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ABSTRACT

In order to oplimize the amorphous silicon structure for
improved stabilized performance It is necessary Lo understand
a great number of material parameters as they exist in the
solar cell under gperating condidons, Tewards the gual ol
using the solar cells themselves for quentitative defect
analysis we show that the short wavelength quantum
efficiency measurement is a means 1o determine the toLal
density of charged and uncharged dangling bonds in the
i-layer as a function of light seaking ume. The compound
effect that dangling bond defects have on solar cell
performance, consisting of the redisiribution of the electric
fields and decreased lifetimes are considered. The magnimde
of the short wavelength response can be directly linked o the
number of bulk defects in the solar cells. Also il is not
poesible to divrectly datermine the electron mobility from salar
cell characterization dae to the diffusive carrier transport
found tn amorphous materials, Surprisingly, we do expect the
electron mobility to be directly linked to the stabiliyy of the
solar cells.

INTRODUCTION

The material parameters ag well as the range of values
that can be oblained for materials in the amorphous silicon
gystem have been under smdy for a number of years. While
conziderable propress has been made net all of the parameters
are known. For example, only recently has the électron
mobility been established as a function of depesition
condition in i-laver malerials.

The development of techniques 1o exiract material
paramerers rom solar cell measurements would open a
parallel path by which to determine the materiale parameters
as well as permit the numetrical modeler to obiain the
information he needs from the materials a9 they exist i the
solar cel] nself. For a variety of reasons these material
parameters may be different in the solar cell compared o
those found in films. For example, differences between film
and sular ¢ell values could arfze becagse of he dillereng
Fermi level positions or because some mter-diffusion of
species occurred during the deposition of the solar cell,  #

The need to exract material parameters from solar cell
measurements has motivated the development of 3 number of
techniques, These rechniques include the vse of thermal
carrier generation, primary photo current, and short
wavelength quantum efficiency. Recently, it has become
apparent that some of these measurements aré not
unambignons measurements of bulk defect concentrations. Tt
was recently reported that the failure of the thermal currents
to scale with the applied voltage in the marmer congistent
with bulk defects was due to an interface component [1}.
Likewise, the primary photo current was [2] found to not

scale with either i-layer thickness or material guality im
manner consistent with bulk defects. Onty the change in short
quantum eificiency has been shown to scale with i-layer
thickness and applied voliage bias in a manner consistent
with bulk defects,

The previvns analyais [3] of slunt wavelouyth quantum
efficiency was based on analytical modelling which cannot
account for all of the effects that ocenr in the solar cell i-layer
as a function of defect concentrations. These effects include
position dependant lifetime changes, field redisribution due
o charged defects and changes in the eleciron back diffusion
and loss &t the pfi interface [4]. This work will show that

" despite these complexities the short wavelength quantum

efficiency remains an accurate and viable tool for the
extraction of defect concentrations that control the [ifetime
and the charged defect concentrations that distort the electne
finld.

In this work we will rlso usc the analysis techniques
developed (short wavelength spectral response) to congider
the rather difficult question of the relationship betwetn solar
cell stability and depositiom conditioms. A number of
researchers [5,6] have reported that increased micro-struchure
in e i-layer marcrials used for solar cell fabricatlon have a
deleteriaus effect on the stability of the solar cells. However
the saturated defect density in films is a weak funcdon of
deposition condition and micro-stucture [7].

Attemnpts to resolve thess stability issues in terms of
lifetime c¢hanges alone guoickly lead w0 contradictions.
Therefors, in this work we will place a larger emphasis on the
clectron mebility which has been recently reported o be a
function of deposition conditions and micro-structure [£].

We know from previcus numerical modelling work [9)
ihat the changes caused by different eleciron mobilities do
not influence the performance of annealed pin solar cells.
The lack of sensitivity to eleciron mobility in annealed solar
calls results from dispersive transport considerations, which
predict that a decrease in carrier mobility will result in an
increased carrier density. However the recombinalion rate
doss not increase because the diffusive velocity is reduced in
proporden (o the moblity. The lack of mobility dependenge
in the annealed state however can nol be taken as an
indication of the relative stability of solar cells since the
glability may be related to the carier densities present in the
films during the degradation [10].

METHODS

The solar cells were deposited by VHF glow discharge
at TO MHz. The i-layer thickness is varied from 0.5 10 2 pm.
S1C alloy is used as p-layer, material pc-Si:H as n-layer
materig] Mo interface boffer layers are employed. One cun
light-soaking is performed with a sodivm vapor light-source,
accelerated light-soaking is performed under red light



illumination at an intensity of 10 suns. The QE is measured
with chopped light at an approximate photon flux of
1015 g-lem-2, The numerical modelling is based on a model
described earlier [11]. Tts main feamres are the use of a defect
mode] with a single level of amphoteric mid-gap defects, and
the fixtire of the houndary conditions at the dopedfinirmzic
layer interfaces, avoiding the need to ntroduce a large
number of only vaguely known doped- and interface-layer
parameters. By this simplified approach the number of
modelling parameters can be relatively small.

In the present work, besides absolute (JE data often also
normalized OQE data ie plotted. Thie normalized QE

represents the absolute QE (at 0V) normalized with respect 1o
the QE measured at a high reverse bias voltage where a
complete collection of the photo-carriers form the whole i-
layer can be assumed. Thereby the changes of the collection
can be presented free of the distortions of the ophical
envelope, on a scale from O w 1,

RESULTS AND DISCUSSION

The marked drop in non-light biased short wavelength
quantum efficiency measurement of degraded p-i-n solar cells
has been treated in a number of recent publications. [n one
view this effect was interpreted as an increase in the surface
recombination resulting from light-soaking [12], while
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Figura 1: Absolute and normalized spocival response of a
pi-nt solar cell with a 0.5 pum thick i-layer, in the annealed
state, and after 24 and 425 hours of one sun light-soaking.

elsewhere the affect was related to buolk defects [3.4].
Consistent with the bulk defect mterpretation are the observa-
tlons that the reduction of the short wavelength QE scales
wilh the solar cell i-layer thickness and with light-soaking
time [3].

Only recently have advanced numerical models hean
applied to obtain a quantitative determination of the factors
that influence the short wavelength quanium efficiency. The
factors that the computer modzls can take into consideration
in¢lude chargeable mid-gap defects, and the self consistent
sohition of the electron and hole continuity equations and

inpon'e aguation. These models show that the in blus
{without light bias) is due o a sclf blocking effect of
the electrons [4,13]: caused by the negative charging of the
mid-gap defects. These negatively charged defects canse a
reduction of the electric field sirength at the p-i interface
leading not only to an accumulation of slectrons m the front
pan of the I-layer bui w cnhanced hole back-diffusion Inw
the i-layer. The electron accumulation and hole back diffu-
sion lead drectly to ncreased recombmation losses,

Figure 1 shows the QE with and without bias light of a
p-i-n cell with an i-layer thickness of 0.5 pm for different
light-soaking times (Fig la: absolute QE, Fig 1b: relative
QE). The short wavelength QE in the dark, which is high in
the initial state, is shown to continnously decay with
increasing light-soaking time, whereas the short wavelength
QE with bias light remains closed to the complete collection
case found in annealed solar cells. The short wavelength QE
drop in the dark is the result of the self-hiocking effect of the
electron transport in the non illominated solar cell as
discussed above. The amplimde of the change is larger than
the drop in the red response. Red respense is independent of
the bias light conditions. Yet, it is important (o point out that
this marked loss of the short wavelength response only occurs
under the particular condition of illumination with shont
waveclength light without bias light and docs thersfore not
indicale an actual solar c¢ell loss mechanism, as in an
operating solar cell the necessary bias light is supplied by the
AML.5 spectrum . The drop of the short wavelength response
in the dark can thus not be used as supporting evidence for an
Imerface degradacion model as It was done previously [12].
The reduced red light collection is ndependent of the bias
light and therefore represents an actual loss mechanism
indicating reduced collection from areas remote from the p-i
interface [11].

The symbols in Figure 2 show ihe experimenial dark
QE at 450 nm ((QE45n) of p-i-n solar cells as a function of the
i-layer thickness, before and after high intensity Hight-
soaking. In the annealed state, the QE4sp in the dark is elosed
to fell collection of the over the whole observed i-layer

Table I : Parameters for the niumerical mndﬂ]igg
Mobility gap [&V] 1.8
Built in potentisl [V} 1.1
Electron cong. at n- interface [em-Y) 1-1016

Surface rec.velociry p-I interface [cms!] 3104 3105
Hole conc. at p-i interface [cm-3] 1-1p14

Surface rec.velocity n- interface[cms 1] 1-104

Electron mobility [em2V-1g-1] 10

Hole mobility [em2w-15-1] 1

Mid-gap defect density lcrn'i’g 1-1015... 31016
X-section neatral defects [cm?) 310r10
x-section charged defects [em?] 3-10-15
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Figure 2: Normalized dark short wavelength QF at 450 nm:
Experimental (symbols} and numerically computed {lines)
data. The openr symbels represent the annealed stave, the fiil
symbols the degraded state. The numbers indicate the bulk
defect densitiex for aach cet of interface recombinations; the
dashed, the full and the dotied-dashed lines correspond to
intarface recombination velocities of 3-108ems?, 1.105¢cms !,
and 3- 1% eme-l, respectively.

1.8

thickness range. After the light-gsoaking, the QEq5p ehows a
steep decrease for i-layers ranging from 0.5 1o 1 pm, reaching
values close to zero for larger thicknesses. The lines m
Figure 2 represent the resulis of the numerical modelling. The
maodelling are given in Table I, The paramcicrs
varied for the present work include the number of mid-gap
defects (Mpy) in the Lulk, wnld Gw inkerface recombinatlon
velocity for the electrons at the p-i interface ($,.;). Whereas
the defect density Npg controls the bulk recombination rate,
the interface recombination velocity controls the recom-
bination ratc at the p-i interface. The representation of the
interface by a single recombination velocily is a first order
approximaion that for the present work yields equivalent
resulis to the in depth models that include a microscopic
description of interface states. The use of an interface
recombingtion velocity alse has the advantage of greatly
reducing the number of modelling parameters.

As a result of the modelling it is obvious that by onty
mcreasing the bulk defect density the effect of the light-
soaking on the QEysg as a function of the solar cell thickness
is easily reproduced. On the other hand, changing interface
recombination alone can nol reproduce the observed
experimental light-soeking behavior: increasing interface
recombination leads 0 QEg4sq losses which are almost
independent of the solar cell thickness (parallel shift of the
curves). This result strongly supports the model that bulk
defects produce the primary light-soaking effects in p-i-n
solar cells. Figure 2 also shows that by measuring a set of
cells in the i-layer thickness range where the QE+5p is most
sengitiva to the bulk defacts, one can got & good measurs of
the actual defect concentration. For standard device quality
maleriale the range of semsitivity ranges from 0.3 to 1 pum.
For larger thicknesses the QEgsp after the light-soaking
becomes oo close zers to yield vseful information.

In Figure 3 the modelled QF45p and the two loss
components, interface loss wnd bulk luss, are shown as a
function of bulk defect concentration. The interface

recombinatilon velociy (Sp.i) is constant. Interestingly, the
drop of the QE45p is a linear function of the bulk defect
conceniration over a wide range of defect concentrations,
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Figure 3: Numevically modelled normalized dark QF at
430 nm (QEq50), and its loss fraction die to Interface recom-
bination and its loss fraction due to bulk recombination, as a

J;I‘mﬂhu of bulk defect density, and for i-faver thickneszces,
he p-interface recombinaiion velocity Sy ; is 105 cmsl.
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Figure 4. Normalized (JE in the dark and with Dias-Hght for
a 0.5 pm thick solar cell as a function of front or back
(through transpareat back conlact) light-soaking with
sirongly absorbed light (450 rm)

with different slopes 10r the ditferent solar cell LhiCKNCSSes
{Figure 3a). By monitoring the decay of the QE4s5), one can
therefore directly track ths increass of the bulk defects during
the light-soaking. From the plots of the loss components it
can be seen that the reduction of the QE4sg 1% mainly due o
an increase of recombination in the bulk, i.e. that holes
diffuse back from the interface to recombine with
accumulated electrons (Figare 3c). The other loss component,
the back-diffusion of electrons to the p-i interface
(Figure 3b), is found te be virtually constant for different
defect densities (except for very thick devices).

Since the processes deseriberd shave are Incated near
the p-i interface it is reasonable to wonder how dangling
bonds in other parts of the solar cell (e.g. near the n-i
interface) affect the measurement. To deleimine the
sensitivity of the measurement to other than uniform defect
distributions in the i-layet, p-i-n solar cells were degraded
with strongly absorbed light from cither p-side or n-aide. It
was found that for the same dose of light-soaking, both front
and back light-scaking lead to the same drop in QEgssp
(Figare 4). Numerical modelling of non-uniform defect
profiles shows that this resulis from a twofold contribwtion of
the bulk defects to the drop in QE4s0. On the one hand, the
negative charging of the defects al the n-5idé Of e j-layer
very efficiently reduces the electric field near the p-i
interface, promoting the accemulation of the elecirons and
back diffusion of the holes. On the other hand, defects located
near the p-i interface contribute directly to recombination
losses as well as, to a lesser degree, 1o the field reduction.
Given the result of the bifacial light-socaking, defects in both
regions seem 1o have a simflar efficiency in reducing the
QEg450, thus the amplitude of the QE4sp loss can be regarded
as #m integrated effect with defects from all parts of the solar
cell i-layer contributing.

Figure 5 shows the QF data for twn =nlar calle with
relatively thick i-layers (0.7 pm). Onc cell was prepared with
a low temperature i-layer {Typ=150°C) while the other cell
was prepared with a standard i-layer (Tp=220°C). Both
cells are measured in the armealed state, and after 120 hours
of one sun light-soaking. From the short wavelength QE it is
readily apparent that the ccll with the low emperature i-layer
has a higher defect concentration in the i-layer after light-

soaking, sven though the annealed state bahavior of bath cells
is nearly the same (see Figures 5 and 6). The high defect
density after light-seaking then translates, as expected, 1o a
preatly reduced degraded state efficiency in the low tempera-
ture golar cell, as seen in Figure 6.
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Figure 5: Normalized dark QF af p-i-n solar cells deposited
af kigh {220°C) and [ow (150°C) substrate lemperature, in
the annealed siare, and after 120 hours of lighi-soaking. The
i-layer thickness is 0.7 pm in both cases.
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Figure 6: JV of p-i-n solar cells deposited at high (220°C)
and lovw (150 °C} subsirate temp oraturs, in the annsalad siats,
and after 120 hours of light-soaking. Efficiency data is given
in the legend. The i-layer thickness iz 0.7 pim in both cases.

One possible explanation for the lack of stability in
solar cells fabricated with low substrate temperature i-layers
resulls [rom the low eleciron mobiliry we expest In I-layers
grown at low substrate temperatures. Low electron maobility
materials induce larger i-layer electron concentrations in
Mominated solar cells.

In Figure 7 the increased electron ¢omceniration
resulting from a factor of ten reduction in the electron
mobility is seen. Therefore, if the defect generation rate
scales with the n-p product of camrier concentrations, we
expect, when all other factors are equal, that materials with
low mobiliiies will degrade faster. Notc, the stability model
which relates the recombination rate to the defect concentra-
tion would not predict these ohstrvations as the recombina-
tiom rate is not a function of the electron mobility.
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CONCLUSIONS

The manner in which material parameters interact with
device parameters in amorphous silicon p-i-n solar calls is
exiremely intricate as mohilities, lifelimes, and field distribu-
tions all play a role in the ohserved performance of the solar
cell. Fortunately, there are some simple solar cell measure-
ments that helpy defme the properties of the materials used to
fabricate the i-layer of the solar cell. The shert wavelength
quantum efficiency measurement was shown to reveal the net
density of charged and uncharped dangling bonds in the
i-layer. The utility of this measurement was demonsirated by
analysing the relative stability of solar cell prepared at
different i:layes depusition wmperatures, The resulls are
consistent with an increased defect gemeration rate in the
solar cell cmploying the Jow iemperature i-layer. These
resiulis are similar to the decreased stability found om
matcrials grown ar faster deposition rates which not sur-
prisingly have similar micro-structure,

The messurements and analysis presenied here are
helping to understand, evaluate, and assimilate verious defect
models, film measurements and material parameters into a
single model which will help predict the stabilized efficiency
of amorphous silicon solar cells. For example, thus far we
have shown that the decreased stability oend seen In solar
cells with low temperature i-layers is consistent with the
larger carrier concentrations ender eperaling conditions that
result irom the expectad poor electron mobility in these
malerials,
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