. The gain in
stability is found already for a relatively small amount of H dilution.

The influcnce of Ha dilution of the i-layer on the stability of p-i-n solar cells will be
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Figure 25. po%p product as a function of the Hy dilution
ratio in the light-soaked state for samples deposited ai
different substrate temperatures. Error bars indicate an
estimared experimental error of 220 %.
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discussed in more detail in section I1.3.1.2 below.

I1.2.3. Comparison of VHF, RF and DC plasma excitation

It has first been reported by cur group at IMT [78] and later on been confirmed by other
groups [79,80] that VHF plasma excitation as used in this work enhances the growth rate of
a-Si:H films without affecting the quality of the material in the as-deposited state. Howeaver,
these comparisons exiended only over the range from standard 13.56 MHz (RF) plasma
excitation to frequencies in the VHF range. The third "conventional” PECVD technology,
plasma excitation by a DC source, had so far not been taken into account. Furthermore, the
reports were restricted to deposition from undiluted SiH, and considered only the material
quality in the initial state. In the following we directly compare standard radio frequency (RF,
13,56 MHz) deposition o very high frequency (VHF) deposition at 70 MHz and deposition
using a direct current (DC) excitation under similar conditions. Special emphasis is laid on
the influence of H; dilution, and electronic transport characteristics in the light-soaked state
are compared. In the past, all three methods have already demonstrated the potential for
producing solar cells with high stabilized efficiency (e.g., [18,21] for RF, [82] for VHF and
[83] for DC).

11.2.3.1. Experiments

The intrinsic a-Si:H films reported within this study have been deposited in three
different deposition systems. Each of the three systems has been built and optimized for a
given excitation frequency. Results reported above for our VHF-deposited films are now
compared to data for the two other excitation techniques. DC-deposited films were grown by
the author in the i-chamber of a three-chamber PECVD systemn with load-lock at Princeton
University during a one year visit there. A few layers were also deposited using RF excitation
in this reactor (referred to as RF(P)). Data on the other intrinsic layers using RF excitation
were provided by the group at the Research Center Jiilich. Deposition was performed in the i-
chamber of a three-chamber system with load-lock in this last case. Table 2 gives an
overview of the deposition conditions used for the three plasma excitation techniques.

Pressure | Pressure
Electrode Electrode Ec::-substr. undiluted | diluted :ow_e r
dimensionsg 12’;2] 1[5::3]&: films films [mﬁf:rzz}
C 5x15 cm® 25 1.6 ['St;r] [?33” 22
D 15%15 cm 2 K , A
RF @13.5¢cm 143 1.2 1.33 2.66 30
RF(P) | 15x15cm* 225 1.6 067 - 22
VHF | €13.0cm 133 1.6 0.35 0.5 30

Table 2: Geometrical dimensions of the electrodes, and deposition conditions.
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All temperatures given are true substrate temperatores, as determined by direct
measurement on the substrate for conditions corresponding to those during deposition,
however without plasima. The plasma excitation power was chosen to be comparable in all
three cases. In the DC reactor at Princeton, the plasma bums towards both sides of the
powered electrode, due to the triode-configuration of the reactor. The effective clectrode
surface is therefore twice the value given in Table 2 and the power density of 22 mW/cm? is
the value of the input power divided by twice the electrode surface. The input power given
for RF and VHF deposition was measured by a power meter between the generator and the
matching network, and the value for DC deposition is given by correns and voltage of the
discharge. It has, however, to be taken into account when comparing power densities that in
the case of RF and VHF deposition the effective plasma power may be considerably lower
than the value read on the power meter. In fact, considerable power losses occur mainly in the
matching network. Measurements performed on a deposition system that is quite similar to
the one used in the present work for the VHF samples yielded losses close to 50 % at 70 MHz
[79]. Such electrical losses depend, however, quite crtically on the reactor and deposition
conditions and are difficult to quantify.

Ii.2.3.2, Optical gap and hydrogen content

Influence of 1he substrate temperature

Optical gap and material properties of the a-Si:H films are strongly influenced by the
substrate temnperature. We varied the substrate iemperature beiween ~100°C and ~300°C.
There is no significant difference for the three excitation techniques. The optical gap of
intrinsic a-Si:H films deposited without H, dilution decreases with increasing substrate
{emperature, as has already been reported for VHF above. This decrease approximately is a
linear fonction of the substrate temperature for all three excitation frequencies in the
temperature range investigated (Figure 26) with a slope of approximately -55 meV/100 K.

The decrease in the optical gap of the a-Si:H films correlates with a decrease in the H
content {cy) in the films as determined from FTIR spectroscopy (Figure 26). Again, for all
three excitation tcchniques, ¢y is an approximately linear function of the substrate
temperature in the investigated temperature range (4.3 at%/100 K). All excitation
frequencies yield comparable values for the optical gap and the hydrogen content. Plotting
the optical gap as a function of the hydrogen content (not shown) we obtain
dEge/dcy ~ 6 meV/at.%. For VHF-deposited material and various substrate temperatures and
H, dilution ratios we had observed a slope dEgs/den of approximately & meV/a1.% (Figure
22); the difference is not very significant considering the scattering of the data.
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Influence of hydrogen dilution

We have seen above that all three excitation techniques yield very similar results for
samples deposited from 100 % 8§iH,. The effect of H dilutiot, in contrast, depends on the
excitation technique (Figure 27). In all three cases, the optical gap Eos increases with H,
dilution. For VHF and RF excitation techniques, this increase is monotonic and almost linear.
In the case of RF excitation, a H; dilution ratio of 30 results in approximately the same
increase in Ey as a dilution ratio of ten for VHF (~0.05-0.1 €V). DC deposition exhibits a
slightly more complex behavior with H, dilution. For low H, dilution ratios, the optical gap
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Figure 26: Top: optical gap Eqs as a function of the
deposition temperature for films deposited without H;
dilution and VHF, RF (Jilich and Princeton) or DC
excitation. Bottom: hydrogen content for the same
samples. For better legibility we did not plot error bars;
the experimental error is estimated to be t0.01 eV for the
optical gap and +2 at. % for the hydrogen conrent.
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increases moderately and in a simalar way as for VHF. Between a dilution ratio of four and
six, however, the increase in ihe optical gap is very steep, followed by an increase to
>2.05eV with further dilution. Sub-bandgap absorption spectra from PDS and UV
reflectance measurements [84) indicate that these samples are still purely amorphous and not

microcrystalline.

The H content {cy)} of the RF and VHF films increases with increasing Hz dilution ratio
(Figure 27). The increase in cy is much more pronounced for the VHF samples than for the
RF samples, and ¢y exceeds here 20 at. % for the highest dilution ratio. On the ather hand, we
find again for both, RF- and VHF-deposited samples, a correlation between the optical gap
and the H content, i.c. a higher optical gap for a higher hydrogen content. H; dilution has a
relatively small influence on the hydrogen content in the DC-deposited samples for dilution
ratios of up to four. For even higher dilution ratios, cy increases, similar to VHF and RF
deposition. Let us note that the determination of the hydrogen content for our DC samples is
subject to considerable experimental error. In fact, it turned out that the layer on the
crystalline silicon substrate used for IR measurements is, depending on the H; dilution ratio,
considerably thinner than the layer on the glass substrate. Whereas we do not observe a
signifizant difference in thickness for samples deposited without H; dilution, the difference
approaches a factor of two for the highest H; dilution ratio. Recent experiments with DC
plasmas at IMT [85] showed that inhomogeneities on the substrate surface result in
inhomogeneities of the plasma, this effect becoming stronger with increasing Hy dilution
ratio. The holder for the crystalline silicon wafer pieces, as used for our DC samples, is made
from stainless sieel with an opening for the wafer. Even though the plasma could not be
observed with the eye at Princeton, it is reasonable to assume a local disturbance of the
plasma, explaining the pronounced difference in thickness. The data points in Figure 27 are
comrected for this thickness effect. To our knowledge, the enly publication on H; dilution
using DC plasma excitation [86] reports a slight decrease in the H content and a moderately
increased optical gap for DC samples deposited with Hy dilution ratios of up to 10.

Figure 27 (bottom) also shows the microstructure factor for the DC-deposited samples.
The microstructure factor exhibits a minimum value around a Hj dilution ratio of five. This
indicates that moderate H; dilution improves the material quality in the case of DC excitation
whereas too high a dilution results in a high microstructure factor. The exact mechanism
behind this behavior is, however, not understood. Let us finally note that the microstructure
factor correlates roughly with the discharge voliage at constant plasma power (Figure 34,
section 11.2.3.4) indicating that a change in the plasma regime might play a role and have
conseguences on the material quality.
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Figure 27: Top: optical gap Epe for VHF, RF and DC
deposition at a substrate temperature ~200°C as a
Sunction of the H, dilwiion ratio of the plasma. All samples
in the figure are purely amorphous. Middle: Hydrogen
content for VHF, RF and DC-deposited samples as a
Sfunction of the Hy dilution ratio. Bottom: Microstructure
Jactor for the DC-deposited samples. For better legibility
error bars are plotted only for the hiydrogen content and
the microstructure facior of the DC films (see text); the
experimenial error is estimated to be .01 eV for the
optical gap and 32 a1.% for the hydrogen content.
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11.2.3.3. Growth rate

Figure 28 shows the growth rate of the a-Si:H films as a function of the H; dilution ratio
{=[H.)/[SiHa]) for the three excitation techniques and standard substrate temperature of
~200°C. Input power was 30 mW/cm?® for VHF and RF excitation and 22 mW/em® for DC.
We have already mentioned above the difficulty comparing the excitation power for different
reactor conditions and excitation frequencies. In our case we have chosen a ~30 % lower
input power for DC, thereby taking into account some losses for VHF and RF. If the real
losses are higher than 30 %, the growth rate of VHF and RF is underestimated with respect to
DC.
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Figure 28: Growih rate for VHF, RF and DC deposition
os a function of the Hy dilution ratio (=[H,}J/[SiH]). Input
power is 30 mWiem® (VHF), 30 mWiem® (RF) ond

22 mWem® (DC). T, ~200°C.

For films deposited without H; dilution, VHF deposition yields the highest growth rate of
~4.5 Ass, the growth rate obtained with DC excitation is only slightly lower. RF plasma
excilation without H, dilution yields a growth rate of ~2 Afs. We observe a quite different
benavior for the three techniques when increasing the H: dilution ratio. The growth rate for
VHF excitation decreases ronghly linearly with increasing Hz dilution ratio. The range of Ha
dilution is very limited for the VHF technique as microcrystalline growth starts {for the
prevailing deposition conditions, as used here) already at a dilutioo ratio of ~12. Above a
substrate temperature of 200°C, microcrystalline growth sets in at even lower H; dilution
ratios. The growth rate for RF excitation is much lower and also an almost linear fuoction of
H dilution, except for a steep drop by almost a factor of two between pure SiH, and dilution
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ratio of one. Microcrystalline growth sets in at dilution ratios exceeding 30. For DC
excitation, we observe two distinctly different slopes with ir;cre;a'sing H; dilution. The growth
rate drops by a factor of three between H; dilution ratios of 0 and 8, almost parallel to VHF
deposition. More H; in the plasma reduces the growth rate further, but with a smaller slope
and similar to RF deposition. We obscrve the onset of microcrystalline growth at 130°C for
H; dilution ratios of ~30. It is therefore confirmed, that with H; dilution also, VHF plasma
excitaion yields the overall highest growth rates. DC plasma excitation results in
astonishingly high growth rates for moderate H; dilution which are, in fact, not much smaller
than those obtained for VHF. RF deposition yields, in the range of low dilutions, by far the
lowest growth rates; for higher dilution ratios and towards the transition to microcrystalline
growth, growth rates are comparable for DC and RF excitation. Microcrystalline growth
starts at the lowest Ha dilution ratios for VHF excitation. DC and RF deposition both require
much higher H; dilntion ratios to yield microcrystals.

For all three plasma excitation frequencies, the subsirate temperature has a relatively
small influence on the growth rate, The growth rate increases slightly with increasing
substrate temperature and at any temperature follows the same dependence on the H; dilution
ratio as plotted in Figure 28. As an example, we show in Figure 29 the growth rate of the
VHF-deposited a-Si:H layers as a function of the substrate temperature for a larger set of
samples at slightly higher power density. For all H, dilution ratios, the growth rate increases
very slightly with increasing substrate tcmperature.
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Figure 29: Deposition rates for three H dilution ratios as
a function of the substrate temperature. Input power ts
45 mWem for all samples.
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There is very few data published about deposition rates; our values, however, agree with
the general fact that is reported in the literature, that RF deposition without dilntion yields
deposition rates of the order of 1-2 Afs [87-90). Deposition rates for diluted i-layers may
reach 2 Afs [(81] for a highly optimized process, in mast cases, however, values around [91]
or below [92,93) 1 A’s are reported, depending on the dilution ratio of the i-layer. Microwave
glow discharge yields deposition rates of up to 100 A/s for a-SiGe:H alloys depasited with H;
dilution [94,95]; however, even at a reduced deposition rate of 10 Afs, the degradation of
salar cells incorporating such high-rate deposited layers is still larger than the degradation of
cells containing i-layers deposited by RF at ~1 Ass [96).

11.2.3.4. Stability

We have seen that VHF deposition yields considerably higher growth rates compared to
RF deposition and, depending on the H; dilution ratio, also compared to DC plasma
excitation. The enhanced growth rate is even more important in the case of Hy dilution as the
growth rates decrease for all three techniques strongly with increasing dilution, No
satisfactory answer has been given s¢ far as to if and how this enhanced growth rate affects
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Figure 30: Defect density from CPM measurements and
photo-conductivity values in the degraded state for RF-
deposited films as a function of the H; dilution ratio.
Circles: T; = 140°C, squares: T; = 190°C, open symbols:
defect density {CPM), black symbols: photo-conductivity.
Error bars indicate an estimated experimental error of
150 % for the defect density and £10 % for the photo-

conductivity.
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the stability of the VHF-deposited films. The main goal of H; dilution is to enhance the
stability of the films against light scaking. Ha dilution improves the stability for VHF-
deposited samples, as has been shown abave (Figure 25 on page 42). Similar results are
reported in the literature, both for RF and DC excitation. Yet, a direct comparison requires
identical experimental conditions such as degradation and measurement procedures. In the
following we directly compare all three techniques. Both, VHF and DC layers have been
deposited especially for this purpose, degradation and measurement of the gty product was
performed in the same manner. Unfortunately we only have values for the photo-conductivity
and the defect density in the degraded state for the RF-deposited samples [18,97].

Figure 25 (page 42) shows the poTo product in the degraded state as a function of the Hz
dilntion ratio. Data are for VHF-deposited samples and deposition temperatures between
195°C and 280°C. The pgTo product for samples deposited without H; dilution improves
slightly with increasing substrate temperature, and considerably with H, dilution. A Ha
dilution ratio of two raises poTo by a factor of two. A further increase in the H; dilution ratic
does not raise pgTy, whereas the optical gap continues to increase.

In RF-deposited films (Figure 30), higher deposition temperature similarly results in
higher photo-conductivity and lower defect density in the degraded state for films deposited
without H; dilution. H; dilution raises O and reduces the defect density for the samples
deposited at the lower substrate temperature, both by up to a factor of 2-3. The material
quality continuously increases with increasing H, dilution, even though most of the
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Figure 31: pom product in the degraded state for DC-
deposited films as a function of the H, dilution ratio.

T, ~200°C. Error bars indicate an estimated experimental
error of 20 %.
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improvement is achieved already for a Hj dilution ratio of ten. H, dilution has a much smaller
effect for the higher substrate temperature, if it exists at all. Note that part of the increase in
Gpn upon Hj dilution may be due to a shift of the Fermi level due to oxygen incorporation,

Likewise, the pgTp product in the DC fibms improves with increasing substrate
temperature for undiluted films (Figure 31). H; dilution has a beneficial effect at low dilution
ratios: the degraded pgtp product is roughly a factor of two higher for samples deposited with
a dilution ratio of two to four tham for undiluted films, which is comparable to the
improvement achieved for VHF-deposited samples (Figure 25). Also, the poTo product for the
best DC-deposited films (~1.0107 ecm®V) is comparable to the highest value for VHF-
deposited samples (~1 2107 cm*/V). For high dilution ratios, in conftrast to the observations
for VHF and RF deposition, the electronic quality of the films decreases again, even to a
value lower than the one for undiluted films.

Deposition at enhanced substrate temperature results in significant improvement of the

electronic transport properties in the degraded state (Figure 32). For all three deposition
techniques, DC, RF, and VHF, we observe a decrease in the H content in the films with
increasing deposition temperature (Figure 26). This observation 15 in agreement with the
results obtained for the hot wire (HW) deposition technique [98,99]. The enhanced stability
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Figure 32: pgT product in the degraded state for DC- and
VHF-deposited films as a function of the deposition
temperature. All samples are deposited from undiluted
SiH, plasma. For comparison we added the best value
reported by Ziegler {70] for a HW-deposited sample
without Hy dilution. Error bars indicate ai estimated

experimental ervor of 20 %.
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of HW-deposited films also is connected to a low hydrogen content, yet at even lower values
of ~2 % [100-104). These observations raise the question to which extent the enhanced
stability of HW-deposited films is produced by the high depésition temperatnre alone (see
Figure 32}, and to which extent by the observed structure of hot wire deposited films [105].
This question, even though of fundamental interest, must remain unanswered at this paint and
may provide an interesting challenge for future work.

Deposition using the hydrogen dilution method also enhances the stability. However, for
films deposited with H; dilution and using RF or VHF deposition, the enhanced stability
correlates with increased H content. DC-deposited samples also exhibit improved stability
when deposited with H, dilution, but in their case the more stable films contain

jncreased T - H- dilution -
hydrogen content hydrogen content
DC Reduced ~ Constant
RF Reduced Increased
VHF Reduced Increased
Reduced
HW [c.g., 98,99)

Table 3: Overview on the influence of different means to
enhance the stability on the hydrogen content in the film for
the different depaosition techniques. Reduced’ and ‘increased’
refers to a-Si:H deposited at standard temperature (~200°C)
without Hj dilution.

approximately as much hydrogen as standard undiluted films. Table 3 illustrates this paradox.

Peculiarity of DC plasma excitation

We have seen that DC excitation exhibits different behavior with respect to hydrogen
dilution compared to VHF and RF. We observe an optimum H; dilution ratio, above which
the transport properties of the material in the light-soaked state decrease. Optimum light-
soaked properties are obtained for the H; dilution ratio that corresponds to the lowest
microstructure factor. The growth rate as a function of the Hs dilution ratia is not a smooth
function as in the case of VHF or RF deposition, we observe two distinctly different slopes,
the transition between both regimes lying again close to the point of the most stable films. A1
the same time the electronic preperties of the best DC-deposited films are comparable 1o
those for the best VHF-deposited samples.
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Figure 33: Photo-conductivity, ambipolar diffusion length
and b-factor in the light-soaked staie as a function of the
H, dilution ratio. Shown are samples deposited using DC
excitation and VHF at different substrate temperatures.

Figore 33 shows photo-conductivity, ambipolar diffusion length and the b-factor (Figure
6) for the series of DC- and VHF-deposited samples in the degraded state. As stated in
section 1.3.2.2, the b-factor is given by the ratio of the products pun/pup for majority and
minority carriers. For intrinsic samples in the degraded state, this ratio is nsually close to 50,
as is the case for the VHF-deposited samples. The best DC-deposited samples, however,
made at a dilution ratio of two to four, are characterized by b-values which are ronghly an
order of magnitude higher than this expected value, indicating that the Fermi level is slightly
shifted towards the conduction band edge. The reason herefore is not known; it can, however,
be speculated that n-type doping by oxygen might be a possible explanation. Another reason
could be & different energetical position of the defects in the band gap. It is noteworthy that
HW-deposited samples with high pgty product in the light-soaked state also exhibit valnes of
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Figure 34: Electrode voltage and discharge current for DC
plasma and varying H, dilution ratio. The plasma power was
held constant at 10 W.

b which are much higher than what is usually observed for “standard" glow-discharge
material [106). Let us state furthermore, that such high values of b once more emphasize the
need for a material quality parameter that takes into account both, majority and minority
carriers. The phato-conductivity for the DC-deposited samples in Figure 33 made with H;
diluticn ratios of twg and four is over-estimated because the Fermi level is obviously shifted
as can be seen from the b-factor. At the same time the ambipolar diffusion length is under-
estimated, for the same rcasons. Measurement of each of both parameters alone would
therefore yield a wreng judgement of the material quality.

DC plasma excitation offers the possibility to easily measure voltage and current of the
discharge. For the series of samples described in this work, the power was held constant in
order to cblain conditions comparable to VHF and RF. Figure 34 shows electrode voltage and
discharge current as a function of the Hj dilution ratio. One observes (Figure 34) that for
small dilutions the discharge current decreases strongly with H; diletion, similar to the curve
observed for the growth rate (Figure 28). In fact it makes sense to assume the growth rate
proportional to the (ion) current. For even higher dilution ratios, the current increases again,
this time, however, without an increase in growth rate. Thus, we speculate that the current in
this case may be mainly carried by species (H) which do not contribute te the film growth.
The voltage obviously follows an inverse tendency, correspending to constant power. This
means, in turn, that the most stable films have been deposited under conditions where the
discharge voltage was increased compared to the undiluted case. The electrode voltage
observed for DC deposition is very high compared to deposition using a high-frequency
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Figure 35: Skeich of the voltage distribution in a
DC glow discharge process, according to ref. 107.

deposition technique, In fact, the electrode voltage for DC excitation is, already for undiluted
plasma (~700 V), more than an order of magnitude higher than what is observed for VHF
deposition at 70 MHz (~50 V) [79]. The voltage distribution in a DC discharge is, hawever,
not uniform. The bulk of the plasma is almost field-free and slightly positive with respect to
the ancde (which is in our case grounded}; a large voltage drop is found next to the cathode
(see Figure 35) [107]. Therefore positive ions contributing to the films growth acquire only
moderate energies in the small voltage drop in front of the anode.

11.2.4. Discussion and couclusions

H; dilution has been shown to enhance the electronic transport properties of a-Si:H in the
light-soaked state for all the investigated excitation methods. For the DC deposition
technique we observe an optimum H dilution ratio whereas VHF and RF exhibit a
pronounced improvement for smail Hy dilutions followed by a racher smali additional effect
for still higher Hz dilution ratios. The reduced growth rate when employing H; dilution is
certainly an important issue in industrial production. For VHF deposition at 70 MHz, we
observe the best stabilized elcctronic properties for a Hy dilution ratio of two, at a growth rate
of ~4 Afs. DC deposition yields comparable values for the poTo product in the degraded state -
for a Hz dilution ratio of four and a slighily lower growth rate of ~3 Ass. RF deposition yields
considerably lower growth rates (~1 AJs at a H; dilution ratio of ten and ~0.5 AJs at a dilution
of 30). We unforiunately cannot make a statement conceming the quality of the RF-deposited
material described above that is based on an objective comparison under identical
experimental conditions. There is, however, evidence, such as similar stabilized efficiencies
for solar cells [108], indicating that the RF-deposited material described above is of guite
similar quality in the degraded state as our VHF-deposited a-Si:H. Hence, as intrinsic a-Si:H
material of more or less equal quality can be obtained by all three deposition techniques, the
growth rate may become the decisive factor for the choice of excitation frequency. In fact,
increasing the growth rate for RF deposition by increasing the deposition power or pressure is
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found to be harmful to the stability of the solar cells [23,87,88,109,110). VHF and DC
technology are therefore, in térms of growth rate and materhi';ii.quzﬂity, found to be almost
equivalent for the deposition of a-Si:H. VHF deposition at 70 MHz yields slightly higher
growth rates compared to DC, yet the gain is small, given an additional small uncertainty for
the effective plasma power. DC excitation, on the other hand, has the big advantage to allow
for much simpler design of the deposition apparatus. Especially the probiem to feed power in
the high megahertz range into the deposition chamber, including matching network, generator
and design of the reactor itself, is not trivial and is avoided when using DC excitation. It is
therefore for us not surprising that Solarex, one of the major a-8i:H solar cell manufacturers,
uses DC plasma excitation in production.

For application as intrinsic {ayer in a-5i:H solar cells, other issues besides the electronic
transport properties of the material in the degraded state have to be taken into account. All
three excitation techniques result in a more or less pronounced increase in the optical gap of
a-5i:H deposited with Hy dilution. This in tumn requires thicker i-layers to obtain a given
current density, thus affecting the stability of the solar cell. However, this effect is an
advantage for the thin 2-Si:H top cells in tandem or triple junctions. For these wide-gap cells
the necessary thickness adjustment is generally small, resulting in an overall efficiency gain
from the enhanced stability coupled with the higher V. that results from the higher optical
gap of the i-layer. Such questions, conceming the design of a-Si:H solar cells for optimum
stabilized efficiency are discussed in the following two chapters, chapter III deals with the
optimization of single-junction solar cells and chapter IV describes the incorporation of such

optimized single-junction cells in tandem structures.
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I1I. Single-junction solar cells

I11.1. Introdoction

Single-junction solar cells are of interest far several reasons: First, intrinsic material is,
after a first assessment of its quality by means of material characterization, best studicd when
incorporated into a solar cell. Even though quite useful tools for the characterization of
intrinsic materials with respect to their performance in a solar cell have been developed [14],
the final judgement about a material can only be made once it has been incarporated into a
solar cell and a complete evalvation of its performance in the cell, including AM 1.5
degradation, has been executed.

Second, single-junction solar cells can be an interesting approach for industrial solar cell
production [111-114] and an atiractive alternative to more expensive and complex tandem
and triple structures. The manufacturing process is mare robust, at the expense of a somewhat
lower efficiency. Let us mention in this context only the very critical current matching issue
in a tandem or triple cell structure. As will be shown in section IV.2.2, the stabilized
efficiency of a tandem cell depends very critically on the current mismatch between top and
bottorn cell. The sitnation is certainly even more critical for a triple junction cell. In
consequence, e.g. slight thickness inhomogeneities will result in efficiency losses due to
location-dependent current mismatching. Single-junction solar cells, in contrast, behave very
benignly with respect to the i-tayer thickness as will be shown below.

The third interest in studying single-junction cells is the development of component cells
for tandem or triple stacked structures. It is technologically more convenient to develop such
component cells first in a single-junction structure before incorporating them into tandem
cells. Such an approach is used in chapter IV.3 of this work in order to cxperimentally
determine the best suited top cell for a micromorph tandem cell. In a similar way, the
component cells of the a-8i:H/a-Si:H stacked cell were first optimized as single-junction
cells.

The final goal of any optimization of solar cells is to increase their stabilized efficiency.
Different aspects have to be addressed in this context. The cell performance is, under the
condition that good doped layers are available, mainly determined by the properties and
quality of the intrinsic material. E.g. the voltage of a sclar cell is influenced by the optical gap
of its i-layer. Yet a large optical gap resulting in high V.. valnes reduces the current
generation in the salar cell. The stability of the i-material against light soaking will determine
to what extent the solar cell characteristics degrade upon illumination. A great variety of
intrinsic a-Si:H based materials has been investigated within this work, following the demand
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for solar cells with specific characteristics. Depending on the application, either a high
voltage or rather a high cufrent level may be desirable. The influence of different intrinsic
materials on the solar cell characteristics in the initial and light-scaked state is discussed in
sections [11.2 (a-SiC:H solar cells) and TI1.3 {a-Si:H solar cells) of this chapter.

Beyond the material quality, other issues influence the solar cell performance before and
after light soaking. Among those "design and technological" issues we address in section II1.4
in particular interface layers and the problem of i-layer contamination.
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IT1.2. a-SiC:H single-junction solar cells

The basic motivation of carbon alloying for enhancing the optical gap is to collect charge
carmiers generated by high-energy photons (blue and green) at a higher energy level, ie. at a
higher voltage (see section L1.1),

Single-junction solar cells incorporating a-SiC:H i-layers have been deposited employing
the VHF-deposited intrinsic materials which had been found to be promising in the material
study (section I1.1.2). As a "starting point” we used the material made from 40 % CH,.
Throughout the study, degradation was systematically investigated, keeping in mind that
silicon carbon alloys are even more sensitive to degradation than a-Si:H and that hence cell
optimization has t0 concern above all the degraded state performance.

The first series of solar cells (Table 4) consists of four cells with an i-layer thickness of
200 nm. Cells made from pure silane with a H; dilution ratio of ten and without dilution are
compared to cells made with 40 % CH, and H; dilntion ratios of ten and zero, respectively.
The doped layers are the same for all cells.

initial 280h relative degr. (%)
type | Eos [eV]
Voo [V] | FF (%] | Vo [V] | FF[%] | Ve FF
@SICH | 965 | 092 | 627 | 082 | 318 1 49
undiluted
a-SiC:H
(dil.10) 2.03 0.95 56.0 0.87 41.7 8 25
a-Si:H
andiloted 1.90 082 66.4 0.82 59.0 0 11
a-SitH
(diL10) 1.95 0.89 62.5 0.88 54.5 1 13

Table 4: V,. and FF values for 200 nm thick p-i-n cells in the initial state and
after 280 )t light soaking. Listed are cells incorporating a-SiC:H and a-Si:H as
the i-layer material, both with and without Hy dilution,

The light_soaking experiments for this series were performed at 50°C employing a
sodium lamp with an intensity corresponding to 100 mW/cm?. The H; diluted a-SiC:H cell
has a higher Vi in the initial state than the same cell deposited without Hz dilution, even
though the optical bandgap of the i-layer is slightly lower. The reason is the better electronic
quality of material deposited with H» dilution resulting in less recombination within the i-
layer and therefore a higher V.. The fill factor in the initial state is lower for the H; diluted
cell, which is also the case for the a-Si:H reference ceils. This is believed to be due to oxygen
contamination of the i-layer when depositing with H; dilution as will be discussed in the
context of a-8i:H i-layers in section [11.4.3.1. However, FF degradation is remarkably
reduced due to the H; dilution of the i-layer. Yet, compared 1o the a-Si:H solar cells, the FF
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degradation of the H; diluted a-3iC:H solar cell is still twice as high. Both a-SiC:H solar cells
show a strong V. dcgradaﬁ'o'n of ~0.1 V. It is interesting to noté that the cell deposited from
H, diluted SiH, has a higher Vo value than the cell deposited from undiluted SiH, and suffers
no degradation of the V. This observation will be an important issuc in section III.3.1.1
where it will be discussed in more detail.

An j-layer thickness of 200 nm for the a-S5iC:H cell is obviously too thick to obtain
sufficient stability of the solar cell, even in the case of the i-layer deposited with H; dilution.
We therefore deposited the same a-§iC:H solar cel] containing an i-layer deposited with H;
dilution but with an i-layer thickness which is reduced to 100 nm (Table 5}.

Egs initial 280h Relative degr. [%]
type
(V]| Vo [V] | FE[%] |V [VI| FF[%] | Ve FF
a-SiC:H (dil.10} | 2.03 0.95 687 0.90 54.1 5 21

Table 5: V,. and FF values for a 100 nm thick a-SiC:H p-i-n solar cells in the
initial state and after 280 h light soaking.

Degradation is considerably reduced if the i-layer thickness is reduced to 100 nm.
Furthermore, the FF is already in the initial state considerably higher for the thinner solar
cell. The explanation is to be sought in the internal electric field. The a-SiC:H i-layer has a
relatively high defect density causing enhanced recombination within the i-layer. A thinner i-
layer results in a higher built-in electric field in the ceil, therefore drift-assisted carrier
extraction is enhanced and in consequence the fill factor improved. The same is true after
degradation. In addition, the amount of defect generating recombination events (which are the
cause for the degradation effect) is reduced in a thinner cell with a higher electric field
resufting in less recombination.

As a-SiC:H cells are to be applied as top cells in tandem or {riple structures, a realistic
thickness will indeed be rather like 100 nm or even less. Furthermore, degradation will be
less pronounced as light which is not absorbed in the top cell will not be reflected as in the
case for these test cells which were made with a highly reflective ITO/Ag back contact.

However, the stability of the 100 nm thick a-8iC:H solar cell is still not very satisfying.
Enhancing the H; dilution ratio for the i-layer beyond a ratio of ten can ameliorate the
stability of the solar cell (Table 6). The relativc degradation of Vo and FF is reduced by 50 %
when increasing the H; dilution ratio from ten to 30. Yet, we again observe a decrease of the
fill factor in the initial state with increasing Hj dilution ratio, probably due 1o oxygen
contamination. Still, we observe a gain in both, the stabilized V. and FF, with increasing H:
dilution ratio.



62 111} Single-junction solar cells

Ve [V] FF [%]
initial | degraded | relative | initial | degraded | Relative
dil.10 | 0.97 0.90 8% 67 48 40 %
dil.20 | 096 091 5% 65 50 0%
dil.30 ; 0.97 0.93 4% 62 51 2%

Table 6: Initial and degraded values far V,. and FF af solar cells where
the i-layer had been deposited employing varying H; dilution ratias. i-
layer thickness is 100 nm. The cell made at H dilution of ten is
equivalent 1o the cell of Table 5.

I conclusion to the study of a-8iC:H allays as absorber layer in p-i-n solar cells one can
state that Hy dilution considerably improves the stability of VHF-deposited a-8iC:H solar
cells. Vo values in the initial state as high as 0.97 V for a-SiC:H single-junction cells could
be achieved. Tandem cells (section TV.1) incorporating a-5iC:H top cells yielded V. values
of 1.B2V (a-5iC:H/a-Si:H tandem cell) and 2.68 V (a-SiC:H/a-81:H/a-5i:H triple junction
cell).

A very important improvement due (o this study was the optimization of the a-8iC:H pfi-
buffer layer (section I11.4.2.1) which led to an actual enhancement of the stabilized efficiency
of p/b-i-n solar cells, a-8iC:H alloys are of continuing interest for such p/i-buffer jayers and
p-layers of p-i-n type solar cells as well as for some specialized applications such as semi-
transparent solar cells [54,55] where the stability issue is of secondary importance.

However, already at the time when the above experiments were performed, the interest in
a-5iC:H alloys for the application as active layer in a solar cell was globally strongly
decreasing due to the unsatisfactorily resolved stability problem. High-voltage a-SiC:H solar
cells have been demonstrated [115], however (hose cells are not applied in today’s best stable
a-5iH stacked cell modules [116] because of their insnfficient stability. Lt our case also, the
finding of the possibility to achieve the same V. values as for a-S$iC:H solar cells but with far
better stability when using a-5i:H deposited at low substrate temperature and with H; dilution
{section IIL3.1) resulted in a shift of the interest towards those low-temperature a-Si:H

materjals.
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111.3. a-Si: H single-junction solar cells

Section 112 has presented an extended catalogue of intrinsic a-Si:H materials, The
present section describes the incorporation of these materials in p-i-n solar cells. The
"standard” a-Si:H i-layer material {no H, dilation, 235°C} is directly compared to the newly
developed materials which are deposited at various substrate temperatures and hydrogen
dilution ratios (section IIL3.1). For substrate temperatures exceeding the standard
temperature, special precautions have to be taken in order to obtain good-quality solar cells.
Such cells are described in section I11.3.2.

I11.3.1. i-layer deposition with H, dilution

1t has been shown in section I1.2 that the H, dilution technique Jeads to intrinsic a-Si:H
layers with considerably improved stability against light-induced degradation. We have
reported an improvement of the gty parameter in the light-soaked state by a factar of two. At
the same time, H dilution results in enhanced values for the optical gap of the resnlting
a-Si:H layers. The following section descnibes the insertion of these Hj diluted i-layers in
p-i-n solar cells and the effect on the cell characteristics in the initial and light-soaked state.

111.3.1.1. Soiar cell results

In order to study the influence of H; dilution and deposition temperature of the i-layer on
the solar cell performatice, we deposited two series of cells. The first series was deposited at
standard deposition temperature of 235°C, the second at a substrate temperatuare of 195°C.
The H; dilution ratio for the i-layer deposition was varied between zero and nine.

The doped layers were deposited at the same temperature as the i-layer; the other doped
layer parameters were held constant. The material properties of these i-layer materials have
been described in section I11.2.2. The i-layer thickness was chosen to be 450 nm, i.e. much
thicker than for stability-optimized solar cells, in order 10 be as sensitive as possiblc to
variations of the i-layer quality. The cells were systematically degraded for 1000 h at 50°C
under white light (spectrum close to AM 1.5, 100 mW/cm?) and open circuit conditions.

The increase in the optical gap due to H; dilution for constant deposition temperature has
been reported in section IL2.2.1. This increase has consequences for the solar cell
performance, namely Vo and I, vary with the dilution ratio. In the experiment (Figure 36),
this increase in the optical gap results in a strong decrease of the short circuit current density.
At the same time the enhanced optical gap of the i-layer results in a pronounced increase in
the V. values for these cells. The fill factor in the initial state is a priori not influenced.

H; dilution enhances the stability of the solar cells due to enhanced stability of the i-
layer; the consequences of H; dilution on the solar cell parameters in the light-soaked state
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are a5 follows. For the 195°C samples, the V. decreases slightly during degradation (except
the sample deposited at a H dilution ratio of nine, where the V. increases) whereas the V.
vatues for the 235°C samples even slightly increase with degradation for all Hy dilution
ratios. An increase of the Vo value during degradation is quite Surprising. Similar
observations have been reported by the group at the Forschungszentum Jilich [92,117]. The
FF after degradation for the cells deposited at a substrate temperature of 195°C increases with
H; dilution. For the 235°C cells, the degraded fill factor is only slighly improved by Ha
dilution. In both cases, the improvement takes place already for moderate H; dilution ratios of
two (Figure 36), confirming thereby the observation made by studying the material
degradation alone that a Hy dilution ratio of two is safficient to obtain a considerable gain in
stability.
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Figure 36.: V., I,.. FF and efficiency values for p-i-n cells deposited at 235° (m) and
195°C (W) as a function of the H dilution ratio before and after 1000 h degradation. -
layer thickness is 450 nm. Filled symbals indicate the as-deposited, open symbuls the
light-soaked state.

In the initial state, we observe a drastic decrease of the short circuit curremt density with
H, dilntion for both temperatures. H; dilution, however, reduces this I;. degradation strongly
so that, after degradation, the difference between undiluied and strongly H, diluted cells is
reduced to less than | mAfcm” (Figure 36). Yer, this phenomenon is influenced to & certain
extent by the fact that the i-layer of the solar cells is relatively thick (450 nm). For thinner
cells, the enhanced stability of the material would be expected to have more effect on the fill
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factor than on the current. In thinner solar cells, the effect cof the material quality on the
collection efficiency becomes noticeable only at forward voltages when the intemal electric
field no longer is capable t6 "mask” to a certain extent the quality of the material. The voltage
where a considerable current loss occurs depends on the quality of the material.

The observed gain in V.. and the stabilized fill factor bave to compete with the observed
loss in cumrent density due to the higher optical gap of the H; diluted i-layers. However, the
strong V, increase and the higher FF value after degradation over-compensate this loss in
current density. The stabilized efficiency therefore increases with H, dilution for borth
temperatures, the main effect, however, appears at reduced temperature. The increase is
pronounced between H; dilution ratios zero and two, higber dilntion does not improve the
stabilized efficiency further. This confirms the observation made in the materials section of
this work. Both series have the same efficiency in the degraded state for dilntion ratios of two
and higher, one cell having a higher corrent and smaller voltage, the other cell the inverse,
This possibility of a choice between current and voltage is particilarly interesting in the
context of tandem and stacked cells.

[11.3.1.2. Correlation between material characteristics and solar cell performance

Our material study {section 0) has shown that H; dilution enhances the stability of a-Si:H
against light soaking. Above, we have seen that the stabilized efficiency of p-i-n solar cells
incorporating such H; diluted material is increased. In order to quantify this qualitative
observation and in order 10 establish a larger context, we plot in Figure 37 the efficiency and
the fill factor of 450 nm thick p-i-n cells in the initial as well as in the degraded state as a
function of the Pty product of their i-layer material. The intrinsic layers of the sclar cells in
Figure 37 comrespond to those shown in Figure 25, the solar cells to those of Figure 36,

We observe a good linear correlation between the efficiency and log(pots). The
correlation is valid for all Hy dilution ratios and beth temperatnres which confirms the
significance of the pyTy parameter also in the case of H; diluted i-layers. However, as the 1o
parameter is a measure for the electronic transport properties of the intrinsic layer, a
correlation is expected a priori only between the FF of the solar cell and the pgtp parameter.
Especially H; dilution has an influence not only on the stability of the i-layer but also on its
optical gap, influencing thereby Vo and ;.. In fact, we cbserve such a linear correlation
between the fill factor and log(pLyTo). For the case of cur series of H; diluted cells we observe
an approximately constant product of Vo and 1 of ~13-14 mW/em? in the initial state, which
is independent of the H; dilution ratio and deposition temperature. In the degraded state this
product is also almost a constant with a value of ~12 mW/em?. This means that the increase
in V. is compensated by the decrease in 1, annihilating thereby the effect on the efficiency.
Therefore, the comrelation for the efficiency is valid only because the influence cf the optical
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gap on the efficiency can be neglected. Let us note also that the variation of the material
quality in the work by Beck et al. was obtained by varying the deposition temperature of the
intrinsic layer which has & considerable effect on the optical gap of the material and therefore
on voltage and current. Here also, it is rather surprising that the correlation between JiyTp and
the efficizncy is observed in spite of variations in Vo and L. Furthermore, because of the
important thickness of the intrinsic layers one wonld have to plot the FF times a factor
describing the collection losses at 0V (e.g. LJ/I{-3V)FF} in order to account for
recombination Josses at I, conditions. Especially in the light-soaked state the intemnal electric
field at 0 V may not be sufficient to extract all light-generated carriers.

Despite those critical remarks, however, our experiments confirm a correlation batween
WeTy and the solar cell performance. For the reasons given above, 1gTy should not be used to
predict a solar cell efficiency, but rather to compare the electronic quality of different
materials.

efficiency, FF*10

24,71
Hoty [em™ ¥ ]

Figure 37: Correlation between the material parameter
HoTy and solar cell characteristics. The solar cells contain
i-layers with varying Hj dilution ratio. Plotted are
efficiency and FF of the solar cells as a function of the
HoTy product of their i-layers in the initial and light-soaked
state. i-fayer thickness of the solar cefls is 450 nm. Open
symbols are for i-layers deposited at 235°C, black symbols
for thase depasited at 195°C. The curve given by Beck et
al. {14] for 600 nm thick solar cells is given for
comparison.
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I11.3.2. p-i-n cells at enhanced substrate temperature

Enhanced stability of p-i-n salar cells can be achieved by several means. The
incorporation of more stable intrinsic material by means of Hy dilution has been described in
the previous section. Reducing the i-layer thickness also has a beneficial effect an the
stability. In order to generate the same current density within a thinner i-layer, one needs a
reduced optical gap of the i-layer in order to enhance the absorption. It has been shown in
section J1.2.2.3 that depasition at enhanced substrate temperature (in the following called
high-T,) results in a-Si:H with reduced optical gap. Furthermore, this material exhibits
enhanced stability compared to material deposited at standard temperature (Figure 32, page
52). Such a-Si:H deposited at higher substrate temperature therefore combines two
advantageous properties, a high optical absorption and good stability which is of interest for
several applications. In single-junction solar cells, such intrinsic material could potentially
Iead to enhanced stabilized efficiency. When emplayed in a bottom cell of an a-Si:H/a-Si:H
tandem cell, a p-i-n cell deposited at enhaniced temperature raises the totally available current
and increases thereby the efficiency potential. Finally, a thin and strongly absorbing p-i-n
solar cell is an interesting candidate for the top cell in a micromorph tandem (section IV.3).

Solar cells have been made emplaying i-layers deposited without Hs dilution. Slight H,
dilution wouid be interesting from the stability point of view. However, we restricted our
study to i-tayers without H; dilution. The optical absorption decreases strongly with dilution
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Figure 38: Performance data of optimized high-T, p/b-i-n solar cells in the initial (®) and
degraded (O) state. Substrate temperature for 1-layer deposition is 280°C.
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(section 11.2.2.1) which counteracts the goal of strongly absorbing cells with a high current
generation. The doped layers were deposited at the standard substrate temperature (235°C).
Before the deposition of the i-layer, the gronnded electrode with the substrate was heated np
to the deposition temperature of the i-layer. A gas flux of 20 min. prior to the deposition
assured a homogeneaus temperature over the substrate. Afier the deposition of the i-layer, the
substrate was cooled down before the deposition of the n-layer.

The deposition of the i-layer at higher than standard temperature results in technological
problems cannected to the fact that the very important pfi-interface is subject to the elevated
temperature during the growth of the i-layer {89]. These problems and solutions found here
will be discnssed below (section IIL4.2.2). At this point we present only the results for
already optimized solar cells with intrinsic layers deposited at 280°C, i.e. ~50°C higher than
the standard temperature at which the doped layers have been deposited (Figure 38). A direct
comparison of these high-T; solar cells to other types of solar cells presented in this work is
shown in Figure 51 (page 87).

We obtain reasonably good solar cells, which provide a current density of almost
15.5 mA/em® for an i-layer thickness of 250-300 nm in the degraded state, compared to
barely 15 mA/em’ for a solar cell with an even thicker i-layer of 450 nm deposited at
standard temperature without H; dilntion (Figure 36). However, thicker i-layers deposited at
the elevated temperature lead to a strong current degradation as well as a decrease of the
degraded V. with thickness, which can be attribnted to problems connected to the internal
electric field.



1) Single-junction solar cells 69

I11.4. Design and technological considerations

The choice of a snitable intrinsic material for a given solar cell application is only part of
the way towards the best possible solution for a solar cell. Additional measures with respect
to the solar cell design can be taken to enhance the solar cell performance. Namely interface
or so-called buffer layers play an important role in this cell optimization process. Such buffer
layers have been investigated in this work for two purposes, on the one hand to enhance the
Vo and on the other hand as a diffusion barrier in ordet 1o prevent boron contamination of the

intrinsic layer.

The electric field in the solar cell is an issue which repeatedly had to be addressed, both
in the context of interface layers and also of intrinsic layers where contaminations can act as
donors and acceptors and thereby reduce the electric field. Pat of these technological issues
originates from the use of a single-chamber deposition system in this work.

I11.4.1. Graded hydrogen dilution - "a-Si;H buffer”

Both, the study of H, dilution for the deposition of intrinsic material (section 11.2.2) and
the incorporation of such material into solar ceils (section [1.3.1.1), have shown that a
moderate H, dilution ratio of two is sufficient to obtain the maximom gain in stability. The
increase in the optical gap that is connected to Hj dilution results in undesired current loss in
solar cells. However, the V,. of solar cells increases with increasing H; dilution ratio. We
found that a relatively thin layer with the highest gap (=highest dilution ratio} at the p/i-
interface is sufficient to achieve a considerable increase in V.

We developed celis where a graded H, dilution ratio is employed for the deposition of the
i-layer. The first part of the i-layer of about 20 nm close to the pfi-interface was deposited
with a H; dilution ratio of nine. The bulk of the i-layer was deposited using a dilution ratio of
only two. We could thereby combine good i-layer stability (dilution ratio two of the bulk),
avoid a oo strong increase of the optical gap and still obtain a high V.. Figure 39 shows the
1-V-parameters of such cells in the initial and degraded state as a function of the i-layer
thickness, After 1000 h fight soaking, all cells show, independent of the cell thickness in the
investigated range, a stabilized efficiency of ~7.5 %. The increase in current with increasing
i-layer thickness is compensated by a more pronounced fill factor degradation.
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The V. of such cells lies in between the value obtained for solar cells containing i-layers
deposited entirely with a dilution ratio of nine (~0.93 V) and cells deposited with dilution two
(~0.87V) (sec Figure 36). This gain is obtaincd without increasing the optical gap of the bulk
of the i-layer further, i.e. abave the value corresponding to a H; dilution ratio of two. In fact,
the current density of ~15.8 mA/cm” in the initial and ~14 mA/cm® in the degraded state
obtained with a 450 nm thick cell deposited at 195°C with H; dilution ratio of two
corresponds well to an extrapalation to 450 nm i-layer thickness in Figure 39. A possible
drawback of this solar cell deposition technique is the reduced current generation compared
to undiluted solar cells deposited at standard temperature. The importance of a high current
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Figure 39: Top: Experimental values of V,. and FF in the
initial (black symbols) and degraded (1000 h, open
symbols) stare for single-junction cells with graded H;
dilution i-layers as a function of the i-layer thickness.

Ts = 195°C. Bottom. I, and efficiency in the initial and
degraded (1000 h} state.
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generation versus a high voltage and good stability of the solar cell may, in fact, depend on
the specific application, The presented cell deposition techniq‘ue with a graded H; dilution
ratio is promising as well for single-jonction cells as also for stacked or tandem solar cells. In
tact, a stabitized efficiency of 7.5 % is the highest value obtained so far in our laboratory for
a single-junction solar cell. Stacked and tandem solar cells employing such cells as top cells
will be discussed in chapter 1V,

111.4.2. a-SiC:H "buffer" layers

An approach which is quite similar to the one discussed in the previous section can be
used to enhance the V. of a-Si:H solar cells which is relatively low considering the potential
according to the optical gap [3]: the insertion of a thin layer of intrinsic material with
increased optical gap (usually an a-SiC:H alloy, in the previous section a-Si:H with a
widened optical gap) at the p/i-interface has been found to enhance the open circuit voltage of
a p-i-n solar cell [45,46,118-120]. A band offset is generated between this socalled buffer
layer and the i-layer due to the mismatch of the optical bandgap energies. The offset of the
conduction band edge between the buffer layer and the bulk i-layer material results in a
barrier for electrons at the conduction band edge. One of the limitations for the V., the back-
diffusion of electrons to the p-layer, is therefore reduced by the insertion of the buffer layer.
The back-diffusion results in enhanced dark cumrent Iy, which directly affects the V. of the
cell [e.g., 3].

II1.4,2.1. a-8iC:H buffer layer for V_ enhancement

Silicon-carbon alloys have been discussed in section 111 of this work. It has been shown
that the main problem of these materials is their low stability against light soaking compared
to unalloyed a-Si:H. Hydrogen dilution considerably improves the material guality, however,
degradation remains one of the main problems for these materials.

‘When optimizing buffer layers, it is quite difficult to distinguish between degradation due
to the buffer layer and degradation due io the bulk of the i-layer. To reduce the influence of i-
layer degradation as much as possible we used cells with an i-layer of 100 nm thickness and
deposited with a Ha dilution of nine. The degradation of this i-Jayer itself is very small and
can thercfore be considered to be negligible compared to the degradation of the buffer Jayer.
In Figure 40 the trangles indicate Vo and FF values in the initial and degraded state for a
p-i-n solar cel] containing such a 100 nm thick i-layer. Adding an a-SiC:H buifer layer (60 %
CH,, 40 % SiH., H; dilution ratio of ten) at the p/i-interface increases the V. of the solar cell
w values close 10 1V, but reduces the fill factor to below 50 %. Furthermore, after
degradation the V is lower than without buffer layer and the fill factor is reduced to ~25 %,
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Figure 40: Top: Vo for cells with a buffer layer (60 %
CH,, dilution 10) in the initial (filled) and the degraded
{open symbols) state for different doping fluxes (B.Hg

500 ppm in H3) for the buffer and comparison to a cell
without buffer layer (triangles). i-layer thickness is

100 nm. Diamonds indicale the best cell with an optimized
buffer layer (40 % CH,, dilution 20). Bottom: FF for the
same cells before and after degradation.

It has already been proposed by Rech et al. [121] to insert a certain amount of boron into
the buffer layer in order to compensate the large density of positively charged defects after
degradation and thereby maintain the electric field in the bulk of the j-layer. We therefore
prepared a series of solar celis where varying amounts of BoHg were added during deposition
of the buffer layer (circles in Figure 40). The undoped part of the i-layer was not modified.
Doping of the buffer layer can increase the fill factor in the initial state and reduce its
degradation. Similar resulis have been observed also for solar cells containing an a-SiC:H
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intrinsic layer and additionally an a-SiC:H buffer layer [122]. For all cells in the series
(Figure 40), however, indépéndent of the doping level, theré is'no gain in Ve relative to the
cell without buffer after degradation, and the fill factor is always lower than for cells without

a buffer layer.

In order to increase the stability of the buffer [ayer itself we further optimized the
a-SiC:H material. Less CHy in the gas phase and a higher H; dilution ratio results in better
matesial guality and enhanced stability (section 11.1.2). Employing improved buffer layer
material (40% CH, in the gas phase, increased H, dilution ratio for the buffer layer of 20 and
apprapriate doping with 100 ppm B;H, = 2 sccm B:Hg/Ha), we obrained the following result:
Voo = 0.95 V with a fill factor of 70 %, which degrades after 1000 h to 0.93 V and a fill factor
of 64.5 % {diamonds in Figure 40). In this case a net gain in V, of ~30 mV after degradation
is achieved by the insertion of the optimized buffer layer, the fill factcr in the degraded state
is comparable to that of the comesponding solar cell without a buffer layer.

undaped bulTer

! ! degradation

doped BufTer

! ! degradation

undoped buifTer

_____ so| Lo I”“"

! ! degrudation

no buffer

Figure 41: Sketch of the band diagram of solar cells without buffer layer (left), with
undoped (middle) and boron-deped buffer (right) in the initial (top} and light-
soaked (bottom) state. Ag indicates the resulting potential difference within the i-
layer.

The improvement of FF and V.. due to the boron doping of the buffer layer can be
understood in terms of the glectric field in the solar cell. Figure 41 shows a sketch of the band
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diagrams for solar cells without buffer layer (ieft), containing an undoped (center) and a
boron-doped (right) buffer layer in the initial (top) and light-soaked (bottom) state. Dashed
horizontal lines indicate the potential difference (i.e. the electric field) within the i-layer for
the different configurations. The electric field in a p-i-n solar ¢ell is given by the gradient of
the potential within the i-layer. The field is presumed to be constant if the i-layer material has
a low defect density. For more defective intrinsic material, e.g. after degradation, the field js
somewhat reduced close to the i/n-interface compared to the pfi-interface (e.g., 6]. a-SiC:H
alloys have more defects than unalloyed 2-Si:H. Those defects in the pfi buffer layer are
positively charged according to the position of the Fermi level in the bandgap. Therefore part
of the potential difference drops over the buffer layer which reduces the remaining potential
difference across the i-layer (Figure 41, center). A smaller electric field in the i-layer results
in a reduced fill factor (Figure 40). The defect density in the a-SiC:H buffer material
increases even further during degradation resulting in an even larger potential drop over the
buffer layer and a further reduced fill factor. The mechanism of beoron doping is to
compensate the positively charged dangling bonds in the buffer material with negatively
charged boron atoms. The optimum doping density would thereby exactly compensate the
defects of the material in the light-soaked state (Figure 41, right), resulting in an (idealized)
constant electric field within the i-layer.

The explanation given above is confirmed by spectral response measurements on three
different solar cells in the initial and the light-soaked state (Figure 42). In this case, the i-layer
is made of a-SiC:H (40 % CHy, H; dilution 10, 100 am), the buffer layer consists of a-SiC:H
made with 60 % CHy and and a H; dilution of ten. Spectral response measurements can give
vatuable information on the field distribution in a solar cell {1.4.2). The coilection of red light
in the solar cell incorporating the undoped buffer layer (Figure 42, center) is reduced already
in the initia) state (19 % loss at 600 nm compared to 7 % for the cell without buffer layer,
Figure 42, top). After degradation, the difference is even more pronounced: 47 % of the
carriers generated by light of 600 nm wavelength are lost in the cell incorporating a buffer
layer, compated to 27 % for the solar cell without a buffer layer. We assume for this
calculation that at a bias voltage of -3V all light-generated carriers are extracted (i.e.,
I(-3 Ve = I(-3 V)ger ). At 0 ¥ bias (I conditions), a certain amount of these light-generated
carriers recambine within the i-laver due to a reduced internal electric field and do therefore
not contribute 1o the cell current. Slight boron doping of the buffer layer can restore the
electric field in the i-layer as is shown in Figure 42, bottom. The current loss at 600 nm is
8 % in the initial state and 28 % in the degraded state for this p/b-i-n solar cell with a slightly
beron-doped buffer which is comparable with the values for the cell without buffer layer.
These experimental data confirm cur explanation given above and demonstrate the
practicability of boron doping to maintain good cell performance in the initial and degraded
state for solar cells incorporating a-SiC:H buffer layers.
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Figure 42; Spectral response data in the initial and
degraded state for an a-SiC:H p-i-n solar cell without
buffer layer and for solar cells containing an undoped and
3.5 sccm boron-doped buffer layer. The i-layer is the same
Jfor all three cells.
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Figure 42 also shows a possible drawback of a boron-doped buffer layer. The insertion of
the boron doped buffer layer reduces the blue response and therefore the current density of
the solar cell slightly. Reasons are a weakening of the electrical field close to the pfi-
interface, and possibly also slight boron contamination of the i-layer (see section I1.4.3.3). In
fact, the buffer layer is part of the active layer of the solar cell. If the amount of boron doping
exceeds the necessary quantity, the buffer layer becomes more and more of a "thickened p-
layer”. In this case, free carriers generated by blue light in the buffer layer may experience a
weak electric field together with a high defect density which is even increased by doping
states. This results, in tum, in a decreased blue response of a solar cell incorporating such a
beron-doped buffer layer.

I11.4.2.2. Undoped a-8iC:H buffer layer as diffusion barrier

a-SiC:H buffer layers are also quite efficient diffusion barriers as wil] be shown in the
following. The incorporation of an i-layer that is deposited at higher tham standard
temperature into a selar cell (section II1.3.2) requires special care with respect 0 the p/i-
interface. Figure 43 shows spectral response curves {measured under short circuit conditions,
ie. at OV bias) for two solar cells incorporating i-layers that are deposited at substrate
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Figure 43 Spectral response curves (measured at O V bias
in the initial state) for 300 nm thick p-i-n cells with i-
layers deposited at 260 and 280°C from undiluted SiHy
normalized 1o the SR(0 V) of a cell deposited at 235°C. In
order to exclude experimental variation due to the
reflectivity of the back contact, all three samples were
contacted in the same run with silver contacts.
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temperatures of 260°C and 280°C. The curves are normalized with respect to the SR of a
"standard” p-i-n cell at 235°C. One clearly observes the desired increase of the SR in the long
wavelength region due to the reduced optical bandgap of the i-layer material deposited at
high temperature. At 750 nm the spectral response is increased by 35 % for the 280°C cell as
compared to the "standard” 235°C cell,

This desired increase in the red spectral response with increasing T is, however,
combined with a decrease in the blue wavelength spectral response. Figure 43 shows a
decrease of the blue SR at 0 V bias for increasing i-layer deposition temperature. At a reverse
bias voltage of -3 V, there is, however, no difference for the three temperature values which
excludes a reduced transparency of the p-layer as the reason for the reduced blue response.
We attribute this effect of a voltage-dependent blue SR to boron contamination of the i-layer
due to diffusion of boron out of the p-layer and incorporation into the i-layer when heating it
up. The intemal electric field in the i-layer is reduced due to slight boron doping of the first
part of the i-layer, which reduces the collection of electron-hole pairs generated by blue light
close to the p-layer. Heating up of the p-layer in order to deposit the i-layer at higher T has
also detrimental effects on the other cell cbaracteristics, i.e. Vi and FF.

An appropriate 2-$iC:H p/i interface layer can reduce the problem of boron out-diffusion
to a large amount. Figure 44 demonstrates the influence of such an optimized p/i interface
layer (40 % CHs, H; dilution rate 20} on the spectral response of solar cells with intrinsic

1 F 1 ¥ T
0.8 ' |
o %13 -
=
&
S 06t \ .
9
™ A
; A
e -
£ 04y
§ \ 0.6V with butfer
0.2 0.6V withouol boffer E
0

1 L '} 1
400 500 600 700 800
wavelength [nm]

Figure 44; Spectral response curves measured in the
initial state at —3 V and O V for a-Si:H solar cells with
intrinsic layers deposited at 280°C. Dashed lines are for
the p-i-nt cell, full lines are for the cell with an a-SiC:H
interface layer.
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layers deposited at 280°C. The cell without interface layer clearly exhibits 2 large drop in the
blue wavelength spectral response between -3 V and +0.6V. This is an indication for a
weakened electric field close 10 the pfi-interface and therefore for boron contamination of the
i-tayer (Figure 47). The voltage dependence for the blue SR is considerably reduced for the
sofar cell incorporating the a-SiC:H buffer layer. The interface layer, deposited at the same
temperature as the p-layer, acts as a diffusiop barrier for boron atoms and prevents thereby
the incorporation of boron into the i-layer during i-layer deposition at high temperature. A
slight doping of the p/i intcrface layer due to boron diffusion into the interface layer has a
positive effect on the performance of the device (previous section). Performance data and
light soaking behavior of snch cells made at enbianced substrate temperature are described in
section 111.3.2. In conclusion, a-SiC:H buffer or interface layers can play a double role in the
case of p-i-n solar cells where the i-layer is deposited at enhanced temperature in order to
reduce its optical gap. On the one hand, the a-SiC:H material is efficient as diffusion barrier,
maintaining thereby a high blue response and a good fill factor. On the other hand, the V. of
the solar cells is recovered 10 a certain extent due to the "buffer” effect of this interface layer.

I11.4.3. Sources of i-layer contamination

The problem of the internal electric field in a p-i-n solar cell has been an important issue
in the context of buffer or interface layers. In this case, the problem is mostly localized at the
pfi-interface. The importance of drift-assisted collection and hence the electric field in a-Si:H
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Figure 45: Fill factor (lower curve} and collectian
efficiency (= SR(OV) / SR{-3V)) @ 650 nm (upper curve)
for salar cells with 450 nm thick i-layers made ai varying
H; dilution ratias at Tg = 195°C.
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based solar cells has clearly been demonstrated. In this section, we are dealing with
distorbances of the electric field that originate from a contantination of the entire i-layer of
the solar cell.

The first observation of a possible contamination connected to Hy dilution of the i-layer
of the solar cells was a decrease of the fill factor and of the collection efficiency for red light
with increasing Hy dilution ratio (Figure 45). An increase of the input power during the j-
layer deposition could recover the fill factor and collection efficiency at least partially,

Contamination problems can be divided into two groups: The first group is formed by
problems connected to the single-chamber system used in this work. Those contaminations
originate mainly from cross-contamination by the doping gases. The second group consists of
problems that can also appear in multi-chamber systems. In this second group, we have to
deal mainly with oxygen originating from different sources. We found both groups of
problems to become much more important when depositing i-layers under H; dilution as will
be developed below.

HI.4.3.1. Oxygen

In fact, SIMS measurements [123] performed on our samples deposited with varying
amount of H; dilution confirm that an increased amount of oxygen is incorporated if H,
dilution is employed (Figure 46). Oxygen is belisved 1o originate from the chamber walls and
from impurities in the feedstock gases [124). Due to the reduced growth rate when H;
dilution is employed, the amount of oxygen incorporated into the layer is increased. Figure 46
demonstrates that the amount of oxygen in the layer increases with increasing Hi dilution
ratio (~8-10"® cm™ for undiluted i-layer, 910 em™ & a H; dilution ratio of two and
~2-10"" em™® at diluticn nine). Furthermore, oxygen incorporation is decreased when the layer
is grown at higher rate (~3 A/s @ 8 W instead of ~2 Afs @ 4 W for dilution nine in Figore
46). Oxygen originating from the feedstock gases: (mainly hydrogen) is present in the
deposition chamber even after the H; dilution has been switched off as is shown by the higher
oxygen concentration in a-Si:H deposited after a strongly diluted layer.
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Figure 46: Oxygen concentration in samples deposited by
the author, measured at the Farschungszentrum Jiilich by
SIMS [123]. Shawn are depth profiles for two samples
consisting of several layers with varying deposition
parameters. H; dilution ratio and plasma excitation power
was varied during deposition. Sample I: undil. /dil. 9 @
4W/dil.9 @ 8 W/undil.; sample 2: undil, / dil2 @ 4 W/
undil.

Oxygen is an n-type dopant [125] in a-Si:H. Doping of the intrinsic layer by
contaminants leads to a shift of the Fermi level and hence influences the built-in electric field.
Figure 47 illusirates in a very schematic way the band profile in a p-i-n solar cell with ideally
intrinsic, slightly p-type and slightly n-type absorbing layer. For the intrinsic i-layer, the
electric field ie. the potential gradient within the absorbing layer is canstant over the entire
depth. The electric field acting on a light-generated free carrier is therefore in this simplified
picture not a function of the generation depth. In the case of the p-type i-layer, the potential
gradient is reduced close to tbe pfi-intcrface and enhanced close to the i/n-interface. Light-
generated camiers generated by blue light, which is absorbed within the first part of the i-
layer, experience therefore a reduced electric field, which enhances the recombination
probatility. The collection efficiency for carriers generated close to the i/n-interface is even
slightly enhanced in this case. In the case of a n-type absorbing layer, which is the case for an
oxygen-contaminated i-layer, the situation is inverted. The electric field is enhanced close 1o
the pfi-interface and reduced close to the ifn-interface enhancing the collection of carriers
generated by blue light and reducing the cellection of carriers generated by red light [125]
{Figure 45).
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In Figure 46 we have shown that varying H, dilution ratios cause varying oxygen
incorporation into the i-layer. In Figure 48, we plot V. and FF* =FF - L./ 1(-3V) for cells
containing an i-layer deposited with constant Hy dilution ratio of nine as a function of the oul-~
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Figure 48: V,; (@) and FF* (W) before (black symbols)
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gassing rate from the reactor walls. FF* decreases with increasing out-gassing rate due to an
increasing amount of oxygen doping, whereas V. is almost not affected. The major loss in
collection efficiency appears for red wavelengths, This confirms that water vapor coming
from the walls is another major source of oxygen contamination. It is noteworthy that the
relative degradation of the strongly oxygen-contaminated cells (Figure 48) is nat stronger
than that of the cells with a less contaminated i-layer.

In order to reduce oxygen contamination by out-gassing from the chamber walls, we
heated the chamber walls overnight and cooled them down before deposition. Additionally, a
gas purifier [124] was employed to withhold oxygen impurities in the feedstock gases. Figure
49 shows the resulting improvement in collection efficiency (= SR(0.6 V) / SR(-3 V). Curve
‘1" corresponds to a cell where the i-layer is deposited without gas purifier, curve ‘2’ is that
of an identical cell, where a gas purifier has been employed for the i-layer. The i-layer has
been deposited with a Hj dilution ratio of nine. Note that in the case of the strongly
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Figure 49: Effect of different types of contamination on the
collection efficiency of a 450 nm thick p-i-n solar cell.
Substrate temperature was 195°C, the i-layer was
deposited with a H dilution ratio of nine. Curve 1: i-layer
deposition withour special precautions. Curve 2: A gas
purifier was used eliminating a large part of the axygen
contamination. Curve 3: The dummy layer after n-
deposition was made using a strong H; dilution and low
chamber pressure (0.2 mbar) thereby reducing the
phosphorus contamination. The shaded bar indicates the
collection efficiency for an "ideal” flat field distribution.
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contaminated solar cell {curve '1") there is na loss in collection for carriers generated by blue
light due to the enhanced electrical field close to the p/i-intcrf:ice (Figure 47). We observe a
drop in the blne response between -3 V and 0.6 V only once the strong n-type contamination
and hence the field inhomogeneity is reduced below a certain Jimit.

111.4.3.2. Phosphorus

For curve ‘2’ (Figure 49), the red collection efficiency is better than for curve ‘1° but not
yet sufficiently high; we attribute this remaining imperfection te phosphorus contamination
of the i-layer. This is a problem that typically appears in single-chamnber reactors only. In the
past, we deposited a "dummy layer” after the n-layer of each cell, which covers the electrades
and prevents phosphorus contamination of the next cell. This worked very well for cells
depasited from undiluted or only slightly H diluted SiH, plasma. When depositing the i-layer
from 2 highly H; diluted plasma, we obtained an n-doping effect in the i-layer in spite of the
dummy deposition. In fact, the strongly reactive H; plasma reaches uncovered parts of the
reactor ot parts that had been covered only with a thin dummy layer and etches the material
containing phosphorus, which afterwards is incorporated into the i-layer. Conclusively, we
next made the dummy layer also from a strongly H; diluted SiHs plasma and at the
comparatively low pressure of 0.2 mbar. In this case the plasma is buming also outside the
electrodes and covers all parts that can be reached afterwards by the plasma during i-layer
deposition. Thereby we obtained a further reduction of collection losses in the red wavelength
region as indicated by curve ‘3" in Figure 49 and a fill factor for the 450 nm thick cell of
70 %.

IL4.3.3. Boron

We have already noted that the coliection of blne light is slightly reduced as soon as the
strong n-type contamination is taken away. This is dne to the equilibration of the electric
field, yet possibly also to some extent due to boron contamination, which is then no more
compensated by oxygen or phosphorus. Boron contamination also appears mainly in the case
of single-chamber reactors. However, also for mnlti-chamber systemns, boron contamination
from the substrate holder is sometimes reported, In order to reduce boren contamination in
our single-chamber deposition system, the substrate was taken ont of the deposition chamber
into the “load-lock" after the deposition of the p-layer. A CO, plasma at relatively high
pressure {1 mbar) and high power efficiently removes boron from the chamber [126] when
the i-layer is deposited without or with only small Hy dilution ratios. However, when strong -
H; dilution is employed for the successive i-layer deposition, we find boron contamination in
the i-layer, which is detected by a decreased collection for biuve light. Operating the CO,
plasma at low pressure (0.3 mbar) reduces the problem considerably; the CQ plasma then
spreads out from between the electrodes and reaches all parts of the reactor.
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IILS5. V_-determining factors

Having reporied above different means to increase the Vo, of a-Si:H based solar cells we
compare in the following all factors influencing the Vo directly. First, the Vi is influenced
by the optical bandgap of the intrinsic layer. An increase in the optical gap due to carbon
alloying resulted for a-SiC:H solar cells in an increase in V.. The same effect has been
obtained for a-Si:H solar cells where the optical gap of the i-layer is increased due to H;
dilution and deposition of the solar cel] at lower than standard temperature. Second, it has
been demonstrated that pfi-interface (buffer) layers can increase the Vo, even further. In this
paragraph we will directly compare V. values obtained for different types of a-Si:H based
solar cells.

Figure 50 shows Ve values in the initial and the light-soaked state obtained for various
p-i-n solar cells as a function of the optical bandgap Egs of the i-layer. Black symbols indicate
values in the as-deposited state, open symbols mark values after light soaking. In the initial
state, the V. is an approximately linear function of the optical bandgap both, in the case of

] T L) 1 T [
s =t -.
4 | 1
0951 ~ *SICH h
P
;’ 2-8i:H + baffer
‘—‘S 09} #-Si:H (H, dil) .
-
085 1
ﬂ.g L 1 L

1.9 2 21 22 2.3
optical gap i-layer E , [eV]

Figure 50: V,, values as a function of the optical gap Eny
of the i-layer for various p-i-n single-juncrion cells:
a-SiC:H (), a-Si:H with H, dilution (=) and ¢-5i:H solar
cells with a-5iC:H buffer layer (a}. Black symbols indicate
the initial state, open symbols for the light-soaked state. i-
laver thickness is 100 min for the a-SiC:H cells and 450 nm
for the a-5i:H solar cells. The maximum value in the light-
soaked state of 0.93 V is obtained for different types of
solar cells with different i-layer materials.
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a-Si:H (circles) and a-SiC:H (squares) i-layers as long as the optical gap Eo is lower than
~2 eV. For even higher values of the optical bandgap, the inc"ft'.asc in V. is much weaker.
The flattening of the curve for values of the bandgap exceeding ~2 eV is believed to be due to
the drastic deterioration of the material quality of the a-SiC:H intrinsic layers on the one hand
and due to limijtations connected to the doped layers on the other hand. A deterioration of the
material quality results in enhanced recombination within the i-layer, which is a V-limiting
factor. The doped layers are the same as those used for standard a-Si:H cells. Mainly the p-
layer would need some modification in arder to match i-layers with considerably increased
optical bandgap [47].

The effect of light soaking on Vo is minor in the case of a-Si:H layers with and without
H; dilution (Figure 36) whereas a-SiC:H solar cells suffer considerable V. degradation. In
fact, the best stabilized V. for an a-SiC:H solar cell, only 100 nm thick, is 0.93 V (Table 6,
page 62) whereas the same value is obtained for a H; diluted a-Si:H solar cell, 450 nm thick,
even though the optical gap of its i-layer is smaller than for the a-SiC:H cell. V. degradation
is even more pronounced for a thicker a-SiC:H solar cell. These observations confirm once
more that the use of H; dilution withont carbon alloying is preferable for solar cells, both
from the V. and the stability point of view.

Figure 50 also shows V. values for solar cells cootaining an a-SiC:H buffer layer
together with an a-Si:H intrinsic layer (triangles). Here also, a stabilized V,; of 0.93V is
obtained, however with a slightly smaller optical bandgap of the i-layer. Together with a
"standard” i-layer (no Hs dilution, 235°C), the a-SiC:H buffer layer resulis in an initial Vo of
~0.88 V and a stabilized value of ~0.84 V. Direct comparison of the degradation behavior of
such a p/b-i-n salar cell with standard i-layer to a cell with a similar initial V, value
(~0.88 V) but deposited using Hi dilution at low temperature (195°C) results in I-V
parameters in the light-soaked state as listed in Table 7.

Vo [V] | L [mA/cmzj FF | efficiency [%]
a-SiC:H buffer 0.84 14.6 0.53 6.5
H. dilution (.88 14.1 0.56 6.9

Table 7: Comparison of a p/b-i-n solar cell {235°C, optimized boron
doped buffer) and a H; diluted p-i-n solar cell (195°C, H; dilurion
ratio of two) in the degraded state. i-layer thickness is 450 nm in

both cases.

Both V. and FF afier degradation are higher for the H; diluted cell than for the cell
containing a buffer layer, resulting in a higher stabilized efficiency. However, the short
circnit current density is higher for the solar cell with an undiluted i-layer. We therefore
conclude that highest values of the suabilized V. are obtained using a H; diluted j-layer at
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reduced deposition temperature. These cells also are characterized by an excellent stability
against light soaking (Figure 39). However, due to the increase in the optical gap upon H;
dilution and deposition at reduced temperature, the current level of such cells is considerably
reduced compared to solar cells where the i-layer is deposited at standard temperature and
without H; dilution. Therefore, if a high current level is desired, an optimized a-SiC:H buffer
layer may be an interesting alternative to H; diluted solar cells to obtain enhanced V; values,
as will be discussed in section IV.3.
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H1.6. Conclosions: three deposition techniques "a la carte"

In conclusion, we have, based on the results of chapter I on materizals, developed and
optimized a variety of single-junction solar cells which differ mainly in their optical gap, i.e.
the ability to absorb light. As the optical gap influences the voltage of the solar cell, we have
to deal with a tradeoff between current and voltage, where the light soaking behavior adds yet
another component. Interface layers have been optimized in order to add an additional degree
of freedom to the general correlation between the optical gap, i.e. the current level of a solar
cell, and its voltage. Even though not all cells reach the optimum performance from the
single-junction cell point of view, each cell deposition technique has its special advantages,
depending on the requirements for the solar cell.

Figure 51 shows I-V parameters in the degraded state for thickness series of the three
most promising a-Si:H single-junction cell deposition techniques which have been described
in this work. Diamonds indicate “standard” p/b-i-n solar celts. The i-layer is made from
undiluted SiH, plasma at the standard temperature of 235°C. The V. of these solar cells is
enhanced by means of an a-SiC:H buffer layer which is deposited using strong H, dilution
(ratto 20) and boron doping in order to enhance the stability against light soaking (I.4.2.1).
Squares indicate solar cells deposited at the reduced temperature of 195°C and nsing a graded
H; dilution ratio for the deposition of the intrinsic layer as described in section IL.4.1 of the
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Figure 51: I.V parameters in the light-soaked state as a function of the i-layer thickness
for three different cell deposition techniques: "standard” p/b-i-n solar cells (0), low-
temperature cells with H, diluted i-layer (Q) and high-temperature p/b-i-n cells (O).
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present chapter. Solar cells with intrinsic layers deposited at the enhanced substrate
temperatuce of 280°C are indicated by circles. These solar cells contain an a-SiC:H interface
layer to enhance the V. and as barrier against boron ont-diffusion (I11.3.2).

These three a-Si:H solar cell deposition techniques developed within this work offer a
large choice of possible combinations between V. and I. Vi is as high as 0.88 V for the
low-temperature cells, ~0.84 V for the standard cells and ~0.78 V for the solar cells with
high-T; i-layers. The sheri-circuit current density scales inversely with the optical gap of the
i-layer. Increasing the temperature for the i-layer deposition to 280°C increases the current by
~0.8 mA/em? compared to the standard cells. However, for i-layer thickness exceeding
300 nm, enhanced current degradation of the high-Te cells (Figure 38) reduces the gain
considerably. Fill facters in the degraded state are comparable for all three types of cells;
high-T; show slightly lower, low-temperature H; diluted cells slightly higher values than
standard pfb-i-n cells. The highest stabilized efficiency for single-juoctioo cells is obtained
for the low-temperature H; diluted solar cells. A stabilized efficiency >7.5% marks a
considerable improvement compared to values that have been obtained in our laboratory so
far. Such single-junction cells are certainly an interesting approach when not the highest
possible power but an economic solution is required. "Standard" p/b-i-n solar cells with the
improved buffcr layer stabilize at slightly lower efficiencies. High-T, solar cells are at the
present state certainly not interesting as single-junction cells but a possible solution as rop
cclls for micromorph tandem cells as will be shown in the next chapter. A stabilized
efficiency of up to 7 % for cur high-T, p/b-i-n cells demeonstrates, however, that it is possible
to deposit reasonably efficient solar cells with reduced optical gap due 1o high substrate
temperature also by employing the "¢onventional” p-i-n structure,

The large variety of technological approaches which has been presented in this chapter is
the starting point for an optimization of a-Si:H/a-Si:H stacked cells and of the micromorph
tandem cell, which is the content of the next chapier.

Finally, let vs note that futnre applications with altered requirements may ask for yet
another type of solar cell. Certain promising paths and tools are skeiched, detailed
optimization has, however, to be performed on the background of the application.
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IV. Tandem solar cells

IV.1, Introduction

A tandem or stacked structure is of double interest for a-Si:H based solar cells. It has
been mentioned in section 1.1.1 above that a multi-junction solar cell structure with different
optical paps of the component cells bears the potential to considerably increase the efficiency
of the solar cell. Due to a splitting of the solar spectrum photo-generated carriers loose less
energy due to thermalization fo the band edges. Ma et al. [138] predicied in 1993 a maximum
efficiency exceeding 30 % for a double stacked (4-terminal) structure with bandgap energies
of2.1/1.15 eV or 2.3/1.4 eV for the top/bottom cell. The second interest for tandem structures
of a-8i:H solar cells regards the stability against light soaking. In fact, the increased electric
field in a thinner i-layer of a solar cell leads to less recombination events and therefore
reduced degradation. At the same time the solar cell can, for the same reason of an enhanced
electric field, tolerate a higher defect density in the i-layer and still maintain good current
collection. The light absorption is distributed into two solar cells, each of them thinner than

structure p-i-n | n-i-p lab. eﬂi[i:ilcy comment
a-SiC:H/a-8i:H X Fuji 10.8 [50] initial eff.
a-SiC:H/a-Si:H/aSiGeH | x Solarex | 9.15[127] | Cre 8
a-8iC:H/a-81Ge:H/a-SiGe:H X Sharp 10.2 [128}
X Fuji 10.0 [129]
a-3i:H/a-Si:H X FZ Jilich | 9.2]130]
X USSC 10.1 {81]
a-Si:H/a-Si:H/a-SiGe:H X Sharp ~9 [52]
X Solarex { 9.6[131]
a-Si:H/a-8iGe:H X Sanvo | 10.6 [132)
x | USSC | 11.2[8]]
a-Si:H/a-SiGe:H/a-8iGe:H X USSC | 13.0[116]
cutdoor
X T 11'10;3'6 measurement,
unconfirmed
. . independently
a-Si:H/pe-Si:H X IMT 10.7 [134] confimmed
X IMT 8.4 [135]
X Canon | 11.5[136]
X Kaneka | 11.]1 [137]

Table 8: Various a-Si:H tandem cell structures and corresponding solar cell

efficiencies.
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the single-junction solar cell which would geuerate a current density cormresponding to the
sum of both cells. Both cells are connected in s¢ries, leading to addition of the voltages at
roughiy half the current density of a comrespouding single-junction cell. The total current
potential is determined by the optical gap of the bottom cell i-layer. The enhanced voltage
(sum of 1op and bottom cell voltage) and reduced current produce additional advantages
regarding ohmic losses due to series resistance (e.g., front and back contacts). We distinguish,
for clarity, between stacked and tandemn solar cells below. Stacked solar cells consist of saroe-
bandgap component cells, whereas a tandem cell is a device containing two or more solar
cells with pronouncedly different optical bandgap.

Table & gives some examples of a-Si:H-based stacked and tandem cell structures. One
can se¢ that basically any possible combination of a-SiC:H, a-Si:H, a-5iGe:H and, more
recently, pc-Si:H solar cells has been cousidered. Not all of them, however, have yielded
stabilized efficiencies that are competitive to the best values. We marked in bold the highest
stabilized efficiencies for the most commouly nsed tandem or stacked cells. a-Si:H/a-Si:H
(same bandgap)} stacked cells have yielded stabilized efficiencies of 9-10 % on the laboratory
scale. Further efficiency improvement is limited by the absorption of the (unalloyed) a-Si:H,
limiting the 1otal current density to ~17-18 mAfem?, depending on the deposition temperature
and the employed light-irapping "tools". a-SiGe:H alloys enhance the potential for the
stabilized efficiency due to a higher current level. Microcrystalline silicon solar cells, as
piongered by our group at IMT, combine enhanced current generation, similar to a-SiGe:H
alloys, with absolute stability against light soaking and are therefore a very interesting new
candidate for the bottom cell in tandem structures, as will be discossed in section IV.3 below.

In the present work we deal with two of the approaches to enhance the stabilized
efficiency, which have been presented above: in section IV.2 below, a-5i:H/a-5i:H stacked
cells with high stabilized efficiency are developed. In section TV.3, we discuss the choice of
an amorphous top cell deposition technique for incorporation into 2-Si:H/ue-Si:H tandem
{"micromorph™) solar cells and the efficiency potental of such tandem solar cells.
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IV.2. a-Si:H/a-Si:H stacked cell

We have described single-junction solar cells with stabilized efficiencies of 7.5 % in
section ITL.6 zbove. In order to raise the stabilized efficiency beyond this value, the light-
induced degradation has to be further reduced. This goal can be achieved with the stacked
cell approach. In a stacked cell, the same amount of light is absorbed and converted into
current as in a single~junction cell; however, both the i-layers are thinner than the i-layer of
the single-junction solar cell, which, in tum, results in reduced degradation. We will show
below that careful adjustment of the current matching between both component cells is an
important factor in the optimization of stacked solar cells. We first study the influence of
current ratching on the stacked cell I-V curve by means of a simple semi-empirical model
and deseribe thereafter the iechno]ogic;ﬂ realization of a VHF-deposited stacked solar ce]l
with a stabilized efficiency of 9 %.

IV.2.1. Semi-empirical modeling of stacked cells

We developed a simple semi-empirical model to calculate tandem or stacked cell -V
curves on the basis of I-V curves of the component cells. The model uscs measured I-V
curves of solar cells and allows us to study the influence of current mismatch between the
component cells on solar cell efficiency. In order to estimate the -V curve of a stacked cell,
we simply add the V() curves of both component cells, as is illustrated in Figure 53:

Fquation 16
Vinters A =V (N 4V (1)
This corresponds to the electrical series connection of the two component cells. The solar
cell with the smaller current density thereby limits the total current of the stacked cell.

A schematic flow-chart of the model is shown in Figure 52, annex VLI lists the MatLab
routine. We use as input measured IV curves for top and bottom cell. The main
charactenistics of these I-V curves is the FF value, which corresponds to the state of
degradation and cell deposition technique chosen for the component cells.

In the next step, the current level of both components is scaled by multiplication of the
current values with a constant factor. This allows us to redistribute the iotally available
current density Low between the two component cells in order to study the influence of
current mismatch on the stacked cell performance. The totally available current density Iow is
determined, besides light-trapping mechanisms, by the optical gap and thickness of the
bottom cell. In 2 stacked cell, this current Lo is redistributed into two component cells. Each
of the component cells carries at the most Iiyu/2, and the tandem cell current is limited by the
component cell with the smaller current. Scaling of the current values was done with respect
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1o the current value at -3 V, which corresponds to the value determined by optical absorption.
At a large negative bias voltage all camiers are presumed to be extracted due to field-
enbanced collection, also for solar cells in their light-soaked state. By writing the total

generated current Jigm as follows:

Equation 17
T =1 (=3V)+ 1 (=3V)

we do the current scaling with respeet to optical conditions. We scaled the current levels

of the component cells in order to obtain the desired degres of mismatch, keeping the sum of
top and bottom cell camrent (=I;,u) constant. For an a-Si:H/a-Si:H stacked cell we assumed
this sum to be 15 mAfcm?, accounting for a total optical loss of ~1 mA/em® [139] in the inner
n/p junction when the total current potential is on the order of 16 mAfem? (Figure 36). In the
case of a micromorph bottom cell (section IV.3), this current level is much higher because of

choose top, bottom cell 1.V
according to desived FF
—_— ]
measured top cell -V measuced bottom cell 1-V

v

so that

J scale currents bop bottom
Liopl-3Vi+hattom(-3V)=kotal

Lk
I

scaling current sealing

current

currect Vg

——red

voltage scaling voltage seallng

Yy ¥

- | calculate tandem I-V by
adding top and bottom
voltages at the same
current values

Veanden(D=Y opllH+ Veonen(l)

¥

[ Voo ke FF, efficlency }
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Figure 52: Flow-chart of the tandem cell modeling process.
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the small optical gap of VHF-deposited pe-Si:H.

The model contains the possibility to slightly comect V. values of the component cells.
This feature is of some interest only in the context of the medeling of micromorph tandem
cells (section TV.3.3) and has not been used for a-Si:Hfa-51:H stacked cells. Scaling is done
by simply multiplying voltage values of the measured I-V curve by a (small) constant factor.

Finally, the so-prepared ineasured I-V curves are simply added according to Equation 16,
as is illustrated in Figure 53.

P
— L] '
: af £
- addition______ | u
g
§ 4 .
=
g t scalin
g sl curren: ing |
g
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34 2 a4 0 1 2
voltage [V]

Figure 53: I'V curves of two single-junction solar cells
and of the resulting stacked solar cell. The stacked cell I'V
curve is obtained by addition of the V(I) curves.

This simple semi-empirical model is believed to describe the actual stacked cell quite
well. It contains, however, some inexactitudes. First, the bottom cell in a real tandem cell sees
only light filtered by the top cell, i.e. only the red part of the spectrum. By comparing I-V
curves measured under white and filtered red light, we found, however, only minor
differences. Second, the V. of a p-i-n solar cell depends on the surface morphotogy of the
p/i-interface. In fact, we have observed that a solar cell deposited on flat TCO exhibits a V.
that is about 40 mV higher than that of the same cell deposited on highly textured Asahi
TCO. Therefore, the Vi of the bottom cell may be under-cstimated, taking inte account a
certain smoothing of the surface during deposition of the top cell. Third, the voltage of a solar
cell depends logarithmically on the illumination intensity. A solar cell without back reflector
(top cell) or a solar cell illuminated by red-filtered light (bottom cell) is therefore expected to
provide a slightly lower voltage than the same cell in a single-junction cell structure. Last, the
series resistance of a solar cell has less influence when the current density is reduced, as is the
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case in a stacked or tandem cell. On the other hand, the inner n/p junction has to be optimized
such as to minimize the additional series resistance [139] introduced by this junction.
Keeping these minor inexactitudes in mind when interpreting the resuits, we contend that this
model describes guite well the real I-V curve of a stacked cell and allows us to easily model
the situation far different degrees of mismatch and degradation as well as for different top
and bottom cells.

IV.2.2. Modeling of a-Si:H/a-Si:H stacked cells

Figure 54 (top) shows the dependence of the output power of an a-5i:H/a-5i:H stacked
cell (= Vooly-FF} on the current mismatch for different pairs of 1op and bottom cells. It has
been shown that it is possible to reduce light-induced degradation by making the stacked cell
top-limited {140]. For two cells with the same fill factor, the maximum output power is
obtained for matched cell currents, i.e. the same current generation in top and bottom cell. In
a realistic stacked cell, however, the bottom cell degrades to a larger extent than the thin and
relatively stable top cell (see section IV.2.3). Thus, if we pair a top cell with z high fill factor
with a bottom cell showing a lower fill factor, we observe a shift of the point of maximum
power towards slighly top-limited conditions {1o the left in Figure 54, top). Reducing the
difference in FF of the both cells, the maximum power is again obtained for a smaller
mismatch. The model indicates that the optimum mismatch is found somewhere below a
difference in current of I mA/em?, depending on the fill factors of both the top and the
bottom cell. For realistic conditions, we expect an optimum mismatch to be around
0.5 mA/em®. Figure 54 (bottom) shows the FF values for the same conditions as in Figure 54
(top). The maximum output power is not found for maximum fill factor values which
increase for increasing mismatch and are minimum around matched currents. For a high
degree of mismatch, one can obtain very high FF values, however the power is low because
of a small cell current. Note that Figure 54 shows a very wide range of mismatch. E.g. Tp-
Tbonom = -6 mA/em? means 4.5 mAJem® for the tap cell and 10.5 mA/cm? for the bottom cell.
Figure 54 (bottom) shows furthermore experimentally obtained FF values for a set of ten
a-Si:H/a-Si:H stacked cells with varying current mismaich in the initial and degraded state.
The cutrent value of the top (bottom) cell is determined from SR measurements. A voliage
bias corresponding to the Vo, of the bottom (10p) cell of the stack and a red (blue) light bias is
applied in order 10 measure the SR of the top (bottom) cells.
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Figure 54: Modeled outprt power (top} and fill factor
(bottom) values for a-Si:H/a-Si:H stacked cells as a
function of the "mismarch”, i.e. of the difference in current
density between top and bottom cell. The sum of top and
bottom cell current densiry (It = fop + Joonom) was held
constani at 15 mA/en’, Percentage values next to the
curves mean fill factors of the top/bottom cell. E.g.

73 % / 58 % means 73 % FF for the top cell and 58 % FF
Jor the bottom cell. The symbols in the fill factor plot
indicate experimental fill factor values in the initial (black
symbals) and degraded (1000 h, open symbols) state for a
set of ten a-Si:H / a-5i:H stacked cells deposited at

T, = 195°C / 235°C for the top / battom cell.
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The experimental data also entered (as points) in Figure 54 confirm the qualitative
prediction of the semi-empirical model. Fill factors of bottorn and top cell are comparable in
the initial state, whereas the FF of the bottom cell in the degraded state is lower than the FF
of the top cell because of the large dificrence in thickness of the two cells. The thickness of
the 10p cell is 50-80 nm, whereas the bottom cell thickness is ~300 nm. Furthermore, the 10p
cell is made of strongly Hs diluted i-material, whereas the bottom cell contains mainly
undiluted material, as will be discnssed in more detail in section IV.2.3 below.

Our simple semi-empirical model suggests, in conclusion, that one should maintain
slightly top-limited conditions in the degraded state in order to obtain the maximum power
ontput after degradation. The optimum amount of current mismatch depends on the
difference between degraded top cell and boutom cell fill factors and has to be optimized in
function of the deposition technique used for the top and bottom cell.

IV.2.3. Technological realization

The concept of the graded H, dilution ratie in a solar cell has already been presented in
section IT1.4.1. We used this concept in the top cell of our a-8i:H/a-Si:H stacked cell. The first
part (~20 nm) of the i-layer is deposited with a H: dilution ratio of nine to oblain the
maximum possible voltage of 0.88-0.9 V. The bulk of the i-layer is deposited employing a Hz
dilution ratio of twe in order to obtain good stability against light soaking and to generate &
sufficient amount of current.

An initial efficiency of 10 % requires a current density of 7.7 mA/em? for the stacked
cell, assuming a V. of 1.75 V and a fill factor of 74 %. This means, in turn, a current density
of at least B mA/em? for the bottom cell in the initial state in order to maintain top-limited
conditions after degradation (see above). This cumrent density, however, is not achievable
with a diluted i-tayer in the bottom cell and at low temperature (195°C). Figure 36 shows that
the current density which can be oblained with a thick (450 nm) solar cell is of the order of
16 mAferm® when the i-layer is deposited using a H; dilution ratio of two. Taking into acconnt
optical losses at the intermal junction and a certain amount of current degradation, 8 mA/cm?
can not be obtained within such a botom cell. We developed therefore a process using
different substrate temperatures for top and bottom cell, providing thereby a higher current
density within the bottom cell as is described in the following.

1V.2.3.1. Two-iemperature process

it is desirable 10 deposit the top celt at reduced temperature and with H; dilution in order
to obtain high V.. and good stability of the top cell. Reduced current generation due to the
increased optical gap can here easily be compensated by increasing only slightly the
thickness of the top i-layer. As stated above, it is, however, not possible to obtain a



IV} Tandem solar cells 97

2 T T T r r r

T |

] o 08

i a

— =1

z 2T T £

g L ] E o

3 -4 E 0.4

] -4

2 6 f . @

e

g g = N . " 04

) 6 05 1 15 400 500 600 700 SO0

voltage [V] wavelength Inm]

Figure 55: I-V-curve of an a-5i:H/a-Si:H stacked cell as described in section 1V.2.3.2
with a stabilized efficiency of ¢ % (left). Initial: 1.73 V, 74 % FF, 7.65 mA/cmz,

9.8 %. 1000h degraded: 1.71 V, 69 % FF, 7.64 mAfen?’, 9.0 % efficiency. Right:
spectral response curves for the tandem cell in the initial (black symbols) and light-
soaked (open symbols) state. Also shown is the sum of top and bottom cell SR in the

initial state.

sufficiently high current density when the bottom cell, also, is deposited at low substrate
temperatore. We therefore deposited the bottom cell at the standard temperature of 235°C and
without H; dilution in order to avoid an increase in optical gap. Again, a thin buffer layer of
intrinsic material deposited with a H; dilution ratio of nine was inserted at the pfi-interface ta
enhance the V. of the bottom cell. By employing this technique of depositing top and bottom
ceils at different ternperatures, the bottom cell provides enough corrent and can still be
relatively thin. During the deposition of the bottom cell, the top cell is temporarily heated up
to temperatures abave its deposition temperature. This resuits in a reduction of the Vi, value
of the top cell by ~30mV. This value is determined by comparing the V. to values for
stacked cells where both cells have been deposited at the lower substrate temperature. Our
VHF deposition process, resulting in a high growth rate, provides a clear advantage in this
case as the total time during which the top cell is held at high temperature for the deposition
of the bottom cell is relatively short. The temperature is raised after p-layer depasition for the
bottom cell and decreased immediately after the deposition of the bottom i-layer.

IVv.2.3.2. a-Si:H/a-Si:H stacked cell with ¢ % stabilized efficiency

Using a technological concept as described above, we deposited such a "two-
temperature” p-i-i-n-p-i-i-n stacked cell. The initiaf efficiency of the solar cell is 9.8 %, after
300 h degradation the efficiency stabilizes at 9 % (8.620.6 % according to measurement by
the Fraunhofer Institute (FhG-ISE) at Freiburg, Germany) which means a relative degradation
of only 8 % (Figure 56). Degradarion is partly due 10 V., the fill factor decreases from 74 %
to 69 %. The current mismalch berween the component cells is 0.56 mA/cm? in the initial
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Figure 56: Degradation kinetics of the cell shown in
Figure 55. Saturation appears after 300 h light
soaking at 50°C under open-circuit conditions.

state. This mismatch is reduced to about 0.3 mA/cm?® in the degraded state, due to degradation
of mainly the bottom cell short-circuit corrent density. The performance of this solar cell
confirms our statement based on semi-empirical modeling that optimized stabilized power of
a stacked a-Si:H/a-Si:H solar cell can be achieved when a slight current mismatch between
the component cells with different fill factors is maintained after degradation. The solar cell
with the higher fill factor in the degraded state (the top cell in our case) should limit the
stacked cell current.

1V.2.3.3. Process time

We would like to emphasize at this point the advantage of the VHF technology compared
to conventional 13.56 MHz plasma deposition. Tt has been shown in section I1.2.3 that plasma
excitation at 70 MHz results in considerably enhanced growth rates compared to standard RF
deposition. It has furthermore been shown that the VHF technology is suited 1o obtain
stabilized solar cell efficiencies that are comparable to those obtained by RF deposition under
otherwise similar technological conditions [130].

Even though still a number of industries (e.g. NAPS France {141]), APS [113], Solems
[1421) deposit cells in a single-chamber system, most solar cells are deposited in a mmli-
chamber reactor. Single-chamber systems can be an economically interesting alternative 10
expensive multi-chamber systems. Most of the contamination problems discussed in section
111.4.3, however, are considerably reduced for multi-chamber systems,

Figure 57 shows a flow chart of our a-Si:H/a-51:H stacked cell deposition process in a
single-chamber reactor. Deposition and process times are indicated in the boxes. Total
process time, including 20 min. of substrate pre-heating, is 98 min. Inclnding the cleaning
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step ("dummy layer", intrinsic layer deposited on a stainless steel substrate) after the last n-
layer to prevent phosphorus contamination of the subsequent solar cell, the whole stacked cell
can be made in less than 2 '/; hours. For the deposition alone, including the i-layers deposited
with H; dilution, we need only 22 min. This low value is obtained by employing the YHF
deposition process. Thus, the largest part of the entire process time is used here for cleaning
steps in between doped and intrinsic layers, which are necessary because of our single-
chamber reactor. Schropp et al. [141] report for a stacked cell deposited also in a single-
chamber (but at 13.56 MHz) a deposition time of at about 130 min. without any cleaning step
in between doped and intrinsic layers and furthermore without Hp dilution for the i-layers.
The H: diluted i-layer of the solar cell presented in this work has been deposited af a rate of
4 Ass, which is at least four times the value obtainable with RF plasma excitation (IL2.3.3).

Tt would be interesting to compare the above solar cell results to data for DC plasma
excitation, This technique has been found (section IL2.3) to yield intrinsic a-Si:H of
essentially the same quality in the light-soaked state as our VHF material and furthermore at
growth rates which are on the same order as rates abtained for VHF excitation.
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Figure 57: Process sequence for a-Si:H/a-Si:H stacked
cell deposition using VHF plasma excitation. i-layer
deposition is split off into “buffer" layer and bulk

deposition.
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IV.2.4. Conclusions

We have shown by means of a simple semi-empirical model that it is very imporiant to
carcfully balauce the cument in a tandem or stacked cell in order to obtain optimized
performance in the degraded state. The component cell with the higher FF value in the
degraded state (i.e. the top cell in an a-Si:H/a-Si:H stacked cell) should slightly limit the
current in a stacked or tandem cell.

VHF plasma excitation yields 9 % stabilized efficiency in an a-5i:H/a-Si:H stacked cell
which is comparable to conventional RF technology under otherwise similar couditions. The
main advantage of the VHF technology is the growth rate, which is at least a factor of four
higher compared to RF plasma excitation. The question of the growth rate is even more
important for depositian with Ha dilution, which generally results in a considerable decrease
in growth rate. We have demonstrated that an entire stacked solar cell containing i-layers
deposited with H, dilution can be deposited by VHF-GD in 22 min. (cumulative layer
deposition time). This is by far less than what can be obtained by RF plasma excitation.
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1V.3. Micromorph tandem cell

1V.3.1. Special challenge for the top cell in a micromorph tandem

The discovery of microcrystalline silicon (pe-Si:H) as suitable absorber material for p-i-n
solar cells has led to very interesting new developments in the field of solar cells using the
a-Si:H technology. The characteristics of such entirely microcrystalline solar cells are very
different from those of "conventional" a-Si:H solar cells: due to the low optical gap of ~1 eV,
the current potential is considerably higher. At the same time, however, the voltage of such
solar cells is so far comparatively low. So far mictocrystatline single-junction solar cells have
reached an efficiency of 8.5 % [143]. V. values as high as 0.53 V and current densities of up
to 26 mAfcm® have been separately demonstrated in different single-junction cells. A very
attractive point about pe-51:H as new solar cell material is its absolute stability against light-
induced Staebler-Wronski type degradation.

The pronounced difference in the optical gap of a-5i:H and of pc-5i:H makes a tandem
solar cell containg both materials a very interesting approach. Combining an a-5i:H (top) cell
with an pc-5i:H (bottom) cell enhances the efficiency potential compared to a pe-8i:H p-i-n
cell alone due to the conversion of high-erergy (blue/green) photons at higher energy level,
ie. voltage (section 1.1.1). While the total current potential for an 2-Si:H solar cell is on the
order of 16 mA/em®, pc-Si:H has the potential to provide cumrent densities of up to
26 mA/em’. This value might even be exceeded in the future, if light-trapping in the solar cell
can be further optimized. This high current density leads, in its tum, to considerable problems
for the a-5i:H top cell of an a-Si:H/uc-8i:H tandem ("micromorph"} cell. Duc to the electrical
series connection, such a top cell has to generate a current density which matches the current
in the bottom cedl, i.e. around 13 mA/cm? corresponding to a total cell current of 26 mA/em®
in a single-junction cell. This current density has to be generated without a highly reflective
back contact, as used in a-Si:H single-junction solar cells to obtain high current density.
Considering the difference in voltage between top {V, up to 900 mV) and bottom cell (so far
~500 mV), the top cell generates roughly two third of the output power. Degradation, on the
other hand, is only due to the amorphous top cell. If a current density of 13 mAfem® can, in
principle, be obtained int a top cell without back reflector, such a cell has to be comparatively
thick, which is undesirable from the point of view of stability.

This particular situation leads to requirements for the amorphous top cell which are very
different from those for a-Si:H cells used as single-junction ceils or in a-5i:H/a-5i:H or
a-5i:H/a-51Ge:H tandem cells. In fact, the thickness of a top cell for a stacked or tandem solar
cell is usually less than 100 nm, resulting in excellent stability, as has been shown above. The
top cell of a micromorph tandem cell has to provide an extremely high current density and is
solely responsible for the entire amount of degradation, rendering the stability issue even
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more important. In the following we investigate the different a-Si:H cel) deposition
techniques developed within this work with respect 1o their performance in a micromorph
tandem cell. We first examine the current potential as a function of the top cell thickness for
four different top cetl deposition techniques in a micromorph tandem cell. In a second step,
we use measured -V curves for amorphous and microcrystalline solar cells in a semi-
empirical model to gemerate a "map” of the tandem celi efficiency as a function of top cell
current and FF in the degraded state. Finally, based on these results, we present directions of
further research with respect to their potential to enhance the stabilized efficiency of
micromorph tandem cells.

IV.3.2. Choice of a top cell deposition techuique

Since the fabrication of the first micromorph tandem cell in 1994 there has always been
the question persisting which top cell i-layer material and which i-layer thickness would yield
the highest overall stabilized efficiency. In the previous sections, we have studied various
VHF deposited a-Si:H materials with respect to increasing stabilized efficiencies for purely
amorphous single-junction and stacked cells. Similar to RF-deposiled materials, H; dilution
of the i-layer material has been found to result in enhanced stability against light soaking.
However, H; dilution generally increases the bandgap of the a-Si:H material, which is
particularly unwelcome in the context of micromorph cells with their high current density
levels. Cells from standard a-Si:H material, produced withcut H; dilution together with a
boron doped a-SiC:H buffer layer, have been shown to yield lower stabilized efficiency than
cells produced with Ha dilution. However, this type of solar cells becomes again interesting in
the context of micromorph tandem cells, because of their comparatively high current
generation. Finally, solar cells deposited at enhanced substrate temperature have been
developed in order to further enhance current generation. We therefore have, at present, a
choice of four types of solar ceHs (section IIL6, plus H; diluted i-layer @ standard
temperature) to select the optimum top cell for a micromorph tandem cell (Table 9). There is

Series Description Voltage { Current | Stability
el IR
e e I IR

Table 9: a-Si:H solar cell deposition techniques which have
been optimized and their qualification with respect to
application in micromorph tandem cells.
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no unique relationship between the tandem cell efficiency and V., current density and FF of
the top cell. It is therefote not straightforward to predict the influence of various types of top
cells on the performance of the micromorph tandem cell in the degraded state. We used a
combination of experiment and modeling to <larify the influence of the different parameters
on the tandem cell performance and therefore to determine the best suited a-Si:H deposition
technique for the top cell of micromorph tandem cells.

IV.3.2.1. Experiment

Top cell deposition technique

As can be seen from Table 9, each of the four cell types has specific advantages and it is
a priori not clear which point is the most tmportant for the performance and stability of a
micromorph tandem cell. We therefore prepared samples of various thicknesses for each of
the four types and light-soaked the cells during 1000 h. In order to simulate the optical
conditions for a top cell in a micromorph tandem cell (i.c.,, no back reflector), a thick
(~1.5 um) uc-St:H n'-layer was depasited on top of the n-layer of the a-Si:H single-jnnction
solar cell. Contacts were made from chromium. The thick pc-8i:H n*-layer together with the
weakly reflecting Cr-contacts simulate optical conditions for a top cell in a2 micromorph
tandem structure. Current enhancement in the top cell due to reflection at the back contact is
suppressed. Figure 58 {left} illustrates the sample structure. We used glass coated with CVD-
deposited Zn0 as substrate and front contact, followed by a double pe-Si:H/a-Si:H p-layer.
This double p-layer is required to provide a good electrical contact to the ZnO [144]. We
nsed this double p-layer for all four cell series. In order to prevent lateral current collection
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Figure 58: Sketch of the cell configuration for the degradaetion experiments (left)
and comparison of SR curves for cells in this configuration to cells with highly
reflective ITO/Ag back contact (right). The thick uc-Si:H n*-layer together with
the Cr contacts results in optical conditions like for a top cell in & micromorph

tandem cell.
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due 10 the very thick n*-layer, we plasma-etched the solar cells around the contact pads. The
Cr-contact acted as a mask. The entire substrate with the solar cells was encapsulated with
plastic glue in order to seal the cells and prevent chemical reactions during degradation.

Fignre 58 (right) compares SR curves for a thin p-i-n cell with ITO/Ag back contact and
the same cell with a pc-Si:H n*/Cr contact. Optical conditions and cumrent generation in the
amorphouns top cell are therefore in those samples very close to the conditions in a "real”
tandem cell,

Current densities 1{-3 V) for the four cell series are piotted in Figure 59. V. and fill
factor values of each series in the initial state are indicated next to the curves. The good fill
factors of all samples indicate that the additional n*-layer has no detrimental effect on the
solar cell characteristics. Both, V. and FF, do not depend on the cell thickness in the initial
state for neither of the four series, which confirms the quality of the intrinsic layers and the
state-of-the-art solar cell technology.

Degradation of thickness series

All four series were degraded simultancously under Vo conditions. The spectrum was
close 10 AM 1.5, temperature 50°C and light intensity comesponding to 100 mW/cm®. Fill
factor values in the light-soaked state (1000 k) as a function of the i-layer thickness of the
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Figure 59: Current densities I{-3 V) as a function of the
top cell thickness for the four cell series of Table 9. As-
deposited V,. and FF values for the four series are
indicated next 1o the curves and do in the initial state
within experimental error not depend on the cell thickness.



1V) Tandem solar cells 105

solar cells are plotted in Figure 60. The thickness series deposited on CVD-ZnQ and
coptaining a thick n*-layer as sketched in Figure 58 showed enbanced degradation due to
technological problems, which have been resolved meanwhile. The valves shown in Figore
60 are obtained on solar cells in the "standard” configuration, i.e. deposited on Asahi SnO;
substrates and contacted with highly reflective ZnO/Ag back contacts. The cell structure is

otherwise identical.

Solar cells containing intrinsic layers deposited with H; dilution (series B) maintain the
highest fill factors after degradation (Figure 60). Fill factors of series A and C are lower than
the fill factors of series B. Quite satisfactory results had been obtained for single-junction
solar cells with i-layers deposited at enhanced temperatore of series C (section I1.3.2). The
deterioration of the cell performance for i-layer thicknesses exceeding 250 nm (Figure 38)
has, however, already indicated that further work on this type of cells is needed in order to
reduce damage due to the elevated deposition temperature.

For all four series, the open circnit voliage in the light-soaked state is almost independent
of the i-layer thickness. Highest V. values in the degraded state are obtained for series B_LT
(~0.89 V), followed by series B_ST (~0.87 V), series A (~0.84 V) and series C (~0.78 V).
For the best cells on ZnQ substrate, V,. values are somewhat lower than the best values
obtained in single-junction solar cells on Asahi SnQ;. The difference is for all four series on
the order of ~20 mV. This can be explained to some extent by the lower generation rate in
solar cells without back reflector. The V. of a solar cell is a logarithmic funciion of the light
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Figure 60: FF values for the four series of Table 9 after
1000 I light-soaking as a function of the thickness of the i-
layer. Shown are values obtained for solar cells deposited
on Asahi U-type SnO; TCO.
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intensity. Taking the current density in such a top cell without back reflector as 70 % of the
current density in a solar cell with a highly reflective back reflector, one can account for a
loss in Ve of [139]

‘ Equation 18
E]n(0.7)= -10mV .
e
The remaining 10 mV may be aitributed to the enhanced surface roughness of the CVD-
Zn0O which has been used as subsirate for the sample series. The morphology of the pfi-
interface affects the V. of p-i-n solar celis by influencing the reverse saturation current Iy of
the diode.

1V.3.3. Modeling of micromorph tandem cells

There is no straightforward relationship between the performance of a single-junction
solar cetl and a tandem solar cell incorporating this single-junction cell as top cell. This has
already been shown for the case of a-5i:H/a-3i:H stacked cells in section IV.2.2. In order 10
study the influence of top cell parameters on the performance of micromorph tandem cells,
we used the same model as for the a-Si:H/a-5i:H stacked cells. A detailed description of the
model has been given in section IV.2.1, the only difference is the replacement of the
(amorphous) bottom cell -V curve by the I-V curve of a microcrystalline solar cell. I-V
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Figure 61: V/Vor and 1,/7(-3V) as a function of the fill
Jactor for I-V curves measuwred on various top cells {i-
layer thickness, deposition technigue, state of
degradation).
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curves of amorphous top cells in different states of light-soakinig were used as input data for
the top cells (I-V curves are shown in annex V1.2). These I-V curves were measured for the
solar cells described above (section IV.3.2.1). For the bottom cell, we used the measured -V
curve {see annex V1.2} for a state-of-the-art microcrystalline bottom cell. V. and FF of this
microcrystalline solar cell are 0.53 ¥ and close to 70 %, respectively, which yields, combined
with a current density of 23 mA/cm? a single-junction efficiency of 8.5 % [143). On the other
hand, a current density as high as 26 mA/cm?® has been demonstrated in pe-Si:H solar cells. In
order to study the potential of micromorph tandem cells, we assumed for modeling a
combination of the above mentioned good V.. and FF values (0.53 ¥, 70 %) and a current
potential of 26 mA/em?, obtained by scaling the current values of the measured I-V curve.

In a first step, we examined the question whether difierent types of a-Si:H solar cells, t.e.
deposited using different deposition techniques, exhibit pronouncedly different I-¥V curves
and resolt therefore in different tandem cell efficiencies for the same top cell FF. A priori,
one could think of two possibilities: a) any a-Si:H based solar cell is sufficiently
characterized by its FF, or b) solar cells can have the same fill factor but still very different
I-V curves. One has to take into account that the FF only describes the collection losses
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Figure 62: Modeled tandem cell efficiencies for various
1op ceils. The top cell I-V curves are measured curves for
solar cells of different deposition techniques and various
states of degradation. Vo values have been scaled to
0.85 V, current is 11 mA/em?® for the top celis and
{26-11) mAsent® for the bottom cell. The microcrystalline
bottom cell is as described in the text (V. = 0.33 V,
FF=70%).
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between I, and the maximum power point. Theoretically, one could, e.g., shape an -V curve
with a low FF but high current collection between -3V and 0V (Ii). In reality, however,
such behavior is not commonly observed.

In order to provide an answer to the guestion whether all I-¥ curves are “geometrically
identical” and are snfficiently described by their fill factor, we picked a large number of
experithental I-V curves which had been measured on solar cells of all four deposition
technigues. The set contains I-V curves for various i-Jayer thicknesses and different states of
degradation. Figure 61 shows 1,/I(-3 V) and VoV as a function of the fill factor. Both
geometrical factors of the I-V curve correlate with the FF. In other words, two I-V curves
measured on solar cells of differeni deposition techniques, i-layer thickness or state of
degradation, but showing the same FF, are geometrically identical. This statement is valid for
4-5i:H based p-i-n cells investigated in this work.

In a second step, we modeled micromorph tandem celi I-V curves for the top cell I-V
curves of Figure 6], Vo values were normalized prior to modeling (o 0.85 V by scaling the
voltage values of the 1-V curves; current values were adjusted so that I(-3 V) = 11 mA/ent’.
Figure 62 shows the resulting modeled tandem cell efficiency. Clearly, the tandem cell
efficiency also only depends on the top cell FF, but not on the deposition technique, thickness
ot state of degradation of the top cell if identical Vi and current values are taken (Figure 62).
This confirms that I-V curves with the same FF value hut measured on a-3i:H cells of
differemt deposition technigue are of very similar shape. It seems indeed reasonable to assume
that current collection as a function ef the applied voltage is a smooth function, depending
mainly on the defect density in the intrinsic layer.

In consequence, the efficiency of a micromorph tandem cell is — for a given bonom cell -
determined by voltage, current and FF of the top cell. Maximum tandem cell performance is,
however, nat abtained for the top cell with the maximum product of voltage, current and FF.
As the top cell voltage is the parameter that varies the least, we based our model on a grid of
FF and current density values for the top cell, but kept V.. constant at 0.85 V. Wc took a
measured I-V curve out of Figure 62 for each FF value. The tandem cell efficiency was then
modeled as a function of the top cell current density by scaling the chosen I-V curve (o yield
the desired current value and subsequent computation of the tandem cell 1-V curve. The same
procedure was performed with the next experimental I-V curve, corresponding to another fill
factor value. Thereby a grid of data points Tyngem{FFiop.liop) wWas obtained. Al I-V curves used
in the model are obtained by measurements on solar cells, the resulting “efficiency-map”
represents, however, an extrapolation beyond presently experimentally available solar cells.
E.g. current densities as high as 16 mAjem® without highly reflective back contact (see Figure
58) have not been achieved in a-Si:H solar cells.
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The resulting plot contains values that are valid for all types of top cells, ie. all
deposition techniques, provided this type of solar cell can pro.vide the corresponding pair of
current and FF. Efficiency values obtained are, however, calcnlated for a top cell V. of
0.85 V and have to be comrected for top cells with different V.. In a first-order approximation
we set the correction as follows:

Equation 19
Vo ¢ yen

Moot = Moot g0,y yboeom
This approximation is valid as long as the real Vo of the top cell is not too far from the
value of 0.85V, which has been used for modeling. The correction of the tandem c¢ell
efficiency due to a variation in top cel]l V. is, according to Equation 19, smaller than +4 %
relative as long as AV,,'® (with respect to (L85 V) is smaller than £50 mV.

Limitations and minor inexactitudes of the model bave already been stated in section
IV.2.1 above. The fact that we deal with a relatively new type of tandem solar cells and that
furthermore relatively few experimental data are available adds some incertainty in the case
of micromorph tandem cells. The purpose of our modeling is, however, to estimate the
efficiency potential of such solar cells and evaluate directions of further research rather than
to very precisely predict efficiencies.

1V.3.4. Results and discussion

IV.3.4.1. Present state

Tandem cell V,_and [

Figure 63 shows as a result of the above described modeling "maps” of micromorph
tandem cell efficiency, i and fill factor as a function of the top cell fill factor and saturated
current density Ligs(-3 V). The sum of top and bottom cell current densities available in the
tandem cell was assumed to be 26 mA/cm® (= Lgw). The open circuit voltage of the tandem
cell corresponds to the sum of top and bottom cell Ve, i.e. (0.8540.53)V = 1.38 V. One
would expect 2 somewhat lower Vo in a tandem cell than what corresponds to the sum of
both componcnt cells, as has been discussed above. However, a small variationt on the order
of 10 mV does not have a substantial influence on the results and is therefore neglected in our

model. Tbe short circuit current density of the micromorph tandem cell follows the increase

in the top cell current (Figure 63, middle). A maximum is attained, and for even higher top
cell currents the tandem cell curtent decreases again. The tandem cell current is first limited
by the top cell (up to ~13 mA/em?), followed by limitation by the bottom ccll as the sum of
both component cell currents is limited to 26 mA/cm”.
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Tandem cell fill factor

The modeled overall fill factor of the tandem cell (Figure 63) is always higher than the
fill factor of the corresponding single-junction top cell. This is can be explained by a "tandem
effect” on the fill factor, Due to the electrical series connection, the component cell with the
lower current level limits the current of the tandem cell. There are three possibilities for a
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Figure 63: Modeled efficiency. FF and short circuit current density for micromorph tandem
cells as a function of the FF and current level X-3 V) of the amorphous top cell. Total current
density (sum of top and bottom cell currents) is 26 mAfem®. V.. of the top cell is 0.85 V, the
bottom cell characteristics are as described in the text.
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two-stacked solar cell: either top or bottom cell limit the current or both cells provide the
same current density and the cell curents are matched. In the present case of a micromorph
tandem cell, the top cell needs to be quite thick in order o generate a sufficiently high current
density. The fill factor of an amorphous top cell after degradation, however, strongly
decreases with increasing i-layer thickness (Figure 60). Therefore, the top cell fill factor wil],
after degradation, always be lower than the fill factor of the microcrystalline bottom cell,
which is close to 70% for the 1-V curve underlying our model. If the currents are
approximately matched afler degradation (Figure 64, center), the tandem cell fill factor
corresponds to a value in between those of top and bottom cell, where the weight of the top
cell FF is stronger due to the higher Vi of the top cell.

Even higher tandem cell FF values can be obtained if a strong current mismatch between
the component cells is prevailing. High tandem cell fill factors are obtained when the top cell
strongly limits the current, In this case, the tandem cell 1-V curve is basically given by the 1op
cell 1-V curve, shifted to the right by the value of Vo of the bottom cell (Figure 64, left),
resuliing in considerable FF improvement compared to the top cell. Increasing the top cell
current, the botiom cell limits the tandem cell current and the fill factor increases again
{Figure 64, right).

We have scen that guite high FF values can be obtained in the light-soaked state due to
the "tandem effect” on the 1-V curve. However, in order to optimize the electrical output
power of the tandem cell, maximizing the fill factor is not a sufficient criterion. E.g., in
Figure 64, the output power (surface of the shaded rectangle) is Jowest for the case of strong
bottom limitation {right}, for which case we observe, however, the highest fill factor. In the
present realistic example the top limited and equilibrated case have quite similar output
power. This is due to the fact that the fill factor is quite low (51 %) for a top cell reaching
current equilibration whereas the fill factor of a top cell which strongly limits the current is
relatively high (66 %). If current equilibration could be achieved within a top cell with a
higher fill factor, output power would be maximum close to current matching, yet the fili

. ® ! _ N T4
i : ;
! 7 i : o
= 1p T -
EN |3 P07 Y i = £ £
E-III n J FFei$% 1 E E 10 / FFa73%
H 3
E.usf - E. E 18 b op
1 g B Frais

0 . " 30 E] v

% ] [ i 14 o5 [ 05 15 1] ] ©s 1 15
voftage [V] voltage [V] toltaze [V]

Figure 64: Component cell I-V curves and resulting tandem cell output for the case of
extreme lop limitation, a situation close to current maiching and extreme bottom limitation
(from left 10 right). Bottom cell fill factor is 70 % in all cases.
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factor would still remain lower than in both cases with strong carrent mismatch.

Tandem cell efficiency and experimental values

For any current density of the top cell, the tandem cell efficiency increases with
increasing top cell fill factor as can be easily understood (Figure 63). For a given top cell fill
factor, the tandem eell efficiency first increases with increasing top cell currcnt.- reaches a
maximum and decreases again for even higher cumrent generation in the top cell. The
decrease for high top cell currents is again caused by the decrease of the tandem cell current
due to limitation by the bottom ¢ell. It is, however, interesting to note that maximum tandem
cell efficiency is obtained for top cell currents that are higher than those yielding maximum
tandem cell current. In fact, & slight limitation of the current by the bottom cell yields an
improved overall fill factor, as can be seen in Figure 63, boltom.

Data points and lines on the efficiency map (Figure 65) indicate experimentally obtained
trajectories FE(1), i.e. current — fill factor pairs for amorphous top cells in the light-soaked
state. Values for the current density correspond to those obtained for cells an CVD-ZnQ and
with a thick n*-layer which avoids carrent enhancement due to reflection at the back contact

top cell FF

9 1 11 1z 13 14 15 16
top cell curcent 1{-3V)

Figure 65: Modeled efficiency far micromorph tandem
cells as shown in Figure 63. Trajectories in the
efficiency-map correspond to experimentally obtained
values for four different types of top cells, series B_LT
{low-temperature Hz diluted ®), B_ST (standard
temperature H: diluted Q), A (“standard” p/b-i-n ) and
C (high-T, A) of Table 9. Stars indicate the approximate
location of experimentatly obtained micromorph tandem
cells.
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(Figure 59). Fill faciors have been measured on single-junction cells of varying i-layer
thickness, deposited on Asahi U-type TCO, in the light-soaked state. Each of those
trajectories corresponds to one of four types of top cells (see Table 9, page 102). The general
behavier is the same for all deposition techniques: increasing top cell thickness results in
enhanced current density but also lower FF values after degradation. Starting at thin top cell
i-layers (high degraded fill factor, low current), the trajectories first lead "uphill™ the top cell
current increases and at the same time the degraded fill factor decreases. In the tandem cell,
however, the gain due to the current increase is more important than the reduction of the top
cell fill factor, leading to a net increase in tandem cell efficiency. Al a certain point, the
trajectories tum parallel to the "iso-efficiency” curves, i.c. the tanderm cell efficiency remains
constant. Current increase and FF decrease with increasing thickness compensate each other.
Even thicker i-layers in the top cell lead again "downhill™: the tandem cell efficiency
decreases as the top cell fill factor decreases and the cell currents move towards eguilibration.

One has (o keep in mind that the efficiency map is calculated for a top cell Vi, of 0.85 V
when comparing efficiencies for the trajectorics of different deposition techniques in Figure
65. According to Equation 19, tandem cell efficiencies can be corrected for top cell Vo as
indicated in Table 10.

series | Voo [V] | efficiency correction
B_LT 0.82 + 29 % el
B_ST 0.87 + 1.4 % rel.

A 0.84 -0.7 % rel,

C 0.78 - 5.1 % rel.

Table 10: Correction of modeled tandem
cell efficiencies for top cell V,c 2085 V.

The maximum of ~10 % efficiency for series B_LT corresponds therefore to a corrected
value of ~10.3 %, comrected maxima for series A and B_ST are 104 % and 10.6 %,
respectively, and the corrected value for the maximum of series C (10.5 %} is ~10 %. Those
values are quite close to experimentally achieved tandem cell efficiencies in the light-soaked
state with such amorphous top cells. The valne of 10.4 % with low-tempezature H; diluted
top cells is close to an experimentally obtained value of 10.7 % for a micromorph tandem cell
in the light-soaked state, as measured by an independent laboratory. 11.2 % stabilized
efficiency has been measured on a tandem cell with an amorphouns top cell of type "A" [134].
The approximate location of these two data points is marked with stars in Figure 65.

None of the four deposition techniques clearly results in considerably higher efficiency
values in a tandem cell than the others. Cells deposited with Hz dilution at standard
temperature (series B_ST) have, however, the highest efficiency potential of ~10.6 %
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(corrected for Vo). Top cells deposited ai enhanced temperature are interesting due to their
considerably higher current level. Lower FF values and low V. values compated to the other
cells, however, overcompensate the gain in current 5o far.

The main conclusion from Figure 65 is the observation that currently available
amarphous top cells are not suited to yield micromorph tandem cells with efficiencies
exceeding ~J1 %. Values as high as 12.5-13 % are theoretically possible. For such tandem
cells, the current generation in the d@morphous top cell would have to be of the order of 13-
14 mA/cm?, while at the same time a fill factor of the top cell in the light-soaked state of
around 790 % is needed. Both conditions can be fulfilled separately. High stabilized fill factors
are achievable for thin solar celis with H; diluted i-layer. On the other hand, current densities
exceeding 13 mA/em? are achievable for solar cells containing i-layers deposited without H,
dilution and/or at enhanced substrate temperature (Figure 59, series A and C). However,
when the i-layer thickness is chosen to yield a current density of 13 mA/cm’, fill factor values
in the light-soaked state are on the order of 55 %.

Finally, let us point out that a major restriction for the tandem celil efficiency is the series
connection and the resuiting current matching issue. Ma et al. [138] achieve by using a 4-
terminal a-Si:H/poly-S8i structure an efficiency of 21 % (a-Si:H top cell undegraded). Using
our experimental data for top and bottom cell we can estimate an efficiency for a 4-terminal
device using our cell data as top: 10.5 mA/em®-0.69-0.9 V = 6,52 mW/cm® and botiom: (26-
10.5) mA/em?.0.7-0.53 V = 5.75 mW/em?, which adds to an efficiency of 12.3 %. Taking a
total current density of 40 mAsem? as in ref. 138 (300 pm poly-Si), our bottom celi would
yield (40-10.5) mA/cm*0.7.0.53 V = 1094 mW/cm®, ie. 17.5% in the tandem. The
remaining difference 1o 21 % is explained by the higher bottom.cell V.. and FF (0.58'V,
79 %) in ref. 138.

Goals for a-Si:H top cells

Different means are imaginable in order to increase the stabilized efficiency of
micromorph tandem cells beyond a value of ~11 %. If research on a-Si:H could provide
intrinsic material of good quality but with cousiderably reduced optical gap, the amorphous
top cell could provide a high current density within a relatively thin i-layer and therefore a
good fill factor in the light-soaked state (horizontal move to the right in Figure 65). This
requires that this hypothetical material would have to be grown under conditions which are
suited for solar cell production, i.e. especially moderate substrate temperatures. The high-T;
intrinsic material investigated here (section I1.2.2.3) points into the right direction, however
technological problems connected with the cell fabrication restrict the utility of this material
for micromorph tandem cells so far. Intrinsic material with strongly reduced light-induced
degradation also could contribute to higher stabilized tandem cell efficiencies resulting from



TV) Tandem solar cells 115

higher stabilized FF values. Such material would result in higher stabilized FF values. If this
can be obtained without loss in optical absorption, one would vertically move upwards in
Figure 65, which means an increase in stabilized tandem ceil efficiency. Unfortunately, the
considerable gain in stabilized pgty product by employing the H; dilution technique (section
0) has to be paid for with reduced optical absorption. Thereby the beneficial effect is
annihilated, as shows the comparison between the trajectories for series A and B_ST in
Figure 65.

A possible approach to increase the current generation within a given i-layer thickness
while using existing a-Si'H materials consists of inserting a selectively reflecting ZnO
interface layer in between top and bottom cell [145]. Assuming that the enhanced
illumination of the top cell results in negligible additional degradation, this measure would
result in a horizontal move of the experimental trajectories to the right in Figure 65 and
therefore enhanced stabilized efficiency. It has to be taken into account, however, that the
bottom ccll current decreases by at least the same amount as the top cell current increases,
and additional optical losses may occur. This approach has been studied theoretically in ref, =
139.

Based on the results presented above, we will discuss below directions of further research
with respect to their potential to enhance the stabilized efficiency of micromorph tandem
cells.

IV.3.4.2. Future developments

Enhanced total current density

Thin-film silicon solar cells are reported to have a cument potential approaching
30 mA/cm? [146]. An increase in the totally available cument density due to optimization of
light-trapping or by enhancing the absorption seems indeed within possibilities for
micromorph solar cells. We therefore investigated the efficiency pofential of micromorph
tandem cells with such enhanced total current density. Figure 66 illustrates the modeled
tandem cell efficiency map as a function of top cell fill factor and current density for a total
current density of 30 mA/em?. The only diffcrence compared to Figure 63 is the total current
density raised by 4 mA/em®, The maximum tandem cell efficiency is clearly increased to over
14 %. This modeled efficiency, however, would only be obtained for a top cell providing
>15 mA/em® with a fill factor of around 70 %, which is definitely not achievable today.
Efficiencies along the experimental top cell trajectories are slightly enhanced compared to the
situation for a total current density of 26 mA/cm?; the gain is on the order of 0.5 % absolute,
This is because of improved tandem cell fill factors due to a higher degree of cument
mismatch for experimentally available top cells.
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Figure 66: Modeled efficiency, FF and short circuit current density for micromorph tandem
cells as a function of the FF and current level I(-3 V) of the amorphous top cell. Total curren:
densiry (sum of 1op and bottom cell currents) is 30 mA/em®. V. of the top cell is 0.85 V, the

bottom cell characteristics are as described in the text. Trajectories in the efficiency-map

-

correspond to experimenially obiained values for four different top cell deposition
techniques, series B_LT (low-temperature H, diluted ®), B_ST (standard temperature H;
diluted Q), A {"standard" p/b-i-n %) and C (high-T; &) of Table 9.



IV} Tandem solar cells 17

An increase in the totally available current density therefore does not considerably
improve the stabilized efﬁciency of micromorph tandem cells as long as the problem of the
current generation / stability of the top cell is not resolved satisfactorily.

a-Si:H/pe-8i: H/pte-Si:H triple cells ,

We have seen abovc that the basic problem of the micromorph tandem cell is the
generation of a high current density within an amorphous top cell without back reflector. This
cell furthermore feeds a high stabilized fill factor. As such an ideal top cell is not available
with current a-Si:H technology, it is worthwile to study the triple cell approach, i.e. the
distribution of the total current density into three component cells. An a-3i:H solar cell as the
middle cell can directly be ruted out; already a total current density of 24 mA/em® would
require at Jeast 16 mA/cm? in the both amorphous cells (meaning 8 mA/cm? to flow through
both cells). It has been shown in section IV.2.3 that such a value is available with a-Si'H as
the absorbing layer only when a highly reflective back contact is applied. a-5iGe:H alloys
could principally provide enough current in a middle cell. This selution requires, however,
the availability of amorphons silicon germanium alloy technology, which is somehow
incoherent with the use of pc-SicH as low-gap material.

The approach to use a microcrystalline solar cell also as a middle cell in a triple stacked
cell has first been proposed by Fischer et al. [145], and implemented by Yamamoto et al.
[137), leading to a stabilized efficiency of 11.5 %. We used our semi-empirical model to
investigate the efficiency potential of such a triple stacked cell. The middle and bottom cell
were represented for modeling by a ptc-8i:H solar cell with doubled V., the current was
taken as (Iigrar-liop)/2. This approach presumes that both, middle and bottom cell, have similar
Voo and FF values, Figure 67 shows the modeled efficiency map, together with tandem cell
fill factor and 1, for this case of a "micro’morph" (a-Si:H/pc-Si:H/pe-Si:H) triple cell and a
total current density of 26 mA/cm’. Tn this case we observe the maximum in the efficiency
for top cell current densities of around 9 mA/cm®. The theoretically achievable maximum
efficiency is on the order of 11.5-12 %. This is slightly lower than what is theoretically
conceivable for a double-stacked tandem cell with 26 mA/em? total current density (~12.5 %,
Figure 63).
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Figure 67: Modeled efficiency, FF and short circuit current density for micramorph triple
(a-Si: Hiuc-Si: H/pc-5i:H) cells as a function of the FF and current level I{-3 V) ef the
amorphous top cell. Total current density (sum of top, middle and bottom cell currents) is
26 mA/em’. V,, of the top cell is 0.85 V, the middle and bottem cell characteristics are
identical and as described in the text. Trajectories in the efficiency-map correspond to
experimentally obtained values for four different iop cell deposition technigues B_LT {low-
temperatuyre H; diluted ), B_ST (standard temperature H, diluted Q), A ("standard"” p/b-i-n
o) and C (high-T, A} of Table 9.
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In contrast to the thegretical maximum for the double stacked cell, the maximum
efficiency for the triple stacked cell is obtained for current and fill factor values of the top cell
which are within the experimentally attainable range. In fact, the experimental FF(I)
trajectories of the top cells are, for ail four deposition techniques, directed towards this
efficiency maximum (Figure 67). In other words, reducing the thickness of the amoiphous
top cell, one moves on the FF(I) trajectory towards the maximum of tandem cell efficiency.
An amorphaus top cell providing a current density of 9 mAJ/em?” can, in fact, be very thin and
therefore highly stable. Furthermore, in this case the enhanced optical gap of i-layer material
deposited with H; dilution is no longer a limit for this deposition technigue. Therefore one
can take full advantage of the enhanced stability and at the same time high and stable V.
values of low-temperature H; diluted cells (series B_LT). The i-layer thickness for such a top
cell would have to be on the order of only 100 nm in order to generate a sufficient amount of

CLrrent.

Using this triple stacked cell approach, the balance of energy generation is shifted in
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Figure 68: Modeled efficiency, FF and short circuit currenf
density for micromorph triple (a-Si:H/juc-Si:H/yc-Si: H) cells as
a function of the FF and current level I{-3 V) of the amorphous
top cell. Total current density (sum of top, middie and bottom
cell currents) is 30 mAjem’®, Vo of the top cell is 0.85 V, the
middle and bottom cell characteristics are identical and as
described in the text. Trajectories in the efficiency-map
correspond 1o experimentally obtained values for four different
types of top cells B_LT (low-temperature H, diluted @), B_ST
(standard temperature H; diluted D), A {"standard” p/b-i-n 4}
and C (high-T; A) of Table 9.



120 EV) Tendem solar cells

favor of the microcrystalline part. In a conventional double stacked cell roughly 2/3 of the
energy are generated in the top and 1/3 in the bottom cell. Assuming Vo values of 0.9 V for
the top and 0.53 V for both, middle and bottom cell of a triple stack, 46 % (0.9/(0.9+2-0.53))
of the energy is generated in the top cell and 54 % (2-0.53/(0.942-0.53)) in middle and bottom
cell topether. This means, in its tum, that the V., of the microcrystalline component cells
becomes a very decisive parameter for optimizing the efficiency of such triple stacked cells.

A further advantage of the triple stacked cell is the reduced series resistance problem.
The penerated power is shifted towards higher voltages and smaller currents; the cnrrent
density is reduced by a factor of %5, according to the distribution of the totak current density
in three instead of two component cells.

The disadvamtage of this triple cell approach consists in 2 more complicated cell
structure. Two more doped layers are needed, which increases the process time slightly, Let
us emphasize, however, that the total microcrystalline i-layer thickness remains the same - for
a given total cell current density - as for a micromorph tandem cell. The total i-layer
thickness is only separated into two component cells.

A first such a-SirH/juc-Si:HAuc-Si:H "micra’morph” triple cell deposited at IMT exhibits
the fellowing characteristics: Vo= 1.7V, FF= 70 %, I = 5.13mA/cm?. The efficiency is
limited by the unsatisfying current matching: even though the som of all three compenent
currents exceeds 22 mA/em?, the bottom cell strongly limits the corrent.

Modeling the "micro’morph” triple cell for a total current potential of 30 mA/em? (Figure
68) one obtains maximum efficiencies as high as 13.5 %. Stabilized efficiency exceeding
13 % is within possibilities for amorphons top cells as available today. The following Table
11 summarizes the different approaches for micromorph tandem and triple cells together with
their efficiency potential according to onr semi-empirical model.

efficiency potential | max. efficiency with today’s top cells
tandem 26 mA/cm® 12.5 % 105-11 %
tandern 30 mA/cm” 14.5 % 10.5-11 %
triple 26 mAfem® 11.5% ~11.5%
triple 30 mA/cm’ 13.5 % 13-13.5 %

Table 11: Efficiency potential and efficiency achievable with today’s top cells
according to our semi-empirical modeling for micromorph tandem and triple cells
with varying lotal total current potential,
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Other directions of future research

The direction of basic material research has, in consequence to the observations made
above for the micromorpfi tandem cell, to be directed towards the development of intrinsic
a-Si:H with improved stability, similar to what is obtained for the H; dilution technique, yet
without the increase in the optical gap. Figure 69 illustrates the influence of H; dilution and
substrate temperature on the quality of the material in the light-soaked state. The layout of the
plot, with the stabilized pgto product on the abszissa and the absorption coefficient on the
ordinate, is similar to the efficiency map in Figure 63, where the tandem cell efficiency is
plotted as a function of fill factor and current density in the top cell.

Any method to increase the current generation in the amorpbous top cell bears potential
(o increase the stabilized efficiency of a micromorph tandem cell. Such methods include the
insertion of a ZnO selectively reflecting interface layer between the top and botiom cell. It
has been theoretically [147] and experimentally [148] shown that such an intermediate

reflector layer can increase the current generation within a given top cell thickness by roughly
2 mA/ecm?, Assuming a negligible influence of this selective mirror on the degraded fill factor
of the top cell, this would result in 2 herizontal shift to the right by 1 mA/cm® of the
experimental FF(I) trajectories in Figure 63.

Ameljorated light-trapping mechanisms alse can contribute to enhanced current
generation in the amorphous top cell. The texture and transparency of the fromt TCO is of
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Figure 69: Hlustration of the relationship between
stabilized HoT, and the absorption coefficient @ 700 nm
Jor intrinsic films deposited at various substrate

temperatures and H; dilution ratios.
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crucial importance. OQur CVD-deposited ZnO already results in current densities that are
higher than those obtained for an identical solar cell deposited on Asahi U-type SnQ;. Further
improvement by fine-tuning the texture of the TCC surface should result in additional
improvement. Furthermore, antireflective coating on top of the front glass has the potential to
slightly enhance the current density within the solar cel§ by reducing reflection losses at the
air-glass interface.

Deposition of the entire solar cell stack in the “inverted” stmicture, ie. deposition
sequence n-i-p on top of a non-transparent substrate also bears potential for a further
efficiency improvement, for several reasons. First, solar cells in tbe n-i-p deposition sequence
generally have higher Vi values than cells deposited under comparable conditions in the
p-i-0 structure. The n-i-p siructure has the further advantage that the p-i-interface is nat
directly affected by the substrate temperature during i-layer deposition. Technalogical
problems with solar cells where the i-layer is deposited at enhanced temperature in order to
reduce its optical gap might therefore be reduced [149]. Such inverted solar cells have not
been developed in the framework of this work, they might, however, be an interesting starting
point for further cptimization of micromorph tandem cells.

1¥.3.4.3. Experimental results for micromorph tandem cells

Table 12 contains experimental values for micromorph tandem cells in the light-soaked
state. Efficiency vaiues comelate quite well with values obtained by semi-emgirical modeling,
as described above. Vi is higher for the LT H; diluted top cell, the current density, in
contrast, is higher for the standard top cell with undiluted i-layer. The efficiency values of
10.7 % and 11.2 %, respectively, are not too far from the values obtained in Figure 63. The
higher efficiency for the tandem ceil containing a “standard” top cell is caused by the higher
short circuit current density. :

type top cell Voo [V] | Le mAfem?) | FF (%] | efficiency [%)
LT H, diluted 1.34 11.9 67 10.7
standard 1.28 13 67 11.2
Table 12: Experimental performance data for micromorph tandem
cells with different top cells in the light-soaked state.

1v.3.5. Couclusions

Confirming the data cbtained for the optical gap of intrinsic layers and currents in single-
Junction solar cells, we abserve pronouncedly different current potential for different top cell
deposition techniques. Amorphous top cells deposited at enhanced subsirate temperature
tesult in 6-8 % higher current density in a top cell compared te standard undiluted cefls;, low
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temperature cells deposited with H; dilution result in a current loss of 5-2 % compared to
standard cells. The loss increases in both cases with incmasiné i-layer thickness. Therefore,
the difference in current level in the amorphous top cell can be as pronounced as 17 %,
comparing high-T; solar cells to LT H; diluted cells for thick i-layers.

Our simple semi-empirical model allows us to estimate the efficiency potential for
different types of micromorph tandem cells. Assuming a total current potential of 26 mA/em?
we observe as upper limit for the tandem cell efficiency in the light-soaked state a value of
12-13 %. However, this potential can not be fully used with currently available amorphons
top cells. The required high current density exceeding 13 mAfem” and at the same time a
stabilized FF close to 70 % can not be obtained in today’s amorphous top cells.

The general goal of future work on amorphous top cells therefore has to be the
enbancement of the current generaticn in the top cell and / or enhanced stability of the
amorphous top cell. Interesting approaches in this context comprise enhanced light-trapping
or ZnO intermediate reflector layers. An antireflective coating would enhance the current
density in both, the top and bottom cell. Deposition of the top i-layer at enhanced temperature
has been shown to vield considerably enbanced current values, however the corresponding
cell technology still needs further improvement. Development of solar cells in the inverted
n-i-p structure might be a promising way to overcome technological problems.

Taking into account the technological problems connected to generating a high current
density in the amorphous top cell and maintaining at the same time good stability, the
"micro’morph” triple cell is a noteworthy altemative. In this case, the amorphons top cell
again can be thin and therefore relatively stable. Furthermore the H; dilution techaique can be
employed, leading to enhanced stability and higher V. values for the top cell.

Stabilized efficiencies of 10.7 % and 11.2 % have been demonstrated in micromerph
two-stacked tandem cells and employing amorphous top cells which have been optimized in
the centext of this work.



124 V) General conclusions

V. General concInsions

The goal of the present work was the enhancement of the stabilized efficiency of a-Si:H
based thin film solar cells. This goal has been addressed using two main approaches. On the
one hand, the deposition of intrinsic a-5i:H has been optimized with respect to stability
against light soaking. On the other hand, questions concerning the solar cell design, such as
optimization of the i-layer thickness, optical gap of the i-layer, interface layers etc., have been
agdressed.

o QOptimization of intrinsic a-Si:H deposition

H; dilution of the process gas improves the stability of the resulting a-5i:H material
against light-induced degradation. The oty product in the light-soaked state is enhanced by a
factor of two compared to standard material deposited without Hy dilution. The optical
bandgap increases and the hydrogen content of the material decreases as the Ha dilution ratio
is increased.

A comparison of VHF, RF and DC plasma excitation shows the properties of material
deposited without Hz dilution at standard temperature of ~200°C to be almost equal for all

three deposition techniques. A variation of the deposition temperature has the same effect in
all three cases: increasing the temperature results in a decrease in the hydrogen content and
the optical bandgap of the a-Si:H films. Material deposited at higher than standard substrate
temperatore exhibits improved stability against light soaking compared 1o material deposited
at standard temperature.

The increased growth rate observed for the YHF technique, compared to conventional RF
deposition, has always been one of the principal motvations for its investigation in the
context of a-Si:H deposition. The direct comparison of VHF, RF and DC excitation shows
that material of almost identical guality can be deposited with all three techniques. Therefore,
the growth rate becomes the most important criterion for the cheice of a plasma excitation
frequency. The growth rate of a-Si:H films deposited with Hy dilution is 4-8 times higher for
VHF than for conventional RF excitation, whereas DC deposition vields growth rates close to
those of the VHF technique. It is therefore certainly not astonishing that the interest in the
VHF technique for a-Si:H deposition is booming lately, leading to an increasing number of
publications where the VHF technique is employed [e.g., 150-158).

e Single-junction solar cells

The use of intrinsic layers deposited using the H; dilution technigue results in enhanced
stability against light soaking. Good correlation between the lgTy product of the intrinsic
material and the efficiency of single-junction solar cells is observed. A stabilized efficiency
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of 7.5 % for a single-junction cell has been demonstrated. The intrinsic layer of this solar cell
is deposited, vsing VHF eXcitation, at a growth rate of 4 A/s with H; dilution.

Various contamination sources affect the performance of salar cells when the i-layer is
deposited with Hj dilution. The main contaminants are oxygen, boron and phosphorus. We
have studied the influence of these contaminants on the solar cell performance and described
technolegical means to suppress contamination below a critical level.

Besides solar cells deposited with Hz dilution, we have developed other types of single-
junction solar cells for use in tandem and stacked structures. As a resnlt we have a choice of
various cell deposition technigues with specific properties.

We could show that the considerably higher growth rates obtained due to the VHF
excitation technique do not affect the stability of the solar cells. Stabilized efficiencies that
are comparable to values obtained by the conventional RF technique have been demonstrated,
confirming a true advantage of the VHF plasma excitation technique.

e Stacked solar cells

We have obtained a stabilized efficiency of 9.0 % for an a-Si:H/a-Si:H stacked cell, as
confirmed by an independent laboratory. The cumulative layer deposition time, including i-

layers deposited with H; dilution, is reduced to 22 min. due to the VHF deposition at high
rate. The growth rate for the H; dilnted i-layer is 4 Afs.

It has been shown experimentally and by modeling that the exact balance of current
matching is a very important parameter for the optimization of the stabilized efficiency.
Slightly top-limited conditions result in optimized stacked cell performance after light
soaking.

*  Micromorph tandem cells

Different types of a-3i:H top cells in micromorph tandem cells have been investigated

with respect to their potential to enhance the stabilized efficiency of micromorph tandem
cells. Different approaches, including i-layers deposited with Hz dilution and buffer layers
have been studied experimentally and by means of a semi-empirical model.

10.7 % (confirmed by an independent laboratory) and 11.2 % (measured at IMT)
stabilized efficiency of micromorph tandem cells have been obtained using amorphous top
cells as developed and optimized here.

The efficiency potential for micromorph tandem cells in the degraded state is, based on
our semi-empirical model, estimated to be 12-13 %. This value, however, can not be achieved
with today’s amorphous top cells bul requires a-Si:H top cells with considerably higher
current generation and betier stability than those available today. Future research on a-Si:H
materials has to be directed inta this direction.
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We propose the altemnative concept of a "microzmorph" triple cell. Such solar cells have
potential for stabilized efficiencies close to 12 %. In contrast to the micromorph tandem cell,
the triple cell requires a-Si:H top cells that are available with today's technology.

*  Synthesis

The following Figure 70 illustrates the solar cell optimization process as described in this
work. A combination of intrinsic material optimization and measures that can be subsumed
under “cell design” result in a considerable increase in the stabilized solar cell efficiency.
Employing H; diluted i-layer material with enhanced stability in a 450 nm thick p-i-n cell
leads to a stabilized efficiency of ~7.5 %. A comparable cell in the conventional p/b-i-n
structure degrades to ~6.5 % after 1000 h. Further enhancement of the stabilized efficiency is
possible when an a-Si:H/a-Si:H stacked structure is employed. A stabilized efficiency of 9 %
has been obtained in this case. Considerable additional improvement is possible when the
same-bandgap stacked structure is replaced by a tandem structure with two pronouncedly
different optical bandgaps in the two component cells: micromorph tandem cells have led to

stabilized efficiencies well above 10 %.

12t goal micromorph triple g_
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Figure 70: Comparison af the light scaking behavior of an
undiluted versus a H» diluted single-junction cell and an
optimized a-Si:H/a-Si:H siacked cell. Stabilized
micromorph tandem efficiencies and the goal range for
micromorph triple cells are added.

*» Outleck

We have found that the efficiency of micromorph tandem cells is largely limited by the
amorphous top cell. The search for a-Si:H material with enhanced stability against light-
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soaking remains of crucial importance, H; dilution has been shown to yield such material
with improved stability, however at the expense of reduced light absorption. The challenge
for any material study is the combination of enhanced stability and low optical gap of the

material.

Finally, given the promising state of research in the laboratory, we believe that now the
scale-up to large-area deposition should be undertaken in order to demonstrate the feasability
of industrial production.
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V1. Annex

VI1.1. MatLab program calculating I-V curve of a stacked cell

% calculates I-V curve of a tandem cell

clear;

load IVbot; bottom=IVbot: % 1-V bottom cell

load TVtop; top=IVtop; % 1-V top cell

ftop= 16, % current top cell @ -3V

fbottom = 26 - ftop, % current bottom cell @ -3V

utop =0.9942, % correction top cell Voc

iboteom = -fbottom:0.02:0.5; % ibottom = -fbottom to 0.5 step 0.02
itop = -ftop:0.02:0.5; % itop = -fiop t0 0.5 step 0.02
bottom(:,2)=bottom(;,2}bonom(l,2)*fbottom*{-1); % scaling the current values bottom cell
top(z,2)=top(:,2 Mtop{1.2)*ftop*(-1) % scaling the current values top cell

top(:,i)=top(:, 1)*utop; % scaling the voltage top cell
P P

pbottom=bottom(:,1) .* bottom(:,2);
ptop=top(:,1) .* top(:,2};

if flop <= fbottom % curreat tandem cell = smaller of
itandem = top(1,2):0.02:0.5; % the component currents

else
itandem = bottom(1,2):0.02:0.5;

end;

utandem = splinc(top(:,2),top(:, 1),itandem)+spline(bottomy:,2),bottom(:, 1 ),itandem);
% spline for i(u), top and bottom, add u values for same current
ptandem = utandem .* itandem;

ptandemmax = min(ptandem);

voc = interpl(itandem,utandem,0});
isc = interpl{utandem,itandem,0);
fltandem = ptandemmax/(voc*isc);
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V1.2, I-V curves for modeling of micromorpil tandem cells
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Figure 71 Measured -V curves of amorphous p-i-n solar
cells that have been used for modeling of micromorph
tandem cell performance. FF values are given in the
figure, voltage and current values have been normalized.
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Figure 72: Measured I-V curves of amorphous p-i-n solar
cells that have been used for modeling of micromorph
tandem cell performance. Voo = 0.53 V, FF = 70 %, the

current values have been normalized.
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VI.3. Constants, symbols and abbreviations

V1.3.1. Constants

e Elementary charge, 1.602-107° C.
h Planck's constant,
ka Boltzmann’s constant,

VL.3.2. Symbols

Ch Hydrogen content.

D Carrier diffusion constant.

d Thickness.

E Energy.

Eos Optical bandgap, c«(Egs) = 10% e’

Eou Optical bandgap, &(Eqq) = 10° em™.

| S Dark-conductivity thermal activation energy.

Er Fermi energy.

E; Optical bandgap.

Etauc Optical bandgap energy afier Tauc; intersection of the {aE)"Y(E) curve with
abscissa.

Ey Urbach energy = slope of the valence band tail.

F Electric field.

G Generation rate.

i Current density.

1 Current.

Ip Reverse saturation current.

Ibottom Bottorn cell current density.

Thignt Light intensity.

I Current at maximum power point.

I Short circuit current density,

Liep Top cell current density.

Lot Sumn of top and bottom cell current density.

Lairr Carrier diffusion length.

I Caurier drift length.

n Density of free electrons,

Density of free holes.

R Microstructure factor.

R Optical reflection.

i) Capture cross section.

T Optical transmission.

T Temperature.

T; Substrate temperature.

v Voltage.

Vi Built-in voltage.

Vm Voltage at maximum power point.

Vo Open circuit voltage.

o Optical absorption coefficient.
Solar cell efficiency.
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K Factor relating i-layer thickness and drift length.

A Wavelength.

1 Carrier mobility.

WoTo Mobility lifetime prodnet.

[TH Effective electron mobility.

Mp Effective hole mobility.

v Light frequency.

G Dark-conductivity.

b Phaoto-conductivity.

T Carrier liftetime.

Tn Electron lifietime.

Tt Hole liftetime.

o Frequency of IR light.

V1.3.3. Abbreviations

AM1S5 "Air mass 1.5"; energy distribution of the sunlight after 1.5 passes through the
carth's atmosphere, corresponding to an angle of incidence of ~60°.

a-Si:H Amarphons hydrogenated silicon.

a-SiC:H Amorphous hydrogenated siticon carbon.

a-SiGe:H Amorphous hydrogenated silicon germanium.

B:H;g Diborane.

C,Hs Ethylene.

CoHg Acetylene.

CHs Methane.

CO, Carbon dioxide.

CPM Constant photocurrent method.

¢-Si Crystalline silicon.

CvD Chemical vapor deposition.

DC Direct current.

FF Fill factor.

FTIR Fourier transform infrated (spectroscopy).

GD Glow discharge.

H; Hydrogen.

HW Hot wire.

L Interface layer.

IR Infrared.

ITO Indium tin oxide, material used as transparent conductive oxide.

KOH Kalium hydroxide.

PDS Photothermal deflection speciroscopy.

PECVD Plasma enhanced chemical vapor deposition.

PH, Phosphine.

PV Photovoltaic.

RF Radio frequency (here: 13.56 MHz).

scom Standard cubic centimeter (1 cm® gas at atmospheric pressure).

SiHs Silane.

SIMS Secondary ion mass spectroscopy.

Sn0, Tin oxide; material used as transparent conductive oxide.

SR Spectral response.

TCO Transparent conductive oxide.
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VHF Very high frequency (~40-130 MHz, here usually 70 MHz).
XPS X-ray photoeleciron spectroscopy.

ZnG Zinc oxide, material used as transparent conductive oxide.

pe-SitH Microcrystalline hydrogenated silicon.
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