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ARSTRACT

Bi-facial spectral respoanse characterization of solar cells
under near operating condition illumination jg used in
conjunciure with a novel bi-facial DICE analysis o establish
the collection efficiency as a function of i-layer position in
p-i-n amorphows silicon solar cells. A significant portion of
solar cell dagradation can be explained in terms of eleciric fisld
distortions which increase recombination losses. Unlike carrier
lifetime reductions the field distortions can be reduced. The
numerical model iz used 1o guide the inieptonal doping of the
i-Iayer o counteract the field distortions caused by n::lur%:d
dangling bonds, and thus o optimize the eleciric field Lor e
degraded state. Solar cells with graded low-level borom doping
in the i-layer are analysed in detail. Increasing conversion
efficiency during light-soaking, and enhanced stabilized n-side
performance show the viability of the electric field optimi-
TAljon.

INTRODUCTION

Many changes occur in the i-layer of p-i-n amorphous
silicon solar cells doe to light exposure. The most significant
of which is a reduction in carrier lifetime due to an increase in
e density of dangiing bond defects. Despiwe an incnse effon
by the amorphous silicon research community there appears o
be no effective means by which to reduce the defeet generation
rale Lo an aceeplable kevel for the prepanation of efficient, thick
i-laver solar cells.

Presently the most promising means by which more
stalle amonphous silicon Lased solar cells will be propared is
the mubi-jonction solar cell. These devices ase & namber of
snlar cells each with an i-layer as thin as possible in order o
provide electric fields strong enough 1o overcome the loss in
carrier lifetime caused by degradation. The i-layers of the
stacked golar eells become progressively thicker becanse the
bottom solar oclls must current match o the op ccll using the
morc weakly abzorbed red portlon of the solar specttum. For
this reason i 15 the botiom cells that Yimit the stable efficiency
of thesa multi-junction devices.

While in the not-loo-distance past all the solar cell
degradation would have bean attributed to changes in carrier
Tifetime caveed by defect related recombination it is becoming
increasingly apparent that some of the problems associated
with degradation are related 10 the nature of the charge states
available to these defects. These charped defects disiort the
electric field and Jessen its ability to extract the photo-generated
carriers particularty in the degraded stare [1]. Ultimately it is
the field distortions that st the maximum i-laver thickness for
stable solar cell performance.

Unlike the defect generation problem itself which
appears @ have no solution (at presend) there is a real
possibility to compensate the electric field distortions caused
by the light induced defects through the use of low level
impuriry doping in the i-layer [2]. This work will explore the
entire issue of field distortions caused by charged light induced
defects and their solution. In order 1o accomplish this sk new

methods of salar cell characterization, analysis, and prepara-
tion had to be developed:

*+ bi-facial spectral response measurement with operating
condition bizs illumination

+ DICE analysis of bifacial spectral response to oblain
eollection probability as a funclion of i-layer position

« numerical modelling of p-i-n solar cells 1o estimate the
charged defect distributions, and to evaluate the polential of
electnic field oplimisation

¢  fabrication of solar calls with intentionally disrocted alectric
fields 1o verify modelling and analysis techniques

= develop metods to determine the density of active dopants
in the solar cell

+ fabrication of proof-of-concept solar cells in which the
effect of charged light indueed defects waos componanted by

low level impurity doping
METHODS

The a-5i:H solar cells were deposited by plasma-
cnbanced glow dischargs ac 70 MHz in 3 single chamber
reactor with load-lock. The following solar cell siTuchires were
deposited on texured TCO coated subsirates at a substrate
temperature of 220°C; 120 A p*a-Si:C:H / 5000 A a-8i:H /
300 A ntyc-SizH. A 1200 A thick layer of ITO was employed
o provide ransparent back eontact, For the graded low-leve]
doping studics parts of the i-layer were lntenticnally doped
with boron, & ConCentraions thronghout the paper reier
1o the gas phage concentrations (Yppm) of diborane (BaHg)
diluted by silane (Sils).

Light-soaking of the solar cells was performed under
illumination from & sodivm vapor discharge L‘!.MEL The light
intenaity was sdjusted 1o yicld sarme short cireuit curment as
100 mW/cm? AM1.5,

The bifacial charactenization inchoded I-Y measorement
hg & double sotrce Wacom solar simulawor under
100 mW/ocm? AM1.5 illemination, and under AM1.5 light
filtered by a RG610 low-pass filter {transmission onset at
&10 nm) to simulate the illumination spectrum incident on the
second cell of a multi-junction device.

Also, p-side n-side small signal quantuin efficiencies
(QE) were measured, with and without bias light, and as a
function of bias voltage. The QE data was also deconveluted
by the bifacial DICE (dynamic¢ inner collection efficiency)
mathnd [3] tn determine the collaction as a function of the
i-layer depth. This analysis method js based on the original
DICE method introduced by Takahama [4], By emploving
p-stde and n-side QF to extract one single set of [CEPua]ues;,
the errors of the original method for the regions far from the
iluminated (typically p-side) surface are significantly reduced,
leading o a more accurate collection profile.

electric field m the p-i-n cells was determined by the
transient charge collection efficiency method [5]. This method



has been successfully applied to determine the electric field
profiles in degraded p-i-n solar cells [6]. The main limitation
of this method is that it is only valid in the regions of the
device where the second derivative of the elecric field stays
permanently < 0. This means thai regions with increasing
eleciric field can not be measured. Additionally, the results can
be influenced by incomplele charge collecton, caused by decp
trapping of the carriers. However, even with deep trapping the
measured eleciric field profile will still represent a lower bound
to the actual profile,

P-I-NSOLAR CELLS WITHOUTi-LAYER DOPING

First, the influence of lighi-soaking on standard p-i-n
solar cells (no low-level dc:ﬁing} is analysed. Figure 1 5
the TV corves for different iflummation conditions of a 0.5 pm
thick solar cell as a function of light-soaking time. In the
annealed state, high collection is found under forward bias
voltage (for all illuoination conditions), with fill factors of

~0.65. With increasing lighi-scaking time the forward bias
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Figure 1: p-side AM1.5, red light (AM1.5 filiered with RG610
tow-pass filier), and r-yide AMI .5 JV curves of a p-i-n solar
cell with undoped i-layer, in the annealed state and for
different times of light-soaking {i-layer thickness 0.5 pm).

Table I: EIfeCt of the degradation for different gencratlon
profiles m a 0.5 pm p-i-n solar cell

iliumination Nanaealed (%] Nason (%] Nas0Mamealed

p-side AMLS 7.63 5.35 0.70

p-side rad light *) 2.44 1.37 0.gs

n-side AM1.5 3.98 2.40 0.40

") AMLS fikered with ROG10 filter

errrente deop continually, while the reverse hias currents tend
to stay constant. The decay at forward bias is found to
strongly depend on the type of illumination incident during the
mmﬁymml: for AM1.5 illomination, a relatively small
current collection reduction Is observed, for the red light
illumination, a larger decay is observed, and for n-side AM1.5
illumination. 2 much stronger decay of the current collection is
noted. Table I shows the corresponding efficiency data: For
p-side AM1.5 illumination, a relative conversion efficiency
degradation of 30% is found, EumT!;;:;ed to 60% degradation
for n-side AMI1.5 illumination. This is in agreement with
stability investigations conducted over 10 years ago [7], when
p-i-n where found to be more stable than n-i-p devices.

Figure 2 shiows p- and n-slde QE In e anncaled sta,
and after 425 h of lighi-soaking. In the annealed state, p- and
n-side QF stay closed to the optical envelope over the whole
W range. After the light-soaking, the p-side QE stays
high for short wavelengths, whereas some decay is found in
the long wnva]eng_ll_:hh range, in agresment with other
investigations [8,9]. The n-side QL shows a lange drop in the
short wavelength range and a smaller drop in the long
wavelength range (the long wavelength collection must be the
same for both p- and n-side illamination 1).
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Figure 2: p-side and n-side QF for a p-i-n solar cell with

undoped i layar in the annoaled ctate and after 425 fmm o
light-soaking, measured with and withput red bins light

{i-laryper thickness 0.5 Ffl‘t}




Table IT: Effect of the bias-light on the intsgrated QF

sample status lsc: qu JOP 10s
mASm? mAfem?
annealed. 14.6 14.4 14.0
24 hours 144 14.2 I2.0
425 hours __13.6 E.ﬁ 10,1

L —

The QE measurements as discussed refer 1o those
meacured under biae light illumination {red light with the
intensity of about onc sun was used), The considerable
discrepancy berween OF with and withoar bias light in the
short wavelength range for p-illumination (Figure 2 top) has
led 10 considerable controversy in the past. [t has been arpusd
that the bias light could be hiding degradation effecis in the
chnrt wavelangth region [R]. But recently it has bean shown
that the drop In daxk QE is doe to a strong electric field
distortion, if the back of a ccll is not bias light
ituninated (electron self blocking 101, Thus this effect 1s by
no feamns e of the achral collection of the short
wavelength light in the ing solar ccll {the ohscrved short
wavelength drop without bias t can, however, be avseful
tool i characierize the i- efect density in a solar cell
[11]} Only by applying the bias light, the solar cell & placed
?Ili'::[:ﬁmmutmz f Ilﬂh.lﬂlpﬂr?mm [ the sola cell
5 o ormance o cell.
'Miﬂﬂmﬁi‘nﬂdb{ﬁhﬂhﬁyﬂﬂﬂﬂmﬂnﬁ.ﬂhﬂl!ﬁﬂl
ﬁmd t with the measured currents (JV) cnly if the

las muﬂ (Takle II). Also, the comparison of the
voltage dependent OF of rad light ta the [V of red light shows
excellent agreement (Figure 3). In sommary the apalysis of
QE data acquired under bias light shows not ofly good
itative » but algo quaniitative correspondence (o
data of p-b-n solar cells,
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Figure 3. C rizen of the red Light (AM1.5 filtered with

RG610) current collection and the voliage dent OF ar
030 e in a 0.3 plm, wndoped p-i-n solar cell (ann and
after 425 hours of light-saaking).

Bias light p- and n-gide QE datz was used as input for
bifacial DICE analysis. Figure 4 shows the collection profiles
at 0V as a function of light-soaking time, In the annealed
stare, nigh collecton probability found scross the entire
i-layer. After light g. a systematic decrease of the
collection i peen towards the n-side: While al the
p-i interface: the collction y remaing close 1o 100 9%,
the collection at the n-i interface is reduced to as low a5 ~30%
after 425hours of light-soaking. This collection pattemn is
consistieit with the IV messurements (Figwc 1) Qiven e
hl%hlélnmwniﬁmn generation profile nfm the AMLS light
(~50 % of the carriers &re generated within the 800 & below
the illuminated surface), p-side AM1.5 Eght conversion shows

a relative insensitlvity to the light-soeking, and n-side AML.3
light convarsion exhibils reduction as-most of the
gencration ocours in the region most affected by the Light-
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Figure 4; B?im! DICE profiles at O Vaf an undoped p-i-n

solar cell (05 um) in the arnealed siate and for different fmes
light-soaking. The. QF data was measured under red bias
K and rormalized with respect fo the OE ar -3V,

Thnu&mmaﬁ:m]lmﬁmhﬂ;lnvMﬂdmlﬂnalh
be understood by a two step reasoning. First, the creation of
mid-gap defects in numbers >1016 cm-? by the light-soaking
leads to a significant distortion of the electric field m the
i-layer. As prw]ms}iaquihud [1), e defects tend w charge

positively to negatively owards the n-
Hﬂ:ﬂ-jmeiimghghfﬁlﬁudSMm aces, and o low
field in the bulk, This view can explain

in defect charping that ariges from the difference in
the: carrer mobHities of holes and elecirems, Since both canics
musi support the jame photo-cumrent, the bulk hole
eonceniration mugt on average ba higher than that of the
electrons. This results in a larger positive space charge at the
IE Compared 10 e COITesPOnAIng negalve althe
n-side. This general behavior was detected by namerical
modelling of depraded solar cells [3]. In these modelli
results, which yielded good agreement with measured )
data, the asymmeiric space charge lead to significant electric
ﬁﬂdhmm:tﬂmipj:lhlﬂfmemmemdﬂdmanﬂa
comespond iy eleqric Oeld reduclon In the back nalf of the
i-layer. Mo electric field increase due (0 charged dafects was -
found at the n-i interface.

In the past, often the asyminctry of the collection has
beent eaplained in terms of hole limited [e.r. 7). As
bglii]lﬂd above, the asymmetry is in fact rooted in the
difference in carsier mobility, but i au indirmit way by

ing the overall slectric field distribution in the i-layer.

The local hele lifetime in the solar cell itself is a strong

Function of the charge state of the defecis, and therefore of the

mdpn in the {-layer. In the bulk of the i-layer, the excess

lifetime is actually higher than that of the electrons, as the

concgmiralion of holee ic higher, wnd the clectron and hole
recombination rates ar equal,

P-I.N SOLAR CELLS WITH GRADED
LOW-LEVEL BORON DOPING

The asymmetric sleciric ficld distortion compuoncat vl
solar cell degradation can be addressed by optimizing the
electtic field distribution through greded impurity doping of
the i-layer, as proposed by independent researchers [2]. The
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Figure 5: Nmienmfju sirulated degraded state red light JV for
p-i-n solar cells (035 pm) with and without graded accepior
prefiles in the i Layar. {dy=acosplor conpentration). The densily
of amphoteric midgap defects is 3-1016em 3. The other
modelling parameters are described elsewhere [3,11].

ility of a gain in single junction solar cells appears to be
limited, becaunse the non-uniform AM1.5 generation profile

requires high collection probability in the p-i inierTace region
as it 1s intrinsically the case in p-i-n cells after light-
soaking (Figure 4). A different simation is encountered in the

cell of & multi-junction cell. This cell is required to
convert 4 more homogenous fmﬂun profile, as the high
gencration peak of the AM1.5 spectrum, due o the stremgly
dbsorbed high energy photons, is absurbed in the frst cell. In
the second cell, a redistribution of the concentrated electric
field & from the p-i region Lowards a more evenly
distributed electric field across the entire i-layer offers the
tial to improve the degraded state conversion efficiency.
o move electric field away from the p-side towards the n-
eide, the inetallation of negative cpace charge is requirad  ie.
boron doping miust be applied.

Cur namerical modelling suggests that by graded boron
doping the degraded state conversion efficiency of red light
could be improved 20-30 % in 2 0.5 pm solar cell.
Figure 5 shows the red light JV of a cell with a defect density
af 31006 em-3 in the i-layer, and different acceptor densilies
in the front half of the i-layer: the impurities compensate the
positive defect charge at the p-side, and the doped cells show
increased degrade state collection efficiency as compared io the
undoped cclls. The details of the numerical model used in
Figure 5 are explained elsewhere [3,11].

Besides the optimal design of the doping profiles in the
i-layer, the success of the electric Nield proliling will cnitically
depend on the exient of additional losses due to the doping
itself. It is known that large doping concentrations lead to
increased defect densities and therefore to lifetime reductions.
The manipulation of the electric fields in a p-in solar cell in the

sed way requircs only very small doping concentrations,

DWEVEL 5uc!mping conoeniralivns wee found to lead to
insignificant changes of defect densities in a-Si:H films [12].

A set of solar cells was prepared with Z vppm of BpHg
doping in the first (zone §), second (zone II), or third
{zone IIT) third of the i-layer. Figure 6 shows the annealed
state JV curves for different illumination conditions.
Generally, the forvward voltage current ¢ollection iz raduced fowr
all doping cascs as cotnpared to the collection in an undoped
solar cell. The reduction of the collection is found more

ced for p-side illumination case (Figure 6 ﬁﬂm for
n-side illumimation case (Figure 6 bottom), thus indicating that
the collection efficiency has been reduced mostly towards the
p-side of the solar cell. Thix ix in agreement with the imposed
doping gradient that was designed to shift the electric field
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Figure 6: Annealed siate 7V curves of p-i-n solar celis with
different low level graded boron doping in the i-layer: 2 vyppm
of BaH g was udfejm the SiH s feed gas during the deposition
af zone [ 11, or HIL.

towards the n-side. For reverse voltages, the current collection
tends to join the (complete) collection of the cell. The
fact that at reverse bias voltage all photo-generated carriers can
be collected shows that the low-level doped zones have
reasonably large photo-carrier lifetimes and arc by no means
llahmwulmlcly dead layers as e.g. the highly doped p- and n-

yers of a p-1-n solar cell. The pronounced dilferences rfound
in the current versus voltage curves for the different locations
of the boron doping can be understood by considering the
detaile of the electric field propagation in the solar cell i-layer:
For low applied voltage (forward), the electric field only
extends in the region between the n-layer and the doped zone.
With inurcasing appiicd voltage {reverse) the acceptors in the
Jow-level doped zone get gradually jonized, until the electric
field extends aiso into the zone between the p-layer and the
doped zone.

Figure 7 shows the electric fields a1 zero applied external
vollage as measured by pis current transients from both the p-
and the n-side. As slactric fielde which increace in the dirsction
away from the measurement side can not be measured, the p-
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Figure 7: Electric field profiles in graded boron doped p-i-n
solar cells as measured from the p- or n-side by [s current
transients [3] {doping concentration: 2 vppm Balls)

side measurements enly indicate that the boron doped cells
have a reduced field at the p-side as compared to the undoped
¢#]l. The n-side measuramants on the other hand yicld detailed
information on the eleciric field distribuiion. First, all boron
doped cells have electric fields higher than the undoped cell
closed to the n-i interface. Secondly, the onset of the dopin
can be detected: For the zone I doped cell, the high fiel
region is limited to the n-i interface region, for the zone [1
doped cell of the onset of the doping can be seen in the cantre
of the i-layer, and for the zone [ doped cell 4 relatively small
uniform field increase (with respect 1o the undoped cell) is
observed. In summary, the electric field measurements indicate
that indeed the electric ficld is increased in the back of the
i-layer by the low level boron doping, with different distribu-
tion profiles depending on the doped zone location.
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Figure 8 Bifuciul DICE proflies ar 0.5V in graded boron
doped p-i-n solar cells (doping concentration: 2 v BaFs).

Figure § shows the DICE collection probability profiles
of the doped cells ar +0.6 V applied voltage. The collection
profiles at 0.6 V are found to scale with I'V data of red light at
+0.6 V (Figure 6 middle) whereas for zone | doping
collection is%righ for the whole i-layer except for the reglon
¢losc to the p-i interface, for zone ITT doping the collection is
spprestad over most of the i-layer the region cloae to
the n-i interface. As red light current collection is proportional
to the average collection from the entire i-layer, the current
srale with the arcas under the DICE profiles of Figure 8.
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Figure 9: p-gide biue light {AM1.5 filtered with BG12 band-
pass filter) JV o{ graded boron doped p-i-n solar cells (doping
concentration: 2 vpprt Balg).

It was argued above that the detailed shape of the JV
curves in the boron doped solar cells is the result of changing
electric field t]:mpagati-:m m the i-layer. In Figure 9 the

agation of the electric field to the i-layer region on the
p-side of the doped zone was directly probed by strongly
absorbed light: clearly a critical voltage defines the onset of the
collectivi fur each doping location. The éntical voltage
systernatically increases as the zone moveg owards the
p-side. This critical voltage can now be usad to quantitatively
establish the active dopant concentration (qg) as follows:

The critical voltage it considered 10 be that ar which the
electric ficld at the p-side of the doped zome, for decreasing
roverse voltage, ie exactly cancelied. The total integrated
dopant charge (quLy3) is taken 10 be concentrated in a singla
sheet of charge of negligible width at the i-layer position x (ses
Figare 10). The Poisson's equation can be used to relzte the
electric field on the left (E;) and the right (E3) of the doping
charge sheet (e is the clementary charge, £ is the permillivity)

Eo-By = £oqp- ¥ W

Since the integration of the clectric field over the whole i-layer
mnst eqial the applied potential

Ey x-L4+EBp-(1-x)- L = Vour + Vi 2}
Al the critical voltage Vo = Viitical we define
Ej=0 (3]

By combining (1), (2), and (3}, the dopant charge density as a
function of x and Vg is

_ 3 B Vo iieal + Vi
W=z A @

In Table I shows the evaluaiion of the dopant charge
density qg for the three doping cases, The built in potential Vi
waa aasumed to be 1V in all vases. Glven the simplicity of the
maodei, the resalt yields fairly congistent values for the charge
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Figure 10: Schematic band-diagram and doping profile of
graded boron doped p-i-n solar celis.

dangity of ~3.4.10162m3_ The boron comeentration in 2

B;Hg doped films was alse measured by SIMS and found to
be 11? ~3-1017cm=}. From this we can estimate the fraction of
active, 4-fold co-ordinated boron dopants to be ~10-15%,
similar to valhues found i the Literatore.

Table IM: Dopant space charge densly determined by the p-side

blue light collsction threshold
doped zone X ¥ critical Vedtical Vi gg
i b omi
I 0.17 4.2 -5.2 4.7 - 1016
EL 0.3 -L.8 -2.8 2.5 - 1016
i1l 0.83 -0.1 -1.1 4,5 - 1016

In summary, the resulis of the low-level baron
doping in the i-layer of the solar cells show that the doping
iclds changes of the cloctrio fiold os sxpected, The resulis can
quantified in terms of electric feld distributions to an exicent
that even allows for quantitative analysis. A1 a doping
concentration of 2 BqHg, with a dopant charge density
well in the range of the expected degraded state defect
conceniralions (that are to be compensated), the collection
messurement ragilte do not indicate the presence of strongly
enhanced recombination in the doped zones.

LIGHT-SOAKING OF THE LOW-LEVEL BORON
DOPED SOLAR CELLS

The sct of low leveal doped celle was light-soaked at one
sun for 425 hours. During light-soaking, depending on the
do&m location and the illummation, the boron doped solar
cells exhibit increasing solar cell performance. These important
recovery effects directly prove the existence of electric field
changes induced by the light-induced defects. They result from
the creation nf defects in the i-layer, which by their posilive
charging graclually counteract the field shift of the boron
doping. P-side efficiency of the zone I doped ccll is given as
a function of light-soaking time in Figure 11 (see also
Figure 13). Similar, however less substantial recovery in
boron deped cells has been reported previously [13.14].

The recovery effect in the boron doped solar cells can
only be explained in terms of charged light induced defects
compensating the charge of the boron atoms in the i-layer.
While it was not the principal reason for underiaking this
research it is possible to use these observations [0 addrcss
gome theorerical aspects of defect generation. In order for the
recovery to proceed under light exposure it is necessary for the
light 1o uce dangling bunds in the near interface regions
and for H:c:sr; i take on a charge consistent with the majority

20 4 0.4

E. E'ﬂ .-l'rd_d_nh'“"\- =-Il|
i {03
g /! §
= 1.0 R
] r
r..-l"
uln vormed a2 masimd B owa 'U|=
107 1072 10" 102
time [h]

Figure 11: Fill factor and gfficiency o{n zone [I] 2 vppm
boron doped solar cell monitored during lighi-ioaking under a
sodivn discharge lamp. The intonsity was sat to malch the
short circuit current of 100 mWicm? AM1 5. The ilurdnation
iz from the p-side.

carrier of the region. Thersfore these deiects could not be
by the fermi level position alone (without light) as
suggesied by some defea creation models [15].

The DICE profile afier light-soaking (Figure 12) shows
the effectivencss of the field changes induced by the boron
doping: In all cases the n-i region collection remains higher
than that in the undoped cell. Towards the p-side the collectiom
probabilities increase somewhat as compared to the annealed
state, but they generally stay lower than thoee in the undoped
cell.
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Figure 12: Bifacial DICE spectrum at 0V of graded boron
doped p-i-n solar cells u_ﬁ:rr 425 hours of light-scaking
{doping concentration: 2 vopm BaHg).

Fi 13 shows the efficiency of the boron doped solar
calls before and after light-soaking, and for different fllumina-
tion conditions. The conversion efficiency for p-side AM1.5
illumination is the highest for the undoped ccll, in agreement
with the DICE profile. The increase of the electric field at the
p-side due to (he lighi-soaking was thus not strong cnough to
obtain a high collection from this region. For n-side AML.S
iMumination, however, all boron doped cells perform belter
than the undoped cell in the Jight-soaked state, even cells that
in the annealed state showed much lower efficiencies than the
undoped cell. This confirms that eleciric field modification was
able 1o increase the collection from the n-i region in the light-
soaked state.

For the crucial red light efficiency that requires high
average collection from the entire i-layer, the solar cell with
zone | doping is found 1o have the same elliciency as e
undoped cell, whereas the other doped cells perform only
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Figure 13: Efficiency of graded boron doped p-i-n solar cells
in the annealed state and after 425 howrs of light-soaking
{doping concentration: 2 vopm BaFg).

slightly worse. Clearly, the degraded state red light conversion
elliciencles of the boron and of e undoped cells are in
the same range, which is remarkable considering the large
differences in the annealed state, and the fact that the stapdaar!
<ell degraded to this state and some of the boron d cells
ifiereaged their efficiency during the light-soaking to obiain the
same level of performance, From this, it can be stated that the
boron doping in the concenirations used here definitely does
nol lead o excessively high defect densities when used to
modify the electric field distribution in the i-layer of p-i-n cells.
Becanse the doping concentrations in the present sét of boron
doped cells was exceadingly high (the p-side collection
remains o strongly suppressed after light-soaking) and the
profiles are cruda gmifnnn in the dopod zomea) no actual zain

in red light conversion was realized. Further doping experi-
ments employing optimized doping profiles should make it
possible to reach this goal.

CONCLUSIONS

The monitoring of the degradation of p-i-n solar cells by
bifacial measurements shows that in the degraded state the
carrier collection is comtinnously decreasing from the p-side
toward the n-side of the i-layer. An asymmefrical field
distribution, due o predominately positive charging of the
Tlight-induced defects and a resulting high electric fald at the
p-i interface, can explain this asymmetry.

Improvement of the degraded state performance of p-i-n
solar cells seems possible by a directed redisiribution of the
electric field towards the n-side of the i-layer. Numerical
maodalling shows that the aded state conversion of red
light can be improved by 20-30 % by graded boron doping.
Such an improved solar cell would be a superior second cell of
a mult-junction cell.

Bifacial solar cells measurements, including pis curment
transient measurements, show that by graded i-layer boron
doping the electric field distribution in the i-layer can be
manipulated in a controlled way. The do inlg concenlirations
needed to substannally modify the electmie field dismibutions
are found not to induce noticeable excess defecis due (o the
dﬂﬂﬂg of the material itself, Also a novel analysis of the p-
side collection threshold yields the density of active dopant
charge in the i-layer directly from a solar cell measurement.

If the graded boron doped cells are degraded, recovery
of e p-side collection, maore stable n-side efficiencies
confirm the mechanisms of ficld shifts and compensation of
defect charge by the doping. Together with red li
efficiencies similar to the cmes found in undoped cells, this
shows the viability of the proposed concept of clectric ficld
optimisation.
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